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Preface

Man has lost the capacity to foresee and to forestall. He will end by
destroying the earth.

A quote by Albert Schweitzer in Rachel Carson’s Silent Spring

The nation behaves well if it treats the natural resources as assets which it
must turn over to the next generation increased and not impaired in value.

Theodor~e Roosevelt

In the 1960s the environmental awareness of the U.S. population was
greatly awakened. Many attributed this to a book by Rachel Carson
entitled Silent Spring (Houghton Mifflin, Boston, 1961) that described,
among other hazards, the effect of emissions of chemicals and other
pollutants on the environment and the potential destruction of the
ecology and mankind. But for whatever reasons, the environmental era
of the late 1960s was a wide, grassroots movement of activists, many of
them ill-informed but extremely enthusiastic. The movement caused
several environmental protection legislative acts, of which the 1972 Water
Pollution Control Act Amendments was the most far-reaching law (see
Chapter 2 for pertinent water quality laws dealing with diffuse pollution).
Earth Day of 1970 was the culminating event of this period.

Some well-known traditional environmental scientists and engineers
called the environmental period of the 1960s and early 1970s "The Age of
Unreason" or "an ecology binge in which relatively few activists aroused
the concerns of millions but hopelessly ill-equipped Americans over the
future of our environment and indeed our own existence" (Schroepfer,
Journal of the Water Pollution Control Federation, September 1978).
Some of this "unreason" was incorpora.ted into laws that called for "zero
pollution discharge,"* but in actuality advocated shifting the pollution

* It is interesting to note that the calls for zero discharge, this time on a more rational
and scientific basis, have been renewed in mid-1990s.
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disposal from surface water resources onto soils, and eventually into the
ground water. Indeed, this environmental period of the 1960s and early
1970s was replaced in the 1980s by consumerism and a general lack of
enthusiasm of the population about the state of the environment. In the
same period, however, the global problems, unseen but predicted to
some degree by Carson and others, became widely publicized. The first
large-scale global environmental problem of diffuse nature was acid rain-
fall and its detrimental effects on North American and Scandinavian lakes
(see Chapter 4 for a detailed discussion of acid rainfall). Even though
natural rainfall is acidic due to the dissociation of dissolved carbon dioxide
from the atmosphere (pH of rainfall in equilibrium with the atmospheric
CO2 is about 5.6), rainfall with much lower pH--down to less than 3 in
some areas--is now falling over larger geographical areas of North
America and Europe. This elevated acidity is due to sulfuric and nitric
acids formed from fossil-fuel burning (sulphur-containing coal) and
emissions from all kinds of motorized vehicles. There is now even evidence
that, in addition to acidifying lakes, acid rainfall is also damaging soil
fertility to such an extent that in some parts of the world it poses a threat
to future agricultural production and its sustainability (see Chapter 6).
Toxic compounds present in water are more toxic in acidic water than in
neutral and slightly basic water bodies (see Chapter 8). Other problems
of global proportions include the "greenhouse effect"--that is, the
increased atmospheric content of carbon dioxide and other gases--and
the ozone-hole problem caused by the discharge of fluorocarbons into the
atmosphere. Fluorocarbons, which originate mostly from leaking cooling
systems, are also a water quality problem. Consequently, solving the
ozone-hole problem by banning the production and use of damaging
fluorocarbons may also have a water quality benefit.

Also since the 1970s, beaches of the North, Mediterranean, and
Adriatic seas became clogged by algae to the point that swimming was
not possible except in swimming pools that the hotels and casinos had to
build.

On a smaller but still widespread scale, soil loss from farms and
construction sites is alarming as well as being detrimental to surface
waters. In order to replace the lost plant nutrients and to protect the
monocultural crops from insects and weeds, farmers use more and more
chemicals, a practice that results in severe ground and surface water
contamination. In many places, ground-water resources have been con-
taminated by nitrates and pesticides to a point where they cannot be used
as a drinking water supply, with the result that potable water must be
trucked in or provided in bottles.

As the countries of eastern Europe opened their doors to the West,
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environmental problems on a monumental scale were discovered. It was
known that these countries were a major cause of some global problems,
such as acid rain and atmospheric PCB emissions, but the extent of the
damage to their soil, air, and water resources had not been known and
was kept secret. The most serious pollution problems are diffuse and
widespread in some countries (central and eastern Europe and some
developing countries), where they have reached locally catastrophic
proportions.

These large-scale environmental scares, plus a still very remote but
real possibility that man actually can bring about his own destruction by
contamination of the environment and the atmosphere, have generated a
new environmental awareness in the 1990s. How correct was Rachel
Carson decades ago.

This book does not want to promote gloom and doom, nor does it
want to cause unreasonable limitations on resources. The objective of this
book is rather to identify the environmental problems caused by pol-
lution, some of them of aglobal nature, and to suggest possible feasible
and economical solutions. The authors wanted to approach the task of
preparing the book in a positive, problem-solving fashion, with emphasis
on the sustainable use of water and soil resources, their protection, and
rehabilitation. As man can destroy the earth, he can also save it and
live in harmony with the environment.

This approach requires some rethinking of the philosophies with
which environmental engineers and scientists used to approach such
problems. For example, a change is needed from the traditional "sanitary
engineering," mostly structural approaches that advocated the removal
and transport of pollutants and excess water from the affected areas in
the fastest way possible to less structural and more ecologically oriented
approaches that rely on water conservation and retention. This rethinking
will involve a shift from traditional curb-and-gutter storm sewer drainage
of urban and urbanizing areas to drainage maximizing the use of natural
(grassed) waterways, retention, and infiltration; a change from draining
wetlands for monocultural agriculture and urban development to pre-
serving and retaining them; from lining urban and rural streams with
concrete to preserving the streams in their natural state or restoring them
so they can support an aquatic habitat; from deforestation to forest
preservation and reforestation; from intensive agriculture relying on the
heavy use of chemicals to sustainable agriculture.

A new branch of environmental engineering called ecological engineering
is emerging. An ecological engineer knows how to balance pollution
discharges with the waste-assimilating capacity of the environment. Then
the environment can receive the residual waste loads without harm to the
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ecology, aquatic biota, and beneficial downstream uses of water resources.
If this capacity of water bodies to receive pollutants is not sufficient,
engineering techniques can be employed to both reduce the destructive
quantity of the pollutants and to increase the ability of the environment
to accept potential pollutants without harm. This ability of the environ-
ment to accept limited amounts of pollutants without harm is a great
economic asset that must be included in all considerations of environ-
mental protection and restoration, but it must not be exceeded. Most
environmental restoration and protection projects do not req~aire a zero-
pollution discharge approach.

This book essentially is a follow-up of the Handbook of Nonpoint
Pollution: Sources and Management by Novotny and Chesters (Van
Nostrand Reinhold, 1981). The authors followed also the ideas and
solutions presented in others of their previous books (Krenkel and
Novotny: Water Quality Management, Academic Press, New York, 1980;
Novotny et al.: Karl lmhoff’s Handbook of Urban Drainage and Waste-
water Disposal, John Wiley & Sons, New York, 1989; Olem: Liming
Acidic Surface Waters, Lewis Publishers, 1991). However, the emphasis
on the sustainable use of water resources and the ecological approaches
to solving the problems of diffuse pollution are somewhat new in the field
of environmental engineering and pollution control.

The situation today is different from what it was at the end of the
1970s. Prior to the mid-1970s, diffuse pollution was an unknown pheno-
menon to the general population and its representatives. Environmental
engineering and science was almost exclusively oriented toward waste-
water conveyance, treatment and disposal, and water supply. Urban
engineering was promoting such approaches as curb-and-gutter storm
sewers, sewer separation, and lining streams for drainage. Today,
however, there are very active and quite large groups of professionals
interested in solutions for urban or agricultural diffuse pollution that
would be harmonious with the ecological principles and would lead to the
preservation and enhancement rather than the destruction of ecosystems.
Many excellent examples of developments that have incorporated the
nature and protected the habitat have recently emerged. Specialized
groups have been formed by most major environmental professional
associations, including the International Association on Water Quality
(formerly the International Association for Water Pollution Research and
Control), the Water Environment Federation (formerly the Water
Pollution Control Federation), the American Water Resources Associa-
tion, the American Society of Civil Engineers, the American Society of
Agricultural Engineers, the Soil Science Society of America, the North
American Lake Management Society, and the American Society of
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Agronomy. Their journals and proceedings are now a major source of
information on topics related to the diffuse-pollution problem and its
solutions, and the authors wish to acknowledge the positive role these
associations and their publications are playing in the recognition of the
problems in this area, as well as to their solution. The authors are also
indebted to several foundations and other sponsoring agencies (The
National Science Foundation, the Water Environment Research Founda-
tion, the U.S. Environmental Protection Agency, among others) that
provided funding for research and enabled the authors to gather the
knowledge necessary for preparing this book. The environmental educa-
tion efforts on diffuse pollution by some of these professional organiza-
tions (AWRA, Air and Waste Management Association) have reached
elementary and secondary schools throughout the country.

The authors would also like to recognize the important contributions
of the reviewers of the manuscript of the book, Professor Peter A.
Krenkel of the University of Nevada and Thomas Davenport of the U.S.
Environmental Protection Agency. Credit should also be given to Paul
and Eric Novotny for their computer art work.

The book is primarily for graduate students and practitioners in the
environmental areas. Unlike the previous books by the authors, this one
should be considered both a textbook and a handbook. It is intended to
teach the recognition of problems and the finding of solutions as well as
presenting facts and methodologies. Metric (SI) units are used through-
out the book. Conversions into the customary U.S. units are included in
Appendix A.
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1

Introduction

Originally all pollution was of nonpoint (diffuse) nature. It became
"point" pollution when years ago people in urban and industrial areas
collected urban runoff and wastewater and brought it, at a great expense, to
one point for disposal.

Paraphrase of a statement made by a well-known urban
environmental economist (Gaffney, 1988) that introduces the topics

to be presented in this chapter.

HISTORICAL PERSPECTIVES AND
TRENDS IN ENVIRONMENTAL
DEGRADATION

From the Romans to Earth Day

It is an irony of history that semi-desert conditions now prevail in much of the
region once known as the Fertile Crescent .... Moreover, the earlier peoples
had on the whole a higher standard of living than most of the present
inhabitants. The degradations of the i’egion came about almost entirely
because of human discord and neglect. The ancient people had ingeniously
developed the lands of the Fertile Crescent by intelligent use of meager water
resources .... Then invaders laid waste to the region and a long decline set in.
A succession of indolent and mutually intolerant people allowed the cisterns
and reservoirs to fall into ruin, the irrigation channels and terraces to crumble,
the trees to be cut down, the low vegetation to be destroyed by sheep and
goats and the land to be scoured by erosion. (Copyright (~ 1965 by Scientific
American, Inc. All rights reserved.)

These statements are a portion of the introduction by Maurice A. Garbell
(1965) in his discussion of "The Jordan Valley Plan." The history of the

-1
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2 Introduction

Middle East shows that if land stewardship is absent, the well-being of the
people who misuse the land and water resources declines. At some point
these adverse effects and deterioration become irreversible.

However, in the eighteenth century when the first Europeans arrived
in the Piedmont area of the American Southeast they found rivers and
lakes "crystal clean," without visible pollution, water transparent and
abundant with fish (Clark, Haverkamp, and Chapman, 1985). At about
the same time and earlier throughout the Middle Ages salmon migrated
during the spawning season all the way into the headwater streams of
central Europe to the delight of fishermen in Prague, in the present Czech
Republic (located in the very center of Europe, several hundred
kilometers from the North Sea into which the rivers flow).

One would be greatly mistaken if these statements about the
cleanliness of the rural, mostly uninhabited environment were taken as a
general rule about the environment of the ancient world and the Middle
Ages. The pristine clean state of the rural environment centuries ago was
contrasted by the filth and uncleanness of urban centers. The streets of
medieval cities (and the same may be true for large urban centers of
ancient Rome and other great historical centers) were covered by
garbage, manure, and human excreta. In medieval Paris and other cities
piles of garbage and manure in the streets were one meter or more high.
The smell was strong and nauseating. Terrible epidemics plagued
medieval cities, and even the rural population was not spared. There is no
doubt that the medieval urban governments developed some kind of
street-sweeping-cleanup or disposal services, and cleanliness or filth
varied from city to city. Many urban dwellers themselves also tried to
keep the streets in front of their houses clean. In addition the water
supplies used by urban dwellers were much smaller than they are today,
resulting in less pollution generation. However, rainfall and urban surface
runoff were the primary and sometimes the only means of disposal of
accumulated street surface pollution. Evidently, problems with urban
runoff are not new. Consequently, storm sewers were built, primarily for
storm water disposal.

When in the middle of the 1800s it was realized that the filth of the
cities and contamination of the water supplies were the major reasons for
such waterborne epidemics as cholera and typhoid fever, the first major
period of environmental awareness was born. It was born because life in
growing industrialized urban centers with medieval drainage became
unbearable to the population and its governments. The first urban sewer
system in the United States was planned in Chicago in 1855, although
sewers had been built in Europe decades and in ancient Rome thousands
of years before. The mixture of urban runoff and wastewater was brought
by the sewers to the nearest watercourse, and the dilution by the flow of
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Historical Perspectives and Trends in Environmental Degradation    3

the receiving water body was considered satisfactory for controlling
pollution. It is interesting to note that until the 1950s many European
receiving water standards were based on dilution (for example, according
to the British water quality standards, one part of untreated sewage
discharge required 500 parts of receiving stream flow). Many rivers soon
became heavily overloaded and gave off an obnoxious stench, which was
caused by the anoxic decomposition of sewage and garbage.

The period between 1880 and 1920 marks the beginning of major
concerns about water quality, especially drinking water. In 1910, in
Essen, Germany, one of the most industrialized areas of the world, the
first water quality management agency was established to provide safe
urban runoff and wastewater disposal. A few communities added
treatment plants at the end point of their sewer systems to purify the
discharged sewage. Almost all sewer systems built in this period carried a
mixture of sewage and urban runoff. These systems are called combined
sewers in contrast to newer and more expensive separate sewer systems,
which employ dual sewers, one for sanitary sewage and the other for
urban runoff (see Chap. 8 for discussion of urban drainage and its water
quality impact). Even though the sewer systems were called combined,
they were designed to carry primarily sewage and industrial wastewater--
so-called dry-weather flow. A typical design capacity of combined sewers
was six to eight times the dry-weather flow. However, this excess capacity
was greatly insufficient for storage and conveyance of rainfall-generated
runoff. Similarly, treatment plants were designed mostly for the dry
weather flow (a typical design capacity was about four times the dry-
weather flow). When, as a result of a rainfall event, the capacity of the
sewers or of the treatment was exceeded, an untreated mixture of sewage
and rain water was allowed to discharge into the nearest watercourse.

In rural areas, family farming using organic (manure) fertilizers
flourished until the middle of the 1900s. This type of farming, in spite of
its appearance and sometimes odor, causes less harm to surface and
ground-water resources, although localized pollution problems from
barnyard wastes were common. Farmers did not use chemical insecticides
and fertilizers until the late 1950s.

After the epidemics of the Middle Ages were largely eliminated public
interest in the environment subsided until the late 1960s. Meanwhile,
however, pollution of the environment in the first half of the 1900s
increased rapidly. The pollution of many urban rivers was again becoming
unbearable. For example, every summer from the nineteenth century to
the middle of the twentieth century the stench of the Thames River in
London became so unbearable that the British Parliament recessed
during the affected periods.

Man-made chemicals were introduced in the middle of the 1900s and
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4 Introduction

many of them have found their way into the environment where they
caused great and almost irreparable harm. Such were the cases of DDT
(dichloro-diphenyl-trichloro-ethane), which was originally heralded as a
savior from malaria and every possible obnoxious insect, including lice,
and PCBs (poly-chlorinated bi-phenyls), which is a group of very useful
industrial chemicals. Both types of chemicals were later found to be
greatly damaging, persistent, and bioaccumulating environmental con-
taminants. Many other chemicals were developed during and since
World War II, which now have contaminated soils, water, and the air.
The spread of man-made toxic chemicals and the potential dangers led to
the second environmental activist period, the impetus for which was the
book Silent Spring by Rachel Carson (1962). In 1970, the Earth Day
celebration emphasized public concern about the state of the environment
and initiated calls for action. This period was also marked by the rapid
expansion of personal and commercial vehicular traffic, spurred by the
building of freeways. Automobile and truck traffic is a major source of
toxic chemicals as well as the activities associated with the expansion of
the freeway system and suburban developments (urban sprawl).

In the United States and elsewhere, however, some progress in the
abatement of municipal wastewater collected by sewers was made, and
between 1920 and 1970 treatment plants were built at a rapid pace. By
1977 in the United States, 95% of the (156 million) people residing
in sewered communities received some form of treatment of their
wastewater while 70% received secondary biological treatment
predominantly of the dry weather--sewage and wastewater--flows
(Schroepfer, 1978). By 1970, the River Thames in London was alive again
and fish have been caught there since. In 1972, the United States enacted
the Water Pollution Control .Act Amendments, which was the most
far-reaching environmental legislative act to solve environmental
problems.

However, even in the United States, and more so.in Europe, many
rivers and lakes could still not support viable fishery, being so polluted
that fish were absent and their bottoms were covered with mud
contaminated with toxic substances of unnatural man-made origin. For
example, Lake Erie of the Great Lakes system was dying. Even where
fish were present, carcinogenic compounds discharged into the receiving
waters in the post-World War II period had stressed the aquatic
population, fish had become unfit for human consumption, and water
recreation had been reduced or had ceased.

In addition to pollution, activities that lead to habitat destruction
should also be considered and remedied. Typically in the past, in the
jargon of water resource developers, "channel improvement" meant
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lining a stream with concrete and cutting down stream-bank vegetation,
and "beneficial use of water" meant diverting flows from streams and
lakes to the point that no flow was left during some periods. These
activities caused severe damage, if not elimination, of aquatic habitat.

Wetland Drainage

Until recently in the United States as well as throughout the world,
wetlands were considered as a source of disease (malaria) and as an
obstacle to man’s use of land resources for growth, agriculture, and
economic development. Early "wetland management programs" in the
United States, both governmental and private efforts, concentrated on
drainage, filling, and conversion to agriculture and urban uses.
Furthermore, most extensive insecticide applications (DDT spraying) on
wetlands were to control malaria and mosquitoes, which are vectors of
the disease. The "success" of these earlier programs has been
documented by the U.S. Fish and Wild Life Service (a government
agency under the U.S. Department of the Interior), which estimated that
more than one-half of the approximately 1 million wetlands in the
conterminous 48 states have been lost between the arrival of the first
settlers and the present time.

However, it is known today that wetlands are ecological and
hydrological assets and should be protected and restored rather than
drained and destroyed. They provide habitat for waterfowl, animals, and
wetland vegetation. Wetlands have the capability of storing water and of
purifying polluted waters. Control of mosquitoes can be achieved by
planting mosquito-eating fish (Gambusia affinis) or by fish management.

Fortunately, Congress and the federal government have realized the
very high ecological, hydrological, and pollution-control benefits of
wetlands and have enacted both federal and state wetland protection and
rehabilitation acts. For example, in Florida developers must now
reestablish 2 hectares (ha) of artificial or restored wetland for each
hectare of natural wetland lost due to development. Draining or filling
wetlands is now prohibited in many states, and efforts to reestablish
formerly drained wetlands are pending. Valuable wetlands cannot be
destroyed even if a replacement is offered.

Present Status of Water Quality Abatement

Since the passage of the Water Pollution Control Act Amendments in
1972, hundreds of billions of dollars have been spent on the cleanup of
pollution, primarily that caused by sewage and industrial wastewater
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6 Introduction

discharges. But at the same time as the money was beginning to be spent
on this type of cleanup, it was realized that these efforts may be
insufficient. In addition to pollution from sewage and industrial wastes,
pollution from land and from the activities by man occurring on the land
would cause the cleanup goals not to be met in spite of the vast
expenditures.

The land-use activities that create pollution cause other damage in
addition to pollution. For example, soil losses that cause the pollution of
receiving waters by sediment and associated pollutants, diminish the
agricultural productivity of soils. An authoritative publication by the
Conservation Foundation (Clark, Haverkamp, and Chapman, 1985)
estimated that damage due to erosion and soil loss of cropland amount to
2.2 billion per year (in 1980 dollars).

Great Lakes Studies
In 1972 the Pollution from Land Use Reference Group (PLUARG) of
the International Joint Commission (IJC) was established for the purpose
of determining the levels and causes of pollution from land-use activities.
A large group of scientists in Canada and the United States studied the
pollution of surface runoff and found that indeed the land runoff, in
addition to pollution from the atmosphere and from the traditional
wastewater sources, was a significant and often major source of pollutant
loads to the Great Lakes. PLUARG was a major international co-
operative effort undertaken from 1972 to 1978. The resulting studies
provided the most exhaustive review conducted up to that time, and to
date it remains the most definite data base and reference source for many
aspects of diffuse pollution in the Great Lakes and elsewhere (Nonpoint
Source Control Task Force, 1983; Novotny and Chesters, 1981).

These studies have found that the most serious pollution of the Great
Lakes arises from land areas of intensive agriculture and urban use. The
most significant and damaging pollutants to the lakes from these sources
were phosphorus, sediments, and pesticides, in addition to a number of
toxic industrial compounds. Phosphorus is of concern in the Great Lakes
because it is the principal factor causing and controlling accelerate
eutrophication (Chapter 12), symptoms of which are the excessive
development of algae, increase of turbidity, and general water quality
deterioration. Land-use activities contributed from a third to a half of
the total phosphorus loads (IJC, 1980). Also, pollution by toxic and
hazardous substances from land drainage is an equal if not greater threat
to the Great Lakes ecosystem. About 400 organic toxic compounds were
identified in the Great Lakes ecosystem, including persistent pesticide
compounds; specifically, aldrin-dieldrin and chlordane continue to appear
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in the Great Lakes biota in spite of the fact that their use in the Great
Lakes basin has been banned or severely restricted. In addition to land
drainage and wastewater sources, significant loads of many pollutants are
transported to the lakes via the atmosphere (IJC, 1980).

In 1978, the governments of the United States and Canada revised and
signed a Great Lakes Water Quality Agreement. In this agreement the
governments reaffirmed their determination to restore and enhance water
quality in the Great Lakes system.

US EPA Activities
Based. on PLUARG and several other studies, and recognizing the fact
that abatement of traditional municipal and industrial wastewater sources
will not alone achieve the water quality goals of the Clean Water Act,
Congress requested the U.S. Environmental Protection Agency to
prepare a comprehensive report on the sources of pollution other than
traditional wastewater sources--the nonpoint sources.1 The report was
submitted to the Congress in 1984 (U.S. EPA, 1984). The report pointed
out that virtually every state identified some sort of nonpoint pollution
problem. The principal sources of nonpoint pollution were identified as
agricultural activities--7~Jhcluding those resulting from tillage practices and
animal waste management--which were the most pervasive polluting
activities reported from every part of the United States, followed by
urban runoff ~ and pollution from:’!-mining. ~Nonpoint pollution from

"~ilvicultural activitiesswas considered substantial but localized. T. ,l~e large
amounts of sediment associated with eonstrmZaon .aaivitid~ were
recognized as causes of localized water quality problems in those parts
of the United States experiencing significant development pressures
(Southeast, mid-South, and Northwest). The EPA report to Congress
emphasized voluntary approaches to the abatement of nonpoint sources.

In 1976 the Chesapeake Bay Program of the EPA (see the section
"Important Examples of Systems Affected by Diffuse Pollution" in thi~,
chapter) was established. ~N~ Urban

~t’~~~ [i-ore 1978 to 1983., (u.s. ,EPA~

¯ To investigate and establish quality characteristics of urban runoff, and
similarities or differences at different urban locations;

¯ ;I’o identify the extent to which urban runoff is a significant contributor
to water quality problems across the nation;

1 See the following section for the definition of nonpoint sources of pollution.
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~To establish performance characteristics and the overall effectiveness
~’: and utility of management practices for the control of pollutant loads

from urban runoff.

From its findings, it concluded that

¯’ Urban runoffcontains high. concentrations of toxic metals; the so-call~
~nofl~y :.~]_]!_~tants (~i ~~c c~$s3 were aiso

and pamoge c (disease

¯ ~:~:~ ~gh quanfifi~ of sed~ent:;

Other pollutants, such as those causing depletion of the dissolved oxygen
or algal growths in the receiving waters, were present but were less
significant. The NURP program also tested various abatement measures,
some of which they found to be effective and therefore recommended,
such as the use of retention pond~assed waterways (swales), while
some were found to be ln~~~anty control, such as street
sweeping (U.S. EPA, 1983).

Rural Programs
The Clean Water Act of 1972 authorized the EPA to carry out
demonstration projects of pollution-control technologies in the Great
Lakes basin. Several experimental watersheds were established, from
which the Black Creek basin (Alen County, Indiana) received the highest
funding. The program demonstrated and addressed in a research fashion
several pioneering pollution-control technologies, such as conservation
tillage, including no-till, and animal-waste management as well as soil
conservation.

The Black Creek project paralleled the PLUARG studies conducted in
the neighboring experimental watersheds of the Great Lakes basin. The
program spent more than $800,000 as a cost-sharing for conservation
treatment on the 4000-ha watershed, but could not show significant water
quality improvement (Humenik, Smollen, and Dressing, 1987). The
experience clearly indicated that the traditional "first come-first serve"
cost-sharing incentive programs are not efficient for water quality
improvement. The major reason was the fact that many soil-conservation
and erosion-control practices do not yield significant water quality
improvement (see Chapter 5). Consequently, the project managers and
other researchers participating in the PLUARG projects developed a
concept of targeting the areas that needed management that would yield
the greatest water quality improvement benefit. The Black Creek project
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also demonstrated institutional aspects of the nonpoint pollution
programs, that is, that the Soil Conservation Service of the U.S.
Department of Agriculture was capable of administering a rural nonpoint
pollution-abatement program (Humenik. Smollen, and Dressing, 1987).

The Rural Clean Water Program (RCWP), which began in 1980, has
funded 21 watershed projects whose objectives were to improve water
quality, to help agricultural homeowners and operators to use pollution-
control practices, and to develop programs, policies, and procedures for
the control of agricultural nonpoint source pollution (Federal Register,
1979). It is a long-term (10 to 15 years) demonstration project, so the
critical targeting of lands producing pollution is required, water quality
objectives are clearly defined, and water quality is monitored. Hence, the
program has a much greater water quality emphasis than previous
programs, which focused primarily on soil conservation. Approved
management practices include water management systems, animal-waste
management systems, fertilizer and pesticide management, in addition to
erosion control and soil conservation.

At the end of the 1980s, approximately seven to ten years after the
start of the program, most projects exceeded their goals of implementing
pollution management practices in 75% of the critical watershed areas.
Projects that have achieved a high level of farmer participation have been
successful because they offered cost sharing for practices farmers want,
such as animal-waste storage, conservation tillage, and irrigation system
improvement. It should be pointed out that the willingness of farmers to
install pollution abatement under voluntary cost-sharing scenarios re-
quired that these practices include other benefits, such as the reduction
of the cost of fertilizers and chemicals, which would compensate the
farmer. Water quality improvements have been documented in several
RCWP projects; however, it common__q~ took more ~
document water quality impro e---vU~-~ment in these pil0~ ~,atershed,_..~s.

Present and Future Trends and Needs
In 1990 there was worldwide recognition of the twentieth anniversary of
the Earth Day. This recognition renewed environmental awareness in the
public. The Earth Day movement of the 1960s and 1970s had an impact in
the United States, and produced a landmark legislation, the 1972 Water
Pollution Act Amendments. It also initiated extensive environmental
remediative actions. The present environmental movement is concerned
with global as well as local pollution problems and environmental
contamination. Also the attitude of lawmakers is changing worldwide.
The emergence of Green political parties in Europe which, although still
small, keep the balance of power in some European countries. Public
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pressures have also led to the further enactment of environmental
protection laws.

In the United States it was realized that despite requirements incorpo-
rated in the 1972 and 1977 versions of the Clean Water Act, progress in
reducing diffuse pollution has been extremely slow. It was demonstrated
that in the 15-year period since the 1972 passage of the Water Pollution
Control Act Amendments very little had been accomplished in reducing
the diffuse pollution problem (Thompson, 1989). As a matter of fact,
some problems, especially those related to the use of agricultural and
industrial chemicals, have intensified. Therefore Congress in the 1987
Water Quality Act shifted from 15 years of nonpoint source pollution
planning, studying, and problem identification to a new National
Nonpoint Pollution Control Program (U.S. EPA, 1989). It stated that:

It is the national policy that programs for the control of nonpoint sources of
pollution be developed and implemented in an expeditious manner so as to
enable the goals of this act to be met through the control of both point and
nonpoint sources of pollution.

Far-reaching regulations are being implemented to control diffuse
pollution, including urban and industrial runoff and agricultural diffuse
pollution. Federal and state laws are also being implemented that would
stop the loss of wetlands that are so vital in the ecological balance and for
the control of diffuse pollution.

In spite of some monumental efforts in the United States and
elsewhere to remedy pollution, environmental degradation is still
continuing. The diffuse-pollution problem is only one component of the
overall problem with the earth’s ecological system. The State of the
Environment (OECD, 1991) pointed out three major problems now
facing the earth’s ecosystem:

¯ Stratospheric ozone depletion;
° The greenhouse effect;
¯ The global spread of pollution, primarily by atmospheric currents.

These global issues are linked in a number of ways. The causes and
transport of diffuse pollution by surface water bodies may not be
separated from these global issues, but are a part of the overall system.

As forests shrink at an alarming rate thus contributing to the
greenhouse effect by emissions from slush burning, soil is simultaneously
eroded from the deforested lands, causing siltation of bodies of water and
other water quality problems. As the environment is being filled with
man-made chemical compounds, such as fluorocarbons and other
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halogenated hydrocarbons, many of them carcinogenic, these emissions
are also contributing to the depletion of the protective ozone layer.
Nitrous oxides emitted from vehicular traffic and other sources contribute
to both the greenhouse effect and the pollution of surface and ground
water.

There is no doubt that in spite of the expenditures on pollution, the
worldwide state of the environment in the 1990s is worse than it was
during the Earth Day of 1970. In the State of the World, the Worldwatch
Institute (Brown et al. 1990) points out that only a monumental effort can
reverse the deterioration of the planet. As the East-West ideological
conflict vanishes, time and energy of the population and its political
leaders can be concentrated on environmental threats to security. The
present and future years will be a period of reordering priorities,
providing resources to reforest the earth, and conversion to sustainable
development with less harmful pollution problems, as well as avoiding
pollution catastrophes during the second half of the twentieth century.

In the past and even today, economic development has caused
environmental degradation. While on one hand food supplies and
economic output have grown tremendously since the end of World War
II, at the same time the world has lost nearly one-fifth of the topsoil from
its cropland and one-fifth of its tropical rain forest plus tens of thousands
of its plant and animal species (Brown et al., 1990). Rapid increases in
pollutant levels in ground water, particularly nitrate and pesticide
pollutants, are directly tied to the increase in crop yields that has been
stimulated by agricultural chemicals. However, at least in some pans of
the world, the reverse is beginning to emerge, that is, environmental
trends are beginning to shape economic trends.

This combination of public and government awareness of
environmental dangers of diffuse pollution and their willingness to do
something about it and pay for it, gives environmental engineers and
scientists an opportunity to design abatement programs that would bring
about true progress in the reversal of past degradation trends.

DEFINITIONS

Water Quality and Pollution

Any treatise dealing with water quality and pollution needs definitions. In
the minds of the public water quality is often synonymous with pollution
and, similarly, water quality management, including that related to
diffuse sources, is equated with pollution eontrol.

i~Water quality reflects the composition of water as affected by natural

R0022989



12 Introduction

causes and man’s cultural activities, expressed in terms of measurable
quantities and related to intended water use. Water quality, is_p_e_rceived
differently by different people, for example, ~.’-~e~n:~i,a- is.

concerned w~th the bacterial and viral safety
and bathing~fishers are concerned that the quality of water be sufficient
to provide the besthabitat for fish; and aquatic scientists are concerned
with the health of aquatic habitats, including fish;:plankt0n, and other
plants and organisms. For each intended use and water quality benefit,
different parameters express best water quality.

The term~ollutiO1is derived from a Latin word (poilu’ere), which
means "to soil" or"~’to defile." The terms pollution, contamination,
nuisance, and water (air, land) degradation are often used synonymously
to describe faulty conditions of surface and ground water. Various
definitions have been offered to define pollution and other related terms
(Krenkel and Novotny, 1980; Vesilind, 1975; Henry and Heinke, 1989).
However, these definitions are not identical and,in a legal sense, not
even similar. Probably the definition of pollution most accepted by
scientists is "unreasonable interference with the beneficial uses of the
resource." However, the perception of beneficial use is again different to
different people, which could be a problem. For example, from the
economic standpoint, the greatest "beneficial use" of water and air
resources is to provide an inexpensive way to dispose of wastes, in which
case fishing and swimming may be perceived by these "economical users"
as interfering with their "beneficial use." Indeed, during discussions of
the implications of the Water Pollution Control Act Amendments of 1972
some people with good intentions tried to put dollar values on the cost of
reducing pollution versus the market value of fish in the receiving water
body.

Fortunately, such interpretations are not acceptable now, but they
show the possible problems with simple definitions and with perceptions.
Today’s interpretations put a very high value on the protection of the
environment, and supersede any economic savings that might be achieved
by allowing injurious discharges of pollutants.

The statutory definition of pollution is included in the Clean Water
Act, Sec. 502-19 (U.S. Congress 1987):

The term "pollution" means man-made or man-induced alteration of chemical,
physical, biological, and radiological integrity of water.

The term           ’,ans "being unimpaired;" therefore, alteration of
integrity mean~-, rmpairment or injury. An alternate working definition
(the one that will be followed and expanded on in this book) is:
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Pollution is a change in the physical, chemical, radiological, or biological
quality of the resource (air. land or water) caused by man or due to man’s
activities that is injurious to existing, intended, or potential uses of the
resource.

According to this definition, pollution is differentiated from changes in
the quality of the environment due to natural causes, such as volcanic
eruptions, deposition of fly ash from natural forest fires, natural erosion,
weathering of rocks, and natural elutriation of minerals, even though
these events may have the same actual or potential adverse impact on
water use or of a resource as does pollution. These changes could be
considered nuisance or undesirable quality modifications or even Acts of
God by the legal profession, but in a technical engineering sense they
mostly do not require abatement or abatement is not technically and
economically feasible.

Consider as an example the Rio Puerco in New Mexico (Fig. 1.1). This
river drains a highly erodible, sparsely populated arid watershed in the
northwestern quadrant of the state. Consequently, extremely high
concentrations of suspended solids exceeding 200,000mg/l are measured
during erosive flows. There is no doubt that man has contributed to these
high loads. Before ranchers moved in more than 100 years ago, the

FIGURE 1.1. Rio Puerco in New Mexico. (Photo: V. Novotny.)
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watershed was more stable. However, overgrazing on the fragile arid
lands of the Rio Puerco for the last 70 to 100 years has been a big
contributor to the high "natural loads."

Similarly, the Yellow River in China, the Nile River in Egypt, and
many other rivers in arid areas of the world are known to carry high
amounts of sediments and other water quality constituents. Yet the
authorities do not plan any remedial actions at this time, mainly because
of the extremely high cost of the watershed reclamation and a lack of
concern among the local population. On the other hand, sediment
concentrations two orders of magnitude lower due to farming and
urbanization in the Great Lakes region and elsewhere are not being
tolerated, and plans are on the way to remedy the situation. As a matter
of fact, the building of the Aswan High Dam on the Nile River
drastically reduced the natural sediment loads of the river, thus depriving
the farmers in the Nile Delta region of the natural fertilizer brought onto
their fields in flood waters, which resulted in the subsequent damage done
to them and to the economy of Egypt. Similarly, the present decrease in
sediment loads in the Mississippi River caused by settling of sediment in
upstream navigation pools is causing increased e~osion and loss of laad
along coastal Louisiana. The present rate of wetland loss in Louisiana,
caused primarily by the reduction of sediment input from the Mississippi
River, represents about 80% of coastal wetland losses in the United
States (Rooney, 1989).

Other examples of undesirable natural water contamination, but not
pollution by man, include the high carbon dioxide content of some
ground water which is injurious to building materials and elutriation of
humic organics from decaying aquatic vegetation which impairs the
suitability of water for water supply. Hence, water quality composition
contains both constituents that may be pollution and constituents from
natural sources (Fig. 1.2). The use of the term background pollution for
natural water quality composition is not correct because this pollution is
not caused by man.

Pollution may result from causes other than discharges of wastewater
or soil losses, the two most commonly mentionedcauses. Cutting down a
forest, channel modifications (lining), draining wetlands, and similar
activities commonly result in undesirable changes in water quality.
Hence, such activities create pollution.

Water quality and pollution are determined and measured by
comparing physical, chemical, biological, microbiological, and radio-
logical quantities and parameters to a set of standards and criteria. The
difference between the standards and criteria should be explained.

A criterion is basically a scientific quantity upon which a judgment can

R0022992



Natural erosion and elutriation of Point and nonpoint source
minerals, waste loads
Natural biological processes.

air - water chemical equilibria
TURAL WATER AND SEDIMENT           COMBINED WATER AND

¯

~

QUALITY SEDIMENT QUALITY

USE BASED WATER AND SEDIMENT
QUALITY STANDARDS

I ISWATER USE
IS NONATTAINMENT CAUSED BY NATURAL
SOURCES ONLY ?

~p [

NO      YE
NO YES

WATER BODY IS POLLUTED -~ WATER BODY IS NOT
ABATEMENT IS REQUIRED

/

POLLUTED

FIGURE 1.2. Concept of water quality.



16 Introduction

be based. It is usually developed from scientific experiments. A water
quality criterion can be based on morbidity or chronic toxicity of various
substances to man or aquatic life, or it can be related to technical
methods of removing the substances from water. A standard applies to a
definite rule, principle, or measure established by an authority.

The water quality criteria and standards currently used by water-
pollution-control authorities throughout the world, as well as by
engineers and scientists, are either stream standards or effluent standards.
The effluent standards determine how much pollution can be discharged
from municipal and industrial wastewater sources and by some types of
diffuse pollution. Performance standards, which are equivalent to effluent
standards for the control of pollution from lands, are used to control
pollution from subdivisions, construction sites, and mining. The stream
standards can be related to the protection of aquatic habitats, which is
one of the most important beneficial uses of water, and/or to other
existing or intended uses of the water resource. Actual numerical values
of water quality standards are given in Appendix 1, and their fun-
damentals are described in Chapters 12 and 13. The designated use of
a water body must be attainable (see Chap. 16 for a discussion of use
attainability). Standards and criteria may be numerical, chemical-based,
or narrative or based on the toxicity of the entire effluent or water body.

In water quality planning and evaluation, exceeding the water quality
parameters over one or more standards (criteria) implies an injury to the
water use for which the standard was issued. Consequently, a wastewater
discharge that does not result in a violation of a standard may be
considered noninjurious, as it does not cause pollution. The quantity of
potential pollutants that can be discharged into the environment
(receiving water body, atmosphere, or land) is then called the waste-
assimilative capacity. Determining the waste-assimilative capacity of the
receiving water or air body is one of the most important steps in any
environmental protection study. Not taking the waste-assimilative
capacity into consideration during the planning of pollution abatement
or water quality restoration would lead to uneconomical wasteful
approaches or even ineffective solutions. The concept of waste-
assimilative capacity and its determination is shown on Figure 1.3.
Typically, the waste-assimilative capacity of surface water bodies might
be higher for decomposable organic matter, but it is very low to nil for
some toxic chemicals that bioaccumulate in tissues of aquatic organisms
and become injurious to animals and man using them as food.
Consequently, this detrimental capacity is reflected in the magnitude of
the standards. Determination of the waste-assimilative capacity is a part
of the water quality that is based on pollution control, and is now
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FIGURE 1.3. Waste-assimilative capacity concept.

becoming the most significant part of pollution-control efforts. In water-
quality-based controls, effluent standards are tied to the the waste-
assimilative capacity of the receiving water body. The process of
integrated water-quality-based (point and nonpoint) pollution abatement
is presented in Chapter 16. Existing waste-assimilative capacity of a water
body can be increased by water body restoration and other measures (see
Chap. 15).
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According to these definitions a waste constituent becomes a pollutant
if it is discharged into the environment in quantities that are injurious to
or impair the beneficial uses of environmental resources. Many waste
constituents in small quantities are not injurious, and some of them may
even be beneficial in low quantities, becoming injurious (toxic) only in
quantities that exceed the waste-assimilative capacity. For example, some
metals that in higher concentrations are known to be toxic, such as zinc,
are in smaller trace quantities, necessary nutrients for aquatic life.

Best management practices (BMP) are methods, measures, or practices
selected by an agency to meet its nonpoint (diffuse) source control needs.
BMPs include, but are not limited to, structural and nonstructural con-
trols and operations and maintenance procedures. BMPs can be applied
before, during, and after pollution-producing activities to reduce or
eliminate the introduction of pollutants from diffuse sources into
receiving waters.

Definition of Pollution Sources

From the previous discussion it follows that pollution is caused by man
and results in an undesirable or harmful change in the quality of the
resource, whether water, soil, or air. The sources or causes of pollution
can be classified as either point or nonpoint sources of pollution. During
publishing of the previous books by the first author on this topic (Krenkel
and Novotny, 1980; Novotny and Chesters, 1981) the term diffuse
pollution was synonymous to nonpoint pollution. After the U.S. Congress
passed the Clean Water Act in 1977 and the Water Quality Act of 1987, it
became necessary to redefine these characterizations.

Point sources of pollution were originally defined as pollutants that
enter the transport routes at discrete, identifiable locations and that can
usually be measured. Major point sources under this definition included
sewered municipal and industrial wastewater and effluents from solid
waste disposal sites. Nonpoint sources were simply "everything else," and
included diffuse, difficult to identify, and intermittent sources of
pollutants, usually associated with land or land use. These definitions led
to some legal ramifications for abatement efforts. According to the U.S.
Constitution, the government can mandate the control of point sources
that enter so-called navigable waters,2 while use of land is considered
sacred making enforcement of nonpoint pollution control impossible.
Hence the new definitions broadened the category of point sources.

~ Under legal interpretations in the United States, any body of water on which a canoe
can float, even potentially, is considered navigable.
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Today’s statutory definition of point sources is as follows (Water Quality
Act, Sec. 502-14, U.S. Congress, 1987):

The term "point source" means any discernable, confined and discrete
conveyance, including but not limited to any pipe, ditch, channel, tunnel,
conduit, well, discrete fissure, container, rolling stock, concentrated animal
feeding operation, or vessel or other floating craft from which pollutants are or
may be discharged. This term does not include agricultural stormwater and
return flows from irrigated agriculture.

This definition does not leave much space for "everything else" being
nonpoint sources. This ambiguity or lack or definition led the National
Resources Defence Council to call nonpoint pollution "poison runoff"
(Thompson, 1989).

Rather than looking for some kind of exact legal definition of point
and nonpoint sources we attempt to categorize the sources of pollution
into point and nonpoint categories according to the latest statutory
regulations (see the next chapter for details). The statutory point source
category in the United States today includes the following sources:

¯ Municipal and industrial wastewater effluents;
¯ Runoff and leachate from solid waste disposal sites;
¯ Runoff and infiltrated water from concentrated animal feeding

operations;
¯ Runoff from industrial sites not connected to storm sewers;
¯ Storm sewer outfalls in urban centers with a population of more than

100,000;
¯ Combined sewer overflows;
¯ Leachate from solid waste disposal sites;
¯ Runoff and drainage water from active mines, both surface and

underground, and from oil fields;
¯ Other sources, such as discharges from vessels, damaged storage tanks,

and storage piles of chemicals;
¯ Runoff from construction sites that are larger than 2 hectares (5 acres).

Bypasses of untreated sewage (when the capacity of a treatment plant
would be exceeded) are not allowed by law, and hence cannot be
considered to be a legal source of pollution.

Two common characteristics of these statutory point sources are that
they do indeed enter the receiving water bodies at some identifiable
single- or multiple-point location and that they carry pollutants. Three
more common characteristics of these point sources are that in the United
States they are regulated, their control is mandated, and a permit is
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required for the waste discharges. The statutory nonpoint sources
("everything else") then include:

¯ Return flow from irrigated agriculture (specifically excluded from point
source definition by Congress);

¯ Other agricultural and silvicultural runoff and infiltration from sources
other than confined concentrated animal operations;

¯ Unconfined pastures of animals and runoff from range land;
¯ Urban runoff from sewered communities with a population of less than

100,000 not causing a significant water quality problem;
¯ Urban runoff from unsewered areas;
¯ Runoff from small and/or scattered (less than 2 hectare) construction

sites;
¯ Septic tank surfacing in areas of failing septic tank systems and leaching

of septic tank effluents;
¯ Wet and dry atmospheric deposition over a water surface (including

acid rainfall),
¯ Flow from abandoned mines (surface and underground), including

inactive roads, tailings~ and spoil piles;
¯ Activities on land that generate wastes and contaminants, such as:

deforestation and logging
wetland drainage and conversion
channeling of streams, building of levees, dams, causeways and

flow-diversion facilities on navigable waters
construction and development of land
interurban transportation
military training, maneuvers, and exercises
mass outdoor recreation.

Some of these "nonpoint"sources are either locally or federally regulated.
For example, in many states developers are required to implement
erosion-control practices, wetland protection laws regulate drainage of
wetlands, before individual septic tank systems can be installed local or
state public health and/or land-use authorities must issue permits. In the
United States no potentially polluting activities on navigable waters (such
as dredging, channel construction, dams) can proceed until the U.S.
Army Corps of Engineers has issued the necessary permits. This agency is
also responsible for issuing permits for any alterations to wetlands.

From the previous discussion and definition of pollution, one might
also conclude that not all lands and land-use activities are polluting. For
example, diffuse-waste emission from low-density suburban developments
are very close to the background emissions of most important con-
stituents. Waste emitted from some disturbed lands located far from a
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watercourse is redeposited between the source and the recipient, hence
the land may not cause impairment of water quality (pollution). For this
reason some soil-conservation practices might not have a significant water
quality improvement benefit. The lands that are most polluting within a
watershed (and require pollution elimination) are called hazardous or
critical lands. Determination and location of hazardous (critical) lands
is one of the most important tasks in planning a diffuse-pollution
abatement.

As can be seen, the division of sources into "point" and "nonpoint" is
not as straightforward as it might have been during the 1970s when the
Handbook of Nonpoint Pollution: Sources and Management (Novotny
and Chesters, 1981) was written. Today these definitions have more
statutory and legal than technical meanings.

The fact remains, however, that the "traditional" point sources of
wastewater, that is, municipal, industrial, and agricultural (farm), are
different from diffuse sources, which according to the statutory definition,
may be both point and nonpoint.

~he traditional point sources strictly include wastewater effluents from
municipal and industrial areas. The flow and pollution loads from these
sources vary; however, in most cases they are continuous, uninterrupted
discharges, variability is not greatly related to meteorological factors, and
the variability is not great. The primary parameters of interest for control
and regulation are the degradable organics (measured as BOD5 or COD),
pH, suspended solids, nitrogen, and phosphorus and toxic compounds
(both organic and inorganic). The prevalent method of control is
treatment.

Diffuse sources can be characterized as follows:

¯ Diffuse discharges enter the receiving surface waters in a diffuse
manner at intermittent intervals that are related mostly to the
occurrence of meteorological events.

¯ Waste generation (pollution) arises over an extensive area of land and
is in transit overland before it reaches surface waters or infiltrates into
shallow aquifers.

¯ Diffuse sources are difficult or impossible to monitor at the point of
origin.

¯ Unlike for the traditional point sources, where treatment is the most
effective method of pollution control, abatement of diffuse land is
focused on land and runoff management practices,

¯ Compliance monitoring is carried out on land rather than in water.
¯ Waste emissions and discharges cannot be measured in terms of

effluent limitations.
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¯ The extent of diffuse waste emissions (pollution) is related to certain
uncontrollable climatic events, as well as geographic and geologic
conditions, and may differ greatly from place to place and from year to
year.

¯ The most important waste constituents from diffuse sources subject to
the management and control are suspended solids, nutrients, and toxic
compounds.

ENVIRONMENTAL SYSTEMS AND THEIR
CHANGES, INTERACTIONS, AND IMPACT
ON WATER QUALITY (POLLUTION)

Ecological Systems

There are five biological systems--croplands and grasslands, forests,
urban, air systems, and aquatic systems--that Supp_ort the world economy
and provide the means for sustaining biological life on the earth. In
addition, all biological life takes place in the atmosphere (including that
of soil) or in water. These five systems are interconnected in a balance
that is often disrupted by overuse of the resources and/or by their loss
and degradation. Figure 1.4 shows the interconnections and pathways of
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contaminants between the five basic biological (ecological) systems.
Atmospheric pollution impacts on water quality, not counting the harm
done to human health, deforestation (loss of land resources) has a
tremendous effect on water resources as well as on the atmosphere
(greenhouse effects by slash burning and emissions of CO2); urbanization
(another loss of resources) is a source of many types of pollution,
including contamination of air, water, and soil as well as soil loss. Soil
loss from agriculture and construction diminishes the use of water
resources by clogging the receiving water bodies with excessive sediments
and depriving the aquatic biota of their natural habitat. Sediment is also a
carrier of many pollutants, including those that cause excessive algal
growths (nutrients) and those that cause toxic contamination.

These five systems are not stagnant, but continuously evolve and
change. Until the twentieth century most of the changes that adversely
impacted the environment were of natural origin, such as the erosion
of land, volcanic eruptions, and natural flooding. There have been
incidences throughout history where man has adversely and detrimentally
impacted entire regions. For example, the rich Mesopotamian civilization
flourished until its vast irrigation systems were destroyed by sediment
from erosion when the forests on the surrounding hills were cut down and
the fertility of the soil was destroyed by salts deposited by the irrigation
water. Syria, which is now mostly arid or desert, thousands years ago
was forested and enjoyed more humid hydrological conditions. The
first deforestation of southern Europe took place during the Roman
period, followed by reforestation after the fall of the Roman Empire
in the fifth century. Then in the Middle Ages deforestation was re-
peated by Venetians who cut down the forests of Dalmatia on the
Adriatic Sea (present Croatia), which resulted in tremendous soil loss
and changed the entire hydrology of the region. However, these instances
were mostly localized. As long as the equilibrium between the five eco-
logical systems is not disrupted, the adverse ecological consequences are
minimal.

Several major factors caused the environmental (ecological) balance to
be severely disrupted in the second half of the twentieth century,
resulting in accelerated increases of environmental pollution. They are

¯ population increase (sometimes termed explosion),
¯ deforestation,
¯ conversion of land to intensive agriculture,
¯ urbanization and industrialization,
¯ increased living standard, resulting in an increased per capita use of

natural resources.

R0023001



24 Introductmn

TABLE I.I World Population Growth

Population Increase by
Year Population (billions) Decade (millions)

1650 0.5 --
1800 1.0 --
1930 2.0 --
1950 2.515 --
1960 3.019 504
1970 3.698 679
1980 4.450 752
1990 5.292 842
200O 6.251 959

Source: From United Nations, Department of International
Economic and Social Affairs, New York (1988).

Population Increase
Table 1.1 shows the approximate world population. It can be seen that it
took about one million years for the world population to reach the first
one billion. About the same population increase may occur in the 10
years between 1990 and 2000. The population increase is not evenly
distributed throughout the world. While in most developed, industrialized
countries population growth is declining or the population is remaining
stagnant, most of the growth is occurring in less developed countries.
Because the less developed countries lack adequate sanitation, the
increase in population results in the increase of diffuse pollution. The
population pressures are also detrimental to forests and other resources
that are diminishing at an accelerated rate, which results in more
pollution.

In the context of sustainable resources development and containment
of environmental damage, each additional person represents additional
demands on productive resources, and hence additional wastes, plus
wastes caused by the maintenance of the life processes.

Increased population also forces accelerated land-use changes. Since
rural areas cannot economically sustain all families, the excess rural
population is directed toward urban areas in search of employment and
even, as in developing countries, for survival.

The truth is, however, that in many developing countries, and to some
extent even in developed countries, urban areas cannot absorb the influx
of population plus their own population increase, which leads to
homelessness and shantytowns that, without sanitation, create high levels
of diffuse pollution. The population increase of some world urban centers
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has been phenomenal and has greatly outpaced world population growth.
For example, according to United Nations statistics, the population of
Sao Paulo in Brazil, which in 1950 was about 2.4 million, is now over 20
million; Mexico City’s population increased by 19 million between 1950
and 1990; the population of Paris increased by 4 million (from 7.4 million
in 1950 to about 11 million in 1990); and the population of London
remained almost constant.

Watershed in Transition

Land Use and Diffuse Pollution
It has to be realized that in most cases it is not the land or land use per se
that causes pollution. Land use is a simple term to describe the prevailing
activity occurring in the area. As such it bears little relationship, to the
pollution generated from the area. Land-use zoning and separation of
activities on land is more unique to the United States than to other
countries. In many European and world urban centers, use of urban land
is mixed, allowing commercial and sometimes industrial activities to exist
side-by-side with residential developments.

Many land uses, such as for economic and living purposes and for
development, are justified. In most cases, it is the misuse or excessive use
of land that causes excessive pollution.

In the United States, land uses have been generally divided into the
following categories (Novotny and Chesters, 1981):

General Urban Lands
Residential (low, medium, and high density)
Commercial
Industrial
Other developed (large parking areas, sports complexes)
Open (parks, golf courses)
Transportation (airport, rail, vehicular)

Rural (Nonurban) Lands
Cropland (irrigated and nonirrigated)
Improved pasture and rangeland
Woodland and silviculture
Concentrated animal feedlots
Idle land (includes open water surfaces and native lands)
Land used for waste disposal.

This "static" categorization of land uses has been questioned as

insufficient for estimating nonpoint loading (Novotny, 1985; Marsalek,
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1978). Wide variations of loads within each land-use category have been
observed (IJC, 1980; Marsalek, 1978; Novotny and Chesters, 1981;
Beaulack and Reckhow, 1982; Novotny, 1985).

Since it is the use of land by man and his/her associated activities that
generate pollution, diffuse pollution has been related to the land-use type
and tO the transition from one land use to another.

Land Use and Land Transformation
There are four basic types of native undisturbed lands (excluding
mountains): arid land (including deserts), prairie, wetland, and
woodland. These four types have various forms, depending on the
geographical location and the elevation.

The transition process, which today is mostly cultural (anthropogenic),
is depicted in Figure 1.5. It begins with one of the four natural lands and
progresses through several intermediate stages to a fully urbanized,
sewered watershed, which represents the end of the transition process.
Most of this transition is irreversible. Just as the natural morphological
processes that carve the basins by erosion and the elutriation of minerals
are responsible for the background water quality composition, cultural
processes of land changes are responsible for pollution. These cultural
land-use modifications and land development processes are also
illustrated on Figure 1.5.

Deforestation
Deforestation is an environmentally devastating and polluting land-use
activity, which today is recognized as having very serious global
consequences. Ancient examples are the Middle East, where de-
forestation changed the woodlands of Syria and other Middle East
countries into desert, and forest cutting by the Romans and Venetians,
which changed most of Dalmatia into a barren, soil-poor country. These
examples are now being followed on a much larger scale by the
disappearance of the tropical rain forest.

Deforestation deprives the soil of its protective, vegetative cover, and
hence increases soil loss through erosion by several orders of magnitude.
As a consequence, the quality of receiving water bodies is also
dramatically reduced by sediments, organic compounds, nutrients
(nitrogen and phosphorus), and possibly other pollutants (Fig. 1.6).

Slush burning practices used today to clear rain forests for farming and
rangeland also add significantly to the carbon dioxide levels in the
atmosphere, thus increasing the greenhouse phenomenon. Brazil, for
example, contributes some 336 million tons of carbon to the atmosphere
each year through deforestation. This contribution also increases
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FIGURE 1.6. Deforestation.

atmospheric pollution, which by dry and wet deposition then affects the
quality of water and terrestrial resources. It should also be pointed out,
however, that the United States and Soviet Union are the largest sources
of atmospheric emissions of carbon (1224 and 1000 million tons per year,
respectively, in 1987), mostly from burning fossil fuel and vehicular
traffic. These emissions far exceed those from the destruction of rain
forests in developing countries (Brown et al., 1990). Developed countries
are also guilty of large-scale deforestation. For example, the dis-
appearance of forests in Florida due to urban development is of the
same order of magnitude as the deforestation of the Amazon rain forest
in Brazil.

Wotland Alteration
About 6% of the total land surface is wetland (Mitsch and Gosselink,
1986); however, like rain forest, wetlands are disappearing rapidly due to
drainage and conversion to agricultural and urban uses. Wetlands
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represent a natural sink for various potential pollutants, including sed-
iment, nutrients, and organic compounds.

Wetland alteration or destruction can take several forms; however,
drainage and filling are the most common. The fertile soil of drained
prairie wetlands provided excellent crop yields, but also deprived the
watershed of natural hydrologic buffers and water quality preservation. In
addition to drainage for agricultural uses. other activities that adversely
alter or destroy wetlands include their conversion to urban uses,
transportation, peat mining and mineral extraction, flood control,
navigation, and industrial activities.

Construction
Newly developing urban lands should receive special attention. For all
land uses, this stage of land is characterized by high production of
suspended solids caused by erosion of unprotected exposed soil and soil
piles. Extremely high pollutant loads (see the subsequent sections) are
produced from construction sites if no erosion-control practices are
implemented. Therefore, in establishing pollutant loading related to land
uses one must first determine whether the area is full?, developed or if it is
a developing area and/or if significant construction activities are taking
place therein. An area is considered fully developed and established one
year after completion of the development.

Conversion to Intensive Agriculture
The first conversion of American prairies to an agricultural use was the
use of the land for pasture or range land. It should be noted that the
native prairies (as well as prairie wetlands and woodlands) were actually
sinks of potential pollutants. Timmons and Holt (1977) studied organic
pollution and nutrient (nitrogen and phosphorus) losses from native
prairies in west central Minnesota and found that annual losses of
nutrients in runoff were less than the nutrient inputs in precipitation.

Today about 40% or 3.6 millions km2, of the land area of the United
States is used for grazing livestock. These are mostly unconfined systems.
Although the trend is to confine cattle operations, unconfined production
is expected to continue to predominate the beef and sheep industries.

The differences between confined and unconfined animal operations
are the same as the division of pollution sources into point and nonpoint.
Unconfined operations, that is, operations where cattle graze more-or-
less freely over an extended pasture area are strictly nonpoint, diffuse
sources. Confined operations are statutory point sources; however, the
largest waste loads occur during storms and are carried by surface runoff,
which is a characteristic of diffuse sources.
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As grazing animals traverse pasture and rangeland, the top soil
becomes more compacted. Trampling by cattle may reduce infiltration
and increase surface runoff (Robbins, 1985); however, such increases
were not significant for pastures with light and moderate intensities of
grazing (Moore et al., 1979). In his studies Robbins (1985) also claimed
that distinguishing between the water quality of streams affected by light
to medium grazing and unaffected streams is difficult or impossible. He
concluded that when management is directed to optimize forage
production, pollutant yields from unconfined animal operations are not
greater than would have occurred under native conditions.

However, it is not the grazing intensity on the land that determines the
degree of pollution from rangeland, it is the unrestricted access of cattle
to the watercourses that has the major impact. This is particularly true in
high-quality cold water fishery areas of the Rocky Mountains and in
slow-moving warm streams of the deep southwest. For example, a 100-
hectare ranch with 200 steers that are excluded from the stream may have
much less impact than a 100ohectare hobby farm with 50 head of cows/
calves and steers that have a direct stream access.

Until the 1950s the expansion of agricultural land for crop production
has more or less kept pace with the population increase. Most farming in
the United States and the world was done on small family farms without
an excessive use of chemicals. However, around 1950 farming began to
qualitatively change. Dramatic changes happened in Eastern Europe,
which followed the Soviet example of a forceful change to large collective
farming, and also in the United States, where small family farming began
to change into larger monocultural enterprises. Concurrently, farming
began to rely more and more on the use of chemical fertilizers to increase
plant yields and on pesticides for insect and weed control. Monocultural
planting requires more chemical use than rotational planting.

Figure 1.7 shows a typical trend in U.S. agriculture. Until 1950 most
increases in agricultural production were due to the conversion of native
lands to agriculture. However, since 1950 the cultivated land area in Iowa
has remained about the same, while in some other states it has decreased
due to urban pressures. The increased farm output was solely due to the
increased use of chemicals.

The primary agricultural activity that causes the elevated emissions of
potential pollutants is the practice of disturbing the soil by tillage, which
increases sediment losses, in comparison to the original native lands, by
several orders of magnitude. Increased use of chemicals results in more
losses into the environment. As noted by Alberts, Schuman, and
Burnwell (1978), over 90% of nutrient (nitrogen and phosphorus) losses
are associated with soil loss. Although nutrient losses represent only a
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small portion of the applied fertilizer, their contribution to the receiving
waters almost always exceeds the standards accepted for preventing
accelerated eutrophication of surface waters. Furthermore, the loss of
nitrates into the ground water in areas of intensive agriculture are

R0023009



32 Introduction

TABLE 1.2 Typical Concentrations of Pollutants in Rural Runoff in the Midwestern U.S.

Suspended Total Total Total

Solids BOD~ Nitrogen Phosphorus Coliforms

(mg/1) (mg/1) COD (mg/1) (mg/l) (mgi1) (MPN/100 ml)

Background 5-1000 0.5-3 NA 0.05-0.5 0.01-0.2 10-102

levelsa

Croplandb (780) NA (80) (9) (1.2) NA

Grazed NA (13) NA 4.5 (7) 105

pasturec

Feedlotsd (30) 1000-11,000 31,000-41.000920-2100 290-380 NA

Note: ( ) = mean; NA = data not available or insufficient.
~ Lager and Smith (1974).
b Wisconsin Priority Watersheds, Wisconsin Department of Natural Resources.
c Robbins (1985).

d Loehr (1972).

substantial and can make ground water unsuitable for drinking. Alarming
levels of nitrate contamination of ground- and surface-water resources
have been reached in Eastern and Central Europe. Figure 1.8 shows
trends of nitrate concentrations in the Vltava River upstream of Prague,
Czechoslovakia. The agricultural use of pesticides (atrazine in Central
Wisconsin, the Po River valley in Italy, and elsewhere) is also responsible
for contamination of ground and surface receiving waters. Table 1.2
presents typical concentration ranges of pollutants in agricultural runoff.

According to the U.S. EPA (1984), at the beginning of the 1980s
cropland, pastureland, and rangeland contributed over 6.8 million tons of
nitrogen and 2.6 million tons of phosphorus to conterminous U.S. surface
waters per year. The Corn Belt (Illinois, Indiana, Iowa, Missouri, and
Ohio) used 39% of the nation’s phosphorus fertilizer and 32% of its
nitrogen fertilizer.

Delivery losses of pesticides applied to agricultural lands to control
insects and weeds amount on average to about 5% of the applied
pesticide. Most of the loss ends as pollution of ground and surface waters.
However, if rainfall occurs shortly after a pesticide is applied, losses can
be substantial and can result in fish kills. Herbicides (weed control) are
the most used pesticides in U.S. agriculture. In 1980, farmers used about
200,000 tonnes of herbicides and 140,000 tonnes of insecticides. Since
1980, these uses have doubled. Figure 1.9 shows total trends in pesticide
use in the United States.

Agricultural use of arid lands requires irrigation. Civilizations
flourished and vanished because of pollution due to irrigation. The
problem is the salt content of irrigation water and the elutriation of
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minerals from soils during irrigation. Water lost by evapotranspiration
into the atmosphere does not contain salt, hence in order to control salt
buildup in soils, excess irrigation water over evapotranspiration losses
must be applied. This water excess, called irrigation return flow, is
considered pollution that gets deposited in surface or ground waters. In
some irrigated parts of the arid southwest (such as the lower Colorado
River Basin), salinity and pollution of streams receiving irrigation return
flows have reached such high levels that the water is not suitable for
further use. By an agreement between the United States and Mexico,
excess salt from the Colorado River must be removed at great expense to
the U.S. taxpayers.

Feedlots and Barnyards
Feedlots and barnyards, statutory agricultural point sources, are the land
uses that exhibit the highest amounts of diffuse waste loads, mostly
carried by surface runoff. With the advent of improved feeding
techniques, farmers prefer not to put cattle to pasture, but to hold them
in relatively small areas. The high organic content of the surface crust
protects against erosion, and consequently sediment losses from feedlots
are lower than those from uncompacted bare land surfaces. Nevertheless,
as shown in Table 1.2, barnyard and feedlot runoff has extremely high
concentrations of BODs, COD, organic nitrogen, and phosphorus. Even
with these extremely high concentrations, land management techniques
typical for diffuse sources and some "point source" structural abatement
(lagoons and manure storage basins) are a more effective means of
control than a point-source-type treatment would be (see Chapter 11).

Urbanization

Probably the greatest adverse change in water quality is due to ur-
banization. The population pressures mentioned previously, migration
of population, and economic development result in urbanization.

Urbanization, that is, the transformation of land use from natural
or agricultural lands, occurs in several steps. Urbanization changes
atmospheric composition, the hydrology of the watershed (Fig. 1.5),
receiving streams, and other water bodies, and soil. Native ecological
systems are replaced by urban ecology. Waste emissions increase
dramatically, and the sources of these contaminants are diverse, such as
industries, household heating, transportation, sewage conveyance and
disposal, garbage collection and disposal (landfills, incinerators), litter
deposition, fallen leaves on impervious surfaces, and street salting.
Chapter 8 discusses these sources in detail.
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Watershed during Urban Development (Urbanization)
The soil loss from construction sites can reach magnitudes of over 100
tonnes/ha/year. In urbanizing watersheds, a few percent of the watershed
under construction can contribute a major portion of the sediment carried
by the streams. Often the streams themselves are affected and irreversibly
changed by urbanization, regulation, straightening and lining, which
destroys their natural habitat so that they can no longer sustain fish and
other biotic populations. More surface runoff and hence flooding results
from increased imperviousness that also makes surface runoff more flushy
and higher in volume. On the other hand, ground-water recharge is
reduced. Other profound and adverse changes in hydrology and water
quality are caused by draining wetlands. Pollution is mostly nonpoint,
unless a sewer system is in place and the drainage is located in a large
urban area and/or industrial zone, which would legally reclassify the
runoff pollution as a point source.

Unsewered Urban Development
Disposal of sewage into soils (septic tanks or small Imhoff tanks followed
by infiltration) eliminates or reduces only pollutants that can be filtered
out, decomposed, and/or adsorbed onto soil particles. Mobile pollutants
such as nitrates can cause severe contamination of ground water and,
subsequently, of the base flow of the streams and other water bodies.
When the adsorption capacity of the soil-disposal system is exhausted,
contamination of surface waters by organics and pathogenic micro-
organisms by surfacing sewage may occur and be severe. Failures of
older septic tank systems are common. However, in the absence of such
failures, the pollution potential of established low-density residential and
commerical areas without storm or combined sewer systems is generally
low and not much above the background water quality contributions from
a natural prairie watershed.

Pollution from Fully Developed, Sewered Urban
Watersheds and Transportation Corridors
As the imperviousness of the urban watershed increases, the watersheds
become more hydrologically active, which will impact both pollutant
loadings and flooding potential. The surface runoff events that carry the
heaviest pollution loads become more frequent. Pollutants that accumu-
late on the surface from traffic, litter, street dust, and other sources are
then washed off by the surface runoff into the drainage (sewer) system.

Novotny and Chesters (1981, 1989) have pointed out that the type of
drainage can greatly affect the pollution load within the same land-use
category. Residential areas with natural (swale) drainage produce
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TABLE 1.3 Comparison of the Strength of Point and Nonpoint Urban Sources

Suspended Solids Total Nitrogen Total Phosphorus Total Coliforms
Type of Wastewater        BOD5 (mg/I) (mg/l) (rag/l) (mg/I) Lead (mg/I) (MPN/100 ml)

Urban storm-watera 10-250 (30) 3-11,000 (650) 3-10 0.2-1.7 (0.6) 0.03-3.1 (0.3) 103-108
Construction site runofft’ NA 10,000-40,000 NA NA NA NA
Combined sewer overflows" 60-200 100-1100 3-24 1 - 11 (0.4) 105-107
Light industrial areac 8-12 45-375 0.2-1.1 NA 0.02-1.1 10
Roof runofff 3-8 12-216 0.5-4 NA 0.(X15-0.03 10~
Typical untreated sewaged (160) (235) (35) (10) NA 107-109
Typical POWT effluentd (20) (20) (30) (10) NA 104-106

Note: ( ) = mean; NA = not available; POWT = Publicly owned treatment works with secondary (biological) treatment.
~Novotny and Chcsters (1981) and Lager and Smith (1974).
t, Unpublished research by Wisconsin Water Resources Center.
r Ellis (1986).
dNovotny, et al. (1989).
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pollution loads that are approximately one order of magnitude lower than
pollution loads from similar land with storm (separate) sewers.

Sewer systems can be either combined or separate. The pollution
potential of urban runoff carried by separate storm sewers is similar to
treated sewage, while that of combined sewer overflows is between
treated and untreated municipal wastewater (Field and Turkeltaub,
1981). Rohmann, Lyke, and Hoban (1988) claimed that urban nonpoint
source released 760 times more lead than the load from point sources.
Table 1.3 shows the approximate concentration ranges for some
components of diffuse urban sources compared to the strength of
municipal wastewater.

In combined sewer systems, wet-weather pollution loads are .divided
into two components. The first component is the load that is conveyed by
the combined sewer interceptors (due to their excess capacity over the
dry-weather flows) toward the treatment plant. At the plant this load
represents a point source and should not be considered in nonpoint
pollution studies. The second component is conveyed by combined sewer
overflows (CSO) that occur during wet weather when the interceptor
capacity is exceeded. The load conveyed by overflows, referred to as
wet-weather load, is of diffuse (nonpoint) nature and is considered in this
study. Legally, however, the U.S. Environmental Protection Agency and
state agencies consider the combined sewer overflows as a point source,
for which a National Pollution Discharge Elimination System (NPDES)
permit is required.

A part of the wet-weather pollution carried by combined sewers is
diverted to the treatment plant. Even though the concentrations of
pollutants in CSOs are greater than those in flows from separate storm
sewers, the volume of discharged CSOs is smaller. Hence, European
experience and measurements indicate that overall, the total pollution
loads--including dry-weather point loads--from urban zones with
separate and combined sewers are about the same (Novotny et al.,
1989b).

In addition to the traditional pollutants reported in Table 1.3, urban
runoff contains a variety of toxic (so-called priority) pollutants, such as
oils, polyaromatic hydrocarbons (PAH), PCBs, and lead. With the ban
on the use of leaded gasoline in the United States, the lead level in urban
runoff has dropped significantly. Urban diffuse sources have been
identified as a major cause of pollution in surface water bodies by the US
EPA (Myers et al., 1985).

Using a hypothetical example, Pitt and Field (1977) showed that in an
urban area of 100,000 people, the COD contribution from urban runoff is
approximately 50% of that from raw sewage. These results, together with
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TABLE 1;4 Comparison of Areal Loadings of Pollutants from a Hypothetical American
City of 100,000 People (tonnes/year)

Pollutant Storm Water Raw Sewage Treated Sewage

Total solids 17,000 5,200 520
COD 2,400 4,800 480
BOD5 1,200 4,400 440
Total Phosphorus 50 200 10
Total Kjeldahl Nitrogen 50 800 80
Lead 31
Zinc 6

Source: After Pitt and Field (1977).

comparisons for some other constituents, are shown in Table 1.4. It is
also shown that if sanitary sewage is receiving adequate treatment (90
to 95% removal of solids and organic compounds), almost all--
approximately 97%--of the total solids and 70% of the BOD reaching
the receiving waters comes from urban runoff.

Example 1.1

Compare volume and pollution load (BODs) generated by sewage and by
a 50-mm (2-in) 24-hr storm, after it comes from an urban catchment that
is 70% impervious. The population density in the catchment is 100
persons/ha, with an average per capita sewage flow of 3001/(cap-day).

Referring to Table 1.3 the average BOD5 of urban runoff is 30mg/1,
and that for raw municipal sewage is 160mg/l. Treated sewage has a
BOD5 of about 20mg/l. Then the flow and volumes are:

Sewage

Flow = 3001/(cap-day) × 100 persons/ha
= 30,0001/(ha-day) = 30m3/(ha-day)

Raw sewage BOD5 = 30m3/(ha-day) × 160g of BODs/m3
= 4800 g/(ha-day)

Treated sewage BOD5 = 30 × 20 = 600g/(ha-day)

Storm water

Flow = 0.7 × 50mm/day × 10,000m2/ha × 0.001mm/m × 10001/m3
= 350,000 I/(ha-day)
= 350 m3/(ha-day)

Stormwater BOD~ load = 350 m3/(ha-day) × 30g/m3
= 10,500 g/(ha-day)
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The stormwater BOD load from this storm would be twice as large as the
24-hr BOD load by rag wastewater.

Pollutant Loads from Combined Sewer Overflows
Combined sewers have commonly been designed with a capacity large
enough to accommodate flows that are 4 to 8 times the peak dry-weather
flow. In Europe, combined sewer designs are now being implemented to
handle a critical rainfall of 151/sec-ha (5.4mm/hr) plus the dry-weather
flow. If the rainfall exceeds the critical rate, overflow from the sewer
system is anticipated. To mitigate pollution by the combined sewer
overflow (CSO), over 10,000 storage tanks have been built in Germany
alone and another 10,000 are planned (Geiger, 1990).

Using this criterion for a typical city located in Switzerland, out of
about 1000 hours of rainfall in a typical average year, overflows would
occur for about 80 hours (Krejci, 1988). In Milwaukee, Wisconsin, in an
average year there were over 40 overflows from combined sewers in the
older sections of the city. A large tunnel-interceptor to be completed in
1994 will store the overflows for subsequent treatment.

The pollution strength (Table 1.3) of the overflows is about the same
or only marginally less than the strength of raw sewage. However, due to
the larger volumes when compared to typical dry-weather sewage flows,
overflow from a larger storm represents a pollution shock to the receiving
water body that may greatly exceed, during the time of overflow, the load
by sewage.

As stated by Imhoff and Imhoff (1990) and documented in Table 1.5,
which is taken from Waller and Hart (1986), suspended-solids loadings
from separate and combined sewers are about the same, while nutrient
loadings from an urban watershed with combined sewers and a treatment

TABLE 1.5 A Comparison of Pollutant Loadings (kgiha-yr) from Separate and Combined

Sewer Systems for Ontario Urban Areas

Separate Systems Combined Systems

Dry-weather Wet-weather Surface Dry-weather Wet-weather Combined Sewer

Pollutant STP Effluent STP Effluent Runoff STP Effluent STP Effluent Overflows

Suspended 194 24 553 383 66 490

solids
Total 133 16 11 253 44 25

Nitrogen
Total 8 0.9 1.1 15 2.5 4.5

Phosphorus

Source: After Waller and Hart (1986). (Copyright © 1986 by Springer Verlag; reprinted with per-
mission. )
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plant, but without storage for the overflows, are about twice that if the
same watershed has separate sewers. Sewage solids that accumulate on
the bottom or as a slime on the walls of the combined sewers during a dry
period preceding a storm may contribute a higher pollutant load to the
first portion of the overflow, the so-called "first flush." If the drainage
system has a significant supply of readily washable solids located
especially in the sewer system, the peak concentrations and pollutant
loads will precede the peak flow and volume (Fig. 1.10). However, Ellis
(1986), in summarizing primarily the European experience, stated that
the occurrence of first flush is not a consistent feature of either the
separate or combined sewer systems. Nevertheless, controlling pollution
in the first portion of the runoff hydrograph makes sense (see Chap.
10).

Mining Nonpoint Sources
Unlike construction activities, mining cannot be viewed as a homogenous
source of nonpoint pollution. The most common minerals extracted by
mining are coal and metallic ores. Mining nonpoint sources include
discharges from inactive mining operations as well as runoff from roads,
old tailings, and spoil piles. Active mines are considered as point sources
for which a discharge permit is required.

Although mining is not as widespread as agriculture, water quality
impairment resulting from mining is usually more harmful; sediment
discharges and concentrations from mines can be extremely high.
Furthermore, entire streams may be biologically dead as a result of acid
mine drainage (U.S. EPA, 1984). Erosion and sedimentation problems
are associated with almost every abandoned surface coal mine. Other
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pollutants associated with mining operations can have an even more
serious water quality impact than those associated with sediments.

POLLUTION. BY TOXIC CHEMICALS
AND METALS

Distribution and Types of Toxic Chemicals

Diffuse pollution may be responsible for the major part of the
contamination of the environment by toxic pollutants. Toxic chemicals
and components contaminating the environment are either inorganic or
organic. Inorganic contaminants are mostly in a category of trace metals,
which may be natural or anthropogenic (man-made) or both. Other
inorganic nonmetallic toxic compounds detected in the aquatic
environments are unionized ammonia (NH3), cyanides, asbestos,
hydrogen sulfide (H2S), and low or high pH. Most of the organic toxic
contaminants are anthropogenic, a category that includes organic
chemicals such as pesticides, PCBs, organochlorine chemicals, solvents,
and polyaromatic hydrocarbons (PAH).

As is pointed out in detail in Chapter 13, almost any compound may
become toxic to aquatic biota, water fowl, or man when a certain
tolerance threshold level is exceeded. From the many thousands of
potentially toxic compounds and elements, the category of the so-called
priority pollutants includes the toxic compounds that can be found in the
environment in concentrations and quantities that can be toxic. These
pollutants represent a risk to ecology and human health. The priority
pollutants category includes both inorganic and organic (the majority)
toxic compounds. Many but not all priority pollutants are carcinogenic.

Marsalek (1986) studied the distribution of toxic compounds in
Ontario. He found that in or near urban areas trace metallic elements
were the most prevalent toxic contaminants in runoff and stream
sediments. The most frequently detected elements were zinc (98% of all
water samples), copper (93%), nickel (87%), and lead (78%). Similar
results were also found by the National Urban Runoff Project in the
United States (Table 1.6). In both studies the frequencies of detection of
trace elements in sediments were higher than those in water columns.

Among organic chemicals, pesticides were most frequently detected in
the Canadian and U.S. studies. Marsalek (1986) found that in Ontario
two organochlorine compounds, a-BHC, and ~,-BHC (lindane) were
found most frequently (98% and 86% of all water samples, respectively).
The detection frequencies for chlorinated benzenes varied from 3% to
64% of all water samples. The detection frequencies of PAH compounds
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TABLE 1.6 Most Frequently Detected Toxic (Priority Pollutants) in NURP Urban
Runoff Samples

Detection rate= Inorganic Organic

Detected in 75% or more Lead (94%) None
of NURP samples Zinc (94%)

Copper (91%)

Detected in 50%-74% Chromium (58%) None
of the NURP samples Arsenic (52%)

Detected in 20%-49% Cadmium (48%) Bis(2-ethylhexyl) phthalate (22%)
of NURP samples Nickel (43%) a-Hexachlorocyclohexane (20%)

Cyanides (23%)

Detected in 10%-19% Antimony (13%) ~t-Endosulfan (19%)
of the NURP samples Beryllium (12%) Pentachlorphenol (19%)

Selenium (11%) Chlordane (17 %)
7-Hexachlorcyclohexane

(Lindane) (19%)
Pyrene (15%)
Phenol (14%)
Phenanthrene (12%)
Dichloromethane

(methylene-chloride)
(11%)

4-Nitrophenol (10%)
Chruysene (10%)
Huoranthene (16%)

Source: U.S. EPA (1983).

aPercentages indicate frequency of detection, not concentrations.

varied from 2% to 19% in water samples and from 1% to 37% in
sediment samples. The high frequency of detection of some of these toxic
organic and inorganic chemicals today confirmed Rachel Carson’s worries
in Silent Spring. The origins of these toxic comPOunds are very
diversified. With the exception of trace elements that have a natural
occurrence, organic toxic chemicals are man-made and entered the
environment mostly after World War II.

The example of PCBs shows how a chemical component, originally
considered to be very useful for a number of applications and that
represents only a minor traditional point source problem, could
contaminate the environment and become a serious diffuse-pollution
problem. A similar fate has occurred to asbestos, which until the 1960s,
was a material widely used for insulation, fire protective materials, tires,
sewer pipes, brake linings, and many other applications. Both compounds
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have subsequently been recognized as both a carcinogenic threat to
humans and a persistent widespread pollutant.

Sources and Properties of PCBs

PCBs are in a class of chlorinated organic compounds. These substances
have been manufactured in the United States since 1929 by Monsanto
Chemical Company. Other PCB-producing nations included Germany-,
France, Japan, Italy, the USSR, and Czechoslovakia.

PCBs are prepared individually by the reaction of biphenyl with
anhydrous chlorine, and are available as liquids, resins, or solids. The
most important physical properties of PCBs are their low vapor pressure
(high boiling point), low water solubility, and high dielectric constant.
They can be dissolved in many organic solvents, including some humic
acids. The PCBs manufactured in the United States were sold under the
trade name Aroclor. Table 1.7 shows some physical properties of PCBs as
compared to another environmentally serious contaminantJDDT. Since
1929 over 600,000 tonnes of PCBs have been produced in the United
States, with annual production reaching its maximum of 38,000 tonnes in
1970. Figure 1.11 shows the approximate distribution of PCBs that are
said to have contaminated the environment.

From an environmental viewpoint, the commercial use of PCBs can be
divided into three categories:

¯ Controllable closed systems: PCBs used as dielectrics in transformers
and large capacitors have a life equal to that of the equipment, and
with proper design environmental contamination should not occur.

¯ Uncontrollable closed systems: PCBs are used in heat transfer and
hydraulic systems that permit leakage.

TABLE 1.7 Physical Properties of Some PCBs and DDT

AROCLOR

1242 1248 1254 1260 DDT

Molecular weight
Range                     154-338 222-358 290-3982 324-460 352

Average                      262 288 324 370 352

Chlorine (%) 42 28 54 60 50

Solubility in H20 (gg/l) 200 100 50 25 0.7

Vapor pressure at 20°C mmHg 10-4 3 x 10-5 3.6 X 10-6 1.5 × 10-7

Source: After Nisbet and Saroftm (1972).
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FIGURE 1.11. Distribution of PCBs. (From the Committee on the Assessment of PCBs
in the Environment, 1979.)

¯ Dissipative use: PCBs in paint, lubricants, and plasticizers are in direct
contact with the environment.

The major source of PCBs that have contaminated the environment
are (Fig. 1.12):

¯ Leaks from sealed transformers and heat exchangers;
¯ Leaks of PCB-containing fluids from hydraulic systems that are only

partially sealed;
¯ Spills and losses in the manufacture of either PCBs or PCB-containing

fluids;
¯ Vaporization or leaching from PCB-containing formulations;
¯ Disposal of waste PCBs or PCB-containing materials and the migration

of PCBs from landfills and freshwater sediments.

The chemical property of extreme stability that made PCBs an ideal
industrial and commercial compound also made them persistent and
cumulative toxic components in the environment. Because PCBs are
soluble in lipid tissue, these components have been found to accumulate
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in the fat of living organisms including humans. Salmonoid fish are very
susceptible to PCB accumulation because these species have high body
fat. Because of the toxic (carcinogenic) nature of PCBs, the U.S. Food
and Drug Administration established a tolerance level of 2 mg/kg of PCB
in fish tissue. Fish testing has shown that most large Lake Michigan fish
species (trout and salmon) contain PCB levels exceeding this limit.

PCBs, which are in a way similar to DDT in the 1950s and 1960s, have
entered into global transport routes and can be detected in extremely
remote areas. Their removal rate from the environment is very slow, and
the primary sink in aquatic ecosystems is burial with organic sediments.

IMPORTANT EXAMPLES OF SYSTEMS
AFFECTED BY DIFFUSE POLLUTION

Chesapeake Bay

The Chesapeake Bay is the largest estuary on the east coast of the United
States. It has been one of the world’s most productive water bodies,
providing habitat to fish and shellfish. However, water quality in this
relatively shallow body of water has been declining. Submerged aquatic
vegetation has been disappearing; fishers have been landing fewer of
certain freshwater spawning fish; and oyster harvests have been declining.
These problems were traced to excess levels of nutrients and toxic
pollutants in the bay system. A 1983 EPA study concluded that these
contaminants were also causing, among other phenomena, depressed
oxygen concentrations in the water column, algal blooms, increased
turbidity, and high concentrations of heavy metals in sediments. The
study also found that diffuse (nonpoint) sources of pollution were among
the chief causes of the bay’s decline.

As a result of these developments, the governors of Pennsylvania,
Maryland, and Virginia, the Mayor of the District of Columbia, and the
Administrator of the U.S. Environmental Protection Agency in
December 1983 pledged to address the problem of nonpoint pollution as
well as other sources of pollution in order to restore and protect the
Chesapeake Bay. This commitment, known as the Chesapeake Bay
Agreement of 1983, established the Chesapeake Executive Council to
coordinate all bay cleanup efforts undertaken by the signatories of the
agreement. Implementing programs to reduce nonpoint source pollution
is one of the most significant elements of the cooperative effort.

The Problem
Excessive nutrients appeared to account for much of the decline in living
resources as well as many of the trends in water quality deterioration
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TABLE 1.8 Nutrient Loads Reaching the Chesapeake Bay from Diffuse Sources

Total Nitrogen from Total Phosphorus from

Land-use Type Diffuse Sources (%) Diffuse Sources (%)

Cropland 45-70 60-85

Pasture 4-13 3-8

Forest 9-30 4-8

Urban/suburban 2-12 4-12

Subtotal for Agriculture 49-83 63-93

(Cropland + Pasture)

Source: U.S. Environmental Protection Agency (1988).

specified in the preceding paragraph. A watershed model was used to
identify the sources. The model calculations indicated that in a year of
average rainfall, diffuse (nonpoint) sources contribute 67% of the
nitrogen and 39% of the phosphorus entering the bay and that the
traditional point sources (wastewater effluents) account for the rest.
Runoff from cropland was identified as the largest diffuse source of
nutrients in the bay (Table 1.8). Urban runoff loads were minor and
caused only localized problems. However, due to urban development
pressures, the urban runoff contribution is expected to increase.

The watershed model, along with other information, has provided the
basis for understanding the relative contributions of point and nonpoint
by major river basins, and linked the nutrient loadings with specific areas
where nutrient and dissolved oxygen concentrations potentially limited
the aquatic resources.

The inorganic toxic loads to the bay system are also of concern. These
toxics affect the aquatic life and habitats, especially near urban centers.
The first EPA study (1983) found that in some areas toxic concentrations
in sediments had reached magnitudes that reduce the hatching and
survival of aquatic organisms, cause gross effects such as lesions or fin
erosion in fish, and eventually could destroy an entire population of some
sensitive species. Toxic discharges of metals from traditional point
sources and from urban runoff appear to be most significant in urbanized/
industrialized areas such as Baltimore, Maryland, Norfolk, Virginia, and
Washington, D.C. As far as pollution by organic chemicals is concerned,
it was concluded that herbicides were not the primary culprit in the
decline of the bay ecological system.

Abatement Program
The Chesapeake Bay Agreement has established a framework for
cooperation. Concurrently, the U.S. Environmental Protection Agency,
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which is a partner in the program, has established a liaison office in
Annapolis, Maryland. The federal support for the program provided
implementation funds to each state and to Washington to carry out the
program. The bay states and Washington, D.C., have developed a variety
of approaches to address the diffuse pollution problem; however, their
approaches reflect the diverse problems and priorities in each of the
jurisdictions. Furthermore, each jurisdiction began with a different base
of laws and regulations for the control of the sources of pollution and
with varying amounts of resources.

In the agricultural sector, the Chesapeake Bay states have been relying
primarily on voluntary cost-sharing programs to carry out their program
objectives. These programs are helping farmers reduce soil and associated
nutrient losses into the bay. The programs actually build upon the soil-
erosion control programs begun in the 1930s by establishing soil- and
water-conservation districts. All states targets the diffuse sources at
several levels:

¯ First, the states have targeted general geographic areas where each will
emphasize implementation of agricultural diffuse-pollution controls.

¯ Second, once a general area has been identified, all the states have
procedures to target the critical areas and management needs within
that area.

¯ Third, state and local staff identify cost-effective, site-specific
management practices for individual landowners and users.

Urban programs to control diffuse sources within the bay watershed
lean more toward regulation. The urban sediment control programs in the
area have existed since the 1970s. Later sediment control regulations for
developing areas were added.

Progress in the 1980s has been slow. For example, the percentage of
highly erodible lands on which best management practices were im-
plemented in the 1985/1986 period ranged from 2% to 12% between
the states. Installations of animal-waste management (mostly winter
storage) in the same period ranged from 0.5% in Pennsylvania to 10% in
Maryland. By 1990 Maryland had shown the highest reduction of nutrient
inputs (nearly 20% for both nitrogen and phosphorus), while reduction in
the other two states was significantly lower. These reductions in nutrient
loadings were insufficient to yield significant water quality improvement
at the time this book was being written.

Wisconsin Priority Watershed Program

In 1978 the Wisconsin legislature created and funded the Wisconsin
Nonpoint Source Water Pollution Abatement Program. The basic
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purpose of the program was to systematically control nonpoint source
pollution so that the surface-water and ground-water quality goals
specified by the Clean Water Act were met. The program was designed to
deal with the varying nature of nonpoint pollution problems throughout
the state. These problems include pollution from croplands, construction
sites, stream-bank erosion, and nutrient loads from barnyard runoff,
cropland erosion, manure spreading on croplands, and runoff from city
lawns and streets (Konrad, 1985). In 1993, funding for this program was
increased by the Wisconsin legislature.

The Wisconsin program concentrates available funds into selected
hydrological units (watersheds) that exhibit large problems due to diffuse-
pollution inputs. Such units are then called priority watersheds. This
program allows all categories of urban and rural diffuse sources within the
watershed area to be addressed and solved in a comprehensive and
coordinated effort. Specific areas within the priority watershed that
contribute significant amounts of pollutants to lakes and streams are
collectively called priority management areas. This approach enables
effective targeting of most significant pollution sources. The Priority
Watershed Program concentrates available educational, financial, and
technical resources in those critical areas where maximum water quality
benefits will result from investing financial and human resources.

The selection of a Priority Watershed Project is followed by an 8- to
9-year planning and implementation process. An implementation plan,
based on a detailed inventory and assessment of critical source areas in
the watershed and the program objectives, is prepared, usually within the
first year of the project. The plan guides the Priority Watershed Project
and spells out procedures and responsibilities. Central to each Priority
Watershed Project are the water quality objectives identified for the lakes
and streams to be protected. The determination of critical pollutants,
significant sources, the desired level of diffuse-pollution control (po!lutant
reduction), and the measurement of results are all based on the specific
water quality objectives for each individual watershed.

Some of the water quality objectives identified for the Priority
Watershed Projects are:

1. Protection of the near-shore waters of Lake Michigan;
2. Rehabilitation of warm-water fishery;
3. Rehabilitation of cold-water fishery, such as the upgrading of a trout

stream through habitat improvement;
4. Protection of a desired warm-water fishery;
5. Protection of a desired cold-water fishery;
6. Inland lake rehabilitation;
7. Protection of an inland lake.
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The State provides financial support in three major categories: (1) cost-
share (50% to 70%) for landowners and municipalities to install
management practices; (2) aids for local governments to fund additional
technical assistance, education and information, and financial and project
management; and (3) administrative and planning funds for state
administration and the preparation of priority watershed plans.

The Milwaukee River Priority Watershed Program
The Milwaukee River Priority Watershed Program is an example of
a watershed-wide approach to solving excessive nonpoint pollution
problems (Gayan and D’Antuono, 1989). The Milwaukee River is the
largest of the three tributaries of the Milwaukee, Wisconsin, Harbor,
which is a freshwater estuary of Lake Michigan. The drainage area of the
Milwaukee River watershed is about 1800 km2, with a resident population
of about 500,000. The average flow of the river at the entrance into the
harbor is 5.6m3/sec, and the low flow characteristics for pollution
abatement studies and planning (so-called (~7-Io, that is, the 7 days
duration for 10 years expectancy of low flow) is 0.72 m3/s.

The upper two-thirds of the watershed are mostly composed of
agricultural and mixed land uses, while the lower third is made of
suburban and urban (Milwaukee County) land uses. All sewage flow from
the city of Milwaukee and its sewered suburban sections is collected and
diverted to two regional treatment plants located outside the watershed
boundary. As a result, biologically treated sewage (point pollution) from
only about 31,000 inhabitants is currently discharged into the river.
Phosphorus is removed from the point-source effluents to meet the
standard of 1 mg P/1 for sources located in the Great Lakes Basin. Hence,
most of the pollution of the river is of nonpoint origin. In the lower urban
portion and in the harbor the river receives combined sewer overflows
(CSO) from about 40km2 of the older section of the city of Milwaukee.
Most of the city and all of sewered suburbs (more than 90% of the area
served by the Milwaukee Metropolitan Sewerage District) are drained
by a separate sewer (storm and sanitary) system. A large tunnel-
interceptor, providing about 1.5 million m3 of storage space for
interception of CSO and infiltration flow excess, has been built in the
dolomite formation 100 meters below the city surface. The total cost of
the point source abatement program (deep tunnel, treatment plant, and
sewer system rehabilitation) is over $2.5 billion.

With the upstream point sources greatly reduced or eliminated, the
existing water quality problems must be attributed to diffuse sources.
These problems include excessive algal growth in the upper reaches of the
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FIGURE 1.13. The Milwaukee River is affected by nutrient discharges.
(Photo: V. Novotny.)

river (Fig. 1.13) and dissolved oxygen (DO) depletions in the impounded
lower reaches of the river.

The mayor of Milwaukee, Wisconsin, found that after spending more
than $2 billion (mostly subsidized by the federal government) on sewer
rehabilitation and wastewater treatment, including expensive means of
storage and treatment of overflows and by-passes of untreated
wastewater, the receiving water bodies might not be clean and suitable
for most of the uses specified by the Clean Water Act due to upstream
mostly unquantified diffuse discharges of pollutants. He found this
situation politically damaging and irresponsible to the taxpayers.

As a result of serious nonpoint pollution problems, caused by
upstream nonpoint sources, that could diminish the water quality benefits
of the very expensive point source pollution abatement program, the state
legislature declared the Milwaukee River a priority watershed. The
Priority Watershed Program focuses on the control of pollution loads
caused by soil loss and from concentrated animal operations. The
integrated water resource management plan has nine components and
goals:
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¯ Reduction of nutrient and sediment contributions to surface and
ground water throughout the watershed by 30%. This goal is being
accomplished by soil-conservation practices such as strip cropping and
no-till planting in agricultural zones, erosion control of construction
sites, and by sedimentation ponds in urban areas.

¯ Reduction of toxic contaminants in surface and ground water. Most of
toxic contamination originates from abandoned landfills and urban
runoff.

¯ Enhancement and protection of wetlands. Existing wetlands are now
protected and previously drained wetlands adjacent to watercourses are
being restored.

¯ Buffer strips along the watercourses. Five percent, of existing ag-
ricultural lands are being converted to perennial grassland to provide
protective buffer strips along watercourses.

¯ Conversion of highly erodible land to woodland. In addition to the
funding provided by the state of Wisconsin from the Priority Watershed
Program, additional funding and incentives to farmers to install soil-
conservation practices and for barnyard waste management are
provided by the Food Security Act of 1985. This act also provides
compensation to farmers for taking highly erodible lands and lands
adjacent to watercourses out of production.

The combined Milwaukee River water quality enhancement plan consists
of:

¯ The Priority Watershed Program aimed at nonpoint sources of pollution
in the upper, mostly rural and suburban (unsewered) parts of the basin;

¯ Milwaukee Metropolitan Sewerage District Water Pollution Abatement
Program, an ambitious $2.5 billion action plan focusing on abatement
of point source pollution, including CSO;

¯ The Milwaukee Harbor Plan, involving in-stream measures such as
low-flow augmentation and aeration during low DO periods.

These programs could be considered an example of an integrated
approach to a regional water quality problem.

Lagoon of Venice

The Lagoon of Venice, Italy, is a tidal embayment located in the
northern Adriatic Sea. This relatively shallow water body has an area of
500 km2. The total surface area of the basin is about 1700 km2. The land
distribution today is about two-thirds agricultural and one-third urban
(metropolitan Venice and surrounding communities), with a resident
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population of 1,000,000. During the tourist season the population greatly
increases due to influx of tourists.

The historical center of Venice (resident population of about 80,000
people plus tourists) is located on an archipelago of about 120 small
islands inside the lagoon and is connected with the mainland by a
causeway and railroad bridge.

Evolution of the Water Quafity Problem
Until the last century the drainage basin of the Lagoon of Venice was
composed primarily of lowland marshes and wetlands transected by
canals and small tributary streams. Marshes and wetlands served as sinks
for nutrients that promoted the growth of lush vegetation, while at the
same time protecting the lagoon and other waterways from today’s
symptoms of eutrophication and hypereutrophication exhibited by ex-
tensive and obnoxious algal blooms throughout the lagoon.

The Lagoon of Venice is a dynamic ecological system that throughout
the centuries has been subjected to cultural (anthropogenic) changes and
evolution that have included large hydraulic works such as the dredging
of navigational canals and the relocation of two major tributaries outside
of the lagoon to reduce siltation, as well as daily maintenance of the
canals. These works have been carried out by Venetians for centuries.

In some ways the evolution of the water quality problems of the lagoon
is a consequence of the watershed transition delineated in Figure 1.5.
This transition has been in progress for a period of 100 years, starting
from a mostly rural natural lowland-wetland watershed and moving to an
urbanized and agricultural drained basin of one million inhabitants.

The historical center city of Venice located inside the lagoon, has an
interesting but difficult diffuse-pollution problem. The historic city, which
currently has about 80,000 inhabitants, but which during the height of the
Venetian Republic 500 years ago, had a population exceeding 250,000,
has no sewers. All sewage from the present population and from
thousands of tourists visiting this historical treasure, plus urban runoff
from the city’s almost 100% impervious lands, are discharged by
individual houses and street outlets directly into the famous canals (Fig.
1.14). As a result the canals inside the city are and have been for
centuries severely polluted, with sludge deposits accumulating on the
bottom of the canals. Odors, due to anaerobic decomposition, have
plagued the city since the Middle Ages. The introduction of flushing
toilets and the influx of tourists in recent years have intensified these
problems. Tides provide the only flushing action by which the pollutants
can be carried away from the historic city into the lagoon and through the
gaps between the beach islands into the Adriatic Sea. In 1990 only about
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FIGURE 1.14. A canal in Venice. (Photo: V. Novotny.)

one-half of the urban sewage on the mainland received some treatment;
the rest was discharged without treatment into mainland waterways and
subsequently into the lagoon.

The drainage work that was begun in the basin of the Lagoon of
Venice approximately in 1880 and still may continue, has transformed the
wetlands of the basin into agricultural and urban dry lands. A complex
network of drainage canals with pumping stations has dropped
significantly the ground-water levels throughout the basin and large
quantities of drainage and irrigation return flows rich with nutrients and
residues of other agricultural and industrial chemicals are now directed
toward the lagoon (Fig. 1.15).
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FIGURE 1.15. Terra Ferma (mainland) canal draining into the Lagoon of Venice, which
is affected by the elevated nutrient concentrations. (Photo: V. Novotny.)

When the wetlands were drained the lagoon was deprived of its natural
buffering system for nutrients, which before the drainage work retained
them. Increased use of fertilizers by the agricultural sector, especially
after the switch from organic (manure) fertilizers to chemicals, is another
factor contributing to the greatly increased transport of nutrients from the
basin to the lagoon. On top of these loads, the largest Italian producer of
chemical nitrogen fertilizers (plus other chemicals) is located on the shore
of the lagoon.

Originally, the lagoon itself was surrounded by brackish tidal marshes,
which still remain in some parts of the lagoon. These marshes constituted
an additional natural buffer, shielding the lagoon from the influx of
nutrients by runoff and shallow ground-water flow. Impounding the
marshes and forming fish ponds (valli da pesca) and draining to reclaim
land limited this buffering capacity.

The watershed itself is mainly composed of flat lowlands, hence,
erosion and soil losses are minimal (mostly from construction erosion in
sewered urban watersheds). Most of the nutrient load from rural
watersheds is carried by drainage flows.
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Pollution Loads
In the agricultural areas annual average fertilizer applications range from
25 to 280 kg/ha of nitrogen and 15 to 140 kg/ha of phosphorus, depending
on the type of crops. These fertilizer loads and their losses resulted in
mean concentrations of nitrogen and phosphorus in the mainland
drainage canals of between 1 and 20 mg/1 of nitrogen and 0.1 and 4.5 mg/1
of phosphorus (Bendoricchio, 1988). As a result the mainland canals
produce high quantities of algal biomass, as documented on Figure 1.15.

Urban diffuse loads (excluding sewage and industrial wastes) are also
significant; however, the greatest loads originate from the mainland
industrial area where chemical fertilizers are produced. Unit loadings of
pollutants from urban sources and their comparison to sewage loads are
given in Table 1.9.

The annual nitrogen and phosphorus load to the lagoon from all
sources has been estimated as from 10,000 to 15,000 tonnes of nitrogen!
year and 1000 to 2000 tonnes of phosphorus/year from which agricultural
nonpoint sources were responsible for about 50% of the load
(Bendoricchio, 1988). The lagoon is greatly affected by these loads. It
should be realized that, when converted to water-surface loading, these
loads would be devastating to an average lake; however, the tidal water
exchange with the Adriatic Sea results in a relatively short detention time
for pollutants in the lagoon, which used to be adequate to cleanse most of
these waters. Since the 1980s the coastal waters of the Adriatic have also
become enriched by nutrients, mainly from the Po River, resulting in the
rapid deterioration of the water quality of both the lagoon and coastal
waters. Massive algal blooms are now an annual occurrence. The tidal
exchange between the lagoon and the sea may be further affected by the
planned construction of tidal barriers to alleviate the problem of tidal
flooding.

TABLE 1.9 Unit Loads of Pollutants from Diffuse Sources in kgiha/yr from the Mestre-
Porto Marghera UrbanCatchment of Metropolitan Venice and from
Agriculture

Source Suspended Solids Nitrogen Phosphorus

Untreated dry weather wastewater flowa 995 939 62
Wet weather diffuse urban loads 1241 223 26
Average agricultural loads 44-66 4-9

Source." After Novotny, Miller, and Zheng (1989).
aincludes primarily industrial loads from Porto Marghera. The dry weather flow and a small portion of
the wet weather flow receives biological treatment with nitrification and denitrification.

R0023034



Important Examples of Systems Affected by Diffuse Pollution 57

Abatement Program
The Pollution Abatement Program approved for the lagoon by the Italian
government envisions broad measures to protect the lagoon ecosystem
and to reverse past trends. For the agricultural sector, which is re-
sponsible for about 50% of the total nutrient load to the lagoon, the
action plan proposes the following:

1. Optimization of fertilizer application rates to minimize losses and
matching applications to the nutrient requirement by crops.

2. Optimization of the temporal distribution of the application of
fertilizers.

3. Use of soil drainage to increase denitrification of the soil.
4. Limitation and optimization of irrigation to reduce nutrient losses in

the irrigation (surface and subsurface) return flow.
5. Substitution of organic slow-release fertilizers.
6. Increasing the organic content of the soil.
7. Soil-conservation practices on erodible lands to reduce loads of

phosphorus, soil adsorbed, and organic nitrogen.
8. Suitable choice of the set-aside lands and conversion to less polluting

crops according to the guidelines of the European Community.

The Pollution Abatement Program is also using wetlands situated along
the boundary of the lagoon for the abatement of diffuse pollution loads.
Point source abatement is focused on both dry weather and wet weather
(diffuse) point loads. Finally, sewers will be installed in the historic city.

Lake Balaton

Evolution of the Water Quality Problem
Lake Balaton is located in the southwestern part of Hungary. It is the
largest freshwater body in central Europe. On summer weekends up to
one million tourists come to the shores to enjoy recreation. The lake was
reasonably clean until 1965, since when increased agricultural use of
chemical fertilizers in the drainage watershed, tourist use of the lake,
which also increased pollution loads and overloaded existing sewage
disposal systems, and industrial effluents increased the nutrient loads of
the lake by an order of magnitude. As a result, algal biomass levels have
increased dramatically and the lake has become eutrophic (Somlyrdy and
van Straten, 1986).

The progression of the intensification of land and lake use along with
the phytoplankton biomass is shown on Figure 1.16. There were also

R0023035



58 Introduction

60 _ LAKE BALATON

50
PHYTOPLANKTON

4O
BIOMASS

3O

0 -.~ . I= ; t li

1930 1950 1960 1970 1980 1990

5
SOMOGY COUNTY         /

DRINKING WATER SUPPLY
4 ( SEWAGE DISCI~ARGES )

FERTILIZER USE

INCREAsERELATIVE
//’., ,,,.. " .......(Year 1966=1)

2 -

1

~. ~;" tv’~’VISITOR’S DAYS
o -,%,     ~ ~---~-i-

1966
1930 1950     1960     1970     1980     1990

FIGURE 1.16. Nitrates, recreation use, and eutrophication of Lake Balaton, Hungary.
(Data from Somlyody and van Straten, 1986.)

several major fish kills that received wide public attention. The first
occurred in 1965 and was most likely the result of fish poisoning by
pesticides. The second, which happened in 1975, was indicative of a
collapsing ecosystem (Hock and Somly6dy, 1990). This occurrence was
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followed by mass proliferation of cyanobacteria in the summer of 1982,
and the waters of the lake became mostly unsuitable for contact
recreation.

The Action Plan
Following these catastrophic water quality events the authorities in early
1980s recognized the problem, and in January 1982, the Hungarian
government decided to launch a series of extensive programs to analyze
the problem and then suggest remedial measures. The remedial plan was
adopted in 1983.

The goal of the plan is restoration of water quality to the levels that
prevailed in the 1960s. This goal is to be achieved in stages, with target
A corresponding to the water quality level of late 1970s, target B
corresponding to water quality of late 1960s, and finally target C is
restoration to early 1960s levels. The plan schedule is 1990 for target A,
1995-2000 for target B, and 2005-2010 for target C.

With the cooperation and sponsorship of the Food and Agriculture
Organization (FAO) of the United Nations, Hungarian scientists
embarked on an ambitions research project to identify the sources of
nonpoint pollution and its management (FAO, 1986). A pilot ex-
perimental watershed was established on a small tributary of Lake
Balaton. By establishing a data base on pollutant loads from various
diffuse and traditional point sources, lake and watershed modeling, and
extrapolation, scientists from the Water Resources Management Institute
(VITUKI) and other institutes were able to present the authorities with
targets, criteria, and possible abatement scenarios.

The first stage of the plan (target A) involves abatement of point
sources, such as upgrading of biological treatment plants along the shore
of the lake and installing tertiary phosphorus removals, and nonpoint
source controls, including construction of sedimentation basins on several
tributaries to reduce loads of particulate pollutants, dredging of polluted
sediments, control of livestock wastes, improved farming methods, and a
complete halt to building of summer homes along the shore.

The Kis-Balaton reservoir network was put in operation by 1990. The
reservoir system is designed to filter out the nutrients and pollutants
flowing into the western end of the lake from the Zala River. The
pollutants are retained in the tributary reservoirs and do not reach the
lake. Concurrently, phosphorus precipitation was introduced in 10
regional treatment plants. By 1990, the phosphorus input in the lake was
cut in half, resulting in improved water quality in the eastern part of the
lake. The rest of the lake, because of internal nutrients storage, will need
a longer recovery time for a noticeable improvement.
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The Emscher River

The Emscher River is a small river located mostly within the municipal
boundaries of Essen in the Ruhr area of Germany. It is a historical river
because the first watershed-wide water quality management agency in the
world was established there in 1906. Karl Imhoff, a famous pioneer of
modern environmental engineering, was then put in charge of the agency.

The drainage area of the Emscher River is 865km2, of which 20%
is currently impervious. The present resident population within the
Emscher River watershed boundaries is 2.5 million. Most of the pollution
entering the river is of urban origin, with only minimal agricultural
contributions.

The Emscher River Association (Emschergenossenschaft) is one of
several river association that have been subsequently established in this
highly industrialized area of Germany. In order to provide sanitation and
a safe water supply by relatively few small rivers for about 8 million
inhabitants and about one-third of the German heavy industry, Karl
Imhoff and his coworkers devised a plan of primary water uses for each
individual river. In this plan, the largest river, the Ruhr, became the
primary source of water supply and recreation for the population, while
the Emscher River assumed the sad task of conveying mostly untreated or
only partially treated sewage and industrial wastewater.

In the late 1800s and early 1900s the Emscher River received mostly
untreated sewage from the Essen industrial area. The river was mostly
septic with thick sludge deposits on the bottom. In the early 1900s the
goal of the new association was to keep the river fresh and avoid further
deposits of sewage sludge. However, land subsidence of up to 20 meters
due to deep coal mining made drainage by conventional enclosed sewers
extremely difficult and costly. Hence, in tbe first period of the sanitation
work in the Emscher River watershed, wastewater effluents received
primary treatment (mostly in so-called Emscher or Imhoff primary
settling tanks), after which the effluent was discharged into open,
concrete-lined channels, and hence into Emscher River. Such open
channels allowed for easier correction of the slopes that were disrupted
by the subsidence.

To reduce public hazards and increase the aesthetics of these open
sewers the channels were fully lined to provide higher velocities that
would keep the flow fresh (aerobic) and control odors, the river banks
were lined with trees, and the channels were fenced on both sides to
prevent access (Fig. 1.17). A treatment plant to treat the entire river flow
was built before the confluence with the Rhine River. The river thus
became an example of the ultimate conversion of a natural small stream
into an open sewer (Anon., 1986).
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FIGURE 1.17. The Emscher River in Essen, Germany. (Photo: V. Novotny.)                      ;

Today, combined sewers replaced most of the open channels;
however, until 1990 the river itself was still primarily unchanged. Hence,
all of the pollution entering the river has been from combined urban and
industrial sewer connections, and of a diffuse nature.

A Plan to "Renaturalize" the Emscher River and
Drastically Reduce Pollutant Loads
A new plan for returning the river to a more naturally looking urban
stream was prepared by the Emscher Association (Geiger, 1990). In 1990
the annual nutrient inputs in the river were estimated as 13,500 tonnes of
nitrogen and 3600 tonnes of phosphorus, respectively. The treatment
plant at the mouth of the river reduces these nutrient loadings from the
Emscher and Rhine rivers (and the North Sea, which has a severe
eutrophication problem caused by nutrient loads, primarily from the
Rhine and Elbe Rivers) by about 15%. To reduce the pollutant loads to
the river the association proposed an ambitious plan that considered
installation of 200 storm-water-detention basins with a total volume of
1.3 milm3 combined with limited reuse and infiltration of storm water.
The individual pretreatment of wastewater discharges should meet the
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effluent standards of 15mg/1 for nitrogen and 0.5mg/1 for phosphorus,
respectively.

To further reduce flow and pollutant loads to the river, partial
infiltration, separation, and reuse of storm water was considered. It was
also suggested that storm-water discharges should be diverted to about
500 meters from tributary creeks, which would also enhance infiltration.
Through modeling it was found that such measures could reduce peak
storm-water flows and volumes by up to 85%. With these measures the
nitrogen load from the watershed could be reduced by about 60%, and
that of phosphorus by 92%. Along with the flow and pollutant reduction
measures the river channel would be partially converted to a more
naturally looking stream.

The Experimental Watersheds of the Shirako and
Shakiji Rivers

Until 1964 (the year when the Olympic games were held in Japan) most
of the watersheds of the Shirako and Shakiji Rivers located in the
metropolitan Tokyo area were not sewered. Since 1965 sewerage projects

FIGURE 1.18. Shiroko River in Tokyo. (Photo provided by S. Fujita.)
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combined sewer
manhole for storage

FIGURE 1.19. The ESS concept. (Replotted from Fujita, 1984.)

in Japan have accelerated, with the result that the two watersheds became
fully urbanized by the mid-1980s. Consequently, the river channels,
limited by urbanization, became insufficient to handle flows (Fig. 1.18).
Flooding has thus become a major problem.

In 1982 the Tokyo metropolitan government selected the two rivers as
experimental watersheds, in which various infiltration, storage, and other
flood-control measures were to be installed and tested. The objective of
the measures implemented within the experimental watersheds was to
minimize flooding; the pollution control at the beginning of the project
was secondary. Unlike U.S. and European practices, which usually do
not infringe on private properties and all stormwater control is carried out
outside of private homes, the Japanese plan included on-site household
water infiltration and heavily relied on it (Fujita, 1984; Fujita and
Koyama, 1990). Figure 1.19 shows the concept of the experimental sewer
system (ESS). The extent of the ESS system as of 1990 is given in Table
1.10.

The ESS system relies heavily on site infiltration and to a lesser degree
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TABLE 1.10 Characteristics and Extent of the ESS System

Parameter/Abatement Shakiji River Shirako River Total

Watershed area (ha) 305 597 702
Resident population 39,600 72,100 111,700
Infiltration inlets 4,778 15,218 19,996
infiltration trenches (km) 43 84 127
Infiltration curbs (km) 22 49 71

Permeable pavements 200 408 608
(1000 m2)

Construction cost 12.5 (83) 24.3 (162) 36.8 (245)
bil. Jap. ¥ (mil. U.S. $)

Source: Fujita and Koyama (1990).

TABLE 1.11 Comparison of Pollutant Loads from Tokyo Urban Watersheds with
Combined Sewers with and without the ESS System for an Average Year

Constituent Without ESS With ESS Percent Reduction

Total number of rainfalls 71 71
Overflow frequency 36 7 8!
Overflow loads (kg/ha)

Suspended solids 223 19 91
BOD 103 4.7 95

Total annual load~ (kg/ha)
Suspended solids 1057 589 45
BOD 788 528 33

Source: Fujita and Koyama (1990).
a Includes treatment plant effluent with dry-weather flow.

on storage. Again this is in contrast to past sewerage practices that were
designed to convey storm water as fast as possible from the site to the
watershed outlet. The goal of the ESS system is to retain and infiltrate
and minimize conveyance as much as possible. Although the sewer
system is combined, wastewater and storm water enter the system
separately.

Implementation of a system such as the ESS, which relies heavily on
site measures and storm-water disposal, requires the cooperation of
homeowners. An extensive educational effort was part of the program.

Water Quality Benefits of the ESS System
As stated the water quality improvement was not the primary objective of
the program. However, the ESS system is an example of the dual benefits
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of urban storm-water management practices. The pollution loads and the
frequency of overflows from the ESS systems, both of which were
measured and simulated by a model, were compared to a similar
watershed served by combined sewers without on-site storm-water
management (Fujita and Koyama, 1990). The results of the comparison
are given in Table 1.11.
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2

Laws, Regulation, and
Policies Affecting
Water-Pollution Abatement

Every person learns early in life that "self-preservation" is the first law of
nature.

Henry P. Caufield, Jr. (1991)

Often, engineers and scientists dealing with pollution abatement may not
realize that they are working and acting within a social and legal system
that is relatively complex and that imposes legal constraints on what can
and cannot be done to resolve or limit the problem of pollution. These
legal problems and social issues have been partially addressed in the
previous chapter. The laws and legal rules that affect or may affect
discharges of pollution and their abatement and control are numerous. In
order to comprehend the complexity and ramifications of the legal rules
one should become familiar with U.S. and international legal systems
and with policies that rule pollution-abatement programs. Pollution
abatement is both a technological and political-economical-legal
problem. However, it has become clear that managing water resources
and maintaining and achieving acceptable water quality is far less a
technological issue than a political, institutional, and economical one.
Technical and scientific solutions of the problem and the economical
feasibility of various alternatives alone will not automatically lead to
implementation of pollution-abatement programs. Although technical
solutions to the problem of diffuse pollution have been researched and
are available, implementing diffuse-pollution programs is not easy, even
if financial resources are available (Novotny, 1988a, 1988b). This book
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addresses both technological and nontechnological means of en-
vironmental protection and abatement.

The planners, engineers, and scientists involved in pollution abatement
must also deal with the legal profession, since environmental law is now
a well-established branch of our legal system. Special courses on
environmental law are taught in law schools and many law firms now
specialize in handling environmental cases. Several international treaties
include transboundary environmental issues, including pollution.

SOCIAL CAUSES OF POLLUTION

Living and production to sustain living both produce waste. According to
the definition of pollution in the previous chapter generation of pollution
results from the use of resources in a fashion that is detrimental to the
environment or to the beneficial uses of environmental resources.
However, man has three distinct roles in this process. On one side, man is
a producer (developer) and consumer, hence the polluter. On the other
side, man and ecology are adversely impacted by pollution, hence man is
a sufferer of pollution. The conventional explanation for pollution by
economists is that it is the least expensive way for consumers and
producers to get rid of waste products (Braden, 1988). Excess pollution
arises when the waste-disposal capacity of the environment is provided
free of charge (Solow, 1971) and/or when the consumers-producers do
not incorporate into their economic considerations the cost of the damage
caused by pollution. (Recall from Chapter 1 that the definition of pollu-
tion implies damage and subsequent cost to the society.)

The basic driving force for production and consumption is sustainment
of living processes first and production profit second. In the societies of
the Middle Ages and ancient times the producers, consumers, and
sufferers of pollution were small groups of people living in a relatively
small confined area. Most likely they were unable to recognize the link
between pollution and disease, but certainly they could smell and had
some sense of aesthetics, therefore, they dumped their waste and that of
their domestic animals at some distance from their living areas. The
relationship between the living and economical process and pollution
unaffected by regulations and pollution-control laws can be illustrated by
the following realistic example.

In the historic walled city of Fez in Morocco (one of the world’s
historical treasures, with about 200,000 inhabitants) time has stopped and
people live there in the same way as they did 500 years ago (Fig. 2.1).
People living in the city are brought up and educated in the Moslem
religion. The oldest Islamic university was founded in the city in the
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¯;

FIGURE 2.1. Historic Fez in Morocco. Famous outdoor tanneries.
(Photo: V. Novotny.)

eighth century, long before the first European university was established
in Bologna, Italy (founded in the thirteenth century). The streets of Fez
are reasonably clean because homeowners and merchants clean the narrow
streets and alleys around their premises. Hence, there is no major urban
runoff pollution problem, even though instead of automobiles (which
cannot enter the historical city) donkeys and mules are used for
transporting goods and people. The simple reason is that the sufferer of
pollution is also its cause and he/she may realize the linkage between
living and economic activities and the damage done by consequent
pollution (for example, no one would come to an artisan shop if the area
around it was unclean and smelly). In this way the cost of the damage by
pollution is incorporated in the citizens’ economic reasoning.

This kind of more or less voluntary participation in cleanup efforts is
successful if everybody participates. Let us consider a situation in which
several citizens of the city do not participate and let their garbage, refuse,
and dirt accumulate. By doing so they cause harm to their neighbors by
bad smells, disease, and rats, thus keeping away customers for their
products. In the absence of regulations and laws the sufferers have no
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legal recourse. This is the problem of economic externalities, which will
be explained throughout this book. However, those who want to keep
their neighborhood clean can do the following: (1) express their
displeasure and try to persuade the polluter not to pollute; (2) put moral
and economic pressure on the polluters (for example, boycott their
merchandise); (3) go to court; or (4) set up an enforcement scheme by
asking their legislative body to pass a law preventing this kind of
pollution-generating activity.

In order to set up enforcement they first have to state that pollution is
a problem and has to be limited. Hence, they have to formulate a
pollution-control policy. In the policy statement they have to say what is
acceptable and what is not. Hence. they have to define pollution and
pollution-causing activities. They may even say how much pollution is
tolerable. Subsequently, they must formulate the penalties for violations
and a mechanism for collecting and enforcing the penalties. These are
typically the simplest components of a policy to control pollution. Such
systems of self-control are feasible only if the sufferers of pollution are a
majority in a group of producers and consumers--the polluters and their
own pollution directly affects them.

In the same city, however, there is also a small stream that transects it.
The stream receives all pollution from households, commerce, and the
famous outdoor tanneries, as well as urban runoff. In a section between
the city walls about one kilometer long the water quality of the stream
changes from marginally good to an awful open sewer, leaving the stream
heavily polluted and devoid of oxygen for many kilometers downstream
from the city. However, a great majority of the populace of Fez rarely
leaves the confines of the walls of the city. Hence, they do not realize the
damage done to the stream, nor do they experience any of the economic
damage caused by the heavy pollution of the stream. The damage by
pollution has been done to downstream farmers who cannot use the
stream water for irrigation or drinking, as the water is unfit for any use.
The stream is smelly and unsightly, but there is no linkage between the
damage done to downstream users and economic production and
consumption in Fez where the pollution originates. Consequently, there is
no abatement. Again the externality character of pollution prevents
abatement if no enforceable regulations or law to control pollution are in
place.

One does not have to go to north Africa to see the same effect. In the
United States the water quality of Chesapeake Bay has been deteriorating
rapidly, causing great economic harm to commercial fishing and the
recreation industry. The causes of pollution are farming, point, and
nonpoint urban sources throughout the watershed. Yet again there is no

R0023050



Social Causes of Pollution 73

economic linkage nor mechanism by which the sufferers of pollution
(fishers and recreationalists) can recover the damage from polluters. A
farmer whose motives are economical (profit making) will use man-made
chemicals to increase yields and pesticides to control weeds and insects.
Consequently, nutrient and pesticide losses degrade both downstream
water quality and ground-water resources. Yet those who are impacted by
this pollution cannot recover the cost of damage from the farmer, and the
farmer himself may not be economically impacted by the pollution. As
pointed out in the preceding paragraph, this situation is creating a cost to
someone else--including the damage to the resource, cost of resources
forgone, and remedial costs--and the costs are transferred by physical
means and not by market transaction. This is called an externality. The
externality problem, especially in diffuse-pollution generation, is per-
vasive and general, and must be resolved before any meaningful plan
of abatement is put in place (Novotny, 1988a, 1988b).

A prominent political economist (Solow, 1971) defined externality as
follows: "One person’s use of a natural resource can inflict damage on
other people who have no way of securing compensation, and who may
not even know that they are being damaged." Overcoming the externality
problem and incorporating the cost of damage caused by pollution in the
economic thinking of producers and consumers are the major objectives
of pollution-abatement policies. Again quoting Solow: "We would like to
insure that each resource is allocated to that use in which its net social
value is highest," which is called by political economists Pareto
optimality.

Ignoring externality may have serious consequences as it did in the
countries of Eastern Europe where these economic principles were
disregarded. (To a lesser degree many developing and less developed
countries ignore them as well.) The implications of external effects must
be traced further than just considering them a cause of pollution. They
have secondary effects on production and resource allocation. If, for
example, the cost of acid rainfall damage to lakes and soils (forests) is not
included in the economic thinking of the producers of electricity, electric
power is then "too cheap" to consumers, because they are not charged
for the damage. Other commodities that are produced with the help of
cheap electricity will also be cheaper, and they will be overproduced
(Solow, 1971). This will then result in greater consumption and more
damage. In this way, society will subsidize those using a lot of electricity.
Similarly, it is known that automobiles cause significant pollution,
especially of a toxic and acid nature (see Chapter 8 for details). If the cost
of damage by the emitted pollutants was not included in the cost of
driving an automobile, then society would subsidize automobile users,
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resulting in more automobile use, more urban sprawl, and consequently
more urban erosion from building highways and urbanization. Very often
the cost is hidden. Using again East Europe as an example, "free" health
care and sending children from heavily polluted zones to sanatoria and
health care resorts in Czechoslovakia was a substitution for "costly"
pollution abatement during the period of the socialist totalitarian regime.
Overall, the cost of the damage to the health of the populace and the
destruction of the ecology was much greater than the investment in
pollution abatement and the curtailment of subsidized but grossly
polluting production processes.

ENVIRONMENTAL POLICIES OF DIFFUSE
POLLUTION ABATEMENT

In the environmental policy arena there is a difference between the
management tool and policy. A tool is a single element--effluent
standard, enforcement technique, zoning restriction--devised to achieve
a specific result or, in a few cases, several results. A policy is a set of one
or more tools chosen to achieve an overall environmental objective. A
management tool can be thought of an action that is taken in the hope of
achieving a particular result. Taking the action involves adverse effects
(cost of implementation, cost imposed on various participating parties),
but the expected results will produce beneficial effects (improved
environmental quality, lower cleanup cost, increased benefits to users)
(Boland, 1991).

From the reasons stated in the preceding section, policies for use of
resources, waste disposal, and protection of the environment represent a
compromise between the producers in the economic production process
and consumers on one side and those who suffer from the adverse effects
of production and development and waste disposal on the other. This
compromise is reached on several institutional levels. All three branches
of government (legislative, judicial, and executive) are involved, as are
many pressure and lobbying groups. Implementation of successful and
efficient diffuse-pollution control programs requires that competing
groups (farmers, urban dwellers, urban polluters, developers, industries)
cooperate. Pollution abatement often involves conflicts with powerful
interests, notably the farm lobby, chemical manufacturers and their
lobbying associations, and developers.

Various policy options can be used for enactment and implementa-
tion of pollution control and water quality protection and restoration.
As shown below, these options range from those that are simple but
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ineffective to those that are potentially effective (Carson, 1980; Novotny
and Joeres, 1983; Novotny 1988a, 1988b):

¯ No action
¯ Moral persuasion and public pressure
¯ Court litigation:

damage payments
court established standards

¯ Regulation (laws and enforcement required):
ban on harmful substances and chemicals
mandatory control processes and performance standards and permits
stream and effluent standards

¯ Economic incentives (laws and enforcement required):
taxes and charges
subsidies, tax write-offs, and payments for taking land out of

production
marketable discharge permits

¯ Government contributions for research, education, rehabilitation, and
preservation

However, the effectiveness of a solution depends not only on tech-
nological or legal methodology but also on political conditions and
the institutional framework in which the abatement alternatives are
implemented.

Most efficient policy alternatives require regulation and enforcement.
One may ask why any regulation and enforcement is needed for control
and abatement of (diffuse) pollution. The economic system prevalent in
the United States and many other countries is based on capitalistic-
democratic free enterprisesnthe market system where market forces
determine how much production is needed to satisfy the need of society.
The reader should distinguish between the political system of the
government (democracy, dictatorship, feudal authocracy) and the
economic system (capitalist-free market, socialist, feudal, communist).
History and recent social changes in eastern Europe have proved that the
capitalist-democratic system is more efficient than any other economic-
political systems. Then why not let the same market forces determine the
level of pollution and the level of abatement. For one thing, political
economists have found, demonstrated, and documented that market
forces do not control pollution and do not stimulate pollution abatement
(Kneese and Bower, 1968; Bator, 1958; Solow, 1971; Braden, 1988;
Baumol and Oates, 1988). Bator describes the market’s inability to
control pollution as the failure of a more or less idealized system of
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price-market institutions to sustain "desirable" activities. Hence, to
charge for the use of the environment for waste disposal and to collect
damages may require regulation. The free market economy in indus-
trialized countries without environmental regulation and enforcement
will lead to a deteriorating environment and to environmental catas-
trophes as exemplified several decades ago in Japan (Minamata mer-
cury poisoning) and currently in several less developed but rapidly
industrializing countries throughout the world. On the other side of
the spectrum are the authoritative political regimes, such as those in
place until 1989 in Eastern Europe and the Soviet Union, where all
activities were subject to some kind of regulation, yet the state of the
environment was even more deplorable. The problem in these latter
systems was the lack of market forces. Also, the value of environmental
damage was not included in the economic thinking of policymakers,
leading to the overuse of the environment and to the well-publicized
environmental catastrophes primarily caused by diffuse pollution of
immense proportions (for example, most soils and ground- and surface-
water bodies in former East Germany are heavily contaminated by
chemicals, acid rain is ~videspread throughout central and eastern
Europe, irrigation and chemical uses in the Soviet Uzbekistan led to the
disappearance of the Aral Sea, and excessive contamination of the entire
region by dangerous chemicals, including DDT, which is now an
ecological catastrophe).

The process of formulating an environmental policy compromise is
neither gradual nor smooth. Throughout history there were a few
landmark periods during which most important environmental regulations
were enacted, followed by periods of partial regression. In the early
1970s, the first strong environmental legislation was enacted in the United
States by a well-organized classic "iron triangle" of legislators, public
agency officials, and environmentalists. These three groups are largely
responsible for formulating environmental policies today. In Europe the
presence of environmental political parties (the Greens) has had a
profound impact on formulating environmental policies. These parties,
although small in membership, often represent swing votes in the
parliaments and cannot be ignored by the larger governing political
parties.

Viessmann and Welty (1985) wrote that policymaking in the
management of water resources and pollution control is an outcome of
political forces operating in different political arenas. Conflict is an
inherent element of these political processes, and it serves to ensure that
a multiplicity of values is represented. Compromise is a partner to all
policymaking, and the art of reaching compromise can be greatly
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enhanced by appropriate technological input and the use of state-of-
the art analytical techniques. The formulation of environmental policies
has been described by Caufield (1988, 1991). Environmental policy
formulation and implementation is a process that is structured and occurs
over time; it is societal in that it is a collective process in which many
individual decisions play a role; and it is "authoritative" in the sense that
outputs of the process are generally accepted and have the force of the
law.

Caufield (1991) also described the process of bargaining and
compromising among policymakers (legislators) that must take place if an
environmental statute is to be enacted. In this process at least one interest
group must be served by the proposed legislation, though more often the
legislation serves a much wider segment of the population, if not the
public as a whole. Most environmental legislation requires the active
support of environmental interest groups. Legislators who support the
views of the groups and seek to pass environmental legislation engage in
vote trading.

Policies are built on tradition, scientific knowledge, and common
sense. Some of this knowledge has been incorporated into certain
generally accepted rules called doctrines or imperatives. These im-
peratives can be technological-physical (such as conservation of mass
and/or energy), economic (a project will fail if the cost associated with
the project is less than the benefit gains), or political. An example of
political rule is the notion of private ownership of land--Cujus est solem
ejus ad collum at ad inferno, or "He who owns the soil owns it from the
heavens to the inferno." Using this doctrine until recently, the courts
interpreted all polluting activities on private lands as not being subject to
restrictions, which had a profound effect on diffuse-pollution abatement.
This decision precluded any effective enforcement of pollution abatement
on private lands, which meant that most of the pollution efforts of the
past twenty years had to rely on the voluntary participation of
landowners.

Other doctrines have been incorporated into legal documents. For
example, if pollution discharge is causing harm to a navigable body of
water, it can be regulated and/or restricted by the federal government.
This right is derived from the Commerce Clause of the U.S. Constitution.
The sociopolitical imperatives of diffuse pollution control are introduced
later in this chapter. The bulk of this book is devoted to physical-
technological rules and imperatives. The last chapter is devoted to
institutional imperatives and solutions.

Rogers and Rosenthal (1988) defined several policy imperatives for
control of pollution. These imperatives are
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Equity. No group of individuals in society should bear a disproportionate
cost in meeting environmental quality requirements. The levels of
environmental quality chosen should be such that no additional benefit
can be derived without making one group or individual worse off
(Pareto optimality).

Irreversible impact. No actions may be permitted that would irreversibly
harm the environment and natural resources. This concern for
irreversible environmental deterioration and the consumption of
nonrenewable resources has to be guarded against by society at large
(intergenerational impact). This imperative is also known and is now
being implemented as a requirement for sustainable economic
development.

Regulations and statutes. Due to the failure of the general market to
control the quality of the environment and protect the resources, there
must be legislation and regulation. The regulations must be clear and
easy to carry out.

Acceptance.There must be concurrence on the part of the people and
groups being regulated that they will, by and large, obey the
regulations.

The equity imperative is especially crucial to diffuse-pollution
abatement. For example, consider two identical farmers, one of whom is
located near a watercourse, while the other is far from it. A physical rule
that will be described in subsequent chapters states that pollution is
attenuated as it travels overland from the source to the receiving body of
water. Hence, relating the required pollution abatement to the damage of
the receiving body of water would impose a cost on the farmer located
near the body of water that the other will not have to bear. A more
equitable solution, at least subjectively, would be to share the cost;
however, this would be impossible without tax incentives and subsidies,
which can only be imposed by regulation.

All pollution management tools will likely redistribute benefits and
cost nonuniformly across the population. Benefits might be enjoyed by
recreational fishers and boaters, while the cost is borne by the residents in
polluting communities installing point source abatement, by farmers
implementing soil conservation, and by industries treating their
wastewater. The situation where some must bear the cost so that others
can benefit is described as a redistribution of income. The equity criterion
implies that all those affected should bear the cost and share the benefits
more or less equally. However, there has been a long-standing policy
imperative used in water resource development projects that is also
applied to foreign aid to developing countries, stating that those who are
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poor should receive proportionally more benefit than those who are more
well off (Maas et al., 1970)

In most cases, however, the most equitable resolution of the conflict
between the polluters and sufferers of pollution is--by regulation or
voluntary participation--to make polluters pay for abatement. In
economic terms this means that the price of goods and services should
fully reflect both the cost of production and the cost of the resource used,
including the use of the environment for waste disposal. In theory and
practice, the polluter should pay the full cost of damages caused by
his/her activity, which, in turn, will create an incentive for the reduction
of polluting activities at least to the level where the cost of pollution
reduction equals the cost of damage caused by pollution. This leads to
another policy imperative:

Polluter Pays Principle (PPP). Polluters bear the primary responsibility
for pollution and its abatement.

The member governments of the Organization for Economic Co-
operation and Development (OECD, 1991) agreed to pursue
environmental policies that would appropriately use economic in-
struments, alongside cost-effective regulatory instruments, which would
be in accordance with the polluter pays principle. These economic
instruments and types of payments for pollution and its abatement are
explained in Chapter 16.

Pollution of the environment and adverse water quality are a result of
many human activities. Generally, the sources of pollution are classified
into point and nonpoint (see Chap. 1). In the past, water quality con-
siderations were fragmented, and almost all financial resources were
devoted to point source abatement. Sewage treatment, storm-water
management, nonpoint source control, and point source programs were
carried out separately from each other, despite the fact that these sources
are interrelated and produce combined water quality deterioration. Also
water quality has been generally evaluated as if air pollution, solid and
hazardous waste disposal, and land- and water-use management and
decisions were unrelated. The reverse is true. All these aspects of the
pollution problem are interrelated and their combined effect must be
considered. This leads to the next policy imperative:

Integrated Approach. The pollution problem must be resolved in an
integrated manner, whereby the causes of pollution, all sources, and
the combined environmental impact are considered, and the resulting
combined solutions are therefore most equitable and efficient.
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Single management tools (such as a treatment plant) may have a single
medium result (improvement of water quality). Some solutions may
produce results in more than one medium. Land-use restrictions, for
example, can protect the quality of the air, as well as that of surface
runoff and ground water. Phosphorus loads to the receiving water bodies
originate from both point and nonpoint sources and to the biota of the
receiving water body whose productivity is stimulated by the phosphorus
input; it does not matter where the phosphorus load is coming from.

The OECD member governments will also pursue policies that will
encourage the progressive adoption of anticipatory, rather than
exclusively reactive, instruments of environmental policy. This means that
more emphasis should be placed on pollution prevention in contrast to
pollution abatement, which was prevalent throughout the 1970s and
1980s. Emphasis will be placed on not creating pollutants in the first
place. Pollutants that must be created should be removed as close to the
source as possible. Care must be taken to avoid shifting pollutants
between media (air, water, soil, or underground formations) and to find
the most appropriate (smallest risk) media into which unavoidable
pollutants should be released. Therefore the last imperative is

Pollution Prevention. Environmental policies will promote economic
development that will anticipate potential pollution problems and react
to them by political and economic and technological means before they
occur.

Criteria for Pollution Abatement Based on Equity and
Irreversible Impact

As was pointed out in Chapter 1, two sets of criteria and standards are in
force in the environmental area. The first set (the legal difference
between standards and criteria was explained in Chap. 1) is designed to
protect human health and the well being of fish and aquatic life. We can
call them ecological-toxicological or receiving water standards and
criteria, which will be introduced and discussed in Chapters 12 and 13 and
in the Appendix.

The second group of standards is not directly related to water quality,
though they generally apply to all sources within various source
categories. Most of these standards are based on the equity imperative--
that is, all polluters should reduce some part of their waste load
regardless of whether or not harm is being done by the emissions to the
receiving body of water. Other standards and criteria may be based on
the avoidance of the irreversible harm to future generations by the
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TABLE 2.1 Examples of Technolog3’-based Standards

Land-use Type Typical Standard Policy Imperative

Urban runoff Capture and treatment of first 1.2 to Equity
2.5 cm of runoff°

Mandatory street sweeping Aesthetics

Pasture Cattle density limitations, fencing Irreversible impact, Public
along the streams                     health

Agriculture Soil erosion control Irreversible impact,b

equity
Construction sites Soil erosion control Equity, air pollution,

irreversible impact
Suburban lands Septic tank regulations Public health, ground-

water protection
Pesticide and fertilizer sale             Ground-water protection,b

regulations                           public health
Combined sewer Restriction on the number of Equity~

overflows            overflows or mandatory capture and
treatment of a certain portion of the
wet-weather flow

Surface mining Land reclamation and restoration Equity, irreversible impact
BOD and suspended Maximum effluent BOD5 and Equity

solids standard for suspended solids limits of 30 mg/l as
municipal point monthly averages
sources

~ Typically it controls about 90% of the water and pollution load.
b In addition to water quality control benefits.

overuse of the resource, or the standards may be based on aesthetics, air
pollution control, ground-water protection, or damages to infrastructures.
Most of these standards require the mandatory application of certain
technologies, hence, we call them technology-based standards. Examples
of technology-based standards are given in Table 2.1. Such standards are
also known as effluent standards and are based on the best available
technology economically achievable (BATEA) used in point source
abatement or on performance standards used for diffuse-pollution
abatement.

Once issued, technology-based standards are easy to implement and
monitor for compliance. Water quality standards, on the other hand, are
difficult to enforce because there is rarely a direct and simple relationship
between a pollution discharge and the water quality (pollution) of the
receiving body of water. Water-quality-based approaches require models
that may sometimes be inaccurate and unreliable. For example, nitrogen
and phosphorus discharged from point and nonpoint sources cause
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of states’ adherence to riparian and
appropriation water rights.
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accelerated eutrophication, which is manifested by algal blooms and other
symptoms (see Chapter 12), but the relation between the nutrient levels
in the receiving bodies of water and algal biomass is very complex and to
some degree speculative. Even more uncertainty is involved in modeling
the fate and effects of toxic chemicals (see Chapter 13).

WATER USES AND WATER RIGHTS
The primary objective of all pollution-control efforts is to protect and
enhance the use of bodies of water for present and future generations.
There is a general consensus that water is public goods and everybody
should have an access to and the right to use them. However, in the
United States the uses and ownership of water rights (who can use water
and in what quantity and quality) differ among the states, because water
laws are under the administration of the individual states and consist
primarily of two doctrines known as riparian and appropriative rights, as
shown on Figures 2.2 and 2.3. In general, two kinds of laws have
developed because of the two major problems occurring with water, use
and drainage. The majority of water-use laws have developed in the
West, where critical water shortages occur, while the majority of drainage
laws have been promulgated primarily by the "wet" eastern states
(Krenkel and Novotny, 1980). These two completely different water
rights doctrines can make some eastern water laws inoperational in the
West and vice versa. For example, maintaining minimum flow for waste
assimilation is impossible in the West, while flows are guaranteed in the
East. On the other hand, interbasin transfer of water is legally very
difficult to impossible in the East while permitted in the West.

Riparian Water Laws

Nearly all of the states east of the Mississippi River follow the riparian
doctrine. Its key features are:

The owner of land adjacent to a stream is entitled to receive the full natural
flow of the stream undiminished in quantity and unimpaired in quality. The
riparian owner has a legal privilege to use the water at any time, subject only
to the limitation that the use is reasonable. The right is a natural right that
cannot be transferred, sold, or granted to another person as property. The
legal body owning this right is then called a riparian owner and the property
adjacent to the water body is then riparian land.

During a time of water shortage, all riparian owners have equal rights
to the reasonable use of water and the supply is shared, although
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domestic use may have preference over other uses. As pointed out, the
riparian rights do not allow transfer of water from one basin to another (a
notable exception is a small transfer of flow from the Great Lakes basin
to the Illinois River via the Chicago River and connecting canals that was
approved by the governors of all the Great Lakes states and by two
Canadian provinces and after a succession of litigations was finally
approved by the courts). The riparian landowners and users are protected
from withdrawals or uses of water that unreasonably diminish its quality
or quantity.

The private riparian ownership of water rights may conflict with the
rule of water as public goods and with the right of the federal government
stemming from the Commerce Clause of the U.S. Constitution. Imagine a
situation (that could be very common in the East) where one owner or a
group of private owners acquires all riparian lands surrounding a lake or
any other body of water. This would preclude public access and public
use of that water. The courts, however, have allowed the states to
become riparian owners, even by expropriation, of a small piece of land
(for example, for a public boat landing) and have upheld the federal
government’s rights over all navigable waters. Hence, through a public
agency becoming a riparian owner of the body of water the public
interests are protected and the use of the body is in the public domain.

Use of so-called riparian buffer zones and riparian wetlands for the
abatement of diffuse pollution (see Chapters 10, 11, and 14) necessitates
either the acquisition of water rights of a strip of riparian lands along the
affected body of water or, by regulation or persuasion, the imposition on
the riparian landowners of the abatement in a strip of land adjoining the
body of water.

Appropriation Water Laws

The system of water laws adopted by most western states is known as the
law of appropriation, which is best stated as: "First in time is first in
right." The basic tenets of the system are:

(1) A water right can be acquired only by the acquiring party diverting the
water from the water course and applying it to a beneficial use, and (2) in
accordance with the date of acquisition, an earlier acquired water right shall
have priority over later acquired water rights. Water in excess of that needed
to satisfy existing uses is viewed as unappropriated water, available for
appropriation and application of the water to a beneficial use.

The process of appropriation can continue until all the water from the
stream is subject to rights of use through withdrawals from the stream. In
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times of shortages, the earliest claimants take full share, and others may
do without water. If the right is not used, it is lost. In addition, the right
is not identified by ownership of riparian land.

There are several problems related to the application of the
appropriation doctrine in western states. First, there is no natural flow
notion (Beuscher, 1967). The appropriators can take as much water as
they are entitled to, even though it exhausts the flow. This leads to
situations where the entire river flow may be withdrawn by irrigators and
other users, which means that the downstream flow, if any, is then
composed of irrigation return flows with greatly elevated salinity and
other pollutant content. Some western states, however, permit the states
to file for, and ultimately acquire, the right to the unappropriated flow,
and thus to preserve such flow, if desired.

Second, because water rights can only be acquired by diversion,
protecting in-stream quality values and uses is difficult to impossible. If
water is brought from another basin to augment the flow to improve
water quality and increase the waste-assimilative capacity of the stream,
the increased flow could be appropriated, diverted, and used by others,
thus negating the diversion’s purpose of improving water quality.

Third, some management practices that are very popular in the East,
for example, those relying on infiltration, in the West may be seen as
using water that is already appropriated. Hence, implementation of these
practices may be prevented.

Fourth, many western rivers are subject to appropriation by Indian
Nations (tribes) that are considered to be first claimants whose right to
the water precedes any subsequent claims by white settlers. In such
situations, any water quality management plans must include con-
sultation, consent, and the cooperation of water managers from the
Indian Nations whose water rights would be affected.

LAWS AFFECTING POLLUTION
ABATEMENT

The term environmental law refers primarily to that body of law that
seeks to prevent adverse environmental consequences by regulating
individual, corporate, and governmental behavior. It is also a form of
social control whose objective is to regulate the production and
consumption of goods in order to preserve ecological balance, natural
beauty, and protect public health and endangered species, so as to
maintain a stable and satisfactory level of living and quality of life for
present and future generations.

The U.S. legal system and the laws protecting the environment and
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governing environmental abatement efforts are based on legislative
(statutory) enactments by legislative or other authoritative bodies or on
judicial decisions in environmental litigations.

Statutory Laws

The first statutory environmental law, passed by Congress in 1899, was
The Refuse Act, which stated that it is unlawful to place any material,
except sewage and runoff, into a navigable waterway or tributary thereof
without a permit. It is interesting to note that in the absence of any
meaningful pollution-control legislation until 1972, this archaic statute
was used in the late 1960s and early 1970s to control water pollution from
industrial sources, although the original intent of the act was to protect
navigation and not water quality.

The first Water Pollution Control Act was passed by Congress in 1948
(PL 80-845) and was amended several times between 1948 and 1972. The
act and its subsequent amendments authorized the creation of
environmental research centers, established a Division of Water Pollution
Control within the Public Health Service, authorized grants to build
public treatment plants, gave the federal government authority to abate
interstate pollution, among other provisions. In general, these laws were
ineffective in controlling pollution or enforcing abatement. Responsibility
for pollution control, which was originally with the Division of Water
Pollution Control, was transferred several times between the departments
of the federal government until by the executive order of the president in
1970 the Environmental Protection Agency was created as an
independent governmental agency.

The Water Pollution Control Act Amendments of 1972
(PL 92-500)
This grandiose legislative piece known as the Clean Water Act (CWA)
had a monumental impact on environmental efforts in the field of water
quality control. It was enacted by Congress over a presidential veto (as
were several other subsequent amendments),

The declaration of Section 101(a) states:

The objective of this Act is to restore and maintain the chemical, physical, and
biological integrity of the Nation’s waters.

The objective clearly specifies that ecological objectives and concerns
should receive the highest priority. The objectives of the act also stated as
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a goal that the nation’s (navigable) waters be suitable for contact
recreation and provide for the protection and propagation of fish and
aquatic wildlife.

Although PL 92-500 was intended to be a comprehensive water quality
program, in practice, great emphasis was placed on controlling point
sources, while diffuse-pollution control received far less attention and
minimal financial resources. The act accomplished three basic tasks: (1)
the regulation of discharges of point sources; (2) the regulation of oil
spills and other hazardous substances; and (3) financial assistance for
wastewater treatment plant construction.

The most significant and revolutionary contribution of the act is the
establishment of an enforcement scheme that is built around the National
Pollution Discharge Elimination System (NPDES). This system serves as
the basic mechanism for enforcing the implementation of pollution
abatement of point sources. As shown in Chapter 1 the definition of point
sources has been gradually expanded so that many diffuse sources are
now legally classified as point sources (animal feedlots, industrial and
municipal storm sewers, combined sewer overflows, runoff and acid
discharges from active mines) and require an NPDES permit. For point
source discharges the permit, among other things, establishes specific
effluent limitations and specifies compliance schedules that must be met
by the discharger. It also requires compliance with other relevant state
and local pollution control laws, if more stringent. The NPDES permit
system is the most important tool for implementing the polluter pays
principle.

Section 208 of the CWA. Section 208 of the original CWA of 1972 had
a far-reaching impact because it enacted a land-use planning process. For
the first time, it was realized that the control of point sources would not
have solved all the pollution problems in the United States. Many
excellent planning reports were produced by designated planning
agencies. However, instead of developing a nonpoint source regulatory
program that was deemed prohibitively expensive (Billings, 1976),
Congress gave an incentive to the development of state- and areawide
water quality management plans that would include all sources of
pollution and water quality degradation. Incentives for treatment and
penalties for noncompliance with the plan were included for point sources
(which at that time excluded urban storm water and other diffuse sources
currently defined as point sources), while no enforcement tools were
available for nonpoint sources. Also after the plans were completed no
mechanism for program implementation and maintenance were in place.
Consequently, in many cases the plans were not pursued after their initial
release and the effort has essentially never fully achieved its potential.
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The Clean Water Act Amendments of 1977
(PL 95-217)
A major revision in the law allowed the EPA to add or remove toxic
materials without first requiring a formal hearing. New deadlines were
included for meeting the point source abatement requirements stipulated
by the act.

The Water Quafity Act (Clean Water Act) of 1987
(PL 100-24), Sections 319, 402, and 404
These three sections of the act are the most important tools for
controlling diffuse pollution. Their highlights and other important issues
of the 1987 CWA related to diffuse source pollution management are
discussed by Berg (1988).

Section 319 requires the states to prepare State Nonpoint Source
Assessment Reports and encouraged states to develop and implement
management programs in order to be eligible for federal funds. The
deadline for preparation of the reports was February 1989, and most of
the states have complied. The management plans developed in the 319
program are now part of the states’ water quality management agenda.
Federal matching grants are provided to those states that qualify for
assistance in implementing their nonpoint source management programs.

Section 402 establishes the permit program for discharges of pollutants
from point sources. More specifically, Section 402(p) requires a NPDES
permit for separate storm sewers.

Section 404 regulates the discharge of dredged and fill materials into
waters of the United States and also establishes a permit program to
ensure that such discharges comply with environmental requirements.

The permits for point source discharges under Section 402 are issued
by states, while the permits under Section 404 are issued by the U.S.
Army Chief of Engineers. Other provisions of the act such as the
National Estuary Program (Section 3020), Clean Lakes Program (Section
314), and the Great Lakes Basin and Chesapeake Bay Programs also deal
with diffuse source pollution management. The act also reauthorizes
funding for the areawide water quality management plans under Section
208.

The Water Quality Act’s jurisdiction extends to all waters of the
United States. The phrase "all waters" includes waters that are currently
used, were used in the past, or may be susceptible to use in interstate or
foreign commerce (this jurisdiction is guaranteed by the Commerce
Clause of the U.S. Constitution). Generically, such bodies of water
include all navigable waters that have been legally understood as waters
on which a canoe can be floated. These waters include:
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¯ All waters that are subject to the ebb and flow of the tide;
¯ The territorial seas;
¯ Interstate waters and wetlands;
¯ All other waters (such as intrastate lakes, rivers, streams, and

wetlands), if their use, degradation, or destruction could affect
interstate or foreign commerce;

¯ Tributaries to waters or wetlands previously identified;
¯ Wetlands adjacent to waters previously identified.

Present Regulations for the Control of Urban Diffuse
Sources Derived from the Clean Water Act

Control of Combined Sewer Overflows
The U.S. Environmental Protection Agency published its control strategy
for combined sewer overflows (CSOs) in 1989 (Federal Register, August
10, 1989). The strategy relies on the NPDES permit system. The permit
system is aimed at bringing all CSO discharges into compliance with the
technology-based requirements of the Clean Water Act and applicable
state standards, and to minimize water quality, aquatic biota, and human
health impacts from wet-weather overflows.

All permits for CSO discharges should require the following
technology-based limitations as a minimum: (1) proper operation and
regular maintenance programs for sewer systems and combined sewer
overflow points; (2) maximum use of the collection system for storage; (3)
review and modification of pretreatment programs to assure that CSO
impacts are minimized; (4) maximization of flow to the treatment plant
for treatment; (5) prohibition of dry-weather overflows; and (6) control of
solid and floatable materials in CSO discharges.

Additional CSO control measures are based on the potential impact on
receiving water bodies that would bring CSO discharges in compliance
with state standards. Additional control measures include improved
operation, best management practices, supplemental pretreatment
program modifications, sewer ordinances, local limits programs,
identification and elimination of illegal discharges into sewer systems,
specific pollutant limitations, compliance schemes, direct treatment of
overflows, sewer rehabilitation, in-line and off-line storage, reduction of
tide water intrusion, construction of CSO controls within the sewer
system or at the discharge point, sewer separation, and new or modified
treatment facilities. The compliance monitoring program should be
described and included in the permit.

The strategy does not cover treatment plant bypasses, which are
considered to be an "intentional diversion of waste streams from any
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portion of the treatment facility" that begins at the headwork of the
facility. Bypasses are not allowed unless (1) they are unavoidable to
prevent loss of life; and (2) there is no other feasible alternative to the
bypass.

Storm Water (separate sewers) Permit Regulations
Overview. The storm-water control rules established by the EPA seek to
establish NPDES permit application requirements for
¯ Stormwater discharges associated with industrial activity;
¯ Discharges from large separate storm sewer systems (systems serving a

population of more than 250,000);
¯ Discharges from medium municipal separate storm sewer systems

(systems serving a population of more than 100,000 but less than
250,000).

Discharges from other municipal separate storm sewers, including
separate municipal systems serving a population of less than 100,000 and
discharges associated with industrial activity connected to these systems
are not subject to the permit system.

The rules are to be implemented in a phase-in approach. Storm-water
discharges from industrial areas that are subject to the permit system
have to comply with Sections 301 and 402 of the Clean Water Act, which
require application of the best available treatment technology (BAT).
Permits for discharges from municipal storm sewers include controls that
reduce the discharge of pollutants to the maximum extent practicable
(MEq:~), as well as a requirement to effectively prohibit discharging
nonstorm water (cross-connections) into the storm sewers.

The permit system requires industrial facilities that discharge storm
water associated with industrial activity to submit sampling data, a
description of storm-water management practices, and certification that
the discharge does not contain processed water, domestic sewage, or
hazardous wastes. Group applications, industry by industry, are
permitted. Indirect discharges to municipal systems serving a population
of 100,000 or more generally do not have to submit applications, but do
have to notify the municipality of their discharge.

Permits are issued on a systemwide basis for municipal separate storm
sewers. Municipalities are first required to describe their existing storm-
water management program, identify all known outfalls, and conduct
field screening for illicit connections. The municipalities are then required
to verify illicit connections, conduct representative sampling, and describe
priorities for storm-water management during the 5-year permit term.
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The data collected during these phased tasks will allow the permit to be
developed for site-specific conditions.

The EPA rules define storm water as follows:

"Storm water" means storm water runoff, snow melt runoff, surface runoff,
street wash waters related to street cleaning or maintenance, infiltration (other
than infiltration contaminated by seepage from sanitary sewers or by other
discharges) and drainage.

Relation to ground-water quality. In Section 319 the Clean Water Act
(1987) strengthens the regulatory link between diffuse (nonpoint)
pollution and ground-water quality. Under the 1987 amendments, the
CWA now specifically requires states to select best management
practices, taking into account the impact of the practice on ground-water
quality. The Senate Report explained (Thompson, Adler, and Landman,
1989):

States are required to cons’~der impact of management on groundwater quality.
Because of the intimate hydrologic relationship that often exists between
surface and groundwater, it is possible that measures taken to reduce runoff of
surface water containing contaminants may increase transport of these
contaminants to groundwater. The State should be aware of this possibility,
when defining best management practices, especially in aquifer recharge areas.

The 1972 Coastal Zone Management Act (PL 92-583) programs. This
act was established in response to the high rate of development in coastal
areas and out of concern about the environmental effects of this growth.
These coastal areas encompass land and tidal zones, including those
located in the Great Lakes basin. The National Oceanic and Atmospheric
Administration (NOAA) is implementing programs mandated by the act.

The act specified that:

The habitat areas of the coastal zone, and the fish, shellfish, other living
marine resources, and wildlife therein, are ecologically fragile and
consequently extremely vulnerable to destruction by man’s alterations (Section
302d);

Important ecological, cultural, historic, and aesthetic values in the coastal
zone which are essential to the well-being of all citizens are being irretrievably
damaged or lost (Section 302e).

Land uses in the coastal zone, and the uses of adjacent lands which drain
into the coastal zone, may significantly affect the quality of coastal waters and
habitats, and efforts to control coastal water pollution from land use activities
must be improved (Section 302k).
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Section 6217 (1990 amendments) of the act then delineates the
program for controlling diffuse (nonpoint) pollution. Participation by
states in the Coastal Nonpoint Pollution Control Program (CNPCP) is on
a voluntary basis; however, the act provides participating states with
funding for the program and enforceable policies with penalties for
noncompliance. At a minimum, each state program is to provide for the
implementation of management measures to protect coastal waters.
These programs should contain the following components:

1. Identification of land uses that may individually or cumulatively cause
or contribute to degradation of coastal waters.

2. Identification of critical coastal areas that should be subject to
management measures.

3. Identification of management measures that are most appropriate for
the threatened coastal areas.

4. Delineation of technical assistance.
5. Public participation.

The prograxn is carried out in coordination with the Section 319
programs of the Clean Water Act. Since 1992, about $12 million per year
has been authorized for the program.

The Clean Water Act of 1987 also recognized estuaries and other
coastal water as a critical national resource whose health and productivit.y
are increasingly threatened by coastal growth and development. The
act then formally established the National Estuary Program (NEP)
to demonstrate innovative approaches applicable to coastal areas
nationwide. The NEP program covers 12 estuaries, 6 in the North
Atlantic region, 1 in the mid-Atlantic zone, 2 on the Gulf Coast, and 3
on the West Coast. Most of the research projects are conducted by
universities under NOAA’s Sea Grant program. NOAA’s Coastal Zone
Management and the EPA’s National Estuary Programs are coordinated
under an agreement between the two agencies.

Wetland Protection
Wetlands have great value for the hydrological-ecological terrestrial
system. Their benefits are numerous and include maintaining and storing
flows, wildlife habitat, and attenuation of pollutants (see Chapter 14).
Wetlands are protected under both Section 402 and 404 permits. The
NPDES permit system regulates discharges from point sources, including
CSO and storm-water discharges. Section 404 permits regulate drainage
and filling of wetlands. These permits, which treat wetlands as receiving
bodies of water, do not allow wide use of natural wetlands for treatment
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of discharges from diffuse sources, unless they comply with the stream
and effluent standards. Specifically, no discharges into wetlands can be
permitted that would violate other applicable laws, such as state water
quality standards, toxic effluent standards, or the Endangered Species
Act. These regulations do not apply to man-made wetlands that can be
considered as land treatment.

The U.S. Army Corps of Engineers’ evaluation of the Section 404
permit application is a two-part process that includes both the evaluation
of the project’s eligibility for a permit and environmental assessment. The
key policies of the permit evaluation are

¯ Dredged or fill material should not be discharged into waters of the             I.
United States unless it can be demonstrated that such discharges will
not have an adverse impact on the aquatic ecosystem.

¯ From a national perspective, the degradation or destruction of special
aquatic sites, such as filling wetlands, is considered to be among the
most severe environmental impacts addressed by Section 404.

Under the Food Security Act of 1985 (see the following section) the
"Swampbuster" provision (Subtitle III) requires that USDA program
benefits be withdrawn from farmers who convert any naturally occurring
wetlands to cropland after 1985. Many states have enacted or are con-
sidering enacting more stringent regulations protecting wetlands (Florida,
Wisconsin, and others).

The Food Security Act (The Farm Bill) of 1985 (PL 99-198). The major
deficiency of the Clean Water Act is that it does not provide for
enforcement of the abatement of agricultural nonpoint sources, which
represent the most significant cause of water quality degradation of many
receiving bodies of water. Almost exclusively, programs relied on the
voluntary participation of farmers to implement pollution abatement.
This lack of enforcement procedures is most likely related to the "sacred"
right of unrestricted use of land for family farming. This argument may
not be valid today, since more and more small family farms are acquired
by large industrial operations. The most significant influences on state
programs to control agricultural pollution have to come from federal
assistance and land management programs, rather than from the EPA’s
water quality protection programs mandated by the Clean Water Act.

However, Congress has realized that farming in many cases greatly
subsidized by the federal and state governments, does cause pollution. As
a consequence, the legislators passed the Food Security Act, which
creates two programs that are aimed at reducing pollution from
agricultural operations. The Conservation Reserve Program (CRP) gives
the Soil Conservation Service the authority to make annual rental
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payments for 10 years to farmers who retire highly erodible land and land
bordering bodies of water from farming and plant it with such permanent
cover crops as grasses, legumes, or trees. The CRP intends to remove
more than 30 million hectares of the most erodible cropland from
agricultural production. The CRP stream buffers can idle cropland for up
to 30 meters (100ft) from the water’s edge. Under "Conservation
Compliance" provisions, farmers who plant annually tilled crops on
highly erodible lands must implement locally developed and approved
conservation plans in order to remain eligible for price support, crop
insurance, and other USDA program benefits. Under the "sodbuster"
provision (Subchapter II), to retain USDA benefits farmers must follow
an approved conservation system when plowing fields that were not in use
for crop production between 1981 and 1985.

The CRP programs aimed at excluding highly erodible land have
indirect water quality benefit, though not all lands included in the
program pose a threat to water quality. On the other hand, buffer strips
have a direct water quality improvement benefit. Further modifications of
the CRP program to increase water quality benefits were being
considered by the lawmakers during the time this book was being written.
Future improvements may include adding an additional 10 million
hectares to the CRP to address environmental problems, including lands
with salinity, selenium, siltation, soil drainage, and other problems. The
benefits of the CRP program were estimated by Ogg and Ribaudo (1988).

The Conservatioin Compliance (CC) program requires all farmers with
row crops located on highly erodible land to establish a Soil Conservation
Service approved plan or lose eligibility for federal support, including
supplements and disaster assistance. In the absence of enforcing
regulations, this program is the most important tool to persuade farmers
to participate.

To implement these programs, employees of the Soil Conservation
Service work with local units of state governments of the Soil and Water
Conservation Districts (SWCD), which are managed by locally elected,
unsalaried citizens (mostly farmers).

Other Federal Laws Affecting Diffuse Pollution and Water Quality
Management. Among the most complicating factors in diffuse-pollution
abatement and water quality management are the plethora of laws
affecting the decision-making process and specifying various sometimes
conflicting environmental policies. These legislative pieces include:

Environmental Laws
1. The National Environmental Policy Act
2. The Clean Air Act Amendments
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3. The Federal Environmental Pesticide Control Act
4. The Rare and Endangered Species Act
5. The Safe Drinking Water Act
6. The Federal Insecticide, Fungicide, and Rodenticide Act
7. Toxic Substances Control Act
8. The Wild and Scenic River Act

Floodplain Management Laws
9. Flood Control Act and Amendments
10. National Flood Insurance Programs
11. Flood Disaster Protection Act

U.S. Department of Agriculture Laws
12. Rural Development Act

Mining
13. Surface Mining Control and Reclamation Act
14. Federal Land Policy and Management Act

State Statutory Laws
Many states have enacted effective pollution-control statutes and
programs. It is beyond the scope of this book to describe the programs in
each individual state, though a summary of several state laws may
demonstrate some effective and successful approaches to the resolution of
the diffuse-pollution problem. These programs are carried in addition to
or as a supplement to the federally mandated programs. According to
Section 319 of the Clean Water act (1987 Amendments), all states are
required to prepare nonpoint pollution abatement plans that list the state
programs. These plans are available from the state pollution-control
agencies. A few examples are listed herein.

Florida has strong wetland protection ordinances aimed at the
reduction of wetland losses throughout the state. In addition, Florida’s
storm-water management program, which applies to all new de-
velopments, is designed to ensure that the volume, rate, timing, and
pollutant load of runoff after development do not cause a violation of
state water quality standards. The Florida rule is essentially a per-
formance standard specifying what is expected to achieve compliance
with state water quality standards.

Iowa has developed requirements for all confined feedlots that apply to
all open feedlots exposed to rainfall and to total confinement facilities
where precipitation is not a factor. At a minimum, all open facilities must
remove settleable runoff solids.
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Maryland began a comprehensive storm-water management program
in 1982. This program is administered by the state’s Sediment and
Stormwater Administration. Depending on the county, mandated local
ordinances must at a minimum require that postdevelopment peak
discharge for 2-year- and/or 10-year-frequency storm events be
maintained at the predevelopment levels. Maryland also participates
in the regional Chesapeake Bay clean-up program.

Additional state programs are listed in Chapter 1 (Wisconsin Priority
Watershed Programs), in Thompson et al. (1989), CH2M/Hill (1990), and
several EPA and state monographs.

Judicial (Judge-Made) Laws
Dating back to the Roman Empire, courts and judges have made rulings
that, among other things, affected many aspects of the environment.
Most of the water quality litigations are decided by a judge according to
the Equity Law, and primarily involve injunction or specific orders from
the courts restraining certain types of actions or regulating other actions.
These rulings were based on imperatives and doctrines as previously
elucidated.

Many court decisions involving water quality are based on the doctrine
of nuisance and trespassing. In many cases, judges used these doctrines
when actual damage had occurred and was proved by the plaintiff.
However, in a landmark case Judge John Grady stated that this may no
longer be true because "It is the ability of the courts of equity to give a
more speedy, effectual, and permanent remedy in cases of public
nuisance. They can not only prevent the nuisance that is threatened, and
before irreparable mischief ensues, but arrest or abate those in progress
and, by perpetual injunction, protect the public from them in the future"
(Illinois vs. the City of Milwaukee, Federal Court, Chicago, 1977). In his
ruling, Judge Grady issued stringent performance and effluent standards
for the clean up of point and diffuse source pollution from the Milwaukee
metropolitan area. Some of these standards were almost technically
unattainable; however, the ruling was appealed and subsequently
overturned by higher courts. If this ruling had been allowed to stand, it
would have made a legal precedent for similar cases by other federal and
state courts.

In today’s legal environment in the United States, litigation is
common; however, the large number of statutory laws in place and in
force do not allow for frequent judicial rulings outside the statutory legal
framework. Many legal cases of violations of pollution-control laws and
ordinances are settled out of court.
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3

Hydrologic Considerations

He who sees things grow from the beginning will have the best view of
them.

Aristotle

Pollution from diffuse sources is driven by meteorological events, that is,
precipitation. It is a known fact that there is a correlation between the
pollutant loadings from a watershed and rainfall volume, infiltration and
storage characteristics of the watershed, permeability of soils, and other
hydrological parameters. This distinguishes diffuse pollution from tra-
ditional point source pollution, which bears little relation to watershed
hydrology.

Diffuse pollution therefore has its beginning in the atmospheric
transport of pollutants, and its occurrence and magnitude are closely
related to the hydrologic cycle. Consequently, the pollutant load from
nonpoint sources has a strong random (unpredictable) component. In
addition, hydrologic modifications of watersheds can increase or decrease
diffuse-pollution loads.

Most of the models used for simulating diffuse-pollution loadings are
basically models of watershed hydrology or are closely related to it.
Rainfall energy and the splashing effect of rain droplets liberate soil
particles, which then become available for the transport by the overland
flow. If, for example, the overland flow is diminished due to higher
infiltration, so is the transport of particulate pollutants. If agricultural
chemicals or organic fertilizers are placed on the land and surface
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overland flow is generated by a storm, a significant portion of these
contaminants can be lost in surface waters. Mobile pollutants (that is,
pollutants that are dissolved and move with water as ions or salts) can be
leached into the ground-water zone and cause ground-water con-
tamination and pollution. The highest pollutant loadings, and in many
cases the highest concentrations of contaminants from diffuse sources,
occur during high-flow and flood conditions. On the other hand, point
source impact and the impact of pollutants carried into surface waters by
subsurface flow are most severe during low-flow (drought) conditions.

To control and understand the generation and transport of diffuse
pollution, one has to study the hydrologic process causing and
contributing to diffuse pollution and to consider the various paths the
contaminants travel from the source areas to the receiving water bodies.
A large number of basic textbooks and handbooks dealing with hy-
drological processes and hydrologic cycle are available (Bedient and
Huber, 1988; Bras, 1990; Chow, 1964; Chow,-Maidment, and Mays,
1988; Linsley, Kohler, and Paulhus, 1982; Hall, 1984; Viessman, Lewis,
and Knapp, 1989; Ponce, .1989; McCuen, 1989). The reader is referred to
these texts for further reference.

PRECIPITATION-RUNOFF RELATIONSHIP

A classic representation of the rainfall transformation into runoff and the
components of the hydrological cycle is shown on Figure 3.1. The first
stage of the runoff formation is condensation of atmospheric moisture
into rain droplets or snowflakes. During this process, water is in contact
with atmospheric pollutants. The pollution content of rainwater can
therefore reach high levels. In addition, rain water dissolves atmospheric
carbon dioxide, sulfur and nitrogen oxides, and as a weak acid, it then
reacts with soil, limestone, and dolomite geological formations. Many
ancient statues and historical structures, for example, in Greece and
Rome, were made of marble (a form of limestone) and have been
deteriorating rapidly in the past few decades as a result of the greatly
increased acidity of precipitation (see Chap. 4 for further discussion of
the interaction of precipitation with atmospheric pollution).

Runoff formation begins after rain (snow) particles reach the surface.
During the winter months runoff formation may be delayed by snowpack
formation and subsequent melting. During the initial phase of runoff
formation, rain energy liberates the soil particles and picks up the
particulate and contaminants deposited on the surface and dissolves salts
and other chemicals.

Runoff generated by precipitation has three components:
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FIGURE 3.1. Schematic representation of watershed hydrology.

1. Surface runoff is a residual of precipitation after all loses have been
satisfied. Numerical subtraction of the losses yields so-called excess or
net rain. The losses include interception by surface vegetation,
depression storage and ponding, infiltration into soils, evaporation
from soils and open water surfaces, and transpiration by vegetation.
Evapotranspiration is a term describing both evaporation from the soil
and transpiration by plants. Since surface runoff is a residual of
precipitation after all losses have been subtracted, a linear relationship
between the volume of precipitation and runoff does not exist. The
highest loads of particulate pollutants are carried by surface runoff.

2. Interflow is that portion of the water infiltrating into the soil zone that
moves in a horizontal direction due to the lower permeability of
subsoils. The amount of interflow is again a residual of infiltration
after ground-water recharge, soil moisture storage, and evapo-
transpiration have been subtracted.

3. Ground-water runoff (base flow) is defined as that part of the runoff
contribution that originates from springs and wells. In sewered urban
areas one can also include infiltration inflow into sewers, which can be
substantial. Most stream flow during prolonged drought periods can

R0023080



104    Hydrologic Considerations

be characterized as ground-water runoff. In some arid and semiarid
regions, the natural base flow may be zero during certain times of the
year, and the measured flow in streams may originate from sewage
outfalls.

Streams that have measurable flow during the entire hydrological season
(a hydrological year begins on October 1, and ends on September 30
of the following year) are called perennial streams. Ephemeral streams
are streams without a measurable flow during certain times of the
hydrological year. Urbanization and the accompanying discharges of
wastewater effluents can change an ephemeral stream into a perennial
one, for example, the Las Vegas, Nevada, Wash draining into the
Colorado River ris a man-made perennial stream-marsh system. Overuse
and mining of ground-water resources will change a perennial stream into
an ephemeral watercourse, as has happened in many places, for example,
in Tucson, Arizona. From these examples one can see that man has a
profound impact on the hydrology of a body of water. In fact, very few
streams in populated areas of the world have truly natural flows. Runoff
quantity and quality can be dramatically altered by changing the use of
land by man, that is, urbanization, deforestation, storage reservoirs, and
other land and stream modifications discussed in Chapter 1 (Fig. 1.5).

The quality of surface runoff can be related to the erosion intensity by
precipitation and to the quantity of contaminants accumulated on the
surface or in the top soils. Interflow and ground-water quality can be
related to the amount of contaminants present in the soil, which also
reflects the basic chemical composition of the soil, subsoil, and bedrock.
Very often pollution of the interflow and ground-water (base) flow results
from the excessive contamination of soils; for example, from overloaded
septic tank seepage, overfertilization, and excessive chemical use on
farms and urban lawns.

Mathematically, the runoff relation to precipitation can be expressed
as

Surface runoff

Rs = P - ASi - ASa -fat (3.1)

Interflow

Ri = (f - ET)At - ASs - qg, (3.2)

Ground-water (base) flow
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Rg = qg - ASg - qd (3.3)

where
Rs = volume of the surface runoff in cm during a time interval At
P -- precipitation volume (cm)
ASz = change in available interception storage (cm)
ASa = change in available depression surface storage (cm)
f = infiltration rate (cm/hr)
ET = evapotranspiration rate from the soil zone (cm/hr)
ASs -- soil moisture storage change (cm)
qg = ground-water recharge (cm)
Ri = interflow (cm)
Rg = ground-water flow contribution (cm)
ASg -- ground-water storage change (cm)
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FIGURE 3.2. Block diagram of watershed hydrological processes and storage.
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qa = geological water loss (cm)
At = time interval (hr)

A block diagram of the rainfall-runoff transformation process is shown in
Figure 3.2.

Components of the Rainfall- Runoff
Transformation Process

Interception
A part of the precipitation volume is intercepted by vegetation where it
adheres to the surface until a sufficiently heavy film is formed, at which
point gravity begins to prevail over adhesion. Interception storage is that
part of precipitation that wets or adheres to the surface of aboveground
objects and vegetation and is returned to the atmosphere by evaporation.
The amount that is intercepted depends on the type and intensity of the
vegetation, intensity and volume of the rainfall, roughness of the surface,
and the season of the year or growth stage of the vegetation.

The few models for interception storage reported in the literature are
crude and inaccurate. Interception can be measured by comparing
precipitation in gages or simple open buckets beneath the vegetation with
that recorded nearby under the open sky. Generally, about 0.5 to 1.2 mm
of rain can be held on foliage before an appreciable drip can take place
(Viessman, Lewis, and Knapp, 1989). The total interception by an
individual plant is directly related to the amount of foliage (its surface
area per unit area of ground surface) and its character and orientation.
About 1.2 to 1.8mm of precipitation can be intercepted by grass and
dense shrubbery.

A general form for interception was proposed as (Gray, 1973; Bras,
1990)

I = a + bP" (3.4)

where P is precipitation in centimeters. Values of the coefficients for
some typical vegetal covers are given in Table 3.1.

Depression Storage
Water reaching the surface must first fill the surface depressions, forming
small puddles, ponding, or adding to the general wetness of the area.
Water stored in the depression storage either evaporates or percolates
into the soil zone. Only when the precipitation rate exceeds infiltration
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TABLE 3.1 Coefficients for the Interception Formula (Eq. (3.4))

Coefficients

Vegetal Cover a b n

Orchards 0.1 0.18 1.0
Maple, beach, oak in forest 0.1-0.12 0.18 1.0
Beans, potato, cabbage, and other small crops 0.05ha 0.45 h 1.0
Forage, alfalfa, etc. 0.025 h 0.30 h 1.0
Small grains, rye, wheat, barley 0.012 h 0.15 h 1.0
Corn 0.012 h 0.15 h 1.0

Source: From Gray (1973).
°h refers to the height of the plant in meters. Interception is in centimeters for P in centimeters.

and all surface storage (depression and interception) is exhausted will
surface runoff result.

The character of depression storage as well as its magnitude depends
largely on the surface characteristics that can be generally related to land
use. The primary factors determining depression storage are surface
character, roughness, and slope. An accurate estimation of depression
storage is not possible, and little information is available that could serve
as a guide for choosing the values of depression storage that would be
based on physical measurements in the field.

In hydrological models interception storage is usually lumped together
with depression storage into one surface storage (abstraction) parameter,
which is determined by calibrating the model. After his first experience
with the well-known Stanford Watershed Model, Linsley (1967) pointed
out that the surface storage parameter is the key element in calibrating of
the model for smaller watersheds (less than 50km2). Some information
derived from water balance and/or modeling on the magnitude of the
surface storage parameter has been published. For example, Tholin and
Keifer (1960) estimated surface storage for Chicago’s urban areas as
being 6.25 mm (¼in.) on pervious areas with grass and 1.56mm (~in.) on
impervious areas. Figure 3.3 relates surface storage to the slope for
various agricultural land uses.

As stated before, the surface storage volume must be exhausted before
surface runoff can begin. Therefore, it represents an initial abstraction
from the gross rainfall input. On the other hand, surface storage is not
uniform, even on small watersheds. Hence, for modeling, a range, which
is then subtracted from the rainfall as shown on Figure 3.4, may be more
appropriate.

Depression storage can be increased by engineering and agronomic
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practices, such as plowing, raking of the surface, mulching, and seeding
and planting vegetation. Depression storage on agricultural fields is at
maximum during planting, but decreases afterwards.

Soil Permeability and Infiltration

Permeability
Infiltration and permeability are not synonymous. Permeability is defined
by Darcy’s law and denotes the rate of water movement through the soil
column under saturated conditions (all voids are filled by water and flow
is primarily due to gravitational forces). Infiltration, on the other hand, is
the rate at which water percolates from surface storage into the. soil zone,
and it is governed by the forces of gravity and capillary suction.
The permeability of soils depends on such characteristics as texture,
compactness, and organic and chemical composition.

As to their permeability and surface runoff potential the soils in the
United States have been classified by the Soil Conservation Service (SCS)
into four hydrologic groups:

1. Group A are soils with low total surface runoff potential due to high
infiltration rates, even when thoroughly wetted. These soils consist
chiefly of deep, well to excessively drained sands and gravel.

2. Group B are soils of low to moderate surface runoff potential that
have moderate infiltration rates and have a moderately fine to
moderately coarse texture.

3. Group C soils have high to moderate surface runoff potential and slow
infiltration rates, and consist chiefly of soils with a layer that impedes
downward movement of water, or soils with a moderately fine to fine
texture.

4. Group D soils have high surface runoff potential and very slow
infiltration rates, and consist chiefly of clay soils with a high swelling
potential, soils with a permanently high water table, soils with a clay
pan or clay layer at or near the surface, and shallow soils over nearly
impervious material.

Soil classification and approximate permeabilities can be obtained from
the SCS soil maps that are available for most counties of the
conterminous United States.

Particle size distribution (texture), arrangement of soil particles,
organic matter content, clay mineral content, exchangeable sodium
content~ and total concentrations of salts are the most important factors
affecting permeability (Horn, 1971; Chow, Maidment, and Mays, 1988;
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TABLE 3.2 Permeability Classes According to the Soil
Conservation Service, U.S. Department of
Agriculture

Permeability Class in./hr cm/hr m/day

A Very rapid >10 >25 >6.2
÷B Rapid 3.00-10.00 12.5-25.0 3.1-6.2

B Moderately rapid 2.5-5.0 6.3-12.5 1.5-3.1
÷C Moderate 0.8-2.5 2.0-6.3 0.5-1.5

C Moderately slow 0.2-0.8 0.5-2.0 0.12-0.5
÷D Slow 0.05-0.2 0.12-0.5 0.03-0.12

D Very slow <0.05 <0.12 <0.03

Viessman, Lewis, and Knapp, 1989). In addition, permeability rates can
be affected by soil compaction, cultivation, vegetation, and land cover.

Most guides developed as aids to estimating permeability rates are
based on the relationship of permeability to the soil texture (Fig. 3.5).
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Table 3.2 shows the permeability ranges for the hydrologic soil groups
recognized by the U.S. Soil Conservation Sexwice.

Soil Water Storage
Storage of soil moisture can be divided into two moisture classes: that
held between saturation and 0.3-bar tension, and that held between
0.3-bar tension and 15-bar tension, respectively. The former moisture
content is also called field capacity; moisture between the field capacity
characteristics and full saturation can be drained by gravity. The 15-bar-
tension moisture is called wilting point and represents the minimum soil
moisture content that can be used by plants. Moisture content below
15-bar tension is not available to most crops and plants, and can be
reduced only by evaporation (not by transpiration). Gravitational water
(G) is then determined by subtracting 0.3-bar-moisture volume per-
centage from the total porosity (in percent). The plant available soil
water capacity (AWC) is the difference between moisture content at
0.3-bar and 15-bar tensions, respectively. As long as the soil water
content is between the field capacity and wilting point, transpiration is not
affected. Prolonged saturation of soils may have an adverse effect on
transpiration. Figure 3.6 shows the moisture characteristics related to the
soil texture.
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Infiltration
Infiltration is a function of the permeability of soils and subsoils, soil
moisture content, vegetation cover, temperature, and possibly other
parameters. During infiltration, water enters from surface storage into
soils via the combined effects of gravity and capillary forces. The capillary
forces are inversely proportional to the diameter of pores. As the process
continues, the pore space becomes filled and the capillary tension
decreases. Under saturated conditions, flow is mostly due to gravity.

The distribution of soil moisture within the soil profile during the
downward movement of water is shown in Figure 3.7. Apparently,
the downward movement of water is related to the advancement of the

0 Moisture content

~ ~ _S a_t u_r a_t i o_.n., z_o he.
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/

Transmission
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~ FIGURE 3.7. Soil moisture zones
. during infiltration from a ponded

-W~t]]~’g----y
surface. (Concepts from Chow,
Maidment, and Mays, 1988.zone ~,,,,’,.....
Copyright (~ 1988 by McGraw-Hill;

Wetting frcat
reprinted with permission.)
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FIGVRE 3.8. Characteristic
relationship of infiltration rate vs.

4.0 time of an agricultural field. (Datao 2o 40 6o aO ~00 ~ZO from Larsen, Axley, and Miller,
TIME, minutes 1972.)

R0023089



Precipitation-Runoff Relationship    113

wetting front, which is exhibited by a sharp and almost discontinuous
difference between the advancing moisture driven by infiltration and the
moisture below. As water percolates to greater depths, the resistance
increases due to the increased length of the channels, decreased pore size
from the swelling of clay particles, or the pressure on an impermeable
barrier such as rock or clay. Consequently, the infiltration rate decreases
as the time from the commencement of the storm increases, as shown on
Figure 3.8. Depending on the depth of the soil column and the water
supply from rainfall the wetting front may penetrate from a few
centimeters to more than one meter into the soil (Hillel, 1980).

The infiltration rate f is expressed in cm/hr (in./hr). Potential
infiltration is the maximum infiltration rate that presumes an excess
supply of water at the surface, generally exhibited by ponding. Almost all
infiltration formulas presented in the literature are for potential in-
filtration with ponding. Cumulative infiltration, F, is then obtained by
integrating the infiltration rate over time, or F(t) = oft f dt.

Horton’s Formula
Horton (1939a) more or less intuitively suggested an infiltration formula
for exponentially decaying infiltration:

f = fc + (fo - fc)e-m (3.5)

where
f = rate of infiltration (cm/hr)
fc = the infiltration rate assumed to be similar to the saturation

permeability (cm/hr)
fo = the initial rate of infiltration (cm/hr)
K = a constant derived from soil and surface characteristics (hr-1)
t = time in hours from the beginning of infiltration

Although this equation at first appears to be a completely empirical
model, it was pointed out that it does reflect the laws and basic equations
of soil physics (Chow, Maidment, and Mays, 1988). The model assumes
that the constant K is independent of the moisture content of the soil.

Holtan’s Formula
Holtan (1961) proposed a formula that would relate the infiltration rate to
the exhaustion of the available soil moisture storage. The formula was
presented as follows:

f = a(S - F)" + f~ = aFt, + f~ (3.6)
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TABLE 3.3 Estimates of the Vegetation Factor a in
Hoitan’s Infiltration Equation for f in
Centimeters per Hour and Fp in Centimeters

Area Rating=

Poor Good
Conditions Conditions

Fallowb 0.07 0.2
Row crops 0.07 0.14
Small’ grains 0.14 0.20
Hay (legumes) 0.14 0.28
Hay (sod) 0.28 0.40
Pastures (bunchgrass) 0.14 0.28
Temporary pastures (sod) 0.28 0.40
Permanent pastures (sod) 0.55 0.68
Woods and forest 0.55 0.68

Source: From U.S. Department of Agriculture, Agricultural
Research Service (1975).

~ Adjustments needed for "weeds" and "grazing."
bFor fallow land only, "poor conditions" means "after row crop,"
and "good condiUons" means "after sod."

where
S = the volume of soil water storage above the control horizon (cm)
F = cumulative infiltration (cm)
Fp = a measure of the soil moisture remaining in the soil column at any

time (cm)
a,n = coefficients

The coefficients a and n were empirically determined. While the value of
n was nearly constant and equaled n = 1.4, the value of the multiplier a
was related to the crop cover as shown in Table 3.3.

Equation (3.6) was modified later and included in the USDAHL
watershed model in the form (Holtan and Lopez, 1973):

f = GI aF~p4 + fc (3.6a)

where a is the vegetation parameter defined in Table 3.3 and GI is the
index in a fraction of maturity. Information on the estimated magnitudes
of the growth index for various crops and growing seasons is available
from the U.S. Department of Agriculture publication by Holtan and
Lopez (1973).

The depth of the control horizon is supposed to coincide with the
topsoil zone between the soil surface and the depth of cultivation, or
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subsoils for uncultivated soils. The latter corresponds to the thickness of
the topsoil horizon A (see Chap. 6 for definition of soil horizons).
Although Holtan’s model is somewhat more complex than Horton’s
equation, it appears less physically based, since it relates the infiltration
rate to the total moisture content in an arbitrarily chosen control layer
and to the advancement of the wetting front in the unsaturated soil zone.

Example 3.1: Infiltration Rate by Holtan’s Model

Estimate the infiltration rate curve for ponded soil with a saturation
permeability of 2 cm/hr and soil moisture characteristics as follows:

porosity = 45%
0.3 bar moisture (field capacity) = 30%
15 bar moisture (wilting point) = 21%

The depth of the control horizon is assumed to be 50cm and the
antecedent moisture is equal to the field capacity (soil is drained). Then
the inital available soil moisture storage capacity becomes

Fp(O) = (porosity - 0.13 bar moisture)* 50cm = (0.45 - 0.3)50 = 7.5cm

Solution If the land surface is fallow, then the approximate magnitude
of the vegetation parameter will be between 0.07 and 0.14. Select a = 0.1
and GI = 1.0. Then the initial infiltration rate at t = 0 from Equation
(3.6a) becomes

f(0) = 0.1(7.5)14 + 2 = 3.68cm/hr

When t ~ ~ the infiltration rate would approach 2 cm/hr. However, due
to the exponent n equaling 1.4 an exact solution of Equation (3.6a) is not
possible. A simple numerical solution will be shown here. Since the
infiltration rate is a function of the available water storage, a si-
multaneous solution of the storage equation must accompany the
infiltration equation. Hence

where fr = storage recovery rate.
If the storage recovery rate fr = fc (which occurs when the permeability
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of subsoils is more than or equal to the permeability of the top layer, and
the moisture content is above the field capacity), then

dt - aF~

If the soil moisture content is below the field capacity value (0.3-bar
moisture), then the recovery rate equals the evapotranspiration rate.

The preceding differential equation can be solved by simple numerical
techniques such as Runge-Kuta, Euler, or Heund’s methods. Heund’s
method would yield an equation

At
Fpt+At = Fpt--f(a( Fpt)

n ÷ a( Fpt - a( Fpt)nAt)n)

and the solution for At = lhr is given in Table 3.4 and plotted on Figure
3.9.

Philip’s Equation
Philip’s infiltration model (Philip, 1957, 1969, 1983) is based on soil
physics. The model and its derivation is very complex; however, its
simplified final version has been widely accepted and incorporated into
several common watershed hydrological models. The simplified Philip’s
equation is in the form

f(t) = ½St-1/2 + K (3.7)

TABLE 3.4 Solution of Hoitan’s
Infiltration Equation

t (hr) Fp (cm) f (cm/hr)

0 7.5 3.68
1.0 5.94 3.11
2.0 4.89 2.92
3.0 3.84 2.66
4.0 3.26 2.52
5.0 2.79 2.42
6.0 2.41 2.34
8.0 1.89 2.24

10.0 1.49 2.17
15.0 0.93 2.09
20.0 0.62 2.05
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FIGURE 3.9. Infiltration rate curve for Example 3.1.

where
S = sorptivity of the soil
K = conductivity of the wetting front

Sorptivity is computed from soil moisture distribution and is generally
difficult to define. As t--~ ~, f approaches K, which is loosely related to
the saturation permeability parameter (K = 0.3 to 0.5 times saturation
permeability). Cumulative infiltration is obtained by integrating Equation
(3.7), which yields

F(t) = St1/2 + Kt (s.8)

Since the sorptivity parameter, S, is a function of the soil suction
potential, which is in turn related to the dryness of the soil, S will vary
with the soil moisture content. Methods of measurement of sorptivity and
its relation to the moisture content were presented by Chong and Green
(1983); the schematics are shown on Figure 3.10. It was also
demonstrated that the sorptivity and conductivity parameters are not
uniform, even in small watersheds (Brutsaert, 1976; Sharma, Barron, and
Boer, 1983). Bras (1990) included a good discussion and semiempirical
formulas for determining the parameters S and K in the Philip’s equation.
The spatial distribution of infiltration rates, even in small watersheds, are
of a statistical nature, probably ranging from close to zero to rates that
greatly exceed the mean rate. The statistical distribution, such as is shown
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FIGURE 3.10. Relationship of soil sorptivity parameter, S, to soil moisture. (Based on
data from Chong and Green, 1983.)
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FIGURE 3.11. Typical statistical distribution of infiltration rates. The relation for a
watershed is typically log-normal.

in Figure 3.11 (log-normal probability distribution), should be considered
in the hydrologic mathematical models.

Green-Ampt Equation                                                  -
The Green and Ampt (1911) infiltration model assumes that water is
moving from a ponded surface downward into the soil as a piston of
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saturated moisture. The concept follows the physics of soil water
movement through the unsaturated zone shown on Figure 3.7; however,
the model assumes saturated soil moisture at the wetting front. For a
small pending depth the Green and Amt equation becomes (Bras, 1990)

KsSq’ (3.9)f=Ks+ F

where
Ks = hydraulic conductivity (which is less than the saturated permeability

defined earlier)
W = suction sorptivity
F -- total infiltrated water that equals (porosity - initial moisture) *

depth of the wetting front

The parameters Ks and ~t’ usually have to be determined experimentally
or by calibrating of the model. Rawls and Brakensiek (1983) provided
procedures, graphs, and tables for determining these parameters from soil
data.

Infiltration rates can be partially controlled by engineering and
agricultural practices, such as tillage, raking of the surface, enrichment of
soils and root systems of vegetation by organic residues, and chemical
treatment of soils. Compaction by heavy machinery and by cattle will
reduce the permeability and, hence, infiltration.

Infiltration into Frozen Soils
The physics of water movement into unsaturated soils at temperatures
below the freezing point is not simple. The presence of ice in soils affects
the soil water movement in two ways. First, permeability is reduced due
to the reduction in pore size caused by ice crystals, which also cause a
reduction in capillary suction. However, studies in Sweden (Lundin,
1989) pointed out several factors that must be considered. (1) Repeated
freezing and thawing of clayey soils actually increases infiltration by
creating more pore space due to the expansion of frozen water. (2) Water
freezing in soils is not the same process as it is on the surface. Below
freezing point temperatures, the interactions between the soil matrix and
water result in free unfrozen water surrounding the soil particles.
Romanov, Pavlova, and Kolyushnyy (1974) and others (Lundin, 1989)
pointed out that unfrozen water content of about 10% to 16% may exist in
soils at temperatures up to -20°C. The salt content of soil water further
depresses the freezing point. The result is a gradual freezing of soil water,
starting at temperatures that are below 0°C. Thus, the degree of freezing
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point depression depends on the soil characteristics and salinity of soil
water. Consequently, in many cases infiltration is reduced by the creation
of an ice crust on the surface caused by ponding rather than by a
reduction in infiltration rates. If ponding and frozen surface crust do not
occur, the speed of infiltration into fine-textured dry soils during subzero
temperatures is not drastically reduced when compared to that at above
zero temperatures.

Kane (1980) and Romanov, Pavlova, and Kolyushnyy (1974) showed
that the amount of infiltration of snowmelt for shallow snowpack (<l-m
snow depth) depends on the melt rate, soil type, and soil moisture status
at the time of freeze-up. Dry soils exhibit essentially the same or only
slightly reduced infiltration rates (after accounting for increased viscosity
when compared to those into unfrozen soils). Kane and Stein (1983) then
found that the infiltration rate into a dry silt loam frozen soil at 0°C was
about 50% of that at 15°C. The 50% decrease reflects the increased
viscosity. However, the infiltration rate was reduced by two orders of
magnitude when the soil was saturated with water. The authors in
another paper (Kane and Stein, 1983b) then concluded that the in-
filtration rate into frozen soils is inversely proportional to the total
moisture content and that the infiltration rate is controlled by the ice
content in the upper few centimeters of the soil system.

Burr and Williams (1976) measured hydraulic conductivites of frozen
soils. They also noted that frozen soils may contain considerable amounts
of unfrozen water. The hydraulic conductivity of frozen soils is about two
or more orders of magnitude smaller than that for unfrozen soils, but still
enough to produce appreciable infiltration. The measured hydraulic
conductivities for several soils ranged from 10-Scm/sec for unlensed silt
soil to 10-1°cm/sec for unlensed sand. The presence of the lenses reduces
the permeability of frozen soils.

Romanov, Pavlova, and Kolyushnyy (1974) noted that an impermeable
frozen water layer forms in frozen clayey and loamy frozen soils, when
the moisture content reaches 50% to 60% while in sands, the
impermeable layer is formed when the moisture reaches 87% to 97% of
the total pore volume.

Evaporation and Transpiration

Unlike the previously mentioned losses (surface storage and infiltration),
which are directly subtracted from rainfall to produce net (excess) rain
and surface runoff, the direct effect of evapotranspiration on the
magnitude of surface runoff is not great. A rainfall event usually implies
high humidity, which depresses the evapotranspiration rates. On the
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other hand, evapotranspiration determines the antecedent moisture
conditions of soils and surface storage which, in turn, determine the
magnitude of these losses. Hence the knowledge of evaporation and
transpiration is important in estimating the rates of recoveries of surface
storage and soil moisture storage capacity.

By definition, evapotranspiration represents water loss into the at-
mosphere by evaporation from both open water surface and soils, while
transpiration refers to water drawn from the soil zone by the root systems
of plants and vegetation and released to the atmosphere as a part of the
life cycle of plants.

Evaporation
Potential evaporation is either measured or computed. Pan evaporation
(measured) data are available from the U.S. Weather Service of the
National Oceanic and Atmospheric Administration (NOAA). It must be
realized that pan evaporation data may differ from the actual evaporation
from larger water bodies and soil surfaces. Typically, pan evaporation
measurements yield evaporation rates that are 20% to 40% higher than"
actual evaporation from land or water surfaces (Linsley, Kohler, and
Paulhus, 1982).

The models used for estimating potential evaporation are either in the
category of energy balance or aerodynamics. The energy balance es-
timates heat lost from the system by evaporation (about 590 calories are
needed to convert 1 gram of liquid water into vapor). This high heat loss
is balanced by other heat inputs and changes of temperature within the
system. Using the energy balance equation requires measurements of
several heat and energy inputs and changes of temperature. Some of
these measurements may not be readily available.

The aerodynamic models essentially describe mass transfer across the
air-water interface. The rate of vapor transfer by evaporation or
condensation is proportional to the difference in vapor content (pressure)
in the ambient air above the air-water boundary interface and the
saturation vapor pressure in the air immediately at the water’s surface.
The rate of transfer depends on the degree of turbulence and mixing in
the thin boundary layer just above the water’s surface. The mixing rate
can be determined empirically by relating it to the wind velocity above
the surface and other parameters. Over 100 empirical and semiempirical
formulas have been published in the literature (Helfrich et al., 1982;
Bras, 1990).

A majority of the evaporation formulas are of the type (Bras, 1990):

E,, = Q~ = (a + bU)(es - ea)              (3.10)Lp          Lp
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TABLE 3.5 Relation of Saturation Vapor
Pressure to Temperature

Temperature Saturation Vapor Pressure
(°C) (es, millibars=)

- 10 2.86
0 6.11
5 8.72

10 12.27
15 17.00
20 23.37
25 31.70
30 42.43

Source: From Linsley, Kohler, and Paulhus (1982).
(Copyright © 1982 by McGraw-Hill; reprinted by
permission.)
a One millibar = 100

TABLE 3.6 Coefficients for Evaporation Rate Formula
(Eq. (3.!0))

Author or Measurement a b

Lake Hefner (Marciano and 0 8.1
Harbeck, 1954) (water surface)

Harbeck (1962) for several lakes 0 10.44 x A-°’°5

(water surface)a
Penman (quoted in Priestley, 0 5.87

1959) (land surface)
Zaikov (from Braslavskii and 6.45 4.64

Vikulina, 1963) (water surfaces)

=A = surface area of the lake in hectares.

where
Ev = evaporation rate (cm/day)
Qe = heat loss by evaporation or gain by condensation (cal/cm2-day)
L = 597.3 - 0.57T = latent heat of vaporization (cal/gram of water)
19 = specific density of water (= 1 g/cm3)
U = wind speed in m/see measured 2 m above the surface
T = temperature (°C)
es = saturation vapor pressure in milibars for the water surface

temperature (Table 3.5)
ea = ambient vapor pressure in milibars measured 2 m above the surface
a,b = coefficients given in Table 3.6
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Note that 1 calorie is equivalent to 4.186 joules.
The saturation vapor pressure, es, which is a measure of the maximal

content of vapor in the air, is related to the temperature as given in Table
3.5.

Example 3.2i Calculation of Evaporation

Compare evaporation rates estimated using the formulas of Zaikov
(obtained from large reservoirs in the former USSR) and Harbeck for
U.S. lakes. The following daily average values are given:

wind velocity measured at 2 meters above the surface U -- 2.5 m/sec
relative humidity r = 50%
ambient air temperature T~ = 25°C
water temperature Ts = 20°C
surface area of the lake A = 500 ha

Relative humidity is a ratio of the actual humidity of the air to the
saturation value. At the ambient air temperature of 25°C the saturation
humidity of the air is (Table 3.5) es,, = 31.7mbar and the ambient
humidity is e,, = r × es,~ = 0.5 x 31.7 = 15.85 mbar. The saturation vapor
pressure at the water’s suface with a temperature of 20°C is 23.37 mbar.

Solution The latent heat of vaporization at the water’s surface with a
temperature of 20°C is

L = 597.3 - 0.57.20 = 585.9 cal/g

Zaikov

(6.45 + 4.64 × 2.5)(23.37 - 15.85)
Ev = 585.9 × 1

= 0.23cm/day

Harbeck

(0 + 10.44 x 500-0.05 x 2.5)(23.37 - 15.85)
Ev =

585.9 × 1
= 0.25cm/day

Transpiration and Evapotranspiration
Several methods have been developed for estimating the
evapotranspiration requirements of crops and forested areas. As defined
previously, evapotranspiration is a composite of transpiration by plants
and crops and evaporation from the soil.
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The actual rate of transpiration is a function of the type and growth
stage of the crops, the soil moisture (below or above wilting point), and
climatic conditions. Similar factors affect both transpiration and soil
evaporation; therefore, evaporation data are sometimes used as a
surrogate for the potential evapotranspiration rate. Evapotranspiration
can be related to the potential evaporation by a parameter or a function
such as that in the Evaporation Index Method described by McDaniel
(1960):

ET = Ep × KU (3.11)

where
ET = crop evapotranspiration requirement on a monthly or shorter

period basis
Ep = climatic index, which is identical to the evaporation potential from

a shallow hypothetical lake situated at the locality under
consideration

KU = crop-use coefficient, which reflects the growth and stage of crops.
Average values for crop-use coefficients are presented in Table 3.7

A similar approach has been suggested by the USDA-Agricultural
Research Service (Holtan, 1961), which proposed the following equation
for the potential evapotranspiration:

ET = KU x (Ep!k) x 13 (3.12)

where
ET = evapotranspiration potential (cm/hour or in./hr)
KU = growth index or crop-use coefficient defined previously and

given in Table 3.7
k = ratio of ET to pan evaporation, usually 1.0 to 1.2 for short

grasses, 1.2 to 1.6 for crops up to shoulder height, and 1.6 to 2.0
for forests. If evaporation is calculated, k = 1.0

Ep = calculated or measured (pan) evaporation potential (cmihr or
in./hr)

13 = a moisture stress coefficient that expresses the reduction of
evapotranspiration to plain evaporation at or below wilting point
soil moisture

13 = 1.0 if 0 ~> 015bar and

=( 0 )Awc/°13
~/

if 0 < O15bar
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TABLE 3.7 Crop-Use Coefficients for Use in Evaporation Index Method

Perennial Crops (Northern Hemisphere)

Average KU values by months

Crop                 Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Alfalfa 0.83 0.90 0.96 1.02 1.08 1.14 1.20 1.25 1.22 1.18 1.12 0.86

Grass pasture 1.16 1.23 1.19 1.09 0.95 0.83 0.79 0.80 0.91 1.91 0.83 0.69

Grapes -- -- 0.15 0.50 0.80 0.70 0.45 .....

Citrus orchards 0.58 0.53 0.65 0.74 0.73 0.70 0.81 0.96 1.08 1.03 0.82 0.65

Deciduous orchards -- -- -- 0.60 0.80 0.90 0.90 0.80 1.50 0.20 0.20 --

Sugarcane 0.65 0.50 0.80 1.17 1.21 1.22 1.23 1.24 1.26 1.27 1.28 0.80

Annual Crops

KU values at listed percent of growing season

Crop 0 10 20 30 40 50 60 70 80 90 100

Field corn 0.45 0.51 0.58 0.66 0.75 0.85 0.96 1.08 1.20 1.08 0.70

Grain sorghum 0.30 0.40 0.65 0.90 1.10 1.20 1.10 0.95 0.80 0.65 0.50

Winter wheat~ 1.08 1.19 1.29 1.35 1.40 1.38 1.36 1.23 1.10 0.75 0.40

Cotton 0.40 0.45 0.56 0.76 1.00 1.14 1.19 1.11 1.83 0.58 0.40

Sugar beets 0.30 0.35 0.41 0.56 (I.73 0.90 1.08 1.26 1.44 1.30 1.10

Cantaloupes 0.30 0.30 0.32 0.35 0.46 0.70 1.05 1.22 1.13 0.82 0.44

Potatoes (Irish) 0.30 0.40 0.62 0.87 1.06 1.24 1.40 1.50 1.50 1.40 1.26

Papago peas 0.30 0.40 0.66 0.89 1.04 1.16 1.26 1.25 0.63 0.28 0.16

Beans 0.30 0.35 0.58 1.05 1.07 0.94 0.80 0.66 0.53 0.43 0.36

Riceb 1.00 1.06 1.13 1.24 1.38 1.55 1.58 1.57 1.47 1.27 1.00

Source. From Handbook of Applied Hydraulics, by Davis and Sorensen (1969). Copyright (~) 1969 by McGraw-Hill. Used with the permission of the McGraw-

trill Book Company.
~ Data given only for springtime season of 70 days prior to harvest (after last frost).
b Evapotranspiration only.
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0 = soil moisture
AWC = 00.3bar -- 015bar = plant available soil moisture capacity
G = S - 00.3bar = gravitational soil water moisture

Other methods for estimating evapotranspiration include the Blaney-
Cridle, and the modified Penman and Lowry-Johnson methods. The
reader is referred to standard hydrology texts (Bras, 1990; Chow, 1964;
Davis and Sorensen, 1969; Gray, 1973; Chow, Maidment, and Mays,
1988) for further reference.

Snowpack Formation and Snowmelt

Knowledge of snow hydrology is important in diffuse-pollution studies.
Snow, which in the northern latitudes of North America and Europe may
stay on the ground for several months, is a surface trap of pollutants
deposited from the atmosphere. In addition, by the process of repeated
crystallization and the melting of snow in the snowpack, dissolved
pollutants are rejected by the crystals and become available for fast
pickup by melt water, resulting in a strong "first flush" effect. Snow
precipitation has much less energy than rain droplets. Consequently, the
erosion of soils during snowfall or snowmelt is minimal.

The main elements determining the amount of snowmelt are
meteorological factors, such as temperature, solar radiation, and wind
velocity. An accurate determination of snowpack accumulation and
subsequent snowmelt is not simple. For example, in urban areas in
addition to meteorological inputs, the heat balance of the snowpack and,
hence, the quantity of snowmelt, are also affected by heat losses from
buildings and traffic, by deicing operations (street salting), coloration of
the snowpack, and by snow removal and dumping.

In the most simple concept, the volume of snowmelt from a snowpack
is related to the ambient temperature deviation from a reference
equilibrium temperature such as in the following degree-day formula

APs = -SM = CD x (T.- Tr) for T.> Tr

APs = P                    for Ta <~ Tr      (3.13)

where
APs = change of water equivalent in the snowpack (cm/day)
SM = snowmelt (cm/day)
P = water equivalent in precipitation (cm/day)
T,, = ambient temperature (°C)
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Tr = reference equilibrium temperature (°C)
CD = a proportionality coefficient (also called a degree-day coefficient)

(cm/°C-day)

In most technical applications, the equilibrium reference temperature,
Tr, is assumed to be 0°C. The proportionality (degree-day) coefficient,
CD, is an empirical quantity loosely correlated to the meteorological
conditions of the season. Empirical values of the degree-day coefficient
reported in the literature ranged from 0.1 to 1 cm/°C-day, with values
between 0.2 and 0.5cm/°C-day the most common (Bengtsson, 1982;
Westerstr6m, 1984; Ellena and Novotny, 1985). The simple degree-day
coefficient is also assumed to vary with the season, as shown on Figure
3.12. Due to its simplified nature, the degree-day model has been
subjected to critique and modifications. For example, Bengtsson (1984)
added a solar radiation component, which, as documented by Ellena and
Novotny (1985), has markedly improved the performance of the model.

Advanced models for snowmelt estimation use some kind of the
energy balance method. The most comprehensive study of the process of
meltir~g and components of the snowpack energy (heat) balance was
undertaken by the U.S. Army Corps of Engineers (1956). Anderson and
Crawford (1964) incorporated this concept into the Stanford Watershed
Model, which is a predecessor to the HSP-F watershed model distributed
by the U.S. Environmental Protection Agency (see Chapter 8 for a
description of the model).

hi

lad
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FIGURE 3.12. Degree-day factor for snowmelt computations. (From Gray, 1973.)
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The energy balance concept is based on the fundamentals of the
physics of melting. The heat balance equation for the snowpack can be
written as follows (U.S. Army Corps of Engineers, 1956; Ellena and
Novotny, 1985; Novotny, 1988):

AQ = QSAB + QATM ÷ QF~ + QP + Qc + Qc, (3.14)

where
AQ = net change of the heat content of the snowpack
QsAr~ = absorbed (net) direct solar radiation
QATM = net atmospheric (long wave) radiation
QE = latent heat transfer due to the condensation-evaporation-

sublimation process, which in the absence of direct mea-
surements, can be estimated by Equation (3.10)

Qc = sensible heat transfer between air and snow
Qp = heat content of precipitation
Q6 = heat gain or loss due to other sources or sinks (in urban areas it

also includes heat gains from vehicles, as well as from
exothermic dissolution of salt for deicing)

The units of the energy (heat) balance equations are calories cm-2 hr-1
or joules m-2. At the melting point, the heat content of the snowpack,
Q,,,, is

Om= TmcppsD (3.15)

where
Tm = the melting point temperature (°C)
Cp = specific heat calories/g or W/kg
Ps = specific density (g/cm3 or kg/m3)
D = snow depth in centimeters or meters

If, due to increased heat input, the energy (heat) content of the
snowpack exceeds the energy needed to melt the snow (Q,,), 1 g of water
will melt for each 79.7 calories of the heat excess, or

O - OmSM - (3.16)
79.7Qt

where
SM = resulting melt in centimeters
Qt = thermal quality of the snowpack (= 1.0)
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The melting point temperature is a function of salinity or the molar
concentration of salts in the water (snow) solution. The melting point is
lowered by approximately 0.7°C for each 10g of salt added to 1 liter of
water equivalent of snow. For salt-free snow T,~ = 0°C, therefore, Qm =
0. Furthermore, salt dissolution is an exothermic process that is heat
generated by the dissolution of salt.

The magnitude and models of each component of the snowpack energy
balance have been described in detail by Novotny (1985), Ellena and
Novotny (1985), U.S. Army Corps of Engineers (1956), and others. As
most of the energy components vary throughout the day, the snowmelt
rates are also variable, so it may be inappropriate to use average daily
values.

Of note is the approximate magnitude of snowmelt rates. Assuming a
clear, sunny day in late February, the average incoming solar radiation at
latitude 46° is about 20cal/cm2-hr. During clear, dry conditions with the
ambient air at 10°C, the net radiation heat loss and condensation heat
gain are about equal. The albedo (reflectivity of direct solar radiation) of
urban snow varies between 20% for dirty saturated snow to more than
85% for freshly fallen snow. From Equation (3.16) it follows that the
maximum runoff rate from melting snow is only about 0.15 cm/hr. This is
much lower than runoff rates resulting from typical design storms, and
lower than most potential rates of infiltration into dry or moderately wet
frozen soils. Hence, surface runoff generation from snowpack over a
permeable soil is generally possible only if a frozen layer of solid ice is
formed on the surface.

RAINFALL EXCESS DETERMINATION:
SURFACE RUNOFF
Design Storm

In most designs of hydrologic systems the designer is faced with the task
of selecting the so-called design storm. This type of input information is
especially important for flood-mitigation projects. It will be pointed out
throughout this book, however, that the abatement of diffuse pollution
should be focused on precipitation events that are frequent, typically
medium magnitude storms with rainfall depths ranging from 1.2 to 3.5 cm
(0.5 to 1.5in.), which would occur several times each year rather than
rare large storms.

The isopluvial depths (isohyets) of a typical medium-size one-hour
storm with a recurrence time of once per year are shown on Figure 3.13.
Such maps for design storms in the United States are prepared by the
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FIGURE 3.13. Isoplux5al map of the United States for once-per-year, 1-hr-long rainfall in
millimeters, published by the U.S. Weather Service (to convert from mm/hr to lisec-ha,
multiply by 2.78, 1 in. = 25.4 mm).

National Weather Service. Figure 3.14a is a normalized duration-intensity
curve. It has been found (first by Karl Imhoff in the 1920s, see Novotny
et al., 1989) that the relationship between the average intensity within a
storm and the storm duration are similar for most of European and U.S.
locations, with the exception of Pacific coastal areas and Hawaii. If the
duration-intensity curves are normalized by the one-hour, once-per-year
storm depths, a unified duration-intensity curve is obtained. Figure 3.14b
is then used to modify the design storm for different recurrence intervals.
The use of Figures 3.13 and 3.14 is illustrated on the following example.

Example 3.3: Selection of the Design Storm

Determine the intensity of a twice-a-year design that has a duration of 30
minutes. The watershed is located in the Chicago, Illinois, metropolitan
area.

Solution Read the intensity of the standard 1-year, 1-hr-duration storm
from the isopluvial map in Figure 3.13. Therein rl = 32.Smm/hr. To
convert this 1-year, 1-hr storm to the desired ,}-year, 30-min design storm,
first read the magnitude of the duration multiplier from the upper portion
of Figure 3.14. For Chicago ~bl = 1.4. Then from the lower portion of
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FIGURE 3.14. Normalized storm-duration-frequency-intensity curves for several
geographical locations. (From Novotny et al., 1989. Copyright (~ 1989; reprinted by
permission of John Wiley & Sons, Inc.)

Figure 3.14 read the frequency multiplier, qb,,, which is qb" = 0.75. Hence
the average intensity of a design storm of 30-minutes duration that occurs
approximately twice a year, is

I = ¢~¢.r~ = 1.4 x 0.75 x 32.5 = 34.12mm/hr

Rainfall Excess from Pervious Areas

Rainfall Excess by Subtracting Losses from
Precipitation
From the foregoing discussion and referring to Equations (3.1) to (3.3), it
is now clear that surface runoff, which is often the most polluted
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component of the total runoff, will be generated from a surface only
when precipitation or snowmelt is greater than the losses, that is,

Rs= P- Si - S,~- fAt

if

P > Si + Sd +fAt

and

Rs = O for P <~ Si + Sa + fAt (3.17)

The term rainfall excess or net rain is used to denote the simple
numerical subtraction of the losses from the precipitation volume. This
differentiates it from surface runoff, which refers to that part of the flow
in the receiving body of water that was generated by rainfall excess. The
unit for rainfall excess is depth of water on the surface from the excess
rain generated during a time interval, while the unit for surface runoff is
volume/time. A time lag between maximum rain excess and the peak of
the surface runoff is typical for all but very small drainage areas. This
time lag (called peak time) is due to overland and channel flow routing.

There are several procedures for estimating rainfall excess. The
definition of excess rainfall excludes the use of the formulas that are
based on a proportionality between the rainfall and runoff, such as the
well-known rational formula presented in the next section. Two methods
presented here are: (1) numerical subtraction of losses from precipitation,
and (2) the Soil Conservation Service Runoff Curve Method. Any
infiltration formula can be used for estimating infiltration losses; however,
Holtan’s infiltration equation is used in Example 3.4.

Example 3.4: Numerical Rainfall Excess Determination by
Subtracting Losses

Determine the rainfall excess from a storm with the hyetograph given in
the top portion of Figure 3.15. A dry period preceding the storm lasted 5
days. The evaporation rate during the dry period averaged 0.3cm/day.
The area is covered by small grains and has an average slope of 2%. For
this slope and surface, the combined depression and interception storage
can be read from Figure 3.3 as 0.62cm. The soil and infiltration
characteristics are similar to Example 3.1. Gravitational moisture content
(field capacity) is G = 50 (porosity - 0.3-bar moisture) = 7.5 cm.
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FIGURE 3.15. Rainfall _ ~, ~            ~SURFACESTORAGE
hyetograph, subtractions, and
excess rainfall for Example 3.4. 6. _ ......j

Solution The initial soil moisture and available storage capacity can be
computed, assuming that the soil was saturated during the preceding rain
and that the crop use factor, KU, is close to one. Since the saturation
permeability is 2 cm/hr, the soil moisture reached 0.3-bar moisture shortly
after the preceding rain. Hence, the initial available storage capacity
becomes

Fp(O) = G+ETx 5days=7.5+0.3 x 5= 9.5cm

The parameter a for Holtan’s infiltration equation can be read from
Table 3.3. For small grains the parameter is between 0.07 and 0.14. Select
a = 0.1. Then for Fp(O) = 9 cm, the initial infiltration rate is

f(0) = 0.1(9.0)TM ÷ 2 = 4.17cm/hr

The excess rain is computed in 15-min time intervals by the
simultaneous solution of the following equation (based on Eq. (3.1))
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Rs = P - aid --fat

if P > Sd + fat then aid = 0 AFp = (L - f)At    (3.18)

and

Rs = 0 if P ~ Sid @ fat

with

-ASia = P - fat

fat = P + ASia if (aF~p4 + fc) > ( P + ASid)/At

AFp = (fr -- f)At

and fr = 0, if soil moisture is below 0.3-bar tension (of Fp > G).
During the rainy period the recovery of surface and soil water storage

by evapotranspiration is minimal. The computation and results are given
in Table 3.8 and Figure 3.15.

Rainfall Excess by the Soil Conservation Method
The Soil Conservation Service has developed a method for estimating
rainfall excess that does not require computing infiltration and surface
storage separately. Both runoff characteristics are included as just one
watershed characteristic. The method has evolved from analysis of
numerous storms under a variety of soil and cover conditions.

In the SCS method the excess rain volume, Q, depends on the volume
of precipitation, P, and the volume of total storage, S, which includes
both the initial abstraction and total infiltration, Ia. The relationship
between rainfall excess and total rainfall (on a 24-hour basis) is thus
(SCS, 1968; McCuen, 1982)

(P - la)2
Q = (P - I,,)+ S (3.19)

The initial subtraction operation is a function of land use, treatment, and
condition; interception; infiltration; depression storage; and antecedent
soil moisture. An empirical statistical relationship relates the initial
subtraction to the total storage as

I,~ = 0.2S (3.20)
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TABLE 3.8 Rainfall Excess Calculation

Available
Precipitation Depression and Soil Moisture Net Rain

Time Intensity during Precipitation Interception Infiltration Storage Excess Rain Intensity,

Interval the Time Interval Volume, P Storage, Sid ASiaa Volumeb Capacity, Fpc Volume, Rs Rs/t
(min) (cm/hr) (cm) (cm) (cm) (cm) (cm) (cm) (cm/hr)

(I) (2) (3) (4) (5) (6) (7) (8) (9)

0-15 3.0 0.75 0.62 0.0 0.75 9.0 0.0 0.0
0.62 8.25

15-30 12.0 3.00 0.0 -0.62 0.96 7.40 1.42 5.68
30-45 8.0 2.00 0.0 0.0 0.90 7.00 1.10 4.40
45-60 1.6 0.40 0.47 +0.47 0.87 6.63 0.00 0.00

60-75 0.0 0.0 0.62 +0.15 0.15 6.98 0.00 0.00

a ASid = fat - P, min S~a = 0, max Sial = 0.62cm.
b Infiltration volume = fat or = P + S~d, whichever is less.
CAFp = (f, - ]’) At, f, = fc if Fp < G, f, = 0 if F~, > G; rate of exhaustion of the soil moisture storage capacity reduced at F~, = 7.5cm.
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Substituting Equation (3.20) into (3.19) yields

(P- 0.2S)2
Q = (3.21)(P + o.8s)

The cumulative infiltration is also

F=(P-I,~)-Q

and, after substituting from Equation (3.19),

F = (P + /~) x S (3.~2)(P+lo)+s

Note that Equation (3.21) has been reduced to only one unknown, the
storage parameter S. This parameter (in millimeters) can be obtained
from

25,400
S -

CN 254 (3.23)

where CN is the runoff curve number that can be obtained from Table
3.9. All parameters in Equations (3.19)-(3.23) are in millimeters; P and
Q represent daily precipitation and runoff volumes.

The relation between excess rain (runoff) volume, precipitation, and
storage for different runoff curve numbers is plotted on Figure 3.16. The
watershed soil moisture conditions for determining the runoff curve
numbers have been classified by the SCS as follows:

AMC I: A condition of watershed soils where the soils are dry but not to
the wilting point, and when satisfactory plowing or cultivation takes
place.

AMC II: The average case for annual floods, that is, an average of the
conditions that have preceded the occurrence of the annual flood on
numerous watersheds.

AMC III: If heavy rainfall or light rainfall and low temperatures have
occurred during the 5 days prior to the given storm and the soil is
nearly saturated.

Table 3.9 gives the curve numbers for the average antecedent soil
moisture AMC II. The corresponding curve numbers for AMC I and
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TABLE 3.9 Runoff Curve Numbers for Hydrologic Soil Cover Complexes (Antecedent Soil
Moisture Conditions AMC = II)

Hydrologic Soil Groups

Land-Use Description and Cover A B C D

Residentiala

Average Lot Size Average Imperviousnessb (%)
0.05 ha (1/8 acre) 65 77 85 90 92
0.10ha (1/4 acre) 38 61 75 83 87
0.15ha (1/3 acre) 30 57 72 81 86
0.20 ha (1/2 acre) 25 54 70 80 85
0.4 ha (1 acre) 20 51 68 79 84

Paved parking lots, driveways, etc.c 98 98 98 98
Streets and roads

Paved, with curbs and storm sewers 98 98 98 98
Gravel 76 85 89 91
Dirt 72 82 87 89

Commercial and business    85 (average) 89 92 94 95
Industrial districts 72 81 88 91 93
Open spaces, lawns, golf courses, cemeteries, etc.

Good condition, grass cover on 75% or more of the area 39 61 74 80
Fair conditions, grass cover on 50% to 75% of the area 49 69 79 84

Hydrologic
Conditions

Fallow Straight row -- 77 86 91 94

Row crops Straight row Poor 72 81 88 91
Straight row Good 67 78 85 89
Contoured Poor 70 79 84 88
Contoured Good 65 75 82 86
Contoured and terraced Poor 66 74 80 82
Contoured and terraced Good 62 71 78 81

Small grain Straight row Poor 65 76 84 88
Straight row Good 65 75 83 87
Contoured Poor 63 74 82 85
Contoured and terraced Poor 61 72 79 87
Contoured and terraced Good 59 70 78 81

Close-seeded Straight row Poor 66 77 85 89
legumesa or Straight row Good 58 72 81 85
rotational Contoured Poor 64 75 83 85
meadow Contoured Good 55 69 78 83

Contoured and terraced Poor 63 73 80 83
Contoured and terraced Good 51 67 76 80
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TABLE 3.9 Continued

Hydrologic Soil Groups

Land-Use Description and Cover A B C D

Pasture or range Poor 68 79 86 89
Fair 49 69 79 84
Good 39 61 74 80

Contoured Poor 47 67 81 88
Contoured Fair 25 59 75 83
Contoured Good 6 35 70 79

Meadow Good 30 58 71 78
Woods or forest land Poor 45 66 77 83

Fair 36 60 73 79
Good 25 55 70 77

Farmsteads -- 59 74 82 86

Source: After Soil Conservation Service (1968).
a Curve numbers are computed assuming the runoff from the house and driveway is directed toward the
street with a minimum of roof water directed to lawns where additional infiltration could occur.
b The remaining pervious areas (lawns) are considered to be in good pasture condition for these curve
numbers.
c In some warmer parts of the country a curve number of 95 may be used.
d Close-drilled or broadcast.

2OO
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0 50 100 150 200 250 300
24 h~. PRECIPITATION, P (ram)
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TABLE 3.10 Runoff Curve Number Correction for AMC I
and AMC IH

Co~esponding CN for AMC
CN for AMC
Condition II Condition I Condition III

100 100 100
95 87 99
90 78 98
85 70 97
80 63 94
75 57 91
70 51 87
65 45 83
60 40 79
55 35 75
50 31 70
45 27 65
40 23 60
35 19 55
30 15 50
25 12 45
20 9 39
15 7 33
10 4 26
5 2 17
0 0 0

Source: After Soil Conservation Service (1968).

AMC III can be read from Table 3.10 if the CN for AMC II are known.
The correction for the curve numbers can also be calculated from

empirical equations given by Chow, Maidment, and Mays (1988) as

4.2 CN(II)
CN(I) = 10 - 0.058CN(II) (3.24a)

and

23 CN(II)CN(III) = 10 + 0.13 CN(II) (3.24b)

Table 3.11 provides seasonal rainfall limits for the three antecedent soil
moisture conditions.
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TABLE 3.11 Determination of Antecedent Soil Moisture
Conditions

Total 5-day Antecedent Rainfall (mm)
AMC        Dormant Season         Growing Season

I Less than 12.5 Less than 35
II 12.5-28 35-53
III Over 28 Over 53

Source: After Soil Conservation Service (1968).

Example 3.5: Estimation of Daily Excess Rain by the SCS Method

Estimate the rainfall excess for the storm using the SCS method. The
following information is given:

Total precipitation P = 61.5 mm
Hydrologic soil group C
Antecedent 5-day rainfall (dorrfiant season) 35 mm
Surface cover--grass

Solution Using the information given in Table 3.11 the antecedent soil
moisture conditions are AMC III. From Table 3.9, which gives the
information on runoff curve numbers for AMC II the runoff curve
number for grass (meadow) and soil hydrologic group C is CN = 71. The
correction for AMC III is read from Table 3.10. By interpolation, the
corresponding curve number for AMC III is 83.

The storage parameter is then (Eq. (3.23))

2540
S - 254 = 52 mm

83

The depth of excess rainfall becomes (Eq. (3.21))

(61.5 - 0.2 × 52)2
Q = = 25.3mm

(61.5 + 0.8 × 52)

Excess rain can also be read from Figure 3.16.
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TABLE 3.12 Calculation of Excess Rain from a Hyetograph

Cumulative
Precipitation

Time Rainfall (volume. mm)
Interval Intensity f(Pr-at) f(Pr) Excess Rain, AQ
(min) (mm/hr) t - At t (mm) (mm) (ram) Cumulative Q
(1) (2) (3) (4) (5) (6) (7) (mm) ,

0-15 30.0 0.0 7.5 0.0 0.0 0.0 0.0
15-30 120.0 7.5 37.5 0.0 9.31 9.31 9.31
30-45 80.0 37.5 57.5 9.31 22.39 13.08 22.39
45-60 16.0 57.5 61.5 22.39 25.33 2.94 25.33

Note: Column (4)= column (3) + column (2) x At [hr].

Example 3.6: Excess Rain by the SCS Method from a Hyetograph

The SCS method also enables a detailed but approximate estimation of
excess rainfall from a hyetograph, such as the one shown on Figure 3.15.
In this example, the excess rainfall in a 15-minute interval will be
determined following the relationship expressed by Equation (3.21).
From the equation

AQ = f(P,) - f(Pt-At)

where f is the function expressed by Equation (3.21). The calculation is
shown in Table 3.12. In the calculation, S = 52mm (from the previous
example) and Q = 0 if P < 0.2S = 0.2 × 52 = 10.4mm.

Rainfall Excess from Impervious Areas

Because of the surface impermeability and small-depression storage, the
impervious areas (asphalt and concrete pavements, rooftops, etc.) appear
to be 100% active (i.e., they generate surface runoff even during small
rains). However, not all of the rainfall excess will appear as surface
runoff. Thus the impervious area from which excess rain overflows onto
adjacent pervious surfaces and, subsequently, into soils is considered to
be not directly connected. Such cases include roof drains and driveways
overflowing onto lawns, roadways and other impervious surfaces with
poor or no apparent drainage, and parking lots separated by pervious
areas. The rainfall excess generated on impervious areas that overflows
onto adjacent pervious areas is added to the hydrological balance of the
pervious area, that is, the depth of precipitation should be increased by
the corresponding amount of overflow from adjacent impervious surfaces.
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0.4.
I

02-
FIGURE 3.17. Relation of the
fraction of the impervious surface

0 "" ~ I I I I directly connected to the channel

0 zo 40 6o 8o Ioo drainage system (DC parameter) to the
total imperviousness of the area.

TOTAL IMPERVIOUS AREA, % (Adapted from Anon., 1972.)

It is apparent that a fraction of the impervious areas directly connected
to the drainage system increases with the degree of urbanization reflected
in the total imperviousness of the area. Rainfall excess on impervious
surfaces in predominantly rural areas will mostly overflow onto adjacent
pervious surfaces or pervious road ditches. In densely built-up urban
zones, there may not be pervious surfaces available, so all runoff will be
connected to a sewer or channel drainage system. An approximate
relation of the fraction of the directly connected impervious surfaces
(DC) to the total imperviousness of the area is shown on Figure 3.17.

In rural zones, during medium- and low-intensity storms, when most of
the surface runoff originates from impervious surfaces, the volume of the
surface runoff might be sensitive to the magnitude of the parameter DC.
It is therefore recommended that the value of the DC factor be estimated
and verified by comparison of the computed surface runoff volumes to
measured field observations. Commonly during modeling, the DC factor
is a calibration parameter. Areas with storm or combined sewers will
have a much higher DC factor than unsewered areas.

Hydrologically Active Areas

Based on the net rain estimation, it is evident that not all areas within the
watershed will generate surface runoff and, thus the diffuse pollution
associated with it. The areas that will produce surface runoff are called
hydrologically active, while the rest of the basin contributes only to
interflow and base flow (they may also be contaminated by dissolved
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watersheds. (After Engman, 1974.) INTERVAL INTERVAL

pollutants and ions). The areas showing the highest hydrological activity
are obviously connected to impervious surfaces (even in this instance the
depression storage must be subtracted), followed by clayey soils with low
permeability, frozen soils with a high moisture content, soils with a high
ground-water table, and highly compacted soils.

Areas with high surface storage, such as woods and fiat cropland and,
generally, soils with high permeability rates, have the lowest hydrologic
activity, and often generate surface runoff only during extreme storms.
Remember that the hydrological activity of an area is a stochastic
hydrologic phenomenon and that the surface runoff is not generated
uniformly over the entire watershed. The extent of the hydrologically
active portion of the watershed also changes with the rainfall
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characteristics, antecedent soil conditions, and surface characteristics.
The contributing hydrologically active area will be smaller for storms with
a small recurrence interval and will increase with the magnitude of the
storms and their recurrence interval. Figure 3.18 shows an example of
contributing areas for 2-year- and 10-year- recurrence storms in a
watershed.

Identification of the areas that have a tendency to be hydrologically
active is a necessary step in the abatement of diffuse pollution. These
areas contribute to sediment and all surface runoff pollution. Hy-
drologically active areas can be determined by field surveys, plane and
satellite photogrammetry and imagery, and by hydrological modeling.
Topsoil distribution of a radioactive isotope cesium 137, which originated
in the atmospheric nuclear weapon tests of the 1950s, will indicate
erosive, hence hydrologically active areas (Ritchie, Sparberry, and
McHenry, 1974). Chapter 5 contains a more detailed discussion on the
methods of identifying erosive lands.

Reducing hydrological activity, for example, by increasing surface
storage or permeability, or by draining high ground-water levels, is one of
the most effective measures to abate diffuse pollution potential. Simiiarly,
"disconnecting" the connected impervious areas is one of the most
effective measures of controlling both flooding and pollution by urban
runoff (Livingston and Roesner, 1991). This control can be accomplished
by letting the roof drains overflow onto the adjacent pervious areas,
incorporating infiltration into the drainage system, and other means that
are discussed in Chapter 10.

OVERLAND ROUTING OF THE
PRECIPITATION EXCESS
Excess or net rain can be imagined as the depth of water on the surface
contributing directly to surface runoff. Overland flow routing is a process
by which excess rain is transformed into surface runoff flow. In contrast,
channelflow routing is a process by which a flow or flood wave is modified
as it moves downstream through the channel system. It is defined as a
procedure whereby the time and magnitude of a flood wave is determined
at a point in a stream from the known or assumed data at one or more
points upstream (Chow, 1964).

The watershed size and the length of the overland flow, along with the
roughness and slope characteristics, volume and intensity of precipitation,
and percent of imperviousness, seem to be the most important factors
affecting the shape and magnitude of the surface runoff hydrograph. For
larger drainage areas, the hydrograph curve is also affected by channel
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routing. The channel portion of the routing process may not be significant
for small watersheds of up to 5 km2. Channel routing is a process that
depends on the hydraulic characteristics of the channel.

Although the hydrograph shape seems to be of lesser importance in
diffuse-pollution control than the determination of rainfall excess, the
hydrograph evaluation is necessary if the impact of diffuse pollution on
receiving waters is studied. Furthermore, it is demonstrated in Chapter 5
that the delivery of pollutants from the source area to a receiving body of
water is affected by the characteristics of the hydrograph, namely, by the
slope of the receding portion of the hydrograph.

The literature on storm-water and flow routing is quite extensive, and
the most recent references include those by Bras (1990), McCuen (1982),
Chow, Maidment, and Mays (1988), Gray (1973), Hall (1984), and
Viessman, Lewis, and Knapp (1984).

Early overland flow-routing models are known as the rational formula
and the unit hydrograph. Both concepts are oversimplified, though found
to be theoretically sound.

Rational Formula
The origin of the rational formula, known in Great Britain as the Lloyd-
Davis Formula, can be dated back to the second part of the nineteenth
century, since when it has been used for the design of storm and
combined sewer and drainage systems. It relates the peak flow of runoff
in a sewer or drainage basin outlet to the rain intensity as

Qp = CIA (3.2~)

where
Qp = peak runoff discharge (1/min or cfs)
C = a runoff coefficient depending on the characteristics of the drainage

area
I = the average rainfall intensity during a specified time interval called

the time of concentration (mm/min or in./hr)
A = area (m2 or acres).

The time of concentration is the time required for surface runoff to
travel from the remotest part of the drainage area to the point of
consideration (sewer inlet or sewer or watershed outlet). It consists of the
overland flow time (inlet time) and sewer or channel flow time. The flow
time in sewers may be estimated from the hydraulic properties of the
conduit. The overland flow time is related to the watershed slope,
roughness, length of the overland flow, and storm characteristics. The
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TABLE 3.13 Runoff Coefficients for the Rational Formula

Description of the Area

Urban Areas Runoff Coefficient
Busines

Downtown 0.7-0.95
Neighborhood 0.5-0.7

Residential
Single family 0.3-0.5
Multiunits--detached 0.4-0.6
Multiunits--attached 0.6-0.75

Residential--suburban 0.25-0.4
Apartments 0.5-0.7
Industrial

Light 0.5-0.8
Heavy 0.6-0.9

Pavements
Asphalt and concrete 0.7-0.95
Bricks 0.7-0.95

Roofs 0.75-0.95
Lawns--sandy soils

Flat, slope 2% or less 0.05-0.10
Average, slope 2%-7% 0.10-0.15
Steep, greater than 7% 0.15-0.20

Lawns--tight soils
Flat, slope 2% or less 0.15-0.17
Average, 2%-7% 0.18-0.22
Steep, greater than 7% 0.25-0.33

Rural areas Value of Ca
Topography
Flat land with slopes less than 1% 0.3
Rolling land with average slopes 1%-3% 0.2
Hilly land with average slopes of 3%-6% 0.1

Soil
Tight, impervious clay 0.1
Medium, combination of clay and loam 0.2
Open, sandy loam 0.4

Cover
Cultivated land 0.1
Woodland 0.2

Source: Data tor urban areas from American Society of Civil
Engineers (1982) and for rural areas from Gray (1972).
°The magnitude of the runoff coefficient, C, is obtained by adding
values of C’s for each of the three factors (topography, soil, and
cover) and subtracting the sum from unity. For example, for flat
cultivated watershed with medium soils C = 1 - (0.3 + 0.2 + 0.1) =
0.4.
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nature of the time of concentration and its relation to the peak time of
the hydrograph are discussed in the next section. In sewered watersheds,
however, the overland flow time to the nearest inlet may be very short,
ranging between 5 and 30 minutes. In well-developed areas with closely
spaced storm inlets, an inlet time of 5 minutes is common, whereas in flat
residential districts with widely spaced street inlets, inlet times of 20 to 30
minutes are customary (Novotny et al., 1989).

The runoff coefficient, C, of the rational formula given in Table 3.13 is
a ratio of the peak runoff flow to the rainfall intensity of a constant,
longer duration rainfall. This is not hydrologically correct since runoff
is a residual of precipitation after losses are subtracted, which was
documented in the previous section. Thus the coefficients given in Table
3.13 are only approximations. The rational formula estimates directly the
peak runoff rate and indirectly rainfall excess, since under certain
circumstances the coefficient C also expresses the relation between
rainfall excess and total rainfall. Theoretically, C would equal one if
rainfall excess during the time of concentration was used instead of the
total rainfall.

A good discussion on the nature of the rational formula and its
coefficients is given in Hall (1984), who states that the runoff coefficient
should be considered as an "impermeability" factor, which is more logical
than to consider it as a proportionality factor. An obvious simplifying
assumption is to use the ratio of paved (impervious), connected surfaces
to the total area as an estimate of the runoff coefficient.

If the drainage area is not homogenous, the area must be first divided
into homogenous segments (roofs, streets, lawns) with partial areas
A2, A3, etc. The average runoff coefficient, C, can then be computed
using the coefficients for the partial surface areas, C1, C2, C3, etc., as
follows

A~C1 + A2C2 + A3C3 + "’"
C = (3.26)

A1 +A2 +A3 +...

An accurate estimation of the runoff coefficient is the most important
task of the entire calculation, as can be seen when considering the large
differences between the values in Table 3.13. The values of the
coefficients, C, in the table correspond to rather fiat catchments; larger
runoff coefficients should be selected for steeper catchments.

Example 3.7: Rational Formula

Determine peak runoff and approximate runoff hydrographs from a
uniform rainfall with an average intensity of 20 mm/hr, lasting two hours.
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Solution The residential watershed with an area of 50 hectares is
composedof the following:

Roofs: 25% (C = 0.9)
Asphalt pavements: 25% (C = 0.8)
Lawns on fiat tight soils: 50% (C = 0.15)

The watershed is drained by a 0.6-km-long storm sewer with a design flow
velocity of 1.5 m/sec.

1. Estimated average runoff coefficient

0.25 x 0.9 + 0.25 x 0.8 + 0.5 x 0.15
C = = 0.505

0.25 + 0.25 + 0.5

2. Estimated time of concentration

Overland flow time: assume 30 min

Sewer time = length/velocity = 750(meters)/1.5(m/sec)
= 500 sec = 8.33 min

Total time of concentration is 38.3 minutes which is less than 2 hrs. The
peak flow is

Qp= 0.505 × 20(mm/hr) × (1/60hr/min) × 50(ha) × 104(m2/ha)
= 84 166(1/min)/[60(sec/min)/1000(1/m3)]
= 1.402 m3/sec

The approximate surface runoff hydrograph is plotted in Figure 3.19.
Note that the time length of the ascending and recessed limbs of the
hydrograph are approximately equal to the time of concentration.

The Unit Hydrograph
The concept of the unit hydrograph was conceived by hydrologists more
than 60 years ago (Sherman, 1932), mostly from observations without
theoretical mathematical development, which followed later.

Chow (Chow, Maidment, and Mays, 1988) defined two basic dif-
ferential equations governing overland flow. The first equation is an
equation of continuity, such as

dS
-- = I- Q (3.27)
dt
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FIGIYR£ 3,]9. Simplified hydrograph for Example 3.7 (rational formula).

where
S = water storage within the watershed system
I = input (excess rainfall)
Q -- output (runoff flow)
t = time

The second equation relates the outflow rate to the amount of storage
and to the inflow. At this point this equation will be represented by a
general equation, such as

Q = f(S,I) (3.28)

Chow and coworkers have then shown that this general storage-input-
output relationship can be expressed using the so-called convolution
integral

f0
t

Q(t) = h(’QI(t - "r) dz, (3.29)
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where
h(~) = the ordinate of the instantaneous unit hydrograph (IUH)
~: = lag time

The instantaneous unit hydrograph in Equation (3.29) is the watershed
response to a short-duration unit rainfall. Theoretically, to conform with
the mathematics, the duration of the rainfall pulse defining the unit
hydrograph should be infinitesimally small to instantaneous. The input-
output relationship expressed by Equations (3.24) to (3.26) is typical for
linear systems, that is, for systems where the shape of the unit hy-
drograph does not depend on the magnitude of the input or output of
the system. The unit hydrograph concept defined herein corresponds to
the linear system representation.

Under the assumption of linearity the following two theorems hold:

1. If the input of Equation (3.28) is multiplied by a constant, such as
c × I, then the output is also multiplied by the same constant, or
c × Q (principle of proportionality).

2. If two solutions fl(Q) and f2(Q) of Equation (3.29) are added, the
resulting solution fl(Q) + f2(Q) is also a solution of the equation
(principle of superposition).

Based on these two theorems any excess rainfall input can be broken
down into the rainfall pulses of the same duration as the unit rainfall
input defining the unit hydrograph. The volume of the rainfall pulse is
then the multiplier determining the magnitude of the individual response
hydrograph. All individual response hydrographs are then summed up as
shown graphically on Figure 3.20. The same principle is incorporated into
several hydrologic models as an overland flow-routing routine.

o

TIME l’ LAG TIME ’1; TIME l’

FIGURE 3.20. Graphical convolution of excess rainfall into runoff
using unit hydrograph concept.
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V- shaped watershed Cascade watershed

FIGURE 3.21. Representation of watersheds in simple lumped-parameter
rainfall- runoff models.

The principle of linearity implied in the unit hydrograph concept was
subsequently questioned. Horton (1939b) and Izzard (1946) showed that
the ordinates of the unit hydrograph, its peak time, as well as the time of
concentration in the rational formula, depend on the intensity of the
rainfall excess.

Synthetic Unit Hydrographs
The functions describing the instantaneous unit hydrograph can be based
on two simplified watershed representations (Fig. 3.21). The first
representation is a two-plane V-shaped watershed, as shown on the left
side of Figure 3.21. The hydrograph solution for this watershed can be
obtained by kinematic wave approximation (Henderson and Wooding,
1964; Wooding, 1965; Overton and Meadows, 1976). Equations (3.27)
and (3.28) are represented in this concept by

OH Oq
--+--=i-f
Ot Ox

and

q = aH~ (3.30)

where
H -- water depth
q = the discharge rate/unit width
i - f = rainfall excess
x    = distance measured downstream from the top of the catchment
ct, ]3 = empirical coefficients
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The kinematic wave model can be applied to small drainage areas of
uniform slope and surface characteristics, such as parking lots and
highways. The numerical solutions and various types of hydrographs are
discussed in Overton and Meadows (1976).

The second watershed representation breaks the watershed into a
series of overflowing pool-cascades and uses the continuity equation (Eq.
(3.27)) for routing the flow. For a single reservoir the storage-outflow
relationship (Eq. (3.28)) is expressed by

S = K x Q (3.31)

where K is called the single-reservoir watershed constant. Substituting
Equation (3.31) into the continuity equation (Eq. (3.27)) will yield to the
following one-dimensional differential equation

dQ
K-~+Q=I

the solution of which for a unit rainfall input pulse is

1 "~/Kh(t) = ~e- (3.32)

The cascade watershed instantaneous unit hydrograph function was
developed by Nash (1957) as

1 e-t/Ku(t_.~.__~n-1
h(t) - KN F(n) \KN/ (3.33)

where
K~v = multiple basin storage constant
n = a watershed characteristic representing approximately the number

of reservoirs
F(n) = the gamma function of n

Note that if n = 1, then the formula will yield the single reservoir
model expressed by Equation (3.32). In the watershed modeling process,
the principal question is how many equal linear "pools" are needed for an
adequate model? Based on the authors’ experience, n = 1 gives
satisfactory results for a small watershed of up to 10km2. For larger
watersheds, the ranges of n may be higher; however, as pointed out by
Overton and Meadows (1976), the model quickly approaches translation
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(that is, the results are not much different from n --~ ~) for n > 5. An
analysis of a very large number of storm hydrographs by Holtan and
Overton (quoted in Overton and Meadows, 1976) indicated that n = 2
produced optimum results in fitting computed runoff hydrographs to
measured data.

The constants K and K~v and the reservoir characteristics that can be
corelated to the travel time of water from the most remote point on the
watershed to the watershed outlet. This time parameter is called the time
to equilibrium or time of concentration, te. According to Rao, Delleur,
and Sarma (1972)

te = K = n × K,~ (3.34)

The time of concentration as previously defined is the theoretically
correct time parameter that should also be used in the rational formula
discussed in the preceding section. As shown on Figure 3.22, the unit
hydrograph concept can be used to derive theoretical justification for the
rational formula, which in this case is the watershed response to uniform
rainfall that is equal or greater in length than the time of concentration.

TOTAL FLOW

Time to equilibrium        t      ~

FLOW

m3!sec

TIME

FIGURE 3.22. Rising (S-curve) hydrograph and time to equilibrium estimated by
convolution of a long-duration uniform excess rainfall.
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The rising limb of the hydrograph (so-called S-curve) is obtained by a
summation of individual unit hydrographs multiplied by the average
rainfall within the storm. It can be seen that equilibrium is reached when
the time approaches the time of concentration.

Henderson and Wooding (1964) used the kinematic wave ap-
proximation for a V-shaped watershed and developed the following
equation for te:

(L × riM)0"6
te = 6.9

i0.4S0.3
(3.35)

where
te = time to equilibrium (min)
L = length of the overland flow (m)

TABLE 3.14 Manning’s Roughness Coefficient, n~t for
Overland Flow

Ground Cover Manning’s nM

Urban zones
Smooth asphalt 0.012
Street pavement 0.013
Asphalt or concrete paving 0.014
Packed clay 0.03
Light turf 0.20
Dense turf 0.35
Dense shrubbery or forest litter 0.40
Short grass 0.03-0.035
High grass--submerged flow 0.025-0.05
Heavy weeds--scattered grass 0.05-0.07

Nonurban zones
Fallow field

Smooth--rain packed 0.01-0.03
Medium--freshly disked 0.1-0.3
Rough--freshly disked 0.4-0.7

Cropped field
Grass and pasture 0.05-0.03
Clover 0.08-0.25
Small grains 0.1-0.4
Row crops 0.07-0.2

Woods
Light underbrush 0.4
Dense underbrush 0.8

Source: Compiled from several engineering texts and handbooks.
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i = rainfall intensity (mm/hr)
S = slope (m/m)
nm ----- Manning’s surface roughness factor (Table 3.14)

An almost identical formula was developed by Morgali and Linsley
(1965). Rao, Delleur, and Sarma (1972) statistically analyzed the
hydrograph curves for several urbanizing watersheds. The authors
investigated the effects of many variables on the shape of the runoff
hydrograph, and only those that were found to be statistically significant
were included in the final formula. Based on their work, te and the
reservoir number n can be estimated from

(AW)°-458(TR)°’1°4
te = 304 (1 + U)1662(i)0269 (3.36)

and

n = 2.23 (AW)°’°69
(1 + U)i°15~ (3.37)

where
te = time to equilibrium (hr)
AW = watershed area (kin2)
i = rainfall intensity (mm/hr)
U = fraction of the impervious area of the total watershed area
TR = rain duration (hr)

Note that minimum n = 1.
Gray (1961) developed the following relationship for the watershed

constant, KN, which is applicable to small rural watersheds (0.6 to
80 km2) in Wisconsin, Illinois, central lowa, and Missouri:

KN_ t_~ _ 7.33 (3.38)
n

where
tc = time of concentration (min)
Sc = average watershed slope (%)
L = length of watershed (km), which includes overland-flow length and

the length of the longest watershed channel

R0023132



156    Hydrologic Considerations

~ I0

~ NOYES CREEK

SIMULATED

MEASURED (U.S.G.S.)

(J 3

=                                                BASE FLOW

4    8    12    16 20 24 4    8    12 16 20 24 4    8    12    16" 20 24
4- 24-1976                         4-25-1976                           4-26-1976

TIME

FIGURE 3.23. Comparison of measured and computed flows by a rainfall-runoff model
for a small urban (mixed land use) watershed in southeastern Wisconsin.

The formulas for the time of concentration are not overly sensitive to
the shape of the watershed.

Equations (3.35) and (3.36), which were obtained by a solution of the
kinematic wave equation for the watershed overland flow or by
statistically analyzing the hydrographs, indicate that the watershed
constants depend on the magnitude of the input (rainfall intensity), which
violates the assumption of linearity. It means that each partial rainfall
input will be convoluted with different unit hydrographs. This should
impose no problem in computer modeling applications and the results of
convolution should be fairly accurate for reasonably small watersheds, as
shown on Figure 3.23.

Example 3.8: Overland-Flow Routing by a Synthetic Hydrograph

For the rainfall excess computed in Example 3.3 and reported in Table
3.8, estimate the magnitude and shape of the surface runoff hydrograph if
the drainage area is 1 km2, the slope is 2%, the surface area is covered by
grass, and 3% of the watershed is impervious.

R0023133



Overland Routing of the Precipitation Excess    157

Solution Since the watershed size is less than 10km2, the watershed
reservoir number characteristic is selected as n = 1. This can be checked
from Equation (3.37) using the smaller rainfall intensity reported in Table
3.8, column 9. Hence, i = 44mm/hr. Then

2.23(1.0)0.069
n= =1.2

(1 + 0.03)44°155

Therefore the single reservoir routing formula (Equation (3.32)) can be
used to represent the unit hydrograph. The Manning roughness factor for
grass is close to 0.35. For i = 57 mm/hr

6.9 (0.5 x 1000)°80.350.6 = 98.2 min = 1.64 hrK = tc =
570.40.020.3

For i = 44 mm/hr

(0.5 X 1000)°"60"35°"6= 99.3 min                = 1.65 hr
K = tc = 6.9

440.40.020.3

Since both storage constants are similar, linear response may be assumed.
The hydrograph computation using the following equation and convo-
lution are shown in Table 3.15 and are plotted in Figure 3.24.

TABLE 3.15 Hydrograph Calculation for Example 3.8

Ordinates of the Hydrograph (m3/sec)
Time (min) Unit Hydrograph
t or z at Time z P = 57 mm/hr P = 44 mmir at Time t Total

0 0 0 0 0

15 0.56 0 0 0

30 0.48 2.22 0 2.22

45 0.41 1.90 1.71 3.61

60 0.35 1.62 1.47 3.09

75 0.31 1.38 1.26 2.64

90 0.26 1.22 1.07 2.29

105 0.23 1.03 0.95 1.98

120 0.19 0.91 0.79 1.70

150 0.15 0.67 0.64 1.31

180 0.11 0.49 0.46 0.95

210 0.08 0.38 0.34 0.72
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FIGURE 3.24. Rainfall-runoff convolution for Example 3.8.

m hr
Flow(m3/sec) = Area(m2) × ×

1000 mm 3600 sec

x x x At]

where
X = rain intensity (P in mm/hr)
h = hydrograph ordinate
At = time increment

Overland Routing by the SCS Method
The U.S. Soil Conservation Service hydrologic method (Soil Con-
servation Service, 1968) provides a methodology for overland routing
of excess rainfall. Excess rain is determined, for example, in hourly
intervals, as shown in Example 3.6.
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The Soil Conservation Service (SCS) proposed the dimensionless
triangular hydrograph shown on Figure 3.25. This shape is based on
the SCS analysis of numerous measured hydrographs under varying
watershed and rainfall conditions. The peak time is the only parameter
determining the shape of the hydrograph.

The peak time, tp, according to Figure 3.25, is as follows:

tp = D/2 + t~ (3.39)

where
t~ = the lag time from the centroid of the rainfall pulse
D = duration of the unit rainfall pulse

The hydrograph is approximated by a triangle with its peak at tp and its
base tb = ~ tp, which the SCS suggests is the best approximation of a unit
hydrograph for typical rural watersheds. The recession time of the
hydrograph is then tr = tb -- tp = ~ tp.

The area under the unit hydrograph then equals the unit volume of the
rainfall excess, or
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I = ½qp(tp + tr) (3.40)

or

2 r/tp) K1 1 + )
(3.41)qP = tp

tp

where qp is the peak runoff rate of the unit hydrograph.
For unit rainfalls given in millimeters and flow in cubic meters/second

the watershed constant K has to include the watershed area and a
conversion between the units. For watershed area, A, in hectares, rainfall
excess in millimeters, tp in hours, and tr/tp = -~, as obtained from the
dimensionless unit hydrograph on Figure 3.25, Equation (3.41) for peak
runoff of the unit hydrograph becomes

A
qP - (480 x tp)

The lag time, tt is estimated from

1 L°S(s + 25.4)0.7
tt[hr] = 7053    (S1)°s                (3.42)

where
L = the length of overland flow to divide in meters
S = watershed storage defined by Equation (3.23)
S1 = percent slope of the watershed

In order to include the effect of imperviousness in urban or suburban
watersheds and transportation corridors, the lag time is adjusted (i.e.,
multiplied) by the lag factor LF defined as

LF = 1 - PRCT(-0.006789 + 0.000335 CN - 0.0000004298 CN2

- 0.00000002185 CN3)                            (3.43)

in which CN is the runoff curve number (Table 3.9) and PRCT is the
percent imperviousness of the area or percent of the drainage system that
has been channelized and lined.
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The average lag time is 0.6 × time of concentration or tc = 1.666 × tt.
Then the duration of the rainfall pulse for convolution can be related to
the time of concentration and peak time as follows

D = 0.133tc

and

D = 0.2tp

Small variations of. D are permitted, but they should not exceed 0.25tp or
0.17tc (Viessman, Lewis, and Knapp, 1989).

Example 3.9: Determination of the SCS Unit Hydrograph

Determine the triangular SCS unit hydrograph for a 250-ha watershed
that has been developed into a residential subdivision. The flow length
is 2000 m, the slope is 3%, the watershed is 25% impervious, and the run-
off curve number is CN = 80. Determine the uncorrected time of
concentration.

Solution From Equation (3.23) S = 25400/80 - 254 = 63.5; then

(2000)0’8(63.5 + 25.4)0.7
t~ =

7053 × 30.5
= 0.83hr

Correct tt for imperviousness

LF = 1 - 25 × (-0.006789 + 0.000335 × 80 - 0.0000004298 × 802
- 0.00000002185 x 803) = 0.848

tl = LF × t[ = 0.848 × 0.83 = 0.70hr

The time of concentration t¢ = 1.666 × tt = 1.17hr.
The duration of the rainfall pulse for convolution should be about

D = 0.1333t~ = 0.1333 × 1.17 = 0.15596hr = 9.35min

Select D = 10min = 0.16667hr. The peak time is then

D    0.1667
tp = -~- ÷ tt - 2 + 0.7 = 0.87hr = 52.2 rain
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FIGURE 3.26. SCS unit hydrograph for Example 3.9.

also

tr = ~tp = 1.44hr

to = ~ tp = 2.31hr = 138.6 min

The peak of the unit hydrograph is then
A               250

qp = 0.0020833 x -- = 0.0020833 x ~ = 0.60m3 sec-1 mm-1
tp          0.87

The plot of the unit hydrograph is in Figure 3.26.

Example 3.10: Convolution with the SCS Unit Hydrograph

The rainfall hyetograph given below is to be convoluted into surface
runoff by the SCS method. The watershed characteristics and the UH are
given in Example 3.9. The excess rainfall is estimated in Table 3.16 by
Equation (3.21).
From Example 3.9

D = 10 min

tt, = 0.87hr = 52.2min

tt, = 2.31 hr = 138.6 min

qp = 0.6 m3 sec-1 mm-x
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TABLE 3.16 Excess Rain Calculation

Rainfall Intensity Cumulative Cumulative Excess Rain 10 min
Time Interval, t (Hyetograph), i Rainfall, TR Excess Rain, Q Pulse, QRP
(min) (mm/hr) (rain) (ram) (ram)
(1) (2) (3) (4) (5)

0-10 36 6 0 0
10-20 36 12 0 0
20-30 54 21 0.95 0.95
30-40 60 31 4.09 3.14
40-50 30 36 6.25 2.16
50-60 0 36 6.25 0

Notes: Column (3) TR = i/D; column (4) Q from Equation (3.21); column (5) QRP = Q, - Q,-D.

The excess rainfall in column (5) is then convoluted with the SCS
triangular UH with parameters calculated in Example 3.9. The ordinates
of the UH are calculated in Table 3.17.

The hydrograph ordinates in columns (II), (III), and (IV) are obtained
by multiplying the ordinates of the UH by the excess rain pulse shifted in
time to place the begging of the hydrograph at the beginning of the excess
rain pulse. Columm (V) is the summation of columns (I) to (IV).

Statistically Estimated Unit Hydrograph
The most desirable unit hydrographs (UH) are those estimated from
monitoring data. Engineering manuals and hydrology textbooks
recommend that the hydrograph be determined from hydrographs of
several storm events. As pointed out previously, due to the nonlinearity
of the process, determination of one uniform UH is not possible.
Preferably the UH is determined from a hydrograph resulting from a
short-duration, uniform, intense storm. If such a hydrograph is available,
then the UH is determined from the measured hydrograph by dividing
the ordinates of the hydrograph by the total hydrograph volume, ex-
pressed in millimeters (inches), of the runoff volume distributed over
the watershed area. Before the UH is estimated, flow components other
than those directly driven by the rainfall--including infiltration into
sewers, ground-water base flow and interflow--must be subtracted from
the measured hydrograph, which is neither easy nor straightforward (see,
for example, Linsley, Kohler, and Paulhus (1982) for the procedures of a
single storm-single runoff peak UH determination).

Chow, Maidment, and Mays (1988) and Bras (1990) describe several
procedures of deconvolution for more complex hydrographs resulting
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TABLE 3.17 Calculation of the Coordinates of the Unit Hydrograph and Convolution of Excess Rainfall into Surface Runoff

Convolution

Real Storm Time (rain)

20- 30 30-40 40-50
Excess Rain (mm)

Unit Hydrograph
0.95 3.14 2.16

Lag Time ~ Runoff Time Partial Hydrograph (m3/s) Total Runoff
(min) "t/’t,, q/q, q (m3/sec-mm) (rain) (m3/s)
(1) (2) (3) (4) (I) (II) (1II) (IV) (V)

0 0 0 0 0 0 0 0 0
10 0.192 0.192 0.115 2(I 0 0 0 0
20 0.383 0.383 0.230 30 O. 109 0 0 O. 109
30 0.575 0.575 0.345 40 0.218 0.361 0 0.579
40 O. 766 O. 766 O. 460 50 O. 327 O. 722 0. 248 1. 297
50 0.958 0.958 0.574 60 0.437 1.083 0.496 2.017
52.2 1.000 1.000 0.600 70 0.545 1.444 0.745 2.734
60 1.149 0.910 0.546 80 0.519 1.802 0.994 3.314
70 1.341 O. 795 O. 477 90 O. 453 1.714 1. 240 3. 407
80 1.533 0.679 0.408 100 0.387 1.497 1.179 3.063
90 1.724 0.564 0.338 110 0.321 1.281 1.030 2.632
100 1.915 0.465 0.279 120 0.265 1.061 0.881 2.207
110 2.107 0.333 0.200 130 0.190 0.876 0.730 1.796
120 2.298 0.217 0.130 140 0.123 0.628 0.603 1.353
130 2.490 0.102 0.061 150 0.058 0.408 0.432 0.898

XI 138.6 2.66 0.000 0.000 160 0.0 0.191 0.281 0.472
0 170 O. 0 0.0 0.132 O. 132
1,0 180 O. 0 0.0 0.0 O. 0

.._x



Overland Routing of the Precipitation Excess    165

from more complex rainfall. Generally, the deconvolution is obtained
from a set of equations expressed in matrix form

[R] [h] = [Q] (3.44)

where [R] is the vector of rainfall data, [Q] is the corresponding flow
vector, and [hi is the unit hydrograph expressed here as a polynomial.
Several numerical procedures for deconvolution were presented by Bras
(1990).

However, Chow et al. (1988) warned that given [R] and [Q], there is
usually no direct solution for [h]. The solution must be found by
minimizing the least-square errors between the measured and computed
[Q]; however, the solution is not easy because the many repeated and
blank entries in [R] create computational difficulties.

The limitations and difficulties of the UH determination from
measured data were summarized by Novotny and Zheng (1989) as
follows:

1. Direct estimation of UH is difficult, especially when the hydrograph
contains flow components other than surface runoff. The separation of
hydrograph components into surface runoff, interfiow, and base and
sewage flow is generally inaccurate and arbitrary.

2. The UH is commonly estimated from a few characteristic storms.
However, since only net rain contributes to the surface runoff
component of the hydrograph, all precipitation losses (infiltration,
evapotranspiration, surface storage) must be subtracted or the net rain
will be determined from the surface runoff volume only. The losses
are generally highly variable, almost random processes; therefore,
deterministic (not considering the random component) net rain
estimates usually carry large errors.

3. There are also physical inconsistencies of such functions, and some
portions of the estimated hydrographs have negative and undulating
ordinates.

Somewhat better results can be obtained by using dynamic hydrologic
models where the output from the watershed hydrologic model is
matched with a time series of measured data. The model must have a
synthetic UH function incorporated in the structure of the program, and
the parameters of the function are obtained by calibration and verifica-
tion processes (see Chap. 8 for a description of the models and of their
calibration and verification). The estimates of the UH function relies
heavily on the adequacy of the function itself, on the accuracy of the
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FIGURE 3.27. Stochastic rainfall-runoff transformation process that includes
deterministic stochastic transfer function and input random noise.

separation of nonsurface flow contributions, and on the accuracy of the
data. Furthermore, calibration and verification, which are often ac-
complished by eye fitting the measured and computed data, do not give
an unbiased UH function estimate.

Novotny and Zheng (1989) proposed an ARMA-transfer-function
model to represent the relationship between the rainfall and flow time
series. Following standard ARMA modeling concepts (Box and Jenkins,
1976; Bras and Rodriguezolturbe, 1985), a standard rainfall-runoff
transformation model consists of two parts, as shown on Figure 3.27: (1)
a stochastic transfer of the input rainfall into the output hydrograph; and
(2) a noise term that is a filtered (transformed) uncorrelated random
series generically called white noise.

The ARMA modeling uses a backshifl operator B introduced by Box
and Jenkins for convenience in expressing the time series, such as that for
any series BZt = Zt-At, B2Zt = Zt-2At, and so forth. Then the input-
output rainfall-runoff transformation model can be written as

Q = h(B)Rt + Nt (3.45)

where
h(B) = a polynomial representing the UH function
R, = the rainfall or excess rainfall series
Nt --- the noise component

R0023143



Overland Routing of the Precipitation Excess    167

In this simple representation it is not necessary to focus a priori on the
surface runoff component only if it is assumed that Nt is another
stochastic model representing flows other than those due to rainfall. In
sewered watersheds, Nt could be considered as dry-weather sewage and
wastewater contribution in combined sewers, cross-connections, and
illegal dry-weather flow connection in separate sewers, or base flow in
unsewered watersheds.

Also Rt does not have to be limited to net rain, since net rain is
correlated to the total rainfall by some unspecified transfer function.
Furthermore, the amount of infiltration is also correlated to rainfall.
Thus, the transfer function h(B) can contain both overland and
subsurface routing components that, theoretically, could be separated and
identified. Hence, h(B) may or may not be similar to the theoretical
synthetic UH formula described previously.

Since Nt is a filtered random series, it contains autocorrelative and
random components. These must be filtered out from the measured series
before the UH function h(B) can be estimated. Novotny and Zheng
(1989) developed a simple multiple-regression procedure that ac-
complishes filtering. In this procedure the measured hydrograph flows
are correlated to rainfall and to the past flow series as follows

Q, = I1Qt-1 + 12Qt-2 + I3Qt-3 + + ImQt-m ÷ (-,ooRt q- COlR~-I+ co3Rt_3 + ... ÷ conRt_n + O0
(3.46)

The constant !90 is included to account for the fact that the noise term
(dry weather or base flow) may not have a zero mean. The polynomial
of I coefficients is called the inverse Green’s function. The size of
polynomials I and co is determined by observing the decrease in the mean
residual error and by the requirement that the error series represents
an uncorrelated series-white noise. The error series is created by
generating a series of one-step-ahead forecasts using the model and
subtracting the measured values from the forecasts as described by Box
and Jenkins (1976).

The identification of coefficients I(B) and co(B) and the constant 19o is
done by standard linear multiple-regression routines. Statistical auto-
correlation routines are used for the analysis of the series of residuals
(errors).

The polynomial of coefficients co contains the UH function h(B);
however, it is "corrupted" by the autocorrelative and moving average
terms of the noise. The filtering process involves the division of
polynomials co(B) and I(B) to yield the UH h(B) polynomial, or
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F16~ 3.~. Rainfall and influent flows time series for an urban watershed with
combined sewers (Fusina, Region Veneto in Italy).

h(B) - o~(B)
I(B) (3.47)

Example 3.11: Estimation of the UH Function by Stochastic Modeling

The method of Novotny and Zheng is used to estimate the UH function
for a combined sewer system. The daily rainfall and corresponding flow
series are shown in Figure 3.28.

The multiple regression of the time series of rainfalls and flows was
performed (Equation (3.46)) with varying magnitudes of the maximum
lags, m and n~ In the analysis, m and n were kept equal. Using the F-test
the significance of the reduction of the mean square residuals was tested
along with the testing of the residual series as to whether they are white
noise. Table 3.18 shows the results of the estimation. It can be seen that a
transfer-function model of the order rn = n = 7 provides an adequate
model. Figure 3.29 shows the autocorrelation function of the residuals.
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TABLE 3.18 Coefficient Estimation for Fusina System

ARTF Order

Parameters (1, 1) (3, 3) (5, 5) (7, 7) (9, 9) (11, 11) (13, 13) (15, 15)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Io 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ix 0.77 0.55 0.52 0.52 0.52 0.51 0.51 0.53
/~ -- 0.16 0.15 0.18 0.18 0.17 0.18 0.15
13 -- 0.14 0.11 0.15 0.15 0.15 0.13 0.13
/a -- -- 0.09 0.12 0.10 0.11 0.11 0.12
I_~ -- -- 0.08 0.09 0.08 0.07 0.07 0.05
16 .... 0.11 -0.12 -0.13 -0.12 -0.11
17 .... 0.08 -0.07 -0.08 -0.06 -0.06
18 .... 0.07 0.06 0.03 0.02
19 ..... 0.03 -0.02 -0.06 -0.03
11o ..... O. 10 0.07 0.06
Ila ...... 0.04 -0.07 -0.07
030 0.23 0.23 0.23     0.23 0.23 0.23 0.23 0.23
031 -0.10 -0.06 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05
03._ -- -0.04 -0.04 ~ -0.05 -0.05 -0.04 -0.04 -0.04
03B -- --0.05 --0.05 --0.06 --0.05 --0.05 --0.05 --0.05
034 -- -- -0.03 -0.04 -0.04 -0.04 -0.03 -0.04
03_~ -- -- -0.01 -0.03 -0.03 -0.02 -0.02 -0.02
036 -- -- -- 0.04 0.04 0.05 0.05 0.05
ab -- -- -- 0.01 0.01 0.01 0.01 0.01
03s ..... 0.02 -0.02 -0.01 -0.01
039 ..... 0.01 -0.01 0.00 0.00
0310 ...... 0.03 -0.02 -0.02
0311 ..... 0.00 0.01 0.01
®o 0.98 0.62 0.54 0.62 0.56 0.51 0.44 0.43
SSR 499 499 443 424 418 411 396 389
MSR 1.38 1.25 1.24 1.19 1.18 1.16 1.13 1.11
F-test -- 19 3.2 7.8 2.5 2.9 2.1 3.0

Note: The adequate model is ARTF (7, 7).

If the autocorrelation coefficients of the residuals for all lags greater
than zero are close to zero, then the series is a white noise. Figure 3.30
then shows the filtered UH function h(B), which has the character of a
multiple reservoir function for surface runoff. It is interesting to note that
the UH function shows a secondary peak with a much longer response
time. Since both surface runoff and infiltration (interflow + ground-water
inputs) are correlated with rainfall with different response times, the UH
response function is composed of two parts, one with a shorter response
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FIGURE 3.29. Autocorrelation function of residuals for Fusina time series,
indicating that the residuals are a random white noise.
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time for surface runoff, and the second, longer response component for
infiltration. Hence, the rainfall-runoff transfer function obtained by this
method can be used for quantitative separation and evaluation of surface
runoff, ground-water inputs, and dry-weather sewage-flow components.
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The polynomial I(B) contains most of the information on the dry-
weather component that is not related to the rainfall (Zheng, 1989).

111-5 Interflow

Interflow is that part of the subsurface flow that moves at shallow depths
and reaches the surface channels in a relatively short period of time. It is
therefore commonly considered part of the direct surface runoff
(Viessman, Lewis, and Knapp, 1989). Although the quantity of interflow
may represent only a small portion of total runoff, for some mobile
pollutants its pollution effect may be of the same order of magnitude as
the surface runoff. Interflow pollution originates mainly from salts and
pesticides deposited in soils. On the other hand, interflow may be free of
suspended pollutants.

The occurrence of interflow may be observed in areas where the
permeability of the subsoils is less than that of the upper soil zone,
causing horizontal movement of water in the upper soil zone. Lateral
water movement in soils is especially significant during the snowmelt
process, when subsoils are still frozen.

Theoretically, the amount of interflow could be computed from
Darqy’s law if the depth of the saturated upper zone storage, the
saturation permeability, and the slope of the piezometric soil water
surface were known. The Stanford Watershed Model (Crawford and
Linsley, 1966) approximated the outflow from the interflow storage as

INTF = ctSRGX (3.48)

where
SRGX = current volume of water in interflow storage

= an empirical coefficient

The volume of the interflow storage is continuously calculated by the
model using mass continuity equations in which the infiltration from the
surface is the source of water, and the ground-water recharge and
evapotranspiration are the losses or outflow.

GROUND-WATER SYSTEMS

Ground-water movement and occurrence are an integral part of the
hydrologic cycle. Almost all ground water originates from infiltrated
precipitation after subtraction of the surface losses-surface runoff,
evapotranspiration, and interflow. During prolonged dry periods, most of
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FIGURE 3.31. Soil and ground-water flow zones.

the natural flow in surface waters, as well as infiltration into deep sewers,
originates from ground-water systems and is referred to as base flow or
ground-water runoff.

Subsurface Distribution of Water

Water below the ground’s surface occurs in four zones, which are shown
in Figure 3.31 (Todd, 1959):

1. Soil water zone, which begins at the surface and extends downward to
the end of the root zone. This zone is commonly unsaturated, except
during periods of heavy infiltration. Its depth varies, but is generally
from a fraction of a meter to a few meters thick.

2. Intermediate zone extends from the bottom of the soil zone to the top
of the capillary fringe zone.

3. Capillary zone extends from the ground-water table, and its height is
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determined by the capillary rise of water in pores of the soil. Due to
capillary suction forces, water in this zone occurs at less than
piezometric atmospheric pressures.

4. Saturated zone. The pores are completely filled with water, and water
exists at pressures that are greater than or equal to the atmospheric
pressure. The ground-water table is defined as the plane of a fully
saturated zone where water occurs at atmospheric pressure.

The soil and intermediate zones are called vadose zones (in Latin vadosus
means shallow) or zones of aeration. The zone of aeration contains voids
and cracks that are partially occupied by water and air. In the saturated
and capillary zones, all interstices are filled by water.

The direction of water movement in the vadose zone is primarily
vertical, except when the topsoil zone becomes saturated and the
interflow moves in a lateral direction. The direction of water movement
in the saturated zone is lateral (nearly horizontal). The top of the
saturated zone--the ground-water table--can be found in wells and
borings that penetrate into the saturation zone.

The vadose zone is the place where most of the pollutant-soil inter-
actions take place. It is a transition zone between surface contamination
and ground-water pollution. Many pollutants are effectively adsorbed by
soil particles and/or are decomposed in soils and will not penetrate the
vadose zone, but other pollutants will penetrate the vadose zone and may
potentially contaminate ground-water resources.

The vadose zone can be absent under the high ground-water conditions
exhibited especially in wetland areas, or may be several hundred meters
thick in arid and semiarid regions. Part of the water in the intermediate
zone is held by hygroscopic and capillary forces. The excess moves
downward by gravity. Water that can be drained from soil by gravity is
known as specific yield and is given as the volume of water that can be
drained by gravity to the gross volume of the soils. The specific yield
depends on the type of soil.

Saturated Zone, Aquifers, and Aquitards

A geological formation saturated by water that yields appreciable
quantities of water that can be economically used and developed is called
an aquifer (Todd, 1959). An aquifer can be either confined or unconfined
(Fig. 3.32). An unconfined aquifer is one in which the upper boundary of
the saturation zone is the same as the water table. Confined aquifers, also
known as artesian or pressure aquifers, are overlain by an impermeable
geological stratum that keeps water under pressure. Water enters an
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FIGVNE 3.3~. Representation of aquifers.

aquifer through a recharge area, which is an area where the waterbearing
stratum is exposed to the atmosphere or is overlain by a permeable zone
of aeration.

Aquitards are geological formations that are not permeable enough for
the economic development as a ground-water source. An aquiclude is a
formation that stores water, but is incapable of transmitting (e.g., clays).
A solid rock formation that neither transmits nor stores water is an
aquifuge.

Aquifers and aquitards can exist in layers with an unconfined aquifer
on the top, and underlain by one or more confined zones. The top
unconfined aquifer, often called a shallow aquifer, is most susceptible to
diffuse pollution and contamination. Ground water that can be recovered
by springs and wells represents the ground-water runoff or base flow.

Relationship between Surface and Ground-Water
Systems

Ground- and surface-water systems are interrelated through two pro-
cesses: recharge and discharge. There are two major sources of natural
recharge to an aquifer. The first is the residual of precipitation that
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infiltrates through the unsaturated (vadose) zone, the second is
freshwater inflow from surface-water bodies, such as streams, rivers,
lakes, and wetlands. In addition, aquifers may be recharged by septic
tanks, irrigation, artificial recharge, and sewer leakage. Natural discharge
from aquifers occurs through springs, spring-fed lakes, wetlands, and
oceans. In addition, large plants known as phreatophytes, whose roots
extend to the water table, extract water from the aquifer by the
transpiration process. Man extracts water from aquifers by pumping from
wells, by intercepting ground water in galleries and drainage pipes, and
by other more sophisticated systems. Under natural conditions, natural
recharge and discharge are commonly in balance. Perennial streams in
more humid regions are connected with ground-water aquifers. In some
places aquifers discharge into streams, providing base flow. In some other
areas streams and lakes discharge into aquifers. Ephemeral streams in
arid regions are not connected with a discharging aquifer, that is, the
ground-water table is well below the bottom elevation of the body of
water and can only recharge the aquifer.

Depending on where recharge and discharge take place, ground-water
flow systems can be divided into three types; local, intermediate, and
regional (Toth, 1963). A local flow system has its recharge area in a
topographic high and discharges into an adjacent topographic low. The

-DIRECTION OF FLOW
rLOCAL FLOW sY~r£M SLOPE LOCAL FLOW SYSTEM

INTERMEDIATE FLOW SYSTEM;

REGIONAL FLOW SYSTEM

6100 m

FIGURE 3.33. Theoretical patterns for local, intermediate, and regional ground-water
flow systems with recharge and discharge. (Adapted from Toth, 1968. Copyright (~ I968 by
the American Geophysical Union; reprinted with permission.)

R0023152



176    Hydrologic Considerations

intermediate flow system is viewed as having recharge and discharge areas
that are not in adjacent topographic highs and lows. The discharge area
for the intermediate system may be located several subbasins
downstream. The regional system has its recharge in the regional
topographic high, while its discharge occupies the topographic low for the
basin (Fig. 3.33).

The flow in ground-water systems is generally slow, and the response
to surface and subsurface pollution loadings is often gradual. The
residence of water in local ground-water systems may range from days to
months, intermediate flow systems may have residence times ranging
from months to years, and the residence time of water in regional systems
may reach centuries or more. A major part of ground xvater in regional
aquifers of the midwestern United States originates from glaciers that
melted during the postglacial period thousands of years ago. In most
cases, surface contamination by pollutants affects only local ground-water
systems and shallow aquifers.

The three systems have well-defined boundaries that theoretically
identify changes in flow patterns, water quality, and the relative rate of
ground-water movement. The water movement in a local system is
commonly faster, which produces water quality that is different from the
regional system. Due to the longer residence time and slower flow rates,
regional systems produce ground water with higher concentrations of

[~ DOLOMITE

D GLACIAL DEPOSITS

-1
~J

~225

~z

¯ ~eo~ , /, / ~ , , ,, ,,, i,--,,~, ,~ , ,

Km

FIGURE 3.34. Generalized flow patterns for local flow systems in a shallow glacial
aquifer underlain by a dolomite aquifer. (After Eisen and Anderson, 1978.)
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dissolved solids and ions than occur in ground water moving through a
local system.

The depths at which the boundaries between the flow systems develop
are dependent upon the following geomorphological factors: local
topographic relief and its steepness, distribution and depth of bedrock
and impermeable geological strata, aquifer thickness, and general
topographic and geomorphological characteristics of the basin.

The computer simulation by Toth (1963) indicated that the
development, intensity, and depth of local flow systems could be directly
related to increased local topographic relief, and inversely to increased
regional slope. Strong regional flow systems developed where local relief
is negligible and where the ratio of total aquifer thickness to local relief
was high. A weak local flow system will have only a portion of the total
aquifer contributing discharge to that subbasin. Where there is
pronounced local relief, mainly local systems develop. A strong local
system has most or all of the aquifer discharging into that subbasin.
Figure 3.34 shows typical flow patterns for a glacial aquifer overlaying
dolomite and the flow patterns in the two aquifers.

Ground-Water Hydrological Balance

Figure 3.35 shows the relation between the recharge and discharge of a
surface-ground-water system. Note that the boundaries of the systems
are determined by the extent of the ground-water system. Hence several
surface basins may be included for intermediate and regional systems.

P
ET                      ET (P)               ET P

Q ~ Discharge area ~ O:-- Recharge Area

-- Recharge Area

~~ --Discha rgeA re a ~      "~

FIGURE 3.35. Recharge-discharge relationships for ground-water systems. (After
Freeze and Cherry, 1979.)

R0023154



178    Hydrologic Considerations

The separation of the surface of the system into the recharge and
discharge areas enables us to consider the surface and subsurface
components of the total discharge from the system (Freeze and Cherry,
1979) and to formulate hydrologic budget for the joint system expressed
first in this chapter by Equations (3.1)-(3.3). The overall hydrological
balance of the joint system then becomes (all units in centimeters over
the watershed area)

P = Q + ET + ASs + ASg (3.49)

where
P = precipitation
Q = runoff (mostly surface, since the area is recharging ground water)
ET = evapotranspiration
ASs = change in surface storage
ASg = change in ground-water storage

If the balance is averaged over a period of several years, then ASs = O.
Hence in the recharge area

P = Qs + R + ET (3.50)

where
R = recharge rate (infiltration)
Qs = surface runoff only because base flow is not discharging

At the watershed outlet in the discharge area

Q = Qs + D - ET + P (3.51)

where D is the discharge rate (exfiltration).
By comparing Equations (3.50) and (3.51) with the overall balance

(Eq. (3.49)), it follows that ASg = R - D. Under steady-state balanced
conditions over a long period of time ASg = 0, and hence, R = D. In a
dry year or when discharge is increased by man (for example, by excessive
withdrawals for irrigation and water supply), D > R and ASg < 0, and the
ground-water table is decreasing. If the decrease is caused by excessive
use of the ground-water resource by man, then the aquifer is being
mined. An amount of water that can be withdrawn from the aquifer while
maintaining the aquifer storage constant is called safe yield.

By setting Qg = D - ET as the base flow provided by the aquifer into
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the river system, and neglecting P in the discharge area, Equation (3.51)
becomes

Q = Qg + Q~

In the analysis of water quality pollution and contamination from
diffuse sources, one has to determine whether the source of contamination
is surface or ground-water discharge. It is not proper--as was common in
nonpoint pollution studies of the 1970s and early 1980s--to focus only on
the surface runoff component.

Ground-Wator Hydrological Moclols
The state of the art of ground-water hydrological modeling is well
advanced, and numerous models have been developed to represent the
flow and quality conditions of aquifers. Some fundamental models are
introduced and discussed in Chapter 7. Comprehensive reviews were
prepared by Kisel and Duckstein (1976), Anderson (1979), and Bedient,
Borden, and Leib (1985), among others. Also most of the basic hy-
drological texts mentioned in this chapter contain discussions on the
fundamentals of ground-water modeling and descriptions of the most
common ground-water flow and quality models. These models can be
either distributed-parameter flow models or lumped-parameter aquifer
models. The lumped systems consider aquifers as homogenous, and the
lumped values can be obtained by averaging the aquifer characteristics at
a few discrete points or by estimating the parameters from the response
of the aquifer to a known input, for example, a dye injection.

Many models are three-dimensional, box-grid representations that use
finite-difference approximations of the flow equations (Wang and
Anderson, 1982). Due to the linear nature of the basic flow equations,
many ground-water problems can be solved by electric analog
simulations. For diffuse pollution studies, ground-water flow models
provide basic information on the residence times of contaminants in
ground-water systems, subsurface flow patterns and dispersion of
contaminants, base flow and drainage infiltration pollutant loads, and
other valuable data needed in comprehensive diffuse-pollution studies.
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Atmospheric Deposition

The best never let a little rain stand in their way.
Gene Kelly

The atmosphere is the portion of the environment where some of the
most severe diffuse pollution problems originate, and, in fact, the magni-
tude of diffuse pollution often can be correlated with contamination of
the atmosphere. Emissions of sulfur dioxide and nitrogen oxides by coal-
burning processes and vehicular traffic cause the phenomenon of acid
rain, which is having a severe adverse effect on many bodies of water
throughout the world. Particulate aerosols in the atmosphere contain
appreciable quantities of sulfur, toxic metals, pesticides, and other toxic
organic compounds, fungi, pollen, soil, fly ash, nutrients, tar; and a
variety of other chemical compounds, such as oxides, nitrites, nitrates,
chlorides, fluorides, fluorocarbons, ozone, and silicates. Several extensive
treatises have been devoted to the air-pollution problem (for example,

Stem, 1976).
The adverse effects of the deposition of man-induced emissions to the

atmosphere have been recognized for over a century. In the 1872 book
Air and Rain: The Beginnings of a Chemical Climatology the British
chemist Robert Angus Smith wrote that there were "three kinds of air"
in and around the industrial town of Manchester, England. He described

them as ".. ¯ that with carbonate of ammonia in the fields at a distance,. ¯ ¯
that with sulphate of ammonia in the suburbs,.., and that with sulfuric
acid, or acid sulphate, in the town." He pointed out that acid air in the
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town bleached the colors of fabrics and attacked metal surfaces, that the
acid rain damaged vegetation and materials, and that substances such as
arsenic, copper, and other metals were precipitated with the rain upon
industrial regions.

This chapter covers the major pollution sources from the atmosphere
that can be transported long distances and fall to earth in rain, snow,
mist, fog, and in dry form as gases and particulates. One of the best
known pollutants in atmospheric deposition is acidity. Acidity occurs
when nitrogen and sulfur oxides are emitted from fossil-fuel combustion.
Nitrogen in deposition can also affect the productivity of surface waters,
particularly in the coastal zone.

Fossil-fuel burning also emits other substances, such as mercury, that
fall to earth and can affect aquatic ecosystems. Other major atmospheric
pollutants that affect water quality are trace metals, such as lead and
agricultural chemicals, such as pesticides and herbicides.

INTERDEPENDENCE BETWEEN AIR AND
WATER QUALITY

Many pollution studies are media specific, dealing with either water
or air, but not both. However, there are many instances where the
interdependence between media is important. Figure 4.1 illustrates
the interdependence between water and air quality. For example, wind,
temperature, and mixing patterns of both the atmosphere and a body of
water can influence the concentrations of pollutants. Also, large lakes can
influence precipitation patterns, and hence the rate of wet deposition of
pollutants.

Atmospheric Sources of Water Pollutants

Airborne chemicals come from many natural and human sources. Before
the 1800s, natural processes such as photosynthesis, decomposing organic
matter, fire, volcanic activity, and wind erosion contributed gases, par-
ticles, and other byproducts to the atmosphere. Since that time, fossil-fuel
burning, release of other industrial airborne chemicals, automobile
exhausts, and intensive agriculture and forestry have emitted more sub-
stances to our atmosphere. In 1985, human activity accounted for an
estimated 44 million tons of sulfur and nitrogen oxides released into the
atmosphere (Irving, 1991). These same sources also release millions of
tons of toxic metals and organic substances into the air each year. Air-
pollution sources are globalmemitted pollutants travel long distances
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and deposition occurs over a large regional or global scale--or local
(Fig. 4.2).

Major global sources of air pollution include:

1. Urban and industrial emissions resulting from human activities, such
as industrial processes and domestic burning.

2. Agricultural and forest emissions resulting from such human activities
as:
a. Soil erosion by wind during dry weather.
b. Slash burning, which in many parts of the world is still recom-

mended to prevent and/or reduce the spread of disease.
c. Fertilizer components reaching the atmosphere through wind

erosion and/or volatilization (such as the volatilization of ammo-
nium from soils with higher pH).

d. Pesticides entering the atmosphere from drift during application,
by wind erosion, and by volatilization.

e. Decomposing farm wastes and animal operations releasing am-
monium, hydrogen sulfide, methane (cows), and mercaptans to the
atmosphere.

3. Naturally occurring emissions on a global scale, including:
a. Dust blown from arid and desert areas.
b. Forest, brush, and grass fires.
c. Volcanic eruptions, which are a source of sulfuric compounds and

ash.
d. Volatile hydrocarbons emitted from forests and other silvicultural

activities.
e. Sea spray, which is a significant source of salt and other partic-

ulates.
f. Evaporation from large bodies of water, which can contribute

significant quantities of volatile compounds and trace gases.

Local sources of atmospheric pollution and deposition include most of
the sources just mentioned plus vehicular traffic. The magnitude of
pollution, and hence atmospheric deposition, is magnified by several
orders of magnitude in the vicinity of some sources, but fall off rapidly to
background global levels as distance from the source is increased. For
example, most of lead deposited from automobile exhaust is found within
100m of the roadway.

Emissions of sulfur dioxide and nitrogen oxides are more thoroughly
researched than other pollutants known to affect water quality, such
as metals and pesticides. The annual contribution of sources of sulfur
dioxide and nitrogen oxides in the United States and Canada in 1985 are
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TABLE 4.1 U.S. and Canadian Emissions of SO2, NOx and Volatile Organic Carbon from
Anthropogenic Sources Based on the 1985 NAPAP Emissions Inventory

Emissions (Tg/yr~)

Source SO: NOx VOC

U.S. Sources
Electric utilities 14.6 6.0 ne gb
Industrial combustion 2.4 2.9 neg
Commercial/residential/other combustion 0.6 0.7 1.7
Industrial/manufacturing processes 2.7 0.8 3.4
Transportation 0.8 8.0 8.0
Other neg 0.1 6.9

Totalc 21.6 18.6 20.0

Canadian Sources
Electric utilities 0.7 0.2 neg
Industrial combustion 0.3 0.2 neg
Commercial/residential/other combustion neg 0.1 0.1
Industrial/manufacturing processes 2.5 0.1 0.1
Transportation 0.1 1.2 1.0
Other 0.0 neg 0.7

Totalc 3.7 1.9 2.2

Total United States and Canada 24.7 20.5 22.3

Source: From Irving, 1991.
aTg = Teragrams = 106 metric tons.
bNeg = negligible < 0.1.
CValues may not sum to totals due to independent rounding.

shown in Table 4.1 (Irving, 1991). Total annual U.S. emissions in 1985
were estimated to be 24.7 million tons for sulfur dioxide and 20.5 million
tons for nitrogen oxides. Canadian emissions in 1985 were estimated to
be 3.7 and 1.9 million tons of sulfur dioxide and nitrogen oxides, respec-
tively. The largest source of sulfur dioxide emissions in the United States
is from the electric utility industry (70% of total). In Canada, the largest
source is from industrial/manufacturing processes (67%). Nitrogen ox-
ides, on the other hand, are primarily contributed by mobile sources.
Transportation accounts for 43% and 63%, respectively, of total emis-
sions in the United States and Canada. Natural sources are estimated to
contribute only between 1% and 5% of total U.S. emissions of sulfur
dioxide and nitrogen oxides.

The largest regional sources of SO2 emissions in the United States
are from the Northeast (10.72 million tons in the Northeast versus 4.8
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TABLE 4.2 Regional Anthropogenic Emissions of SO2,

NOx, and VOC

Emissions (Tg/yr)

Federal Region                SO2 NOx VOC

1. New England 0.55 0.52 0.86
2. New York/New Jersey 0.77 0.89 1.44
3. Middle Atlantic 2.93 1.97 1.98
4. Southeast 4.76 3.41 3.76
5. Great Lakes 6.46 3.84 3.75
6. South Central 2.21 3.81 3.34
7. Central 1.53 1.26 0.98
8. Mountain 0.65 1.00 0.80
9. West 0.89 1.46 2.27

10. Northwest 0.23 0.48 0.86

Subtotals:
Northeast (1-3 and 5) 10.7 7.2 8.0
Southeast (4) 4.8 3.4 3.8

West (6-10) 5.5 8.0 8.2

Total 21.0 18.6 20.0

Source: From Council on Environmental Quality (1990),

and 5.5 million tons, respectively, for the Southeast and West). On the
other hand, the West proved to be the largest source of NOx emissions
(8.0 million tons versus 7.2 and 3.4 million tons, respectively, for the
Northeast and Southeast). The high NOx emissions for the West repre-
sent higher sources of emissions compared to stationary sources (Table
4.2).

Nriagu and Pacyna (1988) calculated the worldwide emissions of trace
metals to the atmosphere using emissions factors and statistics on global
production or consumption of industrial goods (Table 4.3). Table 4.4
compares atmospheric fallout to aquatic sources of anthropogenic inputs
of trace metals into aquatic systems. The atmosphere is an important
source of all metals listed when compared to domestic and indus-
trial effluents. Atmospheric inputs are about 10% of the total liquid
discharges.

Goolsby (1991) measured herbicide concentrations in rainwater from a
23-state area, principally in the Midwest and Northeast. He found traces
of herbicides in all 23 states and in all but two of the 81 collection sites.
Pesticide concentrations in wet deposition were measured by Glotfelty et
al. (1990) in Maryland. The researchers calculated the projected amounts
of pesticides entering the Chesapeake Bay from precipitation.
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TABLE 4.3 Worldwide Sources of Trace Elements to the Atmosphere (103kg/yr)

Global
Production/

Consumption
Source Category (109kg/yr 1) As Cd Cr Cu Hg In Mn Mo

Coal combustion
--Electric [15.5 × 109Mj] 232-1550 77-387 1240-7750 930-3100 155-542 1080-6980 232-2320

utilities
--Industry 990 198-1980 99-495 1680-11,880 1390-4950 495-2970 1485-11,880 396-2480

and
domestic

Oil combustion
--Electric 15.8 × 109Mj] 5.8-29 23-174 87-580 348-2320 58-580 58-406

utilities
--Industry 358 7.2-72 18-72 358-1790 179-1070 358- 1790 107-537

and
domestic

Pyrometallurgical
nonferrous
metal
production
--Mining 40.0-80 0.6-3 160-800 415-830
--Pb 3.9 780-1560 39-195 234-312 7.8-16

production
--Cu-Ni 8.5 8500-12,750 1700-3400 14,450-30,600 37-207 8.5-34.0 850-4250

production
-- Zn- Cd 4.6 230- 690 920- 4600 230- 690 2.3- 4.6

production
Sccondary 2.3 - 3.6 55 - 165 1065 - 28,400

nonferrotls
metal
production



TABLE 4.3 (Continued)

Global
Production/

Consumption
Source Category (109 kg/yr-~) As Cd Cr Cu Hg In Mn Mo

Steel and iron 710 355-2480 28-284 2840-28,400 142-2840
manufacturing

Refuse
incineration
--Municipal 140 154-392 56-1400 98-980 980-1960 140-2100 252- 1260
--Sewage 3 15- 60 3- 36 150- 450 30-180 15- 60 5000- 10,000

sludge
Phosphate 137 68- 274 137- 685

fertilizers
Cement 890 178- 890 8.9- 534 890-1780

production
Wood 600 60 - 300 60 - 180 600 - 1200 60 - 300

combustion
Mobile sources 647 (gasoline)
Miscellaneous 1250-2800

Total 12,000-25,630 3100-21,040 7340-53,61019,860-50,870 910--6200 11-39 10,560-65,970 793-5740
emissions

Median value 18,820 7570 30,480 35,370 3560 25 38,270 3270

Source Category Ni Pb Sb Se Sn TI V Zn

Coal combustion
--Electric 1395-9300 775-4650 155-775 108-775 155-755 155-620 310-4650 1085-7750

utilities
--Industry and 1981)- 14,850 990-9900 198-1480 792- 1980 99-990 495-990 990-9900 1485-11,880

domestic
Oil combustion

--Electric 3840-14,500 232-1740 35-290 348-2320 6960-52,200 174-1280
utilities

--Industry and 7160-28,640 716-2150 107-537 286-3580 21,480-71,600 358-2506
domestic



Pyrometallurgical
nonferrous
metal
production
--Mining            800 1700-3400 18-176 18-176 310-620
--Pb 331 11,700-31,200 195-390 195-390 195-468

production
--Cu-Ni 7650 11,050-22,100 425-1700 427 1280 425-1700 43-85 4250-8500

production
--Zn-Cd 5520-11,500 46-92 92-230 46,000-82,800

production
Secondary 90-1440 3.8-19 3.8-19 270-1440

nonferrous
metal
production

Steel and iron 36-7100 1065-14,200 3.6-7.1 0.8-2.2 71-1420 7100-31,950
manufacturing

Refuse
incineration
--Municipal 98-420 1400-2800 420-840 28-70 140-1400 28(10-8400
--Sewage 30-180 240- 300 15-60 3-30 15-60 300- 20(10 1511 - 45~1

sludge
Phosphate 137-685 55-274 0.4-1.2 1370 6850

fertilizers
Cement 89- 890 18-14,2~1o 2670- 5340 1780-17,800

production 12110- 60(10
Wood 600-1800 1200-3000

combustion
Mobile sources 248,030
Miscellaneous 3900- 5100 1724- 4783

Tolal, 24,150-87,150 288,700-376,000 1480-5540 1810-5780 1470-10,810 3320-6950 30,150-141,86070,250-193,500
emissions

Median 55,650 332,350 3510 3790 6140 5140 86,000 131,880
Value

Source: From Nriagu and Pacyna (1988).



TABLE 4.4 Anthropogenic Inputs of Trace Metals into the Aquatic Ecosystems (]06 kg/yr)

Annual
Global

Discharge’~

Source Category ( 109 m~) As Cd Cr Cu Hg Mn Mo Ni Pb Sb Se V Zn

Domestic
wastewalerb

--Central 90 1.8-8.1 0.18-1.8 8.1-36 4.5-18 0-0.18 18-81 (I-2.7 9.0-54 0.9-7.2 0-2.7 0-4.5 0-2.7 9.0-45

--Noncentral 90 1.2-7.2 0.3-1.2 6.0-42 4.2-30 0 0.42 30-90 0-1.8 12-48 0.6-4.8 0-1.8 0-3.0 (I-1.8 6.0-36

Steam electric 6 2.4-14 0.01-0.24 3.0-8.4 3.6-23 0-3.6 4.8-18 0.l-1.2 3.0-18 0.24-1.2 0-0.36 6.0-30 0--0.6 6.0-30

Base metal mining (I.5 0-0.75 0 0.3 0-0.7 0.1-9 0-0.15 0.8-12 0-0.6 0.01 0.5 0.25-2.5 0.04-0.35 0.25 1.0 --. 002 6

and dressing
Smelting and

refining
--Iron and steel 7 14-36 1.4-2.8 5.6-24

--Nonferrous 2 1.0-13 0.01-3.6 3 20 2.4-17 0 0.04 2.0 15 0.01-0.4 2.0 24 I.II-6.0 0.08-7.2 3.0 211 0-1.2 2.(I 2(!

metals
Manufacturing

processes
--Metals 25 0.25-1.5 0.5-1.8 15-58 10-38 0-0.75 2.5 20 (I.5-5.0 0.2-7.5 2.5 22 2.8 15 0 5.0 0 0.75 25-138

--Chemicals 5 0.6-7.0 I).1-2.5 2.5-24 1.0-18 0.02-1.5 2.0-15 0-3.0 1.0-6.0 0,4 3.0 0.1 0,4 (!.02-2.5 0 0.35 0.2-5.0

--Pulp and paper 3 0.36-42 -- 0.01-1,5 0.03 0.39 -- 0.03-1.5 -- 0 0.12 0.01-0.9 0-0.27 0.01 0.9 -- (I.09-1.5

--Petroleum 0.3 0-0.06 -- 0-0.21 0-0.06 0-0.02 --- -- (I-(I.06 0 0.12 (I-0.03 0-0.09 -- 0-0.24

products
Atmospheric 3.6-7.7 0.9-3.6 2.2-16 6.0 15 0.22-1.8 3.2-20 0.2-1.7 4.6-16 87 113 0.44 1.7 0.54-1.1 1.4-9.1 21-58

falloutc

Dumping of sewage [6 × 109kg]
sludge’:’ 0.4-6.7 0.08-1.3 5.8-32 2.9-22 0.01-0.31 32-1.06 0.98-4.8 1.3 20 2.9-16 0.18-2.9 0.26-3.8 0.72-4.3 2.6-31

Total input, 12-70 2.1-17 45-239 35 90 0.3-8.8 1(19 414 1.8-21 33-194 97-180 3.9-33 10-72 2.1-21 77-375

water
Median value 41 9.4 142 112 4.6 262 11 113 138 18 41 12 226

Source." From Nriagu and Pacyna (1988).

"The discharges given represent conlaminated process waters, and do not include cooling waters.
t’The wastewater production figure corresponds to about 60m3/capita/yr multiplied by the 2.4 × 11)9 residents in urban and rural areas of the world. The other discharge figures likewise have
been derived lrom the reported water demand per unit tonne of metal smelted or goods manufactured.
"We have assumed that 70% of each metal emitted to the atmosphere is deposited on land, and that the remaining 30% is deposited in the aquatic environments.
aWorldwide sewage sludge production is estimated to be 30 million tonnes, assuming average sludge production rate of 30g/capita/day in urban and rural communities. It is believed that
2(!% of the municipal sludge is directly discharged or dumped into aquatic ecosystems, about 10% is incinerated, and the rest is deposited on land.
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Long-Term Trends in Atmospheric Emissions

Total emissions of sulfur dioxide and nitrogen oxides generally increased
in the United States during the period from 1900 to 1970 (Fig. 4.3).
During this time, annual emissions of sulfur dioxide increased by a factor
of 3 and nitrogen oxides increased almost tenfold.

Tall stacks constructed by electric utilities and smelters in the last 25
years have caused atmospheric pollutants to be transported long distances
from their emission sources by emitting them into the upper air currents.
Prior to 1970, there were only two stacks in existence taller than 150
meters (500ft); in the United States today there are more than 175 such
stacks. These stacks were built to reduce ambient air-pollutant concen-
trations in the vicinity of the stacks, but their net effect has been to
spread air pollutants over long distances.

Emission-control plans adopted since passage of the U.S. Clean Air
Act in 1970 have been effective in reducing the growth of national
emissions of sulfur dioxide and nitrogen oxides (Fig. 4.3). Sulfur dioxide
emissions decreased an estimated 30% between 1970 and 1988, while
nitrogen oxide emissions were about 10% lower in 1988 than their peak in
1978.

Long-Term Trends Recent Trends
30 30

SO2 (EPA)

,’~~ ~VOC (MSCET)
25- 25-, ~-

" -- ~ SO2 (MSCET)

20. 20-4 - ,"" " "" x."" *’-",,’"= ~’

NOx (EPA) NOx (MSCET)
~ 15, ~           . 15-

o~ ! o°

’" "Y NO,, .....~...-" 10-10- voo        .

5"

0        ~ I       I ~       0       ~      ~ i      I
1900 1915 1930 1945 1960 1970 1973 1976 1979 1982 1985 1988

FIGURE 4.3. Historical trends in SO2, NOx, and volatile organic carbon emissions.
Sources for 1940-1970 trends: Gschwandtner, Wagner, and Husar 1988; for 1970-1987
trends: U.S. EPA, 1990; for 1975-1988 trends: Kohout et al., 1990. (From Irving, 1991.)
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196 Atmospheric Deposition

It is expected that the Clean Air Act Amendments passed by the U.S.
Congress in 1990 will result in regulations that lower sulfur dioxide and
nitrogen oxides emissions even further. Also, the act offers a compre-
hensive plan for significantly reducing emissions of hazardous air pol-
lutants, also referred to as air toxics. The law lists 189 pollutants and
requires major sources to reduce emissions according to a prescribed
schedule. Unfortunately, we do not know as much about air toxics and
their effects on bodies of water compared to our knowledge of acid-
ification.

Global Transport of Pollutants

Measurements at the most remote points on the earth, such as Antarctica,
indicate that many pollutants, such as organic chemicals (e.g., PCBs),
enter the global cycle and are deposited in appreciable quantities any-
where on the earth. Most of the discussion on global transport is taken
from Junge (1977).

The concentration of pollutants in the atmosphere is determined
by the mass balance between global sources and sinks of the pollutant.
Mathematically, one can write that

dM

dt Q S(M)
(4.1)

where
M = the global mass of the pollutant in the atmosphere
Q = the global source strength for the pollutant
S(M) = the global sink of the pollutant

Under a steady-state assumption, which can be applied only to time
intervals of more than one year, and fairly steady inputs, the left side of
Equation (4.1) becomes zero and

Q,s = S(M) (4.2)

The sinks of atmospheric pollutants include:

1. Deposition (wet and dry) on land and sea surfaces.
2. Adsorption on land and sea surfaces.
3. Decomposition by atmospheric chemical and photochemical pro-

cesses.
4. Emissions into the stratosphere.
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The global removal (sink) rate is a function of the mass of pollutants
present in the atmosphere (or its concentration), and if deposition pre-
vails as in the cases of some relatively inert components (DDT, PCBs), it
can be approximated by

S(M) = vd × CM (4.3)

where
vd = depositional velocity (m/day)
CM = average global (background) concentration of the pollutant, typ-

ically measured at some remote point unimpacted by cultural emis-
sions

The average residence time of a pollutant in the atmosphere under
steady-state conditions is given by

M CMVA H
T - - ~ (4.4)

S(M) VdCMAG Vd

where                                                                              ~
A6 = global surface area
VA = volume of the atmosphere within the mixing layer
H = average depth of the surface air boundary layer (typically of the

order of about 1000 m)

The most effective natural removal process is the attachment of pol-
lutants to atmospheric aerosols and their subsequent removal by dry and
wet fallout on land and sea surfaces. For many pollutants, the sea is
the final sink, since pollutants deposited on land can be reentrained or
can reenter the atmosphere by volatilization, wind erosion, and other
processes described previously.

If the input of a pollutant into the global transport system is instanta-
neous, as occurs during an explosion, volcanic eruption, or one-time
widespread pesticide application, and if the sink function is linearly
proportional to the mass of the constituent in the atmosphere (S(M) =
5’0 x M), Equation (4.1) can be solved to yield

Qo -sot _ Qo e-t/r (4.5)M ( t ) = -Q--£ e - -~A

where Q0 = the mass of the instantaneous input.
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198 Atmospheric Deposition

Example 4.1 Global Pollution Transport

Background (steady-state) concentrations of an "inert" pesticide in the
atmosphere are measured at about C~, = 0.1ng/m3 = 10-1°g/m3. The
worldwide production of the pesticide is about 1000 tonnes/yr = 109 g/
yr from which about 40% is lost to the atmosphere during and after
application. Estimate the average residence time and deposition velocity
of the pesticide. Assume an average depth of the mixed air boundary
layer of H = 3000m.

Solution Atmospheric input of the pesticide:

Q = 0.4 x 109(g!yr) = 4 x 10Sg/yr

To determine the amount of the pesticide in the atmosphere it is neces-
sary to know:

Volume of the atmospheric mixing layer (earth radius r = 6.3 x 106 m)"

VA = 4nr2H = 4r~(6.3 x 106)2 × 3000 ----" 1.5 X 101Sm3

Mass of the pesticide in the atmosphere:

M = C,,,VA = 10-1°(g/m3) x 1.5 X 101S(m3) = 1.5 X 10Sg

Average residence time:

M 1.5 x l0s
T- Q    4 x 10s --0"375yr = 137 days

Deposition velocity:

H 3000
Vd -- T - 0.375 - 8000m/yr

Entry of Atmospheric Pollutants into Surface Waters

Atmospheric pollution consists of gases and aerosols or atmospheric
particulates. The particulate matter ranges in size from 6 × 10-4 to
103gin. The term aerosol should be differentiated from dust. Dust
contains particles that are mostly insoluble, while aerosols contain also
water-soluble materials (about 50 according to Paterson and Junge
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(1971)). Besides direct emissions from terrestrial sources, aerosols can be
formed in the atmosphere by precipitation, absorption, and chemical
reactions.

Removal of particles (aerosols and dust) from the atmosphere is due
to:

1. Dry deposition by sedimentation.
2. Removal by rainfall and snowfall.
3. Dry deposition by impact on vegetation and rough surfaces.

Removal of gases occurs primarily by:

1. Removal during periods of precipitation.
2. Absorption at the earth’s surface.
3. Adsorption of aerosolic particles and subsequent deposition.

Dry Deposition
Dry deposition is an important process for the removal of gases and
airborne particles. While data on wet deposition are relatively abundant,
dry deposition data are sparse. Sisterson et al. (1990) evaluated a number
of data sources on the dry deposition of sulfur and nitrogen species. Wet
deposition was found to account for most of the total deposition of sulfur
and nitrogen species for regionally representative sites. Individual sites
that were more heavily impacted by sulfur emissions tended to have a
relatively larger dry deposition in relation to the total contribution than
sites not impacted by local emissions. This means that dry deposition
is probably much greater than wet deposition in and near urban areas.
When urban areas are excluded, dry deposition of sulfur species is es-
timated to be 30% to 60% of the total (wet plus dry) deposition. Under
the same conditions, the percentage for nitrogen species ranges from 30%
to 70%.

The rate of dry fallout from the atmosphere is primarily determined
by the force of gravity, but other effects, such as surface impaction,
electrostatic attraction, adsorption, and chemical interactions, may
explain why the deposition rate of small particles (order of magnitude of
1 I~m or less) onto the ground is often greater than can be expected from
the pull of gravity.

The rate of deposition of aerosol particles can be related to their
average above-ground concentration:

Dd = VdC(X, y, z) (4.6)
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where
Da = amount of aerosols removed per unit area per unit time

(e.g., g/m2-day or tonnes/km2-month)
C(x, y, z) = average concentration of aerosols at x, y, and z locations

from the source or coordinate origin (g/m3)

vd = deposition velocity of particles (m/day or m/month)

Depositional velocity differs from the physical settling velocity expressed
by Stokes’ law. Figure 4.4 shows the depositional velocity of particles
as estimated by measurements. MacMahon, Dension, and Fleming (1976)
reported that the depositional velocities of gases range from 0.5 to 2.5 cm/
sec, depending on the ground surface.

Wet Deposition and Composition of Precipitation
Due to the fact that precipitation scavenging is one of the most effective
processes for cleansing the atmosphere, rain and snow contain many
pollutants in quantities that may be harmful to terrestrial and aquatic
ecosystems. Pollutants included in wet precipitation are acidity, toxic
metals, organic chemicals, phosphates, and nitrogen compounds. In some
areas pollution from rain has been devastating to surface water biota and
often leads to acidification of lakes, fish kills, and severe reduction in the
productivity of lakes. Acid rainfall also leaches cations from soils (such as
aluminum) and from urban infrastructures (damage to concrete and
elutriation-corrosion of metals).

Contamination can be incorporated into precipitation within or below
clouds. In-cloud scavenging is called rainout or snowout, the below-cloud
process of enrichment is called washout.

Washout Function. In many cases the amount of pollutants deposited
by wet fallout can only be estimated from known atmospheric concentra-
tions, because the rainwater concentrations are either not known or
are unreliable. The process of scavenging of pollutants by raindrops
during washout or rainout (snowout) is basically an exponential function
(Slade, 1968):

Cw = Cw,oexp(-~,t) (4.7)

where
Cw = the atmospheric concentration of the contaminant after the rain
Cw,o = the atmospheric concentration of the contaminant before the rain
t = duration of the rain
X = the washout coefficient
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The wet fallout per unit area, Dw, is then

Dw = (Cw,o - C,,)H = Cw,0(1 - exp(-~,t))H (4.8)

where H = the depth of atmosphere thorough which the pollutant plume
is mixed. The magnitude of the washout coefficient, ~,, is of the order
10-4 sec-1 and is a function of rain intensity (Fig. 4.5). The magnitudes of
~, are similar both for gases and particulates.

Example 4.2: Concentration of Pollutants in Precipitation

The atmospheric concentration of phosphate before rain was estimated or
measured as Cw,o = 10 ~tg/m3. The depth of the mixed atmospheric layer
extended about 1000 meters above the ground surface. Estimate the
amount of wet fallout during a storm with a volume of 20 mm lasting 2
hours.

Solution From Figure 4.5 the washout coefficient for the storm intensity
i = 10mm/2hr = 5mm/hr is X = 7 × 10sec-1 = 2.52hr-1. Then the mass
of deposited phosphate becomes (Eq. (4.3)):

Dw = Cw,0(1 - e-~)H = 10(1 - e-252x2)1000
= 9935 lag/m2 = 9.935 mg/m2

The phosphate concentration in rainwater (rain volume Vr = 10mm =
0.01 m3/m2) is

Dw        9.93 mg/m2      = 0.99 mg/1
Cr - Vr - 0.01 m3/m2 x 10001/m3

Acidity

All rainfall is by nature somewhat acidic. The principal factor in rainfall’s
acidity is carbon dioxide. Pure water in equilibrium with the atmosphere
would have a pH of 5.6. The accumulation of acidic chemicals in the
atmosphere is also contributed to by decomposing organic matter, vol-
canic eruptions, and movements of the sea.

In some parts of the world the acidity of rainfall is considerably lower
than pH 5.6, primarily because of the emission of sulfur dioxide (SO2)
and nitrogen oxides (NOx). The areas of maximum deposition of chem-
ical species related to acidity (H+, SO~--, NO~-) in North America are
located in the northeastern United States and southeastern Canada (Figs.
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4.6-4.8). The pattern for annual average pH of wet deposition for the
United States shows that large areas in and downwind of emission zones
have depositions in the pH range of 4.1 to 4.5. Individual precipitation
events can produce rainfall as acidic as pH 3 or below. These areas
have considerably higher levels of atmospheric deposition (as measured
by acidifying species) than remote parts of the world. Table 4.5 sum-
marizes wet deposition pH values from remote regions of the world.
When areas with possible anthropogenic influence are taken into account,
it is apparent that the average pH of precipitation in remote regions are
closer to 5.0 than 5.6, the pH initially thought to represent "clean" rain.

In areas where precipitation pH is below about 4.6, we also find
surface waters that are acidic (considered here to be those with pH values
below about 5). Some surface waters are more sensitive to precipitation
acidity than others because of differences in the neutralizing capacity
of watersheds. The National Surface Water Survey (NSWS) was in-
itiated in 1986 to establish the current chemical status of surface waters
in the United States in relation to known deposition levels and the
biogeochemical environment (Linthurst, Landers, and Eilers, 1986). The
key elements of the survey were three major synoptic surveys of lakes
and streams in eight geographic regions of the United States believed to
contain the majority of surface waters susceptible to acidification (Fig.
4.9).

The survey found acidic lakes and streams in some of those regions,
although some of them were naturally acidic or acidic for reasons other
than deposition (Baker et al., 1990). The majority of the surface waters
were circumneutral but weakly buffered, with about half the lakes and
streams having acid-neutralizing capacities (ANC) ~<200geq/1 (Tables
4.6 and 4.7). A relatively small percentage (4.2%) of the 1181 lakes
investigated were acidic. Most acidic lakes were found in the Northeast,
Florida, and the upper Midwest. Of the total stream length in the survey,
2.7% (5506km) was acidic. Most of the acidic stream length was in the
mid-Appalachian and mid-Atlantic coastal plain regions. The researchers
concluded that atmospheric deposition was the dominant source of SO4 in
most surface waters sampled.

Baker et al. (1990) conducted a literature review of acidic lakes in
the high deposition areas of Canada, Finland, Norway, Sweden, and
the Kanai Peninsula of Alaska, plus several acidic lakes in low deposition
areas. As in the National Survey, there was a positive relationship be-
tween SO;-- deposition and lake water SO4 concentrations in Canada
and Scandinavia. Nitrate in deposition was found to play a more impor-
tant role in lakes in southern Norway and parts of Europe than was
observed in lakes in the United States and Canada.
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TABLE 4.5 Summary of Wet Deposition pH Values from Remote Regions of the World

pH
Other Chemical Sampling     Possible .AnthropogenicLocation N" Period Min Max Avg Measurements Protocol’~ Influence

American Tropics
Rain Forest

Manaus, Brazil 53 1966-1968 3.6 5.4 4.6t’ None reported UNK Urban (definite)Adolfo Ducke Forest, Brazil 2 UNK -- -- 4.38c None reported UNK Urban (possible)Amazon River from coast of 31 1976-1977 4.71 5.67 5.03C Full inorganic F/B-wet Unlikely
Brazil to Colombia, Peru,
Bolivia

La Selva, Costa Rica UNK 1973 4.40 4.90 4.66c None reported UNK Unlikely (volcano
influenced)San Carlos, de Rio Negro, 70 1979-1980 4.0 6.7 4.69’~ None reported Bottles Unlikely

Venezuela

Cloud Forest
Alto de Pipe, Venezuela 19 UNK 4.21 5.90 5.03c None reported UNK Urban (definite)San Eusebio, Venezuela UNK UNK 3.82 6.21 4.55~ None reported UNK Unlikely

Savannah
Calabozo, Venezuela 151 1981-1983 4.8 6.9 5.8’~ NH~- F/B-bulk Unlikely (wildfires)
Camburito, Venezuela 18 1983-1984 4.0 5.2 4.4a None reported F/B-wet Unlikely (wildfires)
Joaquin del Tigre, 17 1984-1985 4.2 5.8 5.1a None reported F/B-wet Urban (possible)

Venezuela
La Paragua, Venezuela 14 1985 4.0 5.6 4.8a None reported F/B-wet Unlikely (wildfires)
Lake Valencia, Venezuela 92 1977-1978 3.2 7.7 5.9e Full inorganic F/B-bulk Light industry (possible)



TABLE 4.5 (Continued)

pH
Other Chemical Sampling     Possible Anthropogenic

Location Na Period Min Max Avg Measurements ProtocoV Influence

Greenland
East coast 10 1981-1983 4.40 6.00 5.13e Full inorganic Bulk (long Local source (possible)

exposure)

Israel
Negev Desert 30 1978-1983 -- -- 7.9/ All major ions F/B-wet Urban (possible)

but NO~,
NH2, OH

Portugal
Coimbra 195 1978-1980 3.5 7.7 4.75~ Conductance F/B-bulk Urban (definite)

Australia
Hunter Region, New South UNK 1984-1986 4.0 7.0 5.0d Conductance Bulk/wet Unlikely

Wales only

New Zealand
Maimai, South Island 10 1985 6.2 5.2 5.6e Full inorganic F/B-bulk Unlikely

Source." From Sisterson et al. (1990).
Note." Probable local anthropogenic influence category is deduced from information provided in the original studies.
aN is the number of samples, and LINK is unknown; F/B is funnel/bottle sampling.
b Median of simple monthly average pH values.
c Simple average pH value.
d Volume-weighted pH value.
~ Median value.
;pit calculated from average bicarbonate concentration.
gpt! calculated from average tt÷ concentration.
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FIGURE 4.9. National Acidic Precipitation Assessment Program--Survey of surlace
bodies of water; (a) Areas included in the survey; (b) surface waters identified as affected.
(From Baker et al., 1990.)
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TABLE 4.6 Population Estimates of the Percentage of the Total Number of NSWS Lakes
and Streams with ANC, pH, and AI in Reference Rangesa

AIMIBK
ANC (~teq/1) pH (lag/l)C

Lake or Total
Region Streamb Number ~<0 ~<50 ~<200 % ~<5.5 ~<6.0 >50

Northeast L 7,096 6 22 6 19 13 6
S-u 3,235 6 23 48 7 13 5
S-d 3,235 1 5 30 <1 3 <1

Mid-Appalachians S-u 21,527 5 20 49 9 15 6
S-d 21,527 2 9 43 2 6 2

Mid-Atlantic S-u 11,284 12 30 56 24 49 37
coastal plain S-d 11,284 7 20 41 13 22 20

Interior Southeast L 258 1 1 34 1 <1 <1
S-u 18,598 1 7 52 2 9 <1
S-d 18,598 1 6 47 <1 3 <1

Florida L 2,098 23 40 55 21 33 6
S-u 1,274 25 66 77 39 69 3
S-d 1,274 11 59 82 23 59 3

Upper Midwest L 8,501 3 16 41 4 10 3
West L 10,393 <1 16 66 <1 ] <1

All NSWS L 28,346 4 19 56 5 9 3
S-u 55,917 2 11 44 4 9 5

Source: From Baker et al. (1990).
aBased on fall index chemistry (lakes) and spring baseflow (streams).
b L = lakes; S-u = streams--upstream ends of reaches; S-d = streams--downstream ends of reaches.
~ MIBK: methyl-isobutyl-ketone (method that measures total monomeric AI).

Acidic lakes and streams are not common in areas where acidic depo-
sition is low. Where they are found, they are typically associated with
areas where there are large amounts of dissolved organic carbon (DOC).
Other reasons for highly acidic surface waters in areas of low deposition
include acid mine drainage, geothermal springs, high chloride clearwater
coastal lakes, and lakes with extremely low conductivity.

As has been pointed out the acidity of precipitation is attributed to the
presence of sulfates and sulfides (SO~-- and SO~--) and nitrates (NO~-) in
the atmosphere. Sulfur is one of the elements that is always found in the
atmosphere, and it occurs as SO~-- and SO~-- in aerosols and SO2 and
H2S gases. Hydrogen sulfide in air is normally oxidized to SO2, which
is then oxidized to SO3. The oxidation reaction proceeds quickly if such
metallic catalysts as iron and manganese oxides are present (Stern, 1976).
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TABLE 4.7 Population Estimates of the Percentage of NSWS Lake Surface Area (kin2)

and Stream Length (km) with ANC, pH, and AI in Reference Ranges

ANC (t~eq/l)       pH     (lag!l)c
Lake or    Total

Region Stream Resourceb ~<0 <~50 ~<200 % ~<5.5 ~<6.0 >50

Northeast L 4,279 2 16 68 4 6 3
S 15,144 4 11 36 6 9 6

Mid-Appalachians S 54,425 3 11 47 7 13 7

Mid-Atlantic S 40,296 6 24 52 24 47 48

coastal plain

Interior Southeast L 243 <1 <1 55 <1 <1 <1

S 86,938 < 1 5 48 < 1 7 1

Florida L 662 20 49 64 24 33 9
S 3,848 12 61 76 44 74 40

Upper Midwest L 5,015 <1 4 15 <1 2 <1

West L 1,819 <1 8 35 <1 <1 <1

All NSWS L 12,016 2 11 40 3 5 2
S 200,652 3 12 48 8 18 13

Source: From Baker et al. (1990).

abased on fall index chemistry (lakes) and spring baseflow (streams).
bTotal resource for lakes is expressed as surface area (km2); total resource for streams is expressed as
length (km).
CTotal monomeric A1 (as measured by the MIBK (methyl-isobutyl-ketone) method; see Section 2.5.3.4
of the full Report).

These metallic compounds are commonly emitted by the burning pro-
cesses in fly ash. Formation of sulfuric acid is greatly enhanced by the
moisture emitted from cooling towers (Fig. 4.10).

The SO~-- and NO~- anions in the air are balanced by cations, primar-
ily NH~-, Ca2+, Mg2+, and N+. The major sources of these compounds
are sea spray, soil dust, and ammonia volatilization from soils. Since Na+

from sea spray is already balanced by C1- in the absence of other
buffering agents in the air, there may not be other cations available to
balance additional SO~-- and NO~ ions, so they can only react with H÷
to produce acid rain (Fig. 4.11).

Example 4.3: Acidity of Precipitation

The ambient concentration of sulfur trioxide and sulfates (SO3 and SO4

is about 30% of the ambient SO2 concentration. Estimate the approxi-
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FIGURE 4.10. Formation of sulfuric acid from the SO_~ emissions is greatly enhanced
when stack effluent combines with the vapor drift from cooling towers. (Photo: V.
Novotny.)

mate pH of rainwater resulting from 5 mm of rain lasting 5 hours if the
ambient SO2 concentrations is 20 gg/m3. The mixed atmosphere depth is
H = 1000 meters.

Solution From Figure 4.5 the washout coefficient k = 2 x 10-4sec-~ =
0.72 hr-1. Rainfall volume Vr = 5 mm = 5 1/m2. Mass of sulfates washed
out:

Dw = (30/100)Cw,o(1 - e-~t)H = 0.3 x 20(1 - e-072x5) = 5836gg/m2

Sulfate concentration in rainwater

Dw 5.836 mg/m-"
Cr - Vr - 5

Iim2 = 1.17 mg/1
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CI-, SO~ H* Acid forming

N%,HCO 
NI-I~ , Co~,
Mg**, K÷ Neulralized

SO,[ Co*~ Mg*~" K*

CI" Na÷ Sea salt

FIGURE 4.11. Atmospheric cation-anion balance resulting in an increase of
H÷ ions in rainwater.

Change Cr to equivalent SO~-- (equivalent weight of SO3 = [32 + 3 ×
16]/2 = 40 g/eq = 40,000 mg/eq).

{SO~-} - Cr    _ 1.17mg/1 = 2.92 × 10-Seq/1
EW(SO3) 40,000 mg/eq

Each equivalent of SO~-- must be balanced by one equivalent of [H+] or
any other available atmospheric cation (such as NH~’). The [H÷] con-
centration of rainwater not contaminated by SOx (pH = 5.6) is [H÷] =
10-pH = 10-5.6 = 2.5 × 10-6mole/I, which is more than one order of
magnitude less than the equivalent weight of [H+] required to balance
SO~-- ion. Since almost all of the sulfuric acid in water is dissociated, the
resulting pH is roughly

1 1 1
pH = lOg[H+] - log{so~__) - log2.92 × 10_5 = 4.5

Effects of Precipitation Acidity on Drinking Water
Concerns have been raised about the possibility that acidic deposition
might contribute to levels of chemical contaminants in untreated or
partially treated drinking water in excess of established or contemplated
drinking water standards. Background information is presented on con-
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cepts important to the understanding of chemical contaminants in drink-
ing water that may be related to acidic deposition.

Instances of elevated concentrations of chemical contaminants exceed-
ing drinking water standards have been reported for precipitation col-
lected in cisterns, shallow wells and springs, and surface waters. The
elevated concentrations are usually the result of pipe corrosion and other
materials in t~e distribution system that come in contact with the water.

In the context of this chapter corrosion is defined as the deterioration
of a pipe or fixture by electrochemical reaction with its environment
(Patterson and O’Brien, 1979). Water’s corrosive tendency depends on its
physical, chemical, and biological characteristics and the nature of the
material with which it comes in contact. An example of physical action is
the erosion or wearing away of a pipe elbow because of excess flow
velocity in the pipe. A simple example of chemical action is the oxidation
or rusting of an iron pipe. An example of biological action is the release
of corrosive by-products by iron-oxidizing and sulfate-reducing bacteria
(Singley, Beaudet, and Markey, 1984).

There are several piping materials used in drinking water distribution
and home plumbing systems. Common piping materials are composed of
copper with lead-based solder, galvanized iron, plastic, and asbestos-
cement. Besides the material itself, contaminants in it, such as cadmium
and lead, can leach into the water. Even certain plastic piping may
contain contaminants that can leach into the water due to corrosion.
For example, some plastic pipes have been reported to contain lead
stearate as a stabilizing agent in its manufacture (Jacks, 1984). Little is
known, however, about the degree of leaching of lead from plastic piping.
Further, the brands of plastic that contain lead stearates are trade secrets,
thus, the leaching potential of a particular brand cannot be ascertained
without experimentation.

The contaminants of interest that may leach from piping due to corro-
sion are arsenic, asbestos, cadmium, copper, lead, selenium, and zinc.
Aluminum, mercury, and nitrate are not significantly leached from piping
due to the corrosivity or aggressive properties of water. The results of
three U.S. surveys and one in Canada are summarized below for lead, the
contaminant of most concern in corrosive drinking water supplies. The
impact of rainfall acidity on elutriation of metallic ions (zinc) from tin
roofs and downspounts is discussed in Chapter 8.

New England Water Works Association Survey. Taylor et al. (1984)
sampled raw and treated surface water and ground water for lead.
One of the 328 samples (0.30%) of untreated source waters had lead
levels above the current U.S. MCL of 50 ~tg/1. This was a ground-water
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sample. Treated waters were sampled at the treatment facility before
distribution through piping and plumbing systems. Of the 134 treated
surface water samples two (1.5%) contained lead levels above the
current MCL, while one of the 22 treated ground-water samples
(4.5%) contained lead levels above the MCL.

National Inorganics and Radionuclides Survey. The EPA collected tap
water samples from nearly 1000 ground-water drinking water supplies
in the United States on which they conducted analyses for selected
inorganics and radionuclides (Logtin, 1988). Of the 983 sites sampled
for lead, the concentrations in tap water ranged from <5 mg/1 to 240
lag/1. A total of 55 samples (5.6%) were above the minimum reported
detection limit of 5 lag/l, which is also the proposed MCL. Only four of
the 983 samples (0.41%) were above the current MCL of 50 lag/1. All
of the systems exceeding the current MCL were those serving less than
2500 households.

Rural Water Survey. The rural water survey described previously sampled
tap water at 2654 households for some constituents, including lead
concentrations (Francis et al., 1984). A total of 16.6% of the supplies
contained lead levels above the MCL. The median concentration was
8lag/l. The highest recorded lead concentration was 970lag/l, nearly
twenty times higher than the current MCL. The authors attributed the
high lead levels to leaching of lead from distribution and plumbing
systems, but also noted potential lead contamination from sample
bottles.

Canadian Survey. Meranger, Subramanian, and Chalifoux (1979) re-
ported that mean lead levels in treated water samples in 70 Canadian
cities were equal to or less than 1 lag/l, and none of the samples in nine
out of ten provinces exceeded 3 lag/1. The maximum lead concentration
found in these source waters was 7 lag/l, one-seventh the current U.S.
MCL.

Based on U.S. surveys of lead in ground-water supplies, the EPA
(1988) estimated that approximately 900 ground-water suppliers (about
1%) may have water leaving the treatment plant at levels greater than
5lag/1. Based on this information and other surveys, the EPA (1988)
estimated that about 99% of the 219 million people in the United States
using both surface and underground public water supplies are exposed to
distributed water levels between 0 and 5lag/l and about 1% (2 million
people) are served by water with lead levels greater than 5 lag/1.

The occurrence of lead as a by-product of corrosion can be an im-
portant source of lead in drinking water at the user’s tap. Three overall
factors are particularly important in determining the degree of corrosion
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in the water distribution and home plumbing systems. First, the type and
age of piping are important factors in the levels of lead leached from the
plumbing system. For instance, the use of copper pipes joined with
solder containing lead can result in elevated lead levels due to galvanic
corrosion. This corrosion is especially reactive in the case of newly in-
stalled solder. Second, the corrosivity of the water toward lead is a major
factor influencing the levels of lead at the consumer’s tap. The corrosivity
of water, in turn, is dependent upon many other factors. Third, regardless
of the age of the piping, water that has been in contact with the pipe for a
period of time will contain higher lead levels than flushed water from the
same pipe.

For this reason, recent surveys of drinking water at the consumer’s tap
have focused on samples collected in the morning prior to any use of tap
water in the house that day and/or samples collected after flushing,
usually for 30 to 60 seconds. The first-draw samples provide a worst case
estimate of contaminant concentrations, while the flushed samples may be
more representative of average concentrations of water consumed during
the day. The following three studies reported results of standing water
analyses.

Patterson (1981) collected 782 random daytime grab samples flushed
for 30 seconds from drinking water taps in 58 cities in 47 states. The
percentage of samples collected from each state generally reflected the
state population. It was found that 60% of all samples contained lead
levels less than or equal to 10~tg/1, 84% less than 20~tg/1, and 97% less
than 50 l.tg/1. Unfortunately, information on lead levels below 10 ~tg/1 were
not available from this study, since the reported analytical detection limit
was 10 lag/1.

Taylor and Symons (1984) sampled 36 treated surface waters and
ground waters in seven northeastern states for lead at various points in
the system. Samples were collected after standing overnight in plumbing,
from the service line, and from the water main. None of the 36 samples
from the water main had lead levels above the current MCL. One of the
36 samples from the service line (3%) had lead levels above the current
MCL. Treated waters sampled at the tap first thing in the morning
exceeded the lead MCL in 6 of the 36 samples (17%). The higher
frequency of exceedences for the samples that involved additional contact
with plumbing systems indicated corrosion of piping materials.

The American Water Works Service Company (1988) conducted
a study of lead levels in 1484 drinking water supplies throughout the
American water system. Subsequent evaluation indicated a general
association between higher lead levels and several factors, such as pH and
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plumbing age. It was also observed that the lead levels at specific sites or
within specific systems could not be predicted based on these factors.

Assessment
Although there is some likelihood that metals such as lead can be mobi-
lized by acidity in drinking water systems, Grant et al. (1990) concluded
that measurable increases in exposure will occur only under conditions
related to specific, isolated exposure scenarios, such as individual drink-
ing water systems that use surface ponds, shallow wells, or cisterns. Even
assuming extreme-case conditions, such as acidic depositions resulting in
a drinking water pH of 4.5, these researchers concluded that adverse
health effects are unlikely except possibly for lead.

In the case of lead, there is a special reason for concern, which is that
many individuals are already exposed to lead from multiple sources at
levels that cause their blood lead to approach or exceed the lowest
observed adverse effect level. As a result, any small increment attributed
to acidic deposition might be sufficient to place some people in the range
of exposure associated with increased risk of adverse health effects. On
the other hand, increments in lead exposure projected to cause health
effects are predicated on the assumption that acidic deposition can shift
pH levels to the extreme levels necessary for lead mobilization. These
extreme pH shifts are not confirmed by current research.

Nitrogen in Atmospheric Deposition

Nitrogen in deposition not only contributes to acidity, but it can also
adversely affect the productivity of surface waters, particularly in the
coastal zone. This section describes the current understanding of the
atmospheric sources of nitrogen and its effects on near-shore waters.
There remains considerable uncertainty about the importance of this
source of nitrogen.

For many years, scientists believed that the portion of nitrogen en-
tering near-shore waters was trivial compared to nitrogen from other
sources, particularly land runoff and sewage treatment plant effluents. In
recent years, however, numerous reports have suggested that atmospheric
nitrogen contributes significantly to surface water quality.

Fisher et al. (1988) used an empirical approach to describe a cause-
effect association between the amount of atmospheric nitrogen and its
effects on the Chesapeake Bay. It was estimated that atmospheric nitrate
and ammonia contribute 35 and 19 million kilograms, respectively, of
biologically available nitrogen to the bay annually. Atmospheric nitrate
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and ammonia were estimated to account for 25% and 14%, respectively,
of the total nitrogen loading to the bay.

Many scientists initially discounted the validity of the findings because
the calculations necessarily required considerable conjecture and numer-
ous simplifying assumptions. However, an objective analysis supported
through the National Acid Precipitation Assessment Program reinforced
the hypothesis that atmospheric nitrogen is likely a major contributor to
surface water quality (Turner et al., 1990). Also, a report by the EPA
suggested that at least 13% of the total nitrogen loading to the bay is
from atmospheric deposition.

The results from the studies of the Chesapeake Bay may not be
indicative of other near-shore waters. The fate of the ecosystem and the
effects of nitrogen inputs vary substantially across ecosystems and sites.
Information also suggests that a watershed has a high capacity to retain or
denitrify the nitrogen entering it, and that this capacity is highly variable
among watersheds.

Turner et al. (1990) assessed the effects of atmospheric nitrogen on
surface waters according to ecosystem components. A summary is pres-
ented below:

1. Forest ecosystems
¯ Biological fixation and nitrogen deposition are the two major pro-

cesses providing nitrogen inputs to forests.
¯ Little nitrogen is normally exported from forests because they tend

to be nitrogen poor. The majority of atmospherically deposited
nitrogen is assimilated by forested watersheds.

2. Agricultural ecosystems
¯ Insufficient information is available to determine the effects of a

change in agricultural management practices on the export of
nitrogen.

3. Wetlands
¯ Removal and/or storage processes by wetlands in the Chesapeake

Bay could prevent the transport of atmospherically deposited
nitrogen from reaching the bay.

¯ Approximately 20% of the Chesapeake Bay drainage area passes
through wetlands.

4. Freshwater ecosystems
¯ A significant amount of surface-water nitrogen is removed within

the stream-river ecosystem, mostly through denitfification.
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5. Estuaries and near-coastal waters
¯ The rates of nitrogen processes in these waters increase as nitrogen

deposition loadings increase.
¯ Nitrogen deposition onto watersheds is an important contributor to

the total nitrogen loading in estuaries; however, the assumption that
nitrogen export from the watershed is proportionate to nitrogen
inputs is not necessarily valid.

¯ There is some uncertainty whether nitrogen is largely retained or
largely lost by the mechanisms of denitrification and advective
transport.

Although most of the information presented in this section is based on
calculations in the Chesapeake Bay watershed, recent evidence suggests
that atmospheric nitrogen plays an important role in the water quality of
Long Island Sound (New York), the Neuse River (North Carolina),
Narragansett Bay (Rhode Island), Ochlockonee Bay (Florida), the Upper
Potomac River Basin (Maryland and Pennsylvania), the New York Bight,
and the Great Lakes (Turner et al., 1990).

TOXIC COMPOUNDS IN THE
ATMOSPHERE
Lead in Atmospheric Deposition

The debate over SO2 emissions and acidification has slowed since passage
of the 1990 Clean Air Act, but the issue of toxic air pollution has
intensified. For example, the effects of toxic metals emissions, such as
lead, on aquatic ecosystems have received considerable interest recently.
Less is known about air toxics and their effects on bodies of water than is
now known about acidic deposition and surface-water acidification.

Not only can lead leach from acidified water distribution systems, but
there is considerable lead emitted into the atmosphere. Lead (Pb) is a
member of the Group IV elements (C, Si, Ge, Sn, and Pb) of the
periodic table. Lead is truly metallic compared to carbon and silicon.
Lead has stable (+2) and (+4) oxidation states. With the exception of
nitrate and acetate, most (+2) lead salts, such as halides, hydroxides,
sulfates, and phosphates, are only slightly soluble in water. Lead is one of
the oldest metals known to man and, since medieval times lead has
been used in building materials, piping, paint solders, ammunition, and
castings. In modern times, lead has also been used in batteries, chemicals,
and pigments.

Emissions of lead into the atmosphere have increased sharply during
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FIGURE 4.12. Global anthropogenic emissions of lead.
(After Nriagu and Pacyna, 1988.)

the twentieth century (Fig. 4.12). Since the peak emissions of the 1970s
(4265 x 103 tonnes), lead emissions have declined. Anthropogenic emis-
sions greatly exceed those from natural sources (Table 4.8). Although
mining discharges contribute the majority of lead to the land, atmo-
spheric deposition is usually the most important source of lead in surface
waters.

The emission of lead into the atmosphere is largely the result of

TABLE 4.8 Comparison of Annual Anthropogenic and Natural Emissions of Lead

Global Production Global Emissions
Source (106 metric tonnes) (103 metric tonnes)

Anthropogenic emissions Not available 4265
Wind-blown dust 500 16
Forest fires 36 0.5
Volcanic particles 10 6.4
Vegetation 75 1.6
Seasalt spray 1000 0.2
Source: From Nriagu (1979).
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vehicular emissions, though smaller amounts are emitted from stationary
fossil-fuel combustion sources. The emission rates of lead from automo-
biles using leaded gasoline vary from 30% to 90% of the lead content,
depending on vehicle’s speed, operation, and exhaust system. Average
emission rates for lead are 60% for urban driving and 80% for highway
driving (Provenzano, 1978). Lead emissions have decreased dramatically
in the United States and other developed countries in the past few years
with the ban of lead as an automotive fuel additive. Lead particles
generally coagulate to a diameter of 0.1 to 1.0lam, and thus are capable
of being transported long distances.

According to the EPA (1985), atmospheric lead concentrations range
from 0.000076lag/m3 in remote areas to 10lag/m3 near point sources.
Average annual lead concentrations in air in most areas were reported to
be below 1.0 lag/m3. The EPA calculated the average intake of lead from
respiration to be approximately 1 lag/day. This is very low compared
to the maximum drinking water intake, which would be 100ktg/day,
assuming there are 50lag/1 of lead present and a daily water intake of 2
liters.

Wet deposition of lead may roughly equal dry deposition. Lindberg et
al. (1982) found nearly equal wet and dry annual fluxes of lead in the
Walker Branch watershed, Tennessee. Peirson et al. (1973), however,
showed that dry deposition of lead accounts for less than 10% of the total
deposition at a rural site in England. This area, however, had much
higher precipitation amounts. Lindberg (1982) showed that lead is higher
in summer months due to increased air stagnation and a lower precipi-
tation volume. Galloway, Eisenreich, and Scott (1980) reported the
results of 32 studies of lead in wet deposition, wherein lead levels ranged
from 0.6 to 64 tag/l, with a median of 12 lag/1. Direct atmospheric deposi-
tion of lead to a lake has been generally found to exceed watershed
sources because lead levels in rocks and soils are generally low and lead is
retained in soils by various mechanisms.

A significant amount of the total lead present in surface waters exists
as suspended matter. The level of lead drawn from rivers and streams is
generally slightly lower than the concentrations present in lakes and
ground waters. The EPA (1988) reported the results of a survey by Fish-
man and Hem, who found that 86% of raw surface waters sampled
contained less than 10lag/1 lead and that less than 1% had over 50lag/1.
Clarkson, Baker, and Sharpe (1984) reported that most natural ground
waters have concentrations ranging from 1 to 10 lagfl.

In urban areas lead becomes incorporated into street dust and accu-
mulates within 1 meter of the curb (see Chapter 8 for a more detailed
discussion of atmospheric sources of toxic contaminants in urban areas).
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Health Effects
The health effects of lead are generally correlated with blood lead levels.
High lead exposure is associated with the interference with the heme
synthesis necessary for formation of red blood cells, anemia, kidney
damage, impaired reproductive function, interference with vitamin
D metabolism, impaired cognitive performance, delayed neurological
and physical development, and elevations in blood pressure (U.S. EPA,
1988). Human absorption of lead is apparently independent of the chem-
ical form of lead. Effects on children generally occur at lower blood lead
levels compared to adults.

Because there are several sources of lead exposure other than drinking
water, it is important to examine the relative contribution of water lead to
health effects. The EPA (1988) reviewed a number of such studies and
suggested that 501.tg/1 of lead (the current MCL) in morning first-draw
drinking water contributes less than the lowest observed effect level in
children, but that this contribution could be important to the total body
burden of lead from all sources. Other major sources of lead exposure in
humans, including air, soil, food, cigarettes, paint, and other specific
sources, can increase the range of mean blood lead levels tenfold.

Mercury in Atmospheric Deposition

Mercury (Hg) is perhaps the toxic pollutant most widely discussed with
regard to emissions and effects on bodies of water. One reason is that
mercury has a long residence time in the atmosphere and can be trans-
ported to remote and pristine ecosystems.

Mercury is a member of Group liB of the periodic table. It is a silver-
white, heavy, mobile liquid at 25°C with a freezing point of -38.9°C. It is
the most volatile metal known, with a vapor pressure of approximately
2 × 10-3 torr at 25°C. The principal valence states of mercury are +1
(mercurous) and +2 (mercuric).

Mercury exists in two basic forms, inorganic salt and organic mercury
compounds (methylated mercury). The major anthropogenic impact
of mercury occurs when inorganic mercury in soils and sediments is
methylated to a more toxic methyl-mercury (see Chapter 13).

Sources of Mercury
Mercury is found naturally in soil in the range of 30 to 300 mg/kg (Shacklette
and Boerngen, 1984). In addition, there are known areas with substan-
tially elevated mercury in geologic materials. For example, in the United
States mercury in soils is elevated in certain parts of California and
Nevada.
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The major uses of mercury in industry are in electrical equipment
(batteries, lamps, switches, and rectifiers) and in the chloralkali industry
as a flowing cathode for electrolytic deposition of salt brine into chlorine,
sodium hydroxide, and hydrogen. Mercury is used in agriculture as
a fungicide. The medical profession uses mercury in dental and phar-
maceutical products.

In addition to these sources, mercury may enter the environment from
mining, smelting, and fossil-fuel combustion. Mercury is present in coal in
the range of 10 to 46,000 mg/kg, though generally it is in the range of 200
to 400mg/kg (U.S. EPA, 1985). Because of its high volatilization, most
mercury in smelting and combustion processes is emitted to the atmo-
sphere. On the other hand, mineral extraction can result in mercury
contamination of soil and ground water from improper mining and rec-
lamation practices. Soil and ground water can also become contaminated
from improper disposal practices in industries that use mercury and
burn fossil fuels. Natural processes such as volcanic activity, geothermal
activity, and volatilization from mineral deposits also result in mercury
entering the atmosphere.

Most atmospheric mercury has a leng residence time in the atmo-
sphere-on the order of months--and consequently is dispersed globally
(Lindqvist et al., 1984). Still, a small but significant fraction of what is
emitted at a particular source is deposited in its vicinity. Several studies of
mercury deposition around chloralkali plants clearly show that deposition
is augmented well above the background within 5 or 10km from the
plants. In fact, Lindqvist et al. (1984) calculated that 10% to 20% of the
emissions are deposited within 10km of the plants.

Mercury Exposure to Humans
The most significant pathways of mercury into humans include inhaled
air, dust, food, water, and medical care. These exposure pathways are
represented in Figure 4.13 and described further in the following list.

Table 4.9 shows estimates of natural and baseline exposures to mer-
cury for children and adults. These estimates are based on consumption
factors in inhaled air, dust, food, and drinking water. Estimates for
natural exposures represent background exposure to natural global
sources of mercury with no input from anthropogenic sources or localized
elevated natural sources. The baseline exposures represent background
anthropogenic global sources. No estimates are provided for medical
exposure because of the specific nature of this route of exposure (for
example, medications used, dental fillings present, and other dental
treatments).
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Soil acidification
/~f Dental treatmentsor contaminated area

/
Medicines

WATER MEDICAL CARE

~ HUMAN’S

\

FOOD AIR

/~l~
\, "~ Fossil-fuel combustionContaminated soil \

Dry deposition J/ ~ Industrial emissions

FIGURE 4.13. The quantitatively most significant exposure pathways of mercury in
human uptake.
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FIGURE 4.14. Intermediate pathways and source of exposure to mercury through dust.
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TABLE 4.9 Exposure of Children and Adults of Natural and Baseline Concentrations of
Mercury ~g/day)

Children Adults

Source Factor Natural Baseline Factor Natural Baseline

Inhaled air 17 m3/day 0.00 0.00 20 m3/day 0.00 0.00

Dust 0.2 g/day 0.20 0.80 0.2 g/day 0.02 0.08

Food ll20g/day 1.12 1.63 2200 g/day 2.20 3.20

Water 0.5 l/day 0.00 0.05 2.4 l/day 0.00 0.10

Total 1.32 2.48 2.22 3.38

Source: After Grant et al. (1990).

Inhaled air. Mercury is introduced into the air from both natural and
anthropogenic sources, as described in the previous section. Methyl-
mercury is absorbed from the lungs after inhalation and through the
skin. Because mercury and its compounds tend to bind to soil and
sediments in the environrnent, direct inhalation is a minor source of
exposure compared to the other sources. Atmospheric concentrations
may be as low as 0.01ng/m3 for remote sources and 0.07ng/m3 for
rural areas. Levels may increase to as high as 4 ng/m3 near industrial
emissions, but this level is still relatively low compared to other ex-
posure pathways. Therefore, mercury uptake through inhaled air is
considered an unmeasurable source at natural and background expo-
sures compared to the others included in Table 4.9.

Dust. Mercury can enter dust from a variety of sources (Fig. 4.14). The
dust is ingested and is absorbed from the gastrointestinal tract. The
origin of most dust in the human environment is ultimately the soil.
Mercury is deposited mainly as metallic metal and divalent salts to the
soil. The divalent salts dominate because they are water soluble and
are washed out of the atmosphere with wet precipitation. For children,
almost all exposure to dust is by hand-to-mouth activity. Because
hand-to-mouth contact is considerably higher in children, they have
higher total exposure to mercury from this source than do adults. The
exposure levels for dust are an order of magnitude higher for children
compared to adults. Therefore, exposure to elevated levels of mercury
in dust is an important pathway for children.

Food. Food is a primary source of exposure to mercury. Mercury is
ingested with food and absorbed from the gastrointestinal tract. Hu-
mans absorb about 90% to 100% of the methyl-mercury that they
ingest. Meat, fish, and poultry are the only important sources of
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in food. and the major dietary source appears to be themercury
consumption of fish (Hoffman, 1989). Fruits, vegetables, and dairy
products contain relatively little mercury (Gartrell et al., 1986), be-
cause methyl mercury is taken up by insects in the terrestrial environ-
ment and bottom feeders in the aquatic food chain and are passed up
the trophic levels to carnivores and then to humans. Bioaccumulation
also occurs along the way. Based on a number of studies, the dietary
intake of mercury is estimated to be 3.2gg/day for the adult male
(excluding beverages), of which about 80% comes from meat, fish, and
poultry categories.

Drinking water. In the soil, divalent mercury is absorbed by organic
matter in ion exchange sites, because it is easily mobilized during soil
acidification. Several biochemical processes subsequently transform the
mercury into organically bound forms that are not very mobile. Almost
all mercury detected to date in drinking water is in the form of
inorganic mercury, and the levels are normally below 0.5lag/1. The
estimated total mercury exposure to adults from drinking water is
0.1 tag/day.

Medical and dental exposure. A number of studies document that dental
mercury amalgam fillings can cause substantial leaching of mercury,
primarily through vapor emissions that are efficiently absorbed in
the lungs or soft tissue (Sverdrup, 1990). There is a great deal of
controversy concerning the relation between mercury poisoning and
dental fillings. The evaluation and interpretation of all the results
reported in the literature is beyond the scope of this discussion. The
values reported in the literature indicate that the average mercury
uptake to the body due to fillings is in the range of 1 to 50 gg/day.
Other medical and dental sources of mercury include pharmaceutical
products, such as various anointments and disinfectants for surficial
wounds, eyedrops, and vaccines. Several of these products have been
recently removed from the market by the manufacturer.

Guidelines and Standards for
Maximum Human Intake
Many governments have set occupational exposure limits, drinking water
concentration limits, and daily intake limits for mercury. Table 4.10
shows selected limits taken from the U.S. Environmental Protection
Agency, World Health Organization, Swedish Food Administration and
Environmental Protection Board, and the Japanese Food Administration.
The actual limits were adapted as needed to standardize the numbers for
comparative purposes. For example, the WHO limits for intake were
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TABLE 4.10 Exposure Limits for Mercury Taken from Selected Government Guidelines and Standards

Occupational Environmental
8hr/5 day 24hr/7 day Drinking Maximum Daily Maximum
Air Limit Air Limit Water Limit Uptake Limit Intake I.imil

Mercury Form Organization (lag/m3) (lag/m3) (lag/I) (lag/day) (ltg/day)

Methylmercury WHO 25 1.3 1 22 25
EPA 10 0.5 2 22 25
Sweden 10 I). 1 -- 30 311
Japan -- -- -- 35 35

Mercury vapor WttO 50 -- -- 50-80 60- 100
EPA 50 12 -- 30 35
Sweden 50 2.5 -- 50- 80 60- !
Japan 50

Source:    After Sverdrup (1990).
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given per unit body weight, and for comparison have been presented here
based on an average adult weight.

The toxic effects of mercury are related to the chemical form of the
mercury compound. Based on toxicological characteristics, there are
three important forms of mercury: elemental, inorganic, and organic
compounds. Methylmercury is a highly toxic organic compound and is the
chemical species of most concern in terms of potentially increased human
health risk due to mercury exposure. Humans absorb about 90% to 100%
of the methylmercury that they ingest. Methylmercury is resistant to
environmental degradation and is capable of passing through important
biological barriers such as the blood/brain membranes and the placenta.
Inorganic mercury, on the other hand, is poorly absorbed through the
gastrointestinal tract, does not penetrate cell membranes rapidly, and is
less toxic than methylmercury.

Summary of lowest observed adverse effect levels. The lowest observed
adverse effect levels for adults and for women during pregnancy are
summarized in Table 4.11, which is based on the mercury poisonings
mentioned previously and other clinical studies. By applying a safety
factor of 10, tolerable daily intake becomes 30~tgHg/day for adults
and 8~tgHg/day for women during pregnancy. As can be seen from
a comparison of these figures with the baseline exposures described pre-
viously, the tolerable intake level for pregnant women does not allow for
a large intake of mercury-contaminated food.

Environmental Effects
Effects on plants. Mercury can be introduced to plants from soils contam-

inated by atmospheric deposition or the application of wastewater
treatment sludge. Fungicides based on mercury were used in the past
for treating stored seed grain against molding, and the mercury may
remain in the soil in the regions where it was used. No reports could be

TABLE 4.11 Lowest Observed Adverse Effect Levels for Mercury for Adults and for
Women during Pregnancy

Critical Effects

Mercury Levels (as methylmercury) Women during Pregnancy Adults

Exposure (~tg/kg/day) 0.8-1.7 4.3
Red blood cell mercury (lag Hg/1) 40-80 400
Hair (l~g Hg/g) 10-20 50-100

Source: After Grant et al. (1990).
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found of even these high levels of mercury in soils causing effects on
plants.

Ecological effects due to soil and ground-water contamination. Typical
levels of mercury in the soil are 0.1 to 1.2mg/kg in the upper soil
horizon (O-horizon), 0.0005 to 0.002mg/kg in the A and B horizons,
and as low as 0.003 to 0.008mg/kg in the mineral soil (Sverdrup,
1990). The high mercury levels in the upper soil horizons indicate that
mercury is not highly mobile in soils. This observation also suggests
that it is not likely that mercury contamination results in high levels in
ground waters.

Low ground-water mercury concentrations have been confirmed through
surveys conducted by the U.S. Environmental Protection Agency and
others (U.S. EPA, 1985). Compliance monitoring results from thousands
of ground-water supplies in the United States show only 12 supplies with
levels at any time above the drinking water limit for mercury of 2 lag/1. Of
95 ground-water samples collected by in the mid-1980s in acidified regions
of the northeastern United States, the maximum mercury concentration
was 1.1 lag/1 (Taylor and Symons, !984).

Pesticides and Other Organic Chemicals in
Atmospheric Deposition

Generally, runoff from agricultural areas produces locally high concen-
trations of pesticides and herbicides, while atmospheric transport and
deposition results in low-level but widespread contamination. It is gener-
ally accepted that certain organochlorine chemicals, such as DDT, PCBs,
and toxaphene, can contaminate surface waters some distance from the
source of application (Hites and Eisenreich, 1987; Mackay, 1990). These
chemicals evaporate from their point of production or use, are trans-
ported in the atmosphere, and then enter surface waters by

¯ direct absorption
¯ wet and dry deposition
° washoff from the surrounding watershed.

The atmosphere becomes contaminated with pesticides and other
organic chemicals by drift, wind erosion, and postapplication volatiliza-
tion (Glotfelty et al., 1990). Drift is that portion of the spray that is
moved away from the target area by wind. Aerial spraying (Fig. 4.15)
contributes a large portion of the atmospheric drift input. Chesters and
Simsiman (1974) estimated drift losses for pesticides applied aerially
as ranging from 25% to 75% of the quantity applied. The extent of drift
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FIGURE 4.15. View of pesticide spray operation by plane. (Photo: USDA.)
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FIGURE 4.16. Pesticide input and removal from the atmosphere.
(From Gloffelty, 1978.)
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and the subsequent dispersion and transport of pesticides in the air are
governed primarily by prevailing atmospheric conditions, the chemical
constitution of the pesticide, and the method of application. High tem-
perature and windy conditions (unstable atmosphere) accentuate drifting.
The quantity and extent of drift losses can be reduced by considering a
combination of interrelated factors such as spray formulation, type of
equipment used, meteorological factors, and spray method used.

Volatilization has been recognized as a pathway of pesticide loss from
soil, plant, and water surfaces. Once in soil, subsequent losses can differ
depending whether the pesticide is surface applied or incorporated into
the soil. Chapter 6 describes the interactions of pesticides and organic
chemicals with soils. Largely due to their volatility, the chemicals also
actively cycle between the atmosphere, soils, and water bodies. The cycle
of pesticides between the soil and atmosphere is shown on Figure 4.16.

Although any organic chemical can cause a local diffuse-p011ution
problem, only persistent compounds such as organochlorine pesticides,
DDT and its derivatives, aldrin, dieldrin, and PCBs have global sig-
nificance. The discovery of DDT and PCBs in Antarctic seals and snow
(Peterle, 1969; Sladen, Menzie, and Reichel, 1966; Cramer, 1973; and
Rosenbrough et al., 1976) suggests that both components have become
a part of global atmospheric pollution and travel with the air to the most
remote points of the earth surface. Paasivirta (1990) compared ratios of
organochlorine concentrations in fish and predatory birds from the Baltic
versus the Arctic in an attempt to rank the organochlorine contaminants
from most locally to most globally dispersed in the atmosphere (Fig.
4.17). Toxaphene was found to be the organochlorine compound most
globally dispersed, while HexaCN was most locally dispersed. No natural
loading exists for these substances.

Goolsby (1991) measured herbicide concentrations in rainwater in a
23-state area, principally in the Midwest and Northeast. He found traces

Hexa CN PCB DDT Lindane Chlordane aipha-HCH HCB Toxaphene

MOST MOST
LOCAL GLOBAL
FIGURE 4.17. General ranking of organochlorine contaminants from mostly locally to
mostly globally dispersed, based on tissue ratios from fish and predatory bird species from
Baltic and Arctic environments. (After Paasivirta, 1990.)
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TABLE 4.12 Projected Amounts of Pesticides Entering
Chesapeake Bay via Summer (May-August)
Rainfall

Wet Deposition (metric tonnes)a

Pesticide 1981 1982 1984

Atrazine 0.88 1.2 0.64
Simazine 0.13 0.11 0.14
Alachlor 3.7 2.4 9.8
Metolachlorb 1.7 1.1 4.6
Toxaphene 0.54 1.1 nac

Source: From Glotsfelty et al. (1990).

aPesticide data from Table 6, page 215. of Glotfelty et al. (1990).
Area of Chesapeake Bay and tributaries is 11.9 × 109m2, from
W. B. Cronin, "Volumetric, areal, and tidal characteristics of the
Chesapeake Bay estuary and its tributaries," Special Report 20, Johns
Hopkins University, Baltimore, Md. (Ref No. 71-2), 1971.
b Only a partial set of measurements is available for metolachlor; the

projected amounts of metolachlor entering Chesapeake Bay are based
upon the relative concentrations of metolachlor and alachlor in the
samples for which data are available.
c na = not analyzed.

of herbicides in all 23 states and in all but two of the 81 collection sites.
Pesticide concentrations in wet deposition were measured by Glotfelty et
al. (1990) in Maryland. These latter researchers calculated the projected
amounts of pesticides entering the Chesapeake Bay from precipitation.
Table 4.12 gives the projected amounts of atrazine, simazine, alachlor,
and toxaphene that entered the bay with rainfall during the summers of
1981, 1982, and 1984. Quantities of pesticides entering the bay ranged
from a low of ll0kg of simazine in 1982 to a high of 9.8 tonnes of
alachlor in 1984.

Strachen and Eisenreich (1990) attempted to calculate mass balances
for selected chemicals entering the Great Lakes. The atmosphere was
found to play an important, and often dominant role in the loading of
many toxic chemicals into the Great Lakes. For example, 97% to 98% of
the DDT loading into the upper Great Lakes was from the atmosphere.
In the lower Great Lakes, with considerable toxic inputs from the land,
the atmosphere played a smaller, but still important role, contributing
22% to 31% of the total DDT load.

Rapaport and Eisenreich (1986) reported that toxaphene deposition
in peat bogs in northern Minnesota and northern Ontario reached a
maximum in the 1970s that corresponded to the maximum production
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and use of the pesticide in the United States. Derek et al. (1990) dem-
onstrated that toxaphene is also present in remote lakes in northern
Ontario and Manitoba due to long-range atmospheric transport and
deposition.

Residence Time of Organic Chemicals in the
Atmosphere and their Deposition
In the absence of a strong local source, the transport of persistent
chemicals is of global nature. Despite its simplistic nature, the global
model (Eqs. (4.1) to (4.4)) can be applied with some accuracy to estimate
global (background) loadings, deposition rates, and residence times. For
a strong local source a Gaussian dispersion model should be used (see
Novotny and Chesters, 1981, or Zanneti, 1992). Atmospheric layers up to
the middle latitudes become mixed relatively quickly; air parcels move
around the world in 3 to 4 weeks; and a quasi-steady state is reached in
months.

As shown previously, the residence time of a chemical component in
the atmosphere depends on its .form and sinks. There is a great deal
of controversy as to the average global residence time and, hence,
deposition rates of the most important, persistent chemicals. Because the
vapor pressure of these chemicals indicates that they most likely exist in
the vapor phase, the residence times were compared to those for gases,
which are in years. For example, Woodwell et al. (1971) estimated that
the residence time of DDT is 4 years; however, because the ambient
concentrations of DDT were very low, Glotfelty et al. (1990) and Orgil
et al. (1976) speculated that at least a part of the vaporized chemical
becomes adsorbed by atmospheric aerosols and is deposited at a much
faster rate and with much shorter residence times.

Junge (1977) estimated that the overall average residence time for
atmospheric aerosols is about 7 days, and if ~b denotes the fraction of an
organic chemical present in the air adsorbed on aerosols, the residence
time is approximated as 7/dO. For DDT the value of qb was estimated in
the range 0.28 to 0.48, and qb for PCBs seems to be <0.01. This would
indicate that while the average residence time for DDT and similar
organic components could be in months, the residence time of PCBs may
be >1 year.

CONCLUSIONS

There are several major pollution sources from the atmosphere that can
be transported long distances and fall to earth in rain, snow, mist, fog,
and in dry form as gases and particulates. One of the best-known
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pollutants in atmospheric deposition is acidity. Acidity occurs when
nitrogen and sulfur oxides are emitted from fossil-fuel combustion.
Nitrogen emissions have also been shown to directly affect bodies of
water, particularly in coastal areas, through increases in fertilization
and resultant eutrophication. The widespread concern for acidifica-
tion has abated in the United States since passage of the Clean Air
Act of 1990. The act has major provisions to control acidifying emis-
sions and the general public believes the problem is being adequately
addressed.

Fossil-fuel burning also emits other substances, such as mercury,
that fall to earth and can affect aquatic ecosystems. Other major toxic
atmospheric pollutants that affect water quality are trace metals, such as
lead, and agricultural chemicals such as pesticides and herbicides. There
has been les~ public debate over the issue of air toxics, but these pollutants
are not as well understood as those involved in acidification and they may
not be adequately addressed in current regulations.
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5

Erosion and Sedimentation

My earliest lessons on environmental protection were about the prevention
of soil erosion on our family farm.

A1 Gore

"If we assume that the average worldwide rate of erosion is on the order
of, say 2.7cm per thousand years the average land elevation of the
continents (840m) could be reduced to sea level in about 31 million
years" (Leopold, Wolman, and Miller, 1964). This approximate estimate
bv these well-known geomorphologists (scientists who study the process
of the evolution of the earth surface) indicates the scope and magnitude
of natural erosion that has been carving the earth for billions of years. If
indeed erosion was the only process shaping the earth surface, the whole
world would have already been reduced to a featureless marshy flat plain
billions of years ago. However, the erosion in the denudation process is
countered by tectonic uplifts, hydrostatic buoyancy uplift of land masses,
subsidence, and other processes. Furthermore, erosion is not uniform and
depends on slope, climate, properties of the parent geological material,
and weathering and other factors (Leopold, Wolman, and Miller, 1964).
Walling and Webb (1983) estimated the average annual rates of sediment
yield (sediment from erosion reaching streams) throughout the world.
They reported that the rates of natural erosion and sediment yields range
from less than 1 tonne km-2 y-1 for some rivers in Poland and New South
Wales in Australia to more than 10,000 tonnes km-2yr-1 for some
tributaries of the Yellow River in China and some rivers in Kenya, New
Zealand, Taiwan, Java in Indonesia, and New Guinea. The discharge of a
sediment-laden stream into one of the Great Lakes is shown on Figure
5.1.

Geomorphologists have been interested in the process of erosion and
deposition for a long time. Only recently, however, have water quality
and pollution dimension been added to the science of geomorphology

237
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FIGURE 5.1. Sediment discharge from a stream into one of the Great Lakes. (Photo:
University of Wisconsin, Madison, Department of Agricultural Journalism.)

(Wolman, 1977; Walling and Webb, 1983; Walling, 1983; Novotny and
Chesters, 1989).

DEFINITION AND DESCRIPTION OF THE
EROSION PROCESS

Denudation is a geomorphologic process consisting of weathering or
breakdownof the parent rock material, entrainment of the weathered
debris, andtransportation and deposition of that debris. The word ero-
sion is often used synonymously with denudation, although erosion clas-
sically applies to entrainment and transportation, but not to weathering
(Leopold, Wolman, and Miller, 1964). Portions of this chapter were
previously published in Novotny and Chesters (1981).

Erosion and weathering are a result of stresses applied on the surface
of the earth. These stresses can be gravitational, molecular, or chemical.
Water and air movement over the surface are sources of the gravitational
stresses; however, other stresses, such as ruptures, also cause the move-
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ment of geological materials. Chemical weathering, for example, due to
natural or anthropogenic acidity of the rainfall, is also of great interest,
since it is a primary cause of the background chemical quality of ground
and surface waters. Molecular and chemical stresses are caused primarily
by weathering, while gravitational stresses are generally responsible
for entrainment, transport, and deposition. The properties of geological
materials considered under gravitational stresses, primarily due to water
and air action, range from rigid resistant hard rocks to flowing fluids such
as mudflows.

Erosion processes can be divided into sheet and rill erosion (Figs. 5.2
and 5.3), gully erosion (Fig. 5.4), stream and floodplain scour (shown on
Figs. 5.5 and 1.1), and shoreline erosion (Fig. 5.6). Typical roadside
erosion (Fig. 5.7) could be classified as gully erosion. Erosion from farms,
construction, and surface mines is commonly of the sheet and rill type,
with gully formation in the drainageways.

Hydrologically, these processes can be classified into sheet (upland)
erosion and stream or channel erosion and transport. Thus, the total
amount of on-site sheet and channel erosion is gross (potential) erosion.

Erosion, usually expressed in tonnes per km2 or hectare per time
(year), should be distinguished from sediment yield, which is the flow of
sediment measured in the receiving body of water in the same time
period. As will be described (the section titled "Sediment Delivery and
Enrichment Processes during Overland Flow"), significant differences
between erosion rates summed up over the watershed area and sediment
yield should be expected. A delivery ratio (DR) is then a dimensionless
ratio of the sediment yield divided by the total potential erosion in the
contributing watershed, or

Y
DR = -- (5.1)

A

where
DR = delivery ratio (dimensionless)
Y = sediment yield
A = gross erosion in the watershed

The ease with which materials give way during erosion is called erodi-
bility. Erodibility, as will be shown, depends on both the composition of
the geological material and the state of its consolidation. Consolidated
rocks obviously have low erodibility. For unconsolidated geological
materials (soils, river deposits, sand dunes, etc.) erodibility depends on
particle size and the texture of the material, water content, composition
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FIGURE 5.2. Agricultural rill and interrill (sheet) erosion. (Photo: University of
Wisconsin, Madison, Department of Agricultural Journalism.)

FIGURE 5.3. Sheet erosion of construction sites. (Photo: USDA--SCS.)
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FIGURE 5.4. Gully erosion. (Photo: University of Wisconsin, Madison, Department of
Agricultural Journalism.)

FIGURE 5.5. Streambank erosion. (Photo: USDA--Soil Conservation Service.)

R0023218



242    Erosion and Sedimentation

FIGURE 5.6. Shoreline erosion. (Photo: V. Novotny.)

FIGURE 5.7. Roadside erosion. (Photo: V. Novotny.)
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of the material, and the presence or absence of protective surface cover
such as vegetation. Leopold, Wolman, and Miller (1964) stated that even
a small amount of clay in the unconsolidated mixture markedly improves
the cohesion of the soil. Cohesion is also increased by organic materials
and by chemical bonding.

Vegetative cover is also extremely important, since it provides addi-
tional resistance to shear stresses caused by falling and running water and
wind. Water is the primary agent responsible for erosion. As pointed
out by Leopold, Wolman, and Miller, only in regions with virtually no
precipitation can wind be expected to be the dominant erosive force.
Hence there is direct proportionality between the annual precipitation
and erosion. However, the intensity of the vegetative cover thatreduces
erosion is also proportional to the amount of precipitation. This leads
to the relation between the annual precipitation and sediment yield
published by Langbein and Schumm (1958) shown on Figure 5.8. This
figure is only a conceptual schematic since other factors such as the slope
of the relief and man-induced changes in vegetation and surface character
have not been included. As a matter of fact, Walling and Webb (1983)
documented that global data do not follow this concept, and obtained a
large scatter of sediment yields on the Lanbein-Schumm chart. However,
they have pointed out that the Lanbein-Schumm concept is physically
sound and meaningful for an undisturbed watershed in continental cli-
mates, such as the United States.

Erosion, sediment transport, and deposition are to a large degree
natural processes that have been occurring throughout the geological
ages. In many areas the top surface layers are very young, that is, years
to thousands of years. These areas are commonly mildly sloping lowlands,
alluvial fans, and alluvial deposits located where sediment is being depos-
ited by surface flow or wind. The process of the deposition of sediment
and build up of sedimentary deposits is called aggradation. Areas on
exposed high slopes are the principal sources of sediment. Degradation is
a process by which sediment is eroded away from the area. The processes
of aggradation and degradation are shown in Figure 5.9.

Due to the facts that erosion is a natural process and significant
quantities of sediments are being moved as a result of natural denudation,
it would be unrealistic to expect or require complete control or elimina-
tion of sediment loads to receiving waters. Such "wall-to-wall" control
measures would be technically and economically impossible. However, it
is feasible to control or manage excessive sediment loadings that have
resulted from man’s land use activities that would be detrimental to the
quality of the receiving bodies of water and to the aquatic and terrestrial
habitat.
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Classification of Eroded Sediment

Eroded soil materials are classified according to their grain size in clay,
silt, sand, and gravel. Clay particles range from 10-4 to 10-3mm, silt
ranges from 10-3 to 10-2mm, sand from 10-’~ to 10°mm, and gravel
particles are greater than 10°mm. Table 5.1 provides information on the
distribution of sediment particle sizes.

Soil materials are classified as cohesive and noncohesive sediments.
Cohesive sediments include clays and other fine particles, including or-
ganic materials. These fractions can form bonds between particles that
resist scour, cause flocculation during overland and channel flows, and
adsorb pollutants. Noncohesive sediments, mostly particles of sand and
gravel size, are transported as individual particles, the movement of
which depends solely on such particle properties as mass, shape, size, and
relative position of particles with respect to surrounding particles. Their
sorption potential is small compared to cohesive sediments.

Once in motion (overland or channel flow), sediments transported by
the flow follow two modes (Vanoni, 1975; Shen, 1982):

i. as suspended load (washload), where the sediment is moved away
from the bed and supported mainly by the turbulence of the flow;

2. as bedload, where the sediment is moved near the bed and supported
most of the time by the bed.

Washload is carried by streams in suspension, while bedload move-
ment consists of shifting bottom sediments due to the intensity of the
turbulence and mean stream velocity. It has been found by Gottschalk

TABLE 5.1 Scale of Sediment Particle Sizes

Particle Size (ram)

Class AGU Scale USDA Scale

Cobbles and boulders >64 >10
Gravel 2 - 64 2-10
Very coarse sand 1-2 1-2
Coarse sand 0.5-1.0 0.5-1.0
Medium sand 0.25-0.5 0.25-0.5
Fine sand 0.125-0.25 0.1-0.25
Very fine sand 0.062-0.125 0.05-0.1
Silt 0.004-0.062 0.002-0.05
Clay <0.004 <0.002

Note: The scale is according to the American Geophysical Union
(AGU) and the U.S. Department of Agriculture (USDA).
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(1964) and Leopold, Wolman, and Miller (1964) that most of the sedi-
ment carried bv streams in humid areas originates from sheet erosion and
is in the form of fine sediments or washload. Transport of sediments
in channels also depends on whether the sediments are cohesive or
noncohesive. Cohesive fine sediments, with the exception of impounded
sections with very low velocity, are mostly incorporated into washload.
There is an exchange of noncohesive sediments between the bottom
(bedload) and suspended (washload) forms; however, it is suspected that
such continuous exchanges between bedload and washload sediments do
not exist for cohesive fine sediments (see the section titled "Sediment
Transport in Streams," describing channel transport of cohesive and
noncohesive sediments).

Enrichment ratio refers to the difference in particle size distribution
and sorbed pollutant content of washload particles and the soils from
which the sediment originated. Erosion and sedimentation are the selec-
tive processes by which clay and fine particles are first liberated from soils
while they are deposited last during redeposition in overland flow.

Erosion control implies the reduction of soil loss by land management
and the reduction of the delivery of sediment from the source area to the
receiving body of water that can be accomplished by land management,
buffer strips, channel modification, sediment traps, and other structural
and nonstructural measures and practices. Chapters 10 and 11 contain
descriptions and design procedures for sediment management aimed at
water quality control. A publication of Goldman, Jackson, and Bursztynsky
(1986) and a number of manuals available from the Soil Conservation
Service of the USDA, state pollution control agencies, and other sources
provide ample information on erosion control. Construction erosion
control is now mandated in many states.

Effect of Cultural (Man’s) Land-Use Activities on
Erosion and Sediment Yields

It has been already pointed out in this book and several other publica-
tions (for example, The Committee on International Soil and Water
Research and Development of the National Academy of Sciences, 1991)
that deforestation in areas of high preciPitation and high slope can be
devastating both to water quality and flooding. Catastrophic depositions
of sediments and increased flooding in Bangladesh are a result of de-
forestation in the high precipitation regions of the Indian Himalayan
mountains.

Changing climate conditions are often related to the amount of distur-
bance of the watershed. Man-made (cultural) impacts in various portions
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of the world may have lasted for the thousands of years (Egypt, Middle
East, China, India) or for a hundred years or less (North America).
There are historically documented occurrences where man has dramati-
cally increased erosion such as the deforestation of the Middle East,
which converted Syria, among other countries, into highly erosive arid
regions. Another example is the Adriatic coast of Dalmatia, which was
deforested by the Venetians during the Middle Ages. However, the
intensity of watershed disturbances has increased between then and now.

Based on measurements by the agricultural research centers in the
United States following the devastating "dust bowl" erosion of farmland
during the 1930s, which then culminated in the development of the
Universal Soil Loss Equation by Wischmeier and Smith (1965), it was
found that general land disturbance by agriculture or construction can
increase erosion rates by two or more orders of magnitude. Patrick (1975)
quoting works by Leopold (1968) and Borman and Likens (1969) pointed
out that cutting down a forest--reducing the forest from 80% to 20%--
increased sediment yield in a riverine system eight times. Walling and

TABLE 5.2 Increases in Sediment Yield Caused by Land-Use Changes

Increase in
Sediment

Land-Use Change Yield Source

Rajasthan, India Overgrazing x 4-18 Sharma and Chatterji
(1982)

Utah, U.S. Overgrazing of x 10-100 Noble (1965)
rangeland

Oklahoma, U.S. Overgrazing and x 50-100 Rhoades, Welch, and
cultivation Coleman (1975)

Cultivation x 5-32
Texas, U.S. Deforestation and x 340 Chung, Roth, and Hunt

cultivation                      (1982)
Northern California, U.S. Conversion of steep x 5-25 Anderson (1975)

forest to grassland
Mississippi, U.S. Deforestation and x 10-100 Ursic and Dendy (1965)

cultivation
South Brazil Deforestation and x 4500 Bordas and Canali (1980)

cultivation
Oregon, U.S. Deforestation x 39 Frederiksen (1970)

(clear-cutting)
Ontario, Canadaa Urbanization x 26 Ostry (1982)

Agriculture x 14

Source: After Walling and Webb (1983).
a Compared to undisturbed forested land in the same area.
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Webb (1983) compiled data from selected watershed studies to document
the impact of a particular land-use activity on the increase of sediment
yields (Table 5.2). Walling (1979), and Ostry (1982) conducted studies
on two parallel watersheds, one undisturbed and one disturbed. These
studies confirmed that the suspended sediment loads of many rivers may
have increased by an order of magnitude or more as a result of cultural
land-use changes within the watershed.

The land-disturbing activities were listed in Chapter 1. In addition
to deforestation, construction-site erosion and intensive agriculture on
highly erodible lands are the activities that will result in the highest rates
of erosion.

According to the definition of pollution introduced inChapter 1, sedi-
ment from natural undisturbed watersheds, volcanic eruptions, and the
natural weathering of soils and minerals are not considered pollution,
although sediment yields may sometimes reach large proportions. One
example of this is the sediment load of the Columbia River in the
Northwest United States following the eruption of Mount St. Helen in
1980. Pollution in the form of elevated sediment yields results from man-
made modification of watersheds.

The following land-use activities by man are producing large sediment
loads (Clark, Haverkamp, and Chapman, 1985):

1. Agricultural erosion is a major sediment source due to the large areas
involved and the land-disturbing effects of cultivation. Most sediment
loading from agricultural zones takes place during the spring, espe-
cially when spring rains fall on still frozen soils. Reported erosion
rates range from 100 to 4000 tonneskm-2yr-1 (Brant et al. 1972;
Clark, Haverkamp, and Chapman, 1985).

2. Urban erosion. Sediment originates mainly from exposed soils in areas
under construction and from street dust and litter accumulation on
impervious surfaces. Sediment yields from developing urban areas can
be extremely high, sometimes reaching values up to 50,000 tonnes
km-2yr-1 (Brant et al. 1972; Novotny, 1980; Novotny and Chesters,
1981).

3. Highway erosion is associated with the stripping of large areas of their
vegetative protection during road construction. Uncompacted or
unsettled fills may be subject to intensive rill erosion and, eventually,
to landslides. The magnitudes of sediment yields from these areas are
similar to those from urban areas under construction.

4. Silvicultural erosion is caused by clear-cutting practices, road building,
and timber transportation. Due to the significant quantities of vegeta-
tion residues remaining on the surface, erosion rates from silviculture
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are deemed to be one to two orders of magnitude less than that from
cropland (Brown, 1985).

5. Erosion of strip mines is similar in nature and magnitude to erosion
from large construction sites. The potential for erosion is created
as soon as vegetation is removed to construct roads and facilitate
prospecting and mining. The mining process itself also creates an even
greater erosion potential.

6. Stream bank, channel, and shoreline erosion results from concen-
trated water flows and wave action in channels and floodplains. Chan-
nel erosion usually is a source of large-grain-sediments, and in most
cases represents a smaller portion of the total sediment loading unless
the stream is undergoing structural channelization with excavation.
Sediment loadings originating from bank and channel erosion of some
streams in arid and semiarid regions (Fig. 1.1) may be quite high
(Nordin, 1962).

Steward et al. (1975) listed the following sources and conditions that
cause excessive sediment movement:

Farming on long slopes without terraces or runoff diversions
Row cropping up and down moderate or steep slopes
Bare soil surface following seeding of crops
Bare soil between harvest and the establishment of a new crop canopy
Intensive cultivation close to a stream
Intensive runoff from upslope pasture or rangeland that traverses areas of

row crops
Poor crop stands
Gully formation
Poorly managed idle or wooded land
Unstable stream banks
Surface mining
Feedlots close to a stream
Long exposure of bare soil resulting from a land use

As was pointed out in the preceding section, sediment produced at
the source is not qualitatively or quantitatively the same as sediment
measured in the receiving body of water. Many factors, such as distance
of the source from the receiving body of water, vegetative buffers, slope
and roughness characteristics of the land, and ponding and the presence
of depositional areas during overland flow, can affect the delivery of the
sediment from the source to the receiving body of water.
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SEDIMENT PROBLEM

The publication by Clark, Haverkamp, and Chapman (1985) is an au-
thoritative treatise on the impact of erosion and sedimentation on the
environment in general and water quality in particular. Soil erosion is the
major cause of diffuse pollution and sediment is also the most visible
pollutant. The effects of excessive sediment loading on receiving waters
include the deterioration or destruction of aquatic habitat, deterioration
of aesthetic value, loss of storage capacity in reservoirs, and accumulation
of bottom deposits that inhibit normal biological life. Sediment can
destroy spawning areas, food sources as well as directly harming fish, and
other aquatic wildlife. Nutrients carried by the sediment can stimulate
algal growths and, consequently, accelerate the process of eutrophication.
Chapter 12 contains a more detailed discussion of the impact of sediment
discharge on water quality.

Sediment per se can be considered a major pollutant of bodies of
water. Furthermore, sediment--especially its fine fractions--is a primary
cartier of such other pollutants as organic components, metals, ammoni-
um ions, phosphates, and many organic toxic compounds. For example,
persistent organochlorine compounds, such as aldrin and dieldrin pes-
ticides, DDT, and PCBs, have low solubility in water but are readily
adsorbed by suspended sediment. Phosphates from fertilizer applications
and pollution discharges are also adsorbed by soils and suspended sedi-
ment. This strong affinity of fine sediments--primarily clay and organic
particulates--to adsorb and make biologically unavailable the pollutants
is considered by some as a partial water quality benefit of sediment
discharges.

Large amounts of particulate materials (sediment) originate from
urban areas. Urban sediment sources are known to contribute significant
amounts of particulate pollutants containing toxic metals, organochlorine
pesticides, asbestos, and other compounds originating from traffic, eleva-
ted air-pollution levels, urban litter accumulation, and erosion of pervious
urban surfaces, which is accelerated by construction.

Many kinds of environmental damage by sediment are still weakly
documented. However, in the United States the damage that has been
documented amounts to billions of dollars. Annual in-stream damage
by sediments is between $3.2 and $13 billion (Clark, Haverkamp, and
Chapman, 1985). Recreational uses of bodies of water are most impacted
by sediment.

In an extreme, reduction in the discharge of sediment may have a
negative effect. For example, farmers in the delta region of the Nile River
in Egypt relied on the deposited sediment brought from the Sudan and
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Ethiopia for a source of fertilizing nutrients and silt. By building the
Aswan High Dam in Upper Egypt, which acts as a sediment trap, signifi-
cant damage has been done to delta farmers who now, at great expense
and greater environmental consequences, must substitute chemical fertil-
izers. Similarly, building navigation dams on the Mississippi River has
dramatically reduced sediment loads into the Mississippi Delta in Louisi-
ana, which is suspected of causing shoreline and wetland losses by subsi-
dence that otherwise would have been compensated for by new sediment
brought by the river into the Delta region. The sediment, and especially
its clay and organic factions, can also adsorb and immobilize potentially
toxic compounds and make them biologically unavailable. These toxic
compounds may then be buried with the sediments (see Chapter 13).

ESTIMATING SEDIMENT YIELD
Sediment yield from a watershed can be estimated by one of the following
methods (Gottschalk, 1964):

1. The stream-flow sampling method, which yields a sediment/flow rela-
tionship (Fig. 5.10) commonly called the rating curve. Typically,
this relationship is plotted on logarithmic paper as the sediment con-
centration or sediment flow (concentration x flow) versus discharge.
Once the long-term sediment/flow relation is established, it is com-
bined with a long-term flow frequency curve to obtain average annual
yields.

A word of caution is needed for the users of standard sediment flow:
water discharge curves. These correlations could easily be spurious and
misleading since for large discharges and small concentrations the rela-
tionship

logQ vs. log(Q x C) = logQ + logC

where Q is flow and C is concentration, could easily become a logarithmic
regression of Q vs. Q, which will yield very high apparent coefficients of
correlation. Yet the relationship between C and Q may be very poor
or not exist, so the estimate of the annual sediment discharge would
essentially be the average sediment concentration times the average flow.

2. The reservoir sedimentation survey method, which allows sediment
input to be determined if accumulated sediment and reservoir trap
efficiencies are known and/or measured.

R0023228



252    Erosion and Sedimentation

I0O

~                ~              oo Y- 3.021X°’467

~- ~.0 i °~°~ o
o o

LU o ~,"oo

-r-

0.01
o.oo~    o.o~     o.~      Lo      ~o      ~oo     w)oo

SEDIMENT TRANSPORT, ton/day-rniz

FIGURE 5.10. The relationship between suspended sediment transport and discharge for
the Menomonee River in Wauwatosa, Wisconsin. (Compiled from the U.S. Geological
Survey, Wisconsin Department of Natural Resources, and Southeastern Wisconsin Regional
Planning Commission data. To convert from fta/sec/mi2 to m3/s-km2, multiply by 0.011; to
convert from U.S. ton/day/mi2 to SI tonnes/day-km2, multiply by 0.35.)

3. The sediment delivery method, in which sediment yield to some
downstream section or deposition point is based on an estimate of the
total upstream (upland) erosion factored down to account for the loss
(or gain) of sediment during overland and channel transport. This
method requires expressing the ratio between the sediment yield and
gross upstream erosion, usually based on an empirical or semi-
empirical formula. Both determination of the delivery ratio (DR) and
upland gross erosion estimates are still unreliable if calibration and
verification survey data are not available.

4. Bedload function methods use mathematical equations developed for
calculating the rate and quantity of sediment materials in the bed
portion of alluvial (sediment carrying and depositing) streams. Ap-
plication of these equations requires information on sediment particle
size, channel gradient and cross sections, and flow-duration curves.
The equation can be used when sediment transport is not limited by
the upstream supply, but depends solely on the transport capacity of
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the flow. These models are mostly applicable to noncohesive, larger
grain size sediments.

5. Methods using empirical equations relating sediment yield (directly
measured by methods 1 or 2) to watershed hydrologic and/or morpho-
logic characteristics. Most of these empirical equation have severely
limited applications, even in the region of origin (Foster, Meyer, and
Onstad, 1977).

6. Simulation watershed sediment load models, which usually are at-
tached to a watershed hydrologic model. The watershed models are
capable of simulating individual storm events or seasonal water and
sediment yields. The hydrologic portion is necessary for determining
so-called hydrologically active areas, that is, areas from which most
intensive surface runoff and erosion occur. Chapter 9 includes an
expanded discussion of mathematical modeling.

Estimating Upland Erosion

Variables influencing upland (sheet) erosion are climate, soil properties,
vegetation, topography, and human activities. Rainfall, snowfall, and            ,
temperature are the primary climatic factors. Soil particles are detached
and transported by the impact of rainfall energy, resulting in eroded
materials being carried by surface runoff. Freezing temperatures and
snow cover affect permeability and reduce the energy of precipitation.
Conversely, spring rains occurring when subsoils are still frozen may
cause high sediment yields due to reduced soil permeability.

The major soil properties related to erosion are soil texture and com-
position. Soil texture determines the permeability and erodibility of soils.
Permeability and infiltration determine whether or not the soil surface is
hydrologically active (that is, yielding or not yielding surface runoff).
Erosion occurs only when surface runoff is generated or when wind picks
up loose particles.

The chemical composition of soils (minerals, clay, and organic matter)
provide bonding of soil particles, and thus affects erosion rates. Loose
soils (silt and fine sand) with low chemical and clay content have the
highest erodibility.

Vegetation influences sediment yields by dissipating rainfall energy,
binding the soil, and increasing porosity by its root system, reducing soil
moisture by evapotranspiration, thereby increasing infiltration. Organic
residues also provide better texture and reduce erodibility.

The topographic factors of greatest importance are slope and the
path length traversed by sediment generating flow. Human activities are
related mostly to agricultural land use and construction.
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Since many of the just-mentioned factors are seasonal and vary through-
out the year, it follows that sediment yield and its chemical composition
from a watershed also vary with time. Walling and Kane (1983) demon-
strated that certain mineralogical characteristics of liberated sediment, such
as Si, A1, Fe, Ti, and K, remain relatively constant over a range of
hydrological conditions, while others, particularly those associated with
organic fractions, may exhibit considerable variations.

Universal Soil Loss Equation
The universal soil loss equation (USLE) is the most common and best
known estimator of soil loss caused by upland erosion. The equation and its
development utilized more than 40 years of experimental field observations
gathered by the Agricultural Research Service of the USDA. The USLE,
formulated by Wischmeier and Smith (1965), predicts primarily sheet and
rill erosion. The equation is

A = (R)(K)(LS)(C)(P) (5.2)

where
A = calculated soil loss in tonnesiha for a given storm or period
R = rainfall energy factor
K = soil erodibility factor
LS = slope-length factor
C = cropping management (vegetative cover) factor
P = erosion-control practice factor

The equation expresses soil loss/unit area due to erosion by rain. It does not
include wind erosion and it does not give direct sediment yield estimates.

The rainfall energy factor (Rr) is equal to the sum of the rainfall
erosion indices for all storms during the period of prediction. For a single
storm it is defined as follows:

Rr = Y~[(2.29 + 1.15 lnXi)Di]I (5.3)

where
i = rainfall hyetograph time interval
Di = rainfall during time interval i (cm)
I = maximum 30-min rainfall intensity of the storm (cm/hr)
X; = rainfall intensity (cm/hr)

Average annual rainfall energy factors were determined for the eastern
portions of the United States, and were later developed for the remainder
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FIGURE 5.12. Seasonal cumulative frequency of the rainfall energy factor (R) for
southeastern Wisconsin in tons/acre. To convert to tonnes/ha, multiply by 2.24.

of the country. The distribution of average R, factors for the 48 con-
terminous states are shown in Figure 5.11. These curves can help as first
estimates of the gross erosion potential, but as shown on Figure 5.12,
significant yearly and seasonal differences in the magnitudes of the rain-
fall energy factor R, may be typical. In the midwestern part of the United
States, summer rains have the highest rainfall erosive energy, while the
effect of winter precipitation on sediment yields is minimal.

The distribution of erosive rain differs significantly for different regions
of the country. In the western plains and Great Lakes regions, from 40%
to 50% of the erosive rainfall normally occurs during a 2-month period
following spring planting when soils have the least protection. In most
Corn Belt areas and the eastern parts of Kansas, Oklahoma, and Texas,
the value is about 35%, while, for the lower Mississippi Valley and
southeastern United States, the value is 20% to 23%. In the dry-land
grain-growing region of the Pacific Northwest, about 80% to 90% of the
annu.al erosion occurs in the winter months when the soil has little crop
cover, since grain is seeded late in the fall (Steward et al., 1975).
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Both erosion by rainfall energy (interrill erosion) and detachment of
soil particles by overland runoff (rill erosion) contribute to soil loss
(Foster, Lombardi, and Moldenhauer, 1982). Thus, the rainfall factor (R)
should also include the effects of runoff. A modification of Equation (5.3)

was proposed by Foster, Meyer, and Onstad (1977):

R = aRt + bcQq1/3 (5.4)

where
a and b = weighting parameters (a + b = 1)
c = an equality coefficient
Q = runoff volume (cm)
q = maximum runoff rate (cm/hr)

The weighting factor compares the relative amounts of erosion caused
bv rainfall and runoff under unit conditions. It was suggested that the
detachment of particles by runoff and rain energy is about evenly divided
(a = b = 0.5). The equality coefficient in metric (SI) units is about 15.
Substituting values for a, b, and c into the USLE, the overall rainfall
factor (R) becomes

R = 0.SRr + 7.SQq1/3 (5.5)

However, the proportion between the rainfall and runoff erosivity may
vary greatly between regions. Wischmeier (1976) pointed out that, for
example, in the Palouse region of the Pacific Northwest, 90% of erosion
is caused by runoff from thaw and snowmelt. A discussion of various
functional forms of the rainfall erosivity factors--both rill and interrill
effects--is included in Foster, Lombardi, and Moldenhauer (1982).

Williams and Berndt (1977) proposed a modified soil loss equation
(MUSLE) that replaced the rainfall energy factor by a runoff energy
parameter that is proportional to (Q × q)0.56. Equations (5.4), (5.5), and
MUSLE of Williams and Bernt provide soil loss estimates in tonnes per
storm (per area). Williams and Berndt pointed out that although q and Q
are correlated, the runoff flow rate is more related to detachment, while
the peak flow rate defines sediment transport. If flow is retarded by
vegetation or other means, the peak flow rate is reduced, thus reducing
sediment transport.

The soil erodibility factor (K) is a measure of potential erodibility of
soil and has units of tonnes/unit of rainfall erosion index for a 22-m-long
overland flow length on a 9% slope in clean-tilled continuous fallow
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TABLE 5.3 Magnitude of Soil Erodibility Factor, K

K for Organic Matter Content (%)

Technical Class 0.5 2 4

Sand 0.05 0.03 0.02
Fine sand 0.16 0.14 0.10
Very fine sand 0.42 0.36 0.28

Loamy sand 0.12 0.10 0.16
Loamy fine sand 0.24 0.20 0.16
Loamy very fine sand 0.44 0.38 0.30

Sandy loam 0.27 0.24 0.19
Fine sandy loam 0.35 0.30 0.24
Very fine sandy loam 0.47 0.41 0.35

Loam 0.38 0.34 0.29
Silt loam 0.48 0.42 0.33
Silt 0.60 0.52 0.42
Sandy clay loam 0.27 0.25 0.21
Clay loam 0.28 0.25 0.21
Silty clay loam 0.37 0.32 0.26
Sandy clay 0.14 0.13 0.12
Silty clay 0.25 0.23 0.19
Clay 0.13-0.2

Source: After Steward et al. (1975).

Note: The values shown are the estimated averages of broad
ranges of specific soil values. When a texture is near the borderline of
two texture classes, use the average of the two K values.

ground (Wischmeier and Smith, 1965; Wischmeier, 1976). It is a function
of soil texture and composition. The soil erodibility nomograph shown on
Figure 5.13 is used to find the appropriate values of the soil erodibility
factor using five parameters: percent silt and fine sand, that is, 0.05 to
0.1 mm fractions; percent sand >0.1 mm; percent organic matter; textural
class; and permeability. The general magnitudes of the soil erodibility
factors are given in Table 5.3.

The slope-length factor (LS) is a function of overland runoff length and
slope. It is a dimensionless parameter that adjusts the soil loss estimates
for the effects of length and the steepness of the field slope. The general
magnitudes of the LS factor, are given in Figure 5.14. For slopes >4%,
the LS factor can be estimated as follows:

LS = L1/2(0.0138 + 0.00974S + 0.00138S2) (5.6)
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FIGURE 5.14. Slope-length factor (LS) for different slopes.
(From Stewart et al., 1975.)

where
L = length in meters from the point of origin of the overland flow to the

point where the slope decreases to the extent that deposition begins
or to the point at which runoff enters a defined channel

S = the average slope (%) over the runoff length

Values of the LS factor estimated for length >100 meters or slopes >18%
are extrapolated beyond the experimental data from which the magni-
tudes of the factor was determined.

If the average slope is used in calculating the LS factor, predicted

R0023237



Estimating Sediment Yield 261

erosion differs from actual erosion when the slope is not uniform. The
equation for LS factors shows that when the actual slope is convex, the
average slope will underestimate predicted erosion. Conversely, for a
concave slope, the equation will overestimate actual erosion. To minimize
these errors, large areas should be broken up into areas of fairly uniform
slope. If sediment moves from an area with steep slope to an area of less
steep slope, the smaller LS factor will control the amount eroded and the
excess sediment is likely to be deposited.

The cropping management factor (C), also called the vegetation cover
factor, estimates the effect of ground cover conditions, soil conditions,
and general management practices on erosion rates. It is a dimensionless
quantity with a value of one corresponding to continuous fallow ground,
which has been defined as land that has been tilled up and down the slope
and maintained free of vegetation and surface crusting. The effect of
vegetation on erosion rates results from canopy protection, reduction
of rainfall energy, and protection of soil by plant residues, roots, and
mulches.

TABLE 5.4 Values of C for Cropland, Pasture, and Woodland

Land Cover or Land Use C

Continuous fallow tilled up and down slope 1.0
Shortly after seeding prior to harvesting 0.3-0.8
For crops during main part of growing season

Corn 0.1-0.3
Wheat 0.05-0.15
Cotton 0.4
Soybean 0.2-0.3
Meadow 0.01-0.02

For permanent pasture, idle land, unmanaged woodland
Ground cover 85%-100%

As grass 0.003
As weeds 0.01

Ground cover 80%
As grass 0.01
As weeds 0.04

Ground cover 60%
As grass 0.04
As weeds 0.09

For managed woodland
Tree canopy of 75%- 100% 0.001

40% -75% 0.002-0.004
20% -40% 0.003-0.01

Sources: Based on data from Stewart et al. (1975); Wischmeier and Smith (1965), and Wischmeier
(1972).
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TABLE 5.5 C.Values and Slope-Length Limits (LS) for Construction Sites

Mulch

Application
Type (tonnes/ha) Slope (%) C LS

No mulch or seeding All 1.0
Straw or hay tied down by 2.25 <5 0.2 60

anchoring and tracking 2.25 6-10 0.2 30
equipment used on slope 3.4 <5 0.12 90

3.4 6-10 0.12 45
4.5 <5 0.06 100 ~
4.5 6-10 0.06 60 r
4.5 11-15 0.07 45
4.5 16-20 0.11 30
4.5 21-25 0.14 23

Crushed stone 300 < 15 0.05 60
300 16-20 0.05 45
300 21-33 0.05 30
540 <20 0.02 90
540 21 - 35 0.02 60

Wood chips 15 <15 0.08 23
15 16-20 0.08 15
27 <15 0.05 45
27 16-20 0.05 23
56 <15 0.02 60
56 16-20 0.02 45
56 21-33 0.02 30

Asphalt emulsion 12 m3/ha 0.03

Temporary seeding with During first After the
grain or fast-growing 6 weeks of 6th week of
grass with growth growth

No mulch 0.70 0.10
Straw 2.25 0.20 0.07
Straw 3.4 0.12 0.05
Stone 300 0.05 0.05
Stone 540 0.02 0.02
Wood chips 15 0.08 0.05
Wood chips 27 0.05 0.02
Wood chips 56 0.02 0.02

Sod 0.01 0.01

Source: After Ports (1975).
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Table 5.4 shows the general magnitudes of C for agricultural land,
permanent pasture, and idle rural lang. Grassed urban areas have C
factors similar to those for permanent pasture. The C factor for construc-
tion sites can be reduced if the surface is protected by seeding or the
application of hay, asphalt, wood chips, or other protective covers. The
effects of these protective practices on C are given in Table 5.5.

The erosion control practice factor ( P) accounts for the erosion-control
effectiveness of such land treatment as contouring, compacting, estab-
lished sedimentation basins, and other control structures. Terracing does
not affect P because the soil loss reduction by terracing is reflected in the
value of LS. Generally, C reflects protection of the soil surface against
the impact of rain droplets and subsequent loss of soil particles.. On the
other hand, P involves treatments that retain liberated particles near the
source and prevent further transport.

Values of P for various farm and urban practices are given in Tables
5.6 and 5.7, respectively. It should be pointed out that these coefficients
are highly empirical and may be used only as a first approximation. More
accurate models are available for several practices, included in the P
factor, such as models for the removal efficiency of sedimentation ponds
and buffer strips. These concepts are discussed in Chapters 9 and 10,
respectively.

Reliability of the USLE. The universal soil loss equation was subjected
to a lot of testing and criticizing; however, it withstood the test of time
and today it is the only widespread and tested model. It has been used in
many applications. The author of the equation (Wischmeier, 1976) re-
ported the results of testing on the reliability of the equation. He pointed
out that when the USLE is used for estimating the annual soil loss on
many experimental testing plots, the average prediction error (coefficient
of variation = deviation/mean estimate) was about 12%. Larger errors

TABLE 5.6 Values of P for Agricultural Lands

Strip Cropping and Terracing

Slope (percent) Crops Contouring Alternate Meadows Closegrown

0-2.0 0.6 0.3 0.45
2.1-7.0 0.5 0.25 0.40
7.1-12.0 0.6 0.30 0.45

12.1-18.0 0.8 0.40 0.60
18.1-24.0 0.9 0.45 0.70
>24 -1.0-

Source: After Wischmeier and Smith (1965).
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TABLE 5.7 Values of P for Construction Sites

Erosion Control Practice P

Surface Condition with No Cover
Compact, smooth, scraped with bulldozer or scraper up and down hill 1.30
Same as above, except raked with bulldozer and root-raked up and down hill 1.20
Compact, smooth, scraped with bulldozer or scraper across the slope 1.20
Same as above, except raked with bulldozer and root raked across the slope 0.90
Loose as a disked plow layer 1.00
Rough irregular surface, equipment tracks in all directions 0.90
Loose with rough surface >0.3-m depth 0.80
Loose with smooth surface <0.3-m depth 0.90

Slructures
Small sediment basins

0.09 ha basin/ha 0.50
0.13 ha basin/ha 0.30

Downstream sediment basin
With chemical flocculants 0.10
Without chemical flocculants 0.20

Erosion-control structures
Normal rate usage 0.50
High rate usage 0.40

Strip building 0.75

Source: After Ports (1973).

should be expected if the equation is used for predicting the soil loss of
individual storms.

The accuracy of the model is increased if it is combined with a hydro-
logical excess-rainfall model. Note that the rainfall erosivity factor, R, has
a value greater than zero for every rainfall, hence, erosion and soil loss are
anticipated by the soil loss equation for any precipitation. A hydrological
excess-rainfall model in combination with the USLE would eliminate
erosion by rainfalls with no excess rain.

The USLE was tested and specifically designed for the following
applications (Wischmeier, 1976):

1. Predicting average annual soil movement from a given field slope
under specified land-use and management conditions and from con-
struction, rangeland, woodland, and recreational areas.

2. Guiding the selection of conservation practices for specific sites.
3. Estimating the reduction of soil loss attainable from various changes

that a farmer might make in his cropping system or cultural practices.
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4. Determining how much more intensively a given field could be safely
cropped if contoured, terraced, or stripcropped.

5. Determining the maximum slope-length on which given cropping and
management can be tolerated in a field.

6. Providing local soil loss data to agricultural technicians, conservation
agencies, and others to use when discussing erosion-control plans with
farmers and contractors.

The USLE will not provide direct estimates of the sediment yield and
cannot be used for calculations of soil losses from spring snowmelt.

Example 5.1 : Estimation of Annual Soil Loss

An erosive 100-ha farm field in southeast Wisconsin is situated on silt
loam soil with a slope classification B (3% to 6% slope). The farmer is
growing corn and plowing up and down the slope. Estimate the average
annual soil loss per hectare without soil conservation and with contour
plowing. The field has a square ~hape with a drair~age ditch located on the
side of the field. The overland slope is toward the drainage ditch.

Solution From Figure 5.10 the average annual rainfall erosivity for
southeast Wisconsin is Rr = 125 U.S. tons/acre × 2.24 = 280 tonnes/ha.
From Table 5.3 the average soil erodibility factor for silt loam soil is K =
0.42. The slope-length factor (LS) can be read from Figure 5.14 (overland
flow length L = 1000m, and average slope S = 45%) as LS = 1.

The plowing practice is to till up and down the slope of the continuous
fallow field. Consequently the slope has a C factor of C = 1 after plowing
and 0.1 to 0.3 for corn during the main growing season (Table 5.4),
respectively. Average C for no soil conservation planting is assumed to be
C = (1 + 0.3)/2 = 0.65. Since no erosion control is implemented, then
P = 1. The average annual soil loss without soil conservation is then

A = (R)(K)(LS)(C)(P) = 280 × 0.42 × 1 × 0.65 × 1
= 76.4 tonnes/ha

Implementing contour plowing will reduce the P factor to 0.5 (Table 5.7).
Hence the soil loss will then be

A = 280 × 0.42 × 1 × 0.65 × 0.5 = 38.2 tonnes/ha
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Example 5.2: Soil Loss from a Construction Area for a Design Storm

A 50-ha land area is to be developed into a single family residential area.
The soil map indicates that the soil is loam with the following composi-
tion"

Clay 20%
Silt 35%
Fine sand 20%
(Silt + fine sand) 55%
Coarse sand and gravel 25%

The organic content of the soil is 1.5%.
The lot has a square shape with a drainage ditch in the center. It has

been proposed to replace the ditch with a storm sewer. The average slope
of the lot toward the ditch is 2.4%.

Determine soil loss (potential erosion) for a storm for which the
hyetograph is given in Figure 5.15. Soil loss should be determined from
the pervious areas for the two periods, namely, during construction when
all vegetation is stripped from the soil surface (100% pervious) and
subsequent to construction when 25% of the area is impermeable (streets,
roofs, driveways, etc.).

02.0.

Z

1.0’

©

o 3o 6o 90 12o ~5o    18o

TIME, min

FIGURE 5.15, Storm hyetograph for Example 5.2.
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Solution The rainfall energy factor Rr is determined from the hyeto-
graph shown on Figure 5.15. From this information it can be determined
that the maximum 30-min rainfall intensity is 2.5 cm/hr.

Utilizing Equation (5.4)

Rr = [(2.29 + 1.15 In 0.3)0.15
+ (2.29 + 1.15 In 2.5)1.25
+ (2.29 + 1.15 In 1.25)0.6175
+ (2.29 + 1.15 In 0.7)0.35
+ (2.29 + 1.15 In 0.2)0.1
+ (2.29 + 1.15 In 0.1)0.0512.5 = 16.4

The soil erodibility factor is determined from Figure 5.13, assuming that
the soil texture is fine grained and the permeability is moderate, giving a
K value of 0.33.

To determine the LS factor for a 50-ha area with a ditch or storm
sewer in the middle, the length of the overland flow L
0.5V’50 x 100 x 100 = 353.5m. With the use of Figure 5.14 or Equation
(5.6), the LS factor for L = 353 and S = 2.4% becomes

LS = (353.5)1/210.138 + (0.00974 x 2.4) + (0.00138 x 2.42)] = 0.47

Factors R~, K, and LS are the same for both alternatives. The remaining
factors, C and P mustbe evaluated for each alternative (P only if erosion-
control practices are implemented during construction). For the period
during construction (alternative 1), C is estimated assuming no vegetative
protective cover and bulldozed soil. In this case, C is approximately the
same as for bare fallow ground, that is, C = 1. In the absence of erosion-
control practices, P = 1. Thus soil loss for this storm is

A = 16.4 x 0.33 x 0.47 x 1 x 1 = 2.54 tonnes/ha

Thus, for 50 ha, total soil loss from the storm is

50 x 2.54 = 127.3 tonnes.

For the period after construction (alternative 2) and assuming that the
pervious areas are covered by lawns, C is reduced to 0.01 and the soil
loss/ha is

A = 16.4 x 0.33 x 0.47 x 0.01 x 1 = 0.025 tonnes/ha.
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Given that 75% of the area is subject to soil loss, the total sediment
generation from pervious areas is

0.75 x 50 × 0.025 = 0.93 tonnes

In order to complete the analysis, sediment generated from connected
impervious areas (street dust and dirt--see Chapters 8 and 9) would have
to be added to the amount just given. This estimate is also subjected to
the condition that the storm will generate appreciable surface runoff.

Modifications of the USLE
The USDA-Agricultural Research Service has improved and simplified
the annual form of the USLE by expanding the erosivity map for the
western United States, improving information on soil erodibility factor,
and by simplifying the slope-length factor (Renard.et al., 1991).

For the CREAMS-GLEAMS model (Knisel, 1980), Foster et al.
(1981) developed an erosion detachment-redeposition model that is
derived from the steady-state mass balance equation of the sediment
detachment and transfer by overland flow. The sediment movement
downslope obeys continuity expressed by

dqs
dt - DL ÷ DF (5.7)

where

qs = sediment load (mass/unit width-time)
DL = lateral inflow of sediment (mass/unit area-time)
Dr = detachment or deposition by flow

Detachment on interrill areas and transport and deposition by flow in
rills are then modeled by the following equations:

DL = ~aEI(qp/Q)(so + O.O14)KCP (5.8a)

and

DF = ~2rlQqp1/3(!22.1)n-l(qp/Q)KCP

where
DL = interrill detachment rate (g/m2 of land surface-sec)
DF = capacity rate for rill detachment (g/mz of land surface-sec)
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EI = rainfall erosivity factor (defined by Eq. (5.3))
x = distance downslope (meters)
rl = slope length exponent for rill erosion
So = slope
Q = overland flow (volume!unit area-unit time = m/sec)
qp = peak runoff rate (m/sec)
K, C, P = factors defined previously

[31 and ~32 are numerical conversion factors depending on the selected
units.

The CREAMS-GLEAMS erosion modeling concept, based on the
steady-state mass balance of sediment transport, detachment, and re-
deposition in rills and interrills areas was further improved and modified
and subsequently incorporated in the Water Erosion Prediction (WEPP)
hillside erosion model (Nearing et al., 1989).

The Negev sediment generation model (Negev, 1967) simulates the
generation and transport of soil by raindrop impact and overland flow.
The production of fine soil particles by raindrop splash is determined for
each computational interval and unit area as

A(t) = (1 - COV) x KN × P(t)RER (5.9)

where
A = fine soil particles produced during time interval i
COV = fraction of vegetative cover as a function of the relative value

during the growing season
KN = the coefficient of soil properties
P -- precipitation during the time interval At
RER = an exponent

The model represents the production of fine soil particles, that is, silt and
clay fractions, of the total watershed.

The fine particles produced by raindrop impact are available for trans-
port by overland flow if it occurs during the time interval. If overland flow
does not occur, for example, during the initial or final stages of the storm,
the fine particles accumulate at the soil surface and represent a reservoir
of liberated fine material available for transport by subsequent overland
flow. The mechanism is modeled by

SER(t) = KSER x SRER(t - 1) x ROSB(t)SR(5.10)
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where
SER = fine particles transported during time interval At
KSER = coefficient of transport
SRER(t - 1) = reservoir of deposited fine particles existing at the begin-

ning of the time interval At
ROSB = the overland flow occurring during time interval At
SR = an exponent

The Negev model was incorporated into the Stanford Watershed
Model, and subsequently into the EPA’s Hydrocomp Simulation Program
(HSPF). This model requires knowledge of several empirical factors and
coefficients. Unlike the USLE, the model has not been substantiated by
experimental field data and measurements, and the coefficients must be
estimated by calibrating the model against an extensive set of field data.
Possible conversions between the USLE and parameters of the Negev
model have been suggested by Fleming and Leytham (1976).

SEDIMENT DELIVERY AND ENRICHMENT
PROCESSES DURING OVERLAND FLOW

As stated previously in this chapter sediment yield measured at a water-
shed outlet or a point on the water’s course is not equal to the upland
erosion. The state of the art for estimating delivery ratios has not pro-
gressed much beyond the long established empirical relationships, and
available lumped models are still inaccurate.

As pointed out by Wischmeier (1976) the universal soil loss equation
was developed from measurements on small plots with an average length
of 22 meters. Extrapolation of erosion estimates by the USLE beyond
this scale was not substantiated by large-scale field data and was not
recommended by the authors of the equation. However, in the nonpoint
pollution studies of the 1970s nonpoint pollution was equated with soil
loss and the delivery ratio parameter obtained by calibration of the
watershed models containing the USLE with measured field data, was
used to overcome the differences between the upland erosion estimates
and measured sediment yields. In this sense the delivery ratio factor
became a scaling parameter by which the erosion estimate was adjusted
to the measured sediment yields. Hadley and Shown (1976) have docu-
mented that only a fraction (about 30%) of the eroded sediment in
several tributary basins (0.5 to 5.2km2) of the Ryan Gulch Basin in
northwest Colorado found its way to the main basin and, subsequently,
only 30% was transported to the mouth of the 125-km2 basin. A na-
tionwide study of 105 agricultural watersheds in the United States un-
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FIGURE 5.]6. Re|ation of sediment delivery ratio to the watershed area.
(From Roehl, 1962.)

dertaken by Wade and Heany (1978) reported sediment delivery ratios
ranging from 1% to 38% of the gross erosion.

Golubev (1982) provided estimates on the components of the overall
delivery process as delineated on Figure 5.9. In an investigation in the
Oka River Basin in the central European part of the Russian Republic it
was found that only 10% of the gross erosion is transported to the larger
rivers and that 60% is deposited on the lower parts of the slopes, 20% in
ephemeral channels, and 10% in minor streams of the network.

Other geomophologists and sedimentologists provided answers on the
magnitude of the delivery ratio related to watershed characteristics. The
most widely published was a relationship established by Roehl (1962) that
relates the delivery ratio to the watershed size (Fig. 5.16). A statistical
equation also related the delivery ratio to several geomorphological
parameters, such as basin area, relief-to-length ratio, and bifurcation
ratio. These relationships were obtained by comparing quantities of sedi-
ment deposited in a number of southern reservoirs with upstream erosion
potential.

However, Beer, Farnham, and Heinemann (1966) found that for
reservoirs draining loessial watersheds located in Iowa and Missouri the
drainage area and delivery ratio were poorly correlated. In another
geomorphological approach, Hadley and Shown (1976) related the deliv-
ery ratio to the degree of gullying, drainage density and soil texture
(McElroy et al., 1976), and watershed size and runoff (Mutchler and
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Bowie, 1976), while for construction sites the delivery ratio was related to
the area under construction (Holberger and Truett, 1976). Williams
(1975) related the delivery ratio to the travel time of the sediment in the
channels and particle size of the sediment.

Wolman (1977) stated that

The relationship between quantities eroded from the land surface and the
quantities delivered to some distance downstream is exceedingly tenuous. The
sediment delivery ratio provides a cover for real physical storage processes as
well as for errors in estimates of the amount eroded and for temporal
discontinuities of the process.

Walling (1983) divided the various approaches to the sediment delivery
problem into several types, including a black box approach, by which
sediment yield is correlated to upland erosion without considering the
processes involved, delivery estimates based on channel characteristics,
and estimates based on watershed characteristics. He argued that spatial
and temporal lumping (or averaging) of the parameter limits most deliv-
ery estimates. As stated by Wolman (1977), the concept of the delivery
ratio, as developed by geomorphologists, is indeed a cover for a number
of processes that contribute to temporal or permanent deposition of
sediments in an eroding watershed. These processes are highly variable
and intermittent, and can be described only in the statistical sense. Novotny
and Chesters (1989) followed with a comprehensive review of the sedi-
ment and pollutant delivery process and of the factors affecting the
dynamic magnitude of the delivery parameter as related to water quality.

Factors Affecting Sediment Delivery
Any hydrologic process, such as delivery of sediments or pollutants from
diffuse sources, is stochastic (Fig. 5.17). A stochastic process has deter-
ministic and random components. The stochasticity and randomness of
the process obviously vary. Flow in a uniform, open channel or runoff
formation from a small parking lot are mostly deterministic processes,
while a time series of annual rainfalls or stream flows is mostly random
with some degree of autocorrelation. A delivery process falls somewhere
in between (Fig. 5.18). For example, the correlation of the delivery ratio
with runoff coefficients indicates a marked deterministic effect of infiltra-
tion and such losses as hydrologic storage and evaporation on the magni-
tude of the delivery ratio. Yet the scatter of the data around the line of
the best fit might indicate a random component. Also, the statistical
cumulative probability distribution of the delivery ratio is close to log-
normal, which is the most common distribution for several hydrologic
processes (Fig. 5.19).
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from Piest, Kramer, and Heinemann,

The hydraulic (deterministic) factors affecting delivery can be divided
into two categories: those that affect sediment and pollutant movement
during overland flow, and those that affect sediment and pollutant move-
ment during channel flow, including movement and deposition in flood-
plain.

Overland flow effects. There are six major overland flow factors and
processes that affect delivery (Novotny, 1980; Novotny, Simsima, and
Chesters, 1986; Novotny and Chesters, 1989).

¯ Rainfall impact detaches soil particles and keeps them in suspension for
the duration of the storm. When the energy from rainfall ends or is
reduced, the excess particles in suspension are deposited.

¯ Overland flow energy detaches soil particles from small rills and togeth-
er with some interrill contribution, the particles remain in suspension as
long as overland flow persists. Sediment content of overland flow is at
or near saturation, and the sediment carrying capacity of overland flow
is directly proportional to the amount of flow. If the flow is reduced
during the receding portion of the hydrograph, excess sediment is
deposited.

¯ Vegetation slows flow and filters out particles during shallow-flow con-
ditions. If the vegetation is not submerged, the flow is mostly laminar,
hence its sediment carrying capacity is very low.

¯ Infiltration filters out the particles from the overland flow.
¯ Small depressions and ponding allow particles to be deposited because

of reduced flow velocity.
¯ Change of slope of overland flow because of drainage area concavity
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often flattens the slope near the drainage channel and steepens the
slope uphill. The sediment and pollutant transport capacity of overland
flow changes according to slope.

The principal relationship between the detachment, deposition, and
sediment carrying capacity of overland flow derived from the steady-state
sediment transport mass balance concept (Eq. (5.7)) was defined by
Foster and Meyer (1972a) as follows:

D~ + GF = 1 (5.~)
D~ T~

where
DF = detachment or deposition rate at a location (mass/unit area/time)
C = coefficient relating rate of deposition or detachment to the dif-

ference between transport capacity and sediment load
GF = sediment load of flow at any location on the slope (mass/unit

width/time)
ir’c = flow transport capacity at a location on a given lar, d profile (wt/unit

width/time)
Dc = the detachment capacity of low (mass/unit area/time)

Equation (5.11) represents the basis for understanding the process of
attenuation and detachment of sediment and particulate pollutants from
nonpoint sources. If Dc and Tc are similarly related to a function involv-
ing the shear stress of the overland flow and other parameters (that is, if
D~ ~- aTc), the detachment or deposition rate defined in Equation (5.11)
becomes

DF = a(rc - GF) (5.12)

where ~t = a coefficient.
Equation (5.12) essentially states that when the sediment load reaches

the transport capacity of flow, there is no detachment, and if GF by some
way becomes greater than T¢, DF becomes negative (deposition). Con-
sequently if GF < T~, the flow is erosive.

As shown by Shen (1982) and illustrated in Figure 5.20, the concept
can be generalized. Shen called the runoff rate at which no deposition or
erosion takes place (at which T~ = GF) "a critical runoff rate." As is
shown later, these concepts are applicable primarily to noncohesive
sediments. For cohesive sediments and soils the critical flow rates for
detachment and deposition may not coincide.
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FIGURE 5.20. Shen’s(1982) conceptofthesedimentcarryingcapacityoffiow.
(Reprinted with perm~sion~omWaterResources Publication, POB 260026, Ligleton,
C080126o0026.)

Figure 5.20 and Equation (5.11) point out an interesting fact on the
impact of sediment load reduction in a watershed. When the erosion rate
is reduced by land management, resulting in a reduced supply of sedi-
ment, the erodibility of runoff downstream increases, thus, to some
degree, negating the erosion management effort. This conclusion would
be only true to the fullest extent for noncohesive sediment, and its
applicability to cohesive sediments and to pollutions carried by the sedi-
ment is uncertain.

The transport capacity of overland flow during rainfall can be esti-
mated by the USLE (Eqs. (5.2) to (5.5)), and it is believed that the
USLE truly represents the sediment transport capacity of flows in small
eroded plots. However, with increased source area after the rain ends, a
significant portion of the overland flow still remains on the surface and
moves to the nearest established channel. This portion is contained in the
recession portion of the hydrograph that does not have the same energy
as the runoff during the period of the storm. Consequently, the excess
sediment content must be deposited. A major portion of this deposition
can occur even before the runoff leaves the field (Fig. 5.21).

The sediment carrying capacity of the runoff flow can be expressed
best by Yalin’s (1963) equation, which was reported in the following form:

R0023253



Sediment Delivery and Enrichment Processes during Overland Flow    277

FIGURE 5.21. During the delivery process of sediments most of the sediment is
redeposited near the source. When the rainfall energy component of the overland flow
terminates, the excess sediment settles out. (Photo: V. Novotny.)

P = 0.635s[1--~ln(1 +as)1
(5.13)

where P is the dimensionless particle transport given by

p = P (5.14)
(o,- 0)z)v.

The variables were defined as follows:

particle transport per unit width of flow (kg/m-sec)
particle density (kg/m3), typically 2500 kg/m3
density of water (kg/m3) = 1000 kg/m3
particle diameter (m)                                                             ~
X/-gHS = shear velocity (misec)
gravity acceleration (= 9.81m/sec2)
depth of flow (m)
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FIGURE 5.22. Shields’s (1936) diagram for particle bedload reactive force.

S = slope of energy gradient (m/m)
s = (Y/Ycr) - 1 = dimensionless excess tractive force (when Y < Ycr,

then s = 0)
a = 2.45 (O/ps)°’4N/--~cr
Y = v.2/[(ps - 1)gD] is the densimetric particle Froude number

The critical tractive force at which sediment movement begins, Ycr, can
be found from the Shields diagram (Fig. 5.22), which is based on the
particle Reynolds number

where v is kinematic viscosity of the flow (m2/sec).
By rearranging Equation (5.13) and introducing the Manning equation

for overland flow rate q

where n is the Manning’s roughness coefficient (Table 3.14), and the
saturated overland sediment load, p, or concentration, Ce, can be related
to the flow rate as

p ~ D(qnS7/6)~ (5.15)
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or

Ce ~ D(nST/6)BqB-1 (5.16)

where the exponent 13 could theoretically vary in range from 6/5 to 3/4.
Hence, proportionalities (5.15) and (5.16) indicate that the sediment

concentration in the receding portion of the flow hydrograph decreases
with I~ - 1 power as the flow decreases or with 7 13/6 power if the slope
decreases.

Yalin’s equation was suggested and used by Foster and Meyer (1972b)
for estimating soil loss and transport of soil particles when detachment
and transport is primarily due to runoff. Yalin himself pointed out that
the equation is best used for the estimation of the saturated sediment flow
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poHut~ts during overland flow. (From Novotny, 1980, by pemssion of the American
Water Resources Association.)
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when most of the particle flow occurs near the bed, which means for
the shallow overland and channel flows. It must be also realized that
Yalin’s equation was developed for fully turbulent flow conditions and
for noncohesive sediments. Under shallow flow conditions or when over-
land flow is through nonsubmerged vegetation, all or a portion of the
hydrograph tail can be under laminar conditions (Overton and Meadows,
1976). Under these circumstances, the equilibrium of the sediment con-
centration, Ce, may approach zero for all fractions. As a result, in a plot
of Ce versus q, the exponent can have larger values than the theoretical
estimate ([3 - 1).

Figure 5.23 and Example 5.3 taken from Novotny (1980) illustrate this
concept. In the figure, note that the sediment concentration that would
result from both rain and runoff energy can persist only during rainfall.
After the rain ends, the excess sediment content settles out, and the
sediment concentrations reflect runoff energy. According to the principle
of mass continuity it follows that only when the sediment concentration
remains approximately constant during and after rainfall (for a uniform
rainfall) would the delivery ratio be one.

Example 5.3: Delivery of Sediments from a Construction Site Basin

A 9.7-ha experimental watershed was located in southeastern Wisconsin.
A storm with a duration of 10 minutes and storm depth of 2.03 cm oc-
curred on July 6, 1977. The storm hyetograph and¯ resulting flow hy-
drograph and sediment-graph are shown in Figure 5.23. Estimate the
approximate delivery ratio for the storm and calculate the sediment
graph.

Solution The parameters for the universal soil loss equation for the
construction site basin are

K factor (silt loam) - K = 0.48
LS factor for L = 100m and S = 2.5% - LS = 0.34
Cover factor (bare soil): C = 1.0
Erosion control practice factor: P = 1.0
Infiltration rate: assume 2.5 cm/hr

The storm characteristics are:

Volume of rain: Pt = 2.03 cm
Duration: T = 10min
Maximum 30-min intensity: 130 4.06cm/hr
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Calculated rainfall energy factor (Eq. (5.3)): Rr = 33.20
(Rain-infiltration) during 10-rain rainfall period = 2.03 - 2.5/6 = 1.61 cm

= 1561 m3

Runoff characteristics

Excess rainfall = Volume of runoff by integrating the hydrograph

Q = 907 m3/(9.7 [ha] × 10,000 [m2/ha]) × 100 (cm/m) = 0.93 cm

Peak flow qp = 0.68m3/s = 0.68 [m3/s] × 100[cm/m] × 3600[sec/hr]/
(9.7 [ha] × 10,000 m2/ha) = 2.52 cm/hr

Runoff erosivity: RQ = 0.5 × 15 × QqpO.33 = 9.46

Combined rainfall erosivity factor

R = 0.5 × Rr + RQ --- 0.5 × 33.2 + 9.46 = 26.06

Total sediment generated (Eq. (5.2))

AtotaI = 26.06 × 0.48 × 0.34 × 1 × 1 = 4.25 tonnes/ha

For the entire area, assuming that 90% of the watershed contributed the
sediment,

Atotal --" 0.9 × 4.24 tonnes/ha × 9.7 ha = 37.05 tonnes.

Sediment concentration during the rainfall

Total sediment loss
Cel = Volume of rain-infiltration

37.05 tonnes × 106g/tonne
= 1561 m3

= 23,734 mg/1 (= g/m3)

This high sediment concentration can be maintained only as long as the
rain energy persists. After the rain ends, the total sediment carrying
capacity of the runoff drops. At the peak runoff rate, the sediment
carrying capacity is approximately proportional to the runoff energy term.
Hence, the concentration of sediment becomes
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Sediment carrying capacity of runoff
Ce2 = Volume of runoff

_ (Rc~)(K)(KS)(C)(P) × (0.9 × area)
Q

{9.46 × 0.48 × 0.34 × 1 × 1 × 0.9 × 9.7}[tonnes] × lOhg/tonne
= 907 m3

= 14,860 mgi1

The runoff sediment carrying capacity is decreasing as the hydrograph
decreases. Therefore

C(t)= maxCe2 × (q(t___)_) )13-1
qpeak

The recession coefficient (13-1) in this case is close to 0.5.
The calculated sediment concentration is plotted as the dashed line on

Figure 5.23. The sediment yield can be calculated by integrating the
product of multiplying the sediment concentration with the flow. The
estimated and measured sediment yield from this watershed during
the storm was 16 tonnes. Since the sediment load estimated by the USLE
was 37.5 tonnes, the delivery ratio for this storm becomes

16
DR - × 100 = 43.2%

37.05

Effect of drainage on sediment and pollutant delivery. Several small
experimental urban and rural watersheds were monitored in southeastern
Wisconsin from 1975 to 1980 (Novotny et al., 1979). A hydrological
model, calibrated and verified by field measurements from very small,
uniform subbasins, was used to estimate upland loadings of sediment and
phosphorus. Hydrology (water yield) and sediment and phosphorus yields
were calibrated and subsequently simulated. The simulation showed
that the delivery ratio for sediment ranged from 0.01 for perviously
undeveloped portions of the basin, to 1.0 for completely sewered (sep-
arate storm sewers) urban basins. Table 5.8 shows the results of the
study. It can be concluded that the delivery ratio depended largely on the
degree of storm sewering.

Sediment flow-discharge relationship. Traditionally, suspended sedi-
ment concentration versus flow relationshipmknown as a rating curve--is
obtained by plotting sediment concentrations versus flow on logarithmic
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TABLE 5.8 Estimated Sediment Delivery Ratios from Pervious Areas for Various Land

Uses in Subbasins of the Menomonee River, Wisconsin

Impervious Degree of Sediment
Area Storm Sewering Delivery Ratio

Subbasin Type (%) (%) ( % )

Agricultural <5 0 1-30

Developing- construction <5 20- 50 20- 50

Low-density residential, <20 0 <10

unsewered
Parks <10 0 <3

Medium-density residential, 30-50 <50 30-70

partially sewered
Medium-density residential, 30-50 >50 70-100

sewered
Commercial, high-density >50 80-100 100

residential, sewered

Source: From Novotny et al. (1979).

Note: The delivery ratio for impervious connected areas = 100%.

paper (Fig. 5.9). Generally, according to Walling and Webb (1983), and
based on a number of observations of this relationship by the authors, the
suspended solids concentration increases with flow, and the logarithmic
slope of this relation is between 1 to 2, or, mathematically,

Concentration = a × flow~’

where b is the slope of the relationship.
However, the pattern of the sediment flow-discharge relationship

measured at the flow-quality gauging stations, reflects patterns discussed
in Chapter 3 and throughout this chapter. It was shown that the rising
limb of the hydrograph is fed by flows during the rainfall event, and the
receding limb is due to the remaining overland flows after the rainfall.
Hence flows that have generated the hydrographic rise have a higher
sediment carrying capacity than do the flows of the end of the hydrograph.
This difference between the sediment supply during the rising and ending
portions of the hydrograph creates a phenomenon of apparent "first
flush" in which the sediment concentrations tend to peak before the peak
of the hydrograph occurs (in larger watersheds). This was shown on
Figure 5.23. Consequently, the sediment concentration flow relation has a
typical "loop" feature, as shown on Figure 5.24. Such hysteric loops have
been observed by many observers. Walling and Webb (1983) provided
several interpretations of this phenomenon, and based on the work by
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FIGURE 5.24. Histeric loops in the sediment transport-flow relationship.

Novotny (1980), stated that the hysteric loops of the sediment flow
relationship during storm events could be interpreted in terms of reduced
detachment or transport of soil particles after the cessation of rainfall.
However, Walling and Webb also pointed out that other interpreta-
tions are possible, especially during complex multiple and/or prolonged
rainfalls.

Long-term measurement of the delivery ratio. Long-term (twenty to
thirty years) annual averages of erosion and sediment delivery may be
estimated by measuring the cesium 137 isotope concentration in the soil
profile (Ritchie, Spraberry, and McHenry, 1974; Ritchie and McHenry,
1975, 1978; Wilkin and Hebel, 1982).

During the period of intensive testing of nuclear weapons by atmo-
spheric detonations, an artificial isotope cesium 137 was deposited more
or less uniformly over the earth’s surface. This testing period lasted for
about twelve years and ended at the beginning of the 1960s. Cs-137 is
known to be firmly adsorbed into the soil, and its activity (concentration)
can be easily measured. There are no background concentrations of this
isotope from a period prior to the nuclear weapons tests. Most of the Cs-

R0023261



Sediment Deliver} and Enrichment Processes during Overland Flow    285

137 in untilled soil is located in the upper 10cm. Tillage distributes the
isotope uniformly throughout the tillage depth.

Ritchie and coworkers (quoted earlier) pioneered much of the work
of using Cs-137 to quantitatively trace erosion, delivery, and sediment
yields. The basic idea is that since the uniform distribution of Cs-137
during the 1950s the isotope has been redistributed with the sediment.
Hence, in areas of higher erosion (degradation), from where the topsoil
sediment has been removed, Cs-137 concentrations are lower than in
depositional (aggradation) areas. Alternatively, following Figure 5.8,
there will now be less Cs-137 in areas that were degraded than in ag-
gradation areas. For example, Wilkin and Hebel (1982) found that in
eroding areas, Cs-137 activity was about 0.7 to 0.9 CPMG (count per
minute per gram), while in clearly depositional areas of midwestern
streams the counts were generally 1 CPMG or greater (these activity
counts correspond to a period of sediment redistribution of about 20
years, from about 1960 to 1980, but more profound differences would
be found today). The activity of Cs-137 is determined by gamma-ray
spectrometric analyses using a 1024-channel pulse-height analyzer and a
solid-state detector.

A regression relationship of the type

E= a x CA- b (5.~7)

where E is the soil loss in tonnes/ha and CA is the Cs-137 activity count
of the top soil sample in CPMG, has been established by Wilkin and
Hebel (1982), who also found that for midwestern watersheds a = 214
and b = 201. If E is positive, the watershed is eroding, while for depo-
sitional areas, E is negative.

For a known or measured change of Cs-137 Ritchie, Spraberry, and
McHenry (1974) found that soil loss can be very closely correlated (rz =
0.95) to the Cs-137 activity change

A = 0.50 x ACA1"47 (5.18)

where
A = total soil loss from 1960 in tonnes/ha
ACA = Cs-137 activity loss n% of the original input

Using Cs-137 measurements, Wilkin and Hebel found that much of
upland erosion from agriculture was intercepted by upland depressions,
grassed border fields, fencelines, hedgegrowths, and roadside ditches.
The contribution of floodplains to the sediment problem was also in-

R0023262



286    Erosion and Sedimentation

vestigated by this method. Cropped floodplains were eroding at excessive
rates and delivering all eroded particles to downstream flow. Forested
floodplains, on the other hand, even when grazed, appeared to be re-
moving significant amounts of sediment from downstream transfer.

The Chernobyl nuclear power plant accident (Ukraine Republic)
in 1986 caused a deposition of significant quantities of Cs-137 through-
out northern and eastern Europe (Haldin, Rodhe, and Bjurman, 1990).
Therefore the mass balance of Cs-137 in topsoils affected by the Chernobyl
deposition must be recalculated, although the parameters for Equations
(5.17) and (5.18) may not apply to the affected areas.

Enrichment of Sediments by Clay and Contaminants

The detachment of sediments and their deposition processes are selective.
First, detachment of sediments and contaminants from the parent soil
is selective for dissolved pollutants and for the fine soil fractions and
pollutants adsorbed in or complexed by them. As will be shown in
Chapter 6, most soil contaminants are adsorbed by clay and organic
matter because of their high surface area, leading to strong adsorption
bonds. When rainwater reaches the surface horizon of the soil, some
contaminants are desorbed and go into solution; others remain adsorbed
and move with the soil particles. The contaminant content of runoff
sediment is then higher than in the parent soil. The difference is termed
enrichment ratio (ER), and is defined as follows

Cr
ER = -- (5.19)

where
Cr = contaminant concentration of the runoff per gram of sediment
Cs = contaminant content of the parent soil per gram

The enrichment concept can be applied to clay, organic matter, and all
contaminants adsorbed by soil particles, which include phosphates, am-
monium, metals, and pesticides. It is not appropriate to apply the en-
richment ratio to contaminants that are mobile in soils, such as nitrates
or soluble pesticides. Reviews of the enrichment problems have been
published by Novotny and Chesters (1981, 1989) and by Walling (1983).

The enrichment ratio refers to the difference in particle size distribu-
tion and associated or adsorbed contaminant content of washload par-
ticles and the soils from which the sediment originated. Enrichment of
sediments by clay is a two-step process: enrichment during particle pick-
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FIGURE 5.25. Relation of the sediment delivery to enrichment of sediment by clays.

up and enrichment during redeposition of the coarser particles during
delivery in overland and channel flows. Thus, as the delivery ratio de-
creases with the increasing watershed area or time of overland flow the
enrichment ratio of the washload increases as shown in Figure 5.25.

Pickup of Fines by Erosion
Two variables are necessary for determining the enrichment of sediment
picked up by runoff (Free, Onstad, and Holtan, 1975). The variables are
the specific surface (SS) of soils or sediment and the clay ratio (CR)
defined as

SS = [200(%clay) + 40(%silt) + 0.5(%sand)]/lO0 (5.20)

and

CR =
(%clay)

(5.21)
(%silt) + (%sand)

Free, Onstad, and Holtan proposed the following relationship, expressing
the preceding variables in eroded material and in their soils of origin as
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SSe = 14.6 + 0.84SS,, (5.22)

and

CRe = 0.021 + 1.08CRm (5.23)

The initial enrichment ratio for sediment picked up by overland flow is
then

ER- (%clay)e
(%clay)m

(5.24)

where the subscripts m and e refer to the soil matrix and eroded material,
respectively.

Example 5.4: Computation of the Enrichment Factor

Determine the approximate initial gradation of clay enrichment of the
sediment eroded from a loam soil.

Solution The texture of soils can be approximately estimated from maps
with the aid of Figure 5.26. In this case, the loam soil has an average
composition of clay, 20%; silt, 40%; and sand, 40%. The specific surface
according to Equation (5.20) is

SSm = [(200 × 20) + (40 × 40) + (0.5 X 40)]/100 = 56

and the clay ratio from Equation (5.21) is

20
CRm - - 0.25

40 + 40

From Equations (5.22) and (5.23) the specific surface and clay ratios of
the eroded material are

SSe = 14.6 + (0.84 × 56) = 62
CRe = 0.021 + (1.08 × 0.25) = 0.29

The textural composition of the eroded material can be obtained by
solving the three equations

[200(%clay)e + 40(%silt)e + 0.5(%sand)e]/100 = 62
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FIGURE 5.26. Guide for the USDA Soil Conservation Service soil texture classification.

(%clay)e = 0.29
(%silt)e + (%sand)e

(%clay)e + (%silt)e + (%sand)e = 100

which gives an initial textural composition for the eroded material of clay,
22%; silt, 43%; and sand, 35%. The clay enrichment ratio is then

ER- (%clay)e 22_ 1.1
(%clay)m 20

Re/ationship of Enrichment to Defivery
During the delivery process, the texture of the sediment changes; even-
tually it is enriched by fine fractions. For a delivery ratio DR, a fraction
of sediment equivalent to (1 - DR) is redeposited during transport. The
redeposition is selective, that is, according to the bottom shear stress of
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FIGURE 5.27. Graphical determination of washload composition and enrichment ratio
from grain-size distribution curve.

flow, sand fractions are deposited first, followed by silt, and then, only
when the flow slows down to a very low velocity and low Reynolds
number, clays may deposit.

The deposition of clays is enhanced if the clay particles move in the
form of aggregates. Dong, Chesters, and Simsiman (1983) have proposed
a technique for determining an index for clay dispersion. Walling (1983)
assumed that the probability of clay deposition is very low, hence the
delivery ratio for clays and their enrichment are interrelated as follows

Clay content (soil) 1DR = Clay content of sediment = ~ (5.25)

An approximate graphical procedure based on the grain-size cumu-
lative distribution curve can also be used to determine changes in sedi-
ment texture during overland transport, as shown on Figure 5.27.

R0023267



Sediment Delivery and Enrichment Processes during Overland Flow    291

Foster, Young, and Neibling (1985) defined the enrichment ratio as a
ratio of specific surface area in the eroded sediment and parent soils,
and related the enrichment ratio, ER, to the delivery ratio, DR, by the
following empirical relationship:

ER = 1 + ct exp(-13DR) (5.26)

where the coefficients ct and 13 were dependent on soil texture.
Dong, Simsiman, and Chesters (1983) and Dong, Chesters, and Sim-

siman (1984) studied particle-size distribution and the composition of soils
and sediments from the 350-km2 Menomonee River basin in southeastern
Wisconsin. Data from a 21-km2, predominantly agricultural subwatershed
located in the upper reaches of the river provided a direct determination
of sediment enrichment by clays and contaminants. Particle-size dis-
tribution of soils in the subbasin was 27%, 49%, and 24% for clay, silt,
and sand, respectively. Suspended sediment samples collected near
the outlet of the subbasin (bedload movement is small compared to
washload) during runoff events showed a particle-size distribution 91%
clay and 9% silt.

Using the relationship between clay enrichment and the delivery ratio,
DR = 27/91 = 0.29 and ER -- 91/27 = 3.4. Delivery ratios for the same
watershed established by modeling (Table 5.8) were in the range of 0.2 to
0.3.

The enrichment factor is a more dynamic phenomenon than sediment
delivery. In addition to storm-to-storm variations this factor also exhibits
seasonal and spatial variations for some constituents, while for some
others, such as some metals eroded from soils and minerals, it could
remain approximately constant (Walling and Kane, 1982). Most typical
potential pollutants, including nitrogen, phosphorus, pesticides, and
metals, exist in soils in adsorbed and dissolved forms (see Chapter 6 for
details). The adsorbed materials move with sediment, and the fraction
dissolved in soil water moves with runoff and/or ground-water recharge.
The continuous process of adsorption and desorption-dissolution takes
place during the overland and channel flow transport of the constituents.
The concept of enrichment is not applicable to some dissolved or dis-
sociated constituents, such as nitrates, which are repulsed by the elec-
trostatic charge of the soil particles.

Enrichment of snowmelt. A different process of enrichment takes place
during spring snowmelt. Snow pack is an effective filter of suspended
particles; however, the snow crystal lattices during freezing and refreez-
ing effectively reject many dissolved contaminants, which then remain
available for pick up by melt water. For this reason, the first portion
of snowmelt is highly enriched by dissolved and dissociated pollutants
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(nitrates, H÷, and others) with ER values much greater than one, while
particulate pollutants remain in place, which results in ER factors of less
than one (Johannessen and Henricksen, 1978; Colbeck, 1981).

Example 5.5 Determination of Texture Changes in Sediments During
Delivery

A watershed with a drainage area of 21km2 had a measured sediment
yield of 10,000 tonnes during a large spring storm. Estimated potential
erosion from mostly loam agricultural soils was 50,000 tonnes. Assume
that the texture of the soils and the eroded material are similar to those in
Example 5.4. The eroded material therefore has the following initial
texture: clay, 22%; silt 43%; sand 35%.

Solution The delivery ratio is

Y 10,000
DR - - - 0.2

A 50,000

An approximate cumulative grain-size distribution curve of the eroded
soil is shown on Figure 5.27 as curve A. The delivery ratio of 20% in-
dicates that most of the washload will be composited from clays. How-
ever, some coarser particles from areas closer to the receiving body of
water can still remain in suspension. This can be represented by a tangent
drawn to curve A, as shown in the figure. The triangular area on the left
from the vertical line denoting the 20% delivery and the area between the
tangent and the original curve on the right from the vertical delivery
line are about the same. The shaded area represents the cumulative
percentages of the remaining fractions in the washload, with the tangent
as the baseline. To obtain the grain-size distribution curve of the wash-
load, the vertical coordinates of the remaining fractions must be trans-
formed to cover 100% scale (curve B).

From Figure 5.27, the composition of the washload will be: clay, 91%;
silt, 9%; sand, not detectable.

The ER for a soil originally containing 20% clay is

91
ER - - 4.5

20

SEDIMENT TRANSPORT IN STREAMS

In channels (ephemeral and perennial streams or impoundments) flow is
concentrated and has greater depth and velocity. While the overland
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sheet flow is mostly laminar and is able to support concentrated sediment
flows only by the combination of rainfall and flow energy, flow in chan-
nels is turbulent and able to carry sediment flows on its own.

To a geomorphologist, the channel phase represents only temporary
storage of transported sediment. Playfair’s Law, one of the basic premises
of stream morphology, states that over a long period of time a natural
stream must transport essentially all sediment delivered to it (Boyce,
1975). One could argue with these geomorphological postulates because
apparent deposition occurs in slow sections of rivers and impoundments,
floodplains, and deltas. This results in distinct alluvial deposits, the best
example being the mouth (delta) of the Mississippi River. Wilkin and
Hebel (1982), using the Cs-137 indicator, found significant floodplain
degradation on the Illinois River. Leopold, Wolman, and Miller (1964)
concluded that materials eroded from a drainage basin are only tem-
porarily stored in floodplains and that floodplain aggradation is essentially
balanced by floodplain degradation. This means that a long-term (say 100
years or more) delivery ratio for .streams is essentially one.

However, this is of little concern in pollution and water quality studies.
For example, organic materials that are carried by and buried with the
sediment in the alluvial deposits become harmless fossils in hundreds of
years, long before they may be resuspended by catastrophic floods, yet,
meanwhile, they may cause serious degradation of water quality by
causing sediment oxygen demand (SOD) and other problems. Thus on
the shorter time period (10 years or less) typical for water quality studies,
deposition, resuspension of sediments, their contamination, and processes
occurring in the deposited sediment layer are important and should be
considered. The delivery ratio of many streams is much less than one
when considering runoff magnitudes with a recurrence interval of less
than 10 years.

Deposition of sediments and particulate pollutants occurs primarily in
three places:

¯ In slow sections of streams, such as impoundments, estuaries, and
deltas, and along the stream banks;

¯ Temporarily in a floodplain. For many pollutants that can be decom-
posed or degraded, a floodplain is a terminal sink.

¯ In ephemeral or recharging streams by filtration of particulates during
recharge. This storage on the channel bed is only temporary, and the
particles remain on the stream bottom available for resuspension by
the next runoff event.

Contamination of bottom sediments by toxic and other polluting
substances affects the quality of the water column and represents the
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entry of toxics into the food chain. It is a known fact that the pollutants
that have been previously deposited into sediments contribute to the
degradation of water quality and adversely affect aquatic ecosystems
in many water bodies, including, among others, Green Bay and other
bays of the Great Lakes system, Chesapeake Bay, Long Island Sound,
and many other inland and near-shore aquatic systems. Milwaukee (Wis-
consin), Grand Calumet Indiana Harbor (Indiana), and Waukeegan
(Illinois) harbors, as well as many other urban estuaries, exhibit sediment
contamination that prevents beneficial uses of these bodies of water.
However, due to the binding of many pollutants with the sediments,
the adsorbed or complexed pollutants become biologically unavailable
and, hence, not toxic. Therefore knowledge of the relation between
immobilized (biologically unavailable) and free dissolved (available)
fractions of the pollutant in the sediment is important in pollution impact
studies. See Chapter 6 for more discussion of this subject.

Bottom sediments become contaminated with toxic substances by the
deposition of particulate fractions of pollutants and/or by the deposition
of fine sediment particles, both organic and inorganic, that have an
affinity to adsorb dissolved pollutants and pollutant ions in the water
column.

After deposition, several processes may cause the deposited pollutants
to reenter the water column, including the resuspension of sediment
particles caused by turbulence and biological benthic activities, diffusion
from the bottom layer, uptake and subsequent decomposition of rooted
macrophytes, and several other processes. Reentry may be temporal,
such as with a particle that had been temporarily resuspended, or semi-
permanent, such as by diffusion, in the water column.

In the sediment layer, many pollutants may undergo chemical and
biological modifications, including chemical and biological degradation,
conversion between inorganic and organic forms, and adsorption (fixation)
-desorption reactions.

Sediment Transport Process

Sediment transport, erosion, and sedimentation have been a popular
subject of research for more than 80 years (Vanoni, 1975). Sediment in
streams is transported either as washload, or suspended sediment, or
bedload, or sediment, and it moves near or at the bottom. In the classic
representation of sediment movement, the suspended sediment contains
mostly fine sediment particles, while normally bedload may be a com-
posite of sand and gravel. Several sedimentologists showed a relation be-
tween the washload and bedload (Einstein, 1950; Yalin, 1963; Vanoni,
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1975). In this representation there is a continuous exchange of particles
between the bedload and the washload, and the vertical concentration
distribution of the washload is related to the bedload transport. Most of
these classic studies assumed that there is no interaction between the
sediment particles other than the impact of collision. Such sediments are
called noncohesive sediments, and include primarily sand and gravel
fractions. Noncohesive sediments have a very low to zero affinity to
adsorb pollutants, and transport of pollutants is generally not affected by
their presence.

In contrast, cohesive sediments, which include primarily clay and
organic fractions of the bedload and washload, have a high sorptive
capacity for many chemicals and act as carriers for contaminant transport
in riverine and estuarine systems. As shown in a publication by Novotny
and Chesters (1981), clay and organic matter can effectively adsorb such
pollutants as phosphates, ammonia, and a variety of organic chemicals,
from which PCBs exhibit the highest affinity for adsorption. In addition,
some pollutants, such as organic matter, nitrogen and phosphates, some
metals, and some organic chemicals, exist both in solid and liquid phases
(precipitated and dissociated), and are an integral part of the washload.

Organic-rich sediments (mud), such as those generated in the pro-
ductive sections of streams by photosynthesis (Novotny and Bendoric-
chio, 1989), have the most severe implications on water quality condi-
tions. The processes of decomposition that occur in these sediments
impose a demand for oxygen on the overlying water. Under anaerobic
conditions phosphates and ammonia are released back into the water and
chemical adsorption equilibria are modified in the reducing environment
of anaerobic sediments.

The classic literature of sedimentology has not addressed the problem
and processes associated with the movement of cohesive sediment and
their impact on water quality and pollutant transport. Only recently have
sedimentologists become interested in the subject.

Transport of Cohesive Sediments
Figure 5.28 shows the interrelationship between the basic transport
processes of cohesive sediments in riverine and estuarine systems. While
in noncohesive sediment transport, bedload and washload are fairly
distinct with a clear boundary interface. Cohesive sediment may exit in
the four states shown in Figure 5.28: (1) a mobile suspension where
particles move primarily in a horizontal direction; (2) a horizontally
stationary high suspension; (3) a consolidating bed; and (4) a settled
compacted bed in which movement of particles and water has ceased
(Mehta et al., 1989).
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FIGURE 5.28. Physical states and processes governing cohesive sediment transport.
(After Mehta et al., 1989, reprinted by permission of ASCE.)

Of interest in this concept is the movement of water. When particles
are in suspension, water movement is primarily in a horizontal direction;
however, at washload concentrations of solids, turbulent fluctuations
may be less then those for clear water (Xingkui and Ning, 1989). In
high concentration suspension, the horizontal movement of particles
diminishes, and if the net particle flux is down, the replaced water moves
up. This replaced water then mixes with water in the flow above, which
should be included in the mass balance equations of pollutants. What it
means is that if there is net settling of particles, there is a net water
movement up, which can carry dissolved pollutants with it. There is
similar water movement in the compacting layer where, as the layer
reduces its thickness and increases its density, water is pushed upward
from the sediment layer. In both cases, the sediment layer is a source of
dissolved pollutants.

Higher concentrations of suspended solids modify the density of the
sediment-water mixture. Similarly, to heat or salinity transport, sus-
pended sediments in. impoundments and estuaries can travel in density
currents (Akiyama and Stefan, 1985).

Typically, cohesive sediments (mud) in riverine and estuarine systems
are composites of clay, silt, and organic particulates. Cohesion of par-

R0023273



Sediment Transport in Streams 297

ticles (floc formation) is more pronounced for clay particles (<2 gm) than
for more coarse silt particles (2 to 60 gin). In fact, Mehta et al. (1989)
speculated that the cohesion of silt particles into larger flocs and com-
pacted matter is by clays. When large quantities of coarse materials
(sand, larger organic detritus) are present in the sediment, its behavior
and interactions become quite complex, and are currently not well un-
derstood (Mehta et al., 1989).

Aggregation of cohesive sediments is a complex problem that depends
on several environmental factors. Some of the factors are well understood
from water treatment technology, such as the effects of calcium and other
cations, anions, total salt concentration, and pH. Other factors, such as
the effect of turbulent mixing, settling characteristics of particles in the
aquatic environment, and particle interactions are less well understood.
The biological effects of bottom dwelling and feeding fish and inver-
tebrates, or the mixing and resuspension of particles by the evolution of
gases from the benthic layer are speculated about only qualitatively.

Settling velocity of cohesive sediments. In turbulent flow, suspended
particles are supported and distributed in the flow by the mechanism of
turbulent exchange, which acts against the gravity force of the particles.
The fall velocity of the individual particles is given by the well-known
Stokes’ law. However, cohesive sediment particles will aggregate under
favorable chemical conditions, thus increasing the settling velocity over
that given by Stokes’ law. Table 5.9 shows the effects of aggregation on
the increase of settling velocity.

The preceding results of the effect of aggregation on settling velocity
were obtained by experiments in settling tubes (Migniot 1968; Chase,
1979). Reported values of settling velocities for marine and estuarine
sediments ranged from 10.4 to 10°mm/sec¯

Effect of hindered settling. At a certain concentration of suspended
particles, settling becomes hindered. This is analogous to the classic
concept of the settling of flocculent particles in settling tanks and settling

TABLE 5.9 Se~ling of Individual Particles and Aggregate Settling

Original Particle Stokes Settling Aggregate Settling Aggregate

Diameter Velocity Velocity Diameter

(gm) (mm/sec) (mm/sec) (gm)

20 2.4 * 10-1 2.7" 10-1 88

2 2.4* 10-3 1.7" 10-1 56

0.2 2.4* 10-5 1.1 * 10-1 34

Source: After Mehta et al. (1989). (Reprinted by permission of ASCE.)

R0023274



298    Erosion and Sedimentation

columns. During hindered settling the probability of particle collision is
so high that it slows down settling and the particles may settle as one mass
(zone settling). This zone settling pattern may loosely correspond to the
high concentration suspension layer depicted on Figure 5.28.

Tesarik and Vostrcil (1970) proposed an equation for the settling
velocity of flocculated flocs as

W c[3 (5.27)

where ~t and [3 are coefficients. The values of the coefficients for the
bentonite clay were reported as ~t = 12.8 and [3 = 2.06 for W in mmisec
and c in g/1.

The transition between hindered settling and discrete settling occurs
approximately at a volumetric floc concentration of 0.005 (Camp, 1947),
which is comparable to a concentration of 1000 to 5000mg/1 of silt
and clay particles in turbid water.

Generally, the high concentration (hindered settling) zone should
exhibit a distinct interface between the more clear turbid water above
where settling is discrete. This is due to the fact that if a floc leaves the
high concentration layer, the settling velocity ceases to be hindered and
increases. Thus the likelihood of the particle to settle back into the high
concentration zone also increases. Another reason for a distinct interface
is the fact that turbulence fluctuations in the high concentration zone are
reduced; therefore, at the interface there is less chance for a particle to
move upward from the high concentration zone than there is for it to
move downward from the discrete overlaying zone. If the turbulent
energy of flow increases above a certain yet unspecified level, this in-
crease may lead to a collapse of the high concentration zone and the flow
may become uniformly mixed.

The surface stresses of the high suspension (hindered settling) layer are
very small and in general are not measurable (Been and Sills, 1981).
Hence, if under some flow conditions (presumably at low energy levels)
the probability of particles to remain in the high concentration zone is
greater than it is to escape from the zone, the particles will remain in the
layer and will require a discrete resuspension energy to rise up from the
layer.

What this means is that there appears to be a critical shear stress for
formation.of the high concentration layer that is an integral component of
the deposition process of cohesive sediments. The existence of this layer
may also have significant water quality implications. As water that was
enriched by the high rate of desorption is pushed out of the high con-
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centration layer by the settling of particles, it may become the primary
source of contamination in the overlying water.

The energy level can be related to the bottom shear stress of flow.
Data in the literature indicate (Mehta et al., 1989) that the shear stress
for deposition (deposition of cohesive sediments will not take place if the
shear stress is above this value) is about Zc = 0.06 to 0.08N/m2. This
correlates well with the experiments of Partheniades, who found that the
critical shear stress for deposition is around 0.1N/m2. For mixed sedi-
ments with broad size distribution, Mehta and Partheniades (quoted in
Mehta et al., 1989) found that zc ranged from about 0.18 to 1.1N/m2. A
well-known formula for estimation of shear stress is

where
~, = specific density of water (N/m3)
R = hydraulic radius or depth (m)
Se -- the energy gradient of flow (dimensionless)

Below the high concentration (hindered settling) zone is a layer of
consolidating sediments. In the theory of settling this layer could cor-
respond to compression settling. The particles in this layer form a solid
compacting mass that settles due to the gravity of particles and the water
above. This consolidation by compressed settling begins when surface
stresses become noticeable. Primary consolidation ends when the excess
pore water pressure has completely dissipated. Secondary consolidation,
which is the result of the plastic deformation of the bed under the con-
stant overburden, begins during primary consolidation and may typically
continue for many weeks or months after primary consolidation ends
(Mehta et al., 1989).

Erosion and Resuspension of Cohesive Sediments
The erosion potential of consolidated sediments is again related to bot-
tom shear stress. The critical shear stress for erosion, ~s, has been related
to the specific density of compacted sediments and to the pressure of the
overlying water (depth of the water column) as

(5.29)

If Xs is in N/m~-, then the coefficient { is about 6 x 10-6 to 8 x 10-6, and
the exponent 6 is about 2.3 to 2.4 (Mehta et al., 1989). Or) is the dry
density of consolidated sediment in kg/m3, which is a function of time.
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The dry sediment density can be calculated from the bulk density as
follows (Mehta et al., 1989):

where
pB = bulk (wet) density of the sediment
Ps = sediment density
pw = water density

The critical shear stress for the erosion of consolidated sediments is
one to two orders of magnitude greater than that for deposition. The
scouring rate of sediment can be related to the bottom shear stress, as
pointed out by Mehta et al. (1989) and Partheniades (1965).

Three modes of erosion have been identified: (1) reentrainment of
stationary suspension (as discussed earlier), which occurs at shear stress
rates between Tc and Ts; (2) aggregate or gradual erosion of a bed at shear
stresses greater than Zs and a certain critical value of bed shear stress ~,;
and (3) mass erosion of a bed when bottom shear stress energy is suf-
ficient to lift the bulk of the sediments.

Experimental work (Lee, Kang, and Lick, 1981; Ziegler and Lick,
1988) leads to a formulation of a relationship between the erosion of fine-
grained cohesive sediment and bottom shear stress as follows (Ziegler and
Lick, 1988):

[
~ = a ’ for ~

(5.31)
= 0             for r <

where
~ = net amount of resuspended sediment in Kg/m2
~ ~0.08
rn~2

There are several interesting conclusions from the past research on
deposition, formation, consolidation, and erosion of cohesive sediments:

1. The "classic" sedimentology typical of noncohesive sediments is not
fully applicable to cohesive sediments. For noncohesive sediments
there is a certain limiting shear stress value ~c above which deposition
will not occur.
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2. At low shear stresses, formation of a high concentration-hindered
settling layer is likely. Even though this layer may not show any
measurable shear stress resistance, energy (shear stress) in excess of zc
is needed to break the high concentration layer into a dispersed flow
form. The magnitude of this energy is not known and will most likely
be between the critical shear stress for deposition and that for the
erosion of a consolidated bottom. At certain small shear stress values
above ~c the erosion of the high concentration layer may be gradual;
however, experience shows that it may be possible to anticipate that
the surface of the high concentration layer will move upward in re-
sponse to increased shear stress until the concentrations within the
layer cease to be hindered and/or the top of the layer reaches the flow
surface.

3. The high concentration layer provides a medium for water to come in
contact with contaminated sediments even when resuspension does
not occur. Because of the settling of particles there is a distinct
upward velocity component within the layer that brings the dissolved
pollutants to the overlying water. At some critical yet unknown shear
stress the high concentration layer will break and become completely
mixed with water.

4. The consolidated layer requires higher energy for breaking and re-
suspension. Below this energy level, the mechanism of pollutant trans-
fer from (or into) the layer is by diffusion through the boundary layer.

5. At shear stresses greater than the critical erosive shear stress, "cs, the
bottom is resuspended and most likely completely mixed with the
overlaying water (or hypolimnion of stratified flows). The rate of
resuspension is related to the bottom shear stress. At certain high
shear stress rates the compacted layer may be eroded at very high
rates (Parker, 1982).

Kinetic Model for Sedimentation of
Cohesive Sediments

The author previously presented a simple model for the sedimentation of
cohesive sediments (Krenkel and Novotny, 1980). The model was based
on classic sedimentology and may not be fully applicable today in view
of new information published later in the 1980s. However, the basic
concepts after modification are applicable. In view of the new information
it is necessary to separate the flow of cohesive sediments and pollutant
transport into three distinct zones (Fig. 5.28):

1. Zone of dispersed flow or discrete settling zone in which classic sed-
irnentology is partially applicable. Turbulence is not greatly affected by
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sediment concentrations, particle concentration might follow the
classic Einstein distribution (Vanoni, 1975; also published in Krenkel
and Novotny, 1980, and Novotny and Chesters, 1981), and dissolved
pollutant transport is by convection and turbulent dispersion.

2. Zone of hindered settling (high concentration) in which classic sedi-
mentology is not applicable. The turbulence level is affected by parti-
cle concentrations, the horizontal movement of particles is diminished,
there is a net upward vertical component of water, and water is rich
with desorbed pollutants or in a higher equilibrium with adsorbed
fractions. This transitional zone may change thickness in response to
the shear stress. This layer will exist when shear stress is less than a
certain critical value that is smaller than the critical shear stress for
erosion of a compacted bed.

3. Compacting sediment zone. There is no horizontal movement of
sediment; however, there still may be some upward movement of
water through the sediment layer during compaction. This convective
transport adds to the diffusion of pollutants, which is controlled by
diffusion through the boundary layer. When the shear stress exceeds
the critical shear for erosion, sediment particles are released from the
layer.

Discrete settling zone. In this zone, the classic laws of sediment trans-
port are applicable. Define M as the scour rate of cohesive sediments or
the reentrainment rate of particles from the high concentration layer,
and Ws as a settling rate under aggregation. Then the concentration
distribution can be described by Einstein’s equation (see Novotny and
Chesters, 1981). Also under steady-state conditions

dg = M - WsCb
(5.32)

dx

where
Cb = near bottom concentration of the sediment
g = the sediment flux

However, Partheniades (1977) documented that this equation is not
fully valid for the transport of cohesive sediments. It was also documented in
the previous discussion that in cohesive sediment transport erosion and
sedimentation do not occur simultaneously. Furthermore, according to
the Partheniades theory and experimental results the erosion rate of
cohesive sediments from the compacted layer should remain constant
regardless of the sediment concentration in water. This may lead at high
bottom shear stresses to very high sediment concentrations that are
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related to the supply of sediment rather than to a saturated sediment flux.
Consequently, on the other hand, if the shear stress is below the critical
shear stress for deposition, there is no erosion, and hence the minimal
concentratiop of sediments is zero, provided that enough time is available
for the particle to settle out.

High concentration zone. The classic sedimentology of discrete non-
cohesive sediment flow fails in the high concentration flow, that is, when
volumetric concentrations of particulates are above c = 0.5%. It should
be pointed out that the high concentration (hindered settling) flow zone
can extend all the way to the surface, as documented on flows occurring
in some high turbidity streams of some southwestern regions, such as Rio
Puerco in New Mexico.

Compaction zone. During deposition solids from the high concentra-
tion zone will reach the compaction zone and undergo compressed set-
tling, or at some very low turbulence level the entire high concentration
zone may begin to compress. During compressed settling water is re-
leased upward.

From the foregoing discussion it appears that no erosion of the com-
pacted zone takes place as longas there is a high concentration zone
above, since the collapse of the high concentration zone or its extending
to the flow surface may occur at lower shear stress values than the
minimum shear stress for erosion of compacted sediment layers.

Furthermore, as pointed out by Partheniades (1977), no simultaneous
deposition and erosion of cohesive sediment takes place, and in the
absence of erosion the only mechanism by which pollutants can be re-
leased from the compacted zone is by diffusion and by convection by
water removed from the layer by compaction.

This concept of three-layered cohesive sediment transport and sedi-
mentation, which has been proved by experiments of Mehta et al. (1989)
and earlier by Partheniades deviates from some modeling concepts, such
as those incorporated in the EPA model WASP (see Chapters 7 and 8),
which presumes the existence of a certain unspecified constant layer of
sediment that mixes with the overlying water. The variable high con-
centration layer that can exist only at bottom shear stresses below those
for erosion (’t < ~s) is the nearest approximation of such a mixing layer.
At shear stresses above ~:s it is likely that there is no mixing layer that the
entire bulk of the water may have a uniform concentration of sediment,
and that, the flux of pollutants from the bottom sediment layer is related
to the rate of erosion. This high concentration mixing layer may reappear
when the sediment concentration increases to a level at which turbulence
is reduced and/or the flow rate drops so that the bottom shear stress is
reduced below that which allows deposition.
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Example 5.6: Erosivity of a Channel Flow

A wide (width >10 × depth) rectangular channel is carved in cohesive
sediments. The depth of flow in the channel is H = 0.1 meters and the
velocity is v = 0.3 meters, the Manning roughness factor for the channel
is n = 0.02. Determine whether the flow is erosive or depositional.

Solution In order to estimate the bottom shear stress one has to cal-
culate the energy gradient of the flow. From Manning’s equation and
assuming that for a wide channel the hydraulic radius approximately
equals the depth of flow, the energy gradient, Se, is

(v × n)2 (0.3 × 0.02)2
Se -         -             = 0.00036H       0.1

The bottom shear stress (Eq. (5.28)) is (for R = H and ~, = 9810N/m3)

~ = yHSe = 9810 x 0.1 x 0.00036 = 0.35 N/m2

The shear stress of flow is above or near the critical shear stress for
deposition (Zc = 0.1 N/m2); however, it appears to be below the critical
shear stress for scouring. The critical bottom shear stress for scouring
can be estimated by using Equation (5.29). For example, if the specific
density of the bottom sediment is Ps = 2500 kg/m, the specific density of
water Pw = 1000kg/m3, and the bulk density of the sediment PB =
1200kg/m3, then the dry density of the sediment is (Eq. (5.30)) Pz9 =
(1200 - 1000) × 2500/(2500 - 1000) = 333. Assuming that ~ = 7 × 10-6

and ~i = 2.4, then the critical bottom shear stress for scouring is

"ts = 7 x 10-6 X 3332"4 = 7.94N/m2

One could conclude that the flow is either very mildly depositional or that
no deposition or scour will occur. The delivery ratio would be near unity.
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6

Po!lutant Interaction with
So ls and Sediments

Future historians may be amazed by our distorted sense of proportions.
How could intelligent beings seek to control a few unwanted species by a
method that c~ntaminated the entire environment and brought the threat of
disease and death even to their own kind?

Rachel Carson, Silent Spring

All the human and animal manure, if returned to land instead being
thrown into the sea, would suffice to nourish the world.

Victor Hugo, Les Miserables

Soils can retain, modi~, decompose, or adsorb (immobilize) pollutants.
Each year an enormous amount of organic material, atmospheric con-
taminants, and liquid and solid wastes are deposited and incorporated
into.soils. As a matter of fact, the focus of early "zero discharge" efforts
after the passage of the 1972 Water Pollution Control Act Amendments
was to shift the burden of residual waste discharges from water to soil.

Biodegradable organic materials deposited into soils are decomposed
largely into such safe products as CO2, methane, nitrogen, and phosphorus
compounds. Due to the large number of microorganisms residing in
typical fertile top soils, the decomposition processes under suitable environ-
mental conditions represent the best natural recycling process. A properly
balanced and managed soil system does not represent a great threat to
water quality. In a balanced system, most of the nutrients and organic
matter added to the soil, in amounts normally applied to increase crop
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production, will remain in the upper soil layer and/or will be taken up by
the crops.

However, it was pointed out by a panel of distinguished soil scientists
(Stigliani, 1991) that harmful pollutants due to man’s activities had been
gradually accumulating in soils and sediments for the past 2000 years.
Early sources of such soil pollution were primarily metal mining opera-
tions. Since the beginning of the Industrial Revolution, the scale and
pace of environmental contamination due to industrial, agricultural,
commercial, and domestic activities has accelerated, and in the last 40
years has reached a pace that may be threatening to the health and
existence of the human population, at least in some stressed areas of the
world.

As stated previously, man always had a tendency to return waste, by-
products of living and production processes, and the dead first to the soil
and then to the water. The capacity of soil to assimilate pollutants was
considered infinite, and discharging waste to soils was deemed beneficial
(note the Victor Hugo quote at the beginning of the chapter). However,
this capacity though large, is limited.

Today, large amount~ of commercial chemical fertilizers are applied to
agricultural and grassed urban lands in the United States and elsewhere.
Typical application rates range from 20 to 200kgN/ha and from 10
to 50kgPiha. To control pests and weeds farmers and urban dwellers
have been using chemical pesticides in amounts that are environmentally
damaging and defying the purpose of control. For example, to maintain
a "perfect" suburban lawn and eradicate a few dandelions a typical
suburban homeowner in the United States uses chemical pesticides and
fertilizers in excessive, environmentally damaging quantities. During the
1960 to 1990 period, in order to sustain higher crop yields, agricultural
cooperatives in the central and eastern European countries were applying
chemicals at such excessive rates that most of the receiving surface- and
ground-water bodies in the region had been severely damaged with a
consequent impairment of their beneficial uses (for example, unsuitability
of water resources for water supply, recreational uses, and severe eco-
logical damages).

Due to the capacity of soils and sediments to store and immobilize
toxic chemicals in so-called chemical sinks, the direct effects of pollution
may not be initially directly manifested. However, there is now direct
evidence that the capacity of soils to safely dispose of pollutants has been
exhausted in some parts of the world. Excessive contamination of surface-
and ground-water bodies by nitrates, pesticides, and other chemicals is a
result of the failure of the soils to which these chemicals were applied to

R0023288



Pollutant Interaction with Soils and Sediments 313

retain them, modify them. and transfer them to their target media (crops
for fertilizing chemicals, weeds and insects for pesticides).

Because loading of the chemicals to the environment may occur long
before the adverse consequences are noticed, scientists have used the
term chemical time bomb to describe the present and future threats by the
past, present, and future excessive uses of various chemicals and waste
applications to soils.

A chemical time bomb (CTB) is a concept that refers to a chain of events
resulting in the delayed and sudden occurrence of harmful effects due to the
mobilization of chemicals stored in soils and sediments in response to slow
alteration of the environment (Stigliani, 1991; Stigliani et al., 1991).

Typically, the loading of soils by pollutants occurs at lower rates but is
widespread (diffuse pollution). In some other instances, chemical loading
was very high and localized, such as in the cases of hazardous waste
disposal sites and landfills. In many instances, when the delayed environ-
mental effects of the "overload" of soils and sediments with pollutants
are manifested, the impact is widespread and may be devastating. Forest
diebacks in Europe in the early 1980s, due at least in part to soil acidifi-
cation by acid rainfall and atmospheric deposition, is a recent example
of sudden, unanticipated, and delayed response. Similarly, the rapid
explosive eutrophication of lakes (see the example of Lake Balaton in
Chapter 1) and ground-water contamination by nitrates in Central Europe
and elsewhere are a result of the excessive application of fertilizing
chemical at rates that far exceed plant uptake.

When the waste-assimilative or buffering capacity of soils and sedi-
ments is gradually exceeded, the result is CTB. The buffering (waste-
assimilative) capacity of soils is due to the microbial degradation of
chemicals and pollutants, plant uptake and removal with crops, immobi-
lization by adsorption and complexation on soil particles and colloids,
chemical reactions, volatilization, and other processes by which pollutants
are removed, degraded, and immobilized.

Contrary to the sudden occurrence of the time bomb, which is the
effect of an exceedence of the waste-assimilative (buffering) capacity of
soils and surface-water bodies, remediation and restoration of damaged
ecosystems is gradual and may last years and even centuries. There are
no lasting "quick fixes."

As the contaminated soils are eroded, aquatic sediments are also being
contaminated at a rather fast pace. Aquatic sediment may also interact
with the pollutants dissolved in water in the same manner as soil would
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with pollutants contained in soil moisture. As a matter of fact, the
processes of pollutant interactions with soils and aquatic and wetland
sediments are either the same or similar.

Soil and its buffeting capacity is the only barrier between surface
contamination and pollutant deposition and ground-water resources for
which the buffeting is either zero or very small. This difference between
the buffering capacities of topsoils and ground water is due to a typically
rich microbial population residing in the topsoil layer, higher content of
organic matter, a greater proportion of weathered small-grain minerals,
such as clays, different chemical environment, and other factors.

The processes and pollutant interactions in aquatic sediments and
wetland substrates are similar to those in saturated (wet) soils. Therefore,
both media are discussed in this chapter.

The Soil Profile

The soil profile is divided into three layers called horizons A, B, and C
(Fig. 6.1). A typical profile may also contain a thin layer of decaying

..... ~ ORGANIC DEBRIS AND~~__ DECAYING PLANT RESIDUESHorizon O
ACTIVE SOIL MICROFLORA,

"    .,,,- Horizon A LEACHING OF SALTS AND
_ ,~ CLAY, NITRIFICATION,

~_ DEPOSITION OF SALTS
- AND CLAY,LOWER PER-

ME ABIL ITY, B LOCK Y
~ Horizon B STRUCTURE

DE NITRIFICATION

,GROUNDWATER WEATHERED PARENT

~ MOVEMENT~                         - MATERIALS

~ Horizon C

FIGURE 6.1. Soil profile.
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organic debris with little soil. The surface layer of organic debris is called
horizon O.

The A horizon, usually several centimeters to a fraction of a meter
thick, is the soil layer of the greatest concern, since roots, soil micro-
organisms, and organics can be found there in great densities. It is also a
layer of considerable leaching. The B horizon, underlying the A horizon,
is a subsoil where most of the leached salts, chemicals, and clay may
deposit. It usually has little organic matter and few plant roots (only large
plants--macrophytes--have root systems penetrating into subsoils). The
C horizon extends from the bottom of the B horizon to the top of the
parent bedrock from which the soil evolved by weathering.

The A horizon is of considerable importance in diffuse pollution studies
since it is the soil layer where most of the adsorption and biochemical
degradation of pollutants takes place. The microbiological processes by
which pollutants and nutrients (nitrogen and phosphorus) are decom-
posed or transformed are mostly confined to the A horizon. Only soluble
(mobile) pollutants can penetrate into deeper soil zones and eventually
pollute ground water.

Soil nomenclature and soil maps provide a wealth of information on
the types of soils, their texture, composition, and properties. The soil
texture triangle presented in the preceding chapter (Fig. 5.26) and the
U.S. Soil Conservation Service soil maps (Fig. 6.2) are for delineating the
distribution of soils. In the classification of soil the name of the soil as
reported in the soil map has two parts: (a) a local name that also in-
cludes textural classification, and (b) slope. For example, in the soil
map of southeastern Wisconsin a code OuB signifies Ozaukee silt loam in
slope category B (2% to 6% slope).

Soil (Sediment) Organic Matter

Organic matter is an integral part of soils. The organic matter content
varies from <1 to >40% in some organic soils, feedlot soils, wetland, and
aquatic sediments. Organic matter content is usually reported as organic
matter (%) or organic carbon (%). Organic matter (%) = 1.67 × organic
carbon (%).

The organic content of soils and sediments, often called humus, is a
product of the biodegrading processes by microorganisms. It is rich in
nutrients and remains for long periods as an important food supply
for microorganisms. A significant part of the organic matter is not
biodegradable.

Almost all of the organic matter in soils is contained in the A and O
horizons of the soil profile. Organic-rich aquatic sediments may be much
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FIGURE 6.2. Soil map by the U.S. Soil Conservation Service. Soils are coded by their
local name and slope.
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deeper. As to their organic content, soils are divided into mineral soils
that have low organic fraction and organic soils. A similar classification
can also be applied to aquatic sediments. However, for sediments the
organic content is affected by the hydraulics of the body of water.

High organic content is not synonymous with fertility in soils. Peat
(wetland) soils that have an organic fraction are not suitable for growing
most crops (with the exception of rice) that require aerated drained soils,
even though wetlands can produce high quantities of organic matter.
When peat soils are drained, the excess organic matter is converted under
aerobic conditions to CO2, and the soil’s suitability for growing crops is
improved. That was the major reason for draining wetlands during their
conversion to agricultural use. Consequently, soil aeration is a factor
affecting the soil organic content.

LOADING FUNCTIONS

The Concept of Enrichment

The transport of pollutants from topsoil is affected by the composition of
the soil, slope, and other factors. Pollutant transport follows the three
transport routes identified in Chapters 3 and 5, depending on whether the
pollutants are associated with the sediment or are dissolved in soil water:

1. Soil erosion and overland transport will carry pollutants adsorbed or
complexed by soil particulates. Their history of transport is similar
(but not identical) to that of soil particles.

2. Pollutants contained in soil water can be transported either by surface
runoff or by interflow. These pollutants are in the form of dissolved
compounds or ions. For many compounds a dynamic equilibrium
exists between the dissolved and adsorbed (complexed-particulate)
fractions in soil water and in surface runoff).

3. Only dissolved or ionized pollutants can reach ground-water zones and
reappear on the surface with the base-flow-ground-water discharge.

Many contaminants in soils (nutrients and organic chemicals) are sub-
ject to bacterial degradation, volatilization, and chemical breakdown.
Those that will persist are classified as conservative materials, while those
that change their total mass with time (excluding the effect of convection
and dispersion) are nonconservative.

Figure 6.3 shows the major pathways of transport and major transfor-
mation processes of soil contaminants between the source and receiving
bodies of water. Water is the primary transporting vector.
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FIGURE 6.3. Pathways of contaminates through soil-environment-soil-contaminant
interactions.

Since particulate pollutant transport is a part of sediment erosion and
movement processes many studies and models use an arbitrary propor-
tionality factor called the potency factor or transmission coefficient to
equate sediment loading to that of other contaminants. The relationship
can be expressed by the equation

Yi = PiYs (6.1)

where
Y; = the loading or concentration of contaminant i
Ys = the loading or concentration of sediment
Pi = the potency factor for the contaminant

The potency factor can be related to the concentration of the contaminant
in the parent topsoil and the enrichment factor for the contaminant, that
is,

Pi = S~ERi (6.2)

where
Su = the concentration of the contaminant
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ERi = the enrichment ratio for the contaminant between the source and
the point of interest or watershed outlet

The enrichment ratio is then the concentration of the contaminant in the
eroded material on the sediment in runoff divided by its concentration in
the parent topsoil expressed on an over-dried basis.

The use of Equations (6.1) and (6.2) presumes knowledge of the soil-
contaminant concentration, S~, and the enrichment ratio, ERi. The U.S.
EPA Screening Procedure (Mills et al., 1985) for estimating pollutant
loads from nonpoint sources is based on the preceding concept and the
documentation contains information on estimating the needed parameter
values. This publication appears to be the most comprehensive treatise on
the subjects. Also the publication by McElroy et al. (1976) on which the
EPA screening procedure is based contains some information on the
magnitudes of potency factors, enrichment ratios, and pollutant content
of parent soils. Information may be available for soil content of organic
matter, nutrients, and some other contaminants such as metals (Tables 6-
1, 6-2, and 6-3); however, the nature of the enrichment factor is not well
understood and its estimation is, at best, an approximation. For contami-
nants associated with fine fractions and particulate organic matter, the
enrichment ratio may be inversely related to the delivery ratio as shown
for clays in the preceding chapter. Table 6-3 shows the enrichment ratios

TABLE 6.1 Metal Concentrations (pg/g) in Suriicial Materials in the United States

Geometric Means Arithmetic
Analysis

Conterminous West of the 97th East of 97th
Element Average Range United States the Meridian the Meridian

As 0-1000
Ba 534 15-5000 430 560 30

Cd 0-20
Ce 86 <150-300 75 74 78

Cr 53 1-1500 37 38 86
Co 10 <3-70 7 8 7
Fe 25,000 100-100,000 18,000 20,500 15,000
Pb 20 <10-700 14 18 10
Mn 560 <1-7000 340 389 385
Ni 20 <5-700 14 16 13
Hga 0.01-0.03
Cud 2-100
Sea 0.1-2

Source: After Shacklette et al. (1971).
"After Lindsay (1979).
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TABLE 6.2 Concentrations of Toxic Metals (in pg/g) in
Unpolluted Parent Soils and Sediments in
Rhine River Basin

Subrecent Rhine Lacustrine
Metal Soils Sediments Sediments

Cd 0.82 0.3 0.40
Co 12 16 16
Cr 84 47 62
Cu 25.8 51 45
Hg 0.1 0.2 0.35
Mn 760 960 700
Ni 33.7 46 66 .
Pb 29.2 30 34
Zn 59.8 115 118

Source: From Salomons and F6rstner (1984).

TABLE 6.3 Enrichment of Suspended Sediment by Clay
and .Associated Poilu ’tants

Suspended Enrichment
Constituenta Soil Sediment Ratio

Clay 27 91 3.4
Total phosphorus 810 1700 2.1
Lead (Pb) 19 39 2.0
Cadmium (Cd) 0.3 0.31 1.0
Zinc (Zn) 69 280 4.0
Copper (Cu) 25 45 1.8
Aluminum (A1) 22,000 49,000 2.2
Iron (Fe) 21,000 46,000 2.2
Manganese (Mn) 700 730 1.0
Chromium (Cr) 29 56 1.9
Nickel (Ni) 17 45 2.6

Sources: Based on data fi’om Dong, Simsiman, and Chesters (1983),
and Dong, Chesters, and Simsiman (1984).
a Clay is in percent and phosphorus and metals are in l~g/g of sediment.

of contaminants determined from the soil and sediment data of the
Menomonee River experimental watershed.

Equations (6.1) and (6.2) are static, that is, they allow neither the
prediction of future conditions nor the evaluation of the effects of future
management practices. However, in some cases when a contaminant is
conservative and immobile, approximate concentrations can be estimated
from the soil-contaminant mass balance.
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Since almost all particulate contaminants are usually associated with
fine soil particles, and since erosion and sediment transport are selective
for fine materials, a simple relation or guidelines for determining the
potency factor apparently do not exist. Furthermore, the quantity is
highly variable, depending on soil characteristics, storm and overland
flow characteristics, channel flow hydraulics, the presence of sediment,
and pollutant sinks, such as grassed buffer strips, riparian wetlands, forest
litter, and the nature of the contaminant. Also, the sorption characteristics
and the capacity of soil particles to retain pollutants are different,
depending on whether the particles are in soil or are a part of the
sediment washload and bedload in streams and other surface-water bodies
(McCalister and Logan, 1978; Salomons and F6rstner, 1984). Following
are several processes that result in higher concentrations of contaminants
in the eroded material and aquatic sediments than in the parent soil and,
consequently, enrichment ratios of greater than one:

1. Selective removal of fine materials with higher pollutant concentra-
tions than the remainder of the soil material, which is expressed as the
clay enrichment ratio (see Chapter 5).

2. Diffusion of pollutants and salts from the topsoils into surface runoff.
3. Desorption of pollutants from soil particles due to low dissolved con-

centrations in runoff water.
4. Flotation of low-density materials such as organic components from

soil into surface water.
5. Deposition of coarse fractions containing few sorbed pollutants during

overland and channel flow and in man-made depositional facilities
(retention ponds, buffer strips) that are more effective for removal of
coarse heavier particles.

The transport and loading of dissolved contaminants is more complex
because they can be transported by each of the three hydrological com-
ponents, namely, surface runoff, interflow, and ground water. It is there-
fore evident that a simplistic approach to the determination of pollutant
loadings from pervious surfaces (soils) may fail to provide adequate
results, and prognoses using such approaches must be treated with caution
and accepted only as rough estimates. Fortunately, several models have
been developed in the past that in a comprehensive manner describe the
transport and interactions of several typical contaminants in the soil and
water environments. The U.S. EPA’s computerized loading procedures
(Mills et al., 1985) present methodologies and numerous supporting
parameters for estimating loadings from diffuse sources and their impact
on receiving bodies of water.
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Example 6.1" Estimating Pollutant Concentration in Soils from
Mass Balance

Application of 100 kg/ha of a conservative chemical that is immobile in
soils was made to an area. Estimate the approximate concentration of the
chemical in the soil particles if the pollutant is assumed to be uniformly
distributed throughout the top 30 cm of the soil (approximate till depth).
The specific density of the soil is 1.8 g/cm3. Hence

Chemical application mass 100 (kg/ha) × 109 (~tg/kg)
S~ = Soil mass = 30cm × 108 (cm2/ha) × 1.8 (g/cm3)

= 18.5 ~tg/g

Detachment and Enrichment of Runoff by Soil
Organic Matter

Most of the organic matter in soils is in a particulate form and, as such,
transport of organic matter from softs and sediments can be related to
erosion by applying Equations (6.1) and (6.2). However, values of the
enrichment factor are difficult to assess. Massey and Jackson (1952) found
that the value of the enrichment ratio (ER) for organic matter increases
with sediment concentration in runoff and the rate of erosion. The average
enrichment ratio for three silt loam soils in Wisconsin measured by
Massey and Jackson (1952) was 2.1. Young and Onstad (1976) proposed
the following relationship for the enrichment ratio (ERor) of organic
matter based on the regression analyses of Indiana and Minnesota soils

0.3
ERor = + 1.08 (6.3)

(% organic matter)

The organic content increases linearly with finer textures, so Equation
(6.3) indicates lower ER values for clayey soils and higher values for
sandy soils. Since the specific density of organic particles is much less than
mineral soil particles, the ER may increase significantly during overland
and channel flow.

The organic content of soils lost in agricultural erosion can be restored
by the application of organic fertilizers-manure, man-made organic mix-
tures, sewage sludges, and by keeping plant residues in place. Heavy
reliance on fertilizing chemicals only will degrade the soil quality. In-
creased organic content improves soil permeability and reduces erodibility.
As will be shown in later sections of this chapter, a significant portion of
the organic matter in fertile soils consists of soil microflora.
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Detachment of Dissolved Chemicals: Mixing Layer

Many chemicals, including phosphorus, metals, ammoniacal nitrogen,
and organic chemicals exist in soils and sediments in two or even three
phases (see the next section for a detailed discussion). The phases are
solid--adsorbed or precipitated chemicals, liquid chemicals dissolved or
dissociated in pore water, and gaseous chemicals in the vapor phase in
aerated soils. When runoff is generated on the soil surface by rainfall,
solid-phase chemicals move with eroded sediment, while liquid-phase
chemicals in the upper surface layer mix with runoff and are in this way
leached from the soil.

Some hydrologic models of soil-water-chemical interaction assume
that rainfall and runoff interact within a thin zone of the surface soil. The
rainfall is assumed to mix completely and uniformly with the dissolved
chemicals in the upper soil zone. The amount of a soluble chemical
is then divided proportionately between the soil zone water storage,
infiltration, and surface runoff in the water retained in each mode. The
thickness of the mixing zone can be obtained by calibration or be fixed. In
the ARM model (Donigian et al:, 1977) the thickness of the upper soil
mixing zone varied between 1.6 and 6mm, with the smaller values giving
better results under field conditions. In the CREAMS-GLEAMS model
(Knisel, 1980) the thickness of the mixing depth was selected as lcm;
however, it is assumed that only a fraction of the chemical in the mixing
zone interacts with rainfall water.

Sharpley, Ahuja, and Menzel (1981) and Ahuja et al. (1982) measured
and calculated the mixing depth for soils within the range of 2 to 6 mm
with typical values between 2 and 3 mm. As expected, the thickness of the
mixing depth was proportional to rainfall intensity, and decreased below
1 mm when protective vegetative covers were present.

For aquatic sediments the thickness of the upper mixing zone is affected
by the action of benthic organisms. Typically for modeling purposes, the
thickness of the interstitial sediment-water mixing zone is in centimeters.

THE FATE OF CONTAMINANTS IN SOILS:
THREE-PHASE APPROACH

Chemicals or other pollutants such as nutrients may exist in soils, sedi-
ments, and sediment-laden waters in several phases. They can be precipi-
tated and/or strongly adsorbed to particles (solid phase), be dissolved or
dissociated in water or soil moisture (liquid phase), volatilize or be
gasified. For example, ammonium may exist in soil adsorbed on soil
particles, dissociated in water as an ammonia ion (NH~-) or as ammonium
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FIGURE 6.4. Compartmentalized mass balance concept of the distribution of a
contaminant in soils and sediments. (After Burns et al., 1990.)

(NH3). Generally, adsorbed or precipitated chemicals are considered
immobile in soils and nonmoving sediments and biologically unavailable
to plants and microorganisms. Dissolved or dissociated chemicals move
with water, hence they are mobile and biologically available.

The fate of a chemical in soil and sediments is determined by the
transformation processes. A chemical can volatilize to the atmosphere, be
adsorbed, be taken by plants where it may or may not be degraded, and
hence it might be returned to the soil-sediment in plant residue, be
degraded by chemical, photochemical, and/or microbiological processes,
be leached to lower depths by water movement and diffusion, be trans-
ported by erosion/runoff, and redeposited on land or reach surface water
bodies. In many cases the fate of a particular chemical pollutant is
determined by a number of processes (Chesters, 1986).

Figure 6.4 shows the processes that determine the fate of a single
chemical in soil or a sediment environment. Typically, mass balance
equations must be written for each compartment in order to estimate the
overall fate of the chemical (Burns et al., 1990).
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Sorption, Precipitation, and Partitioning Processes

The term partitioning implies division of the total pollutant mass between
the particulate (soil particles) and dissolved (dissociated) fractions in soil
or sediment pore water. Adsorption or complexation of the contaminant
into the particulate form also immobilizes the contaminants and makes
them biologically unavailable in most cases. Dissolved or dissociated
(ionized) contaminants are mobile with soil and sediment pore water and
can enter the tissues of animal and plant life. Division of the total
pollutant mass into its particulate (immobile) and dissolved (mobile)
fractions is thus very important in assessing the contaminant impact
on the ecosystem and its toxicity and, conversely, it affects the .waste-
assimilative capacity of the soil-sediment ecosystem to safely accept and
dispose of the pollutants and determines the amount of the contaminants
that can leach to ground water. A report by Schnoor et al. (1987)
describes the processes involving toxic metals and organics and also
includes a long list of the numerical values of coefficients and parameters.
A book by Salomons and Frrstner (1984) is one of the most comprehen-
sive treatises on the fate and transport of toxic metals in the ecosystems.

Generally, water-soluble compounds are weakly adsorbed on soil or
sediment particles, hence they have a higher bioavailability and leach
more easily into ground water. Due to the ease of leaching these com-
pounds do not persist nor accumulate in soils, sediments, and the tissues
of organisms. Water-insoluble compounds, on the other hand, are im-
mobile in soils and sediments; however, they accumulate in soils and
sediments and may bioaccumulate in organisms and biomagnify in the
food chain (see Chapter 14).

The mobility of a chemical in soils and sediments is related to the
so-called octanol-water partitioning of the chemical expressed by the
octanol/water partitioning coefficient, Ko,~. The coefficient is thus the ac-
cepted measure of the solubility of the chemical in water and, conse-
quently, mobility in soils and sediments. The laboratory procedure for
measuring Kow is (Lyman, 1982; Schnoor et al., 1987):

1. A chemical is added to a mixture of pure octanol (a nonpolar solvent)
and pure water (a polar solvent). The volume ratio of octanol and
water is set at the estimated Kow.

2. The mixture is agitated until equilibrium is reached.
3. The mixture is centrifuged to separate the two phases, and the phases

are analyzed for the chemical.
4. Kow is the ratio of the chemical concontration in the octanol phase to

the chemical concentration in the water phase. From this experiment
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Ko,~ is dimensionless, but it may be commonly reported as liters/
kilogram.

It has been found that for nonionic chemicals and some other chemicals
the adsorption characteristics (partitioning) may be correlated to the
octanol partitioning coefficient, Kow. The values of Kow and other impor-
tant parameters for some environmentally important chemicals (priority
pollutants) are given in Table A1 in the Appendix. The report by Schnoor
et al. (1987) has an extensive compilation of partition coefficients for
many pollutants. The parameter Kow is one of the most important deter-
minants of the fate of a chemical in the soil-sediment environment and
its bioavailability. The partitioning coefficents for a large number of polar
potentially toxic contaminants have been compiled by the Risk Reduction
Engineering Laboratory in a computerized data base.

Sorption results from a variety of different types of attractive forces
between the dissolved molecules or ions and the sorbing material (Weber
McGinley, and Katz, 1991). These forces are of a chemical, electrostatic,
and physical nature. The most significant properties for sorption and
desorption of a soil-sediment system are those related to the surface
at which accumulation occurs. Quartz particles (sand) do not provide
adequate adsorption sites and generally are not considered as sorbents.
Clay and particulate organics, on the other hand, provide the most
suitable adsorption. In addition, the soil-sediment properties that exert
the greatest influence on sorption-desorption processes are pH, tempera-
ture, and moisture content (Chesters, 1986).

In precipitation reactions, the proportion of dissolved (ionized) and
precipitated fractions of a contaminant is strongly affected by the pH and
the presence of complexing compounds--ligands. The precipitating-
complexing reactions are important for toxic metals, while organic
chemical reactions with soil-sediment particles are mostly adsorption-
desorption processes. The presence or absence of complexing ligands is
affected also by the oxidation-reduction status in the soil or sediment
environment. For example, in anoxic soils and sediments, which occurs
primarily when the medium is saturated with water, insoluble metal-
sulfide complexes are formed. Such complexes do not form in aerated
soils or aerobic sediments, and other precipitating and often less favorable
reactions with clays and organic matter dominate. Therefore oxidation-
reduction status affects the precipitation process of metals. On the other
hand, adsorption of pesticides is not generally affected by the presence or
absence of oxygen, and they primarily interact with the soil organic mat-
ter. Phosphates and ammonia interact with clays and organic particulates.

The preferred mathematical form for describing the proportion be-
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tween the dissolved (ionized) and absorbed (complexed) particulate frac-
tions is to relate the concentration of the contaminant adsorbed on the
soil or sediment particles, r (in ~tg of contaminant per gram of soil, lxg/g)
to the equilibrium solution concentration. Ce (mg/1) at a fixed temperature
(isothermic reaction). Several mathematical formulations of adsorption
equilibria (isotherms) have been proposed from which the Langmuir and
Freudlich isotherms are most widely accepted.

The Langmuir adsorption model is valid for monolayer adsorption,
and is expressed in the form

Q°bCe
r - (6.4)

1 + bCe

where
Q0 = the adsorption maximum at the fixed temperature (~tg/g)
b = a constant related to the energy of net enthalphy of adsorption

(1/mg or 1/l~g)
r = adsorbed concentration of the contaminant (~tg/g)
Ce = dissolved (free) concentration of the contaminant water (lag/l)

Although the Langmuir isotherm is assumed to be valid for monolayer
adsorption, it adequately represents soil adsorption processes for such
pollutants as phosphorus and many organic chemicals.

The Freundlich isotherm is useful if the energy term, b, in the
Langmuir isotherm varies as a function of surface coverage, r. The
Freundlich equation has the general from

r = KC~em (6.5)

where K and n are constants.
Parameters describing the isotherm equation for various pollutants are

statistical quantities. In some cases, laboratory adsorption studies may be
available that can provide the magnitude of the adsorption coefficients. In
these experiments, soil or sediment samples are put in aqueous solutions
with different concentrations of the compounds until an equilibrium be-
tween the sorbed and dissolved fractions is reached. Thereafter, the
sorbed fraction is r = (Cinitia1 - Ce)/dry weight of soil. To obtain the
Langmuir isotherm parameters 1/r is plotted versus 1/C~ on an arithmetic
plot. For the slope of the line of best fit, slope = 1/(Q°b) and the
intercept = 1/Q°.

Freundlich isotherm parameters are then obtained by plotting r versus
C~ on log-log graph paper. The logarithmic intercept (when X-ordinate
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equals unity) is K and the logarithmic slope (sl = log{[rl - r2]/[Cel -

Ce2]), where 1 and 2 are arbitrarily chosen points on the line of best fit,
equals 1/n.

Linear isotherm. For low concentrations of contaminants, the Langmuir
and Freundlich isotherms can be simplified to

r = I-Ice (6.6)

where H = partition coefficient, 1/g.
By comparing the Langmuir isotherm with the linear isotherm for low

concentrations of the chemical, it can be seen that 1-I ~ Q0 x b. The total
concentration of the pollutant is then a sum of the dissolved (ca) and
particulate concentrations (Cp). Hence, if cp = mss × r where mss is the
concentration of solids in g/l, then

cr = OCd + Cp = Ocd + mss X r = cd(O + Flmss) (6.7)

where 0 = the water content of the soil or sediment as a fraction of the
volume (for water 0 = 1).

The relation between the dissolved (pore water) concentration of the
chemical and the total concentration in the soil, sediment-laden water, or
sediment is then

1
Cd- 0 + I-lmss CT (6.8)

For some chemicals (for example, metals) the term precipitation is
commonly used. However, Salomons and F6rstner (1984) quoting several
other authors pointed out that there should be no difference between
sorption and coprecipitation.

The isothermal concept for soil-sediment chemical interaction pre-
sumes either instantaneous adsorption or conditions of equilibria. The
instantaneous adsorption assumption is adequate for modeling slowly
varying processes in soil. For more dynamic conditions, the kinetic of
adsorption can be expressed as

K
Soluble chemical ~ Adsorbed chemical (6.9)

1-K

Volatilization
Volatilization is defined as the loss of chemicals in vapor form from soil or
water surfaces to the atmosphere. The process is limited by the chemical
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concentrations in water and air interfaces above the soil of water surface
(Jury, 1986). Based on this definition volatilization does not occur from
submerged aquatic sediments.

The potential of volatilization is related to the saturated vapor pressure
of the chemical in the air above the interface; however, actual volatili-
zation from soil is also affected by many other factors, such as atmospheric
air movement, temperature, and soil characteristics (Spencer, Farmer,
and Jury, 1982).

If a chemical exists in the soil and the vapor phase, Equation (6.7) is
expanded to include the vapor phase as

CT = OCd -}- Cp -~v aCg = Ocd -~- m~ × r + aCg

= Cd(O + Ylrn~) + acg (6.~.0)

where
a -- volumetric air content (a = p - 0)
cg = vapor density of the chemical (~tg/1 of soil air)
p = volumetric porosity

The relation between the vapor density and corresponding concen-
tration of the chemical in (pore) water solution is given by Henry’s law

cd = KHCg (6.11)

where KH = Henry’s constant for the chemical that in this system is
dimensionless. Hence Henry’s constant K/4 is the partitioning coefficient
of the chemical between the air and water (U.S. EPA, 1986).

Substituting Equation (6.11) into Equation (6.10) yields the relation-
ship between the total chemical concentrations in the soil and pore water
as

CT

Cd = 0 + Hmss + ~p - O)/KH
(6.12)

When soil dries to a point that only a few monolayers of water remain
on the solids, adsorption of chemicals will greatly increase. This is due to
the fact that soil particles preferentially adsorb water molecules. Thus in
dry regions chemical losses by volatilization are sometimes reduced to
insignificant levels. On the other hand, when soil is saturated (0 = p), all
transfer of the chemical to the surface of the soil is by diffusion. For
this reason volatilization is significant when the soil has an intermediate
moisture content (Spencer and Cliath, 1973).
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The mathematical description of the vapor flux of the chemical from
the soil surface is generally derived from the boundary layer theory,
which presumes that at the soil (water)-air interface there is a relatively
stagnant layer through which the gaseous chemical must move by molecular
diffusion. Using Fick’s law, Jury, Spencer, and Farmer (1983) represented
this vapor flux away from the soil surface as

/-)(air)

J- --g [cg(0) -- cg(d)] (6.13)
d

where
D(air) = molecular diffusion coefficient of the gaseous chemical in airg
d = thickness of the soil surface-air boundary layer
Cg(0) = vapor phase concentration of the chemical in the upper layer of

the soil defined previously
cg(d) = gaseous concentration of the chemical in the air (above the

stagnant boundary layer)

The stagnant boundary layer is a concept. Its statistical thickness depends
primarily on the meteorological factors (wind) and the roughness of the
surface.

Biological Degradation and Transformation
Biological degradation of a chemical usually implies a breakdown by the
living organism to more simple compounds, ultimately to carbon dioxide,
water, and possibly other end products. Ultimate degradation means
decomposition into mineral products (mineralization), while partial de-
gradation is a decomposition into less complex compounds. Transfor-
mation on the other hand, means a change to another form, which may or
may not be less environmentally hazardous. An example of such a trans-
formation is the biochemical change of DDT to DDE, which is considered
just as toxic as the original compound. Chemicals that are not biodegrad-
able are thus called persistent in the environment, and their removal is
only by a transfer to another medium (from soil to water or air) or by
burial.

Biotransformation of chemicals in soil is accomplished by soil micro-
organisms and/or fungi (Valentine and Schnoor, 1986). These organisms
are mostly heterotrophic and require an energy and organic carbon source,
and nutrients for their growth. In contrast autotrophic organisms derive
their energy from sunlight and chemotropic rely on an exothermic chem-
ical reaction as a source of energy. Both autotrophs and chemotrophs
use carbon dioxide (alkalinity) as a source of carbon for their growth.
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Autotrophic decomposition of chemicals in soil is rare; however, chemo-
tropic transformation of nitrogen in soils is common (see the section titled
"Specific Pollutant Interactions" in this chapter). In some cases the chem-
icals themselves may be the source of organic carbon and energy, in some
other instances the chemicals are broken down by enzymatic reactions of
microorganisms using a more simple and digestible carbon source (for
example, plant residues). To break down some more complex chemicals
the organisms require adaptation.

Biodegradation may occur in an aerobic (oxygen-rich aerated soils) or
anaerobic (saturated soils devoid of oxygen) soil environment. Micro-
organisms that can function in both environments are called facultative,
while strict aerobes and anaerobes can only function depending on whether
oxygen is or is not available. Hence, based on the oxygen availability
the biochemical reactions are either oxidation (aerobic) or reduction
(anaerobic) processes. As an example, if an organic chemical is made
of ring compounds, such decomposition associated with ring cleavage
can be accomplished in an anaerobic environment; however, anaerobic
biochemical decomposition is generally slower than aerobic breakdown.

Biodegradation kinetics is commonly represented by the Monod’s
equation derived from the Michaelis-Menton equation for substrate loss
in enzyme catalyzed biochemical reactions. The Monod’s formula adapted
for the substrate variables defined earlier would be

dCd -- ~mXCd
-- (6.14)

dt Ks + ca

where
~1,m = is the maximum substrate utilization rate (~tg/l-day)
X = microbial biomass per unit volume of liquid (pore water) (~t/1)
Ks = half-saturation constant for the chemical (~tg/1)

As was stated previously, only dissolved (pore water) fractions of the
chemical are bioavailable.

For a small concentration of the chemical in the soil (ca << Ks) and a
sufficient and constant microbial population, the biodegradation equation
is converted to a first-order reaction such as

dCd

dt kbCd (6.15)

Major factors affecting the biodegradation of a chemical are (Valentine
and Schnoor, 1986) pH, temperature, water content, organic carbon
content in the soil, clay content, oxygen availability, nutrients, nature of

R0023307



332 Pollutant Interaction with Soils and Sediments

the microbial population, acclimation of the microbial population to the
chemical, and concentration of the chemical.

Although some texts contain magnitudes of the microbiological decay-
decomposition rates such as kb (see Schnoor et al., 1987), the reported
ranges of these rate coefficients are very wide, and generally the reported
values are not reliable. Furthermore, microorganisms may have the
capacity of adapting to a particular chemical. Biodegradation experiments,
both in situ and in the laboratory, may have to be performed with soils
and sediments to obtain an insight on biodegradability of the chemical
and its reaction-rate type and parameters. Aerobic and anaerobic condi-
tions, soil-sediment organic content, sufficient nutrients, and acclimation
of the microorganisms are the factors that may affect the decomposition
process. In laboratory experiments, radioactive labeled organic chemicals
can be used to estimate metabolic degradation (mineralization) by mea-
suring the 1’~CO2 carbon production in the reaction. A more detailed
discussion on soil microbial populations and decay of pathogens (disease-
causing microorganisms) concludes this chapter.

Plant Uptake
Plant uptake of nutrients and chemicals from soil is a form of immobi-
lization of the pollutants. The nutrients and chemicals uptake process is a
part of the overall transpiration process of plants. Nutrients and chemicals
are transported into plants only from the dissolved or ionic pool of
chemicals in pore water. Consequently, chemicals and nutrients adsorbed
on soil particles or precipitated in soils (sediments) are not available to
plants; thus, only the mobile components of the soil are of concern, and
high uptake rates are observed when the mobile component concen-
trations are high. The total uptake rates and nutrient requirements also
depend on crop type and yield.

The annual crop yields and nutrient content of various plants are
presented in Table 6-4. The nutrient content of plants in Table 6-4 also
represents the nutrient uptake for annual crops. To obtain annual nutrient
uptake for perennial plants, divide the nutrient content by the average
age of the plants. Dividing the nutrient content into grains and straw or
stubble becomes important when planning certain management practices.
For example, no-till planting leaves the stalks (and associated nutrients)
on the field, while conventional planting removes the residues from the
field; hence, nutrients must be resupplied by fertilizing the field.

Other Transformation Reactions
In addition to biochemical reactions a chemical present in soils and sedi-
ments can be degraded or transformed by chemical oxidation-reduction
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TABLE 6.4 Approximate Yields and Nutrient Content of Selected Crops

Crop Yield!ha kg N/ha kg P/ha

Alfalfa 9 Tonnes 225 30

Barley Grains 100 bu 39 7

Straw 2.2 tonnes 17 2

Beans" (Dry) 75 bu 84 11

Cabbage 45 tonnes 165 18

Clovera Red 4.5 tonnes 89 11
White 4.5 tonnes 145 11

Corn Grain 370 bu 151 27

Stover 10 tonnes 111 18
Silage 56 tonnes 225 34

Cotton Lint and seed 2.2 tonnes 67 13

Stalks 2.2 tonnes 50 7

Lettuce 45 tonnes 100 13

Oats Grain 22 bu 62 11

Straw 4.5 tonnes 28 9

Onions 17 tonnes 50 9
Peanutsa Nuts 3.4 tonnes 123 7

Potatoes Tubers 990 cwt 106 14
Vines 2.2 tonnes 100 9

Rice Grains 225 bu 62 13
Straw 5.6 tonnes 34 4

Rye Grain 75 bu 39 4
Straw 3.4 tonnes 17 4

Sorghum Grain 150 bu 56 11
Stubble 6.7 tonnes 73 9

Soybeana Grain 111 bu 179 18
Straw 2.2 tonnes 28 4

Sugar beets Roots 45 tonnes 95 16
Tops 27 tonnes 123 11

Sugar cane Stalks 67 tonnes 112 22
Tops 29 tonnes 56 11

Tobacco 3.4 tonnes 129 11
Tomatoes Fruit 56 tonnes 162 22

Vines 3.4 tonnes 78 11
Wheat Grain 123 bu 73 16

Straw 3.4 tonnes 22 2

Bermuda grassb 540-670
Fescueb 300
Medium mature forestb

Deciduous 30-60
Evergreens 20-30

Source: From Steward et al. (1975), ai’ter U.S. Department of Agriculture.
"Legumes that do not require fertilizer nitrogen.
b After Powell (1976).
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reactions, hydrolysis, and photochemical transformation. The last reaction
can only occur in the presence of light in a relatively thin surface layer.

Both hydrolysis and the nature and kinetics of the oxidation-reduction
reactions are controlled by the moisture content. Other factors, such as
pH and oxygen content, which are also important, are also related to the
soil moisture.

Photochemical reactions (photolysis) are important for some organic
chemicals, such as some pesticides (for example, DDT and parathion),
and aromatic hydrocarbons (Schnoor et al., 1987).

Overall Degradation Rates
Typically due to lack of information it is not possible to quantify specific
degradation rates. The only information usually available for many organic
chemicals is their half-life, which is the mean number of days required for
50% of the original chemical to degrade in soil.

Using the first-order decay reaction (Eq. (6.15)) as the most accepted
model to use to obtain the half-life from, the solution of the equation, by
substituting overall pollutant concentration, P, for Cd, is

P(t) = P(O)e-r’t (6.16)

where
P(t), P(0) = chemical masses at time t and time 0, respectively
Kt = overall degradation rate coefficient
t = time

The half-life is then

ln(0.5) 0.69
tl/2 = --

K, K,

SPECIFIC POLLUTANT INTERACTIONS
Soil Phosphorus

In natural systems, phosphorus (P) occurs as an orthophosphate anion
(po34-), which may exist in inorganic or organic forms. The source of all
organic P is plant and organic biomass residues. The origin of all inorganic
orthophosphate is the class of minerals known as apatites. These minerals
are insoluble calcium phosphates existing in several forms, and the ortho-
phosphate ions are liberated by chemical weathering processes.

Phosphorus is an important nutrient to aquatic ecosystems. In excess it
causes accelerated eutrophication (see .Chapter 13). Unlike nitrogen (N),
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phosphorus is not particularly mobile in soils, and phosphate ions do not
leach readily. Phosphorus is held tightly by a complex union by the clays
and soil particulates, and organic matter. The amount of P in solution is
small. Most of the P is removed from soils either by crop uptake or by
soil erosion.

Figure 6.5 shows P solubility in soils. At higher pH values--
characteristic of calcareous soils--the P precipitates mostly in combination
with calcium (Ca). Below a pH of 7, which is characteristic for soils with
high clay and organic matter content, Ca rapidly disappears from soils
and P reacts predominantly with the Fe and A1 ions in soils. From Figure
6.5 it can be seen that the maximum phosphate concentration in the pore
water solution is of the order of 10-5 mole/l, which corresponds to about
0.3mg/1. Depending on soil pH, the dissolved P concentrations may
decrease to 0.01 mg/1 or less.

From the foregoing discussion it can be seen that the P concentrations
in the soil (sediment) pore water solution is very low and the excess is
fixed by soil particles. Porcella et al. (1974) have reported that almost all
P arising from weathering of minerals and/or from P application to soils
by atmospheric fallout, commercial fertilizer, plant residues, or animal
manure remains near the place of application. The exception is in sandy
or peat soils, which exhibit little tendency to react with phosphorus.
These authors have also shown that after a normal growing season,
fertilizer P applied in the spring is confined to the 5 cm of the surface soil.

The process of fixation of P is controlled by several factors:

1. AI and Fe oxides are responsible for P retention in acid soils (Hsu,
1965; Vijayachandran and Harter, 1975).

2. Calcium compounds control solubility of P in calcareous soils (Hsu
and Jackson, 1960; Hsu, 1965).

3. Organic matter contributes to P adsorption.

Figure 6.6 shows typical adsorption isotherms for some selected soils.
Several authors have attempted to correlate P sorptivity to various soil
parameters. Novotny and Chesters (1981) correlated adsorption Langrnuir
isotherm parameters to several independent soil parameters for acid soils.
The most satisfactory combination of variables found by the authors to
assess the adsorption maximum (QO) and the energy coefficient (b) was

QO(gg/g) = -3.5 + 10.7(% clay) + 49.5(% organic C) (6.17)

and
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FIGURE 6.6. Langmuir isotherms for phosphate adsorption in soils. (Data 1 and 4 from
Rennie and McKercher, 1959; data 2 and 3 from Enfield, 1974.)
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b(1/mg) = 0.061 + 170,000 x 10-pH

~- 0.027(% clay) + 0.76(% organic C) (6.18)

The coefficients of multiple correlation for Equations (6.17) and (6.18)
were 0.83 and 0.53, respectively. The percentage of organic carbon
can be roughly calculated from the content of the soil (sediment)
organic matter with the use of conversion factors ranging from 0.5
to 0.6. For calcareous soils the distribution of particulate and
as dissolved P is governed by the solubility diagram shown in
Figure 6.5.

Example 6.2: Distribution of Sorbed and Dissolved Phosphorus in Soil

Fertilizer was applied to a field at a rate of 100 kg/ha. The fertilizer was
plowed in and uniformly distributed to a depth of 0.3 m. The soil was a
silt loam and contained 20% clay, 55% silt, and 25% sand. The porosity
of the soil was 40%, pH was 6.0, organic C content was 1%, and the
specific density of the soil sample was 1500kg/m3 (= g/l). Estimate the
approximate ground-water contamination by P during a long period of
rain with an average intensity of 1 cm/hr. Assume that all water infiltrated
into the soil and that the infiltration rate was slow enough that full
equilibrium between the adsorbed and dissolved P was established.
Assume also that the antecedent adsorbed P was negligible.

Solution Using Equation (6.17), the P adsorption maximum for the
Langmuir isotherm (Eq. (6.4)) is

QO = -3.5 + 10.7 x 20 + 49.5 x 1 = 2601ag/g

and the adsorption energy coefficient from Equation (6.18) is

b = 0.061 + 170,000 × 10-6 + 0.027 × 20 + 0.76 × 1
= 1.53 l/rag = 0.001531/~tg

The total inorganic P content of the soil becomes

100 (kg/ha) x 109 (~tg/kg)
cr = 0.3 (m) x 104 (m2/ha) x 1000 (1/m3) = 33,300 l.tg/1 of soil

The P concentration is distributed between adsorbed and dissolved (pore
water) fractions. Hence
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Q° bc a
cr= rp + cdO -- 1+ bcdP + CdO

where
p = the specific density of the soil
0 = moisture content (assume 0 = porosity)

Substituting into the preceding equation

260(lag/g) × 0.00153 (I/lag) × Cax 1500(g/1) + ca × 0.433,330 (lag/l) =    1 + 0.00153 (l/lag) × Cd

and solving, Cd is 57
Note that in the denominator b × ca << 1; therefore, a linear

partitioning concept can be used for which the linear partitioning coef-
ficient, FI = Q°b = 260 × 0.00153 = 405.61/g.

Adsorbed P concentration is

260 × 0.00153 × 57 ’
r = = 20.85 lag/g

1 + 0.00153 × 57

The enrichment ratio (ER) for P is generally higher than that for clay
or organic matter due to desorption of P from soil into runoff water and
possibly due to other causes. Data by Massey and Jackson (1952), Massey,
Jackson, and Hays (1953), and Stoltenberg and White (1953) indicate that
the ER for P is about 1.5 to 2 times that for clay or soil organic matter.

The adsorption characteristics for P (and by the same reasoning for
other chemicals) adsorbed on soil particles, are different for parent soils
and sediments, and when solids are suspended in runoff or surface-water
body flow (Green, Logan, and Smeck, 1978; Ryden, Syers, and Harris,
1972; Novotny and Chesters, 1981). An example of an adsorption isotherm
of P on suspended solids in runoff is shown on Figure 6.7. The ranges for
suspended sediment adsorption maxima, QO, in the watershed of the
Maumee River in Ohio reported by Green, Logan, and Smeck (1978) were
between 500 and 2000 lag/g (average 988 ~tg/g), while the ranges of QO for
the parent soils were 189 to 287 lag/g (average 257 lag/g). Similarly, the
adsorption energy coefficient b ranged from 0.00011 to 0.000451/lag
(average 0.00032 l/lag) for the suspended sediment as compar~ed to 0.0009
to 0.0045 l/lag (average 0.00261/lag) for the parent soil. However, it can be
argued that for the linear partitioning coefficient 1-I = QO × b the differ-
ences would be much less. Using average values of the Maumee River
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FIGURE 6.7. Isotherm correlation of dissolved and adsorbed phosphates in the
suspended solids of a stream. (From Novotny et al., 1978.)

data, the average linear partitioning coefficient for suspended sediment
would be H = 988 × 0.00032 = 0.4 l/g, while that for parent soil is H =
257 × 0.0026 ~- 0.661/g. Bottom sediments (bedload) exhibited adsorption
characteristics between those of suspended sediment and parent soils.

Organic Chemicals

The use of organic chemicals is credited with substantially increasing
yields of agricultural crops and assisting in controlling pests and diseases
such as malaria. In a situation typical of most modern societies, the
availability of agricultural land decreases, giving way to urbanization. On
the other hand, severe environmental problems have been created by
the use of man-made organic chemicals, which has resulted in ozone
depletion, contamination of soils and bodies of water, and chronic damage
to animals and humans. The epigraph for this chapter reflects the fea~s
and sometimes realities of the damage done by the improper and exces-
sive use of these chemicals.

Although the use of pesticide chemicals dates back a hundred years,
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usage did not become substantial until about 1945 following the com-
mercial manufacture of DDT. Rapid growth of the organic pesticide
industry continued for about 25 years. Thousands of chemicals were
developed and introduced into the market and subsequently discharged
into the environment. Pesticide usage revolutionized agricultural pro-
duction to the point that most agricultural practices formerly used to
control weeds, insects, and disease shifted in favor of chemical control.
At the same time, however, disposal of organic chemicals became a
serious problem, and unsafe dumping of chemicals into the soil, air, and
bodies of water has contaminated them to the point that their use has
been severely impaired or even negated. Restoration and "repair" of
these systems will be the objective of present and future environmental
cleanup efforts.

Organic chemicals used throughout the world that are contaminating
the environment can be divided into several categories. Pesticides in-
clude herbicides used for weed control (algicides for control of unwanted
algal growth in lakes), insecticides for control of unwanted insects, while
fungicides control unwanted fungus that may attack orchards or vegetable
farms. The use of pesticides is not limited only to the agricultural sector;
urban lawn-care chemicals are in the same category. Other chemicals of
concern are cyclic (aromatic) hydrocarbons, fluorocarbons used in sprays
and cooling liquids, polychlorinated bi-phenyls (PCBs), which were widely
used in transformers, paper, and other products, volatile organic chemicals
and solvents, and several other categories.

Insecticides include organochlorine, organophosphorus, and carbamate
chemicals. Organochlorine compounds, such as DDT, dieldrin, aldrin,
heptachlor, and lindane, are essentially conservative chemicals. They can
persist in soils and aquatic environments for many years. For example,
DDT has been frequently detected 10 years after its application. Lindane
can be found in some Great Lakes sediments and soils (Green Bay) 20
years after application in cherry orchards. Eventually, burial by new
sediment deposits may alleviate the problem.

Use of organophosphorus and carbamate chemicals increased rapidly
following restrictions on the use of organochlorine insecticides. These
chemicals are less persistent in soils than the "hard" organochlorine form.
An extended discussion on the persistence of chemicals in soils and
sediments and their gradual disappearance and/or transformation is pre-
sented largely in a subsequent section of this chapter.

Herbicides are less ubiquitous in the environment than organochlorine
insecticides. However, such compounds as s-triazines, picloram, mon-
ouron, and related substituted ureas, and 2,4,5-T often persist in soils
for as much as a year following application. Atrazine, alone or in corn-
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bination, and propachlor are the herbicides most commonly used for
weed control on corn in the midwestern United States. The herbicide
MCPA and 2,4-D amine are used most frequently on small grains.
The carbamate herbicides and 2,4-D are short lived in soil. One has to
remember, however, that in sandy soil transport of chemicals into ground
water may be relatively fast and the pesticide may reach ground water
before soil bacteria can degrade it. Since there are few or no bacteria
in ground-water-bearing strata, further biochemical decomposition is
stopped and ground-water pesticide contamination arises and persists.
Persistent ground-water contamination has been found in many agricul-
tural areas throughout the world, including central Wisconsin and the Po
River valley of Italy.

Polyaromatic (cyclic) hydrocarbons (PAHs) are mostly of urban and
industrial origin. However, their fate and interactions with soils and
sediments are similar.

Mobility of Organic Chemicals in Soils and Sediments
Chemicals deposited on soil surfaces follow the general transport path
and can be transported into (1.) the atmosphere, (2) ground water, and
(3) surface runoff.

A general scheme of the distribution and fate of agricultural chemicals
in the biosphere is shown in Figure 6.8. Contamination of the atmosphere
by chemicals can occur by drift during application and volatilization, and
by wind erosion. Drift is that portion of application that does not reach
the target area. The extent of drift losses and the subsequent dispersion
and transport of chemicals in air is governed primarily by meteorological
conditions and methods of application. Chesters and Simsiman (1975)
documented that drift losses range from 25% to 75% of aerially applied
chemicals,

Contamination of ground water by organic chemicals can occur through
leaching. Downward movement of agriculturally applied chemicals is con-
trolled by soil type and chemistry, pesticide composition, and climatic
factors (Hern and Melacon, 1986; Adams, 1973; Helling, Kearney, and
Alexander, 1971). The leachability of a compound from soils depends
primarily on the degree of adsorption of the chemical on soil particles.
The U.S. EPA (1984) developed an approach that incorporates the
mechanisms of degradation and sorption of constituents and incorporated
it into a procedure of assessment mobility of organic chemicals. Using this
procedure, a mobility and degradation index (MDI) for ranking the
potential leaching of chemicals was proposed by Mahmood and Sims
(19861).

For organic chemicals in soils and sediments, Equation (6.10) describes
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?IGURE 6.8. A scheme showing t~e possible distribution and fate of agricultural
pesticides and their degradation products in the biosphere. (A~ter Foy and Bingham, 1969.)

the distribution of the total chemical concentration between the solid,
liquid, and gaseous phases, or

cr = OCd + Cp + acg = cd(O + Hrnss + aKB)

The adsorptivity of nonpolar organic chemicals is related to their
solubility expressed by the octanol partition coefficient Kow and the parti-
culate organic content of the soil (OC) expressed in percent. Then the
solid-liquid partition coefficient can be expressed as

H ~ Koc x (%OC)/100 (6.19)

where Ko¢ = the partitioning coefficient normalized by the organic car-
bon. The coefficient Koc is a hypothetical partitioning coefficient for a
sorbent (sediment or soil) composed solely of particulate organic matter.
It has been found that for a given chemical, Koc is relatively constant and
varies by a factor of only 2 for a wide range of soils and sediments
(Schwarzenbach and Westall, 1981; Weber, McGinley, and Katz, 1991).
The coefficient Koc can be correlated to the octanol partitioning co-
efficient, Kow (Kenaga and G6ring, 1980; Schwarzenbach and Westall,
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FIGURE 6.9. The relation of organic matter-chemical partitioning coefficient Ko~ to the
chemica!’s octanol partitioning parameter Ko,~. (From Weber, McGinley, and Katz, 1991,
with kind permission from Pergamon Press, Headington Hill Hall, Oxford, OX3 0BW,
UK.)

1981; Weber, McGinley, and Katz, 1991). Several regression equations
have been proposed (Karickhoff, 1981; Karickhoff, Brown, and Scott,
1979; Schwarzenbach and Westall, 1981). A relationship of Koc to Kow
published by Weber, McGinley, Katz (1991) is shown on Figure 6.9.
Values of Kow and Koc for various chemicals are given in the Appendix.

Karickhoff, Brown, and Scott (1979) proposed the following empirical
relationships for estimating the partition coefficient for the sorption of
aromatic hydrocarbons and chlorinated hydrocarbons on sediments:

Koc = 0.63Ko, (6.20a)

Almost an identical relation was derived by Rao and Davidson (1982),
where

Koc = 0.66Klo~3 (6.20b)

This relationship can be expanded to segregate the influence of particle
size as follows (Karickhoff, Brown, and Scott, 1979)"

1-I ~ Koc[0.2(l - f)xSoc + fXfoc] (6.21)
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where for YI in liters/kilogram
f = mass fraction of fine sediments or soil particles (d < 50 I.tm)

sXoc = organic carbon content of coarse sediment (soil) fraction
Xfoc = organic carbon content of fine sediment (soil) fraction

Example 6.3: Distribution of a Chemical in Sediment

Determine the fraction of benzo(a)pyrene that is contained in pore water
of aqueous sediment with a specific density of 1400kg/m3 (= g!l). The
sediment is 70% fines (d < 50 gm) and the weight frac[ion of organic
carbon is 10% of the fines and 5% of the sand fraction. From Table A1 in
the Appendix the octanol partitioning coefficient for the compound is 106.

Porosity of the sediment is 45%, hence the water content is 0 = 45/100 =
0.45. Calculate Koc

Koc = 0.63 × 106 = 630,000

Solution From Equation (6.21) the partition coefficient becomes

1-I = 630,00010.2(1 - 0.7)(0.05) + 0.7(0.1)] = 45,0001/kg

From Equation (6.10), neglecting the gaseous phase, the distribution of
dissolved (pore water) and total concentration is

Cd                          1
CT 0.45 + 45,000 (1/kg) × 1400(kg/m3) × 0.001 (m3/1)

= 0.000016

Almost all of the chemical will be adsorbed on the sediment, and the pore
water concentration will be about 1/1000 of a percent of the total con-
centration of the contaminant.

A brief description of the behavior of organic chemicals in soils and
sediments is taken from Moore and Ramamoorthy (1984) and several
other sources.

Aliphatic hydrocarbons. These compounds include a diverse group of
open chain compounds of carbon and hydrogen, which may be halo-
genated by chloride, bromide, iodine, or fluoride ions. Halogenation
may occur naturally or by adding halogens (for example, by disinfecting
organic wastes or wasting halogenated chemicals into receiving bodies
of water and soils). From many possible compounds the following pri-
ority pollutants are of environmental concern: carbontetrachloride, di-
chlorobromomethane, chloroethane, dichloromethane, dichloropropane,
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vinyl chloride, chloroform, bromoform, tetrachloroethane, trichloro-
ethane, methyl chloride, and methyl bromide. They are in the category
of volatile priority pollutants. These priority pollutants have little or
no affinity for sorption, and evaporation (volatilization) is the primary
mechanisms of their loss. Because of their volatility most aliphatics occur
at low concentrations in soils and sediments, except in cases of extreme
pollution.

Aromatic hydrocarbons. These chemicals have a cyclic six carbon ring.
They can be monocyclic, such as benzene and toluene, or polyaromatic
(PAHs). Benzene and toluene are examples of monocyclic compounds,
while the family of more complex polyaromatic hydrocarbons includes
such priority pollutants as anthracene, benzo(a)anthracene, benzofluo-
ranthene, chrysene, fluoranthene, napthalene, and pyrene. Many PAHs
have been found to be carcinogenic.

Benzene, toluene, and some of their derivatives are moderately soluble
in water and moderately volatile, so larger scale sorption on soils and
sediments does not occur. Mill (1980) proposed the following equation
for predicting the sorptivity of monocyclic aromatics:

log Koc = -0.782 log{C) - 0.27 (6.22)

where {C) is the solubility of the compound in moles/liter.
PAHs found in soils and sediments are generally of a diffuse nature,

and their origin can be traced to automobile use, municipal and industrial
wastewater effluents, forest fires, and the combustion of coal. The last
two sources are the most significant paths for PAHs entering the atmos-
phere. These contaminants will subsequently reach terrestrial systems
by atmospheric deposition. Automobiles, especially those with diesel
engines, were in the past a major source of PAHs. Recent restrictions on
emissions have significantly reduced their discharge in countries where
such environmental regulations were implemented. Typically, urban run-
off contains large quantities of PAHs that are mainly incorporated into
sediments (see Chapter !] for a discussion of urban sources).

PAHs have a larger affinity for adsorption on soils and sediments than
do the monocyclic compounds. Soil and sediment microorganisms present
are capable of degrading PAHs. Photolysis is an important degradation
process for some PAHs (for example, anthracene).

Pesticides. Sorption of nonionic (nonpolar) pesticides--organochlorine
and organophosphorus insecticides--in soils and sediments is correlated
primarily with organic particulate content and to a much lesser degree
with clay (Goring and Hamaker, 1972; Moore and Ramamoorthy, 1984).
Organochlorine pesticides--priority pollutants--include DDT and its
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derivative DDE, aldrin, chlordane, dieldrin, endrin, endosulfan, hepta-
chlor, and toxaphene. Lindane and mirex are also of concern and have
contaminated parts of the Great Lakes and other bodies of water.

Most developed Western countries have curtailed or banned the use of
DDT and several other persistent chemicals, yet these chemicals still may
be found in the environment. Retention of acidic and basic pesticides in
soils and sediments is affected markedly by pH (Goring and Hamaker,
1972). Soil and sediment pH controls the overall charge of the molecule
and its adsorptivity to clay and organic matter. The organic cationsq
diquat and paraquat (not included in the priority pollutant list)mare held
strongly by clay minerals and often are adsorbed irreversibly. Weakly
adsorbed, water-soluble compounds are desorbed readily by water, and
hence possess a greater potential for leaching. None of the acidic or basic
pesticides have been included in the priority pollutant list. Organo-
chlorine insecticides, which have low solubility, are least mobile in soils
and sediments, followed in turn by organophosphorus insecticides. The
water-soluble acidic herbicides are the most mobile. Other pesticides,
including triazines, atraz,~nes, phenyl ureas, and carbamates, have an
intermediate degree of mobility.

After initial application losses (by drift and volatilization) the remain-
ing pesticide reaches the soil, where loss is evident for surface-applied
and soil-incorporated pesticides. In the soil, pesticides are continuously
subjected to dissipation processes and their concentration decreases
gradually after application. The mechanisms of dissipation include ad-
sorption on soil particles and subsequent loss by erosion, degradation
(photochemical and microbial), volatilization, plant uptake, and leaching.
By definition, degradation affects only pesticides that are nonconservative.
The general magnitudes of the overall persistence of pesticides in soils
and aquatic sediments are shown on Figure 6.10.

Photodecomposition occurs only to pesticides located at the soil sur-
face. The practical significance of photodegradation as a means of pesti-
cide removal from soil and aquatic systems has not been determined
quantitatively because of the difficulty of interpolating laboratory data to
field conditions. In most cases, photodegradation reactions are compara-
tively slow, and their rate depends on the physical state of the pesticide
(vapor, dissolved, adsorbed), light intensity, photolytic efficiency, and
other factors. DDT and parathion are examples of pesticides that may
degrade by photolysis (Schnoor et al., 1987).

The rate of volatilization of pesticides depends on such factors as
temperature, soil moisture content, pesticide vapor density, soil pro-
perties, solubility in water, concentration of pesticides, ambient air
humidity, and near-surface wind velocity. Factors controlling and mech-
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FIGURE 6.10. Persistence of pesticides in soils. (After Kearney et al., 1969.)
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anisms of volatilization losses in soils have been discussed in a compre-
hensive review by Spencer and Cliath (1973). Field measurements indicate
that significant volatilization losses may occur if pesticides are not incor-
porated into the soil.

In a study of pesticide losses from a watershed planted with corn it was
found that considerable portions of dieldrin and heptachlor incorporated
in the soil were lost by volatilization (Spencer, Farmer, and Cliath, 1973;
Cars, Taylor, and Lemon, 1971). Losses in one growing season (from an
application of 5.5kg/ha) amounted to 2.5% to 2.9% for dieldrin and
3.9% for heptachlor. Under field conditions, the volatilization process is
continuous, although its highest rate occurs immediately following pesti-
cide application.

Many terrestrial and aquatic plants are capable of adsorbing and trans-
locating pesticides (Edwards, 1970), followed by the possible detoxifi-
cation of the compound to a less active compound. Several crops are
known to adsorb chlorinated insecticides, and evidence of metabolic break
down was opined for DDT, heptachlor, endrin, 3,-BHC, and aldrin. Corn,
which is resistant to atrazine and simazine, was able to adsorb these
herbicides from soils and metabolize them to nonphytotoxic compounds.
Dissipation of atrazine from soils through uptake by corn, sorghum, and
other crops has also been indicated by experiments, but the extent of
detoxification by plants is small.

Investigations indicate that chemical breakdown may play a signifi-
cant role in the dissipation of soil-adsorbed organochlorine insecticides
during dry periods (aerobic conditions), while the dominant degradation
mechanism for these pesticides in moist or ponded soils and submerged
sediments is by microbiological degradation. Chemical hydrolysis of the 2-
chloro-s-triazines in soils and sediments has been reported by Armstrong
and Chesters (1968). The hydrolysis of atrazine to nonphytotoxic hydro-
xyatrazine is enhanced by atrazine adsorption possibly to the carboxyl
groups present in the organic components of soils and sediments.

Microbial metabolism is considered to be the major pathway of degra-
dation of many pesticides in soils and sediments. The efficiency of
this mechanism depends on such environmental factors as temperature,
moisture and organic matter content, aeration or saturation, pH, and
pesticide concentration. Although intensive studies have been made on
the mechanisms by which microorganisms degrade pesticides, the pro-
cesses are not understood clearly. In general, organochlorine pesticides
are the most resistant to microbial attack. As pointed out previously, the
partial degradation of DDT results in the formation of TDE (DDD) and
DDE. Both components are stable in soils and sediments and have about
the same toxicity as the parent compound.
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The oxygen status of soils and sediments has a pronounced effect on
the microbial breakdown of organochlorine pesticides. In soils and sedi-
ments DDT is rapidly convened to TDE (DDD) under anaerobic con-
ditions, and very slowly to DDE in soils and exposed sediments under
aerobic conditions (Guenzi and Beard, 1967, 1968). On the other hand,
several organochlorine pesticides--heptachlor (Miles, Tu, and Harris,
1969), lindane (Yule and Rosefield, 1964), and endrin (Bouman, Schecter,
Carter, 1965)--have been shown to degrade in soils to compounds of
lower toxicity and reduced insecticidal activity.

Compared to organochlorine pesticides, other commercial pesticides
currently in use are more biodegradable. One of the first extensive
reviews of degradability of herbicides was published by Kearney and
Kaufman (1964). Paris and Lewis (1973), Paris (1981), Sethunathan
(1973), among others have investigated the biodegradability of pesticides
in aquatic systems. The newer vinyl phosphate insecticides, such as phos-
phamidon, chlorfenvinphos, and mevinphos, have half-lives in soils ranging
from 1 to 30 weeks. Chlorfenvinphos appears to be the most resistant to
microbial degradation.

In spite of the enormous amounts of research on pesticide distribution
and transport through the environment, no information is available to
accurately estimate enrichment ratios for these chemicals (and by the
same reasoning for any other priority organic pollutants). It appears,
however, that for those pesticides that are immobile and tightly adsorbed
on soil organic matter, the enrichment ratios may be similar to that of
organic particulate matter. Conversely, for pesticides that are mobile
(mostly dissolved) in soil water the notion of the enrichment ratio is
meaningless. An approximate method of computing pesticide loading is
shown in the following example.

Example 6.4: Pesticide Load in Runoff

To control weeds, 5.55 kg/ha of atrazine was applied to a field. Estimate
how much atrazine will be lost during a 5-cm storm resulting in 1.5 cm
of surface runoff and 1.5 tonnes/ha of soil loss due to erosion, which
occurred 4 weeks after application. Porosity of the soils is p = 45%, 0.3
bar moisture content is 00.3 bar ----- 35°/°, 15 bar moisture content of the soil
is 015 bar ----" 15%, and the organic C content is 2.3%. The antecedent soil
moisture 0 = 31% and evapotranspiration are negligible. Specific density
of the soil is p = 1500kg/m3. Effective moisture 0elf = (31 - 15)/100 =
0.16

Solution From Figure 6.10 it can be seen that atrazine persists in soils
for approximately 10 months, which implies that during the 4 weeks
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between application and the storm, approximately 10% of the pesticide
was dissipated or decomposed.

Table A1 in the Appendix shows that the octanol partitioning number
for atrazine Kow = 102.68 = 478.631/kg. Then the organic carbon partition
coefficient becomes

Koc = 0.63 × 478.73 = 3011/kg

and the soil partitioning coefficient is I-I = Koc × foc = 301 × 2.3/100 =
6.02 l/kg.

The depth of penetration of the pesticide in the soil can be approxi-
mated as 7.5 cm, with uniform distribution throughout the depth. This is
an arbitrarily chosen depth that may only be considered as an order of
magnitude; however, it has been seen as an average estimate of pesticide
penetration in agricultural soils (Bruce et al., 1975). Thus the pesticide
concentration per unit volume of soil is

5.55 (kg/ha) × 109 (~tg/kg)
Pe = 0.9 7.5 (cm) × i08 (cm2/ha) × 0.001 (1/cm3) = 6670 ~tg/1

The distribution between the adsorbed and dissolved phases can be
computed from the volumetric mass balance equation (Eq. (6.8)) as
Dissolved

Ca=      1                                      1
Oef~ + 1-lpPe = 0.16 + 6.02 [l/kg] x 1500 [kg/m3] x 0.001 [m3/1])6670

= 7261.tg/1 = 0.726g/m3

Adsorbed

r = 1-IpCa = 6.02 (1/kg) 726 (lag/1) x 0.001 (kg/g)
= 4.37 lag/g (= g/tonne)

The estimated pesticide loss during the storm assumes that desorption
from the sorbed phase to solution is negligible. In this case, the adsorbed
pesticide loss becomes (assume that the estimated ER for organic matter
is = 1.2)

YPe = r x ER × Y** = 4.37 (g/tonnes) × 1.2 × 1.5 (tonnes/ha)
= 7.87 g/ha
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If this pesticide was immobile and tightly bound to soil organic matter,
the preceding amount would represent the approximate pesticide loss
during the storm. However, atrazine has intermediate mobility, and in
this case the dissolved fraction must be estimated as well. As a first
approximation assume that runoff completely mixes with the pesticide in
a 5-mm-thick upper soil surface mixing layer. Then the mass balance
equation for the dissolved layer is

0.5 (cm) × 0effCd = Crunoff(0.5 X porosity + runoff)

from where the pesticide concentration in runoff during and after the
storm is

0.5 × 0.16 × 726= 32.72p.g/1 = 0.03272g/m3C,~noff = 0.5 × 0.45 + 1.5

and the dissolved pesticide loss in the runoff becomes

Y~’D = 1.5 (cm) × 0.01 (m/cm) × 0.03272 (g/m3) × 104 (m2/ha)
= 4.9 g/ha.

Relating pesticide loss only to erosion for pesticides with medium to high
mobility could lead to gross underestimation of the loss.

Since only gravitational water remains in the soil after the storm, the
excess water will be leached into the lower soil layer by infiltration. The
excess infiltration amounts to

Rainfall depth - runoff + antecedent soil moisture
- gravitational soil moisture = 5 - 1.5 + 0 × 7.5 - 00.3bar × 7.5
= 3.5 + 7.5(0.31 -- 0.35) = 3.2cm.

With this amount of excess water the quantity of pesticide leached down-
ward is

3.2 (cm) × 0.01 (m/cm) × 0.726 (g/m3) × 104 (m2iha) = 232 g/ha.

For this particular scenario, more pesticide is leached into ground
water than is transported from the field by soil erosion. The pesticide has
a potential to severely contaminate ground-water resources.

A simple pesticide load model was proposed by Haith and Tubbs
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(1981) and was incorporated into the EPA loading model routines for
diffuse pollution (Mills et al., 1985).

Polychlorinated Biphenyls
Polychlorinated biphenyls (PCBs) are man-made chemicals that are alien
to nature, and as with most of the previous types of chemicals (rare
exceptions are some PAHs), no natural-background concentrations in
soils and sediments exist. Most of the environmental mass of PCBs is
confined to industrial and urban areas; however, PCB contamination of
arctic glaciers has been measured. Many freshwater and aquatic sediments
have been heavily contaminated by these compounds (the New Bedford,
Massachusetts, and Waukeagen, Illinois harbors, and Green Bay of Lake
Michigan are examples of such environmental damage). The occurrence
and distribution of PCBs in aquatic sediments indicate regional variations
(National Academy of Sciences, 1979). The highest level of PCB con-
tamination of sediments is found in heavily industrialized populous areas,
particularly in the eastern part of the United States. The sources of
these contaminations were mostly traced to past industrial operations.
Contamination of rural soils and sediments draining mostly rural water-
sheds is relatively low and below the detection limit. Lake Ontario and
Lake Erie of the Great Lakes system exhibit the highest contamination of
sediments by PCBs, while Lake Superior has the lowest. It is suspected
that the major source of PCB input to the Great Lakes is atmospheric
deposition.

PCBs have very low solubility, consequently, their octanol partition
coefficients are high; typically, Kow would range between 104 and 1061/kg
(see Table A1 in the Appendix). PCBs are almost conservative com-
ponents that are not readily decomposed by soil and sediment bacteria,
and again biodegradability is inversely correlated to the chlorine content
of the PCB molecule. Their removal from soils is primarily by volatil-
ization and biomodification of lower PCBs (Hague, Schmedding, and
Freed, 1974).

Toxic Metals

Most natural waters, and even more so, sediments, have a natural capacity
to reduce the toxicity of added metals that is attributed to the presence
of ligands in waters, to adsorption, and precipitation (Salomons and
F6rstner, 1984). As it is for adsorbable organic chemicals, metallic toxicity
of contaminated sediments is affected by the metal activity in the pore
water of the sediment.

When toxic metals are added to water both from natural and man-made
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sources, they undergo complexation with ligands. Ligands are chemical
constituents that are both organic and inorganic that combine with the
metals in a chemical complex. From the basic physical chemistry it is
known that metals precipitate because of changes in pH or when oxidized
or otherwise change their chemical composition. However, the process
of complexation in natural waters is more complex. Major causes for
precipitation and metal complexation are (Salomons and F6rstner, 1984):

1. Oxidation of reduced components such as iron, manganese, and
sulfides

2. Reduction of higher valency metals by interaction with organic matter
(selenium, silver)

3. Reduction of sulfate to sulfide (iron, copper, silver, zinc, mercury,
nickel, arsenic, and selenium are precipitated as metal sulfides)

4. Alkaline-type reactions (strontium, manganese, iron, zinc, cadmium,
and other elements are precipitated by inci:eased pH, usually caused
by interaction with alkaline rocks and sediments or by mixing with
alkaline waters)

5. Adsorption or coprecipitation of metallic ions with iron and manganese
oxides, clays, and particulate organic matter

6. Ion-exchange reactions, primarily with clays.

In aerobic freshwater sediments the sorption sites are provided by organic
carbon, clays, and hydrous oxides of iron and manganese. The Fe and Mn
oxides also have limited ion exchange capabilities. Hydrous iron oxides
strongly adsorb chromium, while manganese oxides adsorb nickel, and
calcium phosphate (also present in sediments) adsorbs cadmium, lead,
and other metals. Mercury in sediments (in sediments mercury exists
mostly as methyl mercury) is strongly adsorbed by organic matter (Lang-
ston, 1985). Oxides of iron and manganese are deemed to be more impor-
tant than organic matter and clays; however, Combest (1991) documented
that the Fe and Mn contents correlate with the clay content. Similarly,
Summerhayes, Ellis, and Stoffers (1985) analyzed sediment samples of
the New Bedford, Massachusetts, harbor, and found that clay fractions of
the sediments were enriched 400 times for silver, 250 times for cadmium,
140 times for copper, 90 times for zinc, 45 times for lead, 40 times for
mercury, 32 times for chromium, 7 times for arsenic, and 6 times for
nickel when compared to the bulk sediment concentrations. The concen-
trations of chromium, nickel, lead, and copper correlated strongly with
the clay fraction, with the coefficients of correlation ranging from 0.77 for
copper to 0.92 for nickel (Moore, 1963). In anaerobic sediments sulfide
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FIGURE ti.ll. Major processes and mechanisms in the interaction between dissolved and
solid metal species in sediments. (After Salomons and F6rstner, 1984, with permission.)

precipitation is important in complexation of toxic metals (DiToro et al.,
1989).

It has been found that the free metal ion is the most toxic component
for organisms (Gillespie and Vaccaro, 1978; Salomons and F6rstner,
1984; DiToro et al., 1989). As a matter of fact Gillespie and Vaccaro and
others used a bioassay test with bacteria to detect and measure the
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complexing capacity and other parameters of the distribution of metals in
natural waters. Exchangeable metallic ions (they adsorbed on organic
and inorganic complexes, such as humic and clay particles) are far less
available due to the ion exchange between the particles and organisms
bonding surfaces (Fig. 6.11). Other metal complexes are not bioavailable.
Hence, the presence of compounds that will react with the metal ion
and cause its precipitation or adsorption on solids (including iron and
manganese oxides, sulfides, clay, and organic matter) will reduce the
toxicity of the metals and make them less bioavailable for organisms. The
colloidal and ionic compounds that combine within a complex with the
metal ion (ligands) include organic acids and humic substances, dissolved
sulfides, chloride, and OH- ions.

Hence, the adsorbing and complexing compounds for toxic metals
include

1. Particulates: sulfides, iron and manganese oxyhydrates, particulate
organic matter, clays

2. Dissolved: sulfides, humic compounds, organic acids, chloride ion,
hydroxyl ion

Dissolved metal-organic (ligand) complexes may also be adsorbed by
particulates such as iron and manganese oxyhydrates. On the other hand,
some dissolved organic compounds, such as detergents, may reduce the
adsorptivity of metals, while chlorides may enhance adsorptivity. From
the preceding mechanisms, iron and manganese oxyhydrates provide the
strongest adsorption sites, followed by particulate organics and clays.

When metals are present in water the metal ions are distributed with
the various complexing ligands (Fig. 6.11) and solids. Under equilibrium
conditions the total molar concentration of metals in sediment and (pore)

water is (Hart, 1981; Salomon and F6rstner, 1984; DiToro et al., 1989)

[MT] = (1 - qb)Z[M --- Pi] + qb{[M"+] + ElM = Li]} (6.23)

where
[Mr]    = total (molar) concentration of the metal in the sediment

volume
[Mn÷] = concentration of the free metal ion (toxic)
[M = P;] = inorganic and organic complexes of the metal adsorbed on

the sediment (generally biounavailable)
[M = Lj] = organic and inorganic ligand complexes (less toxic or

nonbioavailable)
= porosity
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Assuming that in the aerobic soil environment the primary solids inter-
acting with the metals are iron and manganese oxy-hydrates, particulate
organic matter, and clays, the following chemical equilibria and isotherms
may be introduced:

[M-- FeOx] = KFe[M"+I[FeOx]

[M= MnOx] = KM.[M"+[MnOx]

[M = POC] = Ko¢[M" +]moo

[M = clay] = Kclay[Mn+]mclay

where
K = chemical adsorption equilibria or partitioning constants
[M = FeOx], [M = MnOx], [M = POC], [M - clay] = metal adsorbed on

iron manganese oxyhydrates, organic particulate matter, and clay
moc = organic carbon portion of the sedimentt                          ,
mclay = clay portion of the sediment

DiToro et al. (1989) reported that in sediments the concentration of
metal-ligand complexes in pore water is negligible when compared to
that adsorbed on the sediments. Then neglecting the ligand-metal
concentrations in pore water, the pore water free metal concentration in
aerobic sediments or soils becomes

M,,+ ~ Ms (6.24)
Kr~e[FeOx] + KMn[MnOx] + mss(Kocfoc + gclayfclay)

where
Ms = Mr/(1 - qb) = total sorbed metal per unit dry weight of sediment
foc = fraction of the sediment that is organic carbon
fclay = clay fraction of the sediment
mss = sediment dry weight

In anaerobic sediments, iron and manganese oxides are reduced; how-
ever, sulfides become the prime complexing ligands. Hence Ks--[S--]
will replace oxide terms in Equation (6.24).

It can be seen that Equation (6.24), which expresses the relationship
between the dissociated and precipitated-complexed metal, is similar to
the partition relationship between dissolved and adsorbed organic chem-
icals (Eqs. (6.8) and (6.12)). Hence the denominator of Equation (6.24)
could be called a "partition coefficient" for metals, or
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I-I.  = KFe[FeO I ~- K l.[MnOx] + mss(Kocfoc + Kclayfclay) (6.25)

and similarly to nonpolar organic chemicals Ms = I-ImMn+

The values of partition constants for various metals and soil/sediment
characteristics are given in Table A2 in the Appendix.

From the reactions just listed, the interactions with particulate matter
in the water column and, above all, in sediments are most important in
determining the toxicity of metals in sediments and water.

The adsorption reactions are strongly pH-dependent, ranging from
zero adsorption in low pH to 100% adsorption in higher pH. The change
from no adsorption to full adsorption is fairly sharp, usually within two
pH units (Salomons and F6rstner, 1984). However, at pH > 7 most of
metals are complexed, while at a pH of less than 5 the concentrations of
free metal ions increase dramatically. This manifests the adverse impact
of acid rain and acidity on leaching metals from soils and sediments into
the aqueous phase. The leaching of aluminum from acidified soils reduces
soil fertility. As pointed out in Stigliani (1991) and Stigliani et al. (1991),
in some p~rts of the world (for example, central Europe) aluminum loss
from soil may be a sudden and damaging "time bomb."

The impact of pH can be modeled by including the species MOH+ in
the mass balance equation. The result is that the sorption concentrations
are replaced by the following expression (DiToro et al., 1989):

KFe = K(F1) + K(F2e)[H+]-1 (6.26)

In natural waters under oxic condition, iron and manganese oxyhy-
drates can be present in crystalline forms or as a coating on rocks,
sediments, and other solids. Essentially, FE/Mn oxyhydrates are abun-
dant and present in all parts of the hydrological cycle.

Sulfides, mostly particulate, are also common in sediments and have
been found even in sediments with sand and gravel texture that do not
resemble the anoxic sulfitic sediments (DiToro et al., 1990). A measure
of solid or colloidal sulfides that can combine with metals is acid volatile
sulfides (A VS), which is sulfide extracted from the sediment by 0.5M HC1
in one hour at room temperature. Metals are also extracted by the same
treatment of the sediment with acid. These tests provide a quick and
inexpensive way of establishing the gross degree by which the sediments
are polluted with metals (Salomon and F6rstner, 1984; DiToro et al.,
1990). The molar concentration of the simultaneously extracted metals
(SEM) by hydrochloric acid can then be compared with the molar con-
centration of the AVS. If the metal toxicity unit (MTU) = SEM/AVS
ratio is less than one, then the metals in the sediment are tied in the
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sulfide complexes and are not bioavailable, and hence are not toxic.
Measured AVS concentration ranged from <0.1mole/g of sediment to
>50mole AVS/g of sediment (literature sources quoted in DiToro et al.,
1990). Acid volatile sulfides are typically found in submerged sediments.
When the sediments are exposed, the sulfides are oxidized and may not
be available for complexation of metals. Iron and manganese oxyhydrates
and organic matter then become the major complexing ligands.

Organic adsorbing particulates are also an essential part of terrestrial
waters. Research investigations on reducing (anaerobic) sediments have
shown that all of the zinc, almost all of the copper, and most of the nickel
and cobalt are bound to humic-type materials (Nissenbaum and Swaine,
1976).

Example 6.5: Metal Distribution in Sediments

Sediment was analyzed by the acid extraction method (metals and sulfides
were extracted by 0.5M hydrochloric acid at room temperature in one
hour). The results of the test are given in Table 6.5. Make a judgment
whether metal is mobile (precipitated-complexed).

Solution From the table we see that MTU = 2.2473/5 = 0.45 < 1.0;
therefore,the metals are immobile (complexed).

Methylation of metals. Mercury, arsenic and a few other less important
metals undergo biological methylation in the anaerobic sediments. The
conversion of inorganic mercury by bacteria residing in the sediments into
organic methyl or dimethyl compounds is well known and understood.
The case has been widely publicized by the famous Minamata Bay disaster

TABLE 6.5 Test Results

Acid Volatile Sulfides 5-~tmol AVS/g of (Dry) Sediment

Dry Weight Molar
Atomic Concentration Concentration

Metals Weight (~tg!g) (~tg/g)

Cadmium 112.4 1.0 0.0089
Copper 63.4 50.0 0.7886
Mercury 200.6 0.1 0.0005
Lead 207.0 300.0 1.4493

Totals 351.1 SEM = 2.2473
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sickness in Japan, where people were stricken by the symptoms after
ingesting fish contaminated by methylmercury. Later incidents occurred
in Niagara Falls (New York) with similar debilitating effects (Krenkel,
1973).

Organic complexed compounds are far more toxic than their inorganic
counterparts. This is reflected in current water quality standards, although
quality criteria for sediments were evolving at the time the manuscript of
this book was being prepared. Methylated compounds are still strongly
polar and behave in sediments similarly to free metal ions, that is, they
are adsorbed by the sediments and the ligands in the sediment.

Specific Metals
Arsenic (As). Inorganic arsenic compounds have been used in agriculture
as pesticides and defoliants for many years. Also lake managers have
used arsenic salts to control algal and macrophyte growths. Due to the
serious environmental problems caused by these applications, their use
was banned in the United States in 1967.

Once incorporated into soils or sediments, As reverts to arsenate,
which is strongly held by the clay fraction (U.S. EPA, 1976). Arsenate
also forms insoluble salts with Mn2+, Ni2÷, and other alkaline cations.

Arsenic organic complexation by bacteria is relatively complex; how-
ever, Braman and Foreback (1973) found methylated forms of arsenic in
a wide range of surface-water bodies. In anaerobic sediments arsenic is
complexed by bacteria to methyl- and dimethylarsenic acids, which in
interstitial and overlying water are converted to di- and trimethylarsines
(Salomons and Frrstner, 1984). These acids can be biologically syn-
thesized. Dimethyl arsenic acid is difficult to oxidize and may contribute
significantly to dissolved arsenic concentrations in surface waters.

Desorption of complexed arsenic back to solution in water greatly
depends on the strength of the reducing environment (typically expressed
as the oxydation-reduction potential). Anaerobic sediments release 10
times more toxic arsenite A3÷ than aerobic sediment layers (Moore and
Ramamoorthy, 1984).

Cadmium (Cd). The divalent cadmium ion Cd2÷ is the predominant
species of cadmium in surface waters and interstitial waters of sediments
and soils. The mechanisms by which cadmium (Cd2+) is removed from
water are precipitation and adsorption and chemosorption on the surface
of solids. Partition coefficients for cadmium in soils were measured by
Christenson (1984). The partition coefficient for organic river sediments
varied with types of solids and concentration of complexing agents.
Organic materials such as humates were the main components of the
sediment samples responsible for adsorption of cadmium.
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DiToro et al. (1990) pointed out that in anaerobic sediments sulfides
are responsible for most of the complexation of cadmium, and the acid
volatile sulfides test provides a measure of the immobilization of cadmium.

Adsorption increases with pH. At pH > 7, virtually all cadmium
is complexed, with humic acid being the primary ligand. Although
cadmium is a rare element the median concentrations in sediments of
U.S. surface-water bodies is near 2mg/kg, which is attributed mostly to
anthropogenic activities.

Chromium. In a water environment chromium is stable in six different
ionic species. Between pH 5 and pH 9 Cr(OH)2- and Cr(OH)~- pre-
dominate. Cr~-÷ species are rapidly oxidized by manganese oxyhydrates
and slowly by oxygen. More toxic Cr6+ forms (originating primarily from
industries) are easily reduced in natural waters and sediments by ferrous
and sulfide compounds. Chromium is transported in water primarily by
sediments.

Copper. The dissolved phase of copper in water includes a free ion
and complexes with organic and inorganic ligands. Humic materials bind
most of the total Cu. Fulvic acid forms insoluble complex with Cu2÷.
Inorganic complexes include carbonates, nitrates, sulfides, chlorides,
ammonia, and hydroxide. Copper hydroxycarbonates are slightly soluble.
Coprecipitation with ferric oxyhydroxides and other oxides and adsorption
on mineral (clay) surfaces are responsible for the immobilization of
copper in soils and sediments. Copper is transported primarily in the solid
phase. Unpolluted sediments generally contain less than 20 mg!kg of Cu.

Lead (Pb). Lead is an abundant, naturally occurring metal that exists
in four stable isotopes. The accepted average value for the Pb content of
the earth’s crust is 15~g/g, but ranges of 0.8 to 500~tg/g have been
reported for arable soils.

In addition to natural background concentrations and the use of leaded
gasoline by automobiles, sources of Pb include atmospheric deposition,
mining and smelting, and some insecticides (for example, lead arsenate,
which is now banned in the United States).

The common dissolved inorganic forms of lead are the free ion, Pb~-÷,
hydroxide complexes, and possibly carbonate and sulfide pairs. At pH >
6 lead is almost totally precipitated or sorbed, hence, lead is immobile in
soils and sediments; however, Zimdahl and Hasset (1977) reported that
the adsorption capacity is related to the type of complexing minerals and
pH. The high degree of Pb immobilization may be related directly to the
soil cation exchange capacity (CEC) and inorganic matter content and
inversely to pH. A regression analysis yielded the following equation for
the Langmuir adsorption maximum, QO, in micrograms of lead per gram
of soil,
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QO = 7100 ÷ 1110 (pH) + 1105 (CEC) (6.27)

Lead forms organic complexes with various ligands, including amino
acids, polysacharides, and fulvic and humic acids. Using data compiled by
Schnoor et al. (1987), the partitioning coefficient for adsorption of lead
by soil organic humic acids (HA) is about 1-lraA = 1051/kg, and that
for clays ranges from 103.71/kg for kaolin to 105.5 for montmorillonite,
respectively.

The transport of Pb from soil to receiving waters occurs almost solely
by erosion, with delivery ratios similar to those by clay particles. For all
practical purposes, Pb remains only in the few centimeters of soil unless
redistributed by plowing.

Mercury (Hg). The background concentrations of mercury in soils
range from 0.01 to 0.06~tg/g (Krenkel, 1973; U.S. EPA, 1976). In soils,
Hg combines with the exchange complex, forming ionic and covalent
bonds. Mercury is strongly adsorbed by clay minerals, and the adsorption
process is affected by soil pH. Evidence exists that mercury can be
chelated to organic matter. Unlike other metals, mercury may also
volatilize.

In sediments, mercury is methylated by bacteria. The final product of
microbial methylation of mercury is the dimethyl mercury compound
(CH3)2Hg (Jernelov, 1972; Krenkel, 1973); however, no methylation has
been reported in soils.

Zinc. In natural waters zinc species are limited to zinc carbonates,
zinc hydroxides, zinc silicates, and the free ion. Zinc also complexes with
ammonia, amines, halides, and cyanides. Zinc is more soluble than other
toxic metals such as copper or nickel, but its solubility is affected by pH.
Acid rainfall may greatly increase dissolution of zinc from soils and from
zinc roofing materials.

Nitrogen

Accumulation of Nitrogen in Soils
Nitrogen (N) is one of the four essential elements (carbon, oxygen,
hydrogen, and nitrogen) that form the basic structure of proteins. Nitrogen
is also the most abundant gas in the atmosphere, accounting for about
80%. Due to its several valence states it can exist in numerous forms and
is abundant in the mineral and organic factions of the soils and sediments.
However, not all N forms are related to water pollution or eutrophication
of water bodies.

Soils contain 0.07 to about 0.3 of the total N or about 1500 to 6000 kg!
ha in the top 15 cm. The source of soil nitrogen include fertilizer ap-
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plications (46% in the United States), N fixation from the atmosphere by
soil bacteria (20%), manure application (7%), plant residues (17%),
and precipitation (10%). In suburban areas without sanitary sewers,
significant amounts of N enter soils from the seepage of household septic
systems.

In the last decades of the twentieth century, nitrogen contamination of
surface and ground water resources has reached alarming proportions
(see Chapter 1 for a discussion of nitrate trends). Excess nitrogen fertilizer
applications in agriculture and from septic tanks have leached into the
ground water, with the result that nitrate-nitrogen loads and consequent
concentrations of nitrate nitrogen are steadily increasing. The result is an
impairment of the use of water for drinking and the acceleration
of eutrophication.

Jenny (1941) noticed that the nitrogen content of native soils depends
on the average meteorological factors of the region, namely moisture and
temperature. For example, soil nitrogen declines as the temperature rises
or moisture declines.

Although virgin lands rich with vegetation (forested areas, swamps,
prairi.es) originally contained high amounts of N, or~ cultivation the natural
supply of N is depleted and fertilization may be needed to supplement
soil loss of N. Most soil N (>95%) is contained is soil organic matter, or
in the case of ammonium ions, it can be sorbed by clays. In these forms,
N may be considered immobile and not available to plants. Nitrogen is
mostly lost by erosion and through crop harvesting. However, these
immobile forms of nitrogen can be converted to nitrate, which is highly
mobile. Also part of the ammonia may exist in soil water as free ammonia
ions (NH~-), which is mobile. The mobile forms of nitrogen are available
to plants and can be transported by soil water and infiltrate into ground
water. The time of migration of mobile N components in ground-water
aquifers can extend to years and even decades. It is also suspected that
the heavy contamination of central Europe by nitrates was caused by
nitrate fertilizers instead of the less mobile ammoniacal forms.

Nitrogen Cycle
The behavior and transformation of N in soils, sediments of surface
waters, and substrates of wetlands is complex, and the pathways from the
soil to surface waters are numerous and not well defined. The process of
N transformation in these media can be schematically represented by a N
cycle similar to that in Figure 6.12.

In soils and sediments, N exists in four basic forms: ammonium,
nitrate, organic phytonitrogen in plants and plant residues, and protein
nitrogen in living and dead bacteria and small soil inhabitants. The
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ATMOSPHERIC NITROGEN (N~,, NOx, NH3)
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FIGURE 6.12. Nitrogen cycle in soils and sediments.

following definitions are needed for an overall understanding of the N
cycle:

Nitrogen fixation is a process by which soil microorganisms in symbiosis
with some leguminous plants utilize atmospheric N and change it to an
organic form.

Nitrogen accumulation (bacterial uptake) is the conversion of ammonium-
N to protein and cell tissue by heterotrophic soil organisms.

Ammonificarion is a process by which protein and other inorganic forms
of N are decomposed to ammonium by a biochemical breakdown of
the proteins.

Hydrolysis of urea involves conversion to ammonium ions in the pre-
sence of the enzyme urease, which is provided by many heterotrophic
organisms.

Nitrification is a complex process by which ammonium-N (NH~-) is
oxidized to nitrate (NO~) with nitrite (NO~) as an intermediate
product. Nitrification is accomplished by two groups of bacteria:
namely Nitrosomonas (oxidizing NH~--N to NO~--N) and Nitrobacter
(oxidizing NO~--N to NO~--N). Both groups of bacteria are chemo-
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trophic, utilizing the exothermic reaction as their source of energy and
carbon dioxide from the atmosphere or alkalinity of interstitial water
as their carbon source. Nitrification is strictly an aerobic process.

Denitrification is a process that occurs under anoxic conditions that usually
takes place when water fills most of the available voids and pores in
soils. In aquatic sediments and substrates of wetlands anoxic conditions
always prevail, so only a very few millimeters thick surface sediment
layer can become aerobic. In wetlands rhizomes of some plants have
the capability of transferring oxygen down to their roots and creating
aerobic pockets near the roots (see Chapter 14). During denitrification
NO~--N serves as an electron acceptor and is reduced to gaseous
forms including N2, N20, NO, and NO2.

Fixation of ammonium involves the sorption of NH~- in between the
layers of expanding clay minerals such as monmorillonite. In this
form, ammonia is considered unavailable for plant growth or bacterial
uptake.

Ammonia volatilization may occur at high soil pH values when the
ammonium ion (NH~-) is converted to gaseous ammonium (NH3),
which volatilizes and is lost to the atmosphere.

Most of the reactions of the N cycle (with the exception of NH~- fixation
and NH3 volatilization) are microbial, and thus their rates are sensitive to
temperature, moisture content, and aeration. Warm (32°C) and partially
moist soils (80% of voids filled with water) are the optimum conditions
for N cycling in soils (Steward et al., 1975).

Unlike phosphorus, most of which is adsorbed on soil particles and
may be controlled by erosion control and soil conservation, the available
N is mobile in soils and may leach to ground water and reappear with
ground-water discharge in the base flow of streams. Seepage represents
the major pathway of nitrogen loss from agricultural areas and pervious
urban and suburban lands. Erosion control may not be effective for
reducing nitrogen contamination of surface and ground-water resources.

Since the mobile componentsJNH2 and NO~-Jare carried by soil
water, downward or lateral N movement occurs only if the moisture
content is above that for gravitational water (0.3 bar tension). Maximum
movement occurs when soil moisture content is near saturation, and
decreases rapidly with decreasing moisture content. Thus, between rains
or irrigation, N movement is slow or nonexistent.

Nitrification and Denitrification                                             "
Over 90% of the fertilizer used in the United States is in the form of
ammonium salts. Most organic N originating from manure application or
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from septic tanks can be quickly decomposed to ammonium. In addition,
urea is readily hydrolyzed to ammonium. If the ammonium is applied to
an aerated, microorganism-rich soil such as farmland, nitrification occurs,
resulting in the conversion of NH~- to NO~-. In aerated soils or in the top
layer of sediments, the nitrification process proceeds as follows:

Organic N --~ NH~ Nitrosomonas Nitrobacter
,, NOg-            ~ NO~-

02 " 02

The last reaction, that is, conversion of NO~- to NO~- is faster than the
conversion of NH~- to NOr. Consequently, very little nitrite accumulates
in soils and sediments.

Nitrates can readily move with the soil moisture front. The optimum
temperature for nitrification is 22°C (Fig. 6.13), and the rate of nitrification
decreases rapidly on both sides of the temperature curve. Standford,
Free, and Swaininger (1973) stated that nitrification essentially ceases
below 10°C and above 45°C. Nitrification also depends on the pH of the
soil and its moisture content (Figs. 6.14 and 6.15). Since nitrifying bacteria
depend on water as their living environment, the nitrification rate de--
creases with decreasing moisture content.
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FIGURE 6.13. Dependence of nitrification rate on temperature. (From Zanoni, 1969.)
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FIGURE 6.14. The effect of pH on the rate of nitrification. (From Wilde, Sawyer, and
McMahon, 1971.)

MOISTURE TENSION, bars

FIGURE 6.15. The dependence of the soil nitrification rate on the moisture tension in
soils. For submerged sediments, moisture tension = 0. (After Justice and Smith, 1962.)

By contrast with many heterotrophic microorganisms, the growth of
nitrifiers is slow and cell yield per unit of energy source oxidized is
low. For practical purposes the NH~- oxidation may be simulated by an
equation similar to the Michaelis-Menten-Monod equation (Eq. (6.14)).
The value of the rate coefficient for soil at 20°C was suggested as KN =
IxX" = 0.41 mg/1-day and the half-saturation constant was Ks = 1.1 mg/1,
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respectively, if the concentration of dissolved ammonia in pore water, Ca,
was expressed in milligrams per liter (McLaren, 1969, 1971).

In the absence of oxygen or if the oxygen supply is depleted to a
point below the oxygen demand, NO~- is reduced mostly to gaseous
nitrogenous forms (largely N2) by denitrification. Denitrifying bacteria
are heterotrophic facultative microorganisms, a part of the soil microflora.

The process of denitrification usually occurs in subsoils with low
permeability, in soils saturated with water for an extended period, such as
in wetlands or after prolonged rainfall. Pratt, Jones, and Hunsaker (1972)
reported that denitrification might account for more than 50 percent
of N losses in clayey soils. On the other hand, Carter and Allison
(1960) concluded that very little, if any, N loss occurred under aerobic
conditions, except where higher dosages of dextrose or other carbon-rich
compounds were added in the presence of nitrates. Hence they stated
that denitrification is of minor importance in soils that are maintained
aerobic.

Generally the first-order decay reaction (Eq. (6.15)) is used to describe
the reaction where the nitrate concentration in the interstitial water is
substituted for Ca. The magnitude of the denitrification coefficient, Kb,

0.001!     ~      ~      ~      ’
0    5 I0 15 20 25

OXYGEN COMPOSITION
%

FIGURE 6. l~i. Dependence of denitrification rate on oxygen composition and
temperature. (From Misra et al., 1974. Reprinted with permission of the publisher, Soil
Science Society of America, Madison, W1.)
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measured by Misra, Nielsen, and Biggar (1974) is shown on Figure 6.16.
The denitrification rate is a function of easily decomposable carbon that is
derived from the organic carbon sources in the soil/sediment. The, rate is
expected to decrease with the decrease in the available energy source.

Nitrogen Fixation
Legumes (soybean, peas, beans), as well as some aquatic algae, fix
nitrogen from the atmosphere by symbiotic microorganisms. It has been
assumed that in soils the rate of nitrogen fixation can be related to root
growth (Duffy et al., 1975)

Nf = Kyrg (6.28)

where
N~ = rate of fixation of N (mg N/day-cm2)
Ky= a constant (0.011 mgN/cm2)
rg = the rate of root growth (cm/day)

Ammonification of Nitrogen
Painter (1970) described three ways of producing NH~ from organically
bound N:

1. From extracellular organic N compounds (e.g., urea) chemically or
biochemically.

2. From living bacterial cells during endogenous respiration when cells
are becoming smaller.

3. From dead and lysed cells.

Very few data are available on the breakdown of various N containing
components to NH~-.

Hydrolysis of urea is relatively fast, much faster than the rate of
nitrification. Its rate is also temperature dependent. The process of
hydrolysis of urea is important where manure or urea-containing sewage
or septage is applied to field or land. Soil organic N--other than urea--
breaks down at a much slower rate. Most of the organic N is not directly
available to plants and must be initially converted to NH~-. Straford,
Free, and Swaininger (1973) concluded that in the mineralization of soil
organic N other than urea, the rate-limiting process is ammonification.
Ammonification can be described by the first-order decay equation (Eq.
(6.15)); however, with the remaining soil N as substrate, or

dN
~ = -K~N (6.29)dt
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Straford, Free, and Swaininger (1973) found that the coefficient, KN,
is statistically uniform for all investigated soils, that is, KN = 0.29 --_- 0.007
weeks-1 at 25°C. As with all biochemical reactions, the coefficient,
KN, is temperature dependent. An Arrhenius’ plot yielded the following
equation for the overall mineralization of organic N:

2299
(6.30)log KN = 6.16 T

where T = temperature in degrees Kelvin (= 273 + °C)

Nitrogen Immobilization
Part of the soil or sediment N is dissolved and can move readily with soil
moisture and ground water. The dissolved fractions include NOr and
NH~-. But a significant portion of n components, especially NH~- and
almost all of organic N, can be immobilized. On the other hand, NO~- is
always dissolved and mobile.

Nitrogen immobilization in soils results from physical-chemical at-
tractions, chemical precipitation, biochemical reactions, and nitrogen
uptake by soil organisms and plants. The known nitrogen fixation pro-
cesses include:

1. Ammonium fixation by clay minerals.
2. Ammonium fixation by lignin-derived substances contained in soil

organic matter.
3. Reactions of amino acids derived from plant materials and microbial

synthesis with quinones and subsequent polymerization.
4. Biological immobilization, which involves NH~" uptake by hetero-

trophic bacteria participating in the decay of organic matter in soils.

The immobilized N is not readily available for mineralization and
biological uptake, and it appears, as pointed out in the preceding para-
graph, that ammonification is much slower than nitrification.

The processes of immobilization and ammonification of soil N depend
on the chemical composition of the material undergoing decomposition,
primarily its C : N ratio. Plant residues having larger percentage of readily
available C stimulate the growth of microbial cells when incorporated
in soil under aerobic conditions. Since nitrification is faster than am-
monification, the end product of aerobic decomposition is nitrate.
Anaerobic degradation of protenaceous materials, such as those occurring
in subsurface sediment layers, is slower and results in the accumulation
of ammonia.
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FIGURE 6.17. Freundlich adsorption isotherms for adsorption of ammonia on soils.
(From Preut and Schoepfer, 1968.)

Shaffer, Dutt, and Moore (1969) statistically analyzed the rate of NH~-
immobilization using the multiple regression technique. The proposed
equation was

R - d(NH~-) = 0.892 - 0.00216T - 0.027 (organic N)
dt

+ 0.392 logl0(NH~-) (6.31)

where T is the temperature in °C.
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Preul and Schoepfer (1968) investigated N adsorption by soils. The
Freundlich adsorption isotherms for three soils are shown in Figure
6.17. Bailey (1968) has shown that ammonium is adsorbed by clays in
exchangeable form and by organic matter. Much of the NH~- adsorbed by
various kinds of organic matter is in a nonexchangeable form and is
resistant to decomposition.

Volatilization of Ammonia
For soils of high pH and NH~- content, ammonia (NH3) can be lost by
volatilization. Significant amounts of ammoniacal N (11% to 60%) can
be lost from applied sludge, manure, or chemical fertilizers applied to
calcareous soils (Ryan and Keeney, 1975; Terry et al., 1978). Losses
decrease as clay content increases and more NH~- is immobilized. Since
the reaction is pH dependent, all volatilization practically ceases if pH is
at or below 7. Note that soil pH is inversely correlated to the soil clay
content. Other factors affecting volatilization include moisture content,
application rates, and organic content. Due to its effect on pH, liming of
soils may enhance ammonium volatilization.

Enrichment and Delivery of Nitrogen during
Overland Flow
Due to the fact that N exists in soils in several forms, the notion of
enrichment and delivery may be meaningless.

Example 6.6: Distribution between Mobile and Immobile N in Soil

Silt soil contains about 2.5% organic matter and 0.12% total N measured
as TKN (total Kjeldahl nitrogen = organic N + NH~- - N), of which
about 75% is organic N. Estimate the approximate magnitudes of mobile
(available) and immobile N. Effective soil moisture 0e~f = 20% and the
specific density of the soil p = 1500 kg/m3 (= g/l).

Solution From Figure 6.17, the Freundlich isotherm for silt has the
approximate form

r = 7.0 Ca°’8

Organic N constitutes part of the soil organic matter, and for the most
part no equilibrium exists between the dissolved and particulate fractions.
The dissolved fraction of TKN is a part of the NH~- content, since
ammonia can exist both dissolved and adsorbed. Since total NH~- is
(1 - 0.75) x 0.12% = 0.03% or 3001~g/g of soil, the volumetric con-
centration is 300~tg/g x 1500g/1 × 0.001 mg/lag = 450mg/t. Then
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450(ra!!l) = or + 0effCd = 1500(g/I) × 7.0 × Ca°8

× 0.001 (mg/~g) + 0.2 x Ca

Solving this equation gives Ca = 103.5 mg/1. Also the adsorbed ammonia
concentration is r = 7.0 × 103.50.8 = 286 I.tg/g.

The ratio of available NH~- to TKN is

100 × {103.5[mg/1] × 0.2/(0.0012 × 1500[g/1] × lO00[mg/g]) = 1.15%

Example 6.7: Nitrogen Loss Estimation during a Storm

A 3-cm storm resulted in 1 cm of surface runoff and 1.3 tonnes/ha of soil
loss. Estimate N loss using the N distribution computed in the previous
example. Porosity of the soil is 19 = 45% and 015bar = 10%. Assume that
the enrichment ratio for organic nitrogen is the same as that for organic
matter. For this particular example assume that ERoR = 1.2.

Solution Recall that organic N is 75% of the TKN content and that the
adsorbed ammonia is 286 ~tg/g (= g/tonne). The total TKN content is
0.12% = 1200g/tonne, 0ef~ is 0.2, and dissolved NH~- is 103.5 mg/1. Then
the fixed N loss

YSN = (0.75 × 1200[g/tonne] + 286 [g/tonne]) × 1.3 [tonnes/ha] x 1.2
= 1850 g/ha

In order to determine the loss of dissolved N, the depth of mixing of
the surface runoff with soil moisture containing the dissolved fraction
must be known or assumed. Using the same reasoning as in Example 6.4,
assume the mixing depth as 5 mm. Then from the mass balance

(0eft q- 015bar) X 0.5 (cm) X Ca = {porosity x 0.5 (cm) + 3 (cm))C’

from where

C’ = Ca{(0.2 + 0.1) × 0.5)/{0.45 × 0.5 + 3)
= 103.5 × 0.0465 = 4.81mg/1 (= g/m3)

and the dissolved N loss in the surface runoff is

YD~v = 4.81 (g/m3) x 1 (cm) x 0.01 (m/cm) × 10,000(m2/ha) = 481g/ha
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The total N loss will

YN "~" YDN "}- YSN = 481 + 1850 = 2331 g/ha.

Example 6.8: Mineralization of Ammonia

How much nitrogen will be mineralized during a 2-week dry period if the
temperature is 22°C and the soil pH is 6.8? Assume average soil moisture
tension close to 0.3bar. Use the N values estimated in the previous
examples.

Solution Only dissolved ammonia can be mineralized. Adsorbed or
organic N must first be released into the solution before it can be
mineralized.

Since the saturation constant for mineralization of ammonia is about
Ks = 1.1mg/1, and the dissolved ammonia concentration is Ca =
103.5mg/1, it is evident that the reaction described by the Michaelis-
Menton-Monod equation (Eq. (6.14)) will follow a zero-order pattern
and will, for most of the time, not depend on the NH~- concentration in
the soil water solution. Then

dCa Kr~Ca    0.41 x 103.5= 0.41 mg/lday
dt Ks + Ca 1.1 + 103.5

Since the temperature is near optimum, no thermal correction is
necessary as indicated from Figure 6.13. However, Figure 6.14 shows that
at pH 6.8 the reaction will proceed only at about 50% of the optimal rate.
Because the moisture tension is close to 0.3 bar, there is no correction for
moisture. Then

dt - 0.2mg!1-day

and in 14 days about 2.8 mg/1 of the dissolved NH~- will be mineralized to
NO~-. This form as well as the dissolved NH~- can be taken up by plants
and move with the soil water front.

Simple Steady-State Loading Function for Nitrate
Loading to Ground Water
Mills et al. (1985) published a simple steady-state loading function that
presumes a constant annual load of nitrogen fertilizer or waste water in
the form of organic N. The steady-state loading function is
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L = 1000N x [1 - v(1 - F)] - Cu (6.32)

where
L = annual steady-state nitrate-nitrogen load to ground water (kg/ha)
X = average annual solids waste-organic fertilizer application rate

(tonnes/ha)
N = nitrogen fraction of applied compound
F = organic fraction of applied compound
v = fraction of applied nitrogen that volatilizes (a soil-pH-dependent

variable)
Cu = average crop uptake of nitrogen

Table 6.4 provides the values of nitrogen uptake by crops (note that
only nitrogen that is removed with crops is considered).

Soil Microorganisms

Soils contain enormous densities of microorganisms that decompose
soil organic materials and/or are an integral part of the soil organic com-
position. Most of the soil microbial population is contained in the
A horizon.

Soil contains five major groups of microorganisms (Alexander, 1977):
bacteria, actinomycetes, fungi, algae, and protozoa. These organisms as
well as their organic and inorganic food are a part of the soil ecosystem.

Bacteria are the most abundant group of microorganisms. They perform
most of the decomposing processes in the soils. As pointed out they can
be divided into autotrophic (algal) and heterotrophic groups, and
based on their oxygen environment, they may be aerobic, anaerobic, or
facultative. Based on their origin they can be an autochthonous species,
which are the true residents of soils, or allochthonous species or invaders
that have entered soils from precipitation or sewage effluents, manure,
and sludge applications and from septic tanks. The allochthonous species
are the most important in the soil-decomposition processes. The latter
group of bacteria (allochthonous) may persist in soils for some time, but
do not contribute significantly to any activity of the soil microflora.
However, if soil has a low microbial population, application of organic
microorganism-rich compounds, such as manure or sewage, may help
restore the soil microbial population.

According to Alexander (1977) plate number counts of bacterial
densities in soils may range from a few thousand to up to 200 million            -
bacteria per gram of soil. However, microscopic counts have revealed
that the microbial densities can be higher, probably up to 101° of micro-
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organisms/gram of soil. The bacterial population represents between
0.015% and 0.05% of the total mass of fertile soils, or some 300 to
3000 kg live weight of soil bacteria per hectare.

Most of the bacteria in soils are facultative heterotrophs. During
dry, well-aerated conditions these bacteria decompose organic matter
as aerobes. During flooding or periods of high moisture content, the
facultative bacteria or strict anaerobes use other compounds as electron
acceptors, including NO~-, SO~--, and Fe3+ ions.

The final product of aerobic decomposition is CO2. Thus the atmo-
sphere of aerated soils and exposed sediments during intensive decom-
position processes has depleted 02 and increased CO2. This results in
increased partial pressure of CO2 in the soil atmosphere, whichin the
air above ground level is about 1 mbar, while that in soil may reach
100mbars. Consequently, by the interaction of the CO2 with interstitial
water the pH may be reduced by 1 pH unit or more when saturated soils
or submerged sediments are exposed to the atmosphere and become
aerated.

Under unaerobic conditions both CO2 and methane (CH4) are pro-
duced in various proportions. Also the microorganims in an anaerobic
environment may be capable of decomposing such compounds as cellulose
and cyclic organics, reduce nitrates to nitrogen gas, and convert DDT to
DDE. However, as a rule, aerobic decomposition is more rapid and
complete for most other organic and inorganic biodegradable compounds.

Patl~ogenic Microorganisms in Soils
Various pathogenic (disease-causing) microorganisms (bacteria and vi-
ruses) can be found in soils. Their survival in soils depends on many
environmental factors and, often, on the availability of an acceptable host
organism. Because of the contamination of soils with animal droppings,
manure, sewage and sludge, and the tissues of diseased plants, the survival
of these organisms in soils has been investigated (Lance, 1978; Loehr et
al., 1979; Schaub and Sorber, 1977; Pettygrove and Assano, 1985; Reed,
Thomas, and Kowal, 1980).

Pathogenic bacteria. Pathogenic bacteria may survive in soil for a
period of from a few hours to several months, depending on the type of
organisms, type of soil, the moisture capacity of the soil, moisture and
organic content of the soil, pH, temperature, sunlight, rain, and predation
by the resident microflora in the soil. In general, enteric bacteria persist
in soil for 2 to 3 months; however, under certain favorable conditions
pathogenic microorganisms may actually multiply (Loehr et al., 1979).
Factors that influence the survival of bacteria in soil are listed in Table
6.6, while the average survival of selected pathogens are presented in

R0023351



376 Pollutant Interaction with Soils and Sediments

TABLE 6.6 Factors that Affect the Survival of Enteric Bacteria and Viruses in Soil

Factor Comment

pH Bacteria Shorter survival in acid soils (pH 3 to 5) than in
neutral and calcareous softs

Viruses Insufficient data
Predation by soft Bacteria Increased survival in sterile soil

microfiora Viruses Insufficient data
Moisture content Bacteria and viruses Longer survival in moist softs and during

periods of higher rainfall
Temperature Bacteria and viruses Longer survival at lower temperatures
Sunlight Bacteria and viruses Shorter survival at the soft surface
Organic matter Bacteria and viruses Longer survival or regrowth of some bacteria

when sufficient amounts of organic matter are
present

Source: After U.S. EPA (1977).

TABLE 6.7 Survival of Selected Pathogens in Soils

Range of Survival Time
Organism (days)

Salmonella 15 to more than 200
Salmonella typhi 1 to 200
Tubercle bacili More than 200
Entamoeba histolytica cysts 6 to 8
Enteroviruses 8
Ascaris ova Up to 7 days
Hookworm larvae 42

Source: After Parson et al. (1975).

Table 6.7. For example, the survival of E. coli, S. typhi, and M. avium is
greatly enhanced in moist rather than dry soil. Survival time is less in
sandy, permeable soil than in soil with a greater water holding capacity
such as clayey soil and peat (Loehr et al., 1979).

Both pathogens and indicator microorganisms (coliforms) survive
longer under lower temperatures. Figure 6.18 shows typical die-off curves
for fecal coliforms and fecal streptococci under summer and winter con-
ditions. The competition and predation by resident soil bacteria is another
important factor. Organisms invading sterilized soils survive longer than
they would in unsterilized soil.

Bacteria move in the soil with soil water. However, since fine soil
particles can effectively adsorb bacteria, the soil is, in general, a very
effective filtering medium. Bacteria are more mobile in sandy soils under
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high moisture conditions than in loamy or clayey soils. In fine-textured
soils, bacteria can be effectively filtered out by 1 to 2m of soil. Soil
containing clay remove most microorganisms through adsorption. Sandy
soils remove them through filtration (Lance, 1978).

Viruses. Viruses in soils are also considered invaders. Loehr et al.
(1979) summarized the available information on virus survival as follows:

1. Virus survival in soil depends on the nature of the soil, temperature,
pH, moisture, and possibly antagonism from soil microflora.

2. Viruses readily adsorb on soil particles. However, such viruses bound
to soil particles are as infectious as free viruses.

3. Viruses survive from as short as 7 days and as long as 6 months in soil.
Climatic conditions, particularly temperature, have a major effect on
survival time.

4. Enteric viruses can survive from 2 to more than 188 days in fresh
water, temperature being the most important factor, with survival
greater at lower temperatures.

5. Virus survival in crops is shorter than in soil, because viruses are more
exposed to deleterious environmental effects.

6. Contamination of crops most commonly occurs when wastewater
comes into contact with the surface of the crop.
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TABLE 6.8 Soil Adsorption Characteristics for Viruses: Freundlich Adsorption Isotherms

Cation Specific Freundlich
Exchange Surface Organic Adsorption
Capacity Area Carbon Coefficients=

Soil pH (meq/100g) (m2/g) (%) KF 1/n

Aastad clay loam 6.9 35.2 160 3.02 72.5 0.945
Kranzburg silt loam 6.2 31.4 154 2.38 161 0.908
Palouse silt loam 6.0 22.6 89.2 1.82 45.7 1.24
Parshal silt loam 6.8 13.7 67.6 1.32 4.6 0.92
Quinici loamy sand 7.2 8.9 35.3 0.35

Source: After Burge and Enkiri (1978), with permission of ASA, CSSA, and SCS.
a In number of viruses per gram of soil Ca in number of viruses per milliliter.

7. In rare cases, the translocations of animal viruses from the roots of
plants to the aerial parts can occur.

8. Sunlight is believed to be a major factor in killing viruses.
9. Viruses cannot reproduce at all in the soil, and they slowly die off.

Unlike bacteria, for which filtration appears to be the main factor
limiting their movement through the soil, viruses are most effectively
removed by adsorption on soil particles. The process of adsorption is
strongly affected by soil pH. The best adsorption of viruses is achieved at
pH 7, but it decreases on both the acid and alkaline sides of the pH scale
(U.S. EPA, 1977). Adsorption of viruses does not mean their complete
immobilization, since desorption of viruses can occur when pH or other
environmental conditions change. Generally, virus adsorption follows the
Freunlich isotherm model (Table 6.8). Viruses can be desorbed from soil
particles following a heavy rain.

Scheuerman et al. (1979) showed that in organic soils, water-soluble
humic substances interfere with the sorptive capacity of soil toward
viruses. Wetland soil, such as peat and mulch, were not effective in
retaining viruses, and significant viral concentrations were observed in the
leachate after land disposal of sewage. One could suspect that similar
conclusions can be applied to organic sediments. Sandy soils or sediments
with little water-soluble humic substances may retain most or all of the
viruses applied.
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7

Ground-Water and Base-Flow
Contamination

You never know the worth of water till the well runs dry.

Benjamin Franklin

GROUND WATER (BASE FLOW)
AND DIFFUSE POLLUTION

Extent of the Problem

Approximately one-half of the United States population depends on
ground water for its supply of potable water; that is, approximately 36%
of all municipal public drinking water supply systems and 95% of the
rural population draw potable water from ground-water resources (Con-
servation Foundation, 1985). As stated in Chapter 3, water recovered
from wells is considered hydrologically part of ground-water runoff when
it reaches surface drainage systems.

Ground-water and surface-water systems are interconnected by re-
charge of surface-water into ground-water zones and by discharge of
ground-water into surface systems. In many cases surface-water bodies
are an extension of the ground-water systems. Perennial streams may be
both recharging ground-water zones or ground water is discharging as
base flow into the streams. Ephemeral streams are mostly recharging
during the time of flow (see Chapter 3 for a discussion on hydrologic
surface-water-ground-water interactions). Hence with ground-water dis-
charge (base flow), diffuse pollution from the land may reach surface-
water bodies via ground-water routes.
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The quantity of ground water underlying the conterminous United
States is ver\ large, and exceeds all freshwater surface storage. The
amount of water within the top 800 meters of earth surface layer is equal
to about 35 years of all surface-water runoff (Geraghty et al., 1973; Knox,
and Fairchild, 1987). However. as far as water use is concerned, more
surface freshwater is used than ground water.

Ideally, ground water should be characterized by clarity, bacterial
purity, and constant temperature and chemical quality, and should re-
quire very little treatment prior to its use. However, increased usage
of ground-water resources and a general increase of inputs of surface
pollution into ground-water zones have caused contamination and a
general deterioration of ground-water quality in many parts to the world.
Specifically, the severe contamination by nitrates in Central Europe and
in some parts of the United States, and pesticide contamination are of
concern, as both pollutants may render ground water unsuitable for
human consumption without expensive treatment. Excessive mining of
ground-water resources results in more costly pumping from deeper geo-
logical zones, which yields water with high salt and ionic content or sea
water intrusion into aquifers in coastal areas.

While the basic chemical composition of ground-water reflects its con-
tact with soils, minerals, and rocks, surface diffuse pollution is often the
primary source of ground water-contamination. With an increased em-
phasis on land disposal of sewage and industrial wastes promulgated by
the first amendments of the Clean Water Act, the surface-water pollution
problem could have been shifted to ground water. Deep-well injection
of wastewater, subsurface disposal of toxic wastes, unsanitary landfills,
excessive use of chemicals and fertilizers, and suburban and rural septic
tank waste disposal systems are the main causes of ground-water con-
tamination. However, Table 7.1 shows that other sources of ground-water
contamination can be also considered.

It should be realized that only a relatively small portion of the ground-
water problem has been discovered. Ground-water pollution is not visible
and is detected only when a water supply or spring is noticeably polluted
or the pollutant is discharged into surface waters. The monitoring of
ground-water quality is still inadequate, as it is mostly done using obser-
vation wells that are located great distances apart.

All ground water results from surface precipitation. However, in nor-
thern North America and Europe, most of the present ground water
originated from the melting of glaciers at the end of the glacial period
approximately 10,000 years ago, but some ground water is even older.
Also, ground-water movement is very slow. Plus the practices and land-
use activities that have an impact on ground-water quality have been
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TABLE 7.1 Principal Sources of Ground-Water Contamination and Their Relative
Importance by Region

Northeast Northwest South Central Southwest

Septic tanks and cesspools Ia I I I

Petroleum exploration and II II I I

development
Landfills I II II II

Irrigation return flows IV II II II

Surface discharges II I III I

Surface impoundments I I II III

Spills I II II III

Mining activities II I III II

Agricultural activities
Fertilizers III II III II

Pesticides II III II II

Feedlot and barnyard wastes III III II III

Highway deicing I III IV IV

Artificial recharge III IV III II

River infiltration II II IV IV

Land disposal of wastewater and Iti IV III II

sewage
Underground (leaking) storage of II II II II

chemicals

Source: After Miller and Scalf (1974).
~I--high; II--moderate; III--Iow; IV--not significant.

occurring for the past 40 to 50 years. Apparently, this time span is very
short in the geological time scale, so most ground-water contamination is
still confined near the source.

In industrialized countries, ground-water pollution by toxic chemicals
and nitrates has locally and regionally reached alarlning levels. For years,
industries and municipalities have been disposing of their toxic and other
wastes and refuse on land or burying them without regard to the possible
contamination of ground water (Fig. 7.1). Examples of widely publicized
severe ground-water contamination include the Love Canal site in Niagara
Falls, New York, as well as ground-water quality impairment in other
parts of the northeastern United States, specifically in the state of New
Jersey.

In the Niagara Falls Love Canal incident, a chemical company between
1947 and 1952 used an abandoned river channel to store toxic wastes,
mostly solvents. At the time, due to the lack of knowledge on the
environmental consequences of such disposal, such containments were
common and considered as acceptable. After 1952 the canal was filled

R0023365



388    Ground-Water and Base-Flow Contamination

The quantity of ground water underlying the conterminous United
States is very large, and exceeds all freshwater surface storage. The
amount of water within the top 800 meters of earth surface layer is equal
to about 35 years of all surface-water runoff (Geraghty et al., 1973; Knox,
and Fairchild, 1987). However, as far as water use is concerned, more
surface freshwater is used than ground water.

Ideally, ground water should be characterized by clarity, bacterial
purity, and constant temperature and chemical quality, and should re-
quire very little treatment prior to its use. However, increased usage
of ground-water resources and a general increase of inputs of surface
pollution into ground-water zones have caused contamination and a
general deterioration of ground-water quality in many parts to the world.
Specifically, the severe contamination by nitrates in Central Europe and
in some parts of the United States, and pesticide contamination are of
concern, as both pollutants may render ground water unsuitable for
human consumption without expensive treatment. Excessive mining of
ground-water resources results in more costly pumping from deeper geo-
logical zones, which yields water with high salt and ionic content or sea
water intrusion into aquifers in coastal areas.

While the basic chemical composition of ground-water reflects its con-
tact with soils, minerals, and rocks, surface diffuse pollution is often the
primary source of ground water-contamination. With an increased em-
phasis on land disposal of sewage and industrial wastes promulgated by
the first amendments of the Clean Water Act, the surface-water pollution
problem could have been shifted to ground water. Deep-well injection
of wastewater, subsurface disposal of toxic wastes, unsanitary landfills,
excessive use of chemicals and fertilizers, and suburban and rural septic
tank waste disposal systems are the main causes of ground-water con-
tamination. However, Table 7.1 shows that other sources of ground-water
contamination can be also considered.

It should be realized that only a relatively small portion of the ground-
water problem has been discovered. Ground-water pollution is not visible
and is detected only when a water supply or spring is noticeably polluted
or the pollutant is discharged into surface waters. The monitoring of
ground-water quality is still inadequate, as it is mostly done using obser-
vation wells that are located great distances apart.

All ground water results from surface precipitation. However, in nor-
thern North America and Europe, most of the present ground water
originated from the melting of glaciers at the end of the glacial period
approximately 10,000 years ago, but some ground water is even older.
Also, ground-water movement is very slow. Plus the practices and land-
use activities that have an impact on ground-water quality have been

R0023366



Ground Water (Base Flow) and Diffuse Pollution 389

TABLE 7.1 Principal Sources of Ground-Water Contamination and Their Relative
Importance by Region

Northeast Northwest South Central Southwest

Septic tanks and cesspools Ia I I I
Petroleum exploration and II II I I

development
Landfills I II II II
Irrigation return flows IV II II II
Surface discharges II I III I
Surface impoundments I I II III
Spills I II II III
Mining activities II I III II
Agricultural activities

Fertilizers III II III II
Pesticides II III II II
Feedlot and barnyard wastes III III II III

Highway deicing I III IV. IV
Artificial recharge III IV III II
River infiltration II II IV IV
Land disposal of wastewater and III IV III II

sewage
Underground (leaking) storage of II II II II

chemicals

Source: After Miller and Scalf (1974).
~ I--high; ll--moderate; III--low; IV--not significant.

occurring for the past 40 to 50 years. Apparently, this time span is very
short in the geological time scale, so most ground-water contamination is
still confined near the source.

In industrialized countries, ground-water pollution by toxic chemicals
and nitrates has locally and regionally reached alarming levels. For years,
industries and municipalities have been disposing of their toxic and other
wastes and refuse on land or burying them without regard to the possible
contamination of ground water (Fig. 7.1). Examples of widely publicized
severe ground-water contamination include the Love Canal site in Niagara
Falls, New York, as well as ground-water quality impairment in other
parts of the northeastern United States, specifically in the state of New
Jersey.

In the Niagara Falls Love Canal incident, a chemical company between
1947 and 1952 used an abandoned river channel to store toxic wastes,
mostly solvents. At the time, due to the tack of knowledge on the
environmental consequences of such disposal, such containments were
common and considered as acceptable. After 1952 the canal was filled
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FIGURE 7.1. Illegal and unsanitary dumps and solid waste disposal sites are the primary
sources of ground-water contamination.

with soil and, subsequently, the area was developed into a residential sub-
division. (It should be noted, however, that the company gave explicit
caveats to the authorities when giving them the land for development.) In
the 1970s the chemicals began seeping through the basement walls into
household drainage systems. Air pollution monitoring in the basements
throughout the contaminated area registered pollution that exceeded 10
to 5000 times the ambient standards. The toxic chemicals that created
this extreme diffuse pollution problem included mostly aliphatic hydro-
carbons (benzene, toluene, chloroform, etc.). The Love Canal site has
been cleaned up at great cost, and in the 1990s it appeared safe for
reinhabitation.

Cleanup of Contaminated Ground Water

In many cases, a leachate from a localized point source (a storage lagoon,
landfill, leaking petroleum and gasoline storage tanks, scrap yard) be-
comes a regional diffuse pollution problem. Many such unsanitary and
contaminating sites have been classified by the U.S. EPA as hazardous
sites, often requiting costly remediation.

The tasks facing those concerned and responsible for ground-water
quality are enormous, and the solution expensive or nonexistent. There
are several approaches that have been used to clean up contaminated
ground water (Canter, Knox, and Fairchild, 1987):
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1. Physical control measures. These controls include surface-water con-
trol, the containment of the sources of contamination by capping, and
the use of liners and other barriers to isolate contaminated sites and/or
to prevent contaminated surface runoff from entering the ground-
water zones. The ground-water level can also be lowered by pumping
to a safe depth below surface contamination.

2. In-situ technologies. Both chemical and biological treatment may be
employed. Chemical treatment may be considered only if contaminants
are known and the extent of the contaminated zone is defined. Some
of the chemical treatment methods involve oxygen injection that will
precipitate iron and manganese. Biological in-situ treatment is based
on the same principle as that in biological wastewater treatment sys-
tems. The method requires the addition of nutrients and oxygen, and
allowing microorganisms to degrade the chemicals.

3. Ground-water treatment. The most popular ground-water cleanup
measure remains removal and treatment and subsequent return of the
treated water into underground zones. Water is removed by wells
or by injection/extraction systems. Although a wide variety of tech-
nologies exists, the treatment options used-for ground-water decon-
tamination are usually limited to air stripping, carbon adsorption, or
biological treatment for organic removal, and chemical precipitation
for inorganic removal.

High nitrate content caused by fertilizer applications and/or septic tank
effluents must be remediated at any cost because it is usually widespread.
When such waters are to be used for potable water supply in central
Europe, biological denitrification of the extracted water has been seri-
ously considered by the authorities. The problem with this methodology
is finding a suitable nontoxic source of organic carbon instead of methanol
(toxic to humans), which is commonly used in many denitrifying waste-
water treatment plants. Because of the slow movement of water in under-
ground zones and the large volumes of water in ground-water systems,
the recovery of a contaminated aquifer is slow, usually lasting many
years.

Ground-Water Quality Standards

Ground-water quality should comply with standards set forth by environ-
mental control legislation. In the United States the three acts that have
the greatest impact on ground-water pollution control are

1. The Safe Drinking Water Act of 1974 (PL-93-523)
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2. The Federal Environmental Pesticide Control Act of 1972 (PL-92-516)    ,
3. The Toxic Substance Control Act of 1976 (PL-94-469)

In addition the Clean Water Act also specifies the quality of water that is
to be used for drinking purposes.                                       ,

It should be pointed out that the standards based on the Safe Drinking
Water Act are for water quality at the point of use, not at the point of
intake into the system. Water quality standards derived from the Clean
Water Act (see the Appendix) represent the mandated raw drinking
water quality of the source, be it a surface-water body or a ground-water
zone. These standards assume that intake water will be sufficiently uncon-
taminated so that with the application of the most effective treatment
method, a public water supply system would be able to protect public
health.

GROUND-WATER MOVEMENT

Aquifers and Aquitards

This section describes water movement, chemical composition and con-
tamination, and the fate of contaminants in saturated ground-water zones.
In contrast the preceding chapter dealt with the phenomena occurring in
the vadose-aerated zone.

The basic chemical content of uncontaminated ground water can be
related to the contact of water with rocks and soils. However, it should be
noted that while mineralization (enrichment of water by salts and ions)
occurs throughout the entire movement of water in the aquifer, ground-
water contamination and pollution mostly occur in the recharge area
(with the exception of deep wastewater disposal by wells and buried toxic
waste disposal sites).

An aquifer was defined in Chapter 3 as a saturated permeable geologic
underground stratum that can transmit significant quantities of water. An
aquitard is a less permeable layer that may be significant for consideration
in the regional transport of water, but its permeability is not sufficient
enough to permit economical development (Freeze and Cherry, 1979).
The most common aquifer composition--about 90%--consists of uncon-
solidated materials (Todd, 1980). Other materials capable of forming
aquifers mainly include sedimentary rocks. Crystalline and metamorphic
rocks are relatively impermeable, and can form aquifers only when they
are fractured and/or weathered near the surface.

Clay and clayey materials can retain large quantities of water, but they
are generally considered impermeable and unsuitable as aquifers. Such
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materials and rocks with poorer water-holding and transmitting capacities
(shales and dense crystalline rocks) are classified as aquitards. Completely
impermeable geological layers (aquicludes) are rare, so hydrogeologists
tend to avoid this classification.

Unconsolidated Deposits
The unconsolidated deposits are composed of gravel, sand, silt, or clay
particles that may be bound or hardened by mineral content, pressure, or
mineral alteration. The three major types of unconsolidated deposits are

1. Glacial deposits formed during the last glacial age, approximately
15,000 to 100,000 years ago.

2. Alluvial (fluvial) deposits that resulted from deposition of sediments
by streams and valleys and floodplains.

3. Aeolian deposits that consist of finer soil materials transported by
wind.

Glacial deposits are of particular hydrogeologic importance in Europe
and the northern part of the North American continent (Fig. 7.2). Water
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in the unconsolidated materials can be divided into four categories: under-
ground water courses, abandoned or buried valleys, plains, and inter-
montane valleys. Water courses consist of alluvium that forms and under-
lies stream channels as well as adjacent floodplains. The interconnecting
water movement between stream channels depends on the general hy-
draulic grade. Stream water can be an influent into the.ground-water zone
(recharging) or vice versa (discharging ground water).

Abandoned or buried valleys are valleys no longer occupied by the
streams that formed them. In many areas of the United States, especially
the Great Plains and Florida, large regional plain aquifers are located
near the surface in unconsolidated deposits. Intermontane aquifers are
located in unconsolidated rock deposits, often of considerable thickness,
formed by the geological formation of mountains. These are mostly
located in the western United States. Water from unconsolidated deposits
often has low mineral content; however, due to the higher permeability of
these materials and their near-surface location, these aquifers are most
commonly affected by surface diffuse pollution.

Sedimentary Rocks
Sedimentary rocks include sandstone limestone or dolomite limestone.
Limestone (mostly calcium carbonate) and dolomite (calcium and mag-
nesium dolomite) are also called carbonate rocks.

Sandstone. Sandstone is a sedimentary rock with a porosity of 5% to
30%. Its potential as an aquifer is excellent. Sandstone is formed by
the binding of sand or gravel by a cementing material such as calcite,
dolomite, or clay. These minerals occur as a result of salt precipitation
and the filtration of finer clay particles from penetrating water during the
geologic times.

Carbonate rocks. Carbonate rocks were formed by the compaction
and crystallization of the shells and bones of aquatic animals living in
geological oceans and lakes.

Although some of the porosity in carbonate rocks is retained, most of
the ground-water movement through them occurs along joints, fractures,
and channels formed mostly by the dissolving action of percolating water
(recall from Chapter 4 that rainwater is a weak acid that can chemically
dissolve calcites and other minerals). The dissolution of limestone for-
mations can reach such proportions that underground streams, caverns,
and cavities occur. These limestone formations, called karst or karst lime-
stone, are especially susceptible to contamination from surface sources.
Notable ground-water pollution problems occurred in England (Edworthy,
Wilkinson, and Young, 1978) and elsewhere.
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Ground-Water Movement

Permeability and Dar9y’s Law
The flow of water in an aquifer can be expressed by Dar~y’s law, which
relates water velocity in a porous medium to the hydraulic gradient as

Oh
v = kS = k-- (7.1)

Ol

where
v = velocity
S = hydraulic slope of ground water or piezometric table
h = hydraulic head
l = distance in the direction of flow
k = constant of proportionality

In order to compute flow in the aquifer, Equation (7.1) should be
multiplied by the cross-sectional area of pores of the media. Hence

Q = Apv = pAkS = KAS (7.2)

where
Q = the flow
Ap = the area of voids
A = total cross-sectional area
p = cross-sectional porosity (Table 7.2)

TABLE 7.2 Typical Porosities

Porosity (%)

Soils 50-60

Clay 45-55
Silt 40-50
Medium to coarse mixed sand 35-40

Uniform sand 30-40
Fine to medium mixed sand 30-35
Gravel 30-40
Gravel and sand 20-35

Sandstone 10-20
Shale 1-10
Limestone 1-10

Source: From Todd (1980).
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TABLE 7.3 Typical Hydraulic Conductivities

Hydraulic Conductivity (cm/sec)

Clay, sand, and gravel mixes (till) 10-6_ 10-4

Sand and gravel mixes 10-3_ 10-1
Gravel 0.1-1
Coarse sand 0.01-0.1
Medium sand 0.01
Fine sand 10-3_10-2
Silty sand 10-5_ 10-3
Loam soils (surface) 10-4_ 10-3
Glacial outwash 10-3-0.1
Deep clay beds 10--11_10-5

Clay soils (surface) 10-2_ 10-1
Volcanic rock Almost 0-1
Fractured or weathered rock (core samples) AlmoCt 0-1
Fractured or weathered rock (aquifers) 10-6_0.01
Dense solid rock <10-s
Shale 10-10
Carbonate rocks with secondary porosity 10-5_ 10-3

Sandstone 10-6_ 10-3

Sources: Based on data from Bouwer (1978) and Fetter (1988).

The coefficient, K = kp, is called the coefficient of permeability or hy-
draulic conductivity. The coefficient of permeability as defined herein
can be visualized as flow velocity in a porous medium under slope that
equals unity. Table 7.3 presents coefficients of permeability for various
geological materials.

Hydraulic conductivity, K, is a function depending on the porous
media and also on the fluid itself. The media characteristics affecting
hydraulic conductivity are grain diameter, porosity packing, and the dis-
tribution of the material. Fluid characteristics that also affect K are
density, viscosity, and its ionic nature. Since K depends on the viscosity
of water (the flow is laminar), permeability is affected by temperature.

Example 7.1: Flow Velocity in an Aquifer

An aquifer consisting of sandstone with average slope of the ground-
water table of 1% has been contaminated by a highly water-soluble
contaminant (it does not adsorb on soil particles). Estimate how fast the
contaminated water will move through the aquifer.

Solution This is a typical straightforward application of Darqy’s equa-
tion. From Equations (7.1) and (7.2)
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KS
v - (7.3)

P

and substituting appropriate values for K and p from Tables 7.2 and 7.3,
the velocity becomes

10-4 x 0.01
v = = 6.67 x lO-6cm/sec = 210cm/yr

0.15

which is a very slow advancement of the contaminated water front. If the
compound has an affinity for adsorption on soil the advancement would
be further retarded, as will be shown later.

Typical velocities of ground water may range from less than 1 cm/yr
in tight clays to more than 100m/yr in permeable sand and gravel.
Todd (1980) indicated that the normal range for ground-water velocities
is 1.Sm/yr to 1.Sm/day. However, highly permeable glacial outwash
deposits, fractured basalts and granites, and cavernous limestone for-
mations may allow much higher velocities.

Homogeneity and Anisotropy of Hydraulic
Conductivity

Homogeneity
A formation is homogenous if the hydraulic conductivity is uniform at
all points within the aquifer. If the hydraulic conductivity varies with
location, the formation is heterogenous. Freeze and Cherry (1979) have
defined three types of heterogeneity: (1) layered heterogeneity, (2) dis-
continuous heterogeneity, and (3) trending heterogeneity. Layered heter-
ogeneity is common in sedimentary deposits where different materials
have been deposited throughout the geological ages. Discontinuous heter-
ogeneity is caused by the presence of faults or large-size stratigraphic
features. Trending heterogeneity results in the progressive change of hy-
draulic conductivity over a large spatial extent of a geological formation.

Domenico and Schwartz (1990) have pointed out that since the per-
meabilities in the individual layers of a heterogenous aquifer can vary by
several orders of magnitude, the layer with the highest permeability
becomes the main route of flow, while the layers of the lowest per-
meability become essentially aquitards or confining layers. Heterogeneity
may also lead to a situation where some layers become saturated with
water and some do not. This is called a perched water table.
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Ani$otropy
A geologic formation is isotropic at a given point if the hydraulic con-
ductivity is the same in all directions. The formation is anisotropic if the
hydraulic conductivity varies with direction. Heterogeneity and aniso-
trophy can greatly influence flow patterns of contaminants in aquifers
(Fig. 7.3).

Dispersion
Average water movement alone does not fully explain the transport and
spread of contaminants in ground-water aquifers. The first processes that
contribute to forming a concentration field of a contaminant in ground-
water zones are advection, dispersion, and diffusion. The second category
of processes affecting contaminant movement are adsorption-desorption
and chemical precipitation.

Advection is a process in which soluble contaminants are transported
by the bulk of the water. The rate of transport can be directly related to
the average linear ground-water velocity defined by Equations (7.1) and
(7.2). However, the velocity field in ground-water zones is not uniform
due to the heterogeneity and anisotropy of the aquifer, which are caused
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MAIN F’~

FIGURE 7.4. Contaminant spread in ground-water zones from a continuous source by
advection and dispersion.

by differing pore sizes and the branching of pores, plus many ob-
stacles in the path of ground-water movement. These factors cause a
spread of mobile contaminants in all directions (longitudinal and trans-
verse), as shown on Figure 7.4. The process is called hydrodynamical
dispersion. Molecular diffusion is a process by which mobile contaminants
move as a result of the kinetic activity of molecules and ions in the
direction of their concentration gradient. Molecular diffusion can occur
independently of ground-water movement. However, normal ground-
water velocities and hydrodynamical dispersion are such that molecular
diffusion can be neglected (Bouwer, 1978). Hydrodynamical and mole-
cular dispersion cannot be separated and can be included in one dis-
persion parameter.

The spread of contaminants by dispersion in ground-water zones has a
similar appearance to air pollution plumes or discharges of pollutants in
surface-water bodies. It is, basically, a mixing process. Nevertheless, it
must be remembered that the dispersion of pollutants in air and water
environments is caused primarily by turbulent mixing of the air and water
masses, while in ground-water zones, mixing occurs in laminar (viscous)
flow patterns as a result of the continuous splitting, slowing down, and
deflecting of water particles in the pores.

The spread of contaminants in the direction of the ground-water flow is

R0023377



400    Ground-Water and Base-Flow Contamination

called longitudinal dispersion. Transverse dispersion is perpendicular to
the main direction of flow, and is usually weaker than the longitudinal
dispersion. In addition to the movement of water particles, the spread of
semimobile contaminants can be caused by adsorption-desorption pro-
cesses whereby a portion of the contaminant is adsorbed on soil particles
at higher concentrations and released back to the solution when the
concentration decreases.

Equation for Dispersive Movement
Most of the ground-water contamination problem can be analyzed as-
suming steady-state flow conditions, which implies that the flow velocity
and dispersion characteristics remain constant with time. Furthermore,
contamination problems can be limited to the instantaneous injection of

Source

FLOW

(a) CONTINUOUS SOURCE

Source

FLOW

(b) INSTANTANEOUS SOURCE

FIGURE "1.5. Spreading of a pollutant in a two-dimensional u~i~orm field in an isotrophic
sand. (a) Continuous source--leaching. (b) Instantaneous source--spill.
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a pollutant such as a spill or a continuous release, that is, leaching
(Fig. 7.5). General equations of hydrodispersive movement have been
published in many references (Anderson, 1979; Freeze and Cherry, 1979;
NCASI, 1985; Canter, Knox, and Fairchild, 1987; Fetter, 1988).

The basic differential equation of the hydrodispersive movement is

OC 0-
where
Xi = the coordinate
t = time
C(Xi, t) = the concentration of the contaminant
V~- = the velocity in the ith direction
Di = is the coefficient of dispersion in the ith direction

The solution of this equation for a continuous point source in a one-
dimensional flow field (all flow is in the direction of the X-axis) will yield
(Ogata, 1970; Fetter, 1988)

where
C = concentration at a distance L from the source at time t
Co = concentration at the source
D!~ = longitudinal dispersion coefficient
Dt = transverse dispersion coefficient

Due to the slow movement of ground water (a few meters per year or
less), most of the ground-water contamination problems could be con-
sidered as an instantaneous release. There are two solutions available to
the problem. One observes the concentration field from a fixed point, for
example, the point of discharge. The other solution views the movement
of the contaminant cloud as if an observer were located in the center of
gravity of the cloud. The former concept yields the following equation for
a two-dimensional (longitudinal and transverse) movement of an inert
dissolved contaminant (Peaudecerf and Sauty, 1978)

C(X, Y, t)=
m ( (X_ Vt)2 y2 )

4~tp(DLDr)O.St exp 4Dz.t 4~--74
(7.6)
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where
m = the mass of the released contaminant per unit of aquifer thickness
p = porosity

The point of the coordinate origin for Equation (7.6) (X = Y = Z = 0) is
the point of release of the contaminant in a two-dimensional aquifer.

Baestl6 (1969) published a solution for the latter case, where the
coordinate origin is located at the center of gravity of the contaminated
cloud. The cloud is carried away from the source with an average velocity
equal to the ground-water movement (Eq. (7.1)). The concentration
distribution of the contaminant mass is then

M
(X2 y2 Z2)C(X, Y, Z, t) = 8(rtt)l/Zp~/DxDyDz exp 4Dxt 4Dyt 4"~t (7.7)

where M = the total mass of the contaminant. In the equation the
transformed coordinates are

X=x- Vt

Y=y

Z=z

The maximum concentration occurs at the center of the cloud where X =
Y= Z=0. Hence

M
8(~tt) i/2p .k/D xDyD z (7.8)

Assuming a true dimensionless point of discharge, Equations (7.6) to
(7.8) can be used very rarely. For most cases~ such as a surface appli-
cation of a pesticide, the mass term, M, should be replaced by

M
p CoVo (7.9)

where
V0 = the volume of ground water below the area of application
Co = initial concentration
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Then Equations (7.6) to (7.8) are applicable where

8(1tt)l/2X/DxDyDz>> Vo

Character and Magnitude of the
Dispersion Coefficient
The coefficient of hydrodynamic dispersion is the sum of bulk molecular
diffusion and mechanical dispersion. In ground-water zones molecular
diffusion is not as fast as that in open water, since molecules have to
follow longer pathways because the grains block many possible pathways
and the pathways are in the pores. Fetter (1988) pointed out that the
actual magnitude of the ground-water diffusion coefficient, D, may be
only a few percent of that for water. Molecular diffusion becomes the
dominant transport process when ground water is not moving. Perkins
and Johnson (1963) have shown that molecular diffusive transport is
important when the Peclet number Npe = Vdm/Dm < 1, where d,,, is the
grain size of the material and D,, is the molecular diffusion coefficient
adjusted for ground-water zones.

There are three basic causes of mechanical dispersion: (1) the fluid in
the pores moves faster in the center, while the movement near the wall is
slowed down by adhesion of water to solid surfaces, (2) water movement
takes different pathways, sometimes compared to a so-called "random
walk," (3) fluid traveling through larger pores will move faster than that
in smaller pores. Lateral dispersion is caused by the fact that the flow
paths can split and branch to the side (Fig. 7.4).

Researchers have found that the longitudinal and transverse disper-
sivity can be related to the average advective velocity, V, as (Fetter, 1988;
Domenico and Schwartz, 1990)

The total magnitude of the dispersion is then

Di = ~tiV + D,,, (7.10)

The proportionality coefficients, a, are called coefficients of dynamic
dispersivity. These empirical coefficients are a characteristic property of
the porous medium, while the molecular diffusion coefficient, D,~, is a
property of the contaminant compound. Anderson (1979) compiled the
magnitudes of the dynamic dispersivity coefficients. The ranges are given
in Table 7.4.

The magnitude of the dispersion coefficient should be measured rather
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TABLE 7.4 Ranges of Dynamic Dispersivity in Aquifers

Longitudinal Dispersivity: aL Ratio of Transverse Dispersivity

Type of Aquifer (m) to Longitudinal: ar/aL

Alluvial sediments 12-61 0.3
Glacial deposits 21 0.2

Chalk 1 - 3
Limestone 7- 61 0.1 - 0.3
Fractured basalt 30-91 0.2-1.5

Source: Based on data from Anderson (1979).

than estimated. The measured dispersion coefficients wilt have the advan-
tage of accounting for the heterogeneity and anisotropy of the aquifer.
Peaudecerf and Sauty (1978) described a method for determining the
coefficients of dispersion from a dye pulse test by fitting an observed
concentration curve to the dimensionless graphical form of Equation
(7.6).

Retardation of Contaminants Moving Through an
Aquifer

In a fashion similar to contaminant movement in soils, contaminants can
be adsorbed on the solids in the aquifer. In some special cases the
contaminants may also biodegrade in ground-water zones; however, the
microorganism density in the ground-water zones is far less than that in
soil. By definition, ground-water aquifers are saturated, hence volatiliza-
tion does not occur. Similarly, there are no photochemical reactions
therein because of the absence of light.

The concept of adsorption-desorption-coprecipitation reactions and
models was introduced in detail in the preceding chapter for vadose-soil
zones. The same concepts apply to the transport of solutes in ground-
water zones. Adsorption is commonly incorporated into ground-water
transport models using a retardation factor that is an empirical term
derived from the partitioning coefficient, I-I defined in the preceding
chapter, and other parameters. The retardation factor is (Anderson,
1979; NCASI, 1985; Fetter, 1988)

R - Vx_ 1 + PbII                 (7.11)
Vc      Pe

where
Vx = average convective velocity of water in the aquifer
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Vc = velocity of the solute front where the solute concentration is one-
half the original value

Pb = specific density of the porous medium (kg/m3 = g/l)
Pe -~ffective porosity (dimensionless)
H =-partitioning coefficient for the contaminant (l/gram)

Recall from Chapter 6 that the partitioning coefficient, II, for chemical
transport is related to the solubility of the chemical and to the properties
of the porous medium, such as particulate organic carbon content (non-
polar chemicals), and the pH, clay, metal oxide, or sulfide content for
polar chemicals and toxic metals. When a mixture of sorbable and non-
sorbable contaminants enters the ground-water zone, each species will
travel at a rate that is dependent on its relative velocity, Vc/V:,. It is
clear from these concepts that contaminants with higher partitioning
coefficients (>1031/kg) will move at very slow rates, if at all, from the
source of contamination if the aquifer is a composite of materials that
have adsorbing capacity. It was pointed out in Chapter 6 that some
porous media, such as sand and gravel, possess a very low adsorption
capability. The concept of contaminant travel and the impact of dis-
persion and adsorption-desorption is shown on Figure 7.6.

Example 7.2: Movement of a Chemical Through Aquifer

A pesticide with the octanol partitioning coefficient Kow = 1041/kg was
applied to a 10-ha orchard overlaying an unconfined aquifer. The average
depth of the aquifer is 100 m, and the hydrodynamic slope of the aquifer
is 0.5%. The aquifer contains primarily alluvial deposits (sand and gravel)

~
species

Ilk
~ Z Retarded speoes

Z

TIME

FIGURE 7.6. Influence of retardation onthe movement of a solute front in a
homogenous aquifer. (After Fetter, 1988.)
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with about 0.1% organic matter. The specific volumetric density of the
material is 18(l~lkgim3. Estimate the spatial spread of the pesticide after
10 years in ground-water zones.

Solution

1. Estimate the advective velocity assuming the hydraulic conductivity of
the aquifer (Table 7.3) is K = 10-2cm/sec and the porosity (Table
7.2) is 30%. Following Example 7.1 Vx = KS/p = 10-2 x 0.005/0.3 =
0.000167 cm/sec = 0.144 m/day

2. Estimate the retardation factor. The partitioning coefficient (Eqs.
(6.19) and (6.20))

Koc = 0.63 x Kow = 0.63 x 10’~ = 63001/kg
1-I = Koc x (%OC)/100 = 6300 x 0.1/100 = 6.31/kg

Using Equation (7.11)

R = Vx/Vc = 1 + (pt, lpe)Koc
= 1 + (1800[kg/m3] x O.O01[l/kg]/0.3) x 6.3 = 38.8

Hence the velocity of the plume is

Vc = Vx/R = 0.144 [m/day]/38.8 = 0.0038 m/day

In 10 years the pesticide will move only 0.0038 [m/day] x 365 [days/
year] x 10 [years] = 13.8 meters from the application area (neglecting
dispersion).

ORIGIN OF NATURAL GROUND-WATER
(BASE-FLOW) QUALITY

The constituents that appear in ground-water can enter the aquifer
through the recharge area, as leachate from the upper soil layer and from
subsurface disposal of wasterwater, or they can originate from dissolution
of minerals during ground-water passage through rocks and geological
formations of the aquifer itself. As pointed out in Chapter 3 ground water
becomes the base .flow of surface-water bodies by ground-water dis-
charge. The relation of geology to ground water and the origin of ground-
water quality for the regions of the United States are described in Todd
(1983). Also the U.S. Geological Survey publication by Hem (1985)
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and hydrogeological texts by Freeze and Cherry (1979), Moore and
Ramamoothy (1984), Adriano (1986), Fetter (1988), Domenico and
Schwartz (1990), and others, discuss this topic in detail.

The dissolved chemical composition of ground water includes cations,
or positively charged ions, and anions, which are negatively charged ions.
Calcium (Ca2÷), iron (Fe2+ or Fe3÷), magnesium (Mg2÷), and sodium
(Na÷) are examples of the most abundant cations. Sulfate (SO24-), nitrate
(NO~-), chloride (C1-), and bicarbonate (HCO~-) are the most common

TABLE 7.5 Dissolved and Dissociated Constituents in
Ground Water Listed According to their
Relative Abundance

Major constituents (greater than 5 mg/1)
Bicarbonate Calcium
Chloride Magnesium

Sulfate Silicon

Carbonic acid Sodium

Minor constituents (0.0] to 10rag/l)
Carbonate
Fluoride
Nitrate
Boron
Iron
Potassium
Strontium

Trace contaminants (less than 0.1 mg/l)
Aluminum Nickel
Antimony Phosphate

Arsenic Radium
Barium Radon
Beryllium Selenium
Cadmium Silver
Chromium Thallium
Cobalt Thorium
Copper Uranium

Lead Vanadium

Manganese Zinc

Organic compounds (shallow aquifers)
Humic acids Tannins
Fulvic acids Lignins
Carbohydrates Hydrocarbons

Aminoacids Total Organic Carbon (TOC)

Organic compounds (deep aquifers)
Acetate                  Propionate

Source: After Davis and DeWiest (1966).
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anions. In addition ground water may contain organic compounds, such
as fulvic and humic acids, amino acids, tannins, and lignins. Table 7.5 lists
some of the typical dissolved constituents.

Processes Controlling Natural Ground-Water
(Base-Flow) Quality

Acid-base reactions. Water entering ground-water zones from atmos-
pheric precipitation is generally acidic, that is, it has a pH below neutral.
Dissolution of minerals in soil and ground-water zones provides the
buffering of acidity.

Under normal conditions of an unpolluted atmosphere, the pH of
precipitation is in an equilibrium with the saturated CO2 concentrations
in the atmosphere. As reported in Chapter 4, the partial pressure of
CO2 is 0.0003 bars, which will result in the normal pH of unpolluted
precipitation of 5.6. However, as a result of the acid rainfall phenome-
non, the pH of precipitation may become as low as 3. Also due to CO2
production by soil bacteria from decomposing soil organic matter, the
partial pressure of CO2 in soils can reach values up to 0.1 bar. This alone
can result in pH values of soil and ground water that are significantly
below 5.

After entering into soil and ground-water zones, the acidic water
dissolves minerals until its dissolving capacity is exhausted. The salt and
ionic content of ground water depends on the type of minerals, their
solubility, and time of contact. The evolution of chemical ground-water
quality begins in the upper (local) ground-water zone (defined in Chapter
3) by the dissolution of soil and subsoil minerals. Due to its elevated
acidity, water entering the aeration zone is a reducing agent with
the ability to reduce various substances from their oxidized state. For
example, ferric iron (less soluble) can be reduced to far more soluble
ferrous iron.

The bicarbonate (HCO~-) content of water in the upper zone is a re-
sult of the dissolution of limestone (CaCO3 × nH20) and dolomite
(CaMgCO3 × nHz) carbonate minerals, as well as silicate minerals, by
the acidic action of soil water and ground water. The following simple
reactions describe the process for carbonate minerals

H20 + CO~ ~ H2CO3 ~ H+ + HCO~-

and

CaCO3 + H2CO3 ~ Ca2+ + 2HCO3_
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which indicate that carbonic acid is buffered in the reaction. Similarly,

stronger acids (pH < 4.5) in acid rainfall will also undergo a neutrali-
zation process in contact with limestone or dolomite, for example,

CaCO3 + 2H+ ~ Ca2+ + H20 ÷ CO2

From the preceding reactions it can be seen that the removal of
acidity by limestone and dolomite minerals will increase the hardness of
ground water (hardness is defined as the content of polyvalent cations,
such as Ca2+, Mg2+, Fe2+, and Sr2÷, commonly expressed on a CaCO3
equivalent basis).

The bicarbonate (HCO~-) and carbonate (CO~-) content of ground
water represents the basic buffering system for neutralizing acid. This
chemical buffeting capacity is called alkalinity, and is defined as

{Alkalinity) = [HCO33] + 2[CO3~-] + [OH-]

and is expressed as CaCO3 equivalent (Sawyer and McCarty, 1978).
Dissolution of minerals. Domenico and Schwartz (1990) have stated

that dissolution of minerals is probably the most important process
by which ground-water chemistry is controlled, and the recharge water
derives almost the entire solute content through the dissolution of min-
erals along the flow path. The solubility of minerals and solids is deter-
mined by the dissolution-precipitation reaction and their equilibria. For
example, a carbonate mineral such as limestone will partially dissolve into
its ions

CaCOa ~ Ca2+ + CO3z-

which is then expressed by the dissolution-precipitation equilibrium

K = [Ca2+l[COBZ-]
[CaCO3]

where K = reaction equilibrium coefficient. The magnitude of the
equilibrium coefficient for carbonate minerals is about K = 10-8’3, in-
dicating very low solubility in the neutral pH range; however, other
minerals, such as salt (NaC1, K = 34.67) or gypsum (CaSO4, K = 10-’~’62),
have relatively high solubility, so when ground water encounters
these layers, high concentrations of Na÷, C1- or Ca2÷, and SO~2÷ are
common.

Of interest is the solubility of minerals containing some priority pol-
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TABLE 7.6 Sulfides Containing Minerals and Dissociation Reactions

Equilibrium
Sulfide Reaction Coefficient Reference

Sphalerite ZnS ~ Zn:÷ + S:- K = 10-23.9 Domenico and
Schwartz (1990)

Galena PbS ~ Pb2÷ + S:- K = 10-27.5 Domenico and
Schwartz (1990)

Hydroxylapatite CasOH(PO4)3 ~ 5Ca2÷ + 3PO~- + OH-K = 10-55.6 Freeze and
Cherry (1979)

Gibsite m1203 + 3H20 ~- 2 AI3÷ + 6 OH- K = 10.34 Freeze and
Cherry (1979)

Fluorite CaF2 ~ Ca2+ + 2F- K = 10-98 Freeze and
Cherry (1979)

lutants (metals). Table 7.6 contains some examples using sulfides. The
equilibrium dissolution reaction constant for many minerals and com-
pounds is strongly affected by pH.

Complexation reactions. There are thousands of possible combinations
of ions and molecules in water that may produce less soluble compounds.
A complex is an ion that forms by combining simpler cations, anions, and
molecules into a larger, typically less soluble, unit. The cation or central
atom is in most cases one of metals. The anions, called ligands, include
common inorganic species, such as F-, CI-, SO~2-, PO3~-, in reduced
conditions S2- or HS- and CO~-, as well as organic molecules, such as
humic and fulvic acids. This process of metal complexation was described
in the preceding chapter for sediments and soils.

Redox reactions. When oxygen is present in ground water many com-
pounds are present in oxidized and less soluble states. When oxygen is
exhausted by the decomposition of organic carbon or other oxygen-
consuming reactions redox conditions will convert them to more soluble
compounds. However, conversion of sulfate (oxidized) to sulfite (reduced)
may cause the more soluble metallic ions to be complexed by sulfides and
precipitate as metal-sulfides.

Ion-exchange or surface adsorption-desorption reactions. The ionic
species and polar and nonpolar molecules may react with surfaces of
solids. Ion exchange is a process in which ions in the mineral lattice
are replaced by one of the ions in the aqueous solution. In adsorption-
desorption processes the solid surface attracts and retains a layer of ions
or molecules from the solution (Fetter, 1988).

Adsorption-desorption reactions for phosphorus, ammonia, and pri-
ority pollutants were described in Chapter 6. Adsorption sites are provided
mostly by clays and organic particulates and precipitated metal oxides and
sulfide particles.
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Ion exchange sites can be found mostly in clay and organic materials;
however, Fetter (1988) pointed out that most soil materials have some ion
exchange capacity. Both cation and anion exchanges can occur; however,
the cation exchange capacity is more dominant. Of concern is the ion
exchange process in which sodium from water replaces divalent cations
(Ca2+ and Mg2+) in soil minerals.

Ground-Water Quality Zones

Mineral ground-water quality is variable. Shallow aquifer water has low
mineral content, but often exhibits seasonal or even day-to-day variations.
Waters from deep underground zones have high mineral content, but
fairly constant quality and temperature. The longer water resides in the
underground zones, the higher the measured salt content.

Freeze and Cherry (1979) reported the evolution of mineral ground-
water quality known as the Chebotarev or Ignaovich and Souline se-
quence. According to this concept, ground-water evolution tends to be in
the direction of atmospheric to seawater quality. For large sedimentary
basins, the sequence can be described in three main zones that correlate
well with the depth:

1. The upper zone is characterized by active ground-water flushing
through relatively well-leached rocks and soils. Water in this zone has
HCO~- as the dominant anion and is relatively low in dissolved salts.

2. The intermediate zone has less active ground-water circulation and
higher total dissolved solids. Sulfate is normally the dominant anion in
this zone.

3. The lower zone has a very sluggish ground-water flow. Highly soluble
minerals are commonly present. Very little flushing and leaching by
ground water occurs due to the extremely sl0w movement to water.
Dissolved solids are very high and chlorides are common anions.

These three water quality zones are similar to the ground-water zones
(local, intermediate, and regional) described in Chapter 3.

Sources of Natural (Background)
Ground-Water Quality

Mineral salts and dissolved (ionized) minerals are the most common
sources of natural ground-water quality. In terms of contaminant content,
natural ground-water contamination may be quite high and sometimes
may hinder or even prevent the intended use of water from the source or,
after discharge, use of the receiving body of water. For example, streams
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draining watersheds containing lead minerals (such as galena) in surface
layers may exhibit high natural lead content. Klusman and Edwards
(1977) measured toxic metals in ground water from the mineral belt of
Colorado and noted that the drinking water standards were violated in
14% of the samples for Cd, 1% for Cu, 2% for Hg, and 9% for Zn. It
may be noted that present water quality standards for toxic metals are
more stringent than those in use when Klusman and Edwards’ study was
conducted.

Of the 129 compounds and chemicals on the U.S. EPA’s Priority
Pollutant List, 13 are inorganic elements that have natural (background)
occurrence. These priority pollutants include: antimony, arsenic, beryl-
lium, cadmium, chromium, copper, lead, mercury, nickel, selenium,
silver, thallium, and zinc. The following list contains the natural sources
and minerals from which these elements may originate:

Element Natural Source of Minerals

Antimony Stibnite (Sb,2S3), geothermai springs, mine drainage
Arsenic Metal arsenides and arsenates, sulfide ores (arsenopyrite),

arsenite (HAsOz), volcanic gases, geothermal springs
Beryllium Beryl (Be3AlzSi6016), phenacite (Be2SiO4)
Cadmium Zinc carbonate and sulfide ores, copper carbonate and

sulfide ores
Chromium Chromite (FeCr204), chromic oxide (Cr203)
Copper Free metal (Cu°), copper sulfide (CuSz), chalcopyrite

(CuFeSz), mine drainage
Lead Galena (PbS)
Mercury Free metal (Hg°), cinnabar (HgS)
Nickel Ferromagnesian minerals, ferrous sulfide ores, pentladite

((Ni,Fe)9Ss), nickel oxide (NiO2), nickel hydroxide
(Ni(OH)3)

Selenium Free element (Se°), ferroselite (FeSe2), uranium deposits,
black shales, chalcopyrite-pentladite-pyrrhotite de-
posits

Silver Free metal (AGO), silver chloride (AgC12), argentide (AgS2),
copper, lead, zinc ores

Thallium Copper, lead, silver residues
Zinc Zinc blende (ZnS), willemite (ZnSiO4), calamine (ZnCO3),

mine drainage

Although nitrate in ground water is primarily of anthropogenic (cul-
tural) origin geologic N, that is, N associated with certain geologic for-
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mations of sedimentary origin, is also known (Boyce et al., 1976; Chalk
and Keeney, 1971). Chalk and Keeney found widely varying concen-
trations of NH~- and NO~- in Wisconsin limestones and suggested that
many limestones are potential sources of NO~- in ground water, and
hence base-flow contamination.

Kreitler and Jones (1975) reported nitrate levels in the ground water of
Runnels County, Texas, that reached values of 250 mg/1, well above the
drinking water standard of 10 mg/1. It was found that almost 80% of the
nitrate content leached from natural soil nitrogen as a result of cultivation
during the last 50 years.

Estimating Base-Flow Quality
The nature and concentrations of dissolved constituents in natural ground
water (base-flow contributions) are dependent on the composition of the
aquifers through which the ground water flows. The regional character-
istics of aquifers are described in a publication by Hem (1985). Depending
on the type of geology of the region, water may originate from primarily
carbonate formations, crystalline rocks, or sedimentary systems (Freeze
and Cherry, 1979). Furthermore, other regional characteristics such as
type of surficial vegetation, primarily forestation of the watershed and/or
degree of urbanization or agricultural land use, slope and elevation of
terrain, soil permeability, and precipitation amount and distribution will
affect ground-water and base-flow quality. In agricultural areas with ir-
rigation, ground-water (base-flow) quality is affected by irrigation return
flow. The new ecoregional approach to water quality grouping (Omernik
and Gallant, 1990; Galant et al., 1989) may provide new relationships for
regional base-flow quality determinations.

Mineral loads in base flow can be estimated using an approach devel-
oped by Betson and McMaster (1975). These authors correlated the water
quality of some undisturbed streams in the Tennessee Valley Authority
area using the following logarithmic functional relationship between the
quality and flow:

C = a(13.66 x Q/DA)t’ (7.12)

where
C = the concentration of a mineral constituent (mg/1)
Q = the stream flow (m3/s)
DA = the drainage area (km2)
a, b = empirically determined coefficients
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The two coefficients in Equation (7.12) were related to land use, soils,
and geological factors by a linear multiregression formula

a, b = NIF ÷ N2CR + N3S + N4I + NsU (7.13)

where
a, b = the coefficients just defined
F = the fraction of the watershed area that is forested
CR = the fraction of the watershed over carbonate rock
S = the drainage area fraction over shale-sandstone rock
I = the drainage area fraction over igneous rock
U = the drainage area fraction over unconsolidated sediments
N1,..., N5 = regression coefficients

The four independent geological variables simply allocate the drainage
area among the rock types present in the watershed and must sum one.

Table 7.7 shows regression coefficients for major mineral constituents
obtained by analysis of TVA watersheds. As stated by the authors, the
use of Equation (7.13) requires caution since constituent rating curves
(Eq. (7.12)) have been found to display a hysteric effect with seasons and
with rising and falling stages of the hydrograph (see Chapter 5 for an
explanation of the difference in concentrations for suspended solids).
Variations among watersheds are also influenced by other factors, as
previously mentioned.

Example 7.3: Base Flow Quality

Estimate base background nitrate content in a watershed with the fol-
lowing characteristics:

Specific flow Q - 0.005 m3/sec-km2
DA

% forest F = 25%
% carbonate rock CR = 5%
% sandstone S = 35%
% igneous rock I = 2%
% unconsolidated rock U = 58%

Solution Using the Betson and MacMaster concept, select the coef-
ficients from Table 7.7. Then the coefficients for the rating equation
become (Eq. (7.13))
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a = -1.13 x 0.25 + 3.52 x 0.25 + 1.02 x 0.35
+ 1.3 × 0.02 + 0.84 x 0.58

= 1.47
b = -0.70 x 0.25 + 0.262 × 0.25 + 0.899 × 0.35

+ 1.063 x 0.02 + 0.297 × 0.58
= 0.67

Hence, the nitrate concentration becomes (Eq. (7.12))

CNo; = a(13.66Q/DA)b = 1.47(13.66 x 0.005)0.67 = 0.24mg/1

IMPACT OF DIFFUSE POLLUTION ON
GROUND WATER AND BASE FLOW
There are many potential sources of ground-water contamination, in-
cluding septic tank systems, solid waste disposal, land disposal of sewage,
industrial wastes and sludge, agricultural and suburban irrigation, fertilizer
and pesticide application in agricultural and suburban land uses, leaks
and spills of chemicals and oils on the surface and from underground
leaking storage tanks, mining, and road deicing. Some of these sources
can be viewed as point sources of pollution. They are regulated and may
result in only a localized aquifer contamination. Other sources, such as
septic tanks and large-scale agricultural practices, are typical nonpoint
pollution problems still mostly unregulated. It has been estimated that
about 2% of aquifers have been contaminated (Lehr, 1981).

Effects of Septic Tank Disposal Systems

The term septic system is commonly used to describe a subsurface,
anaerobic sewage disposal that uses soil filtration and adsorption for
attenuating the effluent. Detailed information on ground-water impact
of septic tank disposal systems is contained in a publication by Canter and
Knox (1985).

Approximately 20 million residents, or 29% of the U.S. population,
dispose of their sewage by individual on-site systems. The total amount of
sewage and wastewater discharged to the subsurface in the United States
is 3 × 109m3/yr (U.S. EPA, 1977a, 1977b; Canter, Knox, and Fairchild,
1987). Apparently, septic tanks represent the highest total volume of
wastewater discharged directly to ground water and are the most fre-
quently recorded sources of contamination of ground water and surface
flow.

The amount of discharge from septic tank systems is. commonly es-
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TABLE 7.7 TVA Base-Flow Mineral Quality Model: Regression with Forest and Geological Variables

Regression Coefficient Value Statistics

Quality Regression Nl N2 N3 N4 N5 Standard
Parameter Coefficient Nb F C S 1 U R Deviation F

SiO2 a 64 - 1.26 5.42 6.78 10.2 8.95 0.64 1.69 8. ! I
b -0.135 0.051 0.099 0 -0.029 0.40 II. 114 2.26

Fe a 29 0.035 0.020 0.009 -0.008 0.387 0.95 0.1~4 42.25
b -0.173 0.272 0.104 -0.125 0.397 0.38 0.482 0.80"

Ca a 66 -8.52 53.9 13.4 8.32 8.41 0.85 9.0 31.42
b 0.064 -0.116 -0.203 -0.229 -0.005 0.32 0.153 1.32a

Mg a 66 -2.81 11.4 3.41 3.05 2.45 0.75 2.62 15.50
b -0.148 -0.145 -0.074 -0.104 0.513 0.67 0.197 9.99

Na a 44 -1.79 2.23 2.84 3.00 3.74 0.74 0.50 9.45
b -0.318 0.079 0.!22 0.110 -0.007 0.48 0.138 2.33

K a 44 -1.08 2.51 1.94 1.58 1.80 0.72 0.47 8.12
b -0.152 -0.195 -0.061 0.033 -0.158 0.20 0.254 0.32"

[tCO3 a 66 -22.8 200 35.3 26.8 21.8 0.86 32.1 34.67
b 0.110 -0.156 -0.294 -0.355 -0.139 0.35 0.132 1.71a



SO4 a 66 -7.41 9.15 12.5 7.90 9.56 0.39 5.35 2.19
b -0.302 0.103 0.155 0.272 0.592 0.49 0.274 3.69

CI a 66 - 1.86 3.21 2.95 2.58 3.81 0.60 0.93 6.68
b -0.171 0.010 0.088 0.099 0.067 0.24 0.14 0.72"

NO3 a 63 - 1.13 3.52 1.02 1.30 0.84 0.80 0.71 2!1. I 1
b -0.70 0.262 0.899 1.063 0.297 0.26 0.671 0.84~

TDS a 66 -39.0 195.6 68.5 55.5 57.7 0.84 30.6 28.42
b 0.016 -0.094 -0.146 -0.142 0 0.26 0.14 I).88"

CaCO3 a 66 -33.4 182.8 48.1 34.3 31.5 0.86 ~9.3 33.06
b 0.033 -0.150 -0.176 -0.222 0.131 0.49 0.151 3.78

Specific conductance a 46 - 145 357 180 142 128 0.88 54 26.74
b -0.015 -0.078 -0.134 -0.095 0.051 0.43 0.106 1.82"

pH a 65 -0.573 8.37 7.32 7.33 6.86 0.73 0.42 13.53
b -0.003 -0.010 -0.003 -0.013 -0.003 0.16 0.021 0.32a

Color                     a 63 -1.79 2.50 9.17 9.75 10.8 0.23 8.65 0.62"
b -0.376 0.211 0.339 0.204 0.448 0.32 0.364 1.26"

Source: After Betson and McMaster (1975).
aNot significant at 0.9 level.
ON is number of watershed analyses.
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timated as 280 liter/cap-day (75 gpcd). Septic tank effluents contain 40 to
80mg N/l, 11 to 31mg P/l, and 200 to 400mg/1 of BOD5 (Sikora et al.,
1976; Canter, Knox, Fairchild, 1987). Based on reported efficiencies of
soil absorption systems, Canter and Knox (1985) reported the following
typica! concentrations entering the ground water: BODs--28 to 84mg/1;
COD--57 to 142mg/1; ammonia nitrogen--10 to 78mg/1; and total
phosphates--6 to 9mg/1. Other ground-water constituents of concern
include bacteria, viruses, nitrates, synthetic organics, and toxic metals.
On the other hand, Brown et al. (1979) and Reneau and Petry (1976)
reported that organic matter (BODs, pathogenic microorganisms) and
phosphates were effectively removed by most properly designed and
permitted subsurface disposal systems and did not penetrate more than
1.5 m below the level of discharge or beyond the immediate vicinity of the
seepage field.

Nitrification is typically completed in seepage fields located in well
drained soils and the mobile nitrate-N will move into ground-water zones.
An investigation of nitrogen mass balance in Long Island, New York,
revealed that more 20% of the total nitrogen contribution from subsurface
disposal systems leached as nitrate-N into ground water (Andreoli et al.,
1979).

According to Fetter (1988) septic tanks are most likely to contribute to
ground-water contamination in areas where (1) there is a high density of
homes with septic tanks, (2) the soil layer over permeable bedrock is thin,
(3) the soil is extremely permeable such as gravel, or (4) the water table
is shallow, one meter or less below the surface. Typically, local ordinances
regulating permits for septic tank disposal do not pay enough attention to
the preservation of ground-water resources from pollution by septic tank
effluents. The standard percolation test simply favors highly permeable,
sandy, and gravel soils. Such soils do postpone the failure of the system
by hydraulic overloading; nevertheless, adsorption and the purifying
capacity of such soils is greatly reduced and pollutants can move down-
wards and contaminate the ground water. It also has to be realized that
most septic tank systems installed in the 1950-1970 period are now
exceeding their design life, which is typically 10 to 15 years. Use of man-
made organic chemical additives to prolong the life of the systems and/or
improve their impaired function resulted in organic contamination of
ground water (U.S. EPA, 1980).

Underground Storage Tanks

Underground leaking storage tanks are now considered to be a major
source of ground-water contamination by chemicals, especially those from
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petroleum hydrocarbons. Because there are so many underground tanks
(about 2 million) and only a few of them are corrosion resistant (Canter,
Knox, and Fairchild, 1987), the problem could be considered to be of a
diffuse nature that could reach regional rather than localized scope (for
example, New Jersey). The problem has received serious attention and
concern of the U.S. Environmental Protection Agency which, in 1985
created the Office of Underground Storage Tanks.

Buried gasoline tanks in service stations are the most common source
of the problem. The leaking tanks are a source of a number of aliphatic and
aromatic hydrocarbons in ground water (see Chapter 6 for a definition).
Many of these hydrocarbons are classified as priority pollutants.

Land Application of Water and Wastewater

Sewage and Wastewater Disposal
The "no pollution" policy of the Clean Water Act advocated in the 1970s
caused an increased interest in land disposal of liquid wastes such as
conventionally treated sewage effluents, processing plant wastes, animal
wastes and feedlot runoff, and sewage sludge. In many arid regions land
application of sewage helps alleviate shortages of irrigation water and is
even used to replenish the ground-water aquifers. The city of Tucson in
Arizona is reusing almost all of its municipal treatment plant effluent for
urban irrigation. The long-lasting drought in southern California in the
late 1980s and early 1990s increased demand for land disposal of sewage
as a means of water reuse.

Although the soil has a great capacity for attenuating contaminants,
the reclaimed wastewater from ground-water zones is obviously not of the
same quality as the native ground water (Bouwer, 1974). There are three
types of land applications of wastewater (Reed, Middlebrooks, and
Crites, 1988; U.S. EPA, 1980, 1984):

slow-rate systems
overland flow systems
rapid infiltration

The three systems are shown on Figure 7.7.
The slow-rate systems (SR) are most common in the United States for

treatment of municipal wastewater and effluent reuse in arid areas. In
Europe, these systems have been in use for centuries. Their hydraulic
loading rate is mostly matched to irrigation and nutrient requirements for
crops and soil permeability. In arid regions the hydraulic loading is
related to the irrigation requirement and prevention of salt buildup in
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FIGURE 7.7. Land application systems of sewage and wastewater. (A) Slow-rate
application. (B) Rapid infiltration. (C) Overland flow systems. (From Novotny et al., 1989.)

soils. These systems are essentially irrigation systems and have similar
problems with irrigation return flow and its impact on ground water and
base flow (see the next section on irrigation.). For the winter nongrowing
period, wastewater flows require storage. Of the three systems mentioned
the SR exhibits the highest nutrient removal due to the combined effects
of nutrient uptake by crops and attenuation by soils.

In overland flow systems (OF) wastewater is treated as it moves in
graded and maintained grassed and vegetated sloped areas and the treated
effluent is collected as residual runoff at the bottom of the slope. Perco-
lation of wastewater is not desirable and should be minimized by the
selection of slowly permeable soils, soil compaction, and/or locating these
systems over an impermeable subsurface stratum. Under these conditions
the impact of these systems on ground-water resources should be minimal.
These systems are similar to grassed buffer strips used for the treatment
of urban and agricultural runoff (see Chapters 10 and 11). Nitrogen
removal is accomplished by nitrification-denitrification processes and de-
pends on the BOD/nitrogen ratio. If the nitrogen in the effluent is
primarily in nitrate form, then the removal is minimal (Reed, Middle-
brooks, and Crites, 1988).

In contrast to OF systems rapid infiltration (R1) systems rely on the
infiltration and filtration of wastewater in permeable soils. If subsoils
are permeable, the effluent will reach ground water and, if improperly
designed, has the potential of becoming a cause of ground-water con-
tamination. Removal of contaminants in the upper soil layer is accom-
plished by physical-chemical interaction (adsorption) and biochemical
degradation (both aerobic and anaerobic). Vegetation and its nutrient
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uptake is not considered. Again if most of the nitrogen is in nitrate form,
the removal efficiency is greatly reduced.

Application
Sewage can be applied at a low rate in SR systems or a high rate for OF
and RI systems. The low application rates--in centimeters week--are
based on matching the nutrients from the applied wastewater with their
uptake by crops, which reduces nitrate accumulation and pollutant buildup
in soils. These systems present the minimal potential for the contamination
of ground-water resources and base flow. The disadvantage of low-rate
application systems is the large area requirement (approximately 30 ha of
land per 1000 m3/day of sewage).

The high-rate systems require only a fraction of the land needed for
low-rate systems. Since water in these systems is applied in excess of
evapotranspiration rate, a portion of the applied flow will leach into
ground-water zones. To minimize the impact on ground-water resources,
the land application systems should be designed and operated (a) to
obtain recharge water of the best possible quality (particularly with regard
to nitrogen), and (b) to restrict the spread of recharged water into the
native ground water (Bouwer, 1974; Reed, Middlebrooks, and Crites,
1988; U.S. EPA, 1981, 1984).

Problems and Restrictions
The problems associated with the land application of wastewater, es-
pecially RI systems, are similar to septic systems discussed previously;
however, much greater volumes of wastewater are concentrated in a
smaller area. Mobile pollutants, such as nitrates are of the greatest
concern, since evidence indicates that several other common contaminants
(BOD, pathogenic microorganisms, and phosphates) remain near the
area of application. Bacteria and viruses die off quite rapidly as waste-
water passes through the soil material (Bell and Bole, 1978; U.S. EPA,
1980, 1984).

Freeze and Cherry (1979) state that ground-water contamination by
mobile organics may become a serious problem. Treated wastewater
contains many dissolved organic compounds, and some of the potentially
dangerous components such as chlorinated hydrocarbons, may be created
by the treatment process itself. Since many of these compounds are not
biodegradable and can be partially mobile, their impact should always be
evaluated.

As shown on Figure 7.8, land application systems may contaminate all
three ground-water systems, that is, local, intermediate, and regional
aquifers. The portion of the aquifer that is recharged by treated waste-
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FIGURE 7.8. Possible routes of contaminants in ground-water systems.

water effluents should not be used as a source of drinking water and
should be restricted, and water should be taken out at some distance from
the recharge area (Fig. 7.9). This distancing could occur naturally as a
base flow into a nearby stream or lake, or artificially by drains (shallow            .
aquifer), or by wells (deep aquifer). After collection, water can be reused
for irrigation, recreation, aesthetics, or other nonpotable uses, or dis-
charged into receiving streams to augment their flows (Bouwer, 1974).
With such aquifer zoning and partitions, the portion of the aquifer between
the land application site and the point of discharge is used as a natural
filtration system.

Land Application of Sludge
Sludge generated by wastewater treatment facilities is commonly applied
to agricultural lands as a fertilizer and soil conditioner. The effect of the
land application of sludges on ground-water quality depends on the trans-
formation that occurs within the topsoil horizon and in unsaturated soils.
Although most toxic metals will be retained by the topsoil, the toxic
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FIGURE 7.9. Restriction of aquifer contamination by sewage application, natural
drainage (upper portion), and artificial drainage (lower portion) (according to Bouwer,
1974).

metal content of sludges is of concern. Concentrations of toxic metals in
wastewater sludges is much higher that those in raw wastewater.

Irrigation and Irrigation Retum Flow
Water applied to land either in the form of a treated effluent or as water
withdrawn from a nearby surface-water body contains certain dissolved
salts and dissociated ions. A portion of the irrigation water, after appli-
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cation on an irrigated area, is returned to the atmosphere by evapotran-
spiration. Since evaporated or transpired water has no salt content, there
is a subsequent salt and contaminant buildup in soils. The portion returned
to the atmosphere may range from less than 20% in high-rate application
systems in humid climatic conditions to almost 100% in low-rate appli-
cation systems in arid or semiarid climatic zones.

In order to maintain an acceptable salt content of soils to sustain crop
growth and the fertility of the soils, excess irrigation water must be
applied if natural precipitation is not sufficient to control salt buildup.
The excess water containing increased salinity and leachate from soils is
collected by drainage (natural or man-made) and/or will percolate into
ground-water zones. The irrigation tail water collected by drainage sys-
tems (Figs. 7.10 and 7.11) or leached into groundwater zone is called
irrigation return flow, and it represents one of the more serious problems
associated with diffuse pollution from agriculture.

The concentration of salts in water percolating through the soil root
level zone into irrigation return flow or to the ground water can be
computed from the following mass balance:

CiDi = Cd(Di- De) (7.14)
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FIGURE 7.11. Drainage ditch in agricultural fields. Drainage water often contains
pollutants leached from soils by percolated water and in irrigation return flows.

where
Ci = salt or conserved contaminant concentration of water or wastewater

used for irrigation
Di = amount of irrigation water, also including effective precipitation

(precipitation that is not lost as surface runoff)
Cd = salt or conserved contaminant concentration of water percolating

from the root zone downward
De, = amount of water used by evapotranspiration

The amount of excess irrigation water that has to be applied to control
salt or contaminant buildup in soil depends on the tolerance of crops to
the compound in soil water, the compound content in irrigation water,
evapotranspiration rate, crop uptake, and other losses from the system.
The leaching ratio is computed from Equation (7.14) as

Di      Cd_                           (7.15)
Cd- C,

The salinity of irrigation water is usually expressed as conductivity in
micromhos per centimeter (1000tamho/cm ~ 640mg/l m of total dis-
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solved solids--TDS). The salt tolerance of crops ranges from less than
500gmho/cm for salt-sensitive crops, such as most fruit trees and some
vegetables (celery, strawberries, or beans) to more than 1500 gmho/cm
for salt-tolerant crops, such as cotton, beets, barley, and asparagus.
Most common grain crops and vegetables have medium tolerance (500 to
1500 gmho/cm) to salts. The leaching requirement is then defined as

ECi Ci
LR - (7.16)

EC,~ Ca

where
ECi = electric conductivity of irrigation water
ECd = salt tolerance of crops or conductivity of drainage water

Combining Equations (7.15) and (7.16), the leaching ratio becomes

Di 1
_ (7.17)

De 1 -- LR

Although the irrigation return flow has been recognized as a water
quality problem, the Clean Water Act specifically excluded agricultural
runoff and irrigation return flows from the definition of pollution. How-
ever, there is no doubt about the pollution effects of these flows. Investi-
gations in central Wisconsin (Saffigna and Keeney, 1977) and elsewhere
(Burwell et al., 1976; Brown, 1975) revealed that nitrate concentrations
in the subsurface water in agricultural areas receiving irrigation are well
above the background level. In the Wisconsin study, nitrate-N concen-
trations ranged up to 56 mg/1.

However, Kreitler and Jones (1975) and Brown (1975) have docu-
mented that the nitrate in the ground water below irrigated fields origin-
ated from the natural soil organic nitrogen that was leached from the soil
as a result of cultivation and irrigation over a 50-year period. Nitrate
levels of the ground water below irrigated fields in Runnels County in
Texas reported by Kreitler and Jones have reached average values of
250 mg/1, and over 80% of it was attributed to native nitrogen leaching
from the soil. The presence of NH] in ground water usually indicates
incomplete nitrification of nitrogen in sewage. Similar conclusions were
reached by Brown for subsurface nitrate content in the irrigated fields of
the San Joaquin Valley in California.

The salinity problem is especially troublesome in arid zones of the
western United States. It must be realized that water in some streams can
be reused for irrigation several times, since downstream users irrigate
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mostly with irrigation return flows from upstream farms, with increased
salinity and pollution content at each reuse.

Example 7.4: Amount and Quality of Irrigation Return Flow

An agricultural field growing crops was irrigated by a treated effluent with
the following quality characteristics:

TDSm500mg/1 (EC = 781~tmho/cm)
nitrogen--10mg/1 (= g/m3)

The effluent was applied at a rate of 10 cm/week. The evapotranspiration
rate during the irrigation period (lasting 2 months) was 5 cm/week and
there was no appreciable precipitation during the period. The crop yield
was about 5 tonnes/ha and the nitrogen content of the crop was 20kg/
tonne (see Table 6.4 for yields and N contents of specific crops). Estimate
the amount and concentration of nitrogen leached into the ground water
and the salinity of the soil and drainage water (irrigation return flow).
The pH of the soil is around 7, which implies that ammonia volatilization
is minimal.

Nitrogen uptake assuming 4 months growing period

UPN = crop yield x nitrogen content/growing period
= 5 (tonnes/ha) x 20 (kg/tonne)/16 weeks
= 6.25 kg/ha-week = 6250 g/ha-week

Nitrogen input from the effluent is

0.1 (m/week) × 10,000 (m2/ha) × 10 (g/m3) = 10,000g/week-ha

Solution The amount of nitrogen leached can be obtained by subtracting
the plant uptake from the nitrogen input. For calcareous soil ammonia
volatilization should be also considered (see Eq. (6.31)). Hence

Nitrogen leached = 10,000 - 6250 = 3750g/week

Nitrogen concentration in the leachate is

Nitrogen leached 3750 (g/week) = 7.5 mg/1Cd~v = Volume of water leached = (0.1 - 0.05) × 10,000

Estimate the salinity of the leachate. Using Equation (7.17) the leaching
requirement factor is
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LR = 1 - De/Di = 1 - 5/10 = 0.5

and by combining Equations (7.16) and (7.17)

Ci 300
Ca = LR - 0.5 - 1000mg/1 = 15621amho/cm

Note: This example presumes no leaching of the original nitrogen
content of the soil. Examples 6.6 to 6.8 from the preceding chapter may
be used to approximately estimate mineralization and leaching of the soil
nitrogen.

Ground-Water Pollution from Solid Waste
Disposal Sites

In 1970 there were about 20,000 solid waste disposal sites in the United
States. However, only 6% were classified as sanitary landfills that do not
cause environmental problems and were properly operated. Today there
are few licensed and permitted landfills and the suitable landfill site is
very difficult to locate. Solid waste disposal sites are now sophisticated
engineering operations employing resource recovery (collection of meth-
ane and subsequent conversion to energy), collection of liquid wastes
(leachate) produced by the landfill with subsequent pretreatment and
treatment and daily covering of wastes with soil. A landfill site after
ceasing operation should be reclaimed. Figure 7.12 shows an example of a
well-operated landfill site in southeastern Wisconsin.

FIGURE 7.12. Omega Hill solid waste (refuse) disposal site in southeastern Wisconsin.

R0023407



430 Ground-Water and Base-Flow Contamination

However, for each well-designed and operated landfill there are hun-
dreds of abandoned unsanitary dumps of refuse and toxic chemicals
that are now causing ground-water contamination problems. During the
decade between 1970 and 1980, a large number of the landfills, including
some receiving radioactive wastes, were established. Stored and decom-
posing wastes and leaching from disintegrating drums left on these sites
will represent a serious problem for decades. In the United States, such
sites have been inventoried and if severe problems have occurred they
were classified by the U.S. Environmental Protection Agency as hazardous
waste disposal sites (so-called "Superfund" sites).

Although solid waste disposal sites are considered point sources of
pollution, leachate from unsanitary landfills and dumps may have polluted
large portions of adjacent aquifers and appear as contaminated base flow
in a diffuse manner. Furthermore, some dangerous toxic compounds are
commonly a part of the overall composition of the landfill leachate,
especially when the landfill is used for disposal of toxic chemicals. Table
7.8 shows the ranges in concentration for various chemical constituents
and the physical parameters of typical leachates from municipal solid
Waste disposal sites. It should be noted that in countries that use coal for
household heating, the composition of leachate may be quite different
from that typical for U.S. conditions (Johansen and Carlson, 1976).

TABLE 7.8 Leachate Characteristics from Municipal Solid Waste Disposal Sites

Median Value Ranges of All Values

Leachate (mg/1) (mg/l)

Alkalinity (as CaCO3) 3050 0-20,850
Biochemical oxygen demand (BODs) 5700 81-33,360

Chemical oxygen demand (COD) 8100 40-89,520

Copper (Cu) 0.5 0-9.9
Lead (Pb) 0.75 0-2.0

Zinc (Zn) 5.8 3.7-8.5

Chloride (CI-) 700 4.7-2500
Sodium (Na+) 767 0-7700
Total dissolved solids (TDS) 8955 584-44,900

Ammoniacal nitrogen (NH~) 218 0-1106
Total phosphate (po34+) 10 0-30

Iron (Fe) 94 0-2820
Manganese (Mn) 0.22 0.05-125

pH (pH units) 5.8 3.7-8.5

Source: After U.S. Environmental Protection Agency (1977b).
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Leachate Management and Minimization of
Ground-Water Impact
There are several general methods for managing leachate: natural attenu-
ation by soils, prevention of leachate formation, collection and treatment,
pretreatment to reduce volume and solubility, and detoxification of
hazardous wastes prior to landfilling. Leachate undergoes natural attenu-
ation by various chemical, physical, and biological processes as it migrates
through soil. Whether natural attenuation will be adequate to prevent
ground-water pollution should be evaluated for each site. The generation
of leachate can be minimized by restricting water from infiltrating the
landfill. This is accomplished by providing appropriate surface drainage
and/or placing an impermeable liner over the daily accumulation of
refuse. Another method of controlling leachate is to collect it at the
bottom of the landfill and treat it before discharging it into surface water
or the land. In most cases collected leachate must be pretreated by an
anaerobic biological treatment unit (anaerobic filter of suspended growth
reactors) before it is discharged into sewers. The high BOD strength of
the leachate makes it difficult to treat it in conventional aerobic treatment
units, and without pretreatment conventional biological treatment plants
could become overloaded.

Figure 7.13 shows a well barrier, which prevents leachate from reaching
the ground water. Newly constructed landfill requires a clay and geomem-

LEACHATE TO EVAPORATIO,.~

OR DISPOSAL

SURFACE LINING

ELL

TABLE

FIGURE 7.13. Control of ground-water pollution from landfills by creating a ground-
water depression barrier.
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brane lining and a suitable low permeability (clay) substratum to virtually
eliminate potential seepage of leachate into ground water.

Most regulations recommend or require that landfill sites are developed
on uplands rather than floodplains and in low-permeability soils. Geo-
logically such sites are difficult to find; however, the sites must also be
socially and politically acceptable. If the landfill receives hazardous (toxic)
waste, a TCLP extraction toxicity analysis must be performed. The solid
waste disposal site is then considered toxic (hazardous) if following the
application of the TCLP test the leachate (extract) from a representative
sample of waste contains any of the 52 listed toxic compounds in concen-
trations that exceed the limit (see the Appendix for the numerical values
of the TCLP criteria). The method and limits have been published by the
U.S. EPA (1986).

When leachate from a landfill reaches the saturated ground-water zone
it moves as a plume that spreads in the direction of the flowing ground
water. This process has been described in the preceding sections of this
chapter and shown in Figure 7.5. As the plume slowly moves, the concen-
trations of contaminants decrease owing to adsorption and retardation,
hydrodynamical dispersion, and biochemical degradation.

Tracing contaminated plumes from land disposal sites requires testing
the levels of certain water quality parameters. Although the most appro-
priate parameters may vary somewhat, depending on the types of solid
wastes deposited in the landfill, certain parameters have been found to be
generally suitable. Key indicators of the presence of leachate that have
been suggested by the U.S. EPA (1977c) are specific conductance, pH,
temperature, chloride ion, color, turbidity, and COD (TOC).

GROUND-WATER QUALITY MODELS

There are two types of ground-water quality models in present use
(Bachmat et al., 1978):

1. Predictive models, which simulate the behavior of the ground-water
system and its response to boundary inputs.

2. Resource management models, which integrate prediction with explicit
management decision procedures.

Predictive Models

The predictive models are primarily numerical even though electric
analogs or even physical modeling can be used for simulation of ground-
water quality systems. The numerical models are either deterministic
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analytical and computer-simulation models or stochastic (random walk,
etc.) models. The predictive models represent the vast majority of models
developed for ground-water-related problems (Bachmat et al., 1978;
Anderson 1979; Canter, Knox, and Fairchild, 1987).

The ground-water movement models, which are similar to models of
surface hydrology and water quality, can be either distributed parameter
(two- or three-dimensional) models or lumped-parameter models. A dis-
tributed parameter is one in which variables are determined at many
discrete locations throughout the system dictated by the breakdown of the
system into small uniform segments. In the lumped-parameter models
aquifer is treated as one uniform element, and only spatially averaged
values are considered.

Analytical models are developed by considering highly simplified con-
ditions or by using simplifying assumptions to obtain a solution of the
governing differential equations (hydraulic continuity and motion, and
mass continuity). The most common analytical solutions are those as-
suming steady-state and uniform systems. Some examples were presented
in the preceding sections of this chapter or in the literature (Bear 1979;
Anderson, 1979). Such models typically use the lumped-parameter
concept.

The Gelhar-Wilson (1974) model is presented here as an example of a
simpler analytical lumped-parameter model of water quality in an aquifer-
stream system. The authors of the model pointed out that when long-term
basinwide changes in ground-water quality are desired, spatial variations
become less important than temporal variations. The fluctuation of the
water table is represented mathematically by the following equation:

dh (7.18)p---~ = -q + ~ + qr- qp

where
h = average thickness of the saturated zone
p = average effective porosity
~ = natural discharge rate
q = natural outflow from the aquifer
qr = artificial recharge/unit area
qp = pumping rate/unit area
t = time

It can be demonstrated that q = a(h - ho), where ho is the elevation of
the river and

a = 3T/L2
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where
T = hoK = transmissivity of the aquifer
K = hydraulic conductivity
L = length of the aquifer

The change in concentration of a nonadsorbable pollutant is repre-
sented by an equation of the form

dc
ph--~ + (~ + qr + aph)c = ~CL + qrCr (7.19)

where
c = concentration
cL = concentration of the natural recharge
cr = concentration of the artificial recharge
~ = a first-order rate constant that accounts for degradation of the

contaminant

Dispersion is assumed to be negligible, which is a reasonable assumption
if only regional average concentrations are sought.

The hydraulic response time and the solute response are measures of
the lag observed in the response of the system to a given input. Hydraulic
response time (th) is defined as follows:

th = p/a (7.20)

The solute response time, to, is then

t¢ = pho/~o (7.21)

where ~0 = initial recharge rate. In general, t~ is time dependent, but can
be estimated from Equation (7.21). A representation of the model is
shown on Figure 7.14.

Gelhar and Wilson (1974) based their model on the concept of a well-
mixed linear reservoir. They postulated that aquifer response to a given
input would be similar to the response of a well-mixed linear reservoir.
They showed that the concentration of water leaving the aquifer is rep-
resentative of the average concentration within the aquifer. Therefore,
such a model is indeed suitable for determining the quality of ground
water discharging to surface waters provided that the simulated contami-
nant is not attenuated by adsorption in the aquifer zone. Such contami-
nants may include nitrates and chlorides.
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Since the Gelhar-Wilson model is based on a lumped-parameter con-
cept, it must be calibrated. For example, historical records of chloride
concentrations in wells or base flow can be used for calibration and
verification (Anderson, Eisen, and Hoffer, 1978).

Distributed-Parameter Mode/s
The distributed-parameter model differs from the simpler single linear
reservoir model by assuming that the aquifer is composited from a number
of linear reservoirs that are interconnected. Typically water continuity
and mass balance differential equations are written for each cell and
simultaneously solved. In almost all cases the equations are solved using
finite-difference approximation. A review of such models is included in
Canter, Knox, and Fairchild (1987), Anderson (1979), Bachmat et al.
(1978), Wang and Anderson (1982), or NCASI (1985), and others.
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Urban and Highway
Diffuse Pollution

As a result of increased traffic, congestion, higher pollution levels, littering,
reduced green space and the loss of other environmental amenities, living
conditions in many urban areas in the OECD region have become worse in
the past 20 years.

Organization for Economic Co-operation and Development (1991),
The State of the Environment, Paris

LAND-USE EFFECTS ON URBAN
NONPOINT POLLUTION LOADS

In the first half of this century deterioration of water quality due to
urbanization and urban sources was associated with point sources from
industrial and commercial operations and with domestic sewage. How-
ever, not until 1970 was it realized that a significant portion of pollution
from urban and urbanizing areas originated from nonpoint diffuse sources
such as construction, washoff of dust and dirt from impervious surfaces,
or sewage inputs from unsewered suburban areas.

Urban nonpoint sources have been identified as a major cause of
pollution of surface-water bodies by the U.S. EPA (U.S. EPA, 1984;
Athayde, Myers, and Tobin, 1986; Myers et al., 1985). In the 1988
Report to Congress (U.S. EPA, 1990a) it was stated that urban storm-
water runoff is the fourth most extensive cause of the impairment of the
water quality of the nation’s rivers and the third most extensive source
of water quality impairment of lakes. The combined sewer overflows

439
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(CSO’s) were the tenth most significant source of impairment for both
types of surface-water bodies.

Overflows from both separate storm sewers and combined sewer
systems are considered diffuse pollution, although in the United States
their discharges are regulated. For example, a permit system is used for
point sources (see Chapters 1 and 2 for legal classifications of point and
nonpoint diffuse sources and effluent discharge permits).

Diffuse-pollution generation in urban areas is quite different from
that in rural lands. Several factors cause the difference (Novotny and
Chesters, 1981):

1. Large portions of urban areas are impervious (Fig. 8.1), resulting in
much higher hydrological activity. The coefficient of runoff (defined
as a ratio of runoff volume to that of rainfall) is generally directly
proportional to the degree of imperviousness (Fig. 8.2). Hence,
urbanization increases the volume of runoff.

2. The hydrological response of the watershed to precipitation is faster,
which decreases the time of concentration. As a result the runoff

FIGURE 8.1. Highly impervious urban areas are one of the largest sources of diffuse
pollution.
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peaks are increased (typically two to five times) over those for
the predevelopment period. This may greatly increase the flooding
potential, hence, many communities have enacted strict runoff control
ordinances (for example, metropolitan Chicago).

3. Urbanization commonly decreases ground-water levels. Ground-water
levels are lowered by the installation of sewers and consequent sewer
infiltration-inflow inputs, and by drainage below the ground levels of
buildings. As a result, base flow of many urban streams may decrease
to the point where some smaller headwater urban streams may become
ephemeral or the flow in them may consist of predominantly undiluted
sewage and wastewater effluents (effluent-dominated streams).

4. Except for construction sites, most pervious land surfaces in residential
areas and in urban areas east of the Mississippi River are protected by
lawns and other vegetation and, consequently, erosion is reduced.
However, increased volume and peak flow due to urbanization causes
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the velocities in the streams to become faster, resulting in increased
stream-bank erosion. Excessive fertilizer and pesticide applications
onto urban and suburban lawns also represents a water quality prob-
lem. In the urban centers located in the arid regions of the world,
including southwestern portions of the United States, erosion of per-
vious lands can be quite intensive, especially when water use restric-
tions on lawn irrigation are imposed. Rainfall, although rare, may
have devastating erosion potential.

5. Over a longer period of time (for example, a year), in areas with
storm sewers, all of the pollution deposited on impervious surfaces
that has not been removed by street cleaning, wind, or decay will
eventually end up in surface runoff. Thus the street solids accumu-
lation, as well as accumulation on other impervious urban surfaces
represents a limited source of predominantly particulate pollutants.
On the other hand, soil is an infinite pool of sediments and potential
pollutants in nonurban and suburban areas and in construction zones.
The removal of sediments and pollutants from pervious lands into
runoff depends on the energy of the rainfall (in addition to other
factors, such as the soil, slope, and vegetation cover characteristics
described in Chapter 5). The contributions of pollutants washed off
from impervious surfaces and additional loads of overfertilized and
contaminated soils change the character and the type of pollution from
that of the predevelopment period.

6. The frequency of pollution-carrying runoff events is greatly increased
in developed watersheds with higher imperviousness. On the other
hand, nonpoint pollution loads from pervious lands (crop lands, wood-
lands, urban lawns, and parks) occur only during very large storms or,
to a lesser degree, during frozen ground conditions in the spring.

7. Polluted runoff from impervious urban surfaces is generated during
rainfall that exceeds a certain minimal threshold value of depression
storage, which is about 1 to 2mm in areas drained by separate storm
sewers. The threshold value for overflows from combined sewers is
somewhat greater due to the fact that a portion of storm runoff is
diverted to the treatment plant. In rural areas or areas with large
pervious surfaces, polluting surface runoff events are only generated
during large hydrologically rare storms and snowmelt.

Urbanization increases both pollution loadings and flooding; conse-
quently, similar practices may be used to remedy both problems.

Comprehensive reviews of sources of pollution of urban runoff and
combined sewer overflows were presented by Lager et al. (1977), Ellis
(1986), and by Waller and Hart (1986). Ellis compiled information on
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both North America and European cases. The edited book by Torno,
Marsalek, and Desbordes (1986), which contains the latter two papers,
is a comprehensive treatise dealing with the urban runoff problem.
Also proceedings of the IAHR-IAWPRC conferences on urban runoff
management (Yen, 1982; Balm6r, Malmqvist, and Sj6berg, 1984; Gujer
and Krejci, 1987; Iwasa and Sueishi, 1990) contain numerous articles
dealing with the quality of urban runoff and its characterization.

The pollutant loads from urban areas are strongly affected by drainage.
The smallest pollutant loadings are typical for suburban areas with
so-called natural surface drainage and sanitary sewers. The highest pol-
lutant loadings are emitted from highly impervious, densely populated (or
heavily used) urban centers with separate or combined sewers. As was
pointed out in Chapter 1, and will be further elaborated in this chapter,
the total pollution impact of overflows from areas served by combined
sewers (without CSO abatement) and separate storm sewers may be
about the same for many conventional pollutants. This is due to the fact
that a substantial portion of storm water in combined sewer systems does
not overflow and is conveyed to treatment.

URBAN LAND USE AND MAGNITUDE OF
DIFFUSE POLLUTION

As pointed out in Chapter 1, typical urban land uses include

Residential land (low, medium, and high density)
Commercial land use
Industrial land use
Other developed (large parking areas, sport complexes) lands
Open lands (parks, golf courses, idle urban lands)
Transportation (airport, railroad, vehicular traffic)

Since this categorization is insufficient to express the impact of land-use
activities on the magnitude of pollution loads emitted from these lands,
Marsalek (1978) found it more appropriate to divide the land producing
nonpoint pollution into more specific categories, such as:

¯ Land-Use Group I: Low Pollution Loads. This category includes
low-and medium-density residential land uses (<125 people/ha) and
limited-nuisance industrial activities (wholesale, warehouses).

¯ Land-Use Group H: Intermediate Pollution Loads. Typical land uses in
this category include high-density residential (>125 people/ha) and
commercial land use.
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¯ Land-Use Group III: Highest Pollution Loads. Typical land uses in-
clude medium- and high-intensity industrial uses.

¯ Land-Use Category IV." Lowest Pollution Potential. Typical land uses
include parks and playgrounds. In many cases pollution loads from
these lands are negligible.

The land-use impact applies only to unit loadings of pollutants. A
statistical analysis of data collected during the pilot studies of the Nation-
wide Urban Runoff Program (NURP), sponsored by the U.S. Environ-
mental Protection Agency (1983), found no significant statistical difference
between the mean concentrations of pollutants in urban runoff among the
typical urban land uses. This finding is elaborated further in the section
titled "Nationwide (NURP) Characterization of Urban Runoff Quality."

Sources and Magnitude of Urban Diffuse Pollution

It is not the land itself or land use per se that causes pollution. Pollution is
caused by various boundary inputs and polluting processes and activities
that occur on the land. The inputs and processes that are the cause of
urban diffuse pollution are:

¯ Pollution contained in precipitation
¯ Erosion of pervious lands
¯ Accumulation of dry atmospheric deposits (dust) and street dirt and

subsequent washoff from impervious surfaces. The sources of the
accumulate pollutants are:

Dry atmospheric deposition
Street refuse accumulation, including litter, street dust and dirt, and

organic residues from vegetation and animal population
Traffic emissions

¯ Solids accumulation and growth in sewers
¯ Leaching of pollutants from septic systems and other sources, such as

landfills, onto surfaces and into ground water and subsequently into
storm drainage

¯ Application, storage, and washoff of deicing and other chemicals
¯ Application of pesticides and fertilizers onto grassed urban lands
¯ Discharge of pollutants, such as car oil, detergents, and other house-

hold and commercial solvents and chemicals, into the drainage systems
¯ Cross-connections of sewage and industrial wastes from sanitary sewers,

failing septic tanks, and other sources, into storm sewers
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Figure 8.3 schematically shows the sources of diffuse pollution and the
process of accumulation.

Unit Loads of Pollutants

Definition
As first defined in Chapter 1, a unit load is a simple value or function
(sometimes termed export coefficient) expressing pollutant generation per
unit area and unit time for each land use or averaged over the entire
contributing basin. The units are usually expressed in kilograms or tonnes
per hectare per year or season. In urban areas the unit loads are com-
monly expressed in mass per unit length of curb (g/m = kg/km or lb/ft).
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FIGURE 8.4. Relationship of curb length density to total imperviousness of urban areas.
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A strong correlation exists between the curb density and the percent
of imperviousness of residential areas, as shown on Figure 8.4. The
American Public Works Association (1969) developed a regression for-
mula between the curb length of urban areas and population density
based on analysis of many American cities. The resulting equation (con-
verted to metric units) was

CL = 311.67 - 266.07 x 0.839(2’~s Po~ (8.1)

where
CL = curb length (m/ha)
PD = population density (person/ha)

As pointed out by Novotny and Chesters (1981), unit loads established
by measurements or by simulation are variable, often expressing averages
from a wide range of measured values. The variations are not only caused
by randomness of the process but may also include some cyclic (periodic)
and systematic factors and trends, such as seasonal variations, geo-
graphical differences, meteorological and land cover factors, soil charac-
teristics, and reliability of measured data due to insufficient frequency of
measurements and measurement errors. However, the NURP study of
the quality of urban runoff was unable to statistically identify a nationwide
effect of any systematic factors on the unit loads except imperviousness,
which affects the runoff volume and, consequently, the unit loads.

The unit loads can also be estimated by modeling. The same reser-
vation applies to simulated unit loads; however, some variability factors
are usually included in the models and are respected.

Measured Unit Loads
A number of studies provided measured unit loads from various types of
urban lands. Several studies compiled the measured data into ranges and
averages that have been subsequently related to the type of land use.

The first comprehensive and now classic study of urban pollution
loadings by storm water and combined sewer overflows was conducted by
the American Public Works Association (1969). This study identified and
quantified sources of pollution by urban runoff, including air pollution,
street refuse, .catch basins, and sewer systems themselves. The data
analyzed by the study were mostly from Chicago, Illinois.

Sartor and Boyd (1972) conducted a similar study and analyzed data
from several U.S. cities. They noted that the pollutant accumulation in
curb storage is not constant, but exhibits a decreasing rate of increase,
that is, there is a certain limiting value of pollutant accumulation that is
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related to land use. The total accumulation of pollutants converted to
grams/meter of curb length are presented in the following list (after
Sartar and Boyd (1972)):

Land Use Curb Loading (g/m)

Residential 339
Industrial 790
Commercial 82
Overall 395

Ellis (1986) presented values and ranges of accumulation of street-
surface pollutants (Table 8.1). It can be seen that some 20% to 40% of
the accumulated material is organic; however, it is not easily biodegrad-
able, being derived from leaf and wood litter, and rubber and bituminous
road-surface materials. The high bacterial values recorded in the street-
surface solids can largely be ascribed to animal feces. The high metal
content of highway solids reflects traffic emissions.

The most comprehensive compilation of unit loads based on measured
values to date is the one prepared by the Midwest Research Institute
(McElroy et al., 1976). The manual contains estimates and estimation
procedures for unit loads of sediment from erosion and impervious
urban surfaces, nutrients and organic matter, pesticides, heavy metals,
terrestrial disposal, and background emissions of pollutants. For devel-
oped urban areas the unit load is related to the curb density factor as

Y = CD * L (8.2)

TABLE 8. I Solids Accumulation and Associated Pollutant Concentrations in Urban Areas

Residential Light
Land Use Low Density High Density Commercial Industrial Highways

Solids accumulation 10-182 30-210 13-180 80-288 13-1100
(g/curb m)

Pollutant    BOD~ 5260 3370 7190 2920 2300-10,000
concentration COD 39,300-40,000 40,000-42,000 39,000-61,73025,100 53,650-80,000
(~tgig) Tot.N 460-480 530-610 410-420 430 223-1600

Pb 1570 1980 2330 1390 450- 2346
Cd 3.2 2.7 2.9 3.6 2.1-10.2

Fecal Coliforms 60,570-82,50025,621-31,800 36,900 30,700 18,768-38,000
(MPNig)

Source: After Ellis (1986).
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where
Y = loading of pollutant in kg/ha per storm event
CD -- curb density in km/ha
L = measured or estimated pollutant loading-rate curb load of the

pollutant in g/m

The manual by McElroy et al. provides loadings of sediments for typical
urban areas located in four different geographical locations in the United
States. To obtain loads of pollutants associated with sediments, the
equation is multiplied by a given concentration of the pollutant on
the sediment. These concentrations have sometimes been called potency
factors.

Marsalek (1978) compiled the data measured by PLUARG (Pollution
by Land Use Activities--Reference Group of the International Joint

TABLE 8.2 Unit Loads of Pollutants from PLUARG Studies

Land Use Land Use Land Use Land Use
Constituent Category I Category II Category III Category IV

Storm Sewers
BOD 34 90 34 1.12
N 9 11.2 7.8 0.22
P 1.6 3.4 2.2 0.04

SS 390 360 672 11.2
Cd 0.013 0.016 0.024 0.002

Cr 0.026 0.028 0.044 0.003

Cu 0.045 0.049 0.077 0.007
Hg 0.038 0.043 0.065 0.006
Ni 0.029 0.032 0.030 0.004
Pb 0.157 0.174 0.269 0.022
Zn 0.570 0.630 0.980 0.081

Combined Sewers
BOD 134.0 293 112 1.6
N 31.5 36.5 34.5 1.1
P 10.2 11.6 10.9 0.34
SS 773 672 740 11.2
Cd 0.016 0.017 0.027 0.002
Cr 0.028 0.031 0.048 0.003
Cu 0.064 0.071 0.109 0.009
Hg 0.043 0.047 0.073 0.006
Ni 0.034 0.037 0.057 0.004
Pb 0.162 0.180 0.277 0.022
Zn 0.640 0.703 1.088 0.090

Source: Based on data from Marsalek (1978).
Note: In kg/ha-year.
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Commission) and other estimates (such as the APWA study mentioned
previously and measured data from the Canadian Great Lakes) and
related them to the four land-use categories defined on the preceding
pages. Table 8.2 provides some of the unit loads by Marsalek.

Beaulac and Reckhow (1982) compiled, measured, and published unit
loadsfrom various nonurban land uses and from general urban land-use
types. The ranges of unit loads of phosphorus for urban lands were 0.5 to
6.25 kg/ha-year (average lkg/ha-year), and those for nitrogen were 1 to
38.5 kg/ha-year (average 5 kg/ha-year), respectively.

Similarly, Uttormark, Chapin, and Green (1974) compiled ranges of
nutrient export from urban watershed that were 2 to 9kg/ha-year for
nitrogen and 1.1 and 1.2kg/ha-year (only two values reported) for phos-

TABLE 8.3 Unit Loads of Pollutant from PLUARG Experimental Watersheds

Developing
Pollutant General Urban ResidentialCommercial Industrial Urban

Suspended solids 200-4800 620-2300 50-830 450-1700 27,500
Total phosphorus 0.3-4.8 0.4-1.3 0.1-0.9 0.9-4.1 23
Total nitrogen 0.2-18 5-7.3 1.9-11 1.9-14 63
Lead 0.14-0.5 0.06 0.17-1.1 2.2-7 3
Copper 0.02-0.21 0.03 0.07-0.13 0.29-1.3 --
Zinc 0.3-1.0 0.02 0.25-0.43 3.5-12.0 --
Chloride 130- 750 1050 10-150 75-160 --

Source: After Sonzogni et al. (1980). (Copyright (~ 1980 by the American Chemical Socie~. , reprinted
by permission.)

Note: In kg/ha-year.

TABLE 8.4 Unit Loads of Pollutants from New Jersey
Residential Watersheds

Unit Loads in kg/ha-year

Single-Family Multiple -Family
Housing Housing

BOD5 16.7 73.6
Total P 1.2 8.0
Lead 2.3 1.0
Zinc 1.3 2.0
Copper 0.4 0.5
Nickel 0.3 0.12
Chromium 0.11 0.09

Source: After Whipple et al. (1978).
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TABLE 8.5 Unit Loads of Pollutants from Homogenous Urban Watersheds Located in
Milwaukee, Wisconsin (excluding winter months December to March)

Land Use Suspended Solids Total Phosphorus Total Lead

Freeways 979 1.04 4.96

Industrial 957 1.49 2.70

Commercial 957 1.49 2.70

Parking lots 453 0.78 0.96

High-density residential 487 1.12 0.90

Medium-density residential 216 0.58 0.24

Low-density residential 11 0.04 0.01

Parks 3 0.03 0.006

Source: After Bannerman et al. (1984).

Note: In kg/ha-year.

phorus, respectively. These ranges wereconsistent with. Beaulac and
Reckhow’s compilation of a large database. Sonzogni et al. (1980)
summarized the PLUARG watershed data and provided the unit loads of
pollutants that are included in Table 8.3. Whipple, Hunter, and Yu
(1978) measured the unit loads shown in Table 8.4 in residential water-
sheds located in New Jersey.

The National Urban Runoff Project (NURP) research conducted
in Milwaukee, Wisconsin (Bannerman et al., 1984) measured pollutant
loads from very small homogenous urban watersheds. The study also
attempted to determine the effect of street sweeping on pollutant loads,
which was found to be insignificant (see Chapter 10). The measured
pollutant loads are given in Table 8.5.

INDIVIDUAL SOURCES OF POLLUTION

At the beginning of the preceding section on unit loads it was emphasized
that it is not the land that produces pollutant loadings. Pollution is caused
by boundary pollution inputs and by polluting land uses and land-use
activities by man taking place on the land. A number of publications
describe individual sources of pollution by urban runoff (Lager et al.,
1977; Novotny and Chesters, 1981; Ellis, 1986; James and Boregowda,
1986; U.S. EPA, 1984).

Atmospheric Deposition

Atmospheric deposition of pollutants is generally divided into wet and
dry or bulk (combined) surface loading. Atmospheric deposition of pol-
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lutants is a boundary input caused by local or distant air-pollution emis-
sion sources. Both industrial (urban and transportation) and agricultural
activities may contribute to the pollution content of atmospheric deposits.
As pointed out in Chapter 4, rain droplets and snowflakes absorb pol-
lutants from the atmosphere, including acid-forming components.

As shown in Chapter 4, in most larger cities the deposition rate of
atmospheric particulates in wet and dry fallout range from 7 tonnes/km2-
month (= gm/m2-month) to more than 30 tonnes/km2-month. As ex-
pected, higher deposition rates occur in congested downtown and in-
dustrial zones, and lower rates are typical for residential and other low-
density suburban zones.          "

Halverson et al. (1982) measured the pollutant content of precipitation
in a nonindustrial urban area in central Pennsylvania (population about
100,000). The loads presented in Table 8.6 were divided into wet deposi-
tion (by rainfalls) and bulk deposition (wet + dry deposition). Similarly,
Ng (1987) studied the relationship between rainfall chemistry and the

TABLE 8.6 Atmospheric Deposition in an Urban Area in
Pennsylvania

Constituent Wet Deposition Bulk Deposition

Total N 0.13 0.20
Total P 0.006 0.006
Lead T T
Cadmium T T
Copper T T
Zinc T T

Source: After Halverson et al. (1982).
Note: In kg/ha-year.

TABLE 8.7 Atmospheric Deposition in an Urban Area in
Ontario

Constituent Wet Deposition Storm Runoff

Total N 0.06 0.06
Total P 0.002 0.005
Lead 0.001 0.004
Cadmium 0.0003 0.0005
Copper 0.002 0.001
Zinc 0.004 0.012

Source: After Ng (1987).
Note: In kg/ha-year.
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water quality of urban runoff in an urban catchment with prevailing
industrial land use located in Burlington, Ontario, Canada. Rainfall
was found to be a significant source of nitrogen (nitrite, nitrate, and
ammoniacal N), copper, and nickel. For other measured pollutants
(phosphorus, cadmium, chromium, lead, and zinc) rainfall contributions
were insignificant. Table 8.7 presents the loads measured by Ng.

Extensive information on concentrations and wet and dry depositions
of pollutants related to land use are contained in the report by Pitt and
Barron (1989). Novotny and Kincaid (1982), and Randall et al. (1982),
reported chemical composition of precipitation for various urban and
suburban land-use types.

In residential areas, the fugitive dust (dry deposition) mostly originates
from surrounding soils, construction sites, refuse disposal sites, and
from biological sources (pollen, spores, and other organic residues).
The average composition of dustfall and the deposition rate observed in
Milwaukee, Wisconsin, experimental watersheds in the early 1980s is
given in the following lists (after Bannerman, 1984):

Average Wet Deposition Characteristics
Suspended solids 4.0 mg/1
Organics (VSS) 1.0 mg/1
Organics (COD) 7.0 mg/1
Total nitrogen 0.9 mg/1
Total phosphorous 0.015 mg/1
Total lead 0.012 mg/1
Ph 4.2

Dry Deposition December-May June-November

Atmospheric fallout rate 0.6 0.43

(solids), kg/ha-day
COD, kg/ha-day 0.23 0.16
Total phosphorus, g/ha-day 0.55 0.47
Total lead, g/ha-day 0.52 0.51

Sulphate, g/ha-day 25.0 20.0

Pitt (1979), after an extensive study in the San Francisco Bay area,
concluded that a majority of deposited street dust particles are related
to local geological conditions, with added fractions from motor vehicle
emissions and road wear. Most of the street refuse particles originate
from local erosion of soils and are transported by air.
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A study of dry atmospheric deposition in an industrial valley located in
Milwaukee, Wisconsin (Anon., 1981) showed that fugitive dust emissions
and transport are also the major sources of dry deposition from the
atmosphere. The origin of dustfall (particles less than 60gm are con-
sidered dust in most urban pollution studies) in the central city-- down-
town locations are mostly from unpaved roads and parking lots, unpaved
railroad rights-of-way, uncovered material storage sites, construction
and demolition sites, dirty paved roads, urban refuse (garbage) disposal
landfill operations, and industrial park emissions.

Lead, which is associated with the combustion of leaded gasoline (in
the United States the use of leaded gasoline was phased out during the
1980s), is transported with atmospheric particulate matter. The influence
of traffic using leaded gasoline on lead concentrations is profound and
a significant reduction has been achieved after switching to unleaded
gasoline. Cadmium, strontium, zinc, nickel, and many organic hazardous
chemicals are also transported with atmospheric aerosols, and can be
found in the atmospheric fallout.

Street Refuse Deposition

Particles that are larger in size than dust (>60gm) are considered as
street refuse or street dirt. In the NURP studies, these deposits were
divided into median-sized deposits (street-dirt particle size ranges 60 gm
to 2mm) and litter (>2mm). Litter deposits contain items such as
cans, broken glass, bottles, pull tabs, papers, building materials, plastic,
garbage, parts of vegetation, dead animals and insects, animal excreta,
and the like. The sources of street dirt are numerous and often very hard
to control. Although originally most of the street refuse deposition occurs
in larger sizes (greater than 3 mm), it is reasonable to assume that a part
of dust originates from the mechanical breakdown of larger litter particles.

Vegetation Inputs

In residential areas, fallen leaves and vegetation residues including grass
clippings dominate street refuse composition during the fall season (Fig.
8.5). During defoliage in the fall a mature tree can produce from 15
to 25 kg of organic leaf residue (dry weight) that contains significant
amounts of nutrients (Heaney and Huber, 1973). During the growing
season trees can enrich the throughfall (rainwater that penetrates the
canopy) with nutrients and organics (Halverson, DeWalle, and Sharpe,
1984). A typical value of foliage and leaf fallout for a forested area in
Minnesota with about 420 trees/ha is about 3.8 tons/ha-year or about
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FIGURE 8.5. Leaf fallout in urban areas and its washoff into storm sewers is a source of
large urban loads of biodegradable organics. (Photo: V. Novotny.)

9 kg/tree. Of the yearly values, about 65% of the fallout occurs during the
fall. The fallen leaves are about 90% organic and contain about 0.04% to
0.28% of phosphorus.

Only a portion of the vegetation residue that accumulates on imper-
vious surfaces is a pollution threat to surface waters. Vegetation fallout
on soils becomes an integral part of the soil composition, and in most
cases may even improve soil permeability and erosion resistance.

Traffic

Motor vehicular traffic is directly responsible for the deposition of sub-
stantial amounts of pollutants, including toxic hydrocarbons, metals, and
asbestos, in addition to oils. The particulates contributed by traffic are
primarily inorganic. Most of the traffic exhaust pipe emissions are dust
size (<60 l.tm). However, vehicle exhaust pipes are not the only source of
traffic-related pollution. Tire wear, solids carried on tires and vehicle
bodies, wear and break down of parts, and loss of lubrication fluids add
to the pollution inputs contributed by traffic. The subsequent section on

R0023433



456    Urban and Highway Diffuse Pollution

sources of toxics presents various sources of toxic materials in urban
runoff, including those from traffic.

Only a small portion (<5%) of traffic-related pollution can be directly
traced to vehicle emissions. However, the pollutants that motor vehicles
emit are among the most important because of their potential toxicity.

In addition to traffic density and vehicle pollutant emissions, pavement
conditions and compactions are significant in determining the traffic im-
pact on pollutant loads. Streets paved entirely with asphalt have loadings
of about 80% higher than all concrete streets (Sartor and Boyd, 1972).
Streets whose conditions were rated as "fair to poor" were found to
have total solids loadings 2.5 times greater than those rated "good to
excellent." Similar conclusions were also reported by Pitt (1979).

A study by Shaheen (1975), in the Washington, D.C., metropolitan
area quantified the traffic contributions to nonpoint pollution. Table 8.8
shows the composition of traffic-related emissions by Shaheen. Shaheen’s
study estimated that approximately 0.7g/axle-km of roadway solids can
be directly attributed to traffic. In another EPA study, direct traffic
emissions were reported to be 0.2 g/vehicle-km from vehicle exhaust and
0.125 g/vehicle-km from tire wear (U.S. EPA, 1977).

In research sponsored by the Federal Highway Administration,
Strecker et al. (1987) summarized data on the quality of runoff from
highways. Average concentrations of constituents in highway runoff are
given in Table 8.9. Bannerman (1991) has found that the average con-

TABLE 8.8 Traffic Emissions

Percent of Total Solids
Pollutant by Weight

Volatile solids 5.1
BOD5 0.23
COD 5.4
Grease 0.64
Total P 0.06
TKN 0.016
Nitrate 0.008
Asbestos 3.6 * 105 fibers/g
Lead 1.2
Chromium 0.008
Copper 0.012
Nickel 0.019
Zinc 0.15
Emission rates of total solids 0.671 g/axle-km

Source: Based on data from Shaheen (1975).
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TABLE 8.9 Average Concentration of Pollutants in High-

way Runoff

Mean Concentration Coefficient of
Constituent (mg!1) Variationa

Suspended solids 143 1.16
Total Kjeldahl N 1.8 0.97
Lead 0.53 2.01
Zinc 0.37 1.37

Source: Based on data from Strecker et al. (1987).

~The coefficient of variation is a ratio of standard deviation to the
mean.

centration (event mean concentration--see the section titled "Statistical
Quality Characteristics of Urban Runoff" for a definition) of metallic
toxic pollutants can be correlated to traffic volume (Fig. 8.6).

Particle-Size Distribution of Street Refuse

Table 8.10 and Figure 8.7 indicate that most street refuse is in coarser
fractions, roughly in sizes equivalent to sand and gravel. However, most
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FIGURE 8.6. Relationship of even mean concentrations of some metals to traffic density.
(Bannerman, 1991.)
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TABLE 8.10 Percent of Street Pollutants in Various Particle-Size Ranges

Particle Size (lam)

Pollutant >2000 840-2000 240-840 104-240 43-104 <43

Total solids 24.4 7.6 24.6 27.8 9.7 5.9
Volatile solids 11.0 17.4 12.0 16.1 17.9 25,6
COD 2.4 4.5 13.0 12.4 45.0 22.7
BOD5 7.4 21.1 15.7 15.2 17.3 24.3
Phosphates 0 0.9 6.9 6.4 29.6 56.2
All toxic metals 16.3 17.5 14.9 23.5 -- 27.5
TKN 9.9 11.6 20.0 20.2 19.6 18.7
All pesticides 27.0 73.0
PCBs 66.0 34.0
Source: After Sartor, Boyd, and Agardy (1974).
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pollutants, as they are in soils, are associated with fine fractions. For
example, 6% of solids with sizes less than 43 gm (equivalent to clay and
silt fraction in soils) contain more than 50% of phosphorus.

Street cleaning practices are selective for coarser particles, while street
washing and surface runoff are selective for finer particles. Chapter 10
discusses the efficiency and water quality impact of street sweeping.

Use of Deicing Chemicals

During winter in snowbelt urban areas (approximately the northern half
of the United States, all mountain states of the United States, and the
northern two-thirds of Europe and the high mountain areas of southern
Europe), road deicing salts and sand are applied to road surfaces in
addition to snow plowing and removal to provide safe and desirably bare
pavement driving conditions. In the United States road deicing salts are
applied at rates of 75 to 330kg/km of highway (street) lane. As an
example, in 1984, 40,000 tonnes of salts were applied in Milwaukee,
Wisconsin, and during the 1981-~1984 period the average seasonal appli-
cation was 12 tonnes of salt per kilometer of street. Most of the applied

FIGURE 8.8. Urban diffuse pollution during the winter in snowbelt area: Milwaukee,
Wisconsin. (Photo: V. Novotny.)
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salt in Milwaukee ended up in three relatively small urban streams and
ground-water aquifers. Figure 8.8 shows a typical street in Milwaukee
after a snowfall and salting.

Salt usage varies among communities. For example, the use of salt in
nearby Madison, Wisconsin, is about one-third of that of Milwaukee. The
leading states in highway salt consumption in the United States are
Minnesota, Michigan, New York, Ohio, and Pennsylvania. Public pres-
sure is directing the municipal and state legislatures to adopt ordinances
curtailing salt usage.

Currently, according to information provided by the Salt Institute, the
road salt used in most of the northern United States is primarily sodium
chloride (about 98%) with added calcium chloride and calcium sulfate. In
the past, cyanide compounds and phosphate additives were present in
commercial highway deicing salts to control corrosion and to minimize
caking; however, due to the severe environmental implications, the use of
such toxic and environmentally dangerous additives has been eliminated.
Marine salts have proved to be comparable in cost to rock salt and have
been used in some New England states (Field et al., 1974).

Extremely high concentrations of salt on street surfaces and in runoff
(often more than 20g/l, which is comparable to or greater than the salt
content of sea water) are a major cause of vehicular corrosion and
infrastructure deterioration. Most of the metal loss due to corrosion
is incorporated in the snowmelt runoff. Other pollution-causing effects
include damage to road surfaces and parking lot pavements. High levels
of salts are also damaging to soil, vegetation, and ground water. Oberts
(1986) noted that significant amounts of phosphorus, lead, and zinc can
be found in the sand-salt mixture applied to streets in the Minneapolis-
St. Paul area.

Erosion

Urban erosion can be divided into sheet and rill erosion of pervious sur-
faces or channel erosion. Surface erosion is caused by the energy of rain-
fall and overland flow, while channel erosion is a hydraulic phenomenon
(see Chapter 5 for a discussion). Whipple and DiLouie (1981) discussed
the problem of channel erosion, which in urban watersheds, has increased
two to three times when compared to predevelopment conditions.

Urban pervious surfaces in humid areas are usually well protected by
vegetation and yield pollutant inputs only during large, extreme storm
events. In arid areas, recent severe droughts and water shortages have
caused a change from urban lawns to a less water-demanding landscape
called xeriscape, which primarily utilizes native plants and wood or stone

R0023438



Runoff Pollution Generation Process    461

mulches (see Chapter 10 for a discussion of diffuse-pollution abatement in
arid regions). Rare but intensive storms in arid regions may result in very
large sediment losses from unprotected idle lands.

RUNOFF POLLUTION GENERATION
PROCESS
Runoff from urban watersheds originates from both pervious and imper-
vious surfaces. The impervious surfaces are almost always hydrologically
active because their depression storage represents only a very small sub-
traction from rainfall. Thus the amount of pollutants washed off by
rainfall from impervious surfaces depends on the amount of pollutants
that has accumulated during the preceding dry period and on the energy
of the runoff. On the other hand, the hydrological subtraction from
rainfall on pervious surfaces (soils) is much larger, and usually only
severe storms will yield appreciable runoff and sediment load. Although
soils become hydrologically active only for larger rainfalls, they do pro-
vide an infinite pool of solids. Suspended solids (SS) concentrations in
runoff from eroded soils may be quite high. The sources and processes
contributing to urban diffuse pollution are shown schematically in Figure
8.3.

Accumulation on Impervious Surfaces (Buildup)

Theoretically, one can assume that deposition of pollutants from the
sources described in the preceding section is randomly distributed over
the entire street surface. However, wind- and traffic-induced air tur-
bulence is constantly shifting the particles away from the road surface
until they become either reentrained into the air, trapped in zones of
more quiescent air, or redeposited on a pervious or hydrologically inactive
surface. Because a typical curb or median barrier represents a zone of
reduced air turbulence or an obstacle in the path of the shifted solids,
almost all street refuse can be found within 1 meter of the curb (Fig. 8.9).
On streets with a large number of parked cars, the distribution of solids
over a street cross section is more spread out. Nevertheless, it is justifiable
to consider the pollutant mass balance to be expressed per meter of curb
(see also the definition and magnitude of urban pollutant loads discussed
in the first section of this chapter).

The pollutant accumulation in near-curb storage follows a simple mass
balance: the change of the mass of pollutants is equal to the sum of the
inputs minus losses. The concept is depicted on Figure 8.10. The losses
are bv washoff by rainfall-generated surface runoff, and, during dry
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FIGURE 8.9. Most street refuse remains within 1 meter of the curb.
(Photo: V. Novotny.)

ATMOSPHERIC DEPOSITION

POLLUTANT S
CARRIED AWAY BY

WIND AND TRAFFIC
_ {~ {’--"---’~ I LITTER

"POLLUTANTS ACCUMULATED AT ROAD SURFACE’

FIGURE 8.10. Schematic of pollutant accumulation on impervious
street and highway surfaces.

R0023440



Runoff Pollution Generation Process    463

periods by street sweeping, reentrainment of dust particles, and shifting
coarser particles away from the road.

The first urban runoff quantity-quality models, such as the first ver-
sion of the Stormwater Management Model. SWMM (U.S. EPA, 1971;
Heaney and Huber, 1973), and STORM (Hydrologic Engineering Center,
1975) assumed a linear increase in pollutants in curb storage and no
losses, whereby each day the amount of solids was increased by a con-
stant increment. This would mean that in the absence of street sweeping,
runoff pollution resulting from larger rainfalls would be directly pro-
portional to the number of antecedent dry days. Whipple et al. (1978)
criticized the linear accumulation process. Later, theoretical justifications
for more complex mass balance models were published by Novotny et al.
(1985), James and Boregowda (1986), Huber (1986), and others. The
latter two articles contain an extensive discussion of deterministic buildup
and washoff models.

The mass balance accumulation function for street solids is

dP
-- = I- {P (8.3)
dt

where
P = the amount of pollutants in curb storage
I = the sum of all inputs
r = time
~ = a removal coefficient

Introducing this equation into urban runoff models added another vari-
able that had to be estimated by calibration--the removal coefficient.
However, it is unwise to speculate that every urban runoff study and
permit site will have the extensive data base available that would be
needed to calibrate all model parameters. Hence we present information
on the approximate magnitude of the removal parameter, as well as the
inputs onto the mass balance models.

Several studies have established that wind- and traffic-induced tur-
bulence can dislocate dust particles that may subsequently become air-
borne or just be shifted away from the road. Findings in the literature on
reentrainment of particles from street surfaces were summarized by Pitt
(1979). Another study found that the reentrained portion of the traffic-
related emissions (by weight) is an order of magnitude greater than the
direct vehicle emissions because of exhaust and tire wear (U.S. EPA,
1977).
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The reentrained portion of the traffic-related particulate emissions also
contains relativelv large particle sizes. The median particle size measured
in the EPA study was about 15 ~tm, with approximately 22% of the
particles greater than 30 ~m. About 35% of resuspended particles fall out
within 30 m of the street. Automobile exhaust and tire wear particulate
emissions (by weight) were less than 10% of the total fugitive roadway
particulate emissions.

As stated previously, fugitive particulate losses from streets are caused
by a combination of wind- and traffic-induced turbulence. Cowherd et al.
(1977) stated that wind becomes a factor when the wind speed exceeds a
threshold of about 20 kln/hr. In most situations, the fugitive particulate
losses from the street seem to be due to automobile-induced turbulence.

An equation for the removal coefficient was developed by the author
from the statistical analysis of the data published by Shaheen (1975) and
NURP study data from Milwaukee. The equation is as follows (Novotny
and Chesters, 1981; Novotny et al., 1985):

~ = O.Oll6e-°°SH(TS + WS) (8.4)

where
H = the curb height in cm
TS = traffic speed in km/hr
WS = wind speed in km/hr

The unit of ~ is day-1. The coefficient of correlation for this equation is r
= 0.86. Most of Shaheen’s data were collected on roads with a very high
traffic density in the Washington, D.C., area (75% of traffic counts
exceeded 50,000 axles/day).

Another factor that may affect the overall magnitude of the removal
coefficient is the presence of sink surfaces in the vicinity of the road. A
sink surface is a hydrologically inactive surface (such as a lawn) on
which the reentrained particles can settle and be eliminated from the
hydrological transport. The most simple measure of this effect is the
fraction of the impervious area directly connected to the drainage system
(DC). Then in a model the removal coefficient can be corrected by a
correction factor that equals 1 - DC. This term represents a portion of
runoff that overflows from an impervious area on an adjacent hydro-
logically inactive surface.

Integration of the Accumulation Function
Equation (8.3) can be integrated to

I

P(t) = [(1 - e-~t) + P(O)e-~-t (8.5)
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FIGURE 8.11. Street (highway) surface pollution accumulation process.

where in addition to the previously defined variables,
P(0) = initial load of solids
P(t) = the load after time, t

This accumulation function is shown in Figure 8.11. The true input
rate, I, is a tangent to the curve at P = 0. A variety of apparent
pseudoaccumulations can be ascertained by sampling the accumulation
pollution loads and by subsequently dividing the difference in loads by
the time between the samplings. It also should be noted that in such
processes there is always a .tendency to attain an equilibrium, whereby

dP
~=0
dt

or

or

I
Peq = -~- (8.6)

The accumulation rate then becomes

dPm = _~(p _ Peq) (8.7)
dt
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This means that the apparent accumulation rate of solids in street curb
storage can be either positive or negative, depending on whether the
initial pollutant load, P(0), is greater or smaller than the equilibrium load
Peq. This is also shown on Figure 8.7. A situation where P(0) > Peq,
which would theoretically result in a negative accumulation (loss) of
pollutants from curb storage, is typical for spring, when large amounts of
pollutants are left in curb storage after snowmelt. Table 8.1 presented
equilibrium curb loads measured by Sartor and Boyd (1972) in their
studies of several U.S. cities. Equilibrium curb loadings in residential and
commercial sites of the Milwaukee project measured from 1981 to 1984
were about 50% of those presented in Table 8.1.

Statistical evaluation and modeling verifications of the buildup equa-
tion were described in Novotny et al. (1985). The results using the
Milwaukee NURP study sites showed that the removal coefficient in
medium-density residential areas was fairly constant, attaining values
around 0.2 to 0.4 day-1, meaning that approximately 20% to 40% of the
solids accumulated near the curb on the street surface is removed daily by
wind and traffic.

The inputs of solids into curb storage from the three major sources
(refuse deposition, atmospheric dry deposition, and traffic) can be com-
bined into one loading estimate

/(g/m-day) = lr q- Ia q- Itr

= LIT + (ATMFL)(SW)/2 + (TE)(TD)(RCC)/2 (s.s)

where
Ir = little or street refuse deposition
I,~ = dry atmospheric deposition
Itr = deposition due to traffic emissions and wear
LIT = litter and street refuse deposition, g/m-day
ATMFL = dry atmospheric deposition, g/m2-day (= tonnes/km2-day)
SW = street width in meters
TE = traffic emission rate, g/axle-m
TP = traffic density, axles/day
RCC = road condition factor

Example 8.1

Estimate equilibrium solids load in curb storage of a medium-density
residential area. The following information is given:

Traffic count TC = 240 cars/day
Traffic velocity TS = 50 km/hr
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Wind velocity WS = 15 km/hr
Curb height H = 10 cm
Atmospheric dry deposition rate 100 kg/km2-day (mg/m2-day)
Daily street refuse deposition !r = 6 g/m-day
Street width W = 15 meters
Road Condition Index RCC = 1.0 (average conditions)

Solution Express street surface load per 1 meter of curb length.

Atmospheric contribution

Iatm = 100 [mg/m2-day] * 0.001 [g/mg] * 15 [m]/2 = 1.5 g/m-day

Traffic contribution (using information from Table 8.8)

0.671 [g/axle-km] * 240 [cars/day] * 2 [axles/car] * 0.001 [km/m]/2
0.32 g/m-day

(Division by 2 in the preceding estimates reflects two curbs on each side
of the road.)

Total input

1= 6 + 1.5 + 0.32 = 7.82g/m-day

Removal coefficient from Equation (8.4)

~ = 0.0116e-°’°8"1°(15 + 50) = 0.34day-1

Equilibrium curb load by Equation (8.6)

Peq = I/~ = 7.82/0.34 = 23g/m

Effect of Curb Height on Accumulation
The fact that the rate of pollutant accumulation in curb (median barrier)
storage is caused by wind- and traffic-induced air turbulence, leads to the
logical conclusion that the height of the curb will affect the accumulation
rate, that is, the higher the curb, the more pollutants will accumulate.
This effect will be more profound for fine dust particles than for coarser
litter particles that are less amenable to becoming airborne. Figure 8.12
shows such a relationship measured in the Washington, D.C., area. The
graph indeed indicates that the curb height may have a profound effect on
the accumulation of finer particles (<3.2mm in diameter), while larger
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FIGURE 8.12. Effect of curb height on particle loading of street surface.
(From Shaheen, 1975.)

particle accumulation will be unaffected. The curve for the finer particles
accumulation proves the classic "first-order removal" concept expressed
by Equation (8.3), which also implies that the amount of pollutants
deposited on the surface or in curb storage will have a decreasing rate of
increase approaching an equilibrium.

Example 8.2

What will be the equilibrium of solids accumulation if the curb height in
the previous example is lowered to 5 cm?

Solution For H = 5 cm the removal coefficient becomes (Eq. (8.4))

~ = 0.0116e-°°88"5(15 + 50) = 0.51day-1
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and the equilibrium accumulation is

Peq = 7.82/0.51 = 15.33 g/m

which represents a 33% reduction.

Winter Accumulation of Pollutants
The concept of translocation and removal of pollutants from curb storage
by wind and traffic that determines the magnitude of the curb loading
cannot be applied during the winter period in snowbelt urban areas. In
addition, snow-removal practices and application of deicing chemicals
further complicate the process.

Typically, even after a minor snowfall in most northern U.S. cities
snow-removal activities are initiated by the highway and sanitation crews.
The snow from the streets and highways is plowed toward the curb and
large quantities of salt are then applied to provide bare pavement for
traffic. The accumulated snow piles near the curb (Fig. 8.8) may persist
for months in northern cities, including Chicago, Milwaukee, Minneapolis,
Cleveland, and Buffalo. The snow piles are then effective traps of street
pollutants, including large amounts of salt. Also, due to increased heating
and energy use, atmospheric deposition from industrial sources is in-
creased. On the other hand, dust from soil erosion is reduced due to the
protective snow cover and the freezing of soils. From data by Bannerman
et al. (1984) presented in the list on page 453, it can be documented
that dry atmospheric deposition in the winter months in Milwaukee
(December-May) was 1.5 times higher for COD and solids than in the
nonwinter period. Deposition rates for phosphorus, lead, and sulphates
were statistically indistinguishable from nonwinter rates.

Because the solids and pollutants are incorporated into snow and are
not removed from the snowpack by wind and traffic the accumulation rate
is almost linear and, hence, much higher than in nonwinter periods. For
this reason the quantity of accumulated pollutants near the curb at the
end of the snow period is very high, as shown on Figure 8.13. Bannerman
et al. (1984) documented that the street loads of sediment and toxic
metals are at their highest level from the onset of the first significant
spring melt through the first spring rainfall event. In the Milwaukee
research Bannerman et al. reported that 20% to 33% of the annual load
of these substances can occur during this period. It should also be pointed
out that the possibility of reducing the quantity of street pollutants during
the winter is very limited, since the use of sweeping equipment is not
possible when snow piles and frozen ice are located on the sides of the
streets.
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FIGURE 8.13. Annual variation of street accumulation of particulate pollutants in
snowbelt urban areas. (Data from Wisconsin Department of Natural Resources.)

Removal of Pollutants from Curb Storage by
Precipitation (Washoff)

When surface runoff occurs on impervious surfaces (Fig. 8.14) as a result
of either natural storms of street flushing practices, the splashing effect of
rain droplets and drag forces of the flow put particles in motion. Many
hydraulic models have appeared in the literature on sedimentation that
could potentially be applicable to the problem of particle pickup and
transport.

From the numerous equations published in the literature, the Yalin
equation (Yalin, 1963) (see Chapter 5 for a detailed discussion of the
Yalin equation) is viewed by many as the one that best describes the
pickup and transport of particles by shallow flows typical of street gutters
(Sutherland and McCuen, 1978). Huber (1986) quoted a research investi-
gation by the University of Florida and reviewed several theoretical
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FIGURE 8.14. Washoff of street refuse during a rainstorm. (Photo: V. Novotny.)

approaches to modeling sediment pickup and transport. The study at the
University of Florida concluded that although the theoretical sediment
transport theory is certainly attractive and worth studying, it is often
insufficient in practice because of lack of data for parameter evaluation,
sensitivity to time period and breakdown into small discrete computa-
tional elements, and uncertain cross-sectional geometry of street gutters
and surfaces, and besides which, the simpler semiempirical models work
as well or better. Huber pointed out quite correctly that urban runoff
modeling is generally crude and always requires calibration regardless of
the level of sophistication of individual models and submodels.

The simplest, most widely used but empirical model of washoff was
introduced by Sartor et al. (Sartor and Boyd, 1972; Sartor, Boyd, and
Agardy, 1974). The authors analyzed the solids washoff data using a
simple first-order removal concept

dP
- K.rP (8.9)

dt

where
r = rainfall intensity
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k, = a constant called "urban washoff coefficient" that depends on street
surface characteristics

P = amount of solids remaining on the surface
t = time

The constant, ku, was found to be almost independent of particle size
within the studied range of 10 ~tm to 1 mm.

Equation (8.9) integrates to

Pt = P0(1 - exp(-k.rt)) (8.10)

where
P0 = the initial mass (weight) of solids in the curb storage
Pt = mass (weight) of material removed by rain with intensity r and

duration t

The value of the urban washoff coefficient was almost arbitrarily
chosen as 0.19 if the rain intensity is in millimeters/hour. Note that this
value has been recommended by most subsequent urban runoff models
that utilize this concept. The authors of STORM (Hydrologic Engineering
Center, 1975) modified Equation (8.10) by assuming that not all the solids
are available for transport. Then

Pt = APo(1 - exp(-k~rt)) (8.11)

where

A = 0.057 + 0.04(r1"1) (8.12)

is the so-called availability factor that accounts for the nonheterogenous
makeup of particles and the variability in the travel distances of the dust
and dirt particles. The maximum value for A is 1.0.

Huber (1986) pointed out that the washoff model expressed by Equa-
tion (8.11) is not completely without physical basis since the theoretical
sediment transport theory predicts dependence of scour upon flow rate
(see the Yalin equation in Chapter 5). The Sartor et al. equation and its
modifications have been incorporated into most of the widely used urban
runoff models presented in the previous chapter.

Example 8.3: Washoff Estimation by the Sartor et al. Model

Estimate solids removal from the curb storage by the Sartor et al. concept
for a 15-mm/hr rain lasting 1.5 hours with P0 = 50.g/m.
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Solution From Equation (8.12) the availability factor is

A = 0.057 + 0.04(1511) = 0.84

Then the amount removed by rain is

Pt = 0.84.50(1 - exp(-0.19* 15 * 1.5)) = 41.42g/m

The particle removal by rain is 83%.

To obtain the loading of pollutants, the sediment loads are commonly
multiplied by multipliers expressing the pollution content of the sediment.
In modeling terminology these multipliers are called potency factors. The
magnitudes of potency factors for urban and rural areas were investigated
by Zison (1980).

Pollutant Removal by Winter Snowmelt
The hydrology and pollutant loads of urban areas located in snowbeit
areas is different from that typical for nonwinter periods. The melting of
snowpack is a result of heat inputs and heat balance that bring the
temperature of the snowpack above the melting point. The melting point
of ice or snow with small quantities of pollutants is around 0°C. However,
the addition of salt and the exothermic nature of the salt dissolution
decreases the melting point of the saline melt below that for clean water.

The heat inputs into the snow pack are solar and atmospheric radiation,
sensible heat, and heat gained by condensation of moisture above the
snowpack; heat losses include reflectivity (albedo) of the snow, back
radiation, and sublimation. Reflectivity (albedo) for urban snow may vary
between 20% for dirty saturated snow to about 85% of reflected radiation
for fresh fallen snow.

Observation and modeling of winter snowmelt rates in urban areas
(Novotny, 1987, 1988; Bengtsson, 1982) showed that melting rates, even
during days with higher temperatures, are relatively small, much less than
those for a typical nonwinter storm event of the same magnitude (meaning
that storm depth is the same as the water content of the snowpack). For
example, assuming a clear sunny day in late February and considering the
average incoming solar radiation at the 46 degree latitude, dry conditions
and a 10°C temperature of the ambient air the maximum runoff from
melting snow is only about 0.15 cm/hr. One has to also consider the fact
that pervious urban areas in spite of freezing are still permeable enough
to absorb the snowmelt from above. Therefore, only impervious urban
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areas can be considered in the hydrological models of snowmelt generation
from urban areas.

Enrichment of Urban Snowmelt
In Chapter 5 the term enrichment referred to the difference between the
pollution content of the soil and that of the runoff. For winter snowmelt
processes, the enrichment ratio represents the ratio of the pollutant
concentration in the snowmelt and that in the snowpack or

Meltwater concentration
ER = (8.13)

Bulk snow concentration of prior snowmelt

The enrichment ratio of unity would mean that the pollutant concen-
trations in the snowmelt (runoff) and snowpack are similar. However,
this is rarely the case. During freezing and refreezing, the ice crystals that
form the snowpack effectively reject some dissolved pollutants that may
then become easily available for transport by subsequent snowmelt water.
This phenomenon is especially evident when dealing with pollution and
modeling caused by salt applications (salinity and chloride contents). In
studies in Milwaukee (Novotny, 1987), enrichment ratios of 6 to 10 had to
be used for modeling salt loads to receiving waters. An enrichment ratio
of greater than one will result in a "first flush" effect. A similar study with
similar results was also performed in Sweden by Westerstr6m (1990), who
measured peak enrichment ratios of 4 to 6 for chlorides and nitrates in
the first 25% of snowmelt, and up to 8 for sulphates. All snowmelt
concentration curves showed a strong peak, followed by a fast decline
(Fig. 8.15). For pH the difference between that of snowpack and the
beginning of snowmelt was more than one order of magnitude (snowpack
pH was one pH logarithmic unit higher than pH in the beginning of
snowmelt).

On the other hand, due to the fact that snowmelt must percolate
through the snowpack, particulate pollutants are filtered out and remain
mostly in the snowpack, and are subsequently deposited into the curbside
deposits, as shown on Figure 8.8. Thus for these pollutants the enrichment
ratio is less than one. Such pollutants include suspended solids, both
volatile and mineral lead, many metals, and phosphates. This was con-
firmed by, among others, McComas, Cooke, and Kennedy (1976), who
compared winter snowmelt and rainfall runoff events in northeast Ohio.
The results indicated that while snow was a significant source of water,
the snowmelt load of phosphorus was much smaller, insignificant, when
compared to a similar rainfall-runoff event. Most of the phosphorus is
associated with fine sediments that remain on site and do not move with
snowmelt.
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Oberts (1986, 1990) noted that high concentrations of solids, phos-
phorus, lead, and zinc in urban snowmelt are due in part to sand and salt
spread to improve winter driving conditions. Oberts (1982a) also found
that snowmelt is a significant pollution source of urban lakes located in
the Minneapolis-St. Paul metropolitan area.

SOURCES OF SPECIFIC POLLUTANTS
IN URBAN RUNOFF AND CSOs
Microorganisms

Microbial analyses of storm water in Baltimore, Maryland, performed by
Johns Hopkins University (Olivieri et al., 1977) revealed the presence of
coliforms, pathogenic organisms, and viruses in both combined and storm
sewer flows. The ranges of fecal coliforms found in storm runoff were 200
to more than 2000MPN/100ml, with a majority of Samples--123 out of
136--having fecal coliform counts greater than 2000MPN/100ml. Storm
samples with fecal coliform densities greater than 2000 MPN/100 ml were
95% positive for Salmonella. Ranges of Salmonella densities in urban
runoff from Baltimore were less than 1 to more than ll,000MPN/101. Six
storm water flows were examined for viruses and all tested positive.

Significant differences have been found at the NURP test sites between
the event mean concentration (EMCs; see the following section, titled
"Statistical Quality Characteristics of Urban Runoff," for a definition)
of fecal coliform bacteria between winter (cold) and nonwinter periods
(U.S. EPA, 1983). The average value for EMC for fecal coliforms
measured at 17 different sites was 21,000/100ml, while that for cold
periods was 1000/100ml, a 21-fold difference. It was speculated that
these significant seasonal differences cannot be related to any comparable
magnitude of urban land-use activities taking place in cold and warm
periods. The levels of fecal coliform bacteria, especially those in the
warm period, are high and could be considered a health risk. However, it
was pointed out that indicators such as fecal coliform counts may not be
useful in identifying health risks from urban runoff pollution.

Glenne (1984) correlated the density of total coliforms in surface
runoff to the population density in the watershed. The resulting equation

T. coli (MPN/100ml) = 5700 (PDE)135

where PDE is the population density equivalent in persons per acre, had
a coefficient of 0.95. This indicates that the coliform bacteria in urban
runoff may be caused by the cross-connection of sewage into storm
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drainage. In view of the results of the NURP statistical analysis of a large
number of samples from a number of sites throughout the United States
the correlation by Glenne may be only site specific.

Literature values refer to the fecal coliforms to fecal streptococci ratio
(FC/FS) as an indicator of the origin of fecal pollution. A value of four or
greater indicates human source of fecal pollution, while a value of less
than one suggest nonhuman origin. In the Baltimore study just quoted,
86% of all storm water samples had a FC/FS ratio of less than one, and
94% of samples had a FC/FS ratio of less than four, giving an indication
that most of the fecal contamination is of nonhuman origin. On the other
hand, combined sewer overflows had 58% of the samples with a FC/FS
ratio of less than one, and 15% with a FC/FS ratio of greater than four.
Raw sewage had 50% of samples with a FC/FS ratio greater than four.
The authors therefore stated that the FCiFS ratio should not be employed
as a magic number to evaluate the source of contamination in a complex
system.

Hydrocarbons (PAHs) and Other Toxic (Priority)
Pollutants
Based on the analyses of urban storm runoff effluents, Whipple and
Hunter (1979) speculated that after implementation of point source
abatement, urban runoff will become the major source of petroleum hy-
drocarbons. The sources of toxics are numerous (Table 8.11).

Inorganic pollutants. As a group, the toxic metals were by far the
most prevalent priority pollutant constituent found in urban runoff by
the NURP studies (U.S. EPA, 1983). Fourteen inorganic, potentially
hazardous constituents (13 toxic metals plus asbestos) were detected in
the NURP study sites. Most often detected among the metals were
copper, lead, and zinc, all of which were found at least in 91% of the
samples. Other frequently detected inorganic pollutants included arsenic,
chromium, cadmium, nickel, and cyanide. Pitt (1988) found asbestos in
urban runoff in a watershed in the San Francisco Bay area where no natural
sources were known; however, no specific single source was identified.

By statistically analyzing the event mean concentrations (EMCs) (see
the next section for a definition and methods of estimating EMCs) of
urban runoff in Milwaukee, Bannerman (1991) found that metallic toxicity
of urban runoff varies with land use. For commercial areas with a high
traffic count, acute toxicity criteria for warm-water fish were violated in
73% of the samples for lead and more than 90% of the samples for silver,
copper, and zinc. On the other hand, event mean concentrations of urban
runoff from a medium-density residential area with low traffic density the
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TABLE 8.11 Sources of Toxic and Hazardous Substances in Urban Runoff

Automobile Use Pesticide Use Industrial/Other Use

Heavy Metals
Copper Metal Corrosion Algicide Paint, wood preservative,

electroplating
Lead Gasoline, batteries Paint, lead pipe
Zinc Metal corrosion Wood preservative Paint, metal corrosion

Tires, road salt
Chromium Metal corrosion Paint, metal corrosion.

electroplating

Halogenated Alphatics
Methylene chloride Fumigant Plastics, paint remover,

solvent
Methyl chloride Gasoline Fumigant Refrigerant, solvent

Phthalate Esters
Bis (2-ethylexy) Plasticizer

phthalate
Butylbenzyl Plasticizer

phthalate
o-N-butyl Insecticide Plasticizer, printing inks,

phthalate paper, stain, adhesive

Pol~vcyclic Aromatic Hydrocarbons
Chrysene           Gasoline, oil,

grease
Phenanthrene Gasoline Wood/coal combustion
Pyrene Gasoline, oil, Wood preservativeWood/coal combustion

asphalt

Other Volatiles
Benzene Gasoline Solvent
Chloroform Formed from salt Insecticide Solvent, formed from

chlorination
Gasoline, asphalt Solvent

Toluene Gasoline, asphalt Solvent

Pesticides and Phenols
Lindane (gamma Mosquito control

BHC)
Seed pretreatment

Chlordane Termite control
Dieldrin Insecticide Wood processing
Pentachlorophenol Wood preservative,

paint
PCBs Electrical, insulation,

several other
Industrial applications

Asbestos Break and clutch Insulations
lining

Tire additives

Source: AIter U.S. EPA (1990b).
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toxic criteria were exceeded in only 0% to 4% for lead, 0% for silver,
and 20% to 30% for zinc and copper. High concentrations of mercury,
cadmium, and lead have also been observed in urban soils (Carey, 1979).

Organic pollutants. In the NURP study by the U.S. EPA (1983) organic
pollutants were detected less frequently and at lower concentrations than
the inorganic pollutants. The most commonly found organic pollutant was
the plasticizer bis(2-ethylhexyl) phthalate (22%), followed by the pesticide
~t-hexachlorocyclohexane (a-BHC) (20%). An additional 11 organic
pollutants were reported with detection frequencies between 10 and
20%. Among the PCB group there was only one detected among all the
samples.

Marsalek (1986) reported data on priority (toxic) pollutants in urban
runoff gathered in Canadian watersheds of the Great Lakes. The highest
concentrations in storm runoff were found for trace elements as a group.
Among the individual elements the highest mean concentrations were
found for zinc (EMC = 400 I, tg/1 in water), copper (19 p,g/1), lead (90 p.g/1),
and nickel (16p.g!1). Much higher concentrations were measured in the
sediment. Significant (greater than the detection limit) concentrations
were found for PAHs (poly-a~omatic hydrocarbons). The highest con-
centrations were found for 1,2-dichlorobenzene (0.04~tg/1), ct-BHC
(0.02t~g/l), and for the total PCBs (0.0141.tg!l). Again, higher concen-
trations were found in the sediments, and it was speculated that most of
the PAHs transported by runoff occurred most often with the sediment
(Marsalek, 1990). The probability distribution of PAH concentrations in
runoff was approximated by a log-normal distribution (se.e the following
section titled "Statistical Quality Characteristics of Urban Runoff").

Urban runoff was found to be the source of 48% of the petroleum
hydrocarbons, 3% of the lower molecular weight polycyclic aromatic hy-
drocarbons, 44% of the higher molecular weight polycyclic aromatic
hydrocarbons, 65% of lead, 56% of zinc, and 5°/0 of copper entering
the Narragansett Bay annually (Hoffman et al., 1984; Hoffman, 1985).
Annual loadings of petroleum hydrocarbons measured by Hoffman (1985)
were the highest from heavy industrial land uses (14,000kg/km2), fol-
lowed by busy highways (7800kg/km2). Loadings from commercial and
residential land uses were one order of magnitude less (580kg/km2 for
commercial and 180kg/kmz for residential land uses, respectively). The
highest loadings of PAHs were found on the highway (18.1kg/km2),
followed by heavy industrial lands (8.4 kg/km2); similarly, PAHs loadings
of one order of magnitude lower were measured on commercial (0.59 kg/
km2) and residential (0.27 kg/km2) lands.

Fam, Stenstrom, and Silverman (1987) found in the San Francisco Bay
area watersheds that land uses with high commercial/industrial activity
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have much greater aliphatic hydrocarbon emissions than noncommercial
ones. The ratio of total extractable organics to total organic carbons was
found to vary with land use, with a ratio of six or more indicating
significant commercial activity.

Bannerman (1991) found that the EMCs of PAHs in Wisconsin urban
runoff (the Milwaukee and Madison areas) violated the human cancer
criteria in 60% of samples for chrysene and phenatherene, 82% for
pyrene, and more than 95% of samples for fluoranthene and benzo
(GHI) perylene. EMCs of aldrin, toxaphene, and DDT in Wisconsin
urban runoff almost always exceeded human cancer criteria. Other pes-
ticides found less frequently in such runoff included endrin, chlordane,
malathion, diazinon, and lindane. Annual monitoring of urban soils
between 1969 and 1979 has demonstrated that they generally have
higher pesticide residue concentrations than agricultural soils in the same
(nearby) location (Carey, 1979).

A comprehensive study on toxic contamination of urban runoff and
CSOs was prepared for the U.S. EPA by Pitt and Barren (1989). They
analyzed about 150 samples of surface runoff (sheet flow) and CSO, and
found that about 15% of the samples analyzed were extremely toxic. The
remaining samples were evenly split between being moderately toxic and
nontoxic. The greatest detection frequencies were for 1,3-dichlorobenzene
and fluoranthene, which had detection frequencies of 23%.

A higher percentage of the CSO samples were considered extremely
toxic than any of the others followed by parking and storage area surface
runoff samples. Roof runoff, urban creeks, and CSO samples had the
greatest detection frequencies, while vehicle service and parking areas
had the highest observed concentrations of organic toxicants. Roof runoff
had the greatest concentrations of zinc, while parking areas had the
greatest concentrations of nickel. Traffic- and parking-associated areas
had the greatest concentrations of lead, and urban creeks were highest in
copper content.

Effect of Acidity of Urban Precipitation on
Pollutant Loads

As pointed out in Chapter 4, the acidity of urban precipitation caused by
local and regional sources of sulphur oxides and mostly local (traffic)
sources of nitric oxides is quickly buffered by overland flow (Novotny and
Kincaid, 1982). However, this "buffering" capacity in urban areas is
provided primarily by the infrastructure, including buildings, pavements,
and sewers. During buffering, the excess hydrogen ions from acid precipi-
tation is buffered by carbonates, which releases the cations, such as
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calcium and magnesium (primary components in concrete, mortars, and
soil), into the runoff. Figure 8.16 shows the relationship between the
acidity of precipitation and the calcium-magnesium content of runoff
from a large concrete parking lot basin located in Milwaukee.

Acids in precipitation also dramatically increase the solubility of metals
used in cars, zinc gutters, and other places. F6rster (1990) showed that
urban metal roofs and roof-and-gutter materials (such as zinc) are good
buffers for acid rainfall, but metals and other pollutants (for example,
PAHs from roofs with tar shingles or cover) are elevated in the runoff
from these surfaces. Although zinc roof materials provided very high
buffering of the pH of the acid rainfall (pH of runoff was near neutral),
dissolved zinc content in the runoff was 450 times greater than that in
the rainfall (0.005 mg of dissolved Zn/1 in rainfall compared to 2.2mg
dissolved Zn/1 in roof runoff from zinc-covered roofs and gutters) when
the pH of the rainfall was less than 4.

Growth and Accumulation of Sewer Solids

In the 1970s Pisano et al. (1979) investigated solids accumulation in
combined sewers in Boston during dry periods. Research in Switzerland
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(Krejci et al., 1987) showed that solids accumulation in sewers has two
components: (1) settling of solids in places with low velocity during low-
flow, dry-weather flow, and (2) slime growth on the walls of the sewers.
A part of the slime growth component is less affected by the hydraulics of
the flow and is not easily washable. However, during high-flow storm
events scouring of both components will contribute to the solids load of
the overflows and may lead to the "first flush" effect.

By statistical analysis, Pisano et al. developed the following equation
for estimating solids accumulation (converted and modified for metric
units)

TS = 11.14S-°4375q-°51 (8.14)

where
TS = solids deposition and growth rate in combined sewers in grams per

meter of sewer per day
S = average slope of the sewer, dimensionless (m/m)
q = per capita dry weather waste rate, liters/cap-day

and the coefficient of correlation was 0.85.
The inverse proportionality of the solids deposition rate to the slope

reflects the effect of flow velocity that controls the deposition. The per
capita waste flow rate may reflect the concentration of solids in the flow.
The higher the per capita flow, the more diluted solids may become in the
sewer flow, resulting in less deposition.

Research in Switzerland by Krejci et al. (1987) revealed that solids
deposition and slime growths in combined sewers represent a significant
portion of the total pollution load. They found that the growth of the
washable slime layer varied between 10 to 30 g of TSS per square meter
of sewer surface per day, and depended on the local dry-weather flow
velocity. The sewer slime contained by weight 80% COD, 5% TKN, and
1% phosphate. In the overall balance of pollution carried by the combined
wet-weather flow during storm events, the sewer slime-sediment layer
contribution represented 55% to 80% of the total load for TSS, COD,
TOC, TKN, and total P. This contribution exceeded that by surface
runoff and sewage flows during the wet-weather period.

Krejci et al. also found that the length of the dry period preceding
the wet-weather flow event had no noticeable effect on the quantity of
deposits in sewers, which appears to contradict the results in Boston by
Pisano et al. Apparently, the slime-deposit layer is in equilibrium with the
scouring energy of the dry-weather flow, and this equilibrium is attained
after a relatively short period of time.
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Cross-Connections and Illicit Discharges into
Storm Sewers

Research and investigations of the impact of illicit and cross-connection
on the pollution content of storm water discharges has revealed that these
inputs can contribute significant pollutant loads (Schmidt and Spencer,
1986; Pitt et al., 1990a; Pitt, Lalor, and Driscoll, 1990).

Non-storm water discharges in storm sewers originate primarily from
sewage and industrial wastewater leaking from sanitary sewers, failing
septic systems in storm-sewered areas, and from vehicle maintenance
activities. However, almost any type of pollution may find its way into
urban storm sewers by illicit discharges and accidental spills. Deliberate
dumping into storm sewers and catch basins of used oil or waste paint are
especially common and troublesome. Leaking underground storage tanks,
leachate from sanitary landfills, and hazardous waste treatment, storage,
and disposal sites can also contribute to urban storm water and combined
sewer overflow pollution. In the United States the detection, identifi-
cation, and elimination of such discharges is a major focus of the NPDES
Stormwater Permit program (see Chapter 2 for a discussion). The manual
by Pitt, Lalor, and Driscoll (1990) provides procedures for identification
of sources and magnitudes of non-storm water discharges into storm
sewers.

Mobile pollutants such as nitrates may also contaminate the shallow
aquifer and discharge into urban drainage systems in the form of base
flow in streams and infiltration inflows into sewers. The pollutional impact
of these contributions is generally unknown.

Suburban Nonpoint Pollution Loads

Septic systems and construction erosion are the most common and sig-
nificant sources of pollution in suburban areas. Septic system pollution
is due to two pathways: (1) subsurface transport of mobile pollutants
(primarily nitrate) via shallow discharging aquifers toward the receiving
bodies of water, occurring primarily during base flow (during high-flow
runoff events most urban streams may be recharging the aquifer), and (2)
from effluent surfacing from failing septic systems.

Suburban nonpoint pollution loads are also affected by the presence or
absence of wetlands (Oberts, 1982b; Brown, 1988) within the watershed.
Wetlands are known to attenuate pollutants and runoff rates.
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STATISTICAL QUALITY CHARACTERISTICS
OF URBAN RUNOFF
During the Nationwide Urban Runoff Program (U.S. EPA, 1983) 28
urban sites were monitored throughout the United States. This research
effort provided a large data base on the quality and loads by urban runoff
(not including the combined sewer overflows). Major conclusions are
presented herein. Prior to the presentation of the results and their inter-
pretations, some fundamental statistics have to be reviewed.

Parameters and Statistics of the Urban Runoff Water
Quality Evaluation

Event mean concentration. The water quality parameters exhibit large
variations throughout each runoff event. Some events exhibit the first
flush effect, for some other events the first flush effect has not been
noticeable (Ellis, 1986). Thus, the NURP studies focused on evaluating
the event mean concentrations, defined as

Mass of pollutant contaJ.ned in the runoff event ZQiCi
EMC = - (8.15)

Total volume of flow in the event          EQi

where
Qi = discrete flow ordinates on the event hydrograph
Ci = corresponding concentrations on the pollutograph

In most cases the total load by the runoff event is more important
than the individual concentrations within the event due to the fact that
runoff events are relatively short, the receiving water body provides some
mixing, and the concentration in the receiving body of water is a response
to the total load rather than to the concentration variability within each
particular event. For some pollutants, such as nutrients, the total load is
the most important decision variable in determining water quality impact.
For this reason the EMC parameter has been found to be the most
appropriate variable for evaluating the impact of urban runoff.

Mean, coefficient of variation, and probability distribution. The eval-
uation of the NURP data base has revealed that the probability dis-     ,
tribution of EMCs follows a so-called log-normal probability distribution.
A probability density or frequency distribution (pdf) expresses the prob-
ability that a concentration with a given magnitude falls within a specified
interval, or

X2

f pdf(x) = p(xl > x > x2)

x1
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a

XI

FIGURE 8.17. Frequency and probability distribution functions. (a) Frequency
distribution of logarithmic values. (b) Cumulative probability distribution. (c) Probability of
exceedence.
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where x is the value of the parameter and xl and x2 are the limits of the
interval. The frequency distribution of a parameter can be simply found
by plotting or tabulating the number or percent of cases for which the
value of the parameter falls within each interval (at this point one may
select an arbitrary number of intervals between the smallest and the
largest value of the record) versus the magnitude of the interval, as shown
in Figure 8.17(a).

A cumulative frequency (probability) function (cpf) is thus a summation
of all individual probabilities of all x’s that are either less or equal (or
greater or equal) than a given value of x (Fig. 8.17(b)). The cumulative
frequency curve can also be obtained by integration of the probability
density (frequency) distribution function, as shown on.Figure 8.17(c).
Therein

cpf(x~<) =p(x<~Xl) or cpf(x~>) =p(x>~X~)

Note that p(x <~ XI) = 1 - p(x > Xx) or a probability of a value being
less or equal is one minus probability of the same value being exceeded.
This is shown on Figure 8.17c.

If the interval becomes very small, then the probability (frequency)
density function becomes continuous and may assume several typical
shapes, such as are shown in Figure 8.17(b). There are several mathe-
matical formulations that may describe the shape of these curves, of
which Gaussian normal distribution and Pearson Type III distribution are
the most common probability density functions used in hydrology. The
reader is referred to the several standard texts on hydrology referenced in
Chapter 3, or to standard texts on statistics, for more detailed discussion.
Probability paper that has one ordinate scaled according to the Gaussian
cpf is very convenient for representation of a series of observations such
as a sequence of EMCs of surface runoff.

To plot EMCs on probability paper (arithmetic or logarithmic) the
concentrations (or any other parameter values subject to statistical analy-
sis, including flows and rainfalls) are arranged according to their order of
magnitude, which may be ascending or descending. For pollution studies
the ascending (from the smallest to the greatest) order of magnitude is
commonly selected; for flood studies the descending order of magnitude
is common. The plotting position on the probability paper is then assigned
to each parameter value as follows:

m
p(in %) - (8.16)n+l
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where
m -- ascending or descending order of magnitude
n = total number of data in the time series

The mean, ~, of the series is the arithmetic average of all values, Xi, in
the series, or

ZXi
p _                         (8.17)

To fit the series of EMCs or any other series to the log-normal dis-
tribution, a logarithmic transformation of the values must be performed,
or X, = In Yi, where Y is the original series and X is the transformed
series of natural logarithms of the values of the series.

The median of the series is the central value for which one-half of the
data values in the series has a magnitude that is less than or equal. If
the series fits normal distribution (original or transformed), the median
approximately equals the mean. However, if the original series has been
transformed into a series of logarithms exhibiting normal (meaning log-
normal) distribution, then the median and the mean of the original
nontransformed series are different. On a probability plot the median
corresponds to a 50 percentile value on the plot.

The standard deviation is a measure of the scatter of the values of the
series around its mean.

S = (8.18)

The coefficient of variation is a ratio or the standard deviation and the
mean, or

S
CV = - (8.19)

~t

The expected value of the series at any probability or frequency of
occurrence (X~) of a series that has been logarithmically transformed can
be determined by

X~ = exp(~qnx + Z~,S~nx) (8.20)

where
Z~ = the standard normal probability
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glnx = mean of log-transformed data
S~nx = standard deviation of log-transformed data

The standard normal probability value, Z,~, can be obtained from prob-
ability tables or calculated from the Gaussian cumulative probability
distribution function. For the 90 percentile value (10% exceedence) Za =
1.2817, for 95 percentile value (5% exceedence) Z~ = 1.645, and so
forth.

Also X~ can be expressed as a ratio of the median value of the original
series by the following equation, which defines the ratio in terms of the
coefficient of variation

Xa - exp(Z,~V’ln(1 + CV{nx))
(8.21)

Median

Example 8.4: Statistics and Probability Distribution of Event Mean
Concentrations

Nine urban runoff events were measured at a storm sewer outlet location.
The event mean concentrations for each event were calculated using
Equation (8.15) and are given in column 2 of Table 8.12. The resulting
probability plot is in Figure 8.18.

Solution Using the results reported in Table 8.12, the arithmetic mean
is

gx = 13.08/9 = 1.45 mg/1

TABLE 8.12 Statistical Evaluation of EMCs (Lead) in Storm Water Runoff

Order of Plotting Position

Date of Sampling X[EMC mg Pb/l] In X Magnitude (m) p = 100m/(n + 1)

3/5/1989 1.41 0.3423 6 60

4/15/1989 2.24 0.8065 8 80
5/2/1989 1.10 0.0953 4 40
5/25/1989 0.90 -0.1054 3 30

6/14/1989 1.27 0.2390 5 50
7/12/1989 1.72 0.5423 7 70
7/20/1989 3.20 1.1632 9 90
9/17/1989 0.50 -0.6931 1 10

10/4/1989 0.74 -0.3011 2 20

,Y,X = 13.08 Z In x = 2.0890
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FIGURE 8.18. Cumulative probability distribution for Example 8.4.

The arithmetic median is 1.27mg/1. Hence, since the mean does not
equal the median, the frequency distribution is asymmetrical (skewed).

The logarithmic mean is

2.0890/9 = 0.2321

The median of the logarithmic transformed series is 0.239. Hence, the
transformed series appears to be symmetrical and normally distributed.

Example 8.5: Probability of Exceedence

For the series in the previous example determine a value that would have
a 95% probability of not being exceeded.
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TABLE 8.13 The Transformation Used to Calculate the
Standard Deviation

Data Value of lnx lnx - ~t~nx (lnx -- ~lnx)2

1 0.3423 0.1102 0.0121
2 0.8065 0.5744 0.3299
3 0.0953 --0.1368 0.0187
4 --0.1054 --0.3375 0.1139
5 0.2390 0.0069 0.00005
6 0.5423 0.3102 0.0962
7 1.1632 0.9311 0.8669
8 --0.6931 --0.9252 0.8560
9 --0.3011 --0.5332 0.2843

Y~ = 2.5781

Solution Calculate the standard deviation of the transformed series (see
Table 8.13). From the preceding example the mean of the transformed
series is glnx = 0.2321.

The standard deviation of the transformed series is

Sinx = [2.5781/(9 - 1)]0.5 = 0.5677

The coefficient of variation is then

CV = 0.5677/0.2321 = 2.44

The standard normal probability value for the 95% nonexceedence is Za
= 1.645. Thus the EMC for lead that will have this probability on
nonexceedence (and hence 1 - 0.95 = 0.05, 5% probability of ex-
ceedence) is, by Equation (8.20),

Xa = exp(0.2321 + 1.645 × 0.5677) = 3.21mg/1

This checks with the probability graph on Figure 8.18.

The establishment of the fundamental probability distribution of
EMCs as log-normal has a number of benefits (U.S. EPA, 1983):

¯ Concise summaries of highly variable data can be developed.
¯ Comparisons of results from different sites, events, etc., are convenient

and are more easily understood.
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¯ Statements can be made concerning frequency of occurrence. One can
express how often values exceed various magnitudes of interest.

¯ A more useful method of reporting data than the use of ranges is
provided; one that is less subject to misinterpretations.

¯ A framework is provided for examining "transferability" of data in a
qualitative manner.

The log-normal distribution is completely specified by the mean and
standard deviation of the transformed logarithmic series.

Nationwide (NURP) Characterization of
Urban Runoff Quality

The NURP study established that even mean concentrations for total
suspended solids (TSS), total phosphorus, total Kjeldahl nitrogen (organic
nitrogen plus ammonia), total lead, and total zinc are extremely well
represented by the log-normal distribution. For COD and nitrate-nitrite
the log-normal distribution fitted the data quite well. For other con-
stituents, including BOD, soluble phosphorus, and total copper, the log-
normal distribution cannot be rejected. These were the pollutants of
interest analyzed in the NURP study.

Land use effect on EMCs. The nationwide analysis did not find sig-
nificant statistical correlations of the EMCs to the geographical locations
of the site. Also three typical urban land uses, residential, mixed, and
commercial, were not statistically different. Only open/nonurban lands
were statistically significantly different from the previous three land-use
types. Hence the NURP report concluded that

regardless of the analytical approach taken, we are forced to conclude that,
if land use category effects are present, they are eclipsed by the storm to storm
variabilities and that, therefore, land use category is of little general use to aid
in predicting urban runoff quality at unmonitored (emphasized by the author)
sites or in explaining site to site differences where monitoring data exists.

Correlation between EMCs and runoff volume. A total of 67 sites from
20 of the NURP projects were examined for possible correlation for nine
constituents. Of the 517 linear correlation coefficients calculated 116
(22°,/o) were significant at the 95% confidence level and 154 (30%) were
significant at the 90% confidence level. Both positive and negative cor-
relations were detected. Hence, the NURP study concluded that there is
no significant linear correlation between EMCs and runoff volume.

This finding does have some importance in designing storm water
monitoring programs. First, there is natural and appropriate bias that
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favors emphasizing resource allocation to larger storm events. Since no
significant linear correlation was found, such biases and differences are
not expected to influence EMCs comparisons to any appreciable extent.
Second, the probabilistic methodologies for examining the receiving water
impact of storm water runoff assumes that concentration and runoff
volume are independent (i.e., that there is no significant correlation).

Other factors’ effects. In deterministic concepts, factors such as slope,
soil types, and rainfall characteristics, are all potentially important. How-
ever, in a statistical sense derived from a large number of observations at
various sites throughout the United States, these factors did not appear to
have any real consistent significance in explaining observed similarities
or differences among individual sites. However, the sites that were inves-
tigated all had storm sewers, hence, the effect of, for example, natural
(swale) drainage on pollutant loads cannot be determined. Also no
abatement, such as ponds or infiltration, were included in the test sites.

Overall urban runoff quality characteristics. Having determined that
geographic location, land-use category, runoff volume, or other factors
appear to be of little utility in explaining overall site-to-site, event-to-
event variability to predicting the characterization of urban runoff at
unmonitored sites, the best general characterization may be obtained by
pooling the site data for all sites (other than the open/nonurban ones).
The results for the single overall urban land-use category are given
in Table 8.14. In the absence of better information, the NURP study
recommended these EMC characteristics for planning purposes as the
best description of the quality of urban runoff.

TABLE 8.14 Overall Water Quality Characteristics of Urban Runoff

Site Median EMC

Typical Coefficient For Median Urban For 90 Percentile
Constituent of Variation Site Urban Site

TSS (mg/1) 1-2 100 300
BOD (mg/l) 0.5-1 9 15
COD (mg/l) 0.5-1 65 140
Total P (mg/l) 0.5-1 0.33 0.70
Soluble P (mg/l) 0.5-1 0.12 0.21
TKN (mg/l) 0.5-1 1.50 3.30
NO2÷3-N (mg/l) 0.5-1 0.68 1.75
Total Cu (lag/l) 0.5-1 34 93
Total Pb (lag/l) 0.5-1 144 350
Total Zn (lag/l) 0.5-1 160 500

Source: From NURP studies, U.S. EPA (1983).
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TABLE 8.15 EMC Mean Values for Pollutant Load Estimates

Site Mean EMC

90 Percentile

Constituent Median Urban Site Urban Site

TSS (nag/l) 141-224 424-671

BOD5 (mg/1) 10-13 17-21

COD (nag/l) 73-92 157-198

Tot. P (nag/l) 0.37-0.47 0.78-0.99

Sol. P (mg/1) 0.13-0.17 0.23-0.30

TKN (mg/1) 1.68- 2.12 3.69-4.67

NO2+3-N (mg/1) 0.76-0.96 1.96-2.47

Tot. Cu (lag/l) 38-48 104-132

Tot. Pb (lag/l) 161-204 391-495

Tot. Zn (lag/l) 179-226 559-707

Source: U.S. EPA (1983).

It should be remembered that the values in Table 8.14 are derived
from log-normal distribution of EMCs. For estimating loads of pollutants
to receiving bodies of water these values should be converted to the mean
values, which are given in Table 8.15. The ranges reflect the variability of
the coefficient of variation of the EMCs.

Reconciliation of NURP Statistical Results with the
Deterministic Urban Runoff Quality Concepts

This somewhat surprising conclusion of the NURP statistical analysis
appears, at first, to contradict the deterministic findings presented in the
first sections of this chapter. For example, does the poor correlation
of EMCs to land use exclude the use of unit loads or more complex
deterministic models? The first conclusion would be to throw out these
earlier concepts. However, more detailed and thorough analysis leads to
a different conclusion.
First, most of the unit loads related to land use and/or other parameters,

as well as more complex deterministic models, are site specific, while
the NURP statistical analysis encompasses the entire United States.

Second, the NURP conclusions are related to event mean concentrations,
while at the same time a relationship between the runoff volume and
the degree of imperviousness has been found in the NURP studies
(Fig. 8.2). Since the unit load is a product of runoff volume and EMC,
there may be a relationship of the unit loads to land use, while a
relation to EMCs may not be profound.
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Third, site specificity of deterministic hydrologic models is so dominant
that conclusions obtained on a continental scale are not applicable to
sites with a basin area ranging from a few hectares to hundreds square
kilometers. Deterministic models are mostly applicable to site specific
designs of abatement for which nationwide statistical averages would
not be appropriate.

In the discussion of deterministic buildup and washoff concepts, it was
pointed out that the curb solids accumulation (and by the same reasoning
curb-side pollutant loads) stay more or less constant. The washoff rate is
proportional to rainfall intensity and, in a cumulative manner, to the
rainfall depth. This may lead to the conclusion that the EMCs under
these circumstances may not vary and, in a statistical sense, may be
considered as constant.

Hence the NURP findings do not a priori disprove the deterministic
concepts. Furthermore, even though the street loads of pollutants tend to
be inversely proportional to the imperviousness of the area, total loads
from less impervious areas also include pollutants eroded from pervious
starfaces, which again tends to eqoalize the EMCs an’d pollutant loads
among the land use areas.

The following example documents that there is no major discrepancy
between the unit loads presented in the first po~;tion of this chapter and
units loads obtained from the statistical nationwide characteristics of
urban runoff.

Example 8.6: Unit Loads Based on NURP EMC Data and their
Comparison with Other Estimates

Estimate annual unit loads and 90 percentile exceedence event mean
concentrations (EMC) of total phosphorus and lead from an urban area.
The following information is given:

Land use: residential
Percent imperviousness: 50%
Annual rainfall: 76 cm (30 in.)

From Table 8.14 the median and 90 percentile EMCs for total phosphorus
are 0.33mg/l and 0.70mg/l, respectively. EMCs for lead are 144lag/1
(median) and 350 lag/l, respectively.

Solution The annual load can be estimated using the relation of the
coefficient of runoff (defined as a ratio of runoff depth to the total rainfall
depth) as determined by the NURP study, which is shown on Figure 8.2.
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From the figure for the 50% impervious area, CR = 0.45 (recall from the
discussion in Chapter 3 that for urban areas the runoff coefficient is
approximately a measure of the degree of imperviousness).

For estimating the loads for median and 90 percentile urban sites, the
mean EMCs are taken from Table 8.15.

For a median urban site:

Average Tot. P EMC = 0.42mg!1

Tot. Pmean (kg/ha) = CV * rainfall volume * EMC -- 0.45 *
76 (cm) * 0.01 (cm/m) * 10,000 (mZ/ha) *
0.42 (g/m3) * 0.001 (kg/g) = 1.44 kg/ha

Average Tot. Pb EMC = 0.182 mg/1

Tot. Pbmean (kg/ha) = 0.45 * 76 * 0.01 * 10,000 * 0.182 * 0.001
= 0.62 kg/ha

For a 90 percentile urban site

Tot. P EMC (90%) = 0.9mg/1

Tot. P90% (kg/ha) = 0.45 * 76 * 0.01 * 10,000 * 0.9 * 0.001
= 3.08 kg/ha

Tot. Pb (90%) = 0.443 mg/1

Tot. Pb9o% (kg/ha) = 0.46 * 76 * 0.01 * 10,000 * 0.443 * 0.001
= 1.55 kg/ha

By comparison, the PLUARG data measured in the Great Lakes region
given in Table 8.8 reported ranges of annual unit loads for urban areas of
0.3 to 4.8kg/ha for phosphorus and 0.14 to 0.5kg/ha for lead. The range
of Tot. P unit loadings compiled by Beaulac and Reckhow (1982) for
urban lands were 0.5 to 6.25 kg/ha-year (average lkg/ha-year). No con-
clusions can be drawn from this comparison.

COMBINED SEWER OVERFLOWS

Unlike the separate storm sewers that mostly contain "cleaner" surface
runoff and infiltrations during wet weather, combined sewers carry a
mixture of storm runoff, infiltration, and wastewater (dry-weather)
flows. During wet weather, combined sewer systems may overflow,
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until recently commonly without any treatment, directly to the receiving
waters.

Combined sewers were originally built during the last century by con-
necting sewage discharges to subsurface and surface storm drainage. By
the end of the nineteenth century, the need for wastewater treatment
became increasingly apparent, but urban storm water was generally con-
sidered to be "clean" and suitable for the dilution of "dirty" wastewater.
However, after the turn of the twentieth century most of the urban sewer
systems were built separate.

In Europe, the practice of building separate systems was not as widely
accepted as in the United States, and many urban sewer systems are
combined. Typically in European urban areas, the city centers have
combined sewers, to which separate suburban sanitary Systems are con-
nected. Because of the period in which the combined sewers were built in
the United States, they tend to be located in areas that experienced major
growth during the period from approximately 1850 to 1900. Major com-
bined sewer service areas are located along the upper East Coast, in the
upper Midwest, and in the far east. There are at least 1 million hectares
of combined sewer service area in the United States today, located in
1100 to 1300 distinct collection systems with an average population density
of 40 people per hectare and total population served of about 37,000,000
(U.S. EPA, 1978). In total, there are between 15,000 to 20,000 CSOs
currently in operation (Association of Metropolitan Sewerage Agencies,
1988).

Sources and Characterization of
Combined Sewer Overflows

An overflow from combined sewers is initiated when the mixed flow in
the sewer exceeds the sewer capacity. To prevent backwatering into
the sewers and for safe conveyance the separation of the flows into an
overflow and downstream conveyance occurs in so-called flow regulators
or flow dividers whose schematic is shown on Figure 8.19. There are
many types of flow regulators, some of which use simple static weir
controls to separate flows and some that use moving parts. Many of the
existing regulators became inoperable in the past (Moffa, 1990).

Overflow frequency and duration. Combined sewer overflows (CSOs)
occur only during runoff-producing rainfall events which, in general, in an
average year range from 200 hours to more than 1300 hours in the United
States (U.S. EPA, 1978). In Germany (Ruhr area) there are on average
about 700 precipitation hours, and 1000 hours are typical for Switzerland
(Novotny et al., 1989). However, during these runoff-producing precipi-
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Combined
Sewer

". .. "~’.,’ ¯ Interceptor

FIGURE 8.19. Leaping weir CSO tlow divider (regulator).

tation hours pollutant loads may be extremely large. Combined sewer
overflows containing raw wastewater with pathogenic (disease-causing)
microorganisms, are repugnant and typically result in unpleasant odors.
They are suspected of being a source of objectionable debris, including
those illegally dumped into sewers (i.e., medical waste found on the East
Coast beaches that is suspected of originating with CSOs).

Typically, urban combined sewage systems are designed to carry flow
that is about four to eight times the average dry-weather (sewage) flows.
Treatment plants serving these systems built based on past U.S. and
European practices, were designed to handle mixed flows that were four
to six times the average dry-weather flow. Simply said, any flow in excess
of the treatment plant capacity must overflow either in CSOs or in a
treatment plant l~ypass.

The rainfall that initiates overflow can then be related to the hydro-
logical characteristics of the drainage basin, population density (per capita
sewage flow), and the excess treatment plant capacity as follows. Assume
that the peak surface runoff flow is adequately represented by the rational
formula (see Chapter 3) or Qs-peak = CAI, were C is the coefficient of
runoff defined in Table 3.13, A is the contributing area in square meters,
and 1 is the rainfall intensity in millimeters/hour, and Qs-peak is in liters/
hour. However, in this concept one has to realize that the minimal
CSOs causing rainfalls have relatively low intensity and, in most cases,

R0023475



498    Urban and Highway Diffuse Pollution

pervious areas do not contribute to the runoff. Thus the term C*A
should be replaced b.v the directly connected impervious area Acor,,~ectea =
DC* (Percent imperviousness/100)*A. Then if Qaw is the dry-weather
sewage flow and the treatment system capacity is m * Qdw (where m is
typically four to six), then the rainfall intensity at which the overflows
occur is

Ic,-it = (m - 1) Qaw (8.22)
Aconnected

where Imt is an average rainfall intensity at which CSOs begin in liters/
m2-hr = millimeters/hour.

The typical magnitude of the critical rainfall intensity for initiation of
CSOs is evaluated in the following Example 8.7.

Example 8.7: Calculation of the Critical Rainfall Intensity for CSOs

Calculate the critical rainfall intensity for a typical urban area with. ~
population density of 40 persons per hectare and an average dry-weather
sewage flow of 300 liters per capita and day. Assume that infiltration
inflow equals the dry weather flow. The capacity of the treatment plant is
four times the dry-weather flow (including infiltration), average runoff
coefficient for the area is 0.7, and the drainage area is 1000ha.

Solution The dry-weather sewage flow is

Qaw-- 40 [people/ha] * 300 [liters/capita-day] * 1000 [ha]
= 12.106 liters/day
= 12. 106/24 (hr/day)
= 5 * 105 l/hr.

The total dry-weather flow (including infiltration) is thus

Qdw = 2 * 5 * 105 = 1061/hr

Hence, the capacity of the treatment plant is

Qcap = 4 ¯ 1061/hr

Assuming DC = 0.5 (see Chapter 2 for the magnitude of the directly
connected impervious area factor) and 70% average imperviousness, the
directly connected, area is
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Acon = 0.5 * (70%/100) * 1000 (ha) * 104 (m2/ha) = 3.5 * 106m2

The critical rainfall intensity is then (Eq. (8.22))

~ 106 [1/hr]
Icrit = (4 - 1)~.5 ~-]-~ = 0.85mm/hr (=0.033in./hr)

The critical CSO-initiating rainfall intensity of about 1 mm/hr may be
typical for U.S. conditions. In Europe population density and impervious-
ness of urban areas are higher. Consequently, the critical rainfall inten-
sity, lc~t, is about 3 to 6mm/hr in Germany and 6 to 12mm/hr in
Switzerland (Novotny et al., 1989). Typically, without CSO control, over-
flows from combined systems in most urban areas occur on average
between 10 and 50 times per year. In Milwaukee a typical number of
overflows from the combined sewer area is about 40 per year.

Water Quality Characteristics of CSOs. Although CSOs have received
scrutiny by researchers and the EPA, and a large data base of quality
data has been assembled, no statistical analysis comparable to NURP
studies is available. Henc.e, only ranges and arithmetic averages have
been reported. There is a great likelihood that the statistical characteristics
of EMCs from combined sewer overflows may also follow the log-normal
distribution, and similar conclusions could be drawn as to the variability
as were for storm water quality characteristics. This is especially true for
the constituents that almost solely originate from storm water runoff,
such as toxic metals and organics. Table 8.16 shows some average quality
characteristics of CSOs.

There is ample evidence indicating that the first flush effect is more
pronounced in the CSO discharges. Organic solids accumulate and sewer
slime grows during dry periods; hence, far more pollutants accumulate in
combined sewers than in storm sewers, which are idle and mostly dry
between rainfall events.

TABLE 8.16 Nationwide Average Characteristics of CSOs

Parameter Average Concentration

BOD5 (mg/l) 115
Suspended solids (mg/l) 370
Total nitrogen (mg/1) 9-10
Phosphate (mg/l) 1.9
Lead (mg/l) 0.37
Total coliforms (MPN/100 ml) 102-104

Source: From U.S. EPA (1978).
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Nationwide assessment has also shown that the annual load from CSOs
for POD are about the same as those for the entire year from the
secondary treatment plants treating wastewater from the same area. The
annual discharges of suspended solids and lead are approximately 15
times higher from combined sewer overflow than from secondary treat-
mentplant effluents. On the other hand, annual loads of total N and
phosphates from secondary treatment plant effluents are 4 and 7 times the
discharge from combined sewer overflows, respectively.
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9

Modeling and Monitoring
Diffuse Pollution

Most natural hydrologic phenomena are so complex that they are beyond
comprehension, or exact laws governing such phenomena have not been
fully discovered. Before such laws can ever be found, complicated
hydrologic phenomena (the prototype) can only be approximated by
modeling.

Ven Te Chow

GENERAL CONCEPTS

As a result of research in the i970s and early 1980s, a large number
of models have been developed by various agencies, universities, and
researchers throughout the world that could be used for modeling diffuse
pollution and for assessment of remedial measures. Such models range
from simple applications of basic hydrological procedures with added unit
pollutant loads (see Chapter 1 for a definition and discussion of the unit
load concept), to highly complex hydrological surface and ground-water
runoff quantity and quality models. Models that in the past could be
run only on large mainframe computers are now available for personal
minicomputers. Several are available from agencies (for example, the
U.S. EPA Research Laboratory in Athens, Georgia) and software vendors.
As a matter of fact, the availability of personal computers that now have
the same capability, or even surpass, medium mainframe computers of
ten years ago, have meant that almost every engineer or planner can now
possess a computer capable of running very sophisticated hydrological
models. On-line interactions of user and computer graphics are being
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incorporated into the available models. Use of geographic information
systems (GIS! and CAD programs for diffuse pollution modeling is now
evolving.

Diffuse pollution hydrological models are a part of loading models that
represent and simulate the generation and movement of water and its
pollution content from the point of origin (source area) to a place of
treatment and/or disposal (discharge) into receiving waters. These models
may be used for planning and design alone, or may interface with receiv-
ing water quality models that assess the impact of nonpoint pollution on
the aquatic biota and beneficial downstream uses. In most cases, the
loading models provide concentrations and flow rates (pollutographs and
hydrographs) and/or unit and total loads of pollutants. This chapter
briefly describes the concepts and basic approaches of loading models.
The processes included in the design of these models are described in
pertinent chapters throughout this book.

Stream and receiving water quality models simulate the movement of
materials through streams, river impoundments, estuaries, or near-shore
ocean dispersion. The concepts of these models are introduced in Chapter
12. Reviews of the available runoff-quali~y models applicable to diffuse-
pollution modeling of urban and agricultural watersheds have been
prepared by Haan, Johnson, and Brakensiek (1982), Giorgini and Zingales
(1986), Novotny (1986, 1988) and for the U.S. EPA by Donigian and
Huber (1990) and Huber (1990).

Types of Models

Every model can be represented by the "black box" concept (Fig. 9.1).
The model, just like the real system, produces output to various inputs.
The structure of the model is always a very simplified version of the
interactions and reactions taking place in the real system. The variables
describing the physical state of the system are called system parameters;
the variables affecting the state of the system are state variables. Some
input variables may be considered state variables and vice versa. Watershed
size, slope and roughness characteristics, erodibility, and texture of soils
are examples of system parameters, while temperature and solar radiation
and vegetation cover may be considered state variables. Rain, atmo-
spheric fallout, and daily litter inputs on impervious areas can be con-
sidered inputs to most diffuse-pollution-water quality models. Note that
a time series of unknown random perturbations can also be considered an
input series, which is a fundamental premise of stochastic water quality
models.

In his now classic paper on hydrologic modeling, Chow (1972) claso
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FIGURE 9.1. "Black box" concept of the watersh¢d.

sifted models into a number of categories, including physical, determin-
istic, and stochastic models. Physical models are of little importance
to diffuse pollution modeling although they are used extensively for
studying individual processes such as infiltration, soil water movement,
and adsorption-desorption. Abstract models attempt to represent the
prototype theoretically in mathematical form. These models replace the
features of the system by relevant mathematical relationships.

Following and expanding Chow’s definitions, the diffuse-pollution
models can be broadly divided into the following basic groups (Fig. 9.2):

¯ Simple statistical routines and screening models
¯ Deterministic hydrologic models
¯ Stochastic models

A deterministic model ignores the input or random perturbations and
random variations of system parameters and state variables. Such models
for a given set of inputs provide only one set of outputs, while the output
from stochastic models is often expressed in terms of mean and prob-
abilistic ranges.

There are basically two approaches to modeling diffuse pollution. The
¯ more widely used are lumped-parameter models, while some more com-
plex deterministic models are based on the distributed-parameter concept.
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Hydrologic Models

Physical
Abstract

I
I

Scale Analog Simulation Indeterministic

Deterministic ~ 1 ~
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Lumped Distributed

I I

Linear Nonlinear

FIGURE 9.2. Classification of watershed hydrologic models. (After Chow, 1972.)

Lumped-parameter models can be both stochastic and deterministic (Fig.
9.3). The lumped-parameter models treat the watershed or a significant
portion of it as one unit. The various characteristics of the watershed are
often lumped together by an empirical equation, and the final form and
magnitude of the parameters are simplified to represent the modeled unit
as a uniform system. The coefficients and system parameters for each
homogenous unit are often determined by calibration by comparing the
response of the model with extensive field data. For such models the
input-output relationship can be represented as

Y = qbX (9.1)

where
X = input vector (single or multivariate)
Y = output vector (single or multivariate)
qb = simple or complex transfer function

According to this definition, a mathematical model is itself a computerized
complex transfer function. Note also that Equation (9.1) does not mean
that the output vector, Y, is obtained by multiplication of the input vector,
X, by a transfer function, qb. This simplified concept may involve complex
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mathematical operations, such as integrations, finite-difference approxi-
mations, and matrix inversions.

The models, once they have been calibrated and verified, can produce
long time-series of outputs reflecting different hydrologic and meteor-
ologic conditions (input variables). However, it has to be realized that a
true time series of input and output parameters also contains random
fluctuations that have been ignored by the deterministic nature of the
model. Therefore, using statistical routines to estimate probabilistic
characteristics of a time series produced by a deterministic model is
inappropriate and may provide erroneous information about the statis-
tical nature of the time series or of the modeled phenomenon. This is
explained further in the section on stochastic modeling.

The distributed-parameter approach involves dividing the watershed
into smaller homogenous units--areal elements--with uniform charac-
teristics (soil, imperviousness, crop, slope). Each areal unit is described
individually by a set of differential mass-balance equations. The input to
each unit consists of the distributed inputs, such as rainfall and atmo-
spheric deposition, plus output from upstream adjacent units. The mass-
balance equations for the entire system are then solved simultaneously
over a small computational time element At.

Theoretically, the lumped-parameter model can provide only one
output location, while outputs can be obtained throughout the system
from distributed-parameter models, that is, from each modeled subunit.
Distributed-parameter models require larger computer storage for per-
forming comparable modeling tasks and an extensive detailed description
of system parameters, which must be provided for each element. However,
changes in the watershed characteristics and their effect on the output can
be modeled easily and more effectively. The distributed-parameter
models are also more suitable for geographic information systems (GIS)
and computer-aided design (CAD) modeling.

Some larger hydrological models allow division of the watershed
into a smaller number of homogenous land segments, which then become
essentially lumped-parameter subwatersheds. The output is then obtained
by summing up the individual outputs from the subwatersheds, and
not by simultaneous mass-balance solutions of a large number of areal
elements. Nevertheless, the overall character of these more complex,
spatially variant models are still more lumped in character than distributed-
parameter models.

In size, the watershed models may range from small uniform segments
of less than 1ha to entire watersheds with the area of several hundred
km2. The U.S. Environmental Protection Agency (Sauders, 1976) has
divided the loading models into basin-scale models (>500 km2), areawide
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models (55 to 500 km:/. and small watersheds or fields (<55 km2). Even
the smallest (55kin2) scale may be too large for some more detailed
hydrological models, and introduction of a subbasin scale of less than
5km2 would be appropriate. Recall from Chapter 3 that watersheds
with an area of less than 5 km2 can be represented by a single-reservoir
hydrological model, while for larger scale modeling more complex water-
shed representations are needed. A trade-off always exists between the
size of the modeled area and the detail and reliability of the model.

Models can be designed or run on an event or continuous basis. Discrete-
event models simulate the response of a watershed to a major rainfall or
snowfall event. The principal advantage of event modeling over con-
tinuous simulation is that it requires little meteorological data and can be
operated with shorter computer run time. The principal disadvantage of
event modeling is that it requires specification of the design storm and
antecedent moisture conditions, thereby assuming equivalence between
the recurrence interval of the design storm with the recurrence interval of
the runoff. This disadvantage is more pronounced when modeling more
pervious watersheds than in modeling impervious urban basins.

Continuous process modeling sequentially simulates processes such as
precipitation, available surface storage, snow accumulation and melt,
evapotranspiration, soil moisture, surface runoff, infiltration, soil water
movement, pollutant accumulation, erosion, and possibly other process-
es. Such models typically operate on a time interval ranging from a day
to a fraction of an hour, and continuously balance water and pollutant
mass in the system.

The principal advantage of continuous modeling is that it provides long
time-series of water and pollutant loadings. Some users of such models
attempted to statistically analyze the output time series as to the fre-
quency and occurrence of runoff and pollutant load events. As was
pointed out in the preceding discussion and will be further elaborated in
the subsequent section on stochastic models, such statistical analyses
using outputs from deterministic models are not proper and may provide
erroneous statistical characteristics. A principal disadvantage of contin-
uous modeling is that it requires long simulation runs, thus imposing
restrictions on the number of alternatives that can be investigated. It also
requires historical data on precipitation, often in less than hourly in-
tervals, which is not always available.

Reliability and Usefulness of the Models

The epigraph at the beginning of this chapter introduced the dilemma of
hydrologic modeling. It must be understood that as with any simulation of
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"real-world" systems, mathematical models are only a rough approxima-
tion. A computer model is the formulation into a computer language of
the modeler’s concept of the physical system and processes. Models are
simplifications of the real system, and the degree of simplification may be
the result of the modeler’s understanding of the processes involved in the
system or the desired accuracy or the purpose of the model itself. ~For
example, a scientist conducting research on infiltration of rainfall into the
soil might very precisely describe mathematically the infiltration process
and generation of runoff volume, but might grossly oversimplify the
movement of surface runoff rates and the erosion process (Knisel, 1985).

Hence, the accuracy and reliability of models are limited. Although
some models represent the best available technology for analysis of
environmental systems, a common error made by many planners is
that they accept simulation results as true and absolute for unknown
conditions. In order to avoid disappointments and court challenges, users
should be aware of the limited accuracy of the models. Furthermore, as
stated previously, deterministic models that are prevalent in today’s
practice inherently neglect random variations in the input and output
series. Such variations can sometimes overwhelm deterministic interrela-
tionships. Also the measured data contain inherent (systematic) and
random measurement errors. Often measured data are not available at
the location of interest and must be obtained by extrapolation from
nearby observations.

The most accurate deterministic models (_+ few percent) are
hydrologic models simulating runoff from small, uniform, impervious
areas; the least reliable (an order of magnitude or more) are water quality
models for large watersheds. Figure 9.4 shows the approximate accuracy
of modeling water and pollution loads from diffuse sources using deter-
ministic models. It should be noted that for simulating pollutant trans-
port, hydrology must be calibrated and determined first, followed by
sediment, and finally pollutant transport. Any errors that appear in the
hydrologic or erosion component will be transferred and magnified
in all dependent follow-up components. The highest error associated with
bacterial estimations is caused primarily by analytical techniques and to a
lesser degree by modeling reliability.

Since stochastic models provide a measure of error (a time series of
errors between predicted and calculated output series), the reliability of
the models can be accurately estimated (an opposite of reliability is the
risk of failure of the model, or Pr = 1 - pf, where pr is reliability and pf is
probability of failure). A similar but inferior series of errors can be
obtained by comparing the resulting output time series of deterministic
models with the measured data. However, such series may still have
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FIGURE 9.4. Relative accuracy and reliability of hydrologic models of diffuse pollution.
Accuracy and reliability decreases with the increased complexity and size of the modelled
system.

"hidden" deterministic and stochastic subprocesses that have not been
included in the model. This will be further elaborated in the section titled
"Stochastic and Neural Network Models."

In spite of the errors involved in modeling such complex environ-
mental systems as diffuse pollution, the model as a planning tool cannot
be replaced by any "rule-of-thumb" approach. The use of models is
beneficial and greatly enhances the planning process for the following
reasons:

1. Models can provide a forecast of impact of planned actions on water
quality and pollution loadings.

2. Models provide an understanding of the processes involved in pollu-
tion generation from nonpoint sources.

3. The data base necessary to construct and calibrate the model is useful
for other planning activities. Many problems will be answered or
become clearer just by evaluating the data and compiling them into
an appropriate input format.
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4. Critical processes and areas of concern can be delineated and de-
tected by modeling.

5. Regulators almost always require proof of water quality impact
during conditions for which monitoring data may not be available,
especially in cases when some action is in the planning stage and has
not been implemented. Such impact can only be established by
modeling.

6. Models can be updated continuously according to the state of the art
of modeling technology and understanding of the modeled process.

7. Models can generate numerous alternatives and their impact on
the environment according to the specifications. Various strategies
can be investigated, and the impact of remedial measures can be
evaluated.

8. Although the absolute accuracy of the outputs from the model is
limited and sometimes even small, a comparison and ranking of out-
puts for various alternative remedial measures are commonly reliable
and in most cases adequate.

9. Models can estimate and analyze trade-offs between planning objec-
tives. A system providing the lowest pollutant load may not be op-
tional for other objectives such as the enhancement or even viability
of agricultural production (e.g., limiting or eliminating pesticide and
fertilizer use may result in significant yield reduction; urban develop-
ment versus no future development). If the environmental objective
is known, the alternative to achieve it can be measured in terms of
economic efficiency by considering the willingness of those involved
by the measures to pay for the consequences. If there is a financial
limit, it must be treated as a constraint.

10. Water quality loading models are now a required and integral part of
the permit application for discharging urban and some agricultural
runoff into receiving water bodies, as specified in the United States
by the Clean Water Act.

Selection of the Models

As stated before a large number of models were developed in the 1970s
and early 1980s. For a review of models developed in this "model crea-
tion period" the reader is referred to papers by Renard, Rawls, and
Fogel (1982), Huber (1986, 1990), and other reviews by EPA and other
agencies. Many mainframe computer models have been converted for use
on small personal computers and are available from agencies, universities,
and software vendors. However, as pointed out by Knisel (1985), who is
one of the most prominent model creators, "the burden is upon the user
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to decide which model is appropriate for the problem on hand. The user
must learn the model concepts, assumptions, and limitations and whether
or not it will adequately treat the problem of concern." Knisel also
correctly stated that "a person really cannot learn a model until they
actually run it, get familiar with it, and feel comfortable in what they are
doing."

Potential users should be well aware of and know by reputation the
model creators, and should obtain references just as they would when
purchasing any other goods. Purchasing and using anonymous models
from software vendors without learning about the model creators and
their reputation or acquiring models that have not been extensively tested
and used by others is not wise. Model selection is an important part of the
modeling process. Barnwell and Krenkel (1982) delineated the following
level-of-use for the models: screening, planning, and design. Sutherland
(1980) and Novotny (1986) divided diffuse pollution models into five
categories:

I. Simple statistical procedures and unit loads with no interactions
among the processes

II. Simplified procedures with some interactions among the processes
III. Simplified deterministic models, either event oriented or continuous
IV. Sophisticated (detailed) event simulation models
V. Sophisticated continuous models

Hence, several models may be used in the modeling process, as shown on
Figure 9.5. In the process:

1. Overview statistical and simplified screening procedures (Levels I or
II) will identify the problem areas.

2. Detailed continuous models (Level III or V) can be used for obtaining
time series of simulated water and pollutant loads and for the screen-
ing of various management practices and scenarios. Such modeling
activities must consider both the source strength (pollutant emission
rates) and delivery.

3. A detailed event-oriented model (Level IV) can be used to finalize the
design of some technically complex structural and nonstructural
management practices and measures selected and evaluated in Phase
2. Event-oriented models should not be used for evaluating the impact
of diffuse sources on receiving water bodies since the worst water
quality impact may not occur during the high-flow "design" storms.

Models have been designed for specific applications, such as evaluation
of pollutant loads and management practices for agricultural operations,
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FIGURE 9.5. Schematics of the selection process for using models in diffuse-pollution
simulation and abatement design.

urban and highway drainage-water quality models, mining pollution
models, watershed models for the evaluation of the effects of atmospheric
deposition, subsurface drainage and pollutant transport models, and
specific designs of various structural and nonstructural measures, such
as detention-retention ponds. There is no "universal" reliable diffuse-
pollution model available, and the user must match the selected model
with the modeling task.
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Calibration and verification of the models with field data may be
necessary for Phase 2 modeling activities if accurate loading of pollutants
is desired. Calibration is less important if only the relative effect of
various management practices is compared. One important consideration
in model selection is the experience of others with its use. Few models
have adequate documentation, have been extensively tested and applied
by others than the model creators, and are continuously supported and
maintained.

SIMPLE STATISTICAL ROUTINES AND
SCREENING MODELS

Screening models (Levels I and II) evolved primarily from established
traditional design procedures and/or the statistical results of monitoring
programs. The concepts are the same for both urban and rural (agricultural)
land uses, and the land-use type and distribution is generally the most
dominant independent input parameter. The hydrologic fundamentals of
these models are not complex or may not even be considered. Simple
water quality estimatior~ procedures for diffuse-source areas rely primarily
on estimating pollutant accumulation in curb storage or use directly
established unit loads related to land use for each land use within the
watershed.

Diffuse (nonpoint)-pollution unit loads are expressed in mass of pol-
lutant per unit of area per time. Unit loads of pollutants from dry-
weather flow in combined sewers are often expressed in so-called population
equivalents (pollutant emission rate expressed as mass per capita per
day). The pollution load in this simple way is then found by multiplying
the unit load by partial area of the land-use category and for sewage
by the population number of the contributing basin. Publications by
McElroy et al. (1976) and by Chesters et al. (1978) summarized unit loads
and functions for nonpoint pollution, including that from urban drainage
basins.

The basic characteristic of simplified screening models is that there is
very little interaction, if any, among the processes generating the flow
and quality. The statistical equation used to derive the unit loads and
parameters of the models were based on elemental statistical routines,
such as mean, standard deviation, and multiple-regression analyses.

Unit Loads of Pollutants from Impervious Urban
Surfaces

Buildup and Washoff. In the late 1960s and early 1970s, investigators
(APWA, 1969; Sartor and Boyd, 1972) analyzed distribution of pollutants
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on street surfaces and found that the majority of solids accumulated
within a 1-m-wide strip on the street side of the curb. Sartor and Boyd
(1972) then provided accumulation plots for three major land uses (res-
idential, commercial, and industrial). These findings were then con-
firmed by a number of studies throughout the United States (for example,
Shaheen, 1975, and Bannerman et al., 1984). In such cases, it was con-
venient to express the accumulated pollutants in grams per unit length of
curb. Such curb pollutant loads were provided by McElroy et al. (1976).

Instead of using a constant curb or surface load of "dust and dirt" and
associated pollutants, it has been demonstrated that there is a build up of
particular pollutants on the impervious surfaces, particularly in the curb
storage of urban basins. Originally, it was assumed that this buildup is
linear; however, Sartor and Boyd (1972) demonstrated a gradual decrease
in the accumulation rates until a certain pseudoequilibrium is achieved.
Novotny et al. (1985) showed that this steady-state pollutant load is a
result of a quasi equilibrium between the pollutant inputs (atmospheric
and litter depositions and traffic emissions) and translocation of pollutants
from the curb storage on adjacent pervious and hydrologically inactive
surfaces. The steady-state curb pollutant loading may be ~naintained
and has been observed in some experimental urban basins. Typically,
these loads were measured between 20 to 100 g/m of curb, depending on
the character and "cleanness" of the area. A linear steady buildup of
accumulated pollutants on impervious surfaces and curb storage is typical
only for urban areas that are nearly 100% impervious. The buildup then
refers to a complex process occurring during the dry period preceding a
rainfall that includes deposition, wind erosion, and street cleaning effects.

Washoff is thus the process by which the accumulated particles are
removed from the surface by rainfall-generated runoff. Hence, the quan-
tity of the pollutant in the sewer flow could be computed from:

P = CD*L*A*r (9.2)

where
P = pollutant load in the sewer or at the basin outlet (kg/storm)
L = accumulated curb load of the pollutant during an antecedent dry

period (g/m)
CD = curb d, ensity (km/ha)
A = subwatershed area (ha)
r = washoff factor that is related to runoff energy

The magnitudes of the unit loads and simple procedures were compiled
by McElroy et al. (1976). The pollutant loads computed by these simple
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procedures (using either the literature or local monitoring statistical
values) can be complemented by simple flow determination in order
to crudely estimate the average concentrations of the pollutant in urban
runoff.

The buildup and washoff modeling concept has been used in simple
screening models, as well as in more complex hydrological urban runoff
pollution models. A more detailed presentation of buildup and washoff
processes and their implication on urban runoff quality management was
presented in Chapter 8.

Unit Loads of Pollutants from Pervious Surfaces

The annual or seasonal form of the universal soil loss equation (USLE)
proposed by Wischmeier and Smith (see Chapter 5 for a detailed descrip-
tion of the USLE with quotations from the authors and developers) is the
most widely used and respected model for estimating soil loss from
pervious areas. In order to obtain solids load (sediment yield) at the
watershed outlet, the potential soil loss estimated by the USLE must be
multiplied by the delivery ratio factor, DR. Generally, DR equates the
measured sediment yield to the potential soil loss estimated by the USLE.
As pointed out in Chapter 5, the DR is a highly variable hydrological
parameter that normally is estimated by calibration. For sewered areas,
DR is close to unity. The magnitudes of DR for urban areas and different
land uses are not known and should be researched. In most cases only
simplified morphological estimates of the delivery ratio are considered
and included.

To obtain loading of particulates other than sediment, the sediment
loads obtained by the USLE are multiplied by potency factors, which
relate the concentration of the pollutant to that of the sediment. These
factors have also been summarized by McElroy et al. (1976) and inves-
tigated by Zison (1980). The enrichment is either not considered or
considered only superficially.

A number of excess rainfall estimating procedures can be used for
calculating flow and, hence, average event concentrations of pollutants.
The best known hydrological procedure in the United States was de-
veloped by the Soil Conservation Service (SCS) and is called the runoff
curve number method, which was introduced in Chapter 3 (Soil Con-
servation Service, 1972). The SCS method provides a means of estimating
surface runoff volume and hydrograph using a semiempirical relationship
between rainfall and runoff based on a runoff curve number that depends
on land use, soil type, vegetation, and antecedent soil moisture conditions.

For combined sewer systems, the simplified procedures mentioned
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earlier provide only the wet-weather water and pollutant contributions by
surface runoff. In order to obtain the total pollution load, dry-weather
(wastewater) contributions must be added. These contributions are
estimated using population equivalent loads such as those reported in
Novotny et al. (1989).

Screening Models

The EPA screening procedures (Mills et al., 1982, 1985) evolved from the
revisions and expansions of the water quality assessment procedures
initially developed for 208 planning areas. The procedures are essentially
a compilation of functions and unit loads developed previously by the
Midwest Research Institute (McElroy et al., 1976) and provide annual
estimates of loads. The nonurban loads are based on the annual form of
the universal soil loss equation (see Chapter 5), while urban loads are
estimated using the buildup-washoff concept presented in the preceding
paragraph. The revised edition of 1985 contains a comprehensive com-
pilation of procedures for estimating loadingS of toxic pollutants, includ-
ing their partitioning between solid and dissolved phases.

The data requirement is minimal and the procedures have excellent
user documentation and guidance, including workshops sponsored by the
EPA Water Quality Modeling Center, Athens, Georgia. The presenta-
tion of loading functions is supplemented with additional parameters and
sample calculations.

Model-enhanced unit loads. A large hydrologic-pollution simulation
model, calibrated by extensive monitoring data from several experimental
watersheds located in southeastern Wisconsin, was used to generate unit
loads of pollutants for typical land uses (Novotny et al., 1979; Novotny
and Bannerman, 1980). The method called MEUL (model enhanced unit
loads) and the generated unit loads were later used by local planning
agencies to delineate hazardous lands and watersheds requiring abate-
ment in the Wisconsin Priority Watershed Program and 208 local studies.
Figure 9.6 shows the loading diagrams generated by the MEUL method.
These unit loads can then be used along with the land-use distribution
within the watershed to generate total annual or seasonal watershed
loadings.

Cornell University researches (Haith and Tubbs, 1981; Dickerhoff and
Haith, 1983; Haith and Shoemaker, 1987) presented generalized loading
functions for estimating nutrient loadings. These simple functions describe
both rural and urban sources. For urban sources the buildup and washoff
concept is used. For rural sources the loading functions have the follow-
ing form:
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FIGURE 9.6. Unit loads of sediment (suspended solids) obtained by hydrologic
simulation (model-enhanced unit loads).

LDkt = 0.1CDktQktTDk

LSkt = O.O01CSktXktTSk (9.3)

where
LDkt -- unit load of dissolved pollutant from land-use area k during

the event on day t, kg/ha
LSkt = unit load of suspended pollutant from land-use area k during

event t, kg/ha
CDkt = dissolved pollutant concentration of pollutant in runoff, mg/1
CSkt = solid-phase (adsorbed) pollutant concentration, pg/g of

sediment
Qkt = runoff for the day of the event on day t from land-use area

k, cm
Xkt = soil loss from land-use area k due to the event on day t,

tonnes/ha
TDk, TSk = transport factors that indicate the fractions of dissolved and

solid-phase pollutants that move from the edge of the source
area (field) to the watershed outlet.
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To obtain the total watershed seasonal or annual (nonwinter) loadings the
unit loads expressed by Equation (9.3) are integrated over the entire
watershed area and time span of the simulation period as

LD (total)= ~ ~ LD~.Ak (9.4a)
k t

LS (total) = ~ LSktA~ (9.4b)
k t

where Ak = watershed area associated with land use k, ha. Implementa-
tion of these loading functions requires estimates of runoff, soil loss,
pollutant concentrations, and attenuation and transport from each unit
land-use source area within the watershed. Simplified procedures are
provided by the authors.

Regional regression models. USGS developed regional regression
models for estimating urban runoff quantity and quality (Driver and
Tasker, 1988; Driver and Lystrom, 1987; Driver, 1990) in which the
nonpoint pollution loads were correlated to the percentage of impervious
area, industrial land use, commercial land use, nonurban land use, mean
annual rainfall, and mean annual nitrogen-precipitation load. The re-
quired input data can easily and inexpensively be obtained from local rain
gages, land-use maps, annual weather summaries, and census reports.

The model has the form (Driver and Lystrom, 1987):

r = (Bo × xB11 X X~2,..., X~")BCF (9.5)

where
Y = estimated storm-runoff pollutant load or volume

* dependent variable
X1, X2,..., Xn = basin morphological or climatic characteristics (inde-

pendent variables)
B1, B2,..., Bn = regression coefficients
n             = number of basins or climatic characteristics in the

models
BCF = bias correction factor correcting the impact that the

logarithmic transformation of the variables has on the
mean

Independent variables included in the model were:

Basin characteristics
1. Total contributing drainage area
2. Impervious area as a percentage of the total area
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3. Industrial land use
4. Commercial land use
5. Residential land use
6. Nonurban land use

Climatic characteristics

1. Total rainfall for each storm
2. Mean annual rainfall
3. Mean annual nitrogen precipitation load

In the analysis the United States was divided into three regions based
on mean annual rainfall. The USGS data base from which the models
were developed included 1123 storms for 98 urban stations, which were
mostly stations of the National Urban Runoff Proiect, in 21 metropolitan
areas. The dependent (modeled) parameters for which adequate regres-
sion models were obtained were runoff volume and chemical oxygen
demand and nitrogen loads.

Caveats. In spite of their questionable accuracy and reliability, the
simple screening procedures have found wide applications. It may be
surprising to note that such simple quality estimations have been attached
to several complicated hydrological models currently in use. One ex-
planation for this popularity is that these procedures provide a simple
mechanism and quick answers to pollution problems of larger watersheds
where more complicated models might fail because of the enormous
amount of information (not commonly available) required to set up the
input data bases. The screening procedures enable identification of
hydrologically active areas that generate nonpoint pollution that should
then be subjected to further studies and subsequent management.

The effect of various abatement measures on nonpoint pollution loads
estimated by the simplified screening procedures can be only approxi-
mately determined by using simple rule-of-thumb factors and pollution-
removal efficiencies. For example, it can be assumed that an effective
street sweeping program will reduce solids loads from impervious urban
surfaces by 15% to 25%, or that a properly designed and operated wet
detention pond can attenuate particulate pollution by about 50%, or that
a certain soil-conservation practice will reduce soil loss as delineated in
the guidelines for determining the cover factor, C, and the erosion con-
trol practice factor, P, of the universal soil loss equation.

If statistical regression models are selected, the user should be aware
that all statistical models reflect and correspond to the data sample from
which the model was derived. Using the models for conditions and locales
outside the original data is always improper.
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Geographical information systems. The unit load models and simpler
screening models along with basin attributes can be incorporated in
computer-aided design (CAD) and the geographic information systems
(GIS) to generate graphic maps of source areas, transport routes, and
other components and parameters of diffuse-pollution generation and
transport processes, as well as the contaminant (pollutant) loads from
these areas. The idea of using GIS for estimating diffuse pollution is not
new and was used in the 1970s for calculating basinwide phosphate loads
and developing source maps in the Great Lakes basin (Johnson et al.
1978). The GIS have been used in many disciplines, including mapping,
military, and water resources-watershed descriptions.

Geographical information systems have a lot in common with the
computer-aided design systems used for drafting a wide range of technical
objects. Both GIS and CAD need to be able to relate objects to a frame
of reference (coordinates), both need to handle graphic attributes and
both need to be able to describe topological relations (Burrough, 1986).
GIS can be linked to remote sensing, surveying data, and can include
functional relationships and unit loads. Geographic information systems
can be thought as being both the means of storing and retrieving data
about aspects of the earth’s surface, and systems by which the data can be
transformed and manipulated interactively for studying environmental
processes and the impact of planning decisions. They are ideally suited
for studying the processes and impacts of diffuse pollution (Connors-
Sasowski and Gardner, 1991; DeRoo, Hazelhoff, and Burrough, 1989;
Evans and Miller, 1988; Potter, Gilliand, and Long, 1986).

Cline, Molinas, and Julien (1989) described an auto-CAD system that
was used in connection with the watershed hydrologic model HEC-1
developed by the U.S. Army Corps of Engineers in the 1970s. They
have pointed out that the commercially available auto-CAD system can
organize and display spatial watershed data and also has some analytical
capability. In a similar application, Stuebe and Johnston (1990) used
a public domain GIS system GRASS (available from the U.S. Army
Engineering Research Laboratory) for estimating runoff volumes. The
GRASS system is the designated GIS of the U.S. Department of Ag-
riculture, Soil Conservation Service.

In a GIS system, information of the spatial characteristics of a geo-
graphic area (such as a watershed) can be stored in a square grid system
called a raster or a vector-polygon system. In the raster system, each
square may correspond to a dot (pixel) on the computer screen. Infor-
mation can be stored in different layers (for example, soil information in
one layer, elevation in the second layer, and land cover in the third layer.
This concept of information storage is shown in Figures 9.7 and 9.8. As
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FIGURE 9.7. Schematic of the geographical information systems (GIS). (After

Burrough, 1986, by permission of Oxford University Press.)
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FIGURE 9.8. Overlay and storage of geographic information in a GIS system. (a) The
"overlay" concept: the real world is portrayed by a series of overlays, in each of which one
aspect of reality has been recorded (e.g., topography, soil type, roads, rivers). (b) Three-
dimensional arrays used for coding map overlays in raster data base structures. (After
Burrough, 1986, by permission of Oxford University Press.)
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soon as the entire watershed information is coded and entered into the
GIS system it can be processed using, for example, the universal soil loss
equation, to produce source maps of sediment and pollutants. The GIS
can also be used for spatial water quality and pollution analyses, as well
as for evaluation of the impacts of various land-use changes within the
watershed on the water quality of receiving water bodies.

The GIS are used by the agencies to store and manipulate geographical
information, including that related to diffuse pollution and water quality.
For example, the Soil Conservation Service (SCS) of the U.S. Depart-
ment of Agriculture has developed the State Soil Geographic (STATSGO)
data base (Reybold and TeSelle, 1986; Bliss and Reinbold, 1989). This
data base overcame many of the problems associated with previous
tedious methods of mapping soils over a larger area. STATSGO data
have polygon units that incorporate several components of the soil infor-
mation system, such as slopes and water capacity. The U.S. Geological
Survey was cooperating with the SCS in an effort how to use the soil GIS
data base in watershedwide analyses.

Probabilistic statistical methods. The so-called EPA Probabilistic
Me~hod for analyzing water quality effects of urban runoff is based on the
derived frequency distribution of the flows and quality, which is presumed
to be log-normal (Driscoll, 1986). When coupled together the distribution
of runoff loads can be derived (Driscoll, DiToro, and Thomann, 1979;
DiToro, 1984; and Athayde, Meyers, and Tobin, 1986). Further ana-
lytical treatment has been developed to account for storage (DiToro and
Small, 1979). These models are not identical to the stochastic models
discussed in the next section.

DETERMINISTIC HYDROLOGIC
SIMULATION MODELS

The more complex hydrologic simulation models in the second category
represent a description of the hydrologic rainfall-runoff transformation
process with associated erosion, pollution buildup and washoff, and other
quality components. In combined sewer systems, sewage flow contribu-
tions, infiltration, quality contributions by infiltration (for example,
nitrate), and pollutant buildup in sewers are additional sources and
processes that should be included.

The basic premise of hydrologic simulation models, in contrast to
the previous simplified computational procedures, is an interaction
among hydrological and pollution-generation and -transport processes.
Obviously, the complexity of the processes that are considered by the
models and their feedback and interactions vary from model to model.
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Diffuse-pollution hydrological flow-quality models have the following
basic components (Novotny, 1986, 1988), which are also depicted in
Figure 9.9:

1. A surface-runoff-generation component that computes the transfor-
mation into excess (net) rainfall. Modeling surface runoff includes the
following processes that were described in Chapter 3:
a. Exhaustion of surface storage
b. Evapotranspiration
c. Snow accumulation and melt

2. The soil and ground-water component (not common to all models)
that describes the movement of water through the unsaturated soil
zone into the saturated ground-water zone. These submodels balance
soil moisture with infiltration rate, evapotranspiration, and water loss
into the deep ground-water zone. Since infiltration is a function of soil
moisture content, an iterative procedure may be employed. If the soil
component is not included in the model, the infiltration rate of surface
runoff is estimated by an empirical equation. The most common
infiltration models were presented in Chapter 3.

3. Accumulation, removal, and washoff of pollutants from impervious
surfaces. This component, typical for urban models, balances the
particulate pollutants that deposit onto the impervious surfaces near
the curb of paved roads during dry days and estimates their washoff
into the runoff during rainfall. The accumulated mass is a result of the
deposition of particulate pollutants from various sources (atmospheric
dry deposition, litter deposition, traffic emissions, salt application),
and their removal from curb storage by wind and traffic-induced
turbulence and street sweeping (Novotny et al., 1985).

4. Soil-erosion components, by which soil loss from impervious areas can
be estimated. The universal soil loss equation (USLE) is the most
common model to represent this process. Soil-erosion models were
introduced in Chapter 5.

5. Adsorption of pollutants on soils and urban dust. This component,
which in agricultural models is represented by adsorption-desorption
relationships presented in Chapter 6, is in most urban models replaced
by potency factors that relate the particulate pollutant to that of total
suspended solids.

6. Runoff and pollutant routing components transform the excess rainfall
into an inlet hydrograph and quality histogram that is then routed
through the sewer network. Common techniques for excess rainfall-
surface-runoff overland routing (convolution) rely on a synthetic unit
hydrograph, in most cases. Routing in sewers and channels is most
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often accomplished by kinematic wave formulas. In the absence of a
detailed routine for sediment redeposition and trapping during the
overland flow, sediment delivery and enrichment factors are used to
relate the measured sediment and pollutant yields to their generation
at the source.

7. In the combined sewer systems, flow generation and deposition of
solids in sewers, as well as the growth of biomass therein, should be
considered. The contribution of solids deposited from sewage can be
substantial. Dry-weather fraction of the pollution carried by the
combined sewers can be estimated by population equivalents, while
sewer solids accumulation, growth of biological mass, and first flush
effects due to scouring of these materials can only be estimated using
highly empirical and unreliable procedures. One can expect that
the parameters affecting these processes will include the hydraulic
conditions in the sewers and the length of the antecedent dry-weather
period.

Discrete event modeling simulates the response of a watershed to a
major rainfall. Continuous dynamic models simulate flow and pollutant
loading over an extended period of time. However, it is erroneous to
expect that continuous models can provide adequate information on the
variability of the flow or its quality. By their nature and design, the
deterministic dynamic models could be called short-term moving average
models without a noise component (this loose classification should not
be confused with the moving average ARMA models that are introduced
later in this chapter). Therefore, attempts to apply statistical frequency
and probabilistic excedence routines to the outputs from the deterministic
models are improper.

Urban Models

All urban runoff and CSO pollution models presented below are lumped-
parameter models, although they do allow segmentation of the watershed
into uniform subbasins according to land use and drainage patterns. As to
their complexity, the urban hydrologic models can be classified into three
groups:

Level III. Simplified models, either event oriented or continuous. In
these models some hydrologic or water quality components are miss-
ing, some others are replaced by a simple relationship. There is some
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interaction between the processes, but this is usually done in an ap-
proximate way. Water and pollutant routing may not be included.

Level IV. Sophisticated single-event, simulation models. These models
provide for extensive interactions among the various processes that are
important in the simulation of storm-water quantity, including infiltra-
tion, overland and gutter flow, and flow routing. The quality com-
ponents may be less sophisticated, relying on simpler pollutant buildup
and washoff concepts. Street sweeping effects can be included only
during a predetermined relatively short antecedent dry period and, in
general, such models may not be suitable for evaluation of typical
long-term best management practices for controlling urban runoff pol-
lution. Their primary use is in the design and evaluation of urban
drainage systems.

Level V. Sophisticated continuous models. These models provide for
extensive interactions among the various processes that are important
in the simulation of both storm-water quantity and quality in separate
and combined sewer systems. Quality and routing of flow are included.
Modeling intermittent dry periods accounts for soil moisture, pollutant
buildup and removal, and other important processes occurring be-
tween rainfalls.

Level III Models
Examples of simplified urban models in Level III include the Corps of
Engineers’ (Hydrologic Engineering Center, 1975) Storage-Treatment-
Overflow-Runoff Model (STORM), Model of Urban Runoff and Sewer
Flow (MOURSEF) (formerly the Wisconsin Urban Runoff Model)
(Novotny et al., 1985; Novotny and Capodaglio, 1991), the Areawide
Stormwater Model (ABMAC) (Litwin, Lager, and Smith, 1981), TVA’s
model HYSIM (Milligan, Wallace, and Betson, 1984), and a number of
proprietary models. Most of these models simulate runoff either by
the modified rational formula (STORM) or by the SCS Runoff Curve
Number Model (Wisconsin Urban Runoff Model). The models simulate
street drainage and storage-treatment systems. The TVA-HYSIM model
also incorporated surface-ground-water interrelation due to specific
characteristics of the NURP watersheds in Knoxville, Tennessee.

The STORM model is available from the Hydraulic Engineering
Center of the U.S. Army Corps of Engineers in Davis, California, but
the center does not provide user’s support nor further development
and maintenance of the program, which was left with private software
vendors. The MOURSEF model by the senior author and his coworkers
can be provided as supplementary software to the users of this book.
Figure 9.10 shows a schematic of the MOURSEF model.

R0023509



Deterministic Hydrologic Simulation Models 533

START )

DATA \

~ INPUT\

THE INITIAL AMOUNT
OF POLLUTANTS

I WEATHER
] DATA INPUT

WIND EFFECTS
LITYER DEPOSITION
DRY ATMOSPHERIC DEPOSITION
REMOVAL FROM CURB STORAGE
BY TRAFFIC AND WIND

~ NO
~ RUNOFF FROM RUNOFF FROM

¯

tSTREET REFUSE I
IMPERVIOUS PERVIOUS

ACCUMULATION] I    AREA
AREA

I STREET SWEEPING ’,I POLLUTANTS POLLUTANTS

! EFFECTIVENESS ]
FROM REFUSE FROM SOIL

, , WASHOFF LOSS

NO RL~NOFF VOLUME AND QUAL1TY
WET ATMOSPHERIC DEPOSITION

YES

~_.~[ WRITE OVERALL
I OF POLLUTANTS

FIGURE 9.10. Schematic diagram and components of the MOURSEF model.

Level IV Urban Models
The best known Level IV models (event-oriented models) are the EPA’s
original Stormwater Management Model (SWMM) (Huber and Dickinson,
1988) and the Illinois Urban Drainage Area Simulator (ILLUDAS)
(Terstriep and Stall, 1974). In Great Britain the WASSP-QUAL model (a
proprietary but widely used model) was developed and sold throughout
Europe (Henderson and Moys, 1987). Several "synthetic" design storms
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have been developed and are available (Soil Conservation Service, 1972,
1985; Chow, Maidment, and Mays, 1988). These design storms can be
used as a substitute for measured storm hyetographs in event modeling.

The Storm Water Management Model (SWMM) is a widely used storm-
water and combined sewer overflows quantity-quality model that is
readily available from the U.S. EPA Laboratory in Athens, Georgia.
SWMM, developed in the 1970s (U.S. EPA, 1971), has been applied to
urban hydrologic quantity-quality problems in many locations world-
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FIGURE 9.11. Components of the Storm Water Management Model (SWMM).
Subroutine names are shown in parentheses. (After U.S. EPA, .1971.)
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wide. The model is in the public domain, has excellent documentation,
and is continuously maintained and updated. The model can analyze
single storm events on multiple catchments. Figure 9.11 shows a sche-
matic of the basic components of the program.

Version 4 (Huber and Dickinson, 1988) of the SWMM model performs
both continuous and single-event simulation throughout the whole model.
It can simulate backwater, surcharge, pressure flows, and looped con-
nections, and has a variety of options for quality simulations, including
traditional buildup and washoff functions, as well as rating curves and
regression techniques. Subsurface flow routing (constant quality) can
be performed in addition to surface quantity and quality routing, and
treatment devices may be simulated using removal functions and sedi-
mentation theory. A hydraulic design routine is included for sizing of
pipes, and a variety of regulator devices can be simulated, including
orifices, weirs, pumps, and storage. This version is essentially a Level III
model (Maahel and Huber, 1984).

The volume of data needed to run SWMM varies with the scope of the
application, and can be very extensive in some complex situations. At
a minimum it requires information on area, imperviousness, slope,
roughness, depression storage, and infiltration characteristics. Informa-
tion on buildup of pollutants is required for quality generation. Precipita-
tion input is in the form of hyetographs for individual storm events
(hourly or 15 minute intervals). Channel-pipe data include shapes, di-
mensions, slopes or invert elevations, and roughness.

Calibration of the model is needed, especially for quality simulation,
but it is tedious and an expert computerized system is needed. Even with
calibration the performance of the models for quality is relatively weak
(Donigian and Huber, 1990; Delleur and Baffaut, 1990). The PC version
of the model is not "user friendly;" however, an expert system for
calibration of the model is available (Delleur and Baffaut, 1990).

The Highway Drainage Model (Dever and Roesner, 1982, 1983;
Roesner, Dever, and Aldrich, 1983; Dever, Aldrich, and Williams, 1983)
developed for the U.S. Federal Highway Administration consists of
a package of six computer programs. The model has used some com-
ponents of the SWMM as basic blocs. The general capabilities of the
model include statistical analysis of long-term rainfall records, prelim-
inary highway drainage system design, hydraulic analysis of drainage
systems during extreme storm events, and simulation of buildup and
washoff of pollutants. Its computational capabilities are similar to those
of SWMM (Donigian and Huber, 1990).

DR3 QUAL is a version of the USGS Distributed Routing Rainfall
Runoff Model that includes quality simulations (Alley and Smith, 1982).

R0023512



536 Modeling and Monitoring Diffuse Pollution

The model is available for general use from the U.S. Geological Survey.
Runoff generation is followed by routing with the kinematic wave for-
mula. Quality is simulated using buildup and washoff functions with
settling of solids in storage units dependent on particle size distribution.
The model has been used in some of the NURP studies that were
conducted by the USGS. No microcomputer version is available.

Level V Urban Hydrologic Models
Hydrologic Simulation Program--FORTRAN (HSP-F). The FORTRAN
version of the Hydrologic Simulation Program (HSP-F) is an example of a
Level V model (Johanson et al., 1982; Barnwell and Kittle, 1984). This
model is capable of simulating a hydrologic time series of runoff quan-
tity-quality events, including flows (hydrographs) and conventional
pollutants and toxics. The HSP-F incorporates the watershed scale Ag-
ricultural Runoff Model (ARM) and urban Nonpoint Simulator (NPS)
into a basin-scale analysis framework that includes fate and transport in
one-dimensional stream channels. It is the only comprehensive model
of watershed hydrology and water quality that allows the integrated
simulation of land and soil-contaminant runoff processes with in-stream
hydraulic, water temperature, sediment transport, nutrient, and sedi-
ment-chemical interactions. The runoff quality capabilities include both
simple relationships, such as empirical buildup and washoff functions and
constant concentration pollutant inputs, as well as detailed soil process
options (including, leaching, soil attenuation, and soil nutrient transfor-
mation). The model was originally developed from the Stanford Watershed
Model. It is a large model and requires considerable effort when applied
to a watershed. The use of this model for combined sewer systems is very
limited.

The HSP-F contains three applications moduli--PERLND, IMPLND,
and RCHES--and five utility moduli--COPY, PLTGEN, DISPLY,
DURANL, and GENER (Fig. 9.12). Basically, the HSP-F performs the
simulation in a lumped-parameter mode, whereby the magnitudes of
the parameters and coefficients must be determined by calibration.

The PERLND simulates a pervious land segment with homogenous
hydrologic and climatic characteristics. Water movement is modeled
along three flow paths, overland flows, interflow, and ground-water flow
in the manner conceived and incorporated in the Stanford Watershed
Model, which is the predecessor of the HSP-F. Erosion is modeled
by the Negev model (see Chapter 5). Water quality constituents can
be simulated in a simple way by relating them to sediment loads with
potency factors or by a more complex adsorption-desorption concept.
The former pollutant transport concept is incorporated in the Nonpoint
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FIGURE 9.12. Components (modules) of the HSP-F watershed model. (After Barnwell
and Kittle, 1984.)

Pollution Source (NPS) model, typically used for urban areas, while the
latter was incorporated in the Agricultural Runoff Management (ARM)
model. The NPS model has been in public use since 1980 and is available
for PC computers from the U.S. EPA Environmental Research Laboratory
in Athens, Georgia.

Module INPLND is designed to simulate impervious land segments
with no infiltration. Water yield and movement is similar to PERLND,
except that no water movement occurs by subsurface flows. Solids are
simulated using the buildup-washoff concept in a manner similar to other
urban models. Water. quality constituents are simulated using empirical
relationships with solids andwater yields.

Module RCHRES simulates the processes that occur in a single reach
of an open channel or a completely mixed lake. Hydraulic behavior is
modeled by a kinematic wave routing concept (Chapter 3). Water quality

R0023514



538 Modeling and Monitoring Diffuse Pollution

algorithms are similar to many other stream and lake models thathave
evolved in the past 50 years (see Chapter 12).

The result of the modeling is a time history of runoff flow rate,
sediment load and nutrient and pesticide concentrations, along with a
time history of water quantity and quality at any point in a watershed.
HSP-F simulates three sediment types (sand, silt, and clay) in addition to
a single organic chemical and nutrients.

The WASSP-Q UAL model was developed in Great Britain by Hydraulic
Research, Ltd. The model is a result of a joint research effort with the
Water Research Centre and other British institutions. The model can be
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FIGURE 9.13. Overview of the WASSPoQUAL model structure and modeled processes.
(After Henderson and Moys, 1987.)

R0023515



Deterministic Hydrologic Simulation Models 539

run either in a continuous or single-event mode, and it models the
following quality parameters (Henderson and Moys, 1987):

¯ Suspended solids, both total (TSS) and volatile (VSS)
¯ Dissolved oxygen
¯ Oxygen demand (BOD or COD)
¯ Ammoniacal nitrogen
¯ Hydrogen sulphide
¯ Large grain-size sediments

A schematic diagram of the components of the model is shown on
Figure 9.13. The model requires calibration, and in some aspects is more
complex than the SWMM, but not necessarily more reliable. This model
should not be mistaken for the WASP model of the U.S. EPA (see
Chapter 12 for a description of WASP).

Operational Urban Models

Huber (1986) listed the six operational urban water quality models that
are included in ’Table 9.1. By operational he implied that (1) a user’s
manual and documentation are available, (2) the model had been used by
others than just the model developer, and (3) continuous support was
available. Two additional proprietary operational models that fit this
definition were also included.

The Proceedings of the International Conferences on Urban Storm
Drainage (Yen, 1982; Balm6r, Malmqvist, and Sj6berg, 1984; Gujer and
Krejci, 1987; Iwasa and Sueishi, 1990) reported numerous modeling
efforts throughout the world. Also the NATO Advanced Seminar pro-

TABLE 9.1 Operational Urban Runoff Models

Model Sponsoring AgencyYear of Origin No. of Pollutants Simulation Type

DR3M-QUAL USGS 1982 4 C, SE
FHWA FHWA 1979 13 SE
HSP-F EPA 1976 10 C, SE
STORM HRC 1974 6 C, SE
SWMM EPA 1971 10 C, SE
WASSP-QUAL Proprietary" 1987 7 C, SE

MOURSEF Proprietaryb 1983 6 C

Source: Adapted frorn Huber 1986.

Note: C = continuous simulation; SE = single-event simulation.
"Water Resources Center Engineering, Swindon, England.
b Available from the senior author.
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ceedings (Torno, Marsalek, and Desbordes, 1986) has several overview
chapters dealing with modeling. Also see Moffa (1990) for chapters on
models dealing specifically with the CSO and their impact on receiving
waters.

Rural (Agricultural Models)
Some of the previous hydrological models (for example, HSP-F,
MOURSEF) can also be used for simpler modeling of agricultural wa-
tersheds, primarily erosion and movement of particulate pollutants.
Agricultural models may also be divided into the three levels of sophis-
tication; however, the models presented herein have mostly Level IV or
V sophistication. Unlike urban models, which typically use the lumped-
parameter concept, both distributed- and lumped-parameter concepts
have been used for agricultural models. Their level of sophistication
is based on the number of modeled processes and constituents. The
agricultural models were reviewed by a number of authors; for example,
models for the transport of chemicals were reviewed by Donigian and
Dean (1985). The following discussion was adapted from reviews by
Novotny (1986) and Donigian and Huber (1990).

Areal, Nonpoint Source Watershed Environment Response Simulation
(ANSWERS) was developed by the Agricultural Engineering Depart-
ment of Purdue University (Beasley and Huggins, 1981; Beasley, 1986).
It is a distributed parameter model, primarily event oriented. Currently
the model is maintained and distributed by the Agricultural Engineering
Department, University of Georgia, Tifton, Georgia.

In order to use the ANSWERS model, the watershed is divided into
uniform square elements, as shown in Figure 9.3(b). The elements range
from one to four hectares. Within each element the model simulates
the process of interception, infiltration, surface storage, surface flow,
subsurface drainage, sediment detachment, and movement across the
element. The output from one element then becomes a source of input
into an adjacent element, which can be either area of the channel
segment.

Nutrients (nitrogen and phosphorus) are simulated using correlation
relationships between chemical concentrations, sediment yield, and
runoff volume. Snowmelt or pesticide movement cannot be simulated.
Data needs compose a detailed description of the watershed topography,
drainage network, soils, and land use. A single storm hyetograph drives
the model. A PC version is available for small watershed applications.
For larger watersheds, a mainframe-large memory, capacity computer is           "
required.

Agricultural Nonpoint Source Pollution Model (A GNPS) was develop-
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ed by the U.S. Department of Agriculture, Agriculture Research Service
(USDA-ARS) (Young et al., 1986). The primary emphasis of the model
is on nutrients and sediment, and on comparing the effects of various best
management practices on the pollutant loadings.

The AGNPS can simulate sediment and nutrient loads from agricul-
tural watersheds for a single storm event or for a continuous simulation.
The watershed must be divided into uniform square cells. Grouping
of the cells is by division of the basin into subwatersheds. However,
flow and pollutant routing is accomplished by a function of the unit
hydrograph type, which is a lumped-parameter approach. The model
does not simulate pesticides.

AGNPS is also capable of accepting and handling point inputs, such as
feedlotsr wastewater discharges, and stream bank and gully erosion. In
the model, pollutants are routed from the top of the watershed to the
watershed outlet in a series of steps. The modified universal soil loss
equation is used for predicting soil loss in five different particle sizes
(clay, silt, sand, small aggregates, and large aggregates). The pollutant
transport portion is subdivided into one part handling soluble pollutants
and another part handling sediment absorbed pollutants.

The input data requirements are extensive, but most of the data
can be retrieved from topographic and soil maps, local meteorological
information, field observations, and various publications, tables, and
graphs provided in the manual or references. Both mainframe and PC
versions of the model are available from the USDA-ARS in Morris,
Minnesota.

The Agricultural Runoff Management Model (ARM). This model is a
version of the HSP-F model that can be run independently or included in
HSP-F. The model simulates runoff (including snow accumulation and
melt), sediment, pesticides, and nutrient loadings from surface and
subsurface sources (Donigian and Davis, 1978). The ARM model (as the
more complex HSP-F model that incorporates ARM) requires extensive
calibration. The PC version is only available as a part of the HSP-F.

Chemicals, Runoff, and Erosion from Agricultural Management Sys-
tems (CREAMS). This model was developed by the U.S. Department of
Agriculture, Agricultural Research Service (Knisel, 1980, 1985; Leonard
and Knisel, 1986). CREAMS is a field scale model that uses separate
hydrology, erosion, and chemistry submodels connected together by pass
files.

The hydrology component has two options, depending upon availa-
bility of rainfall data. Option one estimates storm runoff when only daily
rainfall data are available. This is accomplished by the SCS Runoff Curve
Number model. When hourly rainfall data are available, option two
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estimates runoff by the Green-Ampt equation. Both submodels were
described in Chapter 3.

The erosion component of the model considers the basic processes of
soil detachment, transport, and deposition. Detachment of soil particles is
modeled by the modified universal soil loss equation for a single storm
event. The transport capacity of the overland and channel flow is derived
from the Yalin sediment movement model (see Chapter 5). The basic
concepts for nutrient modeling treat their transport as proceeding sep-
arately in adsorbed (with sediment) and dissolved (with runoff) phases.
Soil nitrate is lost both with surface and subsurface flows. Soil nitrogen is
modified by nitrification-denitrification processes and by plant uptake.

The pesticide component estimates concentrations of pesticides in
runoff (water and sediment phases) and the total mass carried from the
field for each storm during the period of interest. Pesticides in runoff are
partitioned between the solution and sediment phases using a simplified
isotherm model (Chapter 6). The model has the capability of simulating
up to 20 quality components at one time.

CREAMS can simulate user-defined management practices. These
activities include aerial spraying (foliar or soil directed) or soil incor-
poration of pesticides, animal waste management, and agricultural
best management practices (minimum or no tillage, terracing, etc.; see
Chapter 11).

Groundwater Loading Effects of Agricultural Management Systems
(GLEAMS) was developed by the USDA-ARS to utilize the manage-
ment-oriented CREAMS model. GLEAMS is essentially a vadose zone
component for CREAMS (Leonard, Knisel, and Still, 1987). The soil
column is divided into three to twelve layers of variable thickness in
which pesticide and nutrient mass balance and routing are executed. The
input data requirement for CREAMS-GLEAMS simulations are
extensive and quite detailed. The maximum size of the watershed is
limited to a field plot consisting of a maximum of three segments.

The CREAMS-GLEAMS model can be obtained from the USDA-
ARS laboratory in Tifton, Georgia. It is available for PC computers, and
there is a very active users group comprised of several hundred users
throughout the world. Several other models were developed by adapta-
tion of the CREAMS model, including Simulator for Water Resources in
Rural Basins (SWRRB) and Pesticide Runoff Simulator (PRS).

The SWRRB model was developed for evaluating basin-scale quality
in rural watersheds (Williams, Nicks, and Arnold, 1985). SWRRB op-
erates on a daily time step and simulates meteorology, hydrology, crop
growth, sedimentation, flood plain degradation and aggradation, and
nitrogen, phosphorus, and pesticide movement. The model was devel-
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oped by modifying the CREAMS daily rainfall hydrology model for
applications to large, complex rural basins. The PRS objective is to
simulate pesticide runoff and adsorption onto the soil in small agricultural
watershed.

Pesticide Root Zone Model (PRZM) was developed at the U.S. EPA’s
Environmental Research Laboratory in Athens, Georgia (Carsel et
al., 1984; Muelkey, Carsel, and Smith, 1986; Muelkey, Ambrose, and
Barnwell; 1986). It is a one-dimensional, dynamic, compartmental model
that can be used for simulation of the movement of chemicals in an
unsaturated zone within and immediately below the plant root zone. The
model is divided into two major components, namely hydrology (and
hydraulics) and chemical transport.

The hydrology and erosion components use the SCS runoff curve
number and the universal soil loss equation, respectively. Evapotranspira-
tion is estimated directly from the pan evaporation data and/or by
empirical equations. Soil-water capacity terms, including field capacity,
wilting point, and water saturation content, are used for simulating water
movement through the soil column within the unsaturated zone. The
model can also consider the application of irrigation.

Pesticide application onto plant foliage or into soils is also considered.
Dissolved, adsorbed, and vapor-phase concentrations in the soil are
estimated by simultaneously considering the processes of pesticide uptake
by plants, surface runoff losses, erosion, decay, volatilization, foliar
washoff, advection, dispersion, and retardation. The model is dynamic,
hence pulse (instantaneous) pesticide loads can be simulated.

PRZM is also an integral part of a unsaturated/saturated zone model
RUSTIC (Dean et al., 1989). RUSTIC is an acronym for risk of un-
saturated/saturated transport and transformation of chemicals concentra-
tions. This shell model links three subordinate models (including PRZM)
in order to predict pesticide fate and transport through the crop root
zone, and saturate zone to drinking water wells.

Data requirements to run the model are extensive. Predictions are
made on a daily basis. The model only simulates organic chemicals in a
one-dimensional downward transport. The model is available for PC
computers and can be obtained from the Center for Exposure Assessment
Modeling of the U.S. Environmental Protection Agency, Athens, Georgia.

Water Erosion Prediction Project (WEPP)
Hillslope Profile Model

A new generation water erosion model that was developed by the USDA-
ARS National Soil Erosion Research Laboratory (Foster and Lane, 1987;
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Lane and Nearing, 1989; Laflen, Lane, and Foster, 1991). It is a con-
tinuous simulation model, although it can be run on a single storm basis.
By continuous simulation the model "mimics" the processes that are
important to erosion prediction as a function of time, and as are affected
by management decisions and the climatic environment. The output of
the continuous simulation are time-integrated estimates of erosion. The
model calculates both detachment and deposition, hence, the delivery
process is considered. The output includes both on-site and off-site
erosion effects. The on-site effects of erosion include the time-integrated
(average annual) soil loss of the net soil loss over the area on the
hillslope, which is analogous (but not identical) to USLE estimates. The
output also includes deposition of the net deposition over the area on the
hillslope. The output describing off-site effects includes sediment loads
and particle size information. The output options also include the po-
tential for obtaining monthly or daily (storm-by-storm) estimates of the
on-site and off-site effects of erosion.

The model has six components (Fig. 9.14): climate generation
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FIGURE 9.14. Flow chart of the Water Erosion Prediction Project (WEPP) model.

(After Nicks et al., 1989.)
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(CLIGEN), hydrology, plant growth, soils, irrigation, and erosion. The
climate generator is run separately from the WEPP model. It generates
rainfall amount, duration, maximum intensity, time to peak intensity,
maximum and minimum temperature, and solar radiation for the loca-
tion. The hydrology component calculates infiltration, the daily water
balance, including runoff, evapotranspiration, and deep percolation.
Infiltration is calculated by the Green-Ampt infiltration equation. Runoff
is calculated using the kinematic wave equation or its approximation. The
water balance routines are a modification of the SWRRB water balance
(Williams, Nicks, and Arnold, 1985) and account for snowmelt, per-
colation below the root zone, movement of water downward between soil
layers within the root zone, and both bare soil evaporation and plant
transpiration. The plant growth component calculates the growth, se-
nescence, and decomposition of plant material. This component also
calculates leaf area index for transpiration calculations. Grazing and
harvest removes material at user-specified intervals. After harvest, de-
composition of vegetative residue, if present, is simulated.

l~,,lany of the soil parameters that are used in hydrology and erosion
calculations change with time as a result of tillage operations, freezing
and thawing, compaction, weathering, or history of precipitation. The soil
component makes adjustments to soil properties on a daily time step.
The irrigation component simulates the effects of irrigation, which are
simulated as a rainfall event of uniform density. Several irrigation schemes
and options can be accommodated.

The erosion component uses the steady-state sediment continuity
equation as a basis for erosion computations. Soil detachment in the
interrill areas is calculated from the rainfall intensity. Soil detachment in
the rills occurs if the hydraulic shear stress is greater than critical shear
and the flow is at less than transport capacity. Deposition occurs when the
sediment load is greater than the transport capacity of the flow. The
calculated sediment sizes are a function of the original soil material and
the preferential deposition of certain sediment-size fractions along the
hillside profile.

The erosion predictions from the WEPP profile model are applicable
to "field size" areas or conservation treatment units. The maximum
modeling unit size is about 270ha (640 acres). The profile model is also
applicable to areas that are farmed over and known as concentrated
flow or "cropland ephemeral gullies." The model can also be used for
modeling range and forest lands with large concentrated flow channels,
and for estimating erosion in terrace channels or grassed waterways on
cropland.

The models just discussed are operational models that can be obtained
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TABLE 9.2 Summary Overview of Agricultural Models

Number and
Event or Lumped or Type of

Modeling Continuous Distributed Pollutants Agency, Support,
Model Tasks Simulation Parameter Modeled Source

AGNPS SR C, SE DPa S, N USDA-ARS,
Morris,
Minnesota

ANSWERS SR SE DP S University of
Georgia, Tifton

ARMb SR C L S, N, 10P
CREAMS- SR, SW, GW C, SE L S, N, 20 OP ASDA-ARS,
GLEAMS Tifton, Georgia
HSP-F SR C L S, N, 1 OP EPA, Athens,

Georgia
PRZM SW, GW C L, one- S, OP EPA, Athens,

dimensional Georgia
SWRRB SR C L S, N, OP USDA-ARS,

Temple, Texas
WEPP CL, SR C, (E)               L S USDA-ARS,

West Lafayette,
Indiana

Note: SR = surface runoff; SW = soil water; GW = ground water; CL = meteorology;
C = continuous; SE = single event; L = lumped parameter; DP = distributed parameter; S = sediment;
N = nutrients; OP = organic pesticides.
a Distributed parameter watershed description, lumped parameter routing.
b ARM is a part of the HSP-F model.

either free of charge or for a nominal charge from the agencies that
developed and maintain the model. Table 9.2 summarizes some of the
most important features of these operational models.

STOCHASTIC AND NEURAL NETWORK
MODELS

Stochastic Autoregressive, Moving Average,
Transfer Function Models

More than 15 years experience with the development of deterministic
urban sewerage flow and quality models, along with their calibration and
verification with numerous data, have revealed that:

¯ Deterministic hydrological models of flow and quality are highly vari-
able and often difficult to reproduce even after extensive calibration of
the model
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¯ Increased complexity of the models does not a priori imply a better
representation of the process

¯ The best models can only reproduce general trends in data, leaving a
significant variability component aside

The reason for the general failure of deterministic models to represent
the variability of the data is, simply said, the deterministic nature of
the models themselves, which inherently neglects random and other
variations. This defect has been known to researchers for a long time and
they have tried to alleviate the problem by Monte Carlo simulations
(Brutsaert, 1975). A serious drawback of using deterministic steady-state
models and Monte Carlo simulations is the failure to detect the non-
deterministic variation of the output. Only the uncorrelated variations of
the input and system parameters can be adequately simulated. If these
input and system parameters are cross-correlated, the Monte Carlo
simulation must be modified to incorporate the cross-correlation, which is
tedious and sometimes impossible. The second drawback is the use of
steady-state deterministic models. Essentially, the variations of the input
and system parameters are filtered by a deterministic model that is not
sufficient to identify the entire variability of the output.

Time series analysis techniques have been successfully used in hy-
drology and water resources for over 20 years. In the earlier applications,
one method for analyzing time series was to decompose the series (say,
for example, daily or hourly BOD or suspended solids loads in combined
sewers) into three components: (1) trend, (2) periodic component, and
(3) random fluctuations. A trend was estimated by fitting a straight line or
a polynomial to the series, the periodic component was extracted by
Fourier analysis, and forecasting was made using the two extracted
functions. However, in one of the first papers on the use of stochastic
models for wastewater flow analyses, Berthouex et al. (1975) stated that
such decompositions can be misleading, even for a deterministic process.
Treating a stochastic process (the flow in combined and separate sewers is
undoubtedly a stochastic process) the same way is even more dangerous,
because it could give highly misleading results.

There are literally dozens of articles in the literature on the application
of stochastic models to stream flow or rainfall and other hydrological
events; however, only a few articles and reports were published in the last
12 years on applications of stochastic models to sewer flow quantity and
quality (Berthouex et al., 1975, 1976, 1978; Barnes and Rowe, 1978;
Novotny and Zheng, 1989; Capodaglio et al., 1990; and Novotny et al.,
1990a, 1990b). In spite of the apparent lack of interest by researchers,
there is no doubt that diffuse flow and quality and, hence, diffuse pollu-
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tion are stochastic processes. Stochastic models are highly appropriate
and can be successfully used, especially for forecasting and real time
control of urban sewerage systems.

The term stochastic does not mean "completely random" or "unpre-
dictable." Box and Jenkins (1976) the pioneers of stochastic modeling,
have emphasized that such systems contain both the dynamic (deterministic)
and stochastic nature of the underlying processes. There are basically two
types of stochastic models:

1. Univariate ARMA
2. Transfer function

a. Single input-single output (SISO)
b. Multiple input-single output (MISO)

Figure 9.15 presents the concepts of stochastic modeling.
The univariate ARMA models relate the present or predicted value of

the parameter to the series of its immediate past values. As shown on
Figure 9.15 an uncorrelated random input called "white noise" is the
primary driving force of the univariate stochastic model. This random
input is "filtered" by the system transfer function to produce the output
autocorrelated series. The nomenclature of ARMA modeling makes use
of the so-called backshift operator B such as Xt_(At) ~- B × Xt, Xt-2(At) =

B2 × Xt, and so forth.
The univariate ARMA model is

0(B) aY(t) = ~ t= G(B)at (9.6)

rainfall I Dynamic i sewer or
watershed response ~ t.

......... function stream flow

white :~ Stochastic I
noise filter

FIGVRE 9.15. Representation of a stochastic modeling system. In addition to rainfall,
other inputs may also be considered.
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where
y = the values of the time series
~(B) = polynomial of autoregession coefficients
0(B) = polynomial of moving average coefficients
G(B) = Green’s function describing the behavior of the series
at    = uncorrelated, zero-mean random-shock series

Univariate models were used by Barnes and Rowe (1978) for analyzing
combined sewer flow series of Springfield, Ohio, and Anderson, Indiana.
For example, the ARMA model of Barnes and Rowe for flow in a
combined sewer in Springfield after simplification (Novotny, 1988) is

(1 - 0.71B)Q, = (1 + 0.17B)at (9.7)

which is a first-order univariate ARMA(1,1) model. The number in
parentheses denotes the order of autoregressive (left side of the equation)
and moving average (right side) polynomials. Berthouex et al. (1975)
found that a first-order univariate ARMA model fits the influent BOD
time series of sewer flow in Madison, Wisconsin. Higher order models are
needed for simulating quality parameters. Methods for estimating the
coefficients of univariate ARMA models were presented by Box and
Jenkins (1976), Pandit and Wu (1982), Capodaglio et al. (1990), and
others.

The transfer function ARMA models are

Y(t) = ~oJ(B)X~ + Nt (9.8)

J

where
c0J(B) = transfer function polynomial for the flh input series
Xj = input series
Nt = noise series described by a univariate ARMA model (Equation

Novotny et al. (1990a) documented that stochastic transfer function
models can successfully separate dry-weather- (sewage) and wet-weather-
driven component flow and quality components in combined sewer
systems. Capodaglio et al. (1990) provided a methodology for univariate,
MISO, and SISO model identification. Novotny and Zheng (1989) also
showed that the stochastic rainfall-runoff transfer function is theoretically
identical to the deterministic unit hydrograph, and that the deterministic
transfer function could and should be incorporated into the stochastic
models.

R0023526



550 Modeling and Monitoring Diffuse Pollution

Figure 9.16 shows a comparison of measured time series of BOD loads
in combined se~ers and one-step-ahead forecasts by stochastic ARMA-
transfer function models. Stochastic models are more crude and can
incorporate only a few input and system parameters. In a simplified way,
they can have a deterministic core model as documented by Novotny and
Zheng (1989) and Novotny et al. (1990a, 1990b). Stochastic models can
only detect and incorporate the input-output relationships that are not
overwhelmed by noise. However, the fact that the stochastic models can
differentiate between the deterministic relationships and noise (which can
be correlated or uncorrelated) makes them an attractive, unbiased tool
for forecasting and control. Stochastic transfer function models are very
useful for separation of dry-weather and wet-weather (rainfall-driven)
quantity and quality components in combined sewers or storm sewers and
surface channels with strong infiltration and/or base-flow inputs. Figure
9.17 shows a rainfall-runoff transfer function for a combined sewer outlet
identified by stochastic modeling. The shape of the hydrograph contains
faster (presumably surface runoff) and slower (possibly infiltration)
components.

The stochastic time series models reqaire for identification an unin-
terrupted time series in which data are collected at uniform time intervals.
Techniques are available for substitutions of missing data.

Neural Network Models

Neural network models represent a new and very powerful modeling
technology that, to our knowledge, has not yet been used for modeling
urban (or nonurban) nonpoint pollution. They are basically multiple-
input-multiple-output complex models that use parallel processing and
learning to find a relationship between inputs and outputs (Novotny et
al., 1990a). A neural network model consists of a large number of simple
processing elements that are connected by one directional channels called
connections. Each processing element can have multiple input signals, but
produce only one output. The input signals in each processing unit are
weighed by a transfer function that operates on the input signals, weighs
them, and modifies the weights according to the strength of the stimulus
by the input signal.

There are two operational modes of the neural network--learning and
recall. During learning the system (neural network) adopts connection
weights between processing units in response to stimuli being processed at
the input and output. These stimuli, in the case of quality and a sewer
flow, are the measured time series of, for example, treatment plant
influent data or a time series measured by specialized surveys. Such time
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FIGLTRE 9.16. Comparison of measured BOD concentrations and corresponding one-
step-ahead forecasts by an ARMA-transfer function model of a combined sewer system.
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series do not have to be continuous as they would be for ARMA models.
The input stimuli can be, for example, rainfall, atmospheric deposition
(air-pollution levels), traffic density, and similar other parameters used
for deterministic modeling. The network learns by implementing a learn-
ing rule that determines how the weights will adapt in response to the
learning example. The learning process usually involves showing the
network learning patterns (examples) many times. The network is said to
have learned when the error between the measured output series and the
output estimated by the network reaches some prescribed value. The type
of learning described herein is called supervised learning, in which the
input and output stimuli are presented to the system.

In the recall mode, weights inside the neural network model are frozen
and the system produces output from input time series (such as rainfall
and other typical inputs mentioned before). The system may be asked to
periodically relearn the process any time the system parameters or the
process has changed. In this way, the neural network is highly adaptive.
Although being highly adaptable to modeling any system, including
diffuse pollution, neural network models have not been used in this
domain at the time of writing this book.

REAL-TIME CONTROL MODELS FOR
URBAN SEWERAGE SYSTEMS

Real-time control (RTC) systems actually represent a set of models and
concepts that are used for optimal and flexible control of urban sewerage
systems (B~ron et al., 1984; Schilling, 1989). In a typical sewerage system,
especially in those involving combined sewers, there are numerous points
that are "bottlenecks." The downstream capacity of the sewer system or
the capacity of the treatment plant are potential bottlenecks.

The invariant steady-state model of operation typical for most sew-
erage systems dictates that when the bottleneck capacity is exceeded, the
excess flow is discharged into the receiving body of water, and hence,
overflows. The steady-state solution to the problem is to enlarge the
bottleneck. This mode of operation is highly inefficient and results,
on the one hand, in large quantities of sewage being discharged without
treatment into the receiving bodies of water while, on the other hand,
there may be unused capacity downstream. A conversion of the system
into a dynamic RTC operation may be more economical than conven-
tional structural enlargement of the bottleneck.

In a dynamic RTC scheme, the excesses are temporarily stored in
an auxiliary or in-line storage, and the stored flow is then manipulated
either by later release for treatment when the flow subsides below the
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capacity of the bottleneck, or by a side treatment and release into the
receiving body of water if it is permitted by the receiving water standards.
Commonly, the waste-assimilative capacity of receiving bodies of water
may be greater during wet-weather flows due to higher dilution.

In a real-time control system (RTCS) the following elements apply
(Schilling, 1989):

¯ A (measurement) sensor that is used to monitor an on-going process,
for example, water-level gauge, turbidity meter

¯ A (corrective) regulator that manipulates the process, for example,
gates and valves

¯ A controller than causes the regulator to bring the process back to its
desired value (set point)

¯ A communication system that carries the measured data from the
sensor to the controller and the signals of the controller back to the
regulator, for example, a telemetry system

The RTC systems do not a priori imply automation. As a matter of fact,
significant and substantial operator interface and override are desirable.
In either case, computers equipped with RTC software are an integral
part of the RTC system.

In the context of RTC, the meaning of "system" is the controllable
part of the urban drainage system. A real-time control can be planned
and implemented if numerical simulation models (deterministic, stochastic,
neural network, etc.) are available and included in the RTC system.
The following processes have to be modeled in order to obtain a com-
prehensive overview of the performance of the system:

¯ The input to the system: deterministic and/or stochastic models of
rainfall-runoff sewer flow and quality models will provide short-term
forecasts of the inputs (Labadie, Lazaro, and Morrow, 1981)

¯ The system response to the input: transfer function models will provide
pollutant loads, flows, and water levels at the key bottleneck points of
the system

¯ The total output to the environment: all partial outputs will be sum-
marized in order to minimize, in an optimal way, the total (pollution)
output from the system

¯ The response of the environment to the output from the system: the
total output is compared with the waste-assimilative capacity; further
restrictions are imposed on the system if the waste-assimilative capacity
is exceeded

In a typical application, the input to an urban drainage (nonpoint)
system is measured or predicted rainfall. Radar measurements have been
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considered for rainfall forecasting. Other inputs, such as traffic density
and atmospheric deposition, may also be considered. The input is then
transformed by a deterministic or stochastic model (similar to those
discussed in the preceding sections) into input parameters, such as pre-
dicted flows and pollutant loads. Chapter 1!3 discusses various strategies
employed in RTC systems.

CALIBRATION AND VERIFICATION OF
DETERMINISTIC MODELS

Due to the fact that stochastic models are identified from measured time
series by an unbiased multiple-regression analysis, further calibration and
verification of the models is not needed as long as the series of residuals
(a series of one-step-ahead forecasts minus corresponding measured
values) is an uncorrelated zero-mean series--the "white noise"--which is
the fundamental condition in the identification and design of stochastic
models. Similarly, the neural network models are developed from meas-
ured input-output multiple time series; however, the white noise residual
series is not inherently guaranteed.

Calibration and verification do not make sense for simple unit load
models and procedures. A majority of deterministic hydrologic models
require calibration and verification of the model parameters during the
design and model identification process. Many mathematical equations
and formulas used in the deterministic flow-quality models are of an
empirical or semiempirical nature, requiring knowledge of a large number
of coefficients and reaction rates. Although the model manuals often
provide guidelines for a rough estimation of the most important pa-
rameters, the ranges are commonly quite wide. On average, twenty or
more coefficients must be input for each subunit of a hydrological diffuse-
pollution loading model.

As an example consider soil permeability and surface storage, two very.
simple hydrological parameters. Although the magnitude of surface
runoff is very sensitive to these parameters, their exact measurement is
tedious and they are not uniform even on very small (less than one
hectare) watershed segments. The permeability ranges reported in the
U.S. Soil Conservation Service soil maps are broad; for example, silt
loam soils are listed as having permeability between 1.6 and 5 cm/hr. In
addition, no adequate physical method is available to measure surface
storage. Under these circumstances, the only way to arrive at a set of
coefficients adequately describing the watershed is by calibrating the
model against measured data. Usually, for calibration and verification of
event-oriented models (level IV) hydrographs and pollutographs of a few
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representative storms should be available. For calibration and verification
of dynamic continuous models (Level III and especially, Level V, models),
continuous long-term series may be also needed.

Calibration means varying the coefficients of the designed model
within acceptable ranges until a satisfactory agreement between measured
and computed output values is achieved. Trying to adjust all twenty or
more coefficients for each land-use segment at the same time is tedious
and often impossible. For diffuse-pollution hydrologic models, the hy-
drologic components must be calibrated first, followed by erosion, and
finally the pollutant component. Also, all models are more sensitive to a
few important variables and less to others. As a rule of thumb, the
variables to which the model is most sensitive should be calibrated first,
with the other coefficients kept at their optimal or average values. The
hydrologic components of diffuse-pollution models are sensitive to the
magnitude of surface storage and soil permeability, which determine
the runoff volume. Surface roughness affects the magnitude and time
location of runoff peaks. Other variables--slope, soil moisture charac-
teristics-are less important.

In the erosion component, the factor to which soil loss is most re-
sponsive is the vegetative factor, C. For example, a typical range of the
cover factor for grassed areas is between 0.01 and 0.03, a 300% difference.
Uncertainty about the sediment delivery will complicate the calibration.
Adsorption characteristics and attenuation rates are most important for
the pollutant submodel.

Since calibration is a subjective process requiring experience, Delleur
and Baffaut (1990) developed an expert system for calibrating the Storm
Water Management Model, and reported improved adequacy of the
model.

Once the model has been calibrated, that is, once a satisfactory fit of
computed and simulated data has been achieved for one calibration storm
or time series, the model must be verified. Verification is accomplished by
running the model with the coefficients established during calibration and
with inputs corresponding to another (verification) storm and/or time
series. If a satisfactory fit of computed and measured data is obtained,
calibration and verification are accomplished. Very often this is not the
case, and calibration and verification must be repeated until a satisfactory
fit is found. For some locations, data for calibration and verification of
hydrological urban runoff models can be retrieved from data banks such
as the EPA’s STORET (Huber et al., 1979, 1982).

Caveats. Often the model’s structure may have an excessive number of
"degrees of freedom." For example, sediment load can be changed by
varying three parameters of the universal soil loss equation, slope, and
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the delivery ratio. There is no methodology available to distinguish
between the parameters, yet selection of the wrong magnitude of the
parameter can lead to erroneous conclusions on management alternatives.
Therefore, the modeler must be experienced and must be familiar with
the watershed. A reconnaissance tour of the watershed by the modeler,
who should take photographs and notes, should always be a part of the
model design, calibration, and verification process.

MONITORING AND DATA ACQUISITION
¯ Data are collected routinely by agencies for a multitude of purposes.

Very often these data bases are suitable for the design and identification
of models. For example, sewerage agencies and industrial wastewater
sources must routinely and periodically, often daily, collect information
on flow and various quality parameters in sewers, including storm sewers.
Soil data have been collected throughout the United States for the prep-
aration of soil maps, meteorological data are collected by the National
Oceanic and Atmospheric Administration (NOAA), and flow quality
data in streams is available fiorn the U.S. Geological Survey, which has
offices in every state. Special surveys and monitoring, however, are
almost always needed for calibration, and verification of deterministic
complex models. This type of data acquisition is different from the rou-
tinely performed monitoring by agencies that require preliminary design
and a carefully executed monitoring program. Specially designed mon-
itoring programs are also needed for establishing unit loads, quantity and
quality characteristics of diffuse pollution, identification of stochastic and
regression (statistical) models, and for research of the processes involved
in the generation and transmission of diffuse pollution.

The data needed for design (identification), calibration, and verifica-
tion of hydrologic models can be divided into the following groups, which
includes an approximate list of monitored parameters and variables:

1. System parameters
a. watershed size
b. subdivision of the watershed into homogenous subsegments
c. imperviousness of each subsegment
d. slopes
e. fraction of impervious areas directly connected to a drainage chan-

nel or sewer
f. maximum surface storage (depression plus interception storage)
g. soil characteristics, including texture, permeability, erodibility, and

composition
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h. crop and vegetation cover
i. curb density or street gutter length
j. sewer system or natural drainage characteristics

2. State variables
a. ambient temperature
b. reaction rate coefficients
c. adsorption-desorption coefficients
d. daily accumulation rates of litter
e. traffic density and speed
f. potency factors for pollutants (concentration of pollutants on street

dust and dirt and on soil)
g. solar radiation (for some models)
h. growth stage of crops

3. Initialization parameters
a. length of antecedent dry period
b. initial soil moisture
c. depth of snowpack
d. initial concentration of pollutants in soil

4. Input variables
a. precipitation
b. atmospheric fallout
c. evaporation rates

5. Calibration and verification parameters
a. storm-water and receiving water flows (hydrographs)
b. water quality parameters (quality histograms)
c. biological assessment of receiving waters (toxicity impact on biota)

Sources of Data

Walesh (1989) divided the data for planning studies into three groups: (1)
completed or ongoing studies; (2) natural resources data; and (3) in-
frastructure data. In the first category, data for the design of diffuse-
pollution models and for planning can be found in the past studies carried
out under the mandate of the Section 208 of the 1972 Clean Water Act
(208 studies), data obtained by the National Urban Runoff Project by the
U.S. Environmental Protection Agency, Flood Plain Management studies
by various planning agencies, and numerous other studies. Such data may
contain calibration and verification surveys for runoff quantity-quality
modeling.

Data related to land and land use can be obtained from maps and/or
aerial photographs and remote sensing. The data obtainable by high
plane or satellite imagery can be digitized in order to provide more
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specific information on the degree of imperviousness, vegetation cover,
surface roughness, and soil moisture. Soil data are available from U.S.
Soil Conservation Service (SCS) maps. These maps provide information
on soil type, texture, slope, approximate ground-water table, permeabil-
ity, erodibility, soil profile, and other valuable information. An example
of the map was shown in Figure 6.2. Land-use data can be obtained from
the U.S. Bureau of Land Management, U.S. Census Bureau, and from
local and regional planning agencies.

Hydrologic and basic water quality information is collected and pub-
lished regularly by the U.S. Environmental Protection Agency and by the
U.S. Geological Survey. Both agencies have computerized systems
for storing and retrieving information on water quality and quantity.
Information on dust and dirt accumulation and traffic densities in some
urban areas is usually available from the local city engineer’s office,
sanitation department, and air-pollution control agencies. Meteorological
data are routinely measured by NOAA.

It must be emphasized that the format and frequency of data obtain-
able from various agencies (with the exception of meteorological data)
usually do not conform to modeling requirements, and often significant
time and financial resources must be spent to get available information
into conformity with the requirements of the models. Additional in situ
surveys and monitoring are necessary to gather missing information.
Expenses associated with data-collection activities often exceed the
expenses for setting up and running the model.

Monitoring programs must also be set up to comply with the regulatory
requirements of the National Pollution Discharge Elimination Systems
(NPDES) permit system. Both combined and separate storm sewer
systems in larger urban areas are covered by the NPDES permitting
system, which requires monitoring both flows and quality and long-term
load estimations by modeling.

Field Monitoring

A typical monitoring station has the following components:

1. Rain gauge
2. Wet- and dry-atmospheric deposition collector
3. Flow monitoring device
4. Quality monitoring device
5. Power source
6. Telecommunication link or data recorder
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Rain Gauges and Atmospheric Deposition Monitoring
Rain gauges measure rainfall. Typically the rain gauge is activated when
rainfall depth is more than 0.25mm (0.01in.). Smaller rainfalls are
recorded as trace precipitation. Many rain gauges signal each 0.25-mm
occurrence of rainfall.

Wet and dry deposition samplers are essentially two collecting con-
tainers. One is always open and collects the bulk atmospheric deposition
(wet and dry); the other is covered, but the lid opens when a moisture
sensor is activated by precipitation. This sampler collects only wet pre-
cipitation. The dry deposition is thus the difference between the bulk and
wet depositions.

Flow Measurements
Typical monitoring programs include monitoring of flow and its quality.
In most cases, measuring flow involves measuring the depth (stage) in the
channel or sewer that is then converted to flow using the so-called rating
curve for the section where the flow stage is measured.

In the most simple case, the flow stage is measured manually or by a
recording float device. In order to avoid backwatering effects, the flow
should be impounded. This is best accomplished by standard sharp-
crested weirs (triangular, rectangular, trapezoidal), as shown on Figure
9.18, or by narrowing the cross section, as is done in a standard Parshall
flume. Rating curves (flow-stage relationships) are available for most
standard weirs and flow-measuring flumes. These rating curves must be
checked by several in situ flow measurements using simple devices, such
as a bucket and stopwatch, or more complex flow-measuring devices.
Periodic field checks and manual flow measurements are always necessary
and are integral to any monitoring programs.

Velocity sensors can help to alleviate the problem with backwatering
effects that could greatly affect the flow-stage relationship of the rating
curve. Many newer monitors incorporate both depth and velocity meas-
uring in a single microprocessor that can be telemetrically interrogated.
Such sensors must be calibrated by manual measurements at the time of
installation. It is important that the point velocity sensor is placed at the
right depth, that is, one that corresponds to the average cross-sectional
velocity.

Telemetry rather than recording is becoming more common and
economical today. Any site that requires permanent NPDES monitoring
should consider telemetered monitors. Once installed and calibrated, a
telemetered flow monitor should require much less labor to maintain than
a portable monitor. On the other hand, a portable manually operated
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FIGURE 9.18. Typical monitoring station for a small watershed used for gathering
calibration and verification data and/or for storm-water monitoring. (Photo: V. Novotny.)

monitor is more economical for occasional monitoring surveys, such as
those required for the calibration of event-oriented models.

In storm-water monitoring stations the flow meters are commonly
interconnected with the sampler, hence, they activate sampling during
episodes of runoff. They also send a signal to the quality sampler when a
sample is to be collected. For example, the flow meter can signal the
sampler each time 50 m3 of flow has passed by the flowmeter. In this way
a flow-weighted composite sample can be collected.

Quafity Monitoring
Quality monitors are devices that periodically withdraw a small volume
of water (or wastewater) from the stream at the monitoring site. This
withdrawn volume is then analyzed for various constituents. On-site
analyses are typically done for only a few constituents, generally those
that can be measured by electrochemical probes such as dissolved oxygen,
turbidity, temperature, pH probes, and a few others. This information
can be telemetrically transmitted. For most other constituents, the samples
collected by the sampler must be transported to a laboratory and anal-
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yzed therein. Sample preservation between the time of the withdrawal
from the channel and the time of analysis must be implemented. Many
automatic samplers use refrigeration to preserve the sample.

There are basically two types of sampling. Grab samples, collected
periodically at predetermined intervals and analyzed separately, can
document the extent, frequency, and general variability of quality. The
sampling interval should be selected according to the rate of quality
change or frequency of quality variation. It may range from intervals as
short as 5 minutes for some flush storm runoff events and CSOs to as long
as 1 hour or more. Daily or even less frequent grab sampling is unreliable
and can be only used for monitoring slowly changing streams, such as
river flows. When the source composition varies in space, as it is in
a typical urban drainage system, sampling should be done at several
appropriate locations. Most of the runoff of storm sewer monitoring
stations are flow activated, hence, no sampling is conducted when the
flow in the conduit is below a prespecified minimum level.

A composite sample is a mixture of grab samples or continuously
withdrawn flow. The mixing of the volumes withdrawn from the flow is
either based on a constant volume-constant time (time composite)
or is flow proportional. Time composite samples provide the average
concentration of the constituent during the time of composition irrespective
of flOW, or

~ = ZCi/n

where
~7 = time-averaged composite concentration
C; = individual concentrations of grab samples
n = number of samples

A flow proportional composite sample is generated by specifically
designed automatic monitoring equipment that measures flow and ac-
tivates grab sampling when prespecified flow volume passes through the
flow-measuring device. Then the concentration of the composite sample
can be represented by

~ = ZCi × AQ/(n × AQ)

The flow proportional composite sample is representative of the average
mass concentration for the sampled runoff event.

There are certain common sense rules related to monitoring. Inadequate
frequency of data acquisition and in.complete monitoring may be useless,
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and high-frequency monitoring and sampling for many constituents may
be costly and will create a backlog of unusable data.

High-frequency grab sampling is used for monitoring flush runoff flow
events. Often the period of data acquisition is in minutes; however, high-
frequency sampling precludes an extensive variety of monitored con-
stituents. Low-frequency composite sampling is typical for between
the event sampling that is to characterize infiltration and base-flow con-
tributions. Low-frequency grab sampling (for example, daily, weekly, or
monthly intervals) may not provide representative results and should be
avoided (essentially, such sampling may be a waste of funds).

High-frequency or continuous monitoring is also feasible for con-
stituents that can be reliably monitored by electronic or electrochemical
probes. Such constituents include pH, temperature, dissolved oxygen
concentrations, conductivity (which is related to salt or dissolved solids
contents), and turbidity (which can be correlated to suspended solids
content). Relatively inexpensive in situ or in-laboratory analyses include
organic contents expressed as the chemical oxygen demand (COD), total
organic carbon (TOC), total suspended and total dissolved solids (TSS,
TDS), volatile suspended and dissolved solids, nitrates, and metals.
These analyses can still be performed on grab samples, both filtered and
unfiltered. A filtered sample represents dissolved contamination, while
the difference between the total and filtered concentrations of the con-
stituent reflects the contamination of the suspended sediment. Analyses
for organic chemicals (pesticides, polyaromatic hydrocarbons (PAHs),
PCBs, etc.), bacteria, oil and grease, nitrogen compounds other than
nitrate (total Kjeldahl nitrogen, ammonia), phosphates, and asbestos
are more demanding and costly and are typically performed only on
composite samples. In many cases, a few surrogate constituents are
selected instead of analyzing a complete spectrum of constituents. For
example, in a group of toxic metals, lead and/or zinc and/or cadmium are
often selected to indicate pollution by toxic metals. Instead of analyzing
for every possible pathogenic microorganism, total and fecal coliform
bacteria analyses are commonly used to indicate bacterial and viral
contamination. COD or TOC are used in high-frequency grab sampling
programs as indicators of pollution by organics. Volatile suspended
solids indicate organic contamination of sediments, as does a difference
between the total and filtered COD.

Event-oriented models are calibrated and verified using detailed grab
sampling over several storm runoff hydrographs. Care should be taken
that the grab samples are distributed more-or-less evenly over the rising
and receding portions of the hydrograph. Continuous long-term models
can be calibrated using daily (wet-weather) composite sampling. How-
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ever, long-term sampling must include both work days and weekend
(holiday) data.

The guidelines for the NPDES permit for urban storm water require
that monitoring data programs provide information on the pollution
content of urban runoff, including the first flush portion of runoff. This
may require grab sampling programs at various locations of the urban
storm drainage system. The new sampling devices available on the market
today allow for programmed sample collection in order to characterize
separately the more polluted first flush and less polluted tail portion of a
storm event hydrograph.

Computer Software. The monitoring station can also be equipped with
internal memory and a connection to a computer. The data ofa storm
event can be printed on the internal chart during the storm event, or
stored in the internal memory of the flowmeter for later retrieval by a
computer. An internal modem enables convenient retrieval by a remote
computer over telephone lines, or a laptop computer can be used for on-
site collection of data.

Log-Normal Distribution of Data
Event mean concentration (EMC) and site mean concentration (SMC)
are calculated or graphically estimated from monitored grab (within
event) or composite (long-term monitoring) data by fitting the data to a
log-normal probability distribution function. The mathematical form of
the function has been presented in many statistical handbooks, and the
concept was also shown in the preceding chapter (Figs. 8.17 and 8.18).

Log-normal distribution has been used and suggested to characterize
diffuse-pollution runoff at a sampling site for a large number of samples
(Driscoll, 1986). This distribution has a number of important benefits
(Woodward-Clyde Consultants, 1989):

¯ Concise summaries of highly variable data can be developed, and the
variability can be identified and dealt with appropriately.

¯ Comparison of results from different sites, events, etc., are convenient
and more easily understood.

¯ Statements can be made about frequency of occurrence, that is, one
can express how often values will exceed various magnitudes of in-
terest.

¯ A more useful and informative method for reporting data than the use
of ranges is provided, one that is less subject to misinterpretations.

¯ A framework is provided for examining the transferability of data in
quantitative manner.
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Since most of the deterministic models inherently neglect the statistical
variability of the data, statistical evaluation of the monitored data must
precede the calibration and verification process in order to minimize
subjectivity.
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Control of Urban Diffuse
Pollution

When a city takes a shower, what do you do with the dirty water?

Paraphrased from Lager et al. (1977)

POLLUTION-CONTROL MEASURES
Urban runoff from separate sewers and combined sewer overflows can be
controlled by a variety of measures that can be structurally intensive and
expensive or nonstructural and relatively inexpensive. The term best
management practices usually refers to less structurally intensive modifi-
cations of the drainage system aimed at the reduction of pollution loads.

Several treatises and manuals deal extensively with control of urban
runoff. The following manuals were reviewed and are recommended for
further reference:

DeGroot (1982): Stormwater Detention Facilities
Dorman et al. (1988): Retention, Detention, and Overland Flow for

Pollutant Removal from Highway Stormwater Runoff
Lager and Smith (1974): Urban Stormwater Management and Tech-

nology: An Assessment.
Lager, Smith, and Tchobanoglous (1977): Urban Stormwater Manage-

ment and Technology: Update and Users’ Guide.
Minnesota Pollution Control Agency (1989): Protecting Water Quality in

Urban Areas
Moffa (ed.) (1990): Control and Treatment of Combined Sewer Overflows
Novotny and Chesters (1981): Handbook of Nonpoint Pollution: Sources

and Management

573
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Schueler, Kumble, and Heraty (1991): A Current Assessment of Urban
Best Management Practices. Techniques for Reducing Non-point Pollu-
tion in the Coastal Zone.

Stahre and Urbonas (1990): Stormwater Detention
Torno, Marsalek, and Desbordes (1986): Urban Runoff Pollution
Walesh (1989): Urban Surface Water Management
Whipple et al. (1983): Stormwater Management in Urbanizing Areas

In addition, the Proceedings of the International Conference on Urban
Storm Drainage (Yen, 1982; Balmrr, Malmqvist, and Sj6berg, 1984;
Gujer and Krejci, 1987),’ Proceedings of an Engineering Foundation Con-
ference (Urbonas and Roesner, 1986; Roesner, Urbonas, and Sonnen,
1989), and Proceedings of the National Conference--Perspectives on
Nonpoint Pollution, held in Kansas City in 1985, were also quoted by
individual papers and are recommended for further reading. Manuals
by the Water Pollution Control Federation (1990), the American Public
works Association (1981), and numerous research reports sponsored by
the U.S. Environmental Protection Agency published since the 1970s pro-
vide a comprehensive review of various practices and structural measures
for control of the quantity and quality of urban runoff.

The National Urban Runoff Project was the most comprehensive urban
runoff research effort to date anywhere in the world. Research that
addressed issues of the characterization of the quality of urban runoff and
the effectiveness of various measures of abatement was carried out at
28 localities throughout the United States (for example, Bannerman,
Baun, and Bohn, 1983; Bannerman et al., 1983; Metropolitan Washington
Council of Governments, 1983; Pitt and Shawley, 1981; Terstriep, Bender,
and Noel, 1982, and others). A summary of the NURP research was
published in a U.S. EPA (1983) report.

Review papers on urban nonpoint pollution abatement measures in-
clude articles and reports by Field (1984, 1985a, 1985b, 1986, 1990)
and Novotny (1984). A report by the U.S. EPA (1990) provides an
information and guidance manual for state NPS program staff engineers
and planners. Livingston and Roesner (1991) pointed out that runoff
quality control (and by the same reasoning, CSO control) is not yet a
technical science; rather it is an engineering art, with few design criteria
for pollution removal having been established to date. Nevertheless,
some empirical rules have been suggested by the authors:

1. The most effective runoff quality controls reduce the runoff peak and
volume (these are generally infiltration controls).
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2. The next most effective controls reduce the runoff peak. (These con-

trols generally involve storage.)
3. For small storms (those with return intervals of less than two years),

the peak rate of runoff should not exceed the peak rate of runoff from
a two-year storm in a preurbanized condition, in order to control
stream erosion.

4. Most obnoxious pollutants in urban runoff can be settled out; how-
ever, appreciable amounts of nutrients and some heavy metals are
dissolved pollutants and require further treatment.

Urban storm-water management, which has an objective of flood con-
trol, must consider storms that have a relatively long recurrence interval.
Typically urban storm sewers are designed to carry flows generated by a
storm with a recurrence interval of 5 to 10 years, while urban floodplains
and other flood conveyance systems should be able to convey without
major damage 50- to 100-year floods (Walesh, 1989). On the other hand,
storm-water management for water quality control is most efficient and
economical if small frequent storms (smaller than the 1-year storm) events
are considered (Livingston and Roesner, 1991).

After an extensive review of urban best management practices,
Schueler, Kumble, and Heraty (1991) pointed out that

¯ Not all urban best management practices (BMPs) to control the quality
of urban runoff can reliably provide high levels for both particulate and
soluble pollutants.

¯ The longevity of some BMPs is limited to such a degree that their
widespread use is not encouraged. Of particular concern are such
infiltration practices as basins, trenches, and porous pavements.

¯ BMP options are adaptable to most regions of the United States, with
the exception of extremely arid regions of the west and the colder
climates of the north. In these regions, conventional BMP designs may
need to be refined to account for high evaporation rates or subfreezing
snowmelt conditions, respectively.

¯ No single BMP option can be applied to all development situations,
and all BMP options require careful site assessment prior to design.

¯ Several BMPs can have a significant secondary environmental impact,
although the extent and nature of these impacts is uncertain and site
specific. These impacts can be both positive (such as the creation of a
wetland wildlife habitat) or negative (accumulation of toxic compounds
in ponds).

¯ Relatively limited cost data exists to aid in the assessment of the
comparative cost-effectiveness of urban BMPs.
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It is more difficult to consider pollution abatement in the fast con-
veyance systems. The delivery ratio for pollutants in these systems is close
to one (all pollutants delivered to the systems from the surface will be
conveyed to the receiving body of water). Runoff and CSO quality man-
agement must then rely on expensive structural measures and treatment.

A potentially more effective system for pollution control is the storage-
oriented (retardance) system. These systems provide for temporary storage
at many points throughout the system, beginning with the source areas,
and subsequent release after the flows subside. Pollution can be attenuated
better when the flow is slowed down and temporarily stored. Therefore,
pollution mitigation is more effective and inexpensive in the storage-
oriented systems.

Walesh (1989) pointed out that fast conveyance systems can be imple-
mented in both existing (developed) and newly developing urban areas,
while the storage-oriented system, which uses landscape to a great extent,
is mostly applicable to new developments. The principal advantages of
the storage-oriented approach are possible cost reductions in newly devel-
oping areas, far better prevention of downstream adverse flooding and
pollution associated with storm-water runoff, and potential for multiple-
purpose reuse.

Urban runoff pollution-control measures can be divided into several
categories. Such categorization separates the runoff and combined sewer
overflow control measures according to where the measure is imple-
mented, namely, into on-site land pollution-control measures, hydrologic
modification and land management, reduction of delivery of pollutants in
the collection (drainage) system, and end-of-pipe storage and treatment.
Typically in a study or a plan, hydrological models or design routines are
used for the design and evaluation of the effectiveness of the proposed
measures. Many measures have multiple benefits in addition to water
quality control, such as flood control, aesthetic enhancement and recre-
ation, remedy of sewer backwatering problems, aquifer recharge, wetland
restoration and protection, and water conservation.

SOURCE-CONTROL MEASURES

Source-control measures are most effective for control of urban runoff
pollution delivered to receiving waters from separate storm sewers, and
the efficiency of such measures may be minimal for controlling pollution
by combined sewer overflows. These measures commonly involve reduc-
tion of pollutant accumulation on the impervious surfaces of the con-
tributing watersheds or reduction of the erosion of pervious lands.

Source controls are generally difficult to implement because the sources
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are diffuse, originating from the atmosphere, streets, parking lots, and so
forth, as documented in Chapter 8. Many of these controls can be incor-
porated into the landscape and, in fact, they can often enhance the
aesthetics of the urban landscape (Roesner, 1988). Generally, however,
planners have relatively little control over the policies that would imple-
ment source controls. Homeowners are not restricted in using chemicals
on their properties as long they are approved for sale. Street cleaning
practices are mostly for aesthetic purposes, and their frequency depends
on the financial resources of each individual community and on the
willingness of public officials to implement these practices.

Implementing source-control practices requires extensive public educa-
tion and grass-roots public effort. Local environmental organizations and
schools must be involved in planning, providing educational materials
outlining sound environmental uses of chemicals, and promoting clean
and well-kept neighborhoods. These organizations and citizen groups
must keep pressure on elected officials to implement and enforce controls.
Without these efforts implementation of these practices is impossible.

Control of Atmospheric Deposition

After implementation of stricter industrial air-pollution control measures,
switching from coal to natural gas as a primary energy source for house-
hold heating, and by implementing limitations on leaded gasoline, dry
deposition of pollutants has dropped substantially in the United States
during the last 30 years. However, other problems, such as acidity of
rainfall and deposition of nitric oxides from traffic have not improved.
As shown by Novotny and Kincaid (1982), wet-atmospheric deposition
(precipitation) in the midwestern U.S. cities is acidic, with pH around 4,
and contains appreciable amounts of nitrogen.

Control of atmospheric deposition originating from air pollution by
industrial and traffic sources is regulated in the United States by the Clean
Air Act, which also includes provisions to control sources of acid rainfall.
It was pointed out in Chapter 8 that the acidity of urban precipitation
elevates loads of many pollutants that are elutriated during the buffering
of acid rainfall from the urban infrastructure, including metal and tar
shingle roofs, from vehicular corrosion, and from other sources.

Removal of Solids from Street Surfaces

Litter-Control Programs
Novotny (1984) described the effects of litter-control programs. Litter
includes larger items and particulates deposited on street surfaces, such as

R0023552



Source-Control Measures    579

paper, vegetation residues, animal feces, bottles and broken glass, and
plastics. In the fall, fallen leaves become the most dominant component
of street litter. It has been shown that litter-control programs can reduce
the amount of deposition of pollutants by as much as 50%, and litter
control, especially in watersheds that are highly impervious, may be an
effective measure of controlling pollution by storm runoff. During the fall
leaf fallout period the organic and nutrient pollution inputs in areas with
trees require an effective leaf pickup program to minimize the impact
on the receiving waters. As stated in the preceding section, implemen-
tation of litter-control programs requires public education and acceptable
enforcement.

Street Gleaning-- Sweeping
Street cleaning practices include the sweeping of streets and parking lot
surfaces by mechanical vehicles or flushing from tanker trucks (Figs. 10.1
and 10.2). Sweeping is more common in the United States, while street
flushing is practiced more in Europe. Both practices are used primarily
for aesthetics and removal of unsightly litter. The choice whether street
sweeping or flushing is to be used for water quality control depends above
all on the type of sewer system.

Street flushing. Pravoshinsky (1975) has shown that the quality of
runoff from street flushing is very poor and is apparently inferior to storm
runoff. However, street flushing is an advantageous and efficient means
of control in areas served by combined sewers. Flushing cleans a larger
street area (not just a narrow strip near the curb) and is more efficient for
picking up fine particles. Because the capacity of flow separators and
sewer capacity in the combined sewer system is selected to be about six
times the peak dry-weather flow, street runoff generated by this practice
during the dry period is generally far below the critical runoff rate that
would initiate an overflow, hence, all polluted flow is conveyed to the
treatment plant. In addition, frequent flushing can dislocate solids and
slime that accumulate in sewers that otherwise would be discharged
untreated with the overflow into the receiving waters.

Street sweeping. This method is appropriate for urban areas served by
storm sewers. Application of street flushing in these areas would defy the
purpose of this activity, that is, all solids washed into the sewer system
would be carried directly into the receiving waters, while sweepers physi-
cally remove them from the surface, thereby making them unavailable for
pickup by subsequent runoff-generating rainfall. Two types of sweepers
are currently used to remove solids from impervious surfaces. The most
common design (mechanical street cleaners) uses a rotating gutter broom
to remove the particles from the street gutter area and place them in the
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FIGURE 10.1. Street sweeping vehicle. (Photo: University of Wisconsin.

FIGURE 10.2. Street flushing vehicle. (Photo: University of Wisconsin.)
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path of a large cylindrical broom that rotates to carry the material onto a
conveyor belt and into the hopper. Vacuum-assisted street cleaners use
gutter brooms to loosen the deposits and move street refuse into the path
of a vacuum intake. The vacuum places the debris in the hopper.

Both types of sweepers are relatively ineffective for removing fine
particles (American Public Works Association, 1969; Sartor and Boyd,
1972; Sartor, Boyd, and Agarty, 1974; Bannerman et al., 1983). Broom
mechanical sweepers are ineffective for particulates in the dust and dirt
range (<3.2 mm in diameter), and their overall efficiency is only about
50%. Vacuum sweeper efficiency is higher, but still ineffective for silt and
clay size particles (American Public Works Association, 1969; Sartor and
Boyd, 1972). Tables 10.1 and 10.2 show typical street cleaner efficiencies
for removal of particles of various sizes. If the efficiency is combined with

TABLE 10.1 Mechanical Street Cleaner Efliciencies for
Various Equipment Passes (%)

Curb Loading (50-500 g/curb m)

Size Range (gm) 1 Pass 2 Passes 3 Passes

<43 15 28 59
43-104 20 36 49

104-246 50 75 88

246- 840 60 84 94

840-2000 65 86 96
2000-6370 80 96 99

Sources: Data from Sartor and Boyd (1972) and Pitt (1979)

TABLE 10.2 Removal Efficiencies for Vacuum Street Cleaners at Different Initial Par-

ticulate Loadings and for Various Equipment Passes

Street Surface Loading and Number of Passes

5-50 20-200 280-2800
(g/curb m) (g/curb m) (g/curb m)

Size range (gm) 1 2 3 1 2 3 1 2 3

44-74 3 6 9 20 36 49 70 91 97

74-177 25 40 50 40 60 72 75 94 99

177-300 50 75 88 60 84 94 80 96 99

300-750 60 84 94 65 88 96 70 91 94

750-1000 50 75 88 60 84 94 70 91 97

Sources: Data from Clark and Cobbins (1963) and Pitt (1979).
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the pollutant distribution on particles of various sizes (Table 8.11), the
sweeper removal efficiency for pollutants can be estimated.

A normal sweeping effort was defined by Sartor and Boyd (1972) as
2.56 equipment minutes per 1000 m2 of cleaned area, which can be trans-
lated to the average sweeper vehicle velocity of about 10 km/hr (6 mph).
The information on street sweeper efficiencies in Table 10.2 refers to the
normal operating effort. Increased street sweeping efficiency can be
achieved by operating the vehicle at a lower speed or by conducting
multiple passes. From the work by Sartor and Boyd (1972) it follows that
the removal of particles by street sweepers can be approximated by the
equation

P = P* + (Po - P*)e-kE (10.19

where
P = the amount of street surface particulates in a given size range

remaining after sweeping
P0 = the initial amount of particulates in the size range
E = the amount of sweeping effort involving (min/1000m2) or as a

relative effort (i.e., actual effort divided by the standard effort)
P*, k = empirical coefficients depending on sweeper characteristics and

design, particle size of particulates, and street surface
characteristics

If E is normalized by expressing it as a relative effort, the coefficient k
becomes dimensionless. From Sartor and Boyd’s data it appears that k
can be approximated best by the following equation

k = adI~ (10.2)

where a and 13 are empirical coefficients and d is particle size. The
approximate magnitudes of a and 13 are around 0.027 and 0.35, respec-
tively, if d is in micrometers. The actual magnitudes of a and 13 should be
determined for each type of equipment by the manufacturer or by a
testing laboratory.

Example 10.1: Removal of Pollutants by Sweeping

A street dust and dirt sample had the following particle-size distribution

Particle Size (l~m) % Distribution
<43 5

43-104 10
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Particle Size (lzm) % Distribution

104-246 20
246-840 25
840-2000 25

>2000 15

The sweeper efficiency coefficients, ct and 13, were given by the manu-
facturer as a = 0.03 and 13 = 0.55. Determine the overall removal
efficiency of the sweeper if it moves at a sweeping speed of 5 km/hr.

Solution The removal efficiency for each particle-size fraction can be
computed using Equation (10.1). Then approximately (assuming that
P* ~ O)

Eft(%) = 100(1 - e-kE)

where k = 0.03d°Ss The normalized sweeper effort variable is

E = Actual effort (km/hr)_ _ (1/5 km/hr)                                   = 2.0
Standard effort (km/hr) (1/10 km/hr)

The solution can be obtained either graphically or numerically as shown
in Table 10.3. The calculation may also be incorporated into a computer

TABLE 10.3 Computation of Overall Sweeper Efficiency

Initial Average
Particle Size Distribution Removal
(gm) (%) k e-kE 1 - e-k~ % Removal % Remaining
(1) (2) (3) (4) (5) (6) = (2)* (5) (7) = (2) - (6)

0 0 1.0
5 0.19 0.95 4.05

43 0.24 0.62
10 0.46 4.6 5.4

104 0.39 0.46
20 0.625 12.5 7.5

246 0.62 0.29
25 0.81 20.25 5.75

840 1.22 0.09
25 0.945 23.62 1.38

2000 1.96 0.02
15 0.98 14.7 0.3

Total 100 76.62 23.38
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model (see the Wisconsin Urban Runoff Model in Chapter 8). From
Table 10.3, we see that the overall efficiency is 76.6%.

Example 10.2: Lead Removal by Sweeping

By analyzing the lead distribution with particle sizes of the street dust and
dirt sample the same as in the previous example, it was found that most
lead is associated with fine fractions is as follows:

Pargc& Size(~m) %Lead

0-43 48
43-104 25

104-246 20
246-840 16
840-2000 1

Estimate how much lead will be removed by the sweeper.

Solution AS seen in Table 10.4, the computation can be arranged in the
same fashion as in the previous example. Thus we get that only 48% of
lead will be removed, as compared to 76% of solids.

Water quafity benefits of the removal of pollutants by street sweeping.
Current street sweeping practices are primarily for aesthetic purposes.
The results of the National Urban Runoff Project documented the rela-
tively low impact of street sweeping on improvement of water quality
on midwestern and eastern U.S. conditions (Bannerman et al., 1983;
Terstriep, Bender, and Noel, 1982; Bender and Rice, 1982; Novotny et
al., 1985; Field, 1986).

TABLE 10.4 Compution of Percentage of Lead Removed by the Sweeper

Particle Size Range (lam) Initial Distribution Average Removal % Removed
(1) (2) (3) (4) = (2)* (3)

0-43 48 0.19 9.12
43-104 25 0.46 11.50

104-246 20 0.625 13.50
246-840 16 0.81 !2.96
840-2000 1 0.94 0.94
2000 0 0

Total 100 48.02
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HG~ 10.~. ~ ~omparison o~ runoff ~on~entradons o~ suspended solids ~rom paired
~v~nts ~rom two almost identical small and u~fo~ urban ~x~m~ntal watersheds with
predominantly ~omm~r~ia] land use. Stat~ Fair test sit~ was swe~t, while Wood ~ent~r was
k~pt unswept. ~Data ~rom th~ Wisconsin Depa~ment o£ ~atu~al

In the Milwaukee, Wisconsin, NURP project six pairs of small uniform
watersheds were investigated. The watersheds in each pair were either
identical or similar in land use and surface characteristics. One watershed
was swept regularly with relatively high frequency (at least once per
week); the other watershed was unswept. The measured results were
disapppointing. Street sweeper efficiency was generally low and the effect
of street sweeping on runoff pollutant concentrations was minimal, as
shown on Figure 10.3, in which corresponding concentrations of swept
and unswept watersheds in the pair with commercial land use were
plotted against each other. Modeling results for these experimental paired
watersheds were quite similar (Novotny et al., 1985).

Several hypotheses have been given to explain the reasons for there
results (Novotny et al., 1985). First, street sweeper efficiency is relatively
low, and sometimes, when initial street loads were low, it was negative.
Second, simulations by a mathematical model showed that in areas of
lower imperviousness, more particles are blown away by traffic and wind
onto adjacent pervious and hydrologically inactive areas than can be
removed even by a very vigorous sweeping program. Third, erosion of
pervious areas, although not as frequent as the washoff of pollutants from
impervious areas, yields unit loadings of pollutants that are often of the
same order of magnitude or greater than the corresponding loads from
impervious areas affected by street sweeping.

Tests under real conditions in San Jose, California, showed that street
cleaning can remove up to 50% of the total solids and heavy metals in
urban storm water with very frequent (once or twice daily) cleaning.
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Typical cleaning programs of once or twice a month proved ineffective
(Pitt, 1979; Field, 1986).

Control of Pervious Areas
Soil loss from unprotected bare soils may be considerable--up to 100
tonnes/ha-year. Temporary or permanent seeding of grass, sodding, and
mulching is used to reduce erosion of pollutants. Such measures are
important and mandated in some states for control of pollution caused by
construction activities. Ports (1975) presented procedures and criteria
for the design of urban sediment-control practices. More extensive de-
sign procedures for erosion control were included in a publication by
Goldman, Jackson, and Bursztynsky (1986).

Chemical stabilization of soils. This is a temporary measure employed
on bare soils until permanent vegetation is established or other long-term
erosion-control measures are implemented. The chemical emulsions that
were previously used for erosion control included polyvinyl acetate emul-
sions, vinyl acrylic copolymer emulsions, or methacrylates and actylates.
The use of organic chemicals and oil derivatives may not be possible due
to suspected surface- and ground-water contamination by carcinogenic
priority organic pollutants (vinyl chloride and poly-cyclic aromatic hydro-
carbons (PAHs)). Hydrate lime and cement is also used for stabilization
of clayey soils.

Mulching and protective covers. Covering an exposed area with any of
a number of available mulches generally increases surface roughness and
hydrological surface storage, protects the surface against rainfall impact,
and subsequently reduces erosion. The effect of land-cover materials is
reflected in a reduction of the land-cover factor (C) of the universal soil
loss equation (Table 5.5). Straw mulch (small grain) has proved effective
on 12% slopes at application rates of 5 tonnes/ha and on 15% slope with
an application rate of 10 tonnes/ha. These application rates should reduce
erosion by 75% to 80%. Straw mulch application can be combined with
grass seeding for more pe.rmanent surface protection. As a matter of
fact, the most economical, effective, and practical surface protection in
construction sites is hydromulching, which is an application of a slurry
mixture of seed, mulch, fertilizer, and lime (Fig. 10.4).

Figure 10.5 shows an example of straw mulch application protected by
plastic or paper (biodegradable) fibers. Straw mulching loses its effective-
ness on steep slopes because of rill formation and its tendency to be
washed away by more concentrated and erosive overland flow. Alternate
materials include woodchips, crushed stone, and blankets and mats from
textile materials (Fig. 10.6). Chapter 5 contains an extensive discussion of
erosion-control measures and design parameters with examples.
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FIGURE 10.4. Hydroseeding of grasses. (Photo: University of Wisconsin.’

FIGURE 10.5. Mulch net applied over straw mulch, seed, and fertilizer. The net ~s of
paper fiber with plastic strands that are pinned down over the straw. (Photo: USDA, Soil
Conservation Service.)
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FIGURE 10.6. Control of erosion by burlap netting. (Photo: USDA, Soil Conservation
Service.)

Control of surface application of chemicals. Measures to control the
surface application of chemicals include control of herbicide use on per-
vious grassed areas (lawns and golf courses) and road deicing salt storage.
Studies by the EPA and the Federal Highway Administration quoted in
Field (1986) prompted several states to enact legislation controlling salt
application and storage. For example, chemical loading/unloading and
storage areas should be covered or diked to capture about 1.25cm (1/2
inch) of runoff, with a closeable outlet so that, if spillage occurs, it
will not be washed into the drainage system before it can be cleaned
up. In areas served by separate sewers, runoff from washing should be
discharged into sanitary sewers (Livingston and Roesner, 1991).

As was pointed out previously, control of pollution caused by chemical
use by individual homeowners on their lands is difficult due to a lack of
legal instruments to enact regulation. Public education is currently the
only possible mechanism to implement some partially effective measures.
A switch to xeriscape, that is, landscape that incorporates native plants
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and shrubs that do not require chemicals and excessive irrigation, should
be encouraged and demonstrated to the public. Such changes may even
be mandated in the future in some areas that are short of water because
of their water-conservation benefits in addition reducing the pollution of
the surface- and ground-water resources.

Hydrologic Modifications

Hydrologic modifications of urban watersheds include measures and
practices that reduce the volume and intensity of urban runoff entering
the separate storm or combined sewer systems. In separate systems it is
expected that the pollution load will be proportional to the volume of
runoff, and with the volumetric reduction of flow, one may also expect a
reduction in pollution load. In combined sewers, reduction of peak flow
and volume of flow reduces the frequency of untreated overflows from
the sewer systems. Thus hydrological modification practices are effective
for the control of pollution from both systems (storm sewers and CSOs)
and both have pollution-control and flood-control benefits. A special
report by the EPA (1977) deals with practices involving hydrologic
modifications of urban watersheds.

The hydrologic measures can be divided into:

1. Practices that increase permeability and enhance infiltration, such as
the use of pervious pavements or vegetation filtration strips;

2. Practices that increase hydrological storage;
3. Practices that reduce the size of impervious areas that are directly

connected to the sewer system.

Schueler, Kumble, and Heraty (1991) cautioned against the indiscriminate
use of infiltration practices in an urban setting. The poor longevity of
these BMPs is attributable to lack of pretreatment, poor construction
practices, application at unsuitable sites, lack of regular maintenance, and
faulty design. The life span of such practices may be increased if local
communities adopt enhanced maintenance and inspection programs.

Porous (Pervious) Pavements
Porous pavement is an alternative to conventional pavement. Its use
allows rainfall to percolate through it into the subbase. The water stored
in the subbase then gradually infiltrates the subsoil.

Porous pavement provides storage, enhancing soil infiltration that can
be used to reduce runoff and combined sewer overflows. These pavements
are either made from asphalt, in which fine filler fractions are missing, or
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FIGURE 10.7. Porous pavement installed over permeable and impermeable ground.

are modular or poured-in concrete pavements (Fig. 10.7). The primary
benefit of porous pavements is a significant reduction or even complete
elimination of surface runoff rate and volume from an otherwise imper-
vious area. If the pavement is designed properly, all or most of the runoff
can be stored and subsequently allowed to infiltrate into the natural
ground. Aquifer recharge by infiltrated water is the second important
benefit. The third benefit is the reduced need for storm drainage. As a
matter of fact, if subsoils are very permeable, there may be no need for
installing storm drainage. However, porous pavement is most feasible
when subsoils are permeable and the slopes are relatively flat. If the soils
are permeable, porous pavements are feasible even in cold snowbelt areas
(see Chapter 3 for a discussion of infiltration into frozen soils).

In areas with poorly draining subsoils or if the porous pavement is
installed over an existing impervious base, a drainage system can be
installed. The pavement and its base in this case enhances hydrological
storage, reduces the peak runoff rate, and provides filtration of pollutants
from runoff. Field (1986) summarized the results of several U.S. EPA
studies on the experimental applications of porous pavements. Results
from a study in Rochester, New York, indicated that peak runoff rates
were reduced by as much as 83% where porous pavement was used. The
structural integrity of the pavement was not impaired by a heavy traffic
load and, if properly installed, porous pavements have load-bearing
strength and longevity similar to conventional pavement. Although clog-
ging may occur during construction and during operation, it can be
remedied by flushing and sweeping.

Typically, hydraulic conductivity (permeability) of porous pavements
is much greater than runoff rates. Hydraulic conductivity measured by
Jackson and Ragan (1974) was about 250cm!hr, which is an order of
magnitude higher than a typical catastrophic design storm. This means
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FIGURE 10.8. Example of porous pavement installation in an experimental basin in the
Tokyo metropolitan area. Before (top) and after (bottom) installation. (Photo: S. Fujita.)
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that infiltration into the base should occur without ponding. An extensive
report summarizing EPA research on the hydraulic characteristics of
pervious pavements was prepared by Goforth, Diniz, and Rauhut (1984).
Porous pavement has an excellent potential for use in parking areas and
on side streets. These pavements have been installed in many localities
throughout the world (Fig. 10.8) and a design manual has become avail-
able in Florida (Florida Concrete Products Association, 1989) and other
states (Maryland Water Resources Association, 1984; Schueler, Kumble,
and Heraty, 1991).

Longevity of the porous pavement function is a problem (Schueler,
Kumble, and Heraty, 1991) since it has a high failure rate. Failure is due
to partial or total clogging that occurs during or immediately after con-
struction or over time, when porous pavement is clogged by sediment and
oil. For this reason, porous pavements should not be installed where high
solids loads from wind erosion or other sources (heavy truck traffic, use
of sand for ice skidding control) are expected. The Japanese experience
(Fujita, 1984; Fujita and Koyama, 1990) has shown that frequent and
proper sweeping by vacuum sweepers resolves the problem of clogging.

Contamination of shallow aquifers by toxic materials attributed to
asphalt, vehicular traffic, and road usage, including salt application for
deicing, represents a slight to moderate environmental risk that depends
on soil conditions and aquifer susceptibility.

The construction cost of porous pavement is about the same or even
less than that for conventional pavement when savings on storm drainage
are included. A laboratory and economic study on feasibility of porous
pavements was undertaken by Thelen et al. (1972). Haak and Oberts
(1983) showed that the cost of conventional pavement on streets and
highways with drainage can be as much as two to three times higher than
the cost of a pervious pavement alternative.

Increasing Surface Storage
Rooftop storage on flat roofs, temporary ponding, and restriction of
storm-water inlets are used to control combined sewer overflows and
to reduce flooding (American Public Works Association, 1981). As a
water quality control measure in areas served by combined sewers, these
practices may be effective and may reduce the requirements for in-line
or off-line storage. In areas served by storm sewers, they can control
flooding and reduce the requirements for detention-retention basin
volumes, but alone they do not have a significant water quality benefit.

Decreasing Connected Impervious Area
Directly connected impervious area (DCIA) is defined as the imperme-
able area that drains directly to an improved drainage system, that is,
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paved gutter and, subsequently, sewer. Livingston and Roesner (1991)
suggest that the minimization of DCIA is by far the most effective
method of runoff quality control because it delays the concentration of
flows into the sewers and maximizes infiltration.

Practices used for minimization of DCIA include:

1. Disconnecting roof drains from storm sewers. This practice has a
low direct water quality benefit since only wet- and dry-atmospheric
contributions are controlled. It may have some impact on the necessary
detention volume. Since this practice represents an infringement on
private property, it may be difficult to implement.

2. Permitting surface runoff to overflow on adjacent pervious surfaces.
3. Use of dry wells, infiltration basins, and ditches into which storm

water is directed.

Porous pavements obviously also reduce the directly connected pervious
area.

Filter strips. Filter strips are grassed strips situated along the roads or
parking areas between the impervious road surface and drainage sewers
or ditches (Fig. 10.9). The filter strips remove the pollutants from runoff
by filtering, provide some infiltration, and slow down the runoff flow.
Their efficiency is related to the velocity and depth of flow. The higher
the flow rate and flow depth, the lower the efficiency. Growing grasses
almost guarantee laminar flow conditions of the shallow flow. Typically
grass height should be maintained between 15 and 30cm. If grass is
submerged such, as in grassed swales and ditches, the flow is turbulent
and efficiency drops significantly. Thus, low velocity and shallow non-
submerged flow depth are key design criteria. The Maryland design
guidelines recommend that the slope of the strips be less than 5% and
overland flow velocities less than 0.75m/s. Failures will occur if rill
erosion creates concentrated flows. Filter strips can effectively reduce
particulate contaminants; however, their ability to remove soluble pol-
lutants is variable and depends on the fraction of infiltrated runoff in the
strip and adsorption of contaminants on organic matter and soils.

Kao, Barfield, and Lyons (1975) showed by experiments on artificial
grass strips that grass filter strips provide excellent trapping efficiency,
especially for construction and surface mining sites. Grass strips are also
widely used as borders to control soil and pollutant loss from agricultural
fields and barnyards (see Chapter 11). Grassed areas are also effective
traps for pollutants associated with particulate matter, such as phosphates
and pesticides (Asmussen et al., 1977).

The distance at which close to 100% removal of solids is achieved
(both by filtering and infiltration) is called the critical distance. Wilson
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-ft.-wide concrete edge                           6-in.-high curb
Blacktop

SECTION A - A

FIGURE 10.9. Simple installation of grass filters along roads. (After Livingston and
Roesner, 1991, by permission of ASCE.)
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(1967), in an empirical study on Bermuda grass, found that the maximum
percentages of sand, silt, and clay were removed at about 3, 15, and
122 meters distances along the test strip. A minimum of 85% sediment
removal can be achieved with a 2.5-m-wide grass strip during shallow
(nonsubmerged) flow (Kao, Barfield, and Lyons, 1975; Barfield, Kao,
and Toller, 1975). This efficiency is increased when alternating grass and
bare land are used.

Experimental research at the University of Kentucky yielded an em-
pirical model for particle trapping efficiency of grass filters (Barfield,
Kao, and Toller, 1975; Toiler et al., 1977). This efficiency was found to
be a function of two dimensionless parameters, namely, the flow Reynolds
number, Ret, and the particle fall number, Ny (a determination, of the
probability of how many times a particle can reach the bottom during the
flow period). These two variables were defined as

vsRs
Ret - (10.3)

V

and

gTw
gf - (10.4)

Vs

where
vs = flow velocity through the grassed media
L r = overland flow length
R, = spacing parameter defined as

R~ -
sDy

(10.5)
2Dy+ s

where
s = spacing of grass blades
Dy = depth of flow
v = kinematic viscosity
w = settling velocity of particles from Stokes law

gD2
w = -i-~v(PS - 1) (10.6)

where
D = panicle diameter
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g = gravity acceleration
p~ = specific gravity of the grain with respect to water

For cohesive sediments (clays) use Table 5.9 for settling velocity of aggre-
gate particles rather than that for settling individual particles according to
Stokes’ law.

The relationship of the removal efficiency to Res and Nf is shown on
Figure 10.10. From the figure a removal efficiency approaching 100% can
be achieved when

(VS__vR)0"82 (LTW~-0"81X = ~    = \v~Dy/ = 5 (10.7)

Example 10.3: Grass Strip Estimation

What should be the minimum width of a grass buffer strip dividing a
construction site from the nearest drainage that would reduce clay loads
to the receiving body of water by 90% during a storm that yielded an
average surface runoff of q = 0.003 m3/s-m width? The slope of the strip,
S, is 5%.
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Solution Assume:

Grass blades spacing s = 3 mm = 0.003 m
Clay particle size d = 2 ~tm = 2 × 10-6m
Clay settling velocity from Table 5.9 w = 0.17 mm/sec = 0.00017 m/sec
Manning roughness factor for grass (from Table 3.14) n = 0.35

The flow depth can be estimated from the Manning equation

Vs =1_~_1_)3/351/2 = q                  (10.8)

and assuming shallow flow in a wide channel

(qn)°’6 (0.003 × 0.35)0.6 0.0365 m
DI- sO.3 -     0.050.3     =

Assume that the grass height is greater than the flow depth (nonsub-
merged flow conditions). Then the flow velocity becomes

q    0.003
Vs - Df- 0.0365 - 0.082m/sec

The spacing parameter, Rs, is

Rs -
sDf _ 0.003 × 0.0365 = 0.00144m

2DI + s 2 × 0.0365 + 0.003

Ninety percent removal occurs when the removal parameter, Z, from
Figure 10.10 is ~<100. Hence

(V~)0"82 ( ZmW ~-0"91Z= ~
× \ vsD~ /

<~ 100

Solving for Lm, the critical distance for which 90% removal is achieved is

V 1"9R °’9D v-°’9w-1100-1"lL,~= s ¯ f
19 090.082 " × 0.00144 " × 0.0365 × (10-6)-0.9 × 0.00017-1 × 100-1"1

= 7.93m

or about 10m.
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Example 10.4: Efficiency of grass strip

For the critical distance, Lm, calculated in Example 10.3, estimate re-
moval efficiencies for silt and sand fractions.

Solution For silt, assume particle size d = 0.02mm the settling velocity
v = 0.03 cm/sec -- 0.0003 mis (Table 5.9). Then the removal factor X is

(0.082 x 0.00144’~°s2 ~ 10 × 0.0003 ~-0.91X = "    i-0---g    j X \0.082 X 0.0365/    = 6.15

According to Figure 10.10, for X = 6.15 about 99% or more of the silt
will be removed in the 10-m-wide buffer strip. The same is true for sand
that will yield lower values of ~.

It is possible to speculate that this estimation of solids removal ef-
ficiency is on the conservative side since it does not include the removal
of solids by infiltration and the effect of increased infiltration.

Infiltration
Perforated concrete street gutters (Fig. 10.11) and infiltration pipes laid in
trenches have been proposed and tested in Japan (Fujita, 1984; Fujita
and Koyama, 1990). The infiltration pipes are combined with an infiltrao

FIGURE 10.11. Example of street gutter modification for enhanced infiltration.
Thorough maintenance and frequent solids removal are needed to maintain efficiency of
infiltration. (Photo: S. Fujita.)
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FIGUR£ 10.1:2. ]Example ot~ manhole modification for enhanced infiiltration. The manhole
has an impermeable bottom and overflow area, not a perforated inf|tration pipe [aid in an
infiltration trench. (From Fujita, 1984.)
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FIGURE 10.13. Infiltration trench.
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tion manhole (Fig. 10.12) that has a pervious bottom. The softs in the
Tokyo metropolitan area, where the experimental watersheds are located,
are mostly composed of volcanic highly permeable turfs.

In the United States, excavated infiltration trenches, basins, and wells
are more common (Fig. 10.13). These devices are especially advantageous
in areas where ground-water recharge benefits are desired. Properly de-
signed trenches are believed to be highly capable of removing particulate
pollutants and moderately capable of removing soluble contaminants.
Concerns persist about the possibility of ground-water contamination;
however, sources in the literature to date do not indicate a major risk,
but have noted migration of chlorides and to a lesser degree of nitrates
(Schueler, Kumble, and Heraty, 1991). Generally, the nitrate content of
urban runoff is lower and below the human health protection criterion.

An infiltration trench is an excavated trench that is backfilled with
stone aggregates, gravel, or sand. An infiltration basin is made by con-
structing an embankment or by excavating it down to relatively permeable
soils. The basin stores storm water until it infiltrates through the bottom
and the sides of the system. The basins that are mostly dry can be
incorporated into the landscape design of open areas or even recreational
areas, such as sport fields (Roesner, 1988; Livingston and Roesner, 1991).
Infiltration trenches can be located along highways and parking lots, in
the median strip of divided highways, as a part of residential drainage,
and several other possible locations (Harrington, 1989).

Both infiltration trenches and basins are prone to clogging by deposited
solids. To increase their life span when sediment-laden storm-water flows
are anticipated, sediment traps can be employed (Haak and Oberts,
1983). The Maryland experience (Schueler, Kumble, and Heraty, 1991;
Galli, 1992) has shown that about one in five conventional trenches
installed in the 1970s and 1980s failed to operate as designed immediately
after construction. Furthermore, barely half of all conventional infiltration
trenches operated after five years (Galli, 1992). The best pretreatment
device is a grassed filter or buffer strip, which should be at least 6.6m
wide, along the trench or basin (Harrington, 1989). If trenches become
clogged, the gravel and sand backfill will need to be removed and the
trenches washed before they can be reused (Haak and Oberts, 1983),
which could be expensive. To minimize this possibility it is necessary that
the entire contributing area to the infiltration device be stabilized before
construction of the trench or basin begins.

Oil and grease should also be removed before they enter these devices
since these contaminants are difficult to remove and pose a danger to
ground water. Treatment of runoff contaminated with these pollutants
is accomplished through specially designed three-chamber storm-water
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inlets. Grit and sand are removed in the first chamber, and oil and grease
are removed in the second chamber, from which runoff water is siphoned
into the third chamber for final storage and polishing. These devices must
also be regularly cleaned and the accumulated sediment removed.

Infiltration devices obviously require permeable soils or subsoils. The
minimum infiltration rate of soils underlying the device should be more
than 1.25 cm/hr, which corresponds to the Soil Conservation Service’s
soil permeability classification of C or better (Table 3.2). After taking
moderate clogging into consideration, the permeability rates should call
for the diverted volume to infiltrate within 72 hours, or within 24-36
hours for infiltration basins that are planted with grasses. The seasonal
high water table should be at least 1.2 meters below the bottom of the
infiltration device to assure that pollutants present in storm water are
removed by vegetation, soil, and soil bacteria before they reach ground
water.

Infiltration devices should not be installed in areas with shallow bedrock
and in areas with Karst limestone formations, where sinkholes, caverns,
and large rock fractures are common. They should also be located at least
6.6 m from buildings to avoid cross-connections with basements.

Both infiltration trenches and basins should be carefully designed.
Infiltration trenches can handle runoff from watersheds ranging in size up
to 5 hectares. Maryland’s design guidelines for sizing infiltration trenches
recommend the size to be sufficient to capture the first 1.25 cm (1/2in.) of
rainfall from connected impervious areas (Maryland Water Resources
Administration, 1986). The U.S. Environmental Protection Agency sug-
gests that infiltration devices be designed to store and treat flow from an
average storm, which typically may have a rainfall depth lower than
1.25cm. Stahre and Urbonas (1989) presented a methodology for site
selection and design of infiltration basins, which for site selection, assigns
points to various site, watershed, and soil characteristics.

Dry (French) wells are smaller borings that are filled with gravel to
permit infiltration of accumulated storm water. Their best use is for
infiltration of rooftop runoff. Again it is important that the well is located
several meters from the foundation wall of the house to prevent back
entry of water into foundation drain pipes.

Environmental Corridors and Buffer Zones
The corridors--usually a park along a stream, lake, or adjacent to the
drainage system--act as buffers between the polluting urban area and the
receiving body of water. In most cases the buffer zones also provide
storage for flood and pollution control (Wiesner, Kassem, and Cheung,
1982). The corridors lose their efficiency if the storm drainage outlet
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bypasses the grassed and vegetated areas and discharges directly into the
receiving body of water or into a channel with concentrated flows that is
directly connected with the body of water. The "treatment" processes for
storm runoff, such as vegetated filters, infiltration basins, detention-
retention ponds (dry or wet), and wetlands, are incorporated into the
landscape of the corridor.

Buffer strips made of uneven shoreline vegetation may also be used to
attenuate runoff pollutants that would otherwise reach the body of water.
Woodard (1989) measured the efficiency of buffer strips that had vege-
tation typical of a Maine lakeshore (mixed growth, uneven age stand,
predominantly hardwood, moderate ground cover of shrubs, ferns, etc.).
Similar measurements were made by Potts and Bai (1989) in Florida.
They found that the critical distance of a grass strip, used for the control
of suspended sediment and phosphates, from residential developments
was 22.5 meters; however, they concluded that the efficiency of the buffer
strips is highly dependent on a sufficient cover of organic matter (natural
vegetation) and on the initial concentration of the pollutants or the
density of shoreline development. A 30-m-wide buffer strip is recom-
mended for the protection of surface-water reservoirs that are part of
the drinking water supply, in states where residential development is
permitted in such watersheds (Nieswand et al., 1990). In some countries,
urban and agricultural land-use practices are greatly restricted or not
permitted at all in watersheds of water supply reservoirs.

Buffer strips are ineffective on steep slopes with loose soils. Also their
effectiveness is reduced by exposed soil on any part of the buffer strip,
which can actually erode and contribute suspended solids and other
pollutants instead of attenuating them. Woodard (1989) recommends that
a porous organic "duff" layer and/or a dense growth of underbrush
cover the mineral soil if buffer strips are to be effective. Environmental
corridors in urban areas are typically a part of the major drainage system.

COLLECTION SYSTEM CONTROL AND
REDUCTION OF DELIVERY OF
POLLUTANTS

The second group of management practices for urban diffuse-pollution
control involves methods and structures for removing pollutants from
runoff after they leave the source area. Collection system controls refer
to management alternatives for storm-water interception and transport.
These include (Field, 1986) improved maintenance and design of catch
basins, sewers, in-sewer (in-pipe) and in-channel storage, and elimination
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of sanitary and industrial cross-connections from separate storm sewers.
Most of these facilities are a part of the minor drainage system.

Urban areas with good separate storm sewer drainage have a delivery
ratio (the ratio of a mass of pollutants delivered to a stream divided by
the mass of pollutants generated at the source) close to one, while
residential areas with natural (swale) drainage have a delivery ratio
ranging from several percent to about 50% (Novotny and Chesters,
1989). The objective of management practices is thus reduction of the
delivery ratio. In addition to grass filters, buffer strips, and other practices
mentioned in the preceding section, such practices in urban basins also
include grassed waterways (natural drainage) and catch basins.

In separate sewer systems, sanitary and industrial wastewater cross-
connections into separate sewers are a nationwide problem (Pitt et al.,
1990a). A manual of practice for identification and control of cross-
connections has been prepared (Pitt et al., 1990b). Most of the methods
in this category require some engineering structures and design, and are
more expensive than source-control measures. In the disturbed areas the
polluted waters should be segregated as much as possible from the rest of
the runoff. Segregation can be achieved by diversion dikes, culverts, and
other drainageways constructed to divert upslope cleaner runoff from the
source of diffuse pollution (disturbed area). Diversion structures can be
temporary or permanent.

Grassed Waterways and Channel Stabilization

If runoff is allowed to leave the source areas without a conveyance
system, rill and gully erosion will create an uncontrolled channel drainage
network. Channel erosion may also occur if natural and man-made
channels are damaged by the increased flows generally caused by urban-
ization or by construction activities (Fig. 10.14). To minimize or prevent
this occurrence, collection systems must be designed in such a way that
the shear stress caused by the flow on the channel bottom and banks is
less than the resistance of the channel to erosion. Example 5.6 presented
a method of estimating flow erosivity in evaluating the stability of the
channels.

Several engineering means are available to mitigate channel erosion.
The shear stress caused by flow is proportional to flow velocity, channel
slope, and depth. Thus, collection systems should be designed to keep the
velocity of the flow or the slope of the channel below a certain critical
value representing the resistance of the channel to erosion. The resistance
of unprotected earth-dug channels against erosion is very low. Therefore
excavated channels and newly created roadside ditches should always be
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FIGURE 10.14. Erosion of unprotected channels in construction zones. (Photo:
University of Wisconsin.)

protected. Materials used for dry channel protection (such as roadside
ditches) are straw mulch, matting (Fig. 10.15), grass (sod), wire mesh
with stone, gabions, rip rap, and other less used and more expensive
protective measures. These erosion-control measures should be imple-
mented immediately after the channel is excavated.

In extreme, high-slope situations, channels can be lined with concrete
or covered concrete pipes can be used. Lining of natural perennial streams
with concrete for control of erosion or flooding is not recommended
because such methods destroy aquatic habitat and would meet public
resistance.

Grassed Waterways
Grassed waterways are probably the most inexpensive but most effective
means of conveying water (Figs. 10.16 and 10.17). In a simple case, a
grassed roadside swale will perform as well or better than a far more
expensive buried storm sewer. If the grassed waterways are designed
properly, in-channel erosion should be minimal, and the grass lining may
even serve as a trap and treatment for pollutants.
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FIGURE 10.15. Adding jute matting to give additional protection in a channel where
grass cover has failed during excessive flush runoff events. (Photo: USDA, Soil
Conservation Service.)

FIGURE 10.16. Grassed waterway in a residential zone. (Photo: USDA, Soil
Conservation Service.)
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FIGURE 10.17. Urban swale connection to an underground storm sewer. Straw bale
provides detention and filtration.

FIGURE 10.18. Temporary sediment traps made of straw bales. Sod is laid immediately
after excavation to prevent excessive channel erosion. (Photo: V. Novotny.)
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Grassed waterways and roadside swale drainage are man-made
channels of paraboliC, triangular, or trapezoidal cross section. A typical
swale is a shallow trench with side slopes of one (vertical) to three
(horizontal). Swales are used solely for the conveyance of surface runoff,
hence they are mostly dry and contain water only following a rain.
Planted vegetation (primarily grass) is for soil stabilization and storm-
water treatment. Grassed waterways are primarily used for the conveyance
and treatment of runoff from surface mining and similar operations, and
from agricultural and silvicultural lands (Chapter 11). As with grass
filters, swales and grassed waterways remove pollutants by slowing down
the flow, filtering by grasses, infiltration, and by nutrient uptake by
vegetation. In contrast to grass filters, however, the grasses in swales are
submerged, flow in the waterways is turbulent, and are therefore less
effective in removing particulates than grass filters. The efficiency of
grassed waterways (swales) in removing pollutants is about 30% (Oakland,
1983). Generally, the lower the slope and the velocity, the better the
treatment performance of swales. Higher slopes can be reduced by check

TABLE 10.5 Maximum Permissible Design Velocities for Waterways

Range of Channel Permissible Velocity

Cover                                     Gradient (%)              (m/sec)

Vegetative~,b

1. Tufcote, Midland and Coastal 0-5.0 1.8

Bermuda grassc 5.1-10.0 1.5

Over 10 1.2

2. Reed canary grass, Kentucky 31 tall 0-5.0 1.5

fescue, Kentucky bluegrass 5.1-10.0 1.2

Over 10 0.9

3. Red fescue 0-5.0 0.75

4. Annualsa--ryegrass 0-5.0 0.75

Unlined Channelse’~
0.5-0.75

5. Fine sand 0.6-0.9
6. Silt loam
7. Alluvial silts, colloidal

1.15-1.5

8. Fine gravel
0.75-1.5

9. Coarse gravel
1.2-1.8

~ After Ree and Palmer (1949).
b To be used only below stabilized or protected area.
c Common Bermuda grass is considered to be a restricted noxious weed in Maryland.
a Annuals--use only as temporary protection until permanent vegetation is established,
e After Goldman, Jackson, and Bursztynsky (1986).
fLower velocity is recommended for clean water, higher is allowed for silty water.

R0023581



608    Control of Urban Diffuse Pollution

dams and/or by temporary barriers made of straw bails or cloth (Fig.
10.18).

The basic design criteria for grassed waterways are given in Tables 10.5
and 10.6 and in Figure 10.19. Table 10.5 shows the maximum flow
velocities that would cause minimum erosion for different types of vege-
tation linings. Table 10.6 classifies vegetative linings into retardance
groups, which basically express the hydraulic roughness of the vegetal
cover. For design velocity of less than lm/sec, seeding and mulching are
needed to establish vegetation. For design velocities over lm/sec, the
waterway or swale should be stabilized with sod (bottom), the seeded
sides protected by jute or excelsior matting, or with seeding and mulching,
along with diversion of runoff until the vegetation is established.

Channels can be designed using the common Manning’s formula

Q = A1-R2/3S1/2 = Av (10.8)

where
Q = flow rate in the channel (m3/sec)

TABLE 10.6 Classification of Vegetative Cover in Waterways Based on Degree of Flow
Retardance by the Vegetation

Cover Stand Condition and Height Retardance

Reed canary grass Excellent Tall (average 1 m) A
Kentucky 31 tall rescue Excellent Tall (average 1 m)

Tufcote, Midland and Coastal Good Tall (average 30 cm) B
Bermuda grass

Reed canary, grass Good Mowed (30-40 cm)
Kentucky 31 tall rescue Good Unmowed (average 50 cm)
Red rescue Good Unmowed (average 40 cm)
Kentucky bluegrass Good Unmowed (average 40 cm)
Redtop Good Average

Kentucky bluegrass Good Headed (15-30 cm) C
Red fescue Good Headed (15-30 cm)
Tufcote, Midland and Coastal Good Mowed (average 15 cm)

Bermuda grass
Redtop Good Headed (40-60 cm)

Tufcote, Midland and Coastal Good Mowed (6 cm) D
Bermuda grass

Red rescue Good Mowed (6 cm)
Kentucky bluegrass Good Mowed (5-12 cm)

Source: After Ree and Palmer (1949).
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FIGURE 10.19. Manning’s n for grassed waterways related to velocity v (m/sec),
hydraulic radius R (m), and vegetal retardance. (After Ree and Palmer, 1949.)

A -- cross-sectional area of the channel (m~)
n = Manning’s roughness coefficient for the channel (Fig. 10.19)
R = hydraulic radius defined as cross-sectional area divided by the wetted

perimeter (m)
S = slope of the energy line of flow, which under steady conditions equals

approximately the slope of the channel bottom (dimensionless--m/m)
v = mean velocity (m/sec)

The roughness coefficient for grassed waterways depends on flow con-
ditions and vegetative cover. Figure 10.19 shows the magnitude of the
roughness coefficient for the four retardance classes defined in Table
10.6. In the figure Manning’s roughness coefficient is related to the
product of velocity and the hydraulic radius.

Example 10.4: Grassed Waterway Design

Determine the nonerosive velocity and dimensions of a trapezoidal water-
way given that Q = 2m3/sec, the slope of the channel is 5%, the bank
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slope is 1 (vertical) to 3 (horizontal), and the vegetation cover is a
good stand of headed Kentucky bluegrass (C-retardance curve (see Table
10.6)).

From Table 10.5 the permissible velocity l~max = 1.5 m/sec. The solution
is a trial-and-error process, since the Manning roughness coefficient in
Figure 10.19 depends on the product of the velocity and hydraulic radius.

Solution First, make a first estimate of the cross-sectional area:

A- Q _ 2 _ 1.33m2
Vmax    1.5

Then try depth of flow H = 0.3 m and calculate the width of the channel
(note that the channel banks have slope of I:Z, where Z = 3. Then the
cross-sectional area is

A = BH + ZH2

where B is the bottom width, B is computed from

1.33 =B x 0.3 + 3 x 0.32

or

B = 3.53m

The wetted perimeter (P) is then calculated

P= B+2HV~2+ 1= 3.53 + 2V~+ 1= 5.43m

and the hydraulic radius is

A 1.33
R - - - 0.24m

P 5.43

Estimate the Manning’s roughness coefficient using the product of velocity
and hydraulic radius

vR = 1.5 x 0.24 = 0.33m2/sec

From Figure 10.19, for a value of vR = 0.33 m2/sec and C-retardance, the
Manning factor n = 0.043.

Next compute v and compare with the initial assumption:
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V 1R2/3S1/2
1

0.242/3 O. 051/2= _ × × = 2.03 m/sec
n 0.043

which is not acceptable since v > Vmax. Therefore try H = 0.2 m.

A- ZH2 1.33- 3 × 0.22
B - - = 6.05m

H 0.2

P=6.05 +2 × 0.2~f~2+ 1 =7.31m

A 1.33
R = 0.18m

P 7.31

vR = 1.5 × 0.18 = 0.27m2/sec

From Figure 10.19, n = 0.048 and

V 1R2/3S1/2     1       182/3 O. 051/2=- - × O. × = 1.5m/sec
n 0.048

which is acceptable since the computed v agrees with the initial estimate.
Therefore, for Q = 2.0m3/sec, design a grassed waterway about 6.1

meters wide at the bottom, which will result in a design flow depth of
roughly 0.2 meter and a nonerosive flow velocity of v ~< 1.5 m/sec.

Ripraps and Gabions
Riprap is a layer of loose rock or concrete blocks placed over an erodible
soil surface. Gabions are blocks made of wire mesh filled with smaller
rocks or gravel. Both ripraps and gabions are primarily used for channel
stabilization in high erosion zones such as sharp bends, channel drops,
and flow-energy dissipators (stilling basins) below the outlets from sewers,
narrow bridges, and near connections with lined high-velocity channels.
Note that energy dissipators are permanent structure that require hy-
draulic design. The Manning roughness coefficient, n, used for deter-
mining velocities and flows of riprap- (gabion-) lined channels can be
obtained from Figure 10.20.

Sediment Barriers and Silt Fences
Sediment barriers and silt fences are small temporary structures used at
various points within, and at the periphery of a disturbed area to detain
runoff for a short period of time and trap heavier sediment particles.
Sediment barriers are built from many materials (Goldman, Jackson, and
Bursztynsky, 1986), such as straw bales (Fig. 10.18), filter fabric attached
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FIGURE 10.20. Manning’s n for riprap surfaces. (After U.S. EPA, 1976.)

to a wire or wood fence, filter fabric on straw bales, and gravel and earth
berms. These barriers are placed in the path of sediment-laden runoff,
commonly from construction sites and surface mining. A sediment barrier
should not be placed across a drainageway that carries a large volume of
runoff.

Collection Sewer Control

Combined sewer overflows (CSOs) have been recognized as a significant
source of diffuse urban pollution since the late 1960s and early 1970s
(Sullivan, 1968; Graham, 1978). Initially, sewer separation was considered
a solution; however, since then discussions about whether "to separate or
not to separate" have continued (see Chapter 1). Nevertheless, combined
sewer overflow pollution-control practices use unit processes and units
that are either unique to CSO control or common to both types of sewer
systems (for example, detention, hydrologic modifications, infiltration).

Catch Basins
A catch basin is a chamber or well, usually built at the curbline of a
street, through which storm water is admitted into the sewer system. In
contrast to a simple inlet chamber, catch basins are equipped to retain
grit, detritus, and other sediment. Historically, the role of catch basins
has been to minimize sewer clogging by trapping coarse debris and to
reduce odor emanation from low-velocity sewers by providing a water
seal (Field, 1990). Typically, a catch basin has a sump at its base. This
sump should be large enough to provide storage for trapped debris. A
Japanese version of catch basins in the Experimental Sewer System (ESS)
described by Fujita (1984) includes a perforated removable bucket above
the sump for trapping larger sediment and debris and a permeable bottom
to the sump for enhanced infiltration.
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Lager, Smith, and Tchobanoglous (1977) claimed that catch basins
installed in sewer systems were ineffective, as they do not remove ap-
preciable amounts of pollutants and the decaying organics trapped in
them are actually a source of pollution. However, in a project conducted
in Boston, Massachusetts, catch basins were shown to be quite effective
for solids reduction (60-97%). Removal ofassociated pollutants, such
as COD and BOD, were also significant (10-56% and 54-88%,
respectively). To maintain the effectiveness of catch basins, they must be
cleaned about twice a year, depending on local conditions (Aronson,
Watson, and Pisano, 1983; Field, 1986, 1990).

Sewer Flushing
The solids that are deposited on the bottom of sewers and the biological
slime that grows on the walls of combined sewers during the dry, low-flow
period have been recognized as a problem for a long time. As a matter of
fact, as documented by Krejci et al. (1987) this pollutant source may
represent a major portion of the total pollution load in CSOs. Estimates
of the magnitude of solids accumulation in sewers were presented in the
preceding chapter.

Sewer flushing during dry weather is designed to periodically remove
the accumulated material and convey it to the treatment plant down-
stream. Flushing is especially necessary in sewer systems that have low
grades, as a result of which velocities during low flow periods fall below
those needed for self-cleaning (typically, self-cleaning velocities are above
0.6 to l m/sec). It may be convenient to combine sewer flushing with
street flushing, although street flushing from tanker trucks (Fig. 10.2) may
not provide enough flow and thus should be used for solids removal
in smaller-diameter laterals and trunk sewers (Field, 1990). Flow for
flushing can also be provided by gates installed in some strategically
located manholes (Novotny et al., 1989). Internal automatic flushing
devices have also been developed for sewer systems. An inflatable bag
is used to stop flow in upstream reaches until a volume capable of
generating a flushing wave is accumulated, at which point the bag is
deflated with the assistance of a vacuum pump, and the released sewage
cleans the sewer segment (Field, 1990).

Regulators, Concentrators, and Separators

Regulators, concentrators, and separators are capable of separating solids
from the flow of storm water. The dual-purpose swirl-flow regulator-
solids concentrator has shown a potential for simultaneous quality and
quantity control (Field 1986, 1990). A helical-type regulator-separator
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has also been developed. These devices have been primarily applied to
CSO; however, they can also be installed as storm-runoff pollution-
control devices. The concentrated flows that may amount only to a few
percent of the total runoff flow can be stored and subsequently directed
toward sanitary sewers for treatment during low-flow periods. The swirl
concentrator was included in a CSO abatement program in Michigan
(Pisano, Connick, and Aronson, 1985).

The vortex solids separator is a compact solids separation device. As
early as in 1932, the idea of separating solids from CSO in a vortex
chamber was conceived in England (Brombach, 1987, 1989; Pisano, 1989,
1991). The idea was pursued in the United States in the 1970s, resulting
in a device known today as a swirl concentrator. Similar devices known as
fluidsep, developed in Germany, or Storm King, developed in the United
Kingdom, have also been implemented throughout the United States and
Europe.

Vortex separation devices have no moving parts (Fig. 10.21). Dry-
weather sewage passes unimpeded through the unit, if used as a com-
bined sewer, in-line regulator. If the device is intended to operate as an

FIGURE 10.21. Fluidsep (vortex) separator. (Courtesy of W. Pisano.)
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off-line treatment unit only, then storm flows are deflected into the unit
by gravity or by pumps. During wet weather the unit’s outflow is throttled
(typically only 3% to 10% of the flow passes through the foul sewer outlet
toward the treatment plant), causing the unit to fill and to self-induce a
"swirling" vortexlike operation. Settleable grit and floatable matter are
rapidly removed. Concentrated foul matter is sent to the treatment plant
(or sent to temporary storage), while the cleaner, treated flow discharges
into the receiving waters.

The three primary determinants governing the process performance of
these devices are the hydraulic throughput, amount of internal fluid
turbulence generated in the device, and the relative preponderance of
particles whose settling velocities exceed 1 mm/sec (Pisano, 1991). Solids
removal decreases with an increasing flow rate, and increases with more
coarse (gritty) particle grain distribution. Any internal vessel protrusions
that disrupt smooth vortex patterns cause decreased performance.

Vortex solids separators remove settleable matter by two mechanisms
(Pisano, 1990, 1991; Field, 1990):

1. The sweeping action of solids by secondary vortex flow currents
toward the centroidal axis of rotation

2. The transport of particles by gravity in the laminar sheet flow regime
on the floor of the unit toward the same axis

There are some differences, none major, between the U.S. "swirl con-
centrator" and the German "fluidsep" (Pisano, 1990), but both work
on the same principle. A design handbook for vortex separators was
prepared by Sullivan et al. (1982). A partial list of U.S. installations with
experience in their use was presented by Pisano (1989, 1991).

The design overflow rate for vortex separators installed in the United
States ranges from 10 to 301/sec-m: (swirl concentrator) and 18 to 1401/-
sec-m~ (fluidsep), respectively. Up to 60% of suspended solids removal
can be achieved, but generally the performance of such units is less than
that for primary treatment.

A helical bend regulator/concentrator induces helical motion in a
curved separator with a bend angle of about 60° and a radius of the
curvature equal to 16 times the inlet pipe diameter. Dry-weather flow
passes through the lower portion of the device to the intercepting sewer.
As the flow increases during a wet weather period, the helical motion
begins and the particles are drawn to the inner wall and drop to tb’~ lower
channel leading to the treatment plant. The excess cleaner flow overflows
over a weir into a CSO. The removal efficiency of helical bend separators
is about the same as that of the swirl concentrator (Field, 1990). The
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FIGURE 10.22. Self-cleaning screens for the control of pollution in combined sewer
overflows and urban storm-water runoff. (After Krejci, 1988.)

handbook by Sullivan et al. (1982) also contains design parameters for
helical bends.

Screening
Unlike screens in treatment plants that can be supervised, manually or
mechanically cleaned, and where the screenings (material collected on the
screens) can be removed and transported away, screens used for removal
of solids form CSOs or urban runoff must be self-cleaning and reliable
without supervision. An example of a self-cleaning structure developed
and implemented in Switzerland is shown on Figure 10.22. In this simple
fixture solids that are captured by the screens are washed by the flow
that is diverted to the treatment plant. Pilot investigations indicated a
treatment capacity of 0.2 to 0.4m3/sec-m2 for screens without clogging
(Novak, 1983; Krejci, 1988; Krejci and Baer, 1990).

DETENTION-RETENTION FACILITIES

Urban runoff entering a drainage system is a highly variable, intermittent
phenomenon. In this case, storage and flow equalization, which can also
be connected with pollution removal, is necessary and storage facilities
must be included in the master plan for pollution abatement. Storage
facilities also provide for maximum use of existing dry-weather flow
treatment facilities, minimize their overload, and allow for the subse-
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quent treatment of stored excess flow. Storage facilities range from in-
expensive multipurpose terrain depressions with restricted outlets to
expensive underground tunnels drilled in underlying bedrock (Milwaukee,
Chicago). Wetlands also provide a combination of storage and treatment
and are becoming an attractive alternative for storm-water and CSO
pollution control. Today, ponds and storage basins are the backbone of
urban storm-water quantity-quality management.

Detention Volume for Quality Control

Before the release of current storm-water quality control regulations
ponds and detention basins were primarily used for peak attenuation
from storm runoff rather than for quality control. As a matter of fact,
many dry storage facilities designed previously for large design storms (5-
year or greater recurrence interval) are ineffective for quality control. For
example, Roesner (1988) has shown that in Cincinnati, Ohio, 74% of
the total annual rainfall volume is contained in storms with a rainfall
depth of less than 2.54cm (l in.). Considering the capture of the first
2.5 cm of rainfall would not only capture the total volume of a majority of
storms (94% of storms in Cincinnati are less than 2.5 cm) but also two-
thirds of the volume of larger than 2.5-cm storms. Hence, 91% of the
runoff that falls on the watershed would be captured and subsequently
treated. A 2.5-cm rainfall is substantially less than a 1-year storm. Similarly,
Vitale and Spray (1975) reported that an 85% decrease in total BOD load
can be realized by capturing the first 0.8 to 2.5 cm of the runoff. Hence,
most guidelines for storm-water quality control call for the capture of
rainfall depths of less than 2.54 cm.

As a rule-of-thumb calculation, consider a 2.5-cm rainfall falling on a
residential watershed that is 50% impervious. Only flow from impervious
areas will be considered because in most cases surface runoff is not
generated from pervious areas by smaller storms. If surface storage of
impervious surfaces is assumed to be about 0.15 cm (see Chapter 3), the
flow generated from a 1-ha (10,000 m2) catchment will be

0.5(2.5cm -0.15cm) × 0.01m/cm × 10,000 = 117m3

If one assumes further that the typical depth of the water in the pond is
about 1 meter, then the planimetric extent of the pond surface area is
l17m2, or slightly above 1% of the catchment area, or 2.2% of the
connected impervious area. Typically, about 2% to 4% of the connected
impervious area should be devoted to management of urban diffuse
pollution by detention-retention facilities. The 90% capture and treat-
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ment of the total load from sewered urban areas is mandated in Germany.
However, this volume, designed to capture small storms and the first flush
of larger storms, is not sufficient to remove compounds such as nutrients
that require longer detention times.

Sizing the CSO and Storm- Water Storage- Quafity
Control Basins
Kuo and Zhu (1989) presented designs for diversion systems for first flush
overflow control. Griffin, Randall, and Grizzard (1980) developed a
method by which it is possible to size the detention basin based on a
predetermined portion of runoff (first flush) to be stored in the basin.

The sizing of storage basins can best be accomplished by continuous
simulation models, since it involves the optimization (minimization of
cost) of two components of the system, that is, the storage volume and
the excess treatment plant capacity (the rate at which the storage basin is
gradually emptied during the subsequent dry period). Few dynamic
models are available for modeling the transient phenomenon of filling and
emptying the storage tanks. Of the models discussed in Chapter 9, the
Storrn Water Management Model (SWMM) is capable of computing
storage volumes; however, in most applications the SWMM is an event-
oriented model. Lessard and Beck (1991) presented a conceptual model
for dynamic simulation of the dynamic performance of storm retention
tanks. Four modes of behavior have been identified: fill, draw, dynamic
sedimentation, and quiescent settling.

Using popular so-called "design storms" to size the CSO storage
facilities may not be appropriate, since in the United States the con-
straining parameter is the number of overflows allowed per year, while
in Europe total stored and treated volume is the controlling variable
These control parameters do not render themselves to the "excess design

runoff" storage capacity determination that is used for flood control.
The difference in storage capacity determination between flood control
and water quality control is shown on Figure 10.23. However, these
two constraints are similar, and their application may lead to a unified
methodology, as pointed out by Roesner, Burges, and Aldrich (1991).

By continuous simulation modeling Roesner, Burges, and Aldrich
have shown that the basin storage volume needed to capture a certain
portion of runoff and the number of overflows are interrelated, as shown
in Figure 10.24 and Table 10.7. To a lesser degree the storage volume is
related to the excess treatment plant capacity, which regulates the outflow
from the storage. The pumping or release rate of stored runoff (CSO)
from the basin should provide a minimum of 24 hours retention (Grizzard
et al., 1986; Schueler, Kumble, and Heraty, 1991). The storage volume
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FIGURE 10.23. Storage strategies for urban flood control and pollution capture. (After
Roesner, B~rges, and Aldrich, 1991.)
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merit of the total load from sewered urban areas is mandated in Germany.
However, this volume, designed to capture small storms and the first flush
of larger storms, is not sufficient to remove compounds such as nutrients
that require longer detention times.

Sizing the CSO and Storm-Water Storage-Quafity
Control Basins
Kuo and Zhu (1989) presented designs for diversion systems for first flush
overflow control. Griffin, Randall, and Grizzard (1980) developed a
method by which it is possible to size the detention basin based on a
predetermined portion of runoff (first flush) to be stored in the basin.

The sizing of storage basins can best be accomplished by continuous
simulation models, since it involves the optimization (minimization of
cost) of two components of the system, that is, the storage volume and
the excess treatment plant capacity (the rate at which the storage basin is
gradually emptied during the subsequent dry period). Few dynamic
models are available for modeling the transient phenomenon of filling and
emptying the storage tanks. Of the models discussed in Chapter 9, the
Storm Water Management Model (SWMM) is capable of computing
storage volumes; however, in most applications the SWMM is an event-
oriented model. Lessard and Beck (1991) presented a conceptual model
for dynamic simulation of the dynamic performance of storm retention
tanks. Four modes of behavior have been identified: fill, draw, dynamic
sedimentation, and quiescent settling.

Using popular so-called "design storms" to size the CSO storage
facilities may not be appropriate, since in the United States the con-
straining parameter is the number of overflows allowed per year, while
in Europe total stored and treated volume is the controlling variable
These control parameters do not render themselves to the "excess design

runoff" storage capacity determination that is used for flood control.
The difference in storage capacity determination between flood control
and water quality control is shown on Figure 10.23. However, these
two constraints are similar, and their application may lead to a unified
methodology, as pointed out by Roesner, Burges, and Aldrich (1991).

By continuous simulation modeling Roesner, Burges, and Aldrich
have shown that the basin storage volume needed to capture a certain
portion of runoff and the number of overflows are interrelated, as shown
in Figure 10.24 and Table 10.7. To a lesser degree the storage volume is
related to the excess treatment plant capacity, which regulates the outflow
from the storage. The pumping or release rate of stored runoff (CSO)
from the basin should provide a minimum of 24 hours retention (Grizzard
et al., 1986; Schueler, Kumble, and Heraty, 1991). The storage volume
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FIGURE 10.23. Storage strategies for urban flood control and pollution capture. (After
Roesner, B~rges, and Aldrich, 1991.)
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TABLE 10.7 Relation of Overflow Frequency, Storm Recurrence Interval, and Storage
\’olume Needed to Capture 90% of the Flow

Storage Volume Overflow Recurrence
Required for 90% Frequency Interval for

City Runoff Capture (cm)a (times/year) Design Stormb

Butte, Montana 0.46 6 2 month
Chattanooga, Tennessee 1.52 10 1.2 month
Cincinnati, Ohio 1.14 8 1.5 month
Detroit, Michigan 0.69 12 1 month
San Francisco, California 2.29 4 3 month
Tucson, Arizona 0.89 3 4 month

Source: After Roesner, Burges, and Aldrich (1991).

~ Depth of rainfall uniformly distributed over the catchment area. To convert to cubic meters of storage
per hectare of catchment area, multiply by 100.
b The design storm would be a single storm that would completely fill the initially empty storage basin
without an overflow.

of the sediment-control basins must also be sized to accomplish two
functions, namely, to effectively remove a certain percentage of the
suspended sediment, and to provide sufficient storage capacity for the
removed sediment during a period of about five years or more between
cleaning.

The planning and design of storm-water detention basins were covered
extensively in the following publications:

American Association of State Highway and Transportation Officials
(1980): Design of sedimentation basins

DeGroot (1982): Stormwater detention facilities
Ormsbee (1984): Systematic planning of dual purpose detention basins
Urbonas (1984): Summary of findings by ASCE Task Committee on

detention basins
Stahre and Urbonas (1990): Stormwater detention for drainage, water

quality, and CSO management
Schueler, Kumble, and Heraty (1991) A current assessment of urban best

management practices. Tecnaiques for reducing non-point source
pollution in the coastal zone

Ponds and Detention Basins

Two types of detention basins are used for quality control of urban
runoff. The first type is the wet detention pond, which maintains a per-
manent pool of water with additional storage designated to capture
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FIGURE 10.25. Modified (extended) dry pond.

transient storm runoff. The second type is the extended or modified dry
pond, which provides a part of its storage capacity for enhanced settling
of solids and auxiliary removal of pollutants by filtering.

The dry pond is a storm-water detention facility that is normally empty
and is designed to hold storm water temporarily during high peak flows.
The outlet is restricted and the storage volume is filled only during flows
that exceed the outlet capacity. The pond also has a safety overflow
spillway for the conveyance of very high flows when the storage capacity
of the pond is exhausted. Since the outlet of dry ponds used for flood
control is typically meant for large storms, smaller but polluting runoff
events will pass through them without appreciable attenuation of the
pollution load. Hence, such dry ponds are ineffective for urban runoff
quality control. However, by combining the dry detention pond with an
infiltration system located at the bottom of the pond, its pollution-controI
capability is enhanced. Modified dry ponds are effective pollution-control
devices in both sewer systems (Fig. 10.25).

A wet detention pond has a permanent pool of water. This type of
pond acts as a settling facility with relatively low efficiency (Fig. 10.26).
Accumulated solids must be removed (dredged out) in order to maintain
the removal efficiency and aesthetics of the pond. Improper design and
maintenance can make such facilities an eyesore and a mosquito-breeding
mudhole. On Figure 10.26 one can see that the pond located in a park is
already partially filled with solids after about 10 years of operation and
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FIGURE 10.26. Storm-water wet detention pond in Wauwatosa, Wisconsin. Note large
sediment deposits in the middle of the basin, which should be periodically dredged. (Photo:
V. Novotny.)
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FIGVIIE 10.27. Approximate removal efficiencies of conventional wet detention ponds.
(After Driscoll, 1988.)
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should be cleaned out. The removal efficiency of wet ponds for con-
stituents, obtained by a statistical analysis of NURP study sites is shown
on Figure 10.27.

A well-designed wet pond consists of (1) a permanent water pool, (2)
an overlying zone in which the design runoff volume temporarily in-
creases the depth of the pool while it is stored and released at the allowed
peak discharge rate, and (3) a shallow littoral zone acting as a biological
filter (Fig. 10.28). Wanielista et al. (1982) described a system consisting of
a detention pond with effluent infiltration, which increased the otherwise
low efficiency of the detention pond. Similarly, Urbonas and Ruzzo
(1986) stated that in order to achieve a 50% removal rate for phosphorus,
a properly designed wet detention pond must be followed by filtration of
infiltration. Schueler and Helfrich (1988) described an improved design
for detention ponds that includes a permanent wet pool, extended deten-
tion storage, and storm-water storage. The perimeter wetland area
created by the extended detention and stormwater storage provides
additional water quality improvement (Schueler, Kumble, and Heraty,
1991).

The simplest design method for determining the size of sedimentation
basins is based on the classic "overflow rate" theory of settling-tank
design. The overflow rate is defined as the flow rate divided by the
surface area of the pond. A particle is removed if

Q ~< w
(lO.9)OR = A--~

where
OR = overflow rate (m/day)
Q = inflow in the basin (m3/day)
As = surface area of the basin
w = particle settling velocity

The particle settling velocity is estimated from Stokes’ equation, or

gD2
w = l--~v (p, - 1) (10.10)

where
D = panicle diameter (m)
Ps = specific gravity of the panicle with respect to water
g = gravity acceleration (m/sec2)
v = kinematic viscosity (m2/sec)
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Under the "ideal settling basin" assumption, all particles with settling
velocities greater than OR will be trapped in the basin. The depth is
determined from the required trap volume of the basin, which should be
enlarged (at least doubled) to provide storage for the trapped sediment.

Example 10.5: Sedimentation basin design by overflow method

Design a settling basin that would remove sediment with particle sizes up
to 0.03mm. The basin receives flow from a 60% impervious watershed
and should be large enough to store flow from a 2.5-cm rainfall that will
reach the basin within one hour. Excess rainfall over 2.5-cm depth might
be allowed to overflow. The average residence time of runoff in the basin
is one day. The catchment area is 10 hectares. Kinematic viscosity is v =
10-6 m2/sec, and the specific gravity of the particle is p = 2.5.

Solution Estimate flow in the basin

Q = 0.6 x 10 [ha] x 10,000 [m2/ha] x 0.025 [m of rainfall]
= 1500 m3/hr

From Stokes’ law (Eq. (10.10)) estimate the settling velocity of the 0.03-
mm- (0.00003m) diameter particles:

gD2 9.81
0"000032(2.5 - 1) = 0.000736m/secw = 18-’-~ (Ps - 1) = 18 × 10.6

w = 0.000736m/sec x 360Osec/hr = 2.65m/hr

The basin’s surface area size is then (Eq. (10.9))

As - Q 1500 _ 566 m2
w 2.65

To account for nonideal settling, increase the calculated area by 20%, or

Aadjusted = 1.2 x A, = 1.2 x 566 = 679m2

Then the depth of the basin is H = 1500/679 = 2.2 m. This depth may be
too large if safety considerations are included. Therefore the depth
should be reduced and the surface area increased proportionally, which
may improve the treatment efficiency of the basin.
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The design of the settling basin based on the overflow rate is simple
and has been used for some time for the design of sedimentation basins in
sewage and wastewater treatment plants and for the control of sediment
problems from strip mines (U.S. EPA, 1976). This method presumes
uniform flow conditions at the outflow, so it may be inappropriate for the
design of settling basins for storm water when discharge is not uniform
and the surface area of the basin varies considerably during the storm
event.

A better method of sizing sedimentation basins is based on investiga-
tions by Chen (1975). Figure 10.29 shows trap efficiency curves for a
settling reservoir related to the reciprocal of the overflow rate. Note that
the overflow rate is based on the outflow discharge, which is commonly
less variable than the inflow rate. The plot also indicates that the earlier
overflow models overestimated the trap efficiency for coarse materials.

Example 10.6: Efficiency of Sedimentation Basin for Solids Removal

Using Figure 10.29, estimate trap efficiency of a sedimentation basin with
surface area As = 680m2 and average inflow rate of 1500m3/hr. The
particle size of the sediment is 0.03"mm:

As/Q = 680[m2]/(1500[m3/hr] = 0.4533 [m2/(m3/hr)] × 3600[sec/hr]
= 1632 m2/(m3/sec)

From Figure 10.29 the removal efficiency of particles with 0.03mm
diameter is approximately 60%. Complete removal is roughly achieved

~oo

9 o~
IO          IOO i~~

RATIO OF BASIN AREA TO OUTFLOW R~TE
~/Q m2

~G~ 10.29. Settling-trap e~ciency cu~es for detention bas~s related to top ove~ow
rate. (From Chen, 1975.)
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for particle sizes >0.062 mm. It thus appears that the ’ideal settling basin"
concept overestimated the removal efficiency.

Whipple and Hunter (1980), reported settleability of some pollutants
associated with urban runoff. By laboratory settling experiments they
found that lead and hydrocarbons settled out at 60% to 65% in 32 hours.
Slightly higher settleability was observed for suspended solids. The
removal rates for BOD, zinc, and copper were smaller. Coliform bacteria
were reduced by an order of magnitude. Driscoll (1988) evaluated and
summarized pollutant trap efficiencies of wet ponds measured by the
NURP studies (Fig. 10.27). Trap efficiency of storm-water management
basins for pollutant attenuation was reviewed by McCuen (1980). Data
collected in Maryland showed that a detention basin can trap as much as
98% of pollutants associated with the sediment. This high efficiency
observed by McCuen contradicts the evaluation of detention-retention
pond performance by Driscoll (1988). Efficiencies of detention ponds for
quality improvement and settleability of various pollutants were also
extensively covered by Ellis (1985).

Hartigan (1989) compared the removal efficiencies of modified (ex-
tended) dry ponds and wet ponds. He reported that removal of total
phosphorus in wet ponds is 2 to 3 times greater than in modified dry
ponds (50-60% versus 20-30%) and 1.3 to 2 times greater for total
nitrogen (30-40% versus 20-30%). For other pollutants, the average
removal rates for wet detention basins and extended dry detention basins
were very similar: 80-90% for all the dissolved solids, 70-80% for lead,
40-50% for zinc, and 20-40% for BOD and COD. Negative removal
efficiencies caused by resuspension of sediment during runoff events were
observed by Dally and Lettenmaier (1984). Similarly, Mulhern and Steele
(1988) measured negative removals for phosphorus in wet ponds during
base-flow conditions.

A small lake in the Chicago area (a wet pond type) removed 91-
95% of suspended sediment and 76-94% of copper, iron, lead, and
zinc. The accumulated sediment in the lake was progressively reducing
the available storage space and interfered with the aquatic habitat (Striegl,
1987). Nix and Tsay (1988) conducted an experiment in which storm-
water flows were partially diverted at various levels into an off-line
detention basin. The experiment showed that off-line storage basins are
an effective means of controlling peaks and pollution by urban runoff.
DiToro and Small (1979), Ferrara and Hildick-Smith (1982), Kuo and Ni
(1984), Nix, Heaney, and Huber (1988), and Loganthan, Delleur, and                   "
Segarra (1985) presented mathematical models used for estimating the
trap efficiencies of detention basins.
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The "ideal solids settling" models are inappropriate if removal of
pollutants that are partially dissolved is required. Such is the case of
nutrients (nitrogen and phosphorus), which exist in urban runoff in both
dissolved and particulate forms. For such designs Hartigan (1989) rec-
ommends using "a small lake eutrophication" model (for example, a
model by Walker (1987)). The solids settling model is appropriate for
simulation of removal efficiency for total suspended solids, a majority of
toxic metals and organic toxic compounds that have a strong affinity for
adsorption on suspended solids.

Typical Sizes of Ponds Combining
Storage and Treatment
Hartlgan (1989) pointea out that the size of wet detention ponds (which
are apparently more efficient for removing nutrients) is 2 to 5 times
the storage area of an extended dry pond. The storage volume of wet
detention ponds is based on an average hydraulic detention time (typi-
cally two weeks), while the dry pond is designed to capture small rains
and a first flush of larger rainfalls, as delineated in the previous section.
Wet detention ponds are therefore recommended and cost-effective
primarily for nutrient control. As an example, based on a typical average
2-week detention period for wet detention ponds and first flush capture
for extended dry detention ponds located in Northern Virginia (Wash-
ington, D.C., metropolitan area), the sizes of the ponds are given in
Table 10.8 (Hartigan, 1989). The depth of wet ponds should range be-
tween 1 and 3 meters. It is important that the side slope of the basin be
very mild (5 to 10 horizontal to 1 vertical) to minimize the danger of
drowning.

TABLE 10.8 Sizes of Wet and Dry Detention Pords in Northern Virginia

Percent of Imperviousness

Wet Detention Extended Dry
Land Use (cm)a Detention (cm)a

Low-density residential 20 1.8 0.25
Medium-density residential 50 2.5 1.0
Industrial/office 70 3.0 1.25
Commercial 80-90 3.3 2.0
Forest/park/undeveloped 0 1.25 0

aOne cm of captured runoff for a watershed is equivalent to 100rn3 of pond volume per one hectare of
the basin area.
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Dual Use of Detention Basins for
Flood and Quality Control
From the foregoing discussion it follows that the design of storage facili-
ties for flood and quality controls use different objectives and design
criteria. Hence, facilities designed solely for flood control using statisti-
cally rare design storms may be ineffective for quality control. It is,
however, possible to retrofit existing flood-control storage facilities, for
example, by installing an additional small orifice and implementing a
dual-level control strategy. This was shown in Figure 10.25.

Storage Basins for CSO Control

For CSO control, retention basins are often used to catch the first, most
polluted portion of the overflow (the first flush). Storage facilities that
have been employed for this purpose can be either in-line or off-line
(Fig. 10.30) and include ponds or surface basins, underground tunnels,
excess sewer storage, and flexible or collapsible tanks located in the
receiving body of water. The in-line storage basins do not need pumps
and the outflow is controlled by restricting the outlet. From off-line basins
wastewater is pumped at a rate determined by the capacity of the next
treatment facility for disposing of the stored overflows.

Off-line storage facilities are dry between rainfall events and typically
collect the "first flush," more polluted portion of the overflow during
large rainfalls or the entire overflow during smaller rains. The overflow
occurs when the downstream capacity of the interceptor is exceeded. The
flow is regulated in the flow divider (FD). After the basin is filled during
longer rainfalls, the safety overflow of the basin (BO), located upstream
or on the inflow is turned on and the rest of the overflow is then
discharged into the adjacent receiving body of water (disinfection of the
overflow may be required). Such basins are advantageous if the sewer
system is not overloaded and the time of concentration is less than 15
minutes.

In-line flowthrough basins can have an additional clarifying overflow
weir (OW) over which, after the basin is full, the mechanically clarified
mixture of runoff and sewage is discharged into the receiving water.
When incoming flow exceeds a predetermined critical flow (by regulating
agencies and/or by design), the excess flow can be diverted in an up-
stream flow divider (BO).

Most of the sewers in a typical combined sewer system are designed
with a capacity to handle 5- to 10-year storms; however, interceptors that
carry water toward the treatment plant have a capacity of 4 to 6 times the
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FIGURE 10.30. In-line and off-line storage basins for first flush control of CSOs. (After
Novotny et al., 1989.)

maximal dry-weather flow. Hence sewers may have some unused capacity
that can be used as in-line or in-pipe storage.

Ponds and surface storage are used to collect and store primarily
"cleaner" and less malodorous storm water before it enters the collection
system, as described in the preceding section. Once the runoff enters
the combined sewer system and mixes with sewage, open air storage may
not be recommended unless sufficient distance from inhabited areas is
available for locating the storage basins or the basins are aerated and a
part of the treatment plant. The storage basin must be surrounded by
fences. Covered or underground storage basins are more appropriate but,
consequently, far more expensive than open surface storage basins.

When geological underground formations are composed of soft but
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FIGURE 10.31. Deep tunnel pumping station in Chicago, illinois. (Photo: V.
~Novotny.) ~

FIGURE 10.32. Deep tunnel construction in Milwaukee, Wisconsin. (Photo: V.
Novotny.)
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solid rocks (such as limestone or dolomite), the drilling of underground
storage tunnels and caverns may be economical. However, cavernous
(Karst) limestone formations should not be considered for underground
storage of CSOs. A system of underground tunnels for storage of CSOs
has been implemented in Chicago, Illinois. Located 100 meters below the
surface, the TARP (Tunnel and Reservoir Project) system, when fully
completed, will have 190km of 10-m-diameter underground tunnels for
storage of CSO. The CSO can be subsequently pumped to one of the
largest treatment plants in the world (Fig. 10.31). An almost identical
but smaller tunnel system is in Milwaukee, Wisconsin (Fig. 10.32), and
similar systems are now being considered in other U.S. cities (Cincinnati,
Ohio; Boston, Massachusetts; Cleveland, Ohio). Instead of conventional
blasting, these tunnels have been drilled by a special giant drilling mach-
ine and grouted for minimization of clean ground-water inflows. Up to 30
meters of tunnel can be drilled in one day by the machine.

Tunnels in fractured rocks or purely consolidated geological materials
may require lining by concrete, which will escalate the cost. When con-
structing the so-called "deep tunnel" in Milwaukee, soft rock formations
were encountered, which resulted in ground water flooding the construc-
tion site (the tunnel was 100 meters below the ground-water table in most
locations, resulting in high static pressures) and large remedial expense.
Pockets of underground methane are also a problem, as they were in
Milwaukee and Chicago, and all mining safety precautions must be taken
to prevent explosions.

Sizing of First Flush CSO Control Retention Basins
In a typical routine application, the retention basin is designed to capture
the more polluted, first flush portion of the combined sewer overflow.
Thousands of such first flush capture basins have been installed in Germany
and other parts of Europe. U.S. CSO control regulations require larger
capture volume, and the captured flow must be subsequently treated in
the main or satellite treatment plant.

A simple method of determining the size of the capture basins was
developed in Germany (Novotny et al., 1989). In this method first calcu-
late the specific capacity, r,~,, of the treatment plant or of the downstream
interceptor

Qdsrab = DC × Aimp(l/Sec’ha) (10.11)

where
Qus = capacity of the flow that is allowed downstream from the storage

basin, 1/sec
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FIGURE 10.33. Dimensioning diagram for storage basins for first flush control of CSOs.
(After Novotny et al., 1989.)

DC = fraction of directly connected impervious area of the drainage
basin

Aimp = impervious area of the drainage basin

If rent is the minimum rainfall intensity at which overflow is allowed in
l/see-ha (to convert from mm/hr to l/see-ha, divide by 0.36), then the
specific detention volume VSR can be obtained from Figure 10.33. The
volume of the first flush retention basin is then obtained from

V = VsRa(DC)Aimp (10.12)

where the coefficient, a, which is related to the time of concentration, is
read from the table in Figure 10.33. Dimensioning of the first flush basin
is shown in Example 10.7. This design provides 10 to 30 minutes deten-
tion in the basin at the critical flow Qcrit = refit × DC × Aimp. As shown
on Figure 10.24 taken from Roesner (1988), refit can be related to the
frequency of overflows.
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Example 10.7: First Flush In-Line or Off-Line CSO Control Storage Basin

Estimate the size of the CSO control retention basin that would capture
overflow resulting from rainfalls with an intensity of up to 10 mm/hr. The
drainage basin of 200 ha is 60% impervious, the directly connected imo
pervious area is about 65% of the impervious surface, the time of con-
centration (overland and sewer) is 20 minutes. Downstream interceptor
capacity is 0.3 m3/sec = 3001/sec.

Solution The impervious area Aimp = (60%/100) × 200(ha) = 120ha.
Calculate the specific allowable flow,

300
- 3.841/sec-hara~- 0.65 x 120

Calculate the critical rainfall intensity at which overflow is permissible

rcrit = 10 [mm/hr]/0.36 [(mm/hr)/(1/sec-ha)] = 27.78 I/sec-ha

By interpolation in Figure 10.33 the specific volume is obtained as VSR =

8 m3/ha. The time factor for the concentration of 20 minutes is a = 1.63.
Then the basin volume becomes

V = VsRaDCAimp = 8(m3/ha) × 1.63 × 0.65 × 120 = 1017.12m3

Estimate the detention time at the critical rainfall rate

Qcrit = rcrit × DC × Aimp = l0 )< 0.65 x 120 = 7801/sec
= 0.78 m3/sec

Detention time t = V/Qcrit = 1017.12/0.78 = 1304 sec/60 = 21.7 min.

Flow Balancing Retention Basins
The flow-balancing method (FBM) was developed in Sweden by Karl
Dunkers (Field, Dunkers, and Forndran, 1990; Field, 1990). The features
that make the flow-balancing method attractive are (1) this type of facility
uses a portion of an existing receiving body of water, thus reducing the
need for land space for siting, and (2) the materials used offer low
structurally intensive and low-cost alternatives compared with more costly
conventional construction on land.

Typically, an FBM detention facility is built of pontoons and curtains
that form a series of interconnected rectangular tanks (Fig. 10.34). The
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FIGU~ l~.N. Dunkers’ flow-balancing oveNow storage bas~.

arrangement of the tanks in series simulates so-called "plug flow" con-
ditions, which minimizes mixing between the compartments and short-
cutting. Typically, nine tank compartments suffice. If the facility is locat-
ed in a body of water with brackish or saline waters, an interface between
the less saline combined sewer overflow or storm-water will be formed in
the tanks. For example, in a saline water environment, because CSO
water is lighter than the saline water from the receiving body of water,
the CSO will begin to fill the tank from the top.

Before the first overflow arrives after the detention facility is installed
the entire volume of all tanks is filled with water from the receiving body
of water (clean water). During the overflow event, polluted water from
the overflow is directed into the first compartment. Polluted water will
then begin to push clean water from the compartments, beginning with
the first compartment, into which the overflow is directed. During storms
that exceed the design storm volume, the process continues until the
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entire facility is filled. Only at this point can polluted water enter the
receiving body of water. For all other smaller storms, the polluted water
should be contained by the FBM facility.

After the CSO or storm-water discharge event, a floating pump located
in the first receiving compartment starts to pump the polluted water back
into the sewer interceptor for conveyance to the treatment plant. As
clean water enters the facility from the opposite side, it pushes the
polluted water back toward the first compartment. After clean water
refills the system, pumping stops.

Solids and floatables that accumulate in the facility must periodically
be pumped out. A majority of the solids typically settle out in the first
two compartments.

The same methods are used to determine the size of the facility as are
used for detention facilities located on land. An experimental-demon-
stration FBM detention facility was built in a tributary of Jamaica Bay
in Brooklyn, New York (Forndran, Field, and Dunkers, 1989; Field,
Dunkers, and Forndran, 1990).

Wetlands

Oberts (1982), studied 17 urban and suburban basins in the Minneapolis-
St. Paul area and found that wetlands can have a significant impact
on pollution attenuation of urban watersheds. His research found a
significant inverse relation between the pollutant loads and the percent of
the watershed area that is wetland.

Incorporation of wetlands into a comprehensive storm-water manage-
ment system achieves several objectives: reduced operation/maintenance,
aesthetic buffering, development amenities, wetland preservation, and
restoration, and, hence, enhanced wetland value (Livingston and Roesner,
1991). Wetlands combine both sedimentation and biological utilization
effects to remove pollutants from runoff. The largest pollutant reduction
can be achieved during the "active" wetland growing season, that is,
May to September in northern climatic conditions. During the dormant
(winter) condition, wetlands can become a source of pollution that is
leached from dead vegetation. In southern (Florida) climatic conditions
wetlands efficiency remains more-or-less constant throughout the year.

Wetlands can be used in combination with other treatment, such
as detention ponds (Wotzka and Oberts, 1988; Schueler, Kumble, and
Heraty, 1991). A more detailed discussion and presentation of the design
of wetlands for quality control of runoff and in-stream water quality
restoration, as well as the impact of diffuse-pollution loads on wetlands, is
presented in Chapter 15.                                        "
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Both natural and man-made wetlands have been used for runoff pollu-
tion control; however, natural wetlands are considered to be receiving
waters and are subjected to effluent restrictions. On the other hand, man-
made wetlands are considered to be treatment facilities and the standards
mostly apply to the outlet from the wetland (Hey et al., 1982; Stockdale
and Horner, 1987; Linker, 1989; Hammer, 1989). Therefore, currently
only man-made or restored wetlands can be used for the treatment of
runoff and (2SOs.

However, state-of-the-art use of wetlands for urban storm-water and
(2SO control is still evolving, and many issues have not yet been resolved
or answered by long-term research (Livingston and Roesner, 1991). For
example, how long can a wetland continue to accumulate pollutants
without impairing its biological functions? How long can a wetland
remove pollutants effectively? What type of maintenance (harvesting,
sediment banking, and others) should be planned for a given wetland
area?

TREATMENT

In areas that are highly developed and have existing combined or sep-
arate sewer systems, a large-scale structural treatment method may be the
only feasible way to eliminate pollutants from storm sewer discharges and
CSOs. With the exception of vortex separators, use of treatment unit
processes requires storage, mostly underground (tunnels). Most large-
scale treatment facilities used for the control of pollution by CSOs and
urban runoff are a part of the dry-weather treatment facilities that are
enlarged to accommodate the stored wet-weather flows. However, the
Emscher River treatment plant in the Ruhr industrial district of Germany
treats the entire flow of a river that is heavily polluted by municipal and
industrial point and nonpoint sources before its confluence with the Rhine
River.

Wetland systems and modified dry and wet ponds provide inexpensive
treatment of urban runoff, and have been used extensively and success-
fully. Traditional treatment methods that are used for point sources are
difficult to implement for non-(2SO urban nonpoint sources due to their
variable and intermittent nature. This is especially true for the micro-
organism-dependent (biological) treatment processes, although a report
by Agnew et al. (1975) describes a relatively successful combined treat-
ment of municipal wastewaters and stored overflows.

There are three types of treatment used for treating wastewater dis-
charges, including those occurring during wet-weather conditions, name-
ly, physical, physical-chemical, and biological. Some systems use a
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TABLE 10.9 Efficiency of Various Storm-Water and CSO Treatment Processes ~

Efficiency (%)

Process Suspended Solids BOD5 COD Total P TKNa

Physical- chemical
Sedimentation 20-60 50 34 20
Without chemicals 38
With chemicals 68 68 45

Vortex separation 40- 60 25- 60 50- 60
Screening
Microstrainers 50- 95 10- 50 35 20 30
Rotary screens 20-35 1-30 15 12 10

Sand-peat filtersb 90 90 NA 70 50

BiologicaF
Contact stabilization 75-95 70-90 50 50
Biodiscs 40-80 40-80 33
Oxidation ponds 20-57 10-17 22-40 57
Aerated lagoons 92 91
Facultative lagoons 50 50-90

Source: After Lager et al. (1977).
aTotal Kjeldahl nitrogen.
b After Galli (1990), the peat-sand filter are similar to biological anaerobic-aerobic slow filters. Thev are
applicable for treatment of urban runoff.
CBiological treatment is feasible only for CSOs.

combination of two or all three types. For example, even simple systems
such as wetlands provide a multitude of treatment processes to separate
pollutants (see Chapter 14 for a description of pollutant separation and
removal processes in wetlands and for wetland applications). The treat-
ment efficiency of some processes is given in Table 10.9. Design param-
eters for treatment units are given in Novotny et al. (1989) and Field
(1990). Field’s summary also includes pilot and prototype performance
and cost information.

Physical-chemical treatment processes have shown some promise in
overcoming the shock loadings (Field, 1986). Chemical additives used to
enhance separation of particles from liquid include chemical coagulants,
such as lime, alum, ferric chloride, and various polyelectrolytes. During
the process of chemical clarification, which consists of chemical addition,
flocculation, and particle separation (clarification and/or filtration), the
flocs are formed from finer particles, mainly by reduction of surface
charge and/or by adsorption on surfaces provided by the added chemi-
cals. Chemical addition is also effective for removal of phosphorus, toxic
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metals, and some organic colloids. Handling and disposal of produced
sludge is a costly problem.

The physical-chemical processes that have been successfully demon-
strated and/or installed include fine-mesh screening, fine-mesh screen-
ing/high-rate infiltration, sedimentation, sand and peat-sand filtration,
fine mesh-screening/dissolved-air flotation, and swirl separator. A pilot
plan study (Innerfeld et al., 1979) using high-rate filtration of CSOs was
conducted in New York.

Sand filters represent a new application of an old technology for treat-
ment of urban storm water (Schueler, Kumble, and Heraty, 1992). These
filters can be used effectively for the control of runoff from small sites, or
the treatment of runoff prior to entering another storm-water manage-
ment structure (for example, before a vegetative filter), or as a retrofit
strategy in an urban storm-water system. The design includes both sedi-
mentation and filtration components (Fig. 10.35). Sedimentation removes
the larger particles (grit and sand), and filtration removes silt and clay-
size particles. The drainage area should be less than 2 ha of impervious
surface, and the sedimentation chamber volume should be about 50m3
per hectare of connected impervious area. The sedimentation chamber is
followed by a filtration chamber that has the same volume.

Since sand is inert and has little or no adsorbing capacity, a dissolved
fraction of the dissolved priority pollutants is not removed (unless an
organic-microbiological population develops in the filter). However the
top layer of the filter, which contains the organic matter, has to be
periodically removed and replaced by clean sand.

I;2" RE BARS
6" O.C. EA. WAY l" , OUTFALLPIPE

3000 PSI CONCRETE J

SECTION A - A PROVIDE NIPPLE, FITI~G$
ETC. AS REQUIRED

GRATE (FABP.IC WItAPPED
OVER EN’I’II~E GRATE OPENING)

FIGURE 10.33. Sand filter used for storm-water pollution control. (From Schueler,
Kumble, and Heraty, 1992.)
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FIGURE10.36. Peat-sand filterforstorm-watertreatment.(After Galfi, 1990.)

Slow-rate filters, in which development of mostly anaerobic micro-
biological layer occurs, remove priority pollutants by microbiological
action and by adsorption on organic particulates. Carlo et al. (1992)
showed that a sand filter, when operated at higher loading rates, did not
remove selenium, while when operated as an anaerobic slow-rate filter,
its removal efficiencies for selenium were 74-97%. Selenium was retained
in the organic layer of the filter.

Enhanced (peat-sand) filters utilize layers of peat, limestone, and/or
top soil, and may also have a grass cover top (Fig. 10.36). Sand filters can
be used in areas with thin soils, high evaporation rates, low soil infiltra-
tion, and limited space. Sand filters remove mostly particulate pollutants.
To minimize clogging both sand and enhanced filters should be preceded
by a solids-removing unit, such as a pond or a filter strip.

Peat-sand filters provide high phosphorus, BOD, and nitrogen re-
movals, in addition to the removal of solids. For sizing the filters, Galli
(1990) recommends that the filter area should be about 0.5% of the
contributing watershed area, and the annual hydraulic loading should
equal 75 m/year or less. As with most biological filtration systems, the
peat-sand filter works best during the growing season, since a part of the
nutrient load is taken up by grass. Also the filter should remain aerobic.
The peat has a very high affinity for adsorbing and removing toxic com-
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pounds (see Chapter 14 for a discussion), hence peat-containing filters are
effective for removing priority pollutants.

Biological treatment processes are effective for flows, such as CSOs,
where organics are concentrated. Storm-water discharges have low BOD
concentrations (on the order of biologically treated effluents), and are not
amenable to biological treatment. Biological treatment processes do not
perform satisfactorily or not at all when highly irregular flows and quality
are treated. Because it is very difficult to keep the biota alive between
events, conventional activated sludge can be used for treatment of CSO
only in combination with dry-weather sewage treatment (Milwaukee and
Chicago) and storage for CSOs to equalize the transient loads.

Other biological treatment processes that have been tested and/or
implemented for treatment to CSOs include contact stabilization, at-
tached media units (trickling filters and rotating biological contractors),
and lagoons. The peat-sand filter described earlier also includes biologi-
cal removal and uptake of biodegradable organics and nutrients.

Due to the permanent water content in lagoons, it is less difficult
to keep active biota alive in them between events. Many storage ponds
can be, and in fact are, used as biological lagoons. Lagoons can be
categorized according to type and the amount of aeration they receive.
Lagoons relying mostly on atmospheric aeration and photosynthesis for
their oxygen supply are called oxidation ponds. Aerated lagoons rely on
mechanical floating or mounted aerators for their oxygen supply. These
more complicated unit operations are less suitable for CSO control.

Oxidation ponds are too shallow (0.2 to 0.5 m plus additional volume
for sludge storage) to allow for light penetration. Their treatment ef-
ficiency depends on temperature and climatic conditions, and detention
time is between 3 days (warmer climatic conditions) and 20 days (colder
zones of the United States, Canada, and central and northern Europe).
Lagoons and ponds can be used in combination with pretreatment or
posttreatment. Typical inexpensive units include grass filters and/or
wetlands and settling ponds. Without posttreatment the effect of lagoons
on organic (BOD, COD) loads may be negative due to possible high algal
growths.

Disinfection
Disinfection has been used primarily to control CSOs. Disinfectant
and contact times are usually long, and research has concentrated on the
use of high-rate applications by static and mechanical mixing, higher
disinfection dosages, and more rapid disinfectants, such as chlorine
dioxide, ozone, and ultraviolet light (Field, 1986). Adding chlorine to
storm water and CSOs is questionable in today’s systems. Chlorine, in
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addition to being toxic to bacteria and viruses, is also a strong oxidizing
agent for other organics and for some reduced chemical components,
such as iron, manganese, sulphides, and ammonia, that may be present
in water. Since these oxidation processes must be accomplished before
chlorine acts as a disinfectant, from 20 to 40 mg of C12/1 may be required
to kill bacteria. Some chlorinated organic matter of natural (for example,
humates) and man-made origin found in urban runoff and wastewater are
carcinogenic and subject to regulation.

EFFICIENCY OF BEST MANAGEMENT
PRACTICES FOR CONTROL OF
PRIORITY POLLUTANTS
Dissolved versus Total Concentration of Priority
Pollutants in Runoff

In Chapter 6 and throughout the book it was pointed out that priority
pollutants can exist in the dissolved and adsorbed-precipitate phases.
The proportion between these twb phases is basically given by the solu-
bility of the pollutant, which for nonpolar organic chemicals is given by
the octanol partitioning coefficient, Kow. A similar partitioning concept
can also be applied to metals and some polar compounds, for which the
partitioning coefficient would be pH dependent.

Few investigators have measured both soluble and particulate fractions
of priority pollutants in urban runoff and other similar discharges. Some
of the findings were presented in Chapter 8. Whipple and Hunter (1980)
found that petroleum hydrocarbons in urban runoff are about 4.5% solu-
ble. The flow-weighted total hydrocarbon concentrations measured in
North Philadelphia, Pennsylvania, and Trenton, New Jersey, urban storm
discharges ranged from 2.16 to 5.9mg/1. The following hydrocarbons
were detected: Di-benzo-thiopene and PAHs, such as napthalene, an-
thracene, pyrenem fluoranthene, chrysene, and benzo(a)pyrene.

Herrmann and Kari (1990) measured particle-size distribution of PAHs
and PCBs in urban runoff, and found that most of these contaminants can
be found in particle-size fractions between 2 to 63 lain (silt size), while the
clay fraction (d < 2 ~tm) was less contaminated. It can be suspected that
the organic particulates to which these contaminants are most attracted
are in these size fractions. The authors also found that the priority
pollutants with high partition coefficients (Kow > 1051/kg) exhibited a
more pronounced "first flush effect" than those that are more dissolved.
The first flush phenomenon indicates that the load of the pollutants is
limited by the "supply" on the street surface. Most of the PAHs are
associated with street dust (see also Herrmann, 1984).
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~g Morrison et al. (1984) found that in urban runoff zinc and cadmium
:s, exhibited preference for the dissolved phase, whereas lead predominaned
nt in the suspended phase. Similarly, Hewitt and Rashed (1992) found that
re the particulate phase (>0.451am) in the contents of highway runoff in
ed England contained more than 90% lead, 70% copper, and 50% cadmium.
le, Data on urban runoff quality collected by Pitt and Baron (1989)
~re showed that most of the organics and metals were associated with non-

filterable (particulate) sample fractions. However, some organic pol-
lutants and zinc had significant filterable fractions. The organic pollutants
with high filterable portions included bis(2-chloroethyl) ether (19-50%
filterable), 1,3-dichlorobenzene (31-100% filterable), hexachloroe-
thane (93%), napthalene (2-79%), anthracene (25%), benzyl butyl
phthalate (33%), fluoranthene (5-100%), and pyrene (15-100%).
These compounds have an octanol partitioning coefficient between 103
and 1105.

,rity Most of the reports and manuals on best management practices report
ses. the removal efficiencies for a few conventional pollutants, such as sus-
olu- pended sediment. However, such information may be misleading when
~ by attempting to estimate the efficiencies of BMPs for priority pollutants.
cept The pollutants exist in water-sediment systems either in a dissolved-
. the dissociated state in water or adsorbed onto fine sediments and particulate

organic matter. Sand particles do not adsorb most priority pollutants, and
:ions BMPs that effectively remove coarser particles 0nly may be ineffective for
,ome removal of priority pollutants. A swirl concentrator is an example of a
~980) control unit that removes mostly coarser particles from runoff, but may
solu- be ineffective for the removal of priority pollutants.
~d in The proportion between the dissolved and adsorbed portions of a
’,torm priority pollutant in water depends on its adsorption characteristics--
~bonstypically its octanol partitioning numberwand the concentration of fine
~, an-particles--primarily particulate organic matter. Figure 10.37 shows a

simplified proportion of an adsorbed fraction versus the total (particulate
~AHsand dissolved) content of a priority pollutant related to its octanol parti-
ts cantioning characteristics and content of suspended organic particles indi-
le thecated as volatile suspended solids.
:t tha~ Particulate organic carbon (POC) is the best surrogate parameter for
ractedestimating the removal efficiencies of nonionic toxic chemicals (DDT,
riorit?PCBs, PAHs, and a large number of organic pesticides) with a higher
ited ~octanot partitioning coefficient (Ko,, > 10~ l/kg). The POC measurements
olvedare relatively simple and should be made a routine part of chemical
ants ianalyses of waste loads from point and nonpoint urban sources. In the
=Is ar~absence of the POC measurements, volatile suspended solids (VSS)

parameters may be substituted. The efficiency of various abatement
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practices for the removal of nonionic organic priority pollutants may be
correlated to the removal or fate of organic particulate matter, although
the fate models may not always be simple (for example, for processes that
produce organic matter such as eutrophic ponds). Compounds with a
low octanol partitioning cannot be removed with particulates, and the
removal efficiency is related to their biodegradability and volatilization.

Toxic Metals
When toxic metals are added to water, both from natural and man-made
sources, they undergo complexation with ligands. Ligands are chemical
constituents, both organic and inorganic, that combine with the metals
in a chemical complex. From the basic physical chemistry it is known
that metals precipitate because of changes in pH, when oxidized, Or when
they change their chemical composition. However, the process of com-
plexation in natural waters is more complex.

Of the metal complexing mechanisms that were described in Chapter
6, iron and manganese oxyhydrates provide the strongest adsorption sites,
followed by particulate organics and clays. The adsorption reactions
are strongly pH dependent, ranging from zero adsorption in low pH to
100% adsorption in higher pH. The change from no adsorption to full
adsorption is fairly sharp, usually over two pH units (Salomons and
F6rstner, 1984). However, at pH > 7 most of metals are complexed,
while at pH 5 the concentrations of free metal ions increase dramatically.
The methylated compounds are still strongly polar and in sediments
behave similarly to free metal ions, that is, they are adsorbed by the
sediments and ligands in the sediment.

The best surrogate parameter for estimating efficiency of runoff and
waste pollution-control facilities for metals would be suspended sediment
without its sand fractions and particulate organic carbon. The efficiency
of removal of metals can be correlated to the efficiency of removing clay
and silt fractions of the sediment and POC (VSS) parameters. However,
only lead appears to be strongly associated with particulates. Other toxic
metals are typically found both in dissolved and particulate phases.

Removal of Priority Pollutants or
Toxicity by Best Management

Practices and Treatment
The objective of best management practices (BMPs) for control of pri-
ority pollutants has to be specified. There are two criteria by which the
efficiency of BMPs can be judged; one is the removal of the total mass
of a pollutant or pollutants, and the other is the removal of toxicity.
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Typically, storm-water permits rely on two sets of standards. One in-
volves numerical limits on concentrations of priority pollutants; the
second requires testing for the toxicity of the runoff. The methods used
for toxicity testing must conform to EPA-recommended guidelines for
conducting static acute toxicity tests (see Chapter 12 for a discussion on
toxicity).

The EPA has also published guidelines pertaining to the performance
of toxicity reduction evaluation (TREs) for discharges from municipal
and industrial wastewater treatment plants. It is certain that most of the
major elements of TREs are also applicable to BMPs for storm-water
discharges (Collins, Roller, and Walton, 1992), although very little
information is available on the performance of various BMPs regarding
toxicity reduction. According to these guidelines the efficiency of BMPs is
tested using the cumulative acute toxicity mesurements.

The partitioning theory of priority pollutants specifies that a majority
of the priority pollutants in an aqueous environment exist as either
dissolved or adsorbed precipitates and are associated with particulates.
Numerous studies have proved that only dissolved pollutants are bio-
available, and therefore, toxic. This is true of both metals, where the
divalent ion Me++ has been identified as a toxic compound, and for
organics. In a simplified way, Equation (6.8) provides the key to under-
standing the relation of toxicity removal to total pollutant removal in a
BMP process designed primarily to remove solids. This is explained in the
following example.

Example 10.8: Removal of Toxicity by Best Management Practices

Suppose that storm-water runoff contains 1 mg/l (1000lag/I) of a priority
pollutant that has the octanol partitioning coefficient Kow = 1051/kg. The
runoff also contains 300 mg/1 (0.3 g/l) of suspended solids, of which 10%
are organic carbon--foc = 0.1. A BMP facility provides 80% removal of
total solids and 65% removal of OC.

Solution Calculate total and toxic (dissolved) concentrations of the
priority pollutant before and after treatment.

BMP Influent From Equation (6.20a)

Koc = 0.63Kow/lO00 = 0.63 × 105/1000 = 631/g

The partitioning coefficient is then (Eq. (6.19))

1-I = Koc × (OC)/100 = 63 × 10/100 = 6.3
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The dissolved (toxic) priority pollutant concentration is then calculated
from Equation (6.8) as

CTin           1000
= 340 gg/1ca-m - 1 + l’Imss 1 + 6.3 × 0.3

The adsorbed (nontoxic) fraction of the pollutant in the influent is then
1000 - 340 = 660 gg/1.

BMP Effluent The BMP facility removed 85% of solids and 65% of
OC. Hence the effluent solids concentrations is (1 - 0.85) × 300 =
45mg/1, and the OC concentration is (1 - 0.65) × 0.1 × 300 = 10.5mg/1
and the organic carbon fraction foc = 10.5/45 = 0.23. Since the par-
ticulate fraction of the pollutants is associated with organic carbon, the
same removal rate (65%) applies to the removal of adsorbed pollutant.
The dissolved fraction is not removed by the facility. Hence after the
treatment the total concentration of the oollutant in the effluent is

Cr_¢f = (1 - 0.65) × 660 + 340 = 571 gg/l

The facility removed 100 × (1000 - 571)/1000 = 43% of the total mass of
the contaminant.

A new equilibrium is reached in the effluent between the dissolved
(toxic) and adsorbed (unavailable) fractions of the contaminant. The new
partition coefficient is

rl = Koc x foc = 63 × 9.23 = 14.51/g

and the dissolved concentration is

Cr-ef =       571       = 345 I.tg/1
Ca-el = 1 + Hmss-ef 1 + 14.5 x 0.045

which indicates that no reduction of toxicity was achieved by the facility.

This example illustrates the dilemma planners of BMPs for storm-water
toxicity reduction are facing. Apparently, toxicity cannot be reduced
by BMPs relying on settling only, so other mechanisms such as biodeg-
radation, volatilization and adsorption on additional organic matter must
be considered.
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Conclusions on the Efficiencies of BMPs

A detailed evaluation of the efficiencies of BMPs for removing priority
pollutants was prepared by Novotny et al. (1992), and a summary paper
was published by Scholze, Novotny, and Schonter (1993). The U.S. EPA
Risk Reduction Engineering Laboratory (RREL) in Cincinnati, Ohio,
has compiled an extensive computerized "Treatability Data Base" of
many chemicals, including all priority pollutants. The information con-
tained in the data base was retrieved from the literature. The data base
also considers a large number of treatment processes, such as lagoons
(both aerobic and anaerobic), suspended and attached growth reactors
(both aerobic and anaerobic), physical chemical coagulation-flocculation
processes, dissolved air flotation, ion exchanges, filtration and ultrafiltra-
tion, reverse osmosis, and electrodialysis. Altogether 35 different treat-
ment unit processes are considered. However, only a few can be considered
as BMPs for the control of runoff pollution.

The following conclusions are pertinent when BMPs are proposed for
control of priority pollutants.

1. Priority pollutants are a category of pollutants that in many aspects
differ from such traditional pollutants as biodegradable organic
matter and nutrients. Hence not all of the BMPs designed for the
removal of traditional pollutants may be effective for the removal of
priority pollutants.

2. Although a large number of pollutants have been classified as priority,
the pollutants themselves and their treatability and treatment-removal
process selection may be characterized by a few parameters, includ-
ing octanol partitioning number for polar organics, biodegradability,
and volatility.

3. Because most of the priority pollutants are effectively immobilized by
organic matter, the most effective removal processes include organic
matter in some form. The organic matter is provided in several
effective forms, such as vegetation and its residues, peat and other
wetland vegetation and its residues, or particulate organic solids
contained in runoff.

4. BMPs designed to remove solids, such as settling ponds, sand filters,
and microstrainers, can remove the mass of priority pollutants
associated with particulates, but are not effective for removing
toxicity that is attributed to the dissolved components of the priority
pollutants.

5. Most effective BMPs are pond enhanced with wetlands, wetlands
themselves, water hyacinth ponds, overland flow systems, and sand-
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peat filters. Typically these BMPs should provide 80% to 99% re-
moval of priority pollutants.

6. Some priority pollutants, such as toxic metals and several organics,
are best immobilized in an anaerobic environment by binding to
sulfides and other complexing ligands, or are best biodegraded in an
anoxic or anaerobic environment. Wetlands, sand-peat filters, and
facultative lagoons provide such a reducing environment.

7. Priority pollutants with high volatility can be removed in systems that
provide a high degree of aeration and exposure to the atmosphere.
Such systems include aerated ponds (followed by another unit to
remove the remaining dissolved and particulate fractions of ihe
pollutant), and overland (sheet flow) flow systems.

8. BMPs with moderate removal efficiencies include most ponds,
grassed swales, sand filters, porous pavements, and microstrainers.
Since such systems primarily remove solids, their efficiency for
removal of pollutants with low octanol partitioning and toxicity
reduction may be diminished.

9. BMPs using infiltration may be moderately effective for the removal
of pollutants with a higher octanol partitioning number and for some
metals, but these methods are unsuitable for the control of pollutants
with a low octanol partitioning number and for some metals (for
example, zinc) that have a high dissolved fraction in the runoff.

10. Street sweeping and similar surface control of pollutants may be
ineffective, although they may be required for aesthetic enhancement
and for maintaining the cleanliness of the area.

11. Due to the multiplicity of priority pollutants present in runoff, there
is no single BMP that would be effective for all priority pollutants.
Typically a combination of units is required..Proper and effective
combinations of unit processes are still being researched.

REAL-TIME CONTROL OF CSOS AND
POLLUTION LOAD TRADE-OFFS

An urban sewerage system, including all of its components (sewers,
storage, main and satellite treatment, and disposal) is a time-variable-
dynamic system. Input into the system--rainfall, sewage and industrial
wastewater flows, infiltration--and the treatment processes themselves
are highly variable, with ranges of parameters often over one order of
magnitude. Process upsets, malfunctions, monitoring errors, labor force
behaviors, and management communications are additional factors con-
tributing to the variability of the processes and parameters.

Traditionally however, these systems have been designed and operated
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using time-invariant (fixed), rather simple models and rules and criteria.
For example, as specified previously, a combined sewer system typically
has the design capacity of four to eight times the dry-weather flow con-
tributions, which is also a fixed parameter. Use of storage facilities and
treatment of overflows make the system more dynamic; however, the
operation can still be based on static invariant control. Instead of the
hydraulic capacity of the interceptor, which determines whether the over-
flow is initiated, the capacity of the storage basin controls the overflows.

It is apparent that an urban sewerage system has a number of so-called
"bottlenecks" or control-decision points. These bottlenecks include the
interceptor capacity, storage capacities, and the capacity of the treatment
plant. If the flow or pollutant load exceeds the capacity, of the bottleneck,
an overflow results. In the treatment process there are a number of points
where a bottleneck situation may occur. The most important control
point is the secondary clarifier of the biological treatment units. If the
hydraulic or solids loading of the final clarifiers is greater than its cap-

Rainfall Dry weather flow Random disturbances

i!!!ii!~iiiiiii i STOCHASTIC FILTER ~
! ’

I Stochastic filter ~
I Sludge

Random disturbances I ~ ~
SOLIDS~ FLOW STORAGE I

STORAGE

Overflow
Bottleneck - control point

Feedback

FIGURE 10.38. Schematic of an urban sewerage system with control (bottleneck) points.
(After Novotny and Capodaglio, 1992.)
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acity, a massive spill of solids into the effluent can occur. The effluent
standards and the waste-assimilative capacity of the receiving body of
water are the final bottlenecks of the system. Figure 10.38 shows a typical
schematic of an urban sewerage system with the locations of possible
bottleneck points.

The invariant steady-state mode of operation typical of a majority of-
sewerage and wastewater disposal facilities dictates that when the input
to a bottleneck-control point exceeds its capacity, the excess is bypassed
and discharged without treatment. The steady-state solution is to enlarge
the bottleneck, which is costly. This mode of operation is inefficient and
results in large quantities of untreated sewage being discharged into
receiving waters on the one hand, but on the other hand, there may be
unused or idle capacity in some other places throughout the system.
Furthermore, funds for structural enlargement of existing capacities of
sewers and treatment facilities to accommodate transient wet-weather
loads may be limited. Thus a conversion of existing facilities to a dynamic
operational-control scheme or a conversion of existing facilities to such
control may be an economical and more efficient alternative to a massive
structural enlargement of sewer and treatment facilities.

Dynamic control of CSOs implies a computerized monitoring, forecast-
ing, and optimization system by which the drainage system, including
pipes, overflows, and storage can be controlled and optimized. Most
of the research has been conducted in Europe and reported in the Pro-
ceedings of the International Conferences on Urban Storm Drainage
(Balmrr, Malmqvist, and Sjrberg, 1984; Gujer and Krejci, 1987; Iwasa
and Sueishi, 1990) or in a special International Association for Water
Pollution Research and Control (IAWPRC) publication edited by
Schilling (1989).

Objectives and Strategy of RTC Systems for Control
of Urban Sewerage

The objective of RTC control is to provide optimization and minimization
of the total pollution load of a joint conveyance and disposal of dry-
weather (sewage and wastewater) and wet-weather (storm runoff) flows.
However, the RTC systems have been researched and proposed mostly
for the control of CSOs (Schilling, 1989). Only recently has their use
been extended to consider the treatment facility in a pollution trade-off
(Novotny, Capodaglio, and Feng, 1990; Durchschlag and Schilling, 1990).
Note that control and minimization of overflows require treatment and
storage, and the operation of the two components should be optimized
in a coordinated fashion. The alternative objectives that have been pre-
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sented for the control of urban sewerage systems are (Novotny and
Capodaglio. 1992):

1. Minimization of discharges of untreated overflows. This objective
was suggested in several RTC systems dealing with combined sewer
overflows (CSOs). In this type of control, storage and release from
storage, and overflow within the system are manipulated to minimize
the volume of the untreated mixture of rain and wastewater from
CSOs (Labadie, Morrow, and Chen, 1980). Several modifications
of this control strategy have been proposed by German researchers
(Weynard and Dohman, 1990; Kollatsch and Schilling, 1990).

2. Stability of the treatment process and meeting the effluent standard. This
is a typical control objective and strategy of manual control for PTW.
In this system the operator maintains stable MLSS and dissolved
oxygen throughout the treatment process, and maintains the effluent
BOD and SS below the effluent standards. The control variables in
this type of RTC are the return sludge flow, excess sludge, sludge
waste, and the air flow into the aeration basins. Avoidance of sludge
bulking is another objective in this category.

This type of control mostly responds to the present situation oc-
curring in the plant, unless the operator is capable of anticipating and
predicting the plant overloads and upsets. Although bypasses are not
allowed by law (with exceptions stipulated by the U.S. EPA), the
control strategy itself does not pay much attention to what happens
before treatment. The excess flow over the capacity of the treatment
plant is automatically bypassed.

3. Minimization of total pollution load. This objective considers both
the effluent discharges and bypasses-overflows from the system, and
minimizes the total pollution load from the system. The system rec-
ognizes the excess capacity of the sewer system to temporarily store a
part of the wet-weather flow and the full dynamic capacity of the
treatment plant. Auxiliary off-line storage for excess influent flow and
excess solids enhances the capability of the system to handle and treat
wet-weather flows (Novotny, Capodaglio, and Feng, 1990). Since this
control focuses on the treatment facility, overflows from distant CSOs
within the sewer system cannot be considered. The control variables
are a manipulation of the off-line storage of flow and solids, return
sludge flow, and sludge waste. Nelen (1990) proposed a control objec-
tive based on the water quality impact of the overflows, which de-
pends on the total pollution load and conditions of the receiving water
body.
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4. Avoidance or minimization of "bottleneck" situations. This control
objective was formulated by Capodaglio (1990). A bottleneck occurs
when:
a. the capacity of a process unit within the system is exceeded due to

(1) flow exceeding the hydraulic capacity of the unit
(2) mass load exceeding the mass loading limit of the unit

Exceeding these limits would lead to a drastic reduction of treatment
efficiency and/or overflow. Such limitations are caused by the hydrau-
lic capacity of the units, limited aeration capacity, settling character-
istics of solids, and other factors.
b. effluent or stream quality limitations would be exceeded

This factor represents a failure of the total system similar to the
partial failure specified previously.

c. capacity of residue (sludge) disposal units would be exceeded
Temporary auxiliary sludge storage may be needed to handle this
bottleneck situation. Many plants employ digesters and/or sludge
lagoons for the storage of sludge. Including these facilities in the
RTC system enhances the dynamic efficiency of the treatment
process.

5. Control strategy by Tan et al. (1990). A group of Australian RTC re-
searchers specified the following for an RTC urban sewerage system:
a. Main goals

(1) minimize overflows
(2) reduce peak energy consumption of pumping (lift) stations
(3) reduce treatment cost at the downstream treatment plant

b. Constraints
(1) the capacity of the treatment plant
(2) pumping capacity of lift stations
(3) in-line storage capacity

Additional alternative control objectives were presented and discussed
by B~ron et al. (1984), Schilling (1986, 1989), and several other authors.

Strategy
In a typical RTC system, pumps, valves, gates, etc., have to be operated
to store wastewater or solids in-line or off-line before the bottleneck and
route them to subsequent treatment and receiving waters. It is highly
undesirable to create flooding, overflows, and/or violation of standards if
the system has an unused storage capacity upstream or downstream from
the bottleneck at the same time.

The time sequence of the set points of all the regulators in an RTC
system is termed control strategy. The determination of a control strategy
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can be either automatic (built-in) or manual. The strategy can be found
through mathematical modeling, optimization, search, decision matrices,
control scenarios, trial-and-error (heuristically), or through a self-learning
expert system. This can be done either during the on-going process
(online) or beforehand, after predictions (off-line). After the control
strategy has been defined, it is distributed throughout the system for
implementation.

Components of RTC Systems

The RTC system represents a set of models and concepts that is used for
optimal and flexible control of urban sewerage systems. In an RTC
system the following elements are used (Schilling, 1989):

¯ A (measurement) sensor that is used to monitor the on-going process,
for example, water level gauge or turbidity meter

¯ A (corrective) regulator that manipulates the process, for example,
gates, valves, and so forth

¯ A controller that causes the regulator to bring the process back to its
desired value (set or goal point)

¯ A communication system that carries the measured data from the
sensor to the controller and the signals of the controller back to the
regulator, for example, a telemetry system

The RTC systems do not have to a priori imply automation. As a matter
of fact, significant and substantial operator interface, control, and over-
ride are desirable. In either case, computers equipped with RTC software
are an integral part of the system.

In the context of the RTC, the meaning of "system" is the controllable
part of the urban drainage and treatment system. A real-time control
can be planned and implemented if numerical simulation models (deter-
ministic, statistical, stochastic, neural network, etc.) are available and
included in the RTC system.

As pointed out in Chapter 8, the following processes have to be
modeled in order to obtain a comprehensive overview of the performance
of the system:
¯ Input to the system: deterministic and/or stochastic rainfall-runoff-sewer

flow and quality models will provide short-term forecasts of the inputs
¯ System response to the input: transfer function models will provide

pollutant loads, flows, water levels, mixed liquor solids, etc., at key
bottleneck points of the system

¯ Total output to the environment: all partial outputs (CSO, bypasses,
effluent) will be summarized in order to minimize in an optimal way the
total output from the system
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¯ Optimization of the system: optimization routines are applied to achieve
the goal

¯ Response of the receiving environment to the total output: the total
output after system optimization can be compared with the waste-
assimilative capacity of the receiving body of water, and further restric-
tions may be imposed on the system if the waste-assimilative capacity is
exceeded. In such case the system optimization is repeated with the
modified goals

Modeling Technology

The operational models to be used in an RTC system for control of
discharges and pollution loads from urban sewerage and industrial waste-
water processes ought to be adaptive both in response to any changes of
the input waste loads and to the variations in the system parameters. Such
models should be capable of on-line installation in an operational mode
of a typical medium to large wastewater disposal facility. An automated
operational mode is an option, but not a requirement, nor constraint
imposed on the RTC operational systems.

A new idea advanced in research and implementation of the RTC
systems is that all wastewater treatment and disposal organizations rou-
tinely and periodically collect data on input waste loads, effluent quality,
and various operational parameters (temperature, sludge volume index,
mixed liquor solids, dissolved oxygen in the basins, and others). The
period of acquisition for most operations varies from hours to days, while
some variables are recorded continuously. Currently, most of the data-
collecting activities are for administrative and statistical purposes, and for
recordkeeping and/or are required by the discharge permit. However, the
same data may also contain needed and valuable information on the
parameters and interrelationships between the parameters that can assist
the operator in selecting the most optimal mode of operation.

A model of the system and of the processes occurring therein is a
fundamental component of the RTC system. Since daily or even hourly
series of data are accepted and managed by the RTC system, the models
are in the category of a time series analysis. The adaptive modeling
technology available to carry out the tasks according to the stated objec-
tives of RTC control (i.e., adaptiveness, predictiveness, and efficiency)
can be divided into two categories (Novotny, Capodaglio, and Feng,
1990):

1. Auto-regressive moving-average models (ARMA), introduced by Box
and Jenkins, 1976). Both univariate and transfer function models and
their modifications can be considered.
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2. Artificial Neural Network Models (ANN), proposed by Hopfield
(1982) and Kohonen (1972).

The fundamentals of these models were introduced in the preceding
chapter.

The "traditional" nonadaptive deterministic models can also be used
alone, or the most important known deterministic relationships can be
incorporated into the stochastic ARMA-transfer function models.

Existing RTC Systems for Wet-Weather-
Dry-Weather Wastewater- Urban Runoff Treatment
and Disposal Operation

CSO control. Most of the existing RTC systems in prototype use today
are for the operation of the combined sewer overflows. In the United
States such systems are in operation, for example, in Milwaukee, Wis-
consin, Seattle, Washington, and Lima, Ohio. The objective of these
systems is to minimize the overflows from combined sewers. The munic-
ipality of Seattle has been using computers for the control of their
sewerage system since 1973. Currently, the city is developing an advanced
system for real-time control of pump stations and regulator control in the
combined sewer system to minimize overflows. The system is called
CATAD (computer-augmented treatment and disposal). It is a central-
ized control system that has been implemented on a large mainframe
computer. Of note is the AM analysis of the economy of the application
of the real time control performed for the municipality by CH2M-Hill
Consultants, which estimated that incorporating the real-time software
would result in savings of $18 million annually in Seattle alone (Vitasovic,
Swarner, and Speer, 1988).

The new CATAD system employs hydrologic and hydraulic routines
to estimate dynamic flows at various points of the sewer system. The
models are essentially deterministic. A number of CSO control RTC
systems have been implemented in Europe (Durschlag and Schilling,
1990; Kolatsch and Schilling, 1990; Bennerstedt, Arnel, and Svenson,
1990; Weyand and Dohman, 1990).

Wastewater Treatment Operation
CS-FOCUS. The senior author and coworkers (Novotny, 1989; Novotny,
Capodaglio and Feng, 1990) developed a computerized real-time control
system with the acronym CS-FOCUS (computerized system for overflow
control of urban sewerage). The overall schematic block diagram is
shown on Figure 10.39.
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FIGURE 10.39. Real-time control (RTC) system for wet-weather overflow control (CSo
FOCUS). (After Novotny, 1989, and Novotny and Capodaglio, 1992.)

Other RTC Systems. Berthouex, Lai, and Darjatmoko (1989) of the
University of Wisconsin in Madison, developed a statistics-based expert
system for the treatment plant operation. The system has three basic
units: the data entry system, the data analysis system, and the expert
advisory system. The data entry and data analysis systems are similar in
their function to the data management unit of the CS-FOCUS (data entry
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and basic and intermediate statistics). The expert system incorporated in
the Berthouex, Lai, and Dayatmoko system is rule based. The rules were
taken from domain experts. At the time of the writing of their paper
there were only four rules tested for activated sludge plant operation:
however, up to thirteen rules were anticipated by the creators. The
system remembers the variables that are periodically tested and the limits
within which they should be maintained. The computer software of the
University of Wisconsin RTC system was written for a larger mainframe
computer and relies on some specific software packages.

An advanced computerized system for control operation of wastewater
treatment plants is being developed in Japan (Hiraoka and Tsumura,
1988; Hiraoka et al., 1990) by a team from the University in Kyoto.
This approach uses a computer statistical package SACCES (Statistical
Analysis and Computer Control of Environmental Systems). The statis-
tical package provides AR-TF functional models from the observed time
series of the input and output data.

The Kyoto group selected the multivariate AR models as the most
appropriate models for operational control of activated sludge systems.
The control process a.nd methodology proposed by the Japanese team is
very complex; nevertheless, the approach is theoretically very sound.
Of note also is the hierarchical concept of treatment plant operational
control suggested by the Kyoto group. An upper level control system
controls long-term (seasonal) variations, an intermediate system is aimed
at an overall optimization of the process, and a lower level system deals
with diurnal or hourly fluctuations.

Research conducted in Australia by Tan et al. (1990) was mentioned
previously. An ARMAX model (similar to the AR-TF model developed
and used by the senior author and coworkers), recursively updated by
Wittenmark’s (1974) self-tuning predictor, has been used for predicting
flows in the sewer network. Excellent predictive capability has been
achieved. The strategy of the RTC system worked and led to improved
economy and reduction of overflows and pumping energy requirements,
and to the improved performance of the treatment plant during wet-
weather flow condition.

The LOCUS system being developed by Delft University in Holland
(Nelen, 1990) included treatment in the consideration of the RTC sewer-
age system. The assumption incorporated in the LOCUS concept is that
the efficiency of most treatment units is not affected by an increase in the
hydraulic load as long as the critical hydraulic capacity is not exceeded.
The simplified treatment mode of clarifier control uses four parameters:
undisturbed clarifier treatment efficiency; pen.od of time with maximum
load, after which sludge overflow occurs; disturbed treatment efficiency;
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and the period of time it takes for the system to recover when the
hydraulic load is reduced below the critical value.

Practical Applications

The RTC systems for wastewater treatment plant operations discussed
herein have not yet been fully implemented in a real prototype situation.
However, following the impetus by the latest amendments of the Federal
Water Pollution Control Act (Clean Water Act), the Environmental
Protection Agency will be implementing tougher standards in order
to minimize pollution from overflows and bypasses of existing waste-
water treatment facilities. As has been documented in Seattle in a real
prototype situation, implementing on-line RTC can save a municipality
substantial amounts of financial resources.

Considering the fact that Congress is unlikely to authorize any sub-
stantial grants for upgrading and enlarging the sewerage systems that
anticipate unacceptable overflows or violations of effluent standards,
applications of alternative, less costly solutions are needed. The pre-
sented computerized RTC system will provide such remedial alternatives.
The operators of the treatment system will also benefit from the interpre-
tive expert system and graphical display features that may be incorpor-
ated into the RTC system. The modern RTC systems are "smart" control
systems that enable the operators to forecast and anticipate the problems
caused by transient wet-weather loads and, with the aid of the system,
suggest optimal solutions to what otherwise could be a crisis situation in a
treatment process. Such systems also provide for recordkeeping of data,
graphical displays, and, possibly, reporting required by regulating and
permitting authorities.
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Agricultural Issues

Soil and water are critical components of the resource base upon which
agriculture depends. To move towards sustainability, agriculture and
natural resource management interests must recognize that they are equal
partners in the effort. The challenge is to adapt and extend our knowledge
about soil and water to develop economically productive, culturally
appropriate, and environmentally sound agricultural systems. A flexible,
ongoing process is necessary to set research priorities to support inherently
dynamic agricultural systems.

Committee on International Soil and Water Research
and Development, National Research Council

American agriculture is a large and complex industry. The extent of land
devoted to agricultural production, the unusual pricing system in place,
the intensity and efficiency of modern farming, ranching, and other
animal production systems all contribute to the complexity and diversity
of the system. Agricultural production has a great potential to adversely
affect the environment, most particularly from nonpoint source runoff,
hazardous waste disposal, habitat destruction, and in localized areas,
nuisance odors. In other developed countries agriculture can occupy a

Susan Alexander was the primary writer of this chapter. A literature review by Smolen,
Jennings, and Huffman (1990) was also a major source of materials.
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similar niche in a nation’s economy and social structure depending upon
the extent of arable land and population pressures. In developing and
undeveloped countries agriculture operates at more of a subsistence level
status. Subsistence farming practices have an even greater potential for
causing environmental damage than modern methods used in developed
countries due to the high erosion rates associated with slash and burn or
other types of subsistence farming. Additionally, many small or poor
nations do not have the regulatory framework in place to prohibit the use
of highly toxic or persistent pesticides, nor do farmers in these countries
have access to the educational materials and programs offered in de-
veloped countries.

This chapter examines how current agricultural management tech-
niques contribute to the diffuse-pollution problem; explores which best
management practices (BMPs) are most effective in protecting water
quality; explains some of the many programs or methods state and federal
governments use to get BMPs installed; discusses a few of the reasons
that agricultural nonpoint source (NPS) controls have not been more
widely adopted; and recommends or suggests some method that might
speed up the installation of agricultural BMPs. For the most part, it
focuses on the agricultural systems in place in the United States, because
the data base is most extensive.

The following manuals may be studied for more detailed discussions of
the management of agricultural and silvicultural pollution:

Stewart et al. (1975): Control of Water Pollution from Cropland
Loehr et al. (1979): Best Management Practices for Agriculture and

Silviculture
U.S. EPA (1992c): Managing Nonpoint Source Pollution--Final Report

to the Congress
U.S. Forest Service (1989): Best Management Practices Guide for

Integrated Resource Planning on National Forest Lands in the
Southwestern Region

Humenik et al. (1982): Best Management Practices for Agricultural
Nonpoint Source Control--Animal Waste

Thompson et al. (1989): Poison Runoff: A Guide to State and Local
Control of Nonpoint Source Water Pollution

U.S. EPA (1993): Guidance Specifying Management Measures for
Sources of Nonpoint Pollution in Coastal Waters

Some concepts to look for in this chapter that will provide a more
thorough understanding of agricultural issues include:
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¯ Agricultural nonpoint source abatement is implemented mostly through
voluntary programs.

¯ BMPs may not have a direct measurable benefit to the land or the
water immediately adjacent to the land to which they are applied
(benefits and impacts are off-site).

¯ Agricultural producers (in general) have a particular outlook on their
profession.

¯ Agricultural producers "buy at retail and sell at wholesale" (they do
not set the prices), thus a large network of commodity programs has
been established in most developed countries).

¯ Variability in BMP effectiveness can be extreme.
¯ Diffuse-pollution control on agricultural lands can turn into a private

lands rights issue, quickly becoming an emotional and political "hot
potato" that no one wants to touch.

¯ Most of the technology to control agricultural nonpoint pollution is
currently available.

EXTENT OF AMERICAN AGRICULTURE
According to the USDA Economic Research Service (USDA, National
Agricultural Statistics Service, 1992a-1992g), sales of agricultural com-
modities account for 16% of the gross national product of the United
States. Agricultural land is generally divided into the following cfitegories
for inventory purposes:

Dryland cropland
Irrigated cropland
Pasture land
Range land
Forest land
Confined animal feeding operations
Specialty areas (such as aquaculture, orchard crops, and wildlife land)

These divisions are useful to water quality planning efforts and nonpoint
source pollution control since each type of land area generally has a
somewhat distinct set of pollutants of most concern associated with that
land use, and because most current BMP reference guides are divided by
these categories rather than by pollutant.

Row and field crops, such as corn or hay, are generally produced on
privately owned land in the United States, but beef cattle, sheep and
goats, and timber are often produced on publicly held lands that are
leased to private indi~ciduals for production. To be effective in controlling
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TABLE 11.1 Extent of American Agriculture Production for Selected Commodities in 1991

Cash Receipts or
Commodity Amount Value of Product ($) Acres Planted

Corn 7,474,480,000 bu 18,063,205,000 75,951,000
Cotton 17,541,500 balesa 5,322,413,000 14,143,000
Grain sorghum 579,490,000 bu 1,347,366,000 11,014,000
Soybeans 1,985,564,000 bu 11,078,422,000 59,060,000
Small grainsb 2,697,486,000 bu 7,117,902,000 89,172,000
Rice 154,457,000 cwt 1,166,077,000 2,851,000
Vegetablesc -- 5,277,606 --
Fruits and nuts -- 9,574,134,000 --
Floricultural cropsa -- 2,802,510,000 --
Hay 153,485,000 tons 9,800,766,000 62,575,000
Beef cattle 100,110,000 head 39,632,086,000 --
Sheep 10,850,000 head 399,097,000 --
Hogs 57,684,000 head 11,064,101,000 --
Broilerse 6,138,350,000 birds 8,385,284,000 --
Turkeys 285,000,000 birds 2,344,016,000 --
Eggs 68,958,000,000 eggs 3,886,810,000 --
Spent layers 197,518,000 birds 67,548,000 --
Catfishf 390,870,000 lb 346,638,970 --
Dairy cows 9,990,000 head 18,075,191,000 milk --

produced 148,526,000 and cream
pounds of milk

Sources: From USDA NASS (1992a-g).
~ One bale of cotton = 5001b.
b Small grains = wheat, rye, barley, oats.
CNot all vegetable crops reported upon.
d Estimate, consists of flowering plants and cut flowers.
e Excludes states that produced less than 500,000 broilers.
~’Four states only reporting, estimate.

water pollution from agriculture it is important to understand the issues
and control options of agricultural production on both types of land.

Table 11.1 summarizes the extent of American agriculture production
of selected food and fiber crops and their associated cash receipts or value
during 1991.

Agricultural Philosophy and Perspective

The Family Farm. The average farm size in North America is about
200 ha in developed European countries, such as Italy, it averages about
10 ha. Although many farms are operated by a single family, that family
often forms a corporation to protect its financial assets. A growing num-
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ber of farms and ranches are owned by absentee landlords and operated
on a cash-lease or crop-share agreement. About 30% of the agricul-
tural land in the United States is owned by an absentee landlord, al-
though much of this land may be farmed by a neighbor. An undetermined
number of acres are owned by large corporations that may or may not
specialize in agricultural products. Insurance companies, banks, chemical
companies, petroleum conglomerations, etc., often hold agricultural land
for the tax benefits it provides (American Farm Bureau Federation,
1989). Agricultural land is taxed at a lower rate than land zoned for
development. Use of land for agricultural production at a net loss, when
held in conjunction with other interests, can also provide tax advantages
to the land owner (Levi, 1978). The small 15-40ha family farm typical
of the 1940s has basically disappeared due to economic pressures and
population migration. It is very difficult for the small farmer or rancher to
produce the volume of product required to be competitive and to pay for
the capital investment farming requires. Regardl.ess of the love of farming
or the commitment to produce cheap food and fiber, agricultural producers
must be good businesspeople. They must make their land-use decisions
based on the economic conditions under which they operate (Brade and
Uchtmann, 1985). This economic reality must also be recognized by
persons wishing to control nonpoint source pollution from agricultural
lands.

Commodity Programs and Price Supports: Short-Term Economic Gain
versus Long-Term Environmental Stability. In the United States most
farmers operate as independent small businesses, buying production
inputs locally (and at retail cost), but selling products on the world
market at wholesale prices. The profit margin for most of the commodity
crops grown in the United States has steadily declined since the 1940s.
Agricultural producers have compensated by increasing production. Farm
policies of the USDA encouraged this trend in the 1970s and tried to
cushion its effects in the 1980s and 1990s. Technological advances in
equipment, hybrid varieties of crops and livestock, fertilizers, and pest
control have supported improved efficiency and increased production
(Tankersley, 1981). For example, during the 1920s wheat sold for $3.10
per bushel and the tractor used on that farm cost $6500; however, in the
1990s while wheat still sells for $3.10 per bushel, tractor prices have risen
to $72,000 (Andrielenas and Eichers, 1982).

A combination of factors, including fluctuating land values, low market
prices for commodity crops,high input costs, and a high debt ratio, have
caused most producers to operate on an annual credit basis. Many utilize
systems like the Commodity Credit Corporation (CCC--a federally
managed corporate commodity brokerage and lending firm) to obtain
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annual operating loans to purchase feed, seed, fertilizer, gasoline, and
other annual inputs for the upcoming year, using as collateral their
anticipated crop yield. This dependence on "upfront" financing limits
farmer flexibility since many lending institutions will only make loans on
certain high-value/commodity crops. Thus most producers manage and
plan for short-term economic returns and specialize in one or two con-
tinuously grown crops or livestock. Little cash is available and little
incentive provided for conservation work. Long-term planning and
management for resource protection do not provide the short-term profits
most large specialized producers need to stay solvent. Diversified opera-
tions that produce a variety of grain, cash, grass, animal, and specialty
crops are often not as dependent upon the short-term cash flow from one
particular crop of animal, and thus have more ability to operate in a
resource-conserving manner. This diversification provides an economic
cushion in case other crops fail or prices are low (Hosapple, 1992).

To compensate for the low sales price (in relation to the high input
costs) for most commodity crops, the surplus of most crops produced
each year by American farmers, and to provide consumers with some-
what stable low prices for food and fiber products and farmers with a
more competitive edge in world agricultural markets (which are even
more heavily subsidized than those in the United States), the USDA has
developed a variety of price-support and other commodity or subsidy
programs. These programs attempt to balance the crop to be planted with
expected market needs and assist producers with deficiency payments that
pay the difference between average sales price and average production
price (U.S. General Accounting Office, 1990).

For many years a conflict existed within the USDA between conserva-
tion programs (designed to protect the resource base) and commodity
programs (designed to stabJ.lize farm income, etc.). In many cases com-
modity programs provided much more financial incentive for farms to
overproduce and utilize land inappropriately than conservation programs
provided incentives to protect the resource base (Sampson, 1981). In
recent years these programs have been made more flexible, more careful
of their environmental effects, and have decreased the actual cash or
in kind (commodity) payments provided to each farmer. Recent farm
legislation has also placed limits on total revenues collected. The newer
environmental "consciousness" of recent American agricultural policy
can be seen in the Food, Agriculture, Conservation and Trade Act of
1990, commonly referred to as the Farm Bill, which contain "cross com-
pliance" provisions that make eligibility for participation in commodity
programs dependent upon use of sound conservation practices (U.S.
General Accounting Office, 1990).
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Role of the European Community and
Other World Market Systems

For national security and other reasons every country wishes to be food
self-sufficient. In some European countries, Japan, and other countries
where land available for agriculture is limited, subsidies and market
price guarantees are used extensively to ensure national production of
important food crops that are not possible to produce profitably. These
heavily subsidized crops, combined with restrictive trade barriers and
tariffs, make international crop and livestock marketing difficult
(Harrington, Krupnich, and Peskin, 1985).

Agricultural Land-Use and Private Property Rights in
the United States

There is a long tradition of personal freedom associated with private
property land-use decisions in the United States. In the past, since there
was plenty of land still available, land-use decisions that degraded soil
and water were not considered by many to be a problem. Once one farm
was depleted, settlers move on to more fertile, less worn out land.
Thomas Jefferson wrote and spoke extensively on this trend at the end of
the 1700s, saying that land stewardship was essential for maintenance of
private property rights. The U.S. Constitution provides that the federal
government cannot "take" land from an individual without just com-
pensation. A number of court cases (mostly involving wetland issues)
have been filed claiming that land-use control regulations (in those cases
denial of dredge and fill permits for wetland conversion to shopping
complexes) constitute a "taking" without just compensation since the
economic value of the land for development far exceeds its agricultural or
wetlands value. Americans in general are extremely resistant to being
told what to do on "their" property. In Germany where land is at a
premium and population densities high, citizens routinely recycle garbage
and abide by garbage bulk limits for the public benefit without making it
a private land fight issue. More than any other factor, the concept of
balance in private property rights with the good of society is at the heart
of any agricultural diffuse-pollution dispute.

Private Use of Public Lands by Ranching

In the western United States a large percentage of the land is owned or
controlled by the federal government. These lands are generally part of
the National Forest System, the Bureau of Land Management System,
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or a part of a public works project such as a Bureau of Reclamation
irrigation and water supply reservoir and canal system. Under the multi-
ple-use, sustained-yield, and greatest benefit management mandates
of many federal land management agencies these lands are harvested
for timber and leased for cattle grazing. A large percentage of these
rangelands are in poor to fair condition, their natural productivity in
decline, and their contribution to poor water quality significant (New
Mexico Environmental Improvement Division, 1989). The rental rates for
this property are usually below the comparable rates for leasing of private
lands. Stocking rates allowed on this range have traditionally been more
than the resource could support; however, in recent years livestock
numbers have come more into balance. The traditional practices of
continuous yearlong grazing in one undivided pasture continues to be a
barrier to water quality protection. Ranchers on public lands are reluctant
to install costly structural BMPs on property that they do not own, yet
they have also resisted low-cost management BMPs (U.S. Forest Service,
1989).

Sustainable Agricultural Practice

As the epigraph for this chapter indicates, farm operators must realize
that the production process must be in a harmony with the natural
resources (land and soil, water), must not overburden them, and provide
for sustainable agricultural production of future generations and not
destroy the resources. Agriculture that destroys forests, drains wetlands,
overuses fertilizers, and causes excessive soil loss has been and still is
practiced in some parts of the world.

While based on concepts of stewardship, biodiversity, and mixed
farming systems, the concept of sustainable agriculture should not advo-
cate return to the past, but rather it.focuses on an integrated approach
that embraces biotechnology, engineering, and system studies for indivi-
dual farming operations also using ecoregional concepts and knowledge
of diversity. Sustainable agriculture employs a multiplicity of approaches,
such as hybrids, sustainable pest and weed management, and soil fertility
practices (Francis, Flora, and King, 1992; Committee on International
Soil and Water Research and Development, 1991). Because agricultural
diffuse pollution is primarily caused by the unwise use or overuse of
lands, monocultural farming, and excessive use of fertilizers and her-
bicides, it is expected that sustainable agricu.ltural practices should bring
about a significant reduction if not even outright elimination of diffuse
pollution.
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AGRICULTURE AND ITS EFFECT
ON THE ENVIRONMENT

Sources of Pollution

As pointed out in Chapter 1 diffuse pollution is a landscape phenomenon
that is strongly affected by land-use activities. Chapter 1 also introduced
the types of land uses in a dynamic concept and how they are related to
the generation of diffuse pollution. Many factors affect pollution loads
from agricultural operations. Among those are the types of land use, type
of crops or animals, crop rotation, soils on which crop is grown, climatic
conditions, farming technology, and irrigation and drainage. Proximity
of polluting agricultural operations, such as feedlots and barnyards,
to watercourses (Fig. 11.1) is one of the major causes of agricultural
pollution. On the other hand, pollutant loads are reduced if buffer strips
and measures that prevent cattle and cattle waste from entering the
watercourses are installed.

Ritter (1988) reviewed the literature on the topic and compared loads

FIGURE 11.1. Proximity of polluting agricultural operations to a watercourse is a cause
of agricultural pollution. (Photo: University of Wisconsin.)
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TABLE 11.2 Comparative Magnitude of Diffuse Sources from Agriculture

Total N Total P
Source ml/l kg/ha-yr mg/l kg/ha-yr
Precipitation (U.S.)a 0.7-1.3 5.6-10Precipitation (Minn.)a _ -- 0.05-01

-- 0.01 0.1Precipitation (Ohio)~ 2.0-2.8 12.8Precipitation (Del.)~ -- --
Forest (Minn.)~ -- 45 -- 1.5

-- 0.04-1.2 0.1Forest (Ohio)~ 0.05-0.9 2.1 0.01-0.01 0.4Silviculture (Va.)a 1.1-1.8 2.7 0.01-0.2 0.3Upland native prairie (Minn.)~ -- 1 ~Grassland--rotate graze (Okla.)~ 1.5-1.6 1.5 0.06-0.8 0.9Grassland--continuous graze (Tex.)~ 0.6 -- 1.3 3.2Grasslands44 kg/N/ha (N.C.)~
8.4Farmland (Ohio)a 0.09-3.1 5.1 0.02 0.06Agricultural (Va.)a 1.1-1.8 2.7 0.02-0.3 0.3Poorly drained coastal plain (Va.)a

1.7-2.3 1.6 0.4-0.7 0.2Well-drained coastal plain (Va.)= 1.5-4.1 4.9 9-40 0.9Corn~240 kg N/ha (Ga.)~ 0.2-0.4 -- 0.1-0.2 __Feedlot runoff (Great Plains)a 3000-18,000 100-1600 47-300 10-620Land applied dairy manure (Minn.)= 13-62 2.8-3.7 7.5-8.9 0.5-0.6Land applied dairy manure (Wis.)a
-- 2.8-8 1.8-4.9 0.1-17Land applied dairy manure (S.C.)~ 10-12 __Irrigation return flowb -- 8.2-14

Subsurface tile drainageb -- 5-30 1-4
5-20        __         3-10a Compiled by Ritter (1988).

b Compiled by Loehr (1974).

and concentrations from a variety of sources. Table 11.2 shows that
nitrogen and phosphorus contamination may vary over a wide scale.

The major pollutants associated with agriculture include sediment,
nutrients (especially N and P), pesticides and other toxins, bacteria or
pathogens, and salts or salinity. Different types of agricultural land use
are more likely to contribute certain pollutants than others. Runoff and
subsurface water from agricultural and silvicultural operations is a source
of the following pollution:

I. Dryland cropland: most often contains sediment, adsorbed nutrients,
and pesticides

2. Irrigated cropland: irrigation return flow most often contains sedi-
ment, both adsorbed and dissolved nutrients and pesticides, traces
of certain metals, salts and sometimes bacteria, viruses, and other
microorganisms
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3. Pasture land: contains bacteria, nutrients, sediment, and sometimes
pesticides

4. Range land: can contain sediment, bacteria, nutrients, and occasion-
ally metals or pesticides

5. Forest land: most often contains sediment, organic materials, and
adsorbed nutrients due to logging operations

6. Confined animal feeding operations: contain bacteria, viruses, and
other microorganisms; both dissolved and adsorbed nutrients, sedi-
ment, organic material, salts, metals

7. Specialty areas
a. aquaculture: most often contain dissolved nutrients, bacteria, and

other pathogens
b. orchards or nurseries: contain nutrients (generally dissolved),

pesticides, salts, bacteria, organic material, and trace metals
8. Wildlife land: can contribute bacteria and nutrients if wildlife popula-

tions become unbalanced

Just as significant as pollutants in the water column are the physical
changes that occur in or adjacent to riparian areas as a result of a variety
of agricultural land-use activities. These changes are responsible for much
of the nonattainment of water quality standards and associated designated
beneficial uses reported by state water quality agencies in their Nonpoint
Source Assessments Reports and biennial Water Quality Inventories
(U.S. EPA, 1990; U.S. EPA, 1992a). As states increase the use of
biologic criteria in their water quality standards programs, these, physical
effects on biological communities will become more widely reported and
used as measurements of maintenance of the biologic integrity of the
nation’s waters (U.S. EPA, 1990).

Some specific factors and activities that affect the diffuse loadings of
pollutants from agricultural and silvicultural areas are:

¯ Livestock permitted uncontrolled access to riparian areas cause shear
and sloughing of stream-bank soils and eliminate stream-bank vegeta-
tion, which results in changes to the surface and subsurface hydrology
and morphology of the stream area, subsequent changes in stream
flow, increases in water temperature, and reductions in dissolved
oxygen content (Platts 1990; U.S. EPA, 1992a, 1992b; New Mexico
Environmental Improvement Division, 1989).

¯ Crop production systems that plow fields right up to the edge of the
streambank destabilize the banks causing them to collapse or for gully
headcuts to form. The material from these caved-in streambanks and
active gullies smothers remaining riparian vegetation and silts in the
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adjacent stream channel. Aquatic organism species composition and
richness changes as a result of loss of cover, food source, and changes
in flow, temperature, and dissolved oxygen (DO) (Robillard et al.,
1982; U.S. EPA, 1992a).

¯ Draining low-lying areas (generally wetlands) for crop production has
had a profound effect on the physical state of the area. Loss of riparian
vegetation through clearing, loss of a natural high water table from
drainage, and loss of the flood buffering capacity of these areas results
in a stream system that is more flashy when wet and more drought
prone when dry. Loss of consistent stream base flow is one of the most
detrimental changes affecting the reproduction habits of most aquatic
organisms (U.S. EPA, 1992a; Platts, 1990).

Crop Production
On croplands pollutants arise from surface runoff (erosion of topsoil
particles and irrigation return flows), interflow (mostly tile drainage and
leachate of excess irrigation), and ground-water base flow (high nitrate
content due to overfertilization). Often the reduction of pollution in one
component may cause an increase in another component. Figures 11.2
and 11.3 show a typical example of the water quality consequences of
diffuse pollution from farm runoff.

Erosion and soil loss by surface runoff and nitrate leaching into ground
water are considered predominant sources of pollution from cropland.
The disturbing activity associated with tillage increases the erosion poten-
tial of croplands. Conversely, increased hydrologic surface storage and
permeability of tilled fields reduce hydrologic activity, which sometimes
balances the increased erosion potential.

Alberts, Schuman, and Burwell (1978) and McDowell et al. (1989)
reported that of the nutrient (N and P) losses (reported in Table 11.2),
about 90% was associated with soil loss. Alberts et al. also noted that the
losses of nutrients from croplands represent a relatively small portion of
the applied fertilizer; nevertheless, the concentrations in the runoff
almost always exceeds the criteria for preventing accelerated eutrophi-
cation of receiving of bodies of water.

Dudley and Karr (1979) noted that bacterial contamination from
agricultural drainage in the Black Creek Watershed of Indiana exceeded
accepted standards for recreation. Organic pollutants and fecal con-
taminants originate from manure application, unconfined livestock, and
septic tank drainage fields. Applying manure to frozen fields is a practice
that is most damaging to surface-water bodies.

The contribution of pesticides of diffuse pollution is also of great
concern. Atrazine and small amounts of other .pesticides have been
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FIGURE I 1.2. Algal infestation of a drainage canal caused by agricultural drainage in
the watershed of the Lagoon of Venice in Italy. (Photo: G. Bendoricchio.)

FIGURE I 1.3. Poor water quality of a sluggish stream in an agricultural watershed.
(Photo: University of Wisconsin.)
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detected in drinking water supplies in, among other places, Tennessee
(Klaine et al., 1988) and in the Po River Valley in Italy (Capodaglio,
1988). Measurements by Klaine et al. have shown that just over 1% of
the total atrazine applied to a small agricultural watershed was lost with
runoff; however, concentration in runoff reached as high as 250 ~tg/1.

Pasture- and Rangeland
Pasture- and rangeland account for the largest proportion of total land
use in the United States and includes about 40% of all nonfederal land.
Range- and pastureland is used directly for livestock production. The
grazing practices include continuous and seasonal or rotational grazing.
Rangeland typically refers to land covered with native or adapted grasses
or shrub vegetation used for large-scale, but low-density animal opera-
tions in arid or semiarid western states. In the past, rangeland livestock
grazing had adverse impact on fragile watersheds of the west and south-
west United States.

Smolen, Jennings, and Huffman (1990) have pointed out that pasture-
land becomes a source of diffuse pollution when proper erosion control
practices are not in place or when grazing livestock is allowed to approach
or enter surface waters (Fig. 11.4). They also reported that sediment yield
from pastures in the state of Washington was minimized when vegetation
cover remained greater than 50%, regardless of animal trampling distur-
bances. Owens et al. (1989) investigated nutrient and sediment losses
from unimproved pastures, that is, pastures not treated with fertilizer,
weed control, or selected forage species, and found insignificant differ-
ences in nutrient losses from grazed as compared to ungrazed areas,
although sediment losses were greater in grazed than in ungrazed areas.

From these findings it becomes apparent that overgrazing and permit-
ting livestock to approach and enter watercourses are the major pollution
activities on pastures and rangelands. If such activities are controlled,
pollution from pastures and rangelands may be minimal.

Woodlands (Silviculture)
Undisturbed forests or woodlands represent the best protection of lands
from sediment and pollutant losses. Woodlands and forests have low
hydrologic activity due to high surface storage in leaves (interception),
ground, mulch, and terrain roughness. Even lowland forests with a high
ground-water table (containing wooded wetlands) absorb large amounts
of precipitation and actively retain water and contaminants.

Uncontrolled logging operations (clear-cutting), however, disturb
the forest’s resistance to erosion (Fig. 11.5). Observations and records
indicate that almost all sediment reaching waterways from forestlands
originate from construction of logging roads (Haupt, 1959; Beschta, 1978)
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FIGURE 11.4. Pollution of bodies of water located in rangeland and pastures is due to
the practice of allowing cattle to enter the water body. (Photo: University of Wisconsin.)

FIGURE 11.5. The highest pollutant loads from silviculture (forestry) are caused by
clear-cutting and road building.
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and from clear-cuts (Beschta, 1978; Cheng, 1988). The chief sources are
roads that disturb the natural drainage channels.

The potential for substantial water quality impact from increased
aluminum concentrations resulting from whole tree harvesting was dem-
onstrated by Lawrence and Driscoll (1988). The aluminum content
of runoff is greatly increased when deforestation is caused by acidic
deposition. (See Chapters 1 and 6 for a discussion of the so-called
"chemical time bomb," which is an excessive loss of soil aluminum and its
consequences caused by acidic precipitation.) Streams draining lowland
forests with wetlands may have elevated organic and nutrient levels
caused by leaching from soils. Also the dissolved oxygen may be de-
pressed due to intensive decay processes taking place in the wetland
portions of the forests. Despite these effects, pollutant loads from wood-
lands are near background levels.

Intensive Animal Production
Feedlots and barnyards can be the most intensive land uses in rural
areas. With the advent of improved feeding methods and handling of
ensiled materials, cattle are no longer put out to pasture but are held in
relatively small areas. An obvious potential problem exists in feedlots,
barnyards, and exercise areas where herds are confined on a year-round
or seasonal basis (Fig. 11.6).

Commonly, feedlots themselves (beef, dairy, swine, sheep, and poul-
try) are classified as point sources, requiring in the United States a permit
for discharge of pollution. Indirectly, however, the solid waste disposal
methods and methods of management cause this subcategory to have
a major diffuse-pollution impact. The majority of feedlot wastes reach-
ing surface waters are transported by surface runoff. Loehr (1972) has
pointed out that the quantity of runoff and the hydrologic activity of
feedlot areas depend on the degree of perviousness of the lot and the
permeability of the soils (which is greatly reduced by cattle trampling and
high compacted organic content), antecedent soil moisture conditions, the
number of cattle on the lot, surface storage characteristics, and rainfall
intensity. In fact, permeability and infiltration characteristics in many
feedlots are only remotely related to the native soil. The high organic
content of the soil surface crust in a feedlot protects against erosion, and
consequently sediment yields from feedlots are lower. Loehr (1972)
conducted one of the first analyses of agricultural runoff pollution
potential, reporting feedlot runoff concentrations of 1000 to 12,000mg
BODs/1, 2400 to 38,000 mg COD/I, 6 to 800 mg/l of organic N, and 4 to
15 mg/1 of P. Runoff from feedlots is turbid and represents a high nutrient
and organic shock loading to receiving waters.

Land application of feedlot waste has been traditionally a source of
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FIGURE 11.6. Hog and beef feeding lot adjacent to a body of water. Bacterial
contamination in the pond was 10 times the maximum for safe swimming and recreation use.
(Photo: USDA, Soil Conservation Service.)

fertilizer as well as means of disposal. However, rates must be controlled
to ensure stand persistence if perennial crops are grown as well as
to protect water quality (Burns et al., 1987). In the follow-up study,
Westerman et al. (1987) concluded that pollution hazards from disposal
of manure exists for any rate, especially when rainfall occurs soon after
application.

BEST MANAGEMENT PRACTICES:THEIR
IMPLEMENTATION AND EFFECTIVENESS

Best management practices (BMPs) are methods and practices or com-
binations of practices for preventing or reducing nonpoint source pollu-
tion to a level compatible with water quality goals. Effective BMPs must
also be economically and technically feasible (see Chapter 1 for a definition
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of best management practices). BMPs can be classed as structural, vege-
tative, or management, and each class is somewhat more effective in
controlling certain types of diffuse pollution than others. As discussed
previously throughout this book diffuse water pollution occurs after a
pollutant becomes available, detached, and is transported to the body of
water. When selecting BMPs it is important that the pollutants and the
forms in which they are transported is known. It is also important to
realize that BMPs are not necessarily synonymous with resource manage-
ment systems or conservation treatments. Many practices listed in the
technical handbooks of land resource agencies were designed to protect
soil or grass resources or to provide economic stability for farmers by
improving productivity. For example, while conservation tillage is ex-
tremely effective in erosion control, it is not very effective in removing or
controlling soluble pollutants from runoff or leached water (USDA, Soil
Conservation Service 1988; Robillard et al., 1982; Haith and Loehr,
1979).

BMPs can be selected in basically two ways: to control a known or
suspected type of pollution (for example, phosphorus or bacteria) from
a particular source (runoff from a corn field or a diary feedlot), or to
prevent pollution from a category of land-use activity (such as agricul-
ture row crop farming or containerized nursery irrigation return flow).
(Robillard et al., 1982; Alexander, 1992). When selecting BMPs to solve
a water quality problem the following process can be used (USDA, Soil
Conservation Service 1988; USDA, Soil Conservation Service, 1980;
Gordon and Hansen, 1989; Brach, 1990);

¯ Identify the water quality problem (e.g., annual summer algal bloom in
lake)

¯ Identify the pollutants contributing to the problem and their probable
sources (e.g., nutrients from septic systems adjoining the lake and
runoff from a nearby horse pasture)

¯ Determine how each pollutant is delivered to the water (e.g., soluble
nutrients from septic tank drain fields rise to the surface when the
systems are overloaded and are carried to the lake by overland flow
during rain storms or snow melt)

¯ Set a reasonable water quality goal for the resource and determine the
level of treatment needed to meet that goal

¯ Evaluate feasible BMPs for water quality effectiveness, effect on
ground water, economic feasibility, and suitability of the practice to the
site

When selecting BMPs to prevent a problem a more technology-based
approach can be followed. Such an approach divides agricultural land into
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use categories such as irrigated cropland and rangeland, and specifies a
minimum level of treatment necessary to protect the resource base. This
type of planning has been used for years by the USDA in developing
conservation plans for soil conservation. Technical guidance for the new
Coastal Zone Management Act employs this basic "minimum treatment
level" approach for diffuse-pollution prevention. Technically and eco-
nomically achievable performance standards for each type of agricultural
land use (and its associated pollutants) are used in this approach, which
does not require that a cause-and-effect linkage between site-specific
land-use activities and site-specific water quality problems be established.
This approach is based on the rationale that neither the money nor the
time is available to establish the complex monitoring programs that would
be needed for such site-specific problem and source identification (U.S.
EPA, 1993).

The following section discusses some individual BMPs and their effec-
tiveness. In a fashion similar to urban practices, agricultural BMPs can
be divided into source controls, hydrologic modifications, reduction of
delivery, and storage and "treatment." Efficiencies of various practices
have been summarized by Smolen, Jennings, and Huffman (1990); Brach
(1990); U.S. EPA (1992a, 1992b) and others. Table 11.3 lists the factors
for the selection of BMPs.

Cropping Practices: Conservation Tillage, Cover
Crops, and Crop Rotation (Source Control Measures)

Definitions. These three types of cropping systems stress maintenance of
vegetative cover during critical times, and their primary objective is to
reduce erosion and hence soil loss. Conservation tillage is any tillage
method that leaves at least 30% of the soil surface covered with crop
residue after planting. The soil is only tilled to the extent needed to
prepare a seedbed. Cover crops are close-growing grasses, legumes, or
small grain crops that cover the soil during the critical erosion period for
the area. Crop rotation is a system of periodically changing the crops
grown on a particular field. The most effective crop rotations for water
quality protection involve at least two years of grass or legumes in a four-
year rotation.

No-till planting (Fig. 11.7)has been considered the most effective
erosion-control practice applicable to agricultural lands. Planting is
accomplished by placing seeds in the soil without tillage and retaining
previous plant residues. The previous planting can be killed and weed
control accomplished by the use of chemical herbicides. The plant and
root residues provide the necessary surface protection. The magnitude of
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TABLE I 1.3 Selecting BMPs by Pollutant: Rules of Thumb

Pollutant Methods of Control Structural Vegetative Management

Sediment (TSS, cobble1. Control erosion on landTerraces; diversions; Cover crops and Contour farming; riparian
embeddedness, and streambank grade stabilization rotations; conservation area protection; proper
turbidity) structures; streambank tillage; critical area grazing use and range

protection and planting management
stabilization

2. Route runoff through Sediment basins Filter strip; grassed
BMPs that capture waterway; stripcropping;
sediment field borders

3. Dispose of sediment Beneficial use of
properly sediment--wetland

enhancement
Nutrients: N, P 1. Minimize sources Animal waste system Range management; crop Range and pasture
(nuisance algae, low (lagoon, storage area): rotations management; proper
dissolved oxygen, fences (livestock stocking rate; waste
odor) exclusion); diversions; composting; nutrient

terraces management
2(a). Uptake all that is Terrace; tailwater pit; Cover crop; strip Recycle/reuse irrigation

applied to the land or runoff retention pond; cropping; riparian buffer return flow and runoff
contain and recycle/ wetland development zone; change crop or water; nutrient
reuse (dissolved form grass species to one that management; irrigation
control--commercial is more nutrient water management
nutrients) demanding

2(b). Contain animal Diversion; pit/pond/lagoon;See 2(a) Lagoon pump out; proper
waste, process and compost facility irrigation management
land apply, or export
to a diffeent
watershed (dissolved
form control--animal
waste)



3. Minimize soil erosion Terrace; diversion; Conservation tillage; Nutrient management
and sediment delivery stream-bank protection filter strip; riparian
(adsorbed form control) and stabilization; buffer zone; cover crop

sediment pond; critical
area treatment

4. Intercept, treat runoff See 1-3; water treatment Riparian buffer zone See 1-3
before it reaches the (filtration or flocculation)
water (suspended for high-value crops
form control)

Pathogens (bacteria, Minimize source Fences Animal waste
viruses, etc.)                                                                                           management, especially

proper application rate
and timing

Minimize movement so Animal waste storage; Filter strips; riparian Proper site selection for
bacteria dies detention pond buffer zones animal feeding facility;

proper application rate
of waste

Treat water Waste treatment lagoon; Artificial wetland/rock Recycle and reuse
filtration reed microbial filter

Metals Control soil sources Crop/plant selection Avoid adding materials
containing trace metals

Control added sources Tailwater pit; reuse/recycle Crop selection Irrigation water
system management; integrated

pest control
Treat water Filtration Artificial wetland/rock

reed microbial filter
system

Salts/salinity Limit availability Drip irrigation
Control loss Evaporation basins; Crop selection; saline Irrigation water

tailwater recovery pits; wetland buffer; land-use management
ditch lining; replace conversion
ditches with pipe



TABLE !1.3 (Continued)

Pollutant Methods of Control Structural Vegetative Management

Pesticides and other Minimize sources Plant variety/crop IPM; change planting
toxins selection dates; proper container

disposal
Minimize movement and Terrace; sediment control Buffer zone; Irrigation water

discharge basin; retention pond with conservation tillage; management; IPM
water reuse/recycle system filter strips (adsorbed

control only); wetland
enhancement

Treat discharge water Carbon filter system (high- Rock-reed microbial
value crops) filter system/artificial

wetland
Physical habitat         Minimize disturbance        Road and turnrow          Buffer strips; riparian      Proper grazing

alteration              within 100 feet of water      realignment; fencing/        buffer zones               management, including
livestock water crossing limiting livestock access
facility

Control erosion on land See sediment BMPs
Maintain or restore natural Streambank stabilization; Wetland enhancement Proper grazing use and

riparian area vegetation channel integrity repair range management;
and hydrology limit livestock access

Sources." U.S. EPA (1993); Brach (1990); Alexander (1993a); USDA, Soil Conservation Service (1988).



FIGURE 11.7. No-till planting. Seeds are placed in the soil and vegetation residues are
left on the ground to minimize erosion. Weeds are killed by herbicide application. (Photo:
University of Wisconsin.)

FIGURE 11.8. Strip-cropping. (Photo: USDA, Soil Conservation Service.)
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TABLE 11.4 Effect of the No-Till Practice on the Magnitude
of the Cover Factor (C) in the USLE

C Factor
Production Level

Tilling Practice High Moderate

No-till
Corn after soda 0.017 0.053
Corn after corn 0.18 0.18
Soybean after corn 0.18 0.22
Grain 0.11 0.18
Corn after small grain~ 0.062 0.14

Conservation tillageb
Corn--chisel plowing 0.19 0.26
Corn--fall chisel--spring disk 0.24 0.30
Corn--strip till--row zones 0.16 0.24

Source. Adapted from Stewart et al. (1975).
a Removed by chemical treatment.
b Residue not remo~,ed.

the cover factor (C) of the universal soil loss equation (see Chapter 5)
for no-till and conservation tillage practices are given in Table 11.4.
However, a greater use of herbicides and sometimes lower yields are
experienced on some soils.

Contour plowing is a widely recommended supporting practice in
which plowing and crop rows follow field contours across the slope. It
provides excellent erosion control for moderate rainstorms. The effects of
contouring on the erosion-control practice factor (P) of the universal soil
loss equation are given in Chapter 5.

Strip-cropping (Fig. 11.8) alternates contour-plowed strips of row crops
and close-grown crops.

How the practices work to control pollution. Conservation tillage
controls erosion and sediment by decreasing soil detachment, which also
helps control the loss of adsorbed pesticides and nutrients. Cover crops
also reduce erosion and sedimentation by decreasing detachment. The
growing vegetation also retards movement of any detached particles and
their adsorbed pollutants. When legumes are used as a cover crop or as
part of a crop rotation, they provide a nitrogen source for the subsequent
crop, thus minimizing the addition of commercial fertilizers. The cover
crops also use nutrients that are otherwise lost through leaching during
fallow periods. Crop rotations reduce erosion and associated adsorbed
pollutant loads by improving soil structure, which .decreases detachment,
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but they also reduce the need for pesticide and nutrient applications
since insect reproductive cycles are disrupted by changing host crops
and nutrient needs more correctly balanced for a moderate level of
production.

Effectiveness. Conservation tillage has been found to be highly effec-
tive in sediment reduction but of very little effect in controlling soluble
nutrients and pesticides. Sediment reductions of 30-90%, total phos-
phorus reductions of 35-85%, and total nitrogen reductions of 50-
80% have been found; however pollution potential could increase (and
reduction efficiencies decline) if fertilizers are not soil incorporated in a
CT system. Cover crops have been found to be 40-60% effective
in reducing sediment, 30-50% in removing total phosphorus. The
effectiveness of a crop rotation system is difficult to measure. Often the
best estimate is an average annual load reduction over the entire rotation,
so a higher reduction in one year coupled with ~a low reduction in another
gives a moderate level for the entire rotation. Some rotations have been
estimated to reduce nitrogen 50% and phosphorus 30% annually.

Berg et al. (1988) reported in a 10-year study that no-till management
controlled erosion within acceptable limits on highly erodible graze-out
wheat land. Conservation of nutrients in soil water was shown to be
another benefit from no-tillage systems (Stinner et al., 1988). Parkin
and Meisinger (1989) reported that no-till did not significantly affect
subsurface biological activity and denitrification.

Strip-cropping systems can provide up to a 75% load reduction in
sediment and up to a 50% load reduction in total phosphorus.

Integrated Pest Management

Definition. Integrated pest management (IPM) is a combination, o.f p.r.ac-
tices to control crop pests (insects, weeds, diseases) while m~nlm~zmg
pollution. It uses traditional practices such as selection of resistant crop
varieties and crop rotations, modified planting dates along with sophisti-
cated pesticide application management, which includes pest scouting,
minimal application rates, most judicious timing, and selection of the
least toxic and least persistent chemical.

How the practice works to control pollution. IPM works mainly by
decreasing the amount of pesticide or crop-protection chemical available
and by selecting the least toxic, least mobile, and/or least persistent
material, it decreases the potential for pollution.

Effectiveness. Complete studies on the effectiveness of IPM show
varying results depending on the exact type of pesticide, soil, moisture,
and crop conditions. Some estimates are extremely high and others low.
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Nutrient Management

Definition. Nutrient management is a series of practices designed to
decrease the availability of excess nutrients through improvements in
timing, application rates, and location selection for fertilizer placement.
It also involves fertilizer-type selection, crop-variety selection, and con-
servation cropping systems (such as rotations, cover crops, and strip-
cropping). Nutrient management is currently based on the limiting nutrient
concept (that fertilizer application rate should be based upon the nutrient
most needed by the plant for optimum growth--most often nitrogen).
New research is showing that in some cases, phosphorus, thought to be
relatively immobile and strongly sorbed to the soil can become available
and contribute to water quality problems. When animal waste is used as
a fertilizer in areas with phosphorus water quality problems (nitrogen to
phosphorus ratios cannot be manipulated with animal waste), the EPA
recommends that phosphorus be considered as the limiting nutrient.

How the practice works to control pollution. Nutrient management
most effectively limits the availability of nutrients through a lowered or
more precise application rate.

Effectiveness. Nitrogen and phosphorus loss can be reduced by 20-
90%. This practice is especially effective in controlling the soluble phases
of these nutrients.

Terraces and Diversions

Definition. A terrace is an earthen embankment, channel, or a combi-
nation of ridge and channel constructed across a slope to intercept runoff.
Terraces reduce the slope effect on erosion by dividing the fields into
segments with lesser or even near-horizontal slopes (Fig. 11.9). This
practice therefore reduces the slope-length factor of the USLE. Terraces
can be level or graded. Level terraces store or pond water for infiltration
or outlet through an underground conduit. Graded terraces divert water
to a suitable outlet. Diversions are a form of graded terrace, but are
defined as a channel constructed across the slope with a supporting ridge
on the lower side.

How the practice works to control pollution. Terraces change the effec-
tive slope of the land, which decreases runoff velocity. Soil particles and
adsorbed pollutants are thus not transported from the field. Terraces that
retain all water applied to the field are also effective in reducing the loss
of dissolved pollutants. Graded terraces or those with outlets allow runoff
to leave the field and therefore do not control dissolved or suspended
pollutants well. Diversions transport excess water from areas needing
protection to sites suitable for disposal. They can prevent water from
flowing across areas where pollutants are available, such as highly ero-
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FIGURE 11.9. Parallel terraces. (Photo: USDA, Soil Conservation Service.)

dible soils, feedlots, or areas where fertilizers or pesticides are mixed,
stored, or applied at high rates. Diversions must be provided with a stable
outlet, such as a grassed waterway or buffer zone.

Effectiveness. Level terraces can remove up to 95% of the sediment,
up to 90% of its associated adsorbed nutrients, and between 30% and
70% of dissolved nutrients. Diversions can reduce sediment movement by
30-60% and adsorbed nutrients by 20-45%.

Example 11.1 : Effect of Conservation Tillage

A corn-growing field on a 10% slope, plowed up and down, had esti-
mated erosion losses of soil, organic matter, and P of 20 tonnes/ha-yr, 1.0
tonneiha-yr, and 30 kg/ha-yr, respectively. Estimate the effect of: (1) No-
till planting, (2) sod-based rotation, and (3) terracing on the erosion
losses.

Solution Most of the loss (80%) occurred during the critical erosion
period (i.e., a period of 2 months after spring plowing). The overland
flow length (downslope) is 200 m.

For reference practice of conventional plowing up and down the slope,
the average cover factor of USLE for the critical period is C = 0.8 and
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afterward C = 0.15 (see Table 5.4 for appropriate magnitudes). The
erosion-control factor P = 1.0. In the no-till practice, crop residues and
root systems from the previous harvest remain on the soil as a protective
cover. This can reduce significantly erosion during the critical period. If
the preceding crop was small grains, the C factor would approximate 1.0.
Hence, the effect of this practice on the soil and pollutant loss is

weighted C with no-till
Percent loss reduction = 1 - weighted C without no-till x

1

= 1 0.8 x 0.8 + 0.2 x 0.15

If all other variables remain the same (a crude and often unrealistic
assumption), the soil loss with no-till practice should be

A, = (1 - 0.878) x 20 = 2.44 tonnes/ha-yr

and similarly, organic matter and P losses become

AOM = (1 - 0.878) x 1.00 = 0.122 tonnes/ha-yr

and                                                                         ~

Ap = (1 - 0.878) x 35 = 4.27kg!ha-yr

With sod-based rotation, sod is planted once during the rotation cycle.
For the purpose of this example, assume that the rotation cycle is 2 years
and that the sod is plowed during the spring season by conventional
plowing methods. The C factor for sod during the off-year is C = 0.01. In
the following year when corn is planted, the sod residues may reduce C to
a value of 0.6. Average soil loss reduction over the 2-year cycle is

Percent loss reduction = [.1 - (0.01)/(0.8 × 0.8 + 0.2 x 0.15) + 1

(0.8 x 0.6 + 0.2 x 0.15)/(0.8 x 0.8 + 0.2 x 0.15)-]j                     x100

= 61.1%

If slopes are reduced by terracing, the slope-length factor (LS) is de-
creased. If terraces are built 1 meter high on a 10% slope, the overland
flow length is reduced to 10m. From Figure 5.14, the original LS factor
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for a 200 m overland flow distance and 10% slope is 3.7. Having terraces
10-m wide with an average slope of 1% reduces the LS factor to 0.1.
Hence the soil and pollution loss reduction becomes

[ (LS) factor after terracing ]
Percent loss reduction = 1 - (~-~fac--~or before ~gl x 100

= 1 - 100 = 97.1%

Although the cover factor or slope-length factor seem to be the predomi-
nant factor for the situation discussed in this example, other factors
should be included in a more exact analysis. For example, reduction
of the slope by terracing increases surface storage (Fig. 3.3); no-till
practices, on the other hand, reduce surface storage and permeability.
For a more complex analysis, use of mathematical models is the best
approach to evaluate the combined effects of several factors. Such models
are described in Chapter 9.

Critical Area Treatment (Grade-Stabilization
Structure and Critical Area Planting--Pollutant
Delivery Control)

Definition. A grade-stabilization structure is used to control the grade and
gully-head cutting in natural or artificial channels. It can provide an outlet
for other conservation practices. Structures can be constructed of metal,
wood, rocks, concrete, or earth. The area surrounding the structure must
be suitably stabilized. Critical-area planting involves planting suitable
vegetation (such as grass, trees, or shrubs) on highly unstable sites such as
gullies, denuded streambanks, dams, and embankments where vegetation
is difficult to establish by the usual planting methods. Intensive methods,
such as use of erosion blankets, tiedowns, gabions, mulches, hydromul-
ching, increased seeding rate, and hand planting, are often needed.

How the practice works to control pollution. Grade-stabilization struc-
tures reduce water velocity, thus preventing additional sediment de-
tachment and decreasing the transport capacity of the water. They also
.often act as traps, reducing additional sediment transport. Sediment
adsorbed nutrients are thus controlled much more effectively than dis-
solved pollutants. Planting vegetation on other critical areas works in the
same manner by slowing velocity and decreasing detachment and transport.

Effectiveness. Grade-stabilization structures can result in a 5-75%
reduction in suspended solids leaving the unstable area, but data on the area
below the structures are unavailable. Data on the vegetation methods are
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also lacking, but soil-erosion estimates using soil-loss models could be used
as a rough approximation of effectiveness.

Sediment Basins, Water and Sediment-Control Basins,
and Detention-Retention Ponds

Definition. All earthen embankments are generally designed to trap and
store sediment or other pollutants. Sediment basins are used to preserve the
storage capacity of downstream reservoirs, canals, etc., and often serve an
entire small watershed (Fig. 11.10). Water- and sediment-control basins are
used to reduce on-site water, control gully erosion, and protect down-
stream water quality. Detention ponds are used to collect runoff from
agricultural fields for storage and pollution control.

How the practice works to corttrol pollution. These structures stop water
flow, allowing heavier particulate to settle out. Because the sediment basins
and water- and sediment-control basin structures are usually drained and the
water released downstream or across land, soluble pollutants are not
controlled. Detention ponds are not drained and often support aquatic
vegetation. Available phosphorus and nitrogen can be taken up by these
plants, and it is believed that nonpersistent pesticides will have time to
degrade. Design methods for sediment detention basins were presented in
Chapter 10.

FIGURE 11.10. Retention pond-sedimentation basin. Photo: S. Alexander.)
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Effectiveness. Sediment basins can remove 40-87% of the incoming
sediment, up to 30% of the adsorbed nitrogen, and 40% of the total
phosphorus. Effectiveness of detention-retention ponds, especially those
with aquatic vegetation, is generally higher. As is pointed out in Chapter 13,
sedimentation basins are not effective for the removal of toxicity or
dissolved toxic compounds.

Animal Waste Storage and Treatment Facilities and
Methods (Lagoons, Storage Bins and Ponds,
Composters), Also Known as Animal Waste
Management System

Definitions. A combination of practices for storing manure and other
wastes, controlling runoff from feedlots, managing removed waste and
runoff, and disposing of animal carcasses, or other waste. Waste storage
ponds and structures hold waste until it can be land applied without
causing a water-pollution problem. Waste treatment lagoons biologically
treat liquid waste to reduce the nutrient and BOD content. Composters
are structures to biologically degrade dry waste or dead animals (espe-
cially poultry carcasses). Storage areas, lagoons, and composters all must
be emptied and their contents disposed of properly. Management BMPs
are then applicable. The waste can be land applied at the proper rate,
time, and in the proper way, or removed from the farm for proper use or
disposal elsewhere.

Generally, animal wastes are classified as point sources and require a
permit in many states. However, pollution is generated by runoff from
the contaminated premises and typically requires runoff control BMPs in
addition to treatment and/or safe disposal.

How the practices work to control pollution. Runoff-control systems for
feedlots and manure storage are governed by two basic principles. First,
all clean water originating outside the feedlot or storage area should be
diverted so that it does not come in contact with the contaminated soil.
Second, the water originating inside the feedlot should be disposed of in a
way that minimizes its pollution potential. To meet these objectives,
four components should be considered in the design of runoff pollution-
control systems: clear water diversion, runoff collection, runoff contain-
ment, and controlled disposal (Fig. 11.11).

Clear water diversion systems include terraces, which direct water
from upland watersheds away from the feedlot or barnyard, and gutters
with downspouts on buildings, which prevent roof drainage from entering
the area. When a natural waterway (creek) crosses a feedlot (Fig. 11.11),
it may be necessary to pass it through a culvert or relocate the feedlot.

R0023678



GENERAL DIRECTION OF OVERLAND FLOW

...._ ~__~o~v~_~’- .... -

.. ,,      C oN(~R E TE iPA~D~

~ <,~ ’~ m ~’ " i i~ ’, ;" II
Y

VEGETATION (GRASS) FILTER ’ " II

~ ~ ..... ~ ~

~/1

GRASSED DRAINAGE CHANNEL

FIGVRE 11.11. Best management practices for containment of feedlot runoff.

FIGURE 11.12. Large two-stage lagoon for containment of dairy animal waste. The first
stage provides solids separation. (Photo: S. Alexander.)
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Collecting runoff with a system of curbs, gutters, or terraces prevents it
from directly entering defined watercourses and concentrates polluted
runoff for treatment before disposal. Runoff can be contained for short
periods of time in settling channels or basins, vegetative filters, or infil-
tration areas. Holding ponds (Fig. 11.12) provide long-term storage and
they also act as facultative (aerobic-anaerobic) lagoons (see Chapter 10)
and provide sedimentation and biological treatment (Loehr, 1972).

Often waste storage ponds or structures contain all pollutants, thus
allowing none to enter the receiving bodies of water (of course, they must
be pumped out later and disposed of). With waste treatment lagoons the
detention time allows bacteria to die off and nitrogen to volatilize, and
the biological process within the lagoon decrease the oxygen demand of
the effluent. Composting of solid wastes from feedlots allows some slight
mineralization of nitrogen. The heat and enzymatic activity generated
during the composting process usually kills most bacteria. Composting is
mainly used to reduce the volume and odor of the waste and improve
its handling and management. Proper management is crucial to the effec-
tiveness of each component of the system because it limits the availability
of nutrients and pathogens and the detachment potential of the waste
pollutants.

Effectiveness. Animal waste systems (all practices combined) have
been estimated to reduce pollutant loadings as follows (averages): bac-
teria 74%, sediment 64%, total nitrogen 62%, total phosphorus 21%.
Individual practices in the system vary widely. For example, a waste
treatment lagoon (and proper land application) reduces bacteria by
65-100%, dissolved phosphorus 10-69%, and total nitrogen 32-91%.
Most BMP recommendations suggest applying manure to satisfy crop
nitrogen needs. This practice often results in excess phosphorus being
applied.

Livestock Exclusion (Fences)

Definition. Excluding livestock from areas where grazing or trampling will
cause erosion of streambanks and lowering of water quality by livestock
activity in or adjacent to the water. This is generally accomplished by
permanent or temporary fences or herding.

How the practice works to control pollution. By keeping animals out of
streams, deposition (availability) of fecal material (nutrient and bacterial
source) will be reduced, turbidity from in-stream trampling will be elimi-
nated (particles will not be detached), and streambanks will not be
denuded (sediment will not detach), but will instead provide a filter for
runoff (transport and delivery of sediment and adsorbed materials will be
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reduced), and if the riparian area is large enough, uptake some of the
nutrient load (availability of dissolved pollutants will be decreased).

Effectiveness. Reductions of 50-90% of suspended solids and total
phosphorus have been reported.

Filter Strips and Field Borders

Definitions. Filter strips and field borders utilize strips of closely growing
vegetation, such as sod or bunch grasses or small grain crops, with the
primary purpose of water quality protection. Filter strips are generally
placed between the agricultural land being used (for example, cropland
fields, animal waste application areas, or forests) and the body of water to
be protected (Fig. 11.13). They are designed to remove sediment and
other pollutants from sheet runoff. Field borders normally consist of
perennial vegetation planted at the edge of fields to control erosion,
regardless of their proximity to water. In contrast, strip-cropping, dis-
cussed earlier, involves planting straight or contoured strips of grass or
closely growing crops in alternating bands between strips of row crops,
and its primary purpose is to reduce soi! losses.

How the practices work to control pollution. Both practices interfere
with the transport of sediment, slowing water velocity, and allowing the
material and any adsorbed pollutants to drop out. If filter strips are
wide enough (detention time is adequate) and planted with appropriate

FIGURE 11.13. Vegetated buffer strips between plowed field and drainage ways. (Photo:
University of Wisconsin.)
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vegetation (high-nutrient-demanding species), they can uptake some
nutrients, thus decreasing their availability. Field borders are effective
in preventing detachment of soil particles in the areas covered by the
border, but have little effect on controlling erosion or pollutant detach-
ment or transport from the fields they surround. Designs and design
considerations for grass filter strips were discussed in Chapter 10.

Effectiveness. Filter strips are very effective in removing sediment and
sediment-bound nitrogen (about 35-90%), but much less effective
in removing phosphorus, fine sediment, and soluble nutrients, such as
nitrate (14%) or orthophosphate (5-50%). During the active growing
season some filter strips have not been effective in removing phosphorus.
Field borders are most effective in sediment removal and erosion control.
Pollutant reductions for borders alone have not been fully evaluated. The
most effective systems rely upon perennial grasses. New research appears
to indicate that deep-rooted native bunch grasses in strip-cropping
systems are also effective in "recovering" leached nitrogen that has
escaped below the roots of conventional row crops.

Wetland Rehabilitation and Development, and the
Beneficial Use of Sediment

Definitions. Rehabilitation and development involve restoring, rehabili-
tating, or enhancing existing wetlands to function as self-sustaining eco-
systems that process, remove, transfer, and store pollutants. Beneficial
use of sediment is a newer technology designed to utilize clean sediment
recovered from dredging operations to mitigate damage to wetlands in
other places by enhancing or rebuilding degraded wetlands. Wetland
management and the types of constructed and restored wetlands are
presented in Chapter 14.

How the practices work to control pollution. The low slopes of wetlands
serve to slow the velocity of water and allow sediment to precipitate out
(decrease transport capacity of water), the long retention time promotes
bacterial die-off, and the wetland vegetation uptakes and uses nitrogen
(decreasing availability) and provides a source of carbon for soil microbial
action. This carbon fuels the immobilization of some phosphorus and
nitrogen by microbial action and the transference of nitrogen by denitri-
fication. Utilization of dredged materials to mitigate damage to degraded
wetlands solves two environmental problems: (1) it provides a safe and
effective disposal site for materials that previously have been dumped in
off-shore ocean disposal sites or inland in poorly functioning sediment
containment pits, and (2) improves wetlands that have been depleted of
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their needed annual sediment replenishment/nourishment by changes in
hydrology.

Effectiveness. Wetlands are 80-90% effective in sediment removal,
40-80% effective in nitrogen removal (depending upon location of
riparian vegetation in relation to the systems hydrology; those wetlands
located in the upper reaches of the watershed appear to be more effec-
tive), and 10-70% effective in phosphorus removal, also depending
upon location. See Chapter 14 for a more detailed discussion.

Riparian Buffer Zones

Definition. Vegetated area along a body of water containing a complex
assemblage of organisms and their environment, typically part of a ripar-
ian system (Fig. 11.14). It can be a complete ecosystem or function as
an ecotone between aquatic and terrestrial ecosystems, but maintains a
distinct set of vegetational and soil characteristics. The area is maintained
in its native vegetation state at widths sufficient for pollution-control
functions.

How the practice works to control pollution. The grasses and low
vegetation in the zone filters both surface and subsurface flow, while the
roots of taller vegetation take up and transform pollutants and nutrients
from shallow ground water.

FIGURE 11.14. Riparian buffer zone separates farm operations from a watercourse.
(Photo: University of Wisconsin.)
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Effectiveness. Sediment removal efficiencies of 80-90%, total phos-
phorus removal efficiencies of 50-75%, and total nitrogen removal
efficiencies of 80-90% have been measured. Pesticide removal has
been documented but not adequately quantified.

Irrigation Water Management
Definition. Irrigation water management (IWM) is a combination of
practices that control irrigation water to prevent pollution and reduce
water loss. It also applies to chemigation application of chemicals (pes-
ticides or fertilizers) through the irrigation system. IWM includes proper
scheduling, efficient application, efficient transport systems, utilization
and reuse of tailwater and runoff, and management of drainage water.

How the practice works to control pollution. Seepage-control practices
(lining ditches with concrete or converting to pipe conveyances) greatly
reduces leaching losses and decreases the availability of salts in canals
for application (and runoff) from fields. Tailwater pits (which are pits,
usually lined, to catch rainwater runoff or the water that runs out of the
furrows at the end of a field) retain any pollutants and keep them from
entering any bodies of water. Improvements in management include the
efficiency of water application and prevention of excess runoff that carries
with it dissolved nutrients and pesticides.

Effectiveness. IWM is particularly effective in reducing nitrogen and
pesticide loadings to ground water and salt loading to surface waters.
Tailwater pits are about 50% effective in sediment removal and can be
highly effective in nutrient and pesticide pollution control as long as the
collected water is reused and not discharged.

Stream-bank Stabilization
Definition. Structural or vegetative methods to protect the streambank
from erosion. Riprap, concrete, wood, or rock gabions can be used, but
vegetative stabilization is the most effective for pollution control as long
as it is capable of withstanding the hydrology. See Chapter 15 for more
information on stream-bank stabilization techniques.

How the practice works to control pollution. Eroding streambanks not
only contribute sediment to the water and streambed but also cause
increased water temperatures (due to the loss of the riparian vegetation
that shades the stream). Loss of floodwater storage or hydrologic assimi-
lative capacity to regulate flow is also an effect. Stabilization methods
work to eliminate the detachment of soil particles and to restore one part
of the hydrology of the system.
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Effectiveness. Effective stabilization can reduce sediment loading
by 90%, but is highly dependent upon the type of vegetation used and
the stability and width of the reclaimed area. When combined with
riparian area restoration, removal rates of 50-70% for phosphorus and
80-90% for nitrogen have been found. When planted in conjunction
with a grass filter strip, load reductions of 80% TSS, 60-90% total
nitrogen, and 30-90% total phosphorus are possible.

Rock- Reed Microbial Filters

Definition. A long shallow hydroponic plant/rock filter system that treats
polluted waste and waste water. Combines horizontal and vertical flow of
water through the filter, which is filled with aquatic and semiaquatic
plants, microorganisms, and provides a high surface area of support
media, such as rocks or crushed stone (see Chapter 14 for a description of
submerged bed systems; also, see Jones, 1990).

How the practice works to control pollution. Symbiotic relationship
between the microbes on the plant roots and the surface media synergis-
tically effect the degradation of pollutants. Rocks and roots also provide
filters and plants further contribute by translocating oxygen and by ad-
sorbing metabolites from the microbes. Thus each system uses the other’s
waste in a cyclic and sustainable system. If the filters are used for removal
of heavy metals and certain other toxins, harvesting of plant materials
may be periodically necessary. These materials must be degraded (corn-
posted) and the residue tested before proper disposal.

Effectiveness. Biological oxygen demand has been decreased from
110mg/1 to 10rag/1 in a 24-hour retention time, and toxic organic com-
pounds from 9 mg/1 to 0.05 mg/1 in a 24-hour retention time. The systems
have been used for toxic heavy metals and on some radioactive elements,
but efficiency figures are not available. The systems provide complete
disinfection.

Range and Pasture Management

Definition. Systems of practices to protect the vegetative cover on im-
proved pasture and native rangelands. It includes such practices as seed-
ing or reseeding, brush management (mechanical, chemical, physical,
or biological), proper stocking rates and proper grazing use, and deferred
rotational systems. Rangeland is land generally in native grass and man-
aged as range. Pastures are normally seeded with an improved grass
variety and managed with agronomic practices (liming, fertilization,
irrigation).
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How the practices work to control pollution. Keeping land permanently
covered in high-quality (closely spaced) vegetation decreases soil loss
to negligible amounts (detachment and transport are interrupted), and
sediment and adsorbed pollutants are not lost from the land surface.
Since rangeland is not fertilized or irrigated, it can represent a low input
system if properly managed.

Effectiveness. If correctly managed, range and pastures function like
filters to reduce the load of nitrogen, phosphorus, and sediment up to
80%.

ROLES, RESPONSIBILITIES, AND
PROGRAMS OF FEDERAL, STATE, AND
LOCAL AGENCIES AND GROUPS
Within the United States there are more than 31 federal agencies, and
numerous state and local agencies with programs that can be used for the
control of diffuse pollution from agriculture (U.S. General Accounting
Office, 1990). It is important to understand the responsibilities and
opportunities available from each of these agencies. Effective control of
diffuse pollution from agriculture requires that these programs be co-
ordinated, nonduplicative, and focused on the goal of water quality
protection. Table 11.5 lists programs by various agencies. The large
number of agencies with overlapping responsibilities indicate fragmenta-
tion of efforts and often a lack of coordination.

BALANCING AGRICULTURAL PRODUCTION
WITH ENVIRONMENTAL PROTECTION

Maintaining an adequate and available supply of food through domestic
production is a goal of almost every country. Such a goal helps ensure
national self-sufficiency and provides some degree of internal stability.
Maintaining a clean and safe environment through proper resource
management is also becoming a priority for most countries. It is possible
to protect the environment while maintaining and sometimes enhancing
agricultural production. Most consumers want plentiful, inexpensive, and
safe food and fiber, as well as clean water and air, all without making
personal sacrifices in time, money, or quality of life. This is not possible.
What is possible is a series of changes in values, economics, and methods
of agricultural production and pollution control. Needed are a modifica-
tion in the attitudes of citizens, agricultural producers, and legislators, a
strengthening of the pollution-control laws and programs, advances in                   ,.
agriculture production technologies, and changes to agricultural programs

(Text continues on page 723. )

R0023686



TABLE I !.5 Summary of Programs in the United States that Could Be Used for Control of Diffuse Pollution from Agriculture

Program Descriptions and Agency
Agency and Program Responsibilities Resources Available and Possible Roles

U.S. Environmental Protection Administers educational and regulatory programsStaff, information and data, laboratories and
Agency (EPA) designed to protect the environment (prevent research facilities, grants and loans for

and control pollution). Provides environmental pollution control, educational materials,
assessments, water quality monitoring, monitoring equipment. Offices located in
regulations and regulatory oversight, education, 10 regional centers and Washington, D. C.
planning, technical assistance, grants and loans
for pollution control. Works mainly with state,
federal, regional, and local agencies on pollution-
control efforts

EPA--permits NPDES permits for confined animal feeding Staff for technical assistance with modeling
operations, enforcement for noncompliance and permit drafting, site inspections and

compliance monitoring. Funds for special
studies or projects

EPA--pesticides Regulation of pesticide labeling and registration, Staff for review of research results,
which includes application rates, allowable crops assistance with strategic planning,
and pests, environmental and human health education and training, oversight of
cautions, disposal procedures. Licensing of enforcement procedures of states. Funds
restricted use pesticide applicators for special projects and studies

EPA--water quality Overall water quality planning and management S̄taff for technical assistance to state and
through the following programs: local agencies, review and approval of state
1. Nonpoint Source Control: program that programs, research and special studies.

oversees and approves state development Grants to states for most water quality
of water quality assessments and protection activities, educational materials,
implantation of management programs and programs. Funds for special studies
designed to control NPS. Directs funds to or projects
high-priority watershed or projects

2. Clean Lakes: program provides funds to
restore or enhance publicly owned lakes



3. Water Quality Standards: program provides
technical assistance in developing numeric,
narrative, and biological limits (standards) to
protect water quality and its use

4. Coastal programs: a number of different
programs and initiatives designed to assess
coastal resources and study ways to protect
coastal waters, including the National Estuary
program. Administers the new CZMA

EPA--ground water Administers the Sole Source Aquifer Protection Staff for technical assistance, funds for
program, provides technical and programmatic special studies

assistance to state wellhead protection programs
EPA--wetlands Oversight of the Corps of Engineers on wetlands Staff for oversight and enforcement

dredge and fill permits, takes enforcement activities, monitoring of wetland status,

actions for illegal wetlands filling, technical health and trends, and funds for special
support for wetlands delineations studies, educational materials, and

programs, data
EPA--monitoring and surveillance Environmental assessment, data analysis, oversightStaff for technical assistance to states and

of state monitoring programs, special studies andcitizens on monitoring programs and
agency research, EPA lab and Office of Research projects, special studies and data analysis
and Development coordination upon request, water quality monitoring at

select locations

EPA--drinking water Regulates public drinking water supplies and Staff for technical assistance in setting
suppliers, special studies on human health and drinking water standards, special studies,
risk, develops drinking water criteria and MCLs oversight and compliance monitoring of
(maximum contaminant levels). Administers a public water supplies and suppliers
special program that allows watershed treatment
work to be done to decrease pollution loads to
drinking water supplies if installation of the
BMPs is cheaper than the water treatment
method needed
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TABLE ! !.5 (Contirmed)

Program Descriptions and Agency
Agency and Program Responsibilities Resources Available and Possible Roles

EPA--Office Research and             Conducts basic and applied research to support       Reports, data, maps, monitoring equipment,
Development (ORD)                   EPA mission, including biological and physical       study, and demonstration sites, staff for

studies on fate and transport of environmental technical assistance in interpreting rescarth
contaminants and ecosystems at large results. Laboratories and research station~

located throughout the country
U.S. Department of Agriculture        Stabilize and support the efficient production,        Staff, technical assistance, information and

(USDA)                              marketing, and distribution of food and fiber. In     data, educational materials, cost-share
addition to commodity and public welfare funds, engineering equipment. Unless
programs, administers a number of conservation otherwise indicated each agency has ]ieht
programs designed to assist private and federal offices located in almost every cottnt.~, or
land owners or managers in natural resource parish, state oj~fices in each state, and a
conservation and multiple-use management. Washington, D. (’. office
Works mainly with private individuals on
improving resource management

USDA--Multiple agency 1. Program to conserve/protect highly erodible In most cases responsibilities within these
administration of 1985 and 1990 or other environmentally sensitive land from programs are divided between departments
"Farm Bill" programs: production by putting it in permanent of USDA as follows:
1. Conservation Reserve Program, vegetative cover through 10-year easements SCS: technical assistance in planning,
2. Wetlands Reserve Program, and annual rental payments design, and implementation of BMPs
3. Sustainable Agricultural 2. Program available only in pilot states to ASCS: Administrative oversight of

Research and Education return drained wetlands to wetland status program and cost-share funding
Program, and protect existing wetlands. Uses same disbursement

4. Conservation cross-compliance easement/payment method as CRP CES: Education and information about the
(sodbuster and swampbuster) 3. A practical research and education and grant variety of conservation and economic

5. Water Quality Incentives program to promote lower input methods choices available
Program of farming CSRS: Research, data, and the results of



4. A quasi-regulatory program that denies demonstration field trials of new
subsidy payments to farmers who plow out technologies
highly erodible land or drain wetlands

5. A watershed treatment program designed to
improve or protect soil and water resources
in watersheds impacted or threatened by
NPS pollution

USDA--Soii Conservation Service Technical assistance on the planning, site specific Staff and equipment in field offices for
(SCS) design and installation and management of soil technical assistance including engineering

and range conservation, animal waste, and waterdesigns, survey work, and planning for
quality management systems and special land andwater resource protection
water resource assessments and inventories.
Cost-share funds for installation of BMPs on
private lands are available from some of the
programs listed below.

USDA, SCS--Small Watershed         Evaluation and treatment of small agrict]ltural        Staff for technical assistance to landowners
Program (PL-566)                     watersheds with multiple resources to protect;        and decision-makers in the basin, funds for

includes land and natural resource inventories demonstration projects, reconnaissance,
and assessments, basinwide planning and and intensive inventories of resources
targeting of resources, technical assi3tance, and
educational programs

USDA, SCS--Great Plains Intensive conservation treatment for individual Technical assistance, cost-share funds up to
Conservation Program (GPCP) farms located within the Great Plains ecoregion 75% of the average cost of selected high-

through long-term agreements (3-10 year priority conservation practices
contract) with farmers

SDA, SCS--Resource Conservation Voluntary program to promote the economic Planning assistance for small communities
and Development Program (RC&D) development and to intensify resource protection for communitywide resource protection

in priority areas through the use of public
participation in RC&D councils

USDA, SCS--Natural Resource Various programs to map and assess the conditionMaps, reports, data information, statistical
Assessment programs: Soil Survey, of natural resources (generally soil, water, analysis
Natural Resources Inventory, River vegetation, and wildlife) and conservation
Basin Studies treatments



TABLE 11.5 (Continued)

Program Descriptions and Agency
Agency and Program Responsibilities Resources Available and Possible Roles

USDA--Agricultural Stabilization Provides administrative oversight and cost-sharingMaps, conservation practice status
and Conservation Service (ASCS) for approved conservation practices from ASCS information, cost-share funds

and other USDA administered programs. Tracks
crop production and other statistics. Distributes
crop subsidy and deficiency payments

USDA, ASCS--Agricultural Cost-sharing on an annual basis for a number of Funds for cost-share, generally limited to
Conservation Program (ACP) soil-conserving, production efficiency improving, $3500 per farm per year

and water quality practices
USDA, ASCS--Emergency            Cost-sharing on an annual basis to replace           Funds for cost-share of high-priority

Conservation Program (ECP)           conservation treatments (mainly structural) that      conservation practices
were destroyed in areas designated as disaster
areas due to an act of nature

USDA, ASCS--Water Bank Program Designed to improve and restore wetland areas Funds for easement compensation on
through financial compensation for i0. year eligible lands in participating states
easements on private property

USDA, ASCS--Colorado River Financial assistance for on-farm projects that seekFunds, reports, data on level of conservationSalinity Control Program (CRSCP) to control salinity levels delivered to the basin, treatment, demonstration sites, funds for
primarily irrigation water management cost-share, monitoring, and education

USDA, ASCS--Forestry Incentives Cost-share to revegetate and improve timber Cost-share funds
Program (FIP) stands on private lands

USDA, Cooperative Extension Educational programs and information to aid Staff for educational programs and technical
Service (CES) individuals in the selection, operation, and assistance, personalized economic analysis,

maintenance of the most beneficial conservation and to coordinate small-scale
treatments. Economic analysis and data for each demonstrations on local farms.
farm or ranch. Provides technical assistance in Educational materials
integrated pest management. Programs generally
carried out in cooperation with state land grant
universities



USDA, Cooperative State Research     Applied research, usually at state experiment         Reports, data, equipment. Occasionally
Service (CSRS)                       stations on agricultural production and soil and       funds for joint/special projects outside the

water conservation generally using demonstrationnormal research agenda. Grants for
plots. Conducts the Sustainable Agriculture Agriculture in Concert with the

Research and Education program (SARE). Environment (ACE) program

Many projects in cooperation with state land
grant universities

USDA--Forcst Service (USFS) Management of national forests and grasslands forStaff, maps, reports, equipment for

sustained production and multiple use. Works construction and monitoring, educational
with individuals, industries and other agencies materials, occasionally funds for special

projects. Field offices located in each
national forest, regional offices located in 9
areas, Washington, D.C. office

USDA, USFS--Permit Program Oversight of timber sales and harvest contracts, Staff for technical assistance and compliance
grazing leases, minerals development on USFS monitoring
property. Provides technical assistance to
permittee on proper resource use

USDA, USFS--Air and Watershed     Overall environmental planning and technical        Funds for special studies and watershed
Programs                             support for forest management decisions. Special     demonstration projects. Natural resource

studies and watershed demonstration projects in inventories and reports, water quality/
certain areas habitat monitoring, environmental analysis

of resource trends and conditions

USDA, USFS--Forest Stewardship Technical assistance and cost-share to private Funds and technical assistance to individuals

Initiative holdings or lands adjacent to national forest
lands for installing BMPs

USDA--Farmers Home               Loans and loan guarantees to eligible producers for Funds and loans for property improvement
Administration (FmHA)               operating expenses, land purchase, and             and conservation treatment installation and

conservation measures water-conservation practices
USDA--Agricultural Research Basic and applied research on agricultural Reports, BMP effectiveness and

Service (ARS) production and conservation measures, includingenvironmental fate and transport data,

fertilizers, pesticides, and BMP effectiveness demoastration sites, occasionally funds for
joint-sponsored projects. Research stations
located throughout each state; most
specialize in particular types of investigations
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Program Descriptions and Agency
Agency and Program Responsibilities Resources Available and Possible Roles

U.S. Department of the Interior Oversight, management or monitoring of nationalStaff, maps, reports, demonstration sites,
(USDOI) natural resources, including land, water, and educational materials, monitoring

wildlife, equipment. Offices located in regional
centers, field offices in each management
area, Washington, D.C. office

USDOI--Geological Survey (USGS) Long-term baseline monitoring of water resourcesMaps, data, and information on hydrology
(quantity, flow, and quality), hydrologic and and water quality status and trends. Staff
geologic investigations and data, special intensivefor technical assistance in designing a
short-term studies monitoring plan

USDOI--Fish and Wildlife Service Oversight and regulation of the nation’s wildlife Staff for enforcement of Endangered Species
(USF & WLS) resources. Management of national wildlife Act and other laws on public and private

reserves, enforcement of federal game and fish agricultural land, research reports and data
laws, cooperative administration of national on habitat, populations and management
wetlands program with COE and EPA. of wildlife. Funds for cooperative projects.
Cooperative projects to enhance wildlife habitat, Educational materials, teacher training,
special studies, especially fisheries investigationscurricula, and maps

USDOI--Bureau of Land Administration and management of federal lands.Staff for environmental analysis and trend
Management (BLM) Oversight of grazing leases, mineral exploration, evaluation on BLM land, technical

and extraction bids and leases on BLM lands, assistance, and oversight. Funds for special
Technical assistance to permitees on BLM land studies and cost-share for permitees for
in proper resource use. Oversight of recreational certain conservation practices (generally
users of BLM land grazing/range management). Funds for

range improvement, riparian area
management, and recreational area
development projects. Maps



USDOI--Bureau of Indian Affairs Technical assistance to tribes on tribal lands, Maps, natural resource inventories of Indian

(BIA) mainly for social services. Some assistance for and tribal lands. Funds for special projects.
conservation work and educational programs. Staff for technical assistance to tribes
Natural resource inventories and monitoring of
ground and surface water

USDOI--Bureau of Reclamation Administers, constructs, and oversees water supplyStaff for oversight of projects and
facilities in western states. Regulates discharge management of federal property and
from these facilities. Joint administration of the facilities, assessment of water quality
Colorado River Salinity Control Program with around reservoirs as part of the national
many agencies to set consistent salinity standardsirrigation water quality program. Maps :lnd
and manage public and private lands within the reports, some data
basin. New initiative to reclaim lands damaged
by federal irrigation projects

USDOI--National Park Service Administers and manages national parks for Staff for oversight and administration. Funds
preservation of natural resources                   for special studies and occasionally

cooperative projects on land adjoining
park boundaries

USDOI--Office of Surface Mines Regulates the removal and reclamation of surfaceStaff for oversight and Icchnical assistance in

(OSM) mined minerals, mostly coal on private lands mining operations and reclamation efforts,
for engineering studics, and for vegetative
site inspections and monitoring of
resources. Educational materials, data,
and reports

U.S. Department of Defense--Army    Oversees construction and operation of large         Maps, special studies, water quality
Corps of Engineers (COE)              flood-control and public water supply reservoirs,      monitoring data. Staff and funds for

Conducts water quality monitoring on lakes improvement of existing projects. Staff for
within their jurisdiction. Regulates in-lake review and oversight of 404 (wetlands)
activities and shoreline development, permits. Field offices located in various
Cooperatively administers the wetlands dredge districts throughout states. Washington,
and fill permit program with EPA and D.C. office
USF&WLS. Can enforce permit reouirements
for BMPs or other mitigation
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Program Descriptions and Agency
Agency and Program Responsibilities Resources Available and Possible Roles

U.S. Department of Commerce-- Administers programs in cooperation with states toFunds to state coastal programs. Staff for
National Oceanic and Atmospheric inventory and manage coastal resources. Funds technical assistance. Data, reports,
Administration (NOAA) and performs basic research and assessments educational materials. Occasionally funds

relating to coastal eutrophication. Maintains data for special demonstration projects
base for agricultural pesticides and nutrient
loadings

USDOC, NOAA--Coastal Zone        In cooperation with EPA, administers a quasi-       Staff for technical assistance. Funds for plan
Management Act programs (CZMA)     regulatory coastal protection program that sets       development

performance-based management measures for
control and prevention of NPS pollution in
coastal areas for all land-use activities

State Water Quality Agencies Administers many programs (similar to EPAs) forStaff for technical assistance to local
protection of water quality in ground and surface governments and individuals in BMPS
water, including the NPDES permit program, application. Water quality monitoring,
water quality standards regulations, the NPS data, and reports. Funds for pollution-
program, ambient statewide monitoring control projects, educational materials,
programs and programs

State Natural Resource Agencies Administer programs for wetlands and coastal Staff for technical assistance to local
protection programs                              governments. Monitoring of natural

resource trends. Reports, data.
Educational materials and programs

State Departments of Agriculture Regulate pesticide registration and use, Staff for oversight of applicators and other
administers marketing and rural development regulatory functions
programs. Sometimes issues permits for fertilizer
or feediots



State Departments of ttealth Administer septic tank and public drinking water Staff for technical assistance to local
regulatory programs. Monitors water supplies, governments, monitoring, and educational
Provides technical assistance to h)cal governments programs. Data, reports, and educational

materials
State Soil and Water Conservation Administer cooperative programs with the USDA Staff for technical assistance to individuals,

Commissions SCS to conserve soil and water resources on engineering, or construction equipment,
private lands. Provide technical assistance to services and supplies that support BMP
individuals implementation. Some states have state

cost-share funds for BMPs
State Fish and Game Agencies Regulate the harvest of fish and wildlife resources Staff for enforcement of state fish and game

by individuals and commercial operations, laws and for technical assistance in wildlife
Responsible for cost recovery to state of lost fish and fisheries managment for private
and wildlife due to environmental contamination individuals. Educational materials, natural

resource inventory data
State Water Rights Agencies Responsible for allocation of water rights (mostly Staff for permit writing and oversight. Data

in western states). Regulates consumptive use of and reports on water flow
water resources

Local Planning and Zoning boards Specify land-use zoning and boundary Maps, long-range plans, inventory of local
determinations, general community planning, resources, special reports, budget
oversight of program operation information, staff for technical assistance

Local County Commissioners Manage, construct, and maintain county roads andInformation on county conditions,
bridges, oversight and approval of county budgets equipment for construction and
for all county programs. Taxing authority maintenance, budget reports, occasionally

funds for special projects
Local SWCDs Local field office of state agency. See earlier
Local School Boards and School Oversee public education within jurisdictional Information on status of current educational

Administration boundaries. Can set local curricula requirements programs, assistance in developing new
and priorities. Taxing authority, bond-issuing initiatives
authority

Local Municipal Utilities Districts Oversees construction and maintenance of publicInformation and special reports on water
works projects for water and sewer (occasionally issues. Funds for special projects to
energy). Taxing and bond-issuing authority enhance system operation and reduce costs



TABLE 11.5 (Continued)

Program Descriptions and AgencyAgency and Program Responsibilities
Resources Available and Possible Roles

Regional River Authorities Manage and coordinate activities within their basin
Data, reports, maps, water qualityfor flood control, water quality protection,

monitoring. Staff for technical assistance toenergy development. Taxing authority local government and other agencies or
groups. Funds for special projectsRegional Councils of Government Assist in the coordination of activities of all

Staff for technical assistance to localgovernments within the councils area. Provides
governments, occasionally water qualitytechnical assistance, infor0aation, and promotes
monitoring, reports, and data about localspecial projects of benefit to all
conditions. Funds for special projectsOthers--Commodity Groups           Various groups usually formed to improve           Staff for data gathering and analysis, public

marketing and lobbying capabilities for specific education campaigns, technical support tocrops or livestock interests. Almost every major
growers, legislative and market analysis.crop has at least one such group Funds from members for special projectsEnvironmental Organizations           Various groups formed to protect, conserve, or      Staff and volunteers for assistance with local

preserve the environment in general or to
projects, occasionally funding foraddress a specific issue. Lobby for environmental
cooperative work. Educational materialslaws and programs as well as funding. Many
and programs. Reports and data onperform volunteer services such as water quality
environmental conditions and trendsmonitoring, natural resource rehabilitation work,

cost-share, or other funds for special projects
Too numerous to list, consult a directory

Social and Service Clubs Formed for reasons other than resource protection,Volunteers for special projectsmost do have local projects that enhance or
beautify the community. Staffed with volunteers,
these organizations can provide labor, supplies,
and equipment on mutually beneficial projects,
as well as insight into the communil.v

Sources; Alexander (1993); U.S. EPA (1992b); Mass et al. (1987).
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and pricing to support sustainable, low-impact farming systems. Most
water quality professionals agree that the largest (and most difficult)
change must be to attitudes (Ehorn, 1989).

It is clear, however, from a review of the water quality data as well
as visual inspection of many streams, rivers, and lakes, that in the United
States and elsewhere, diffuse or nonpoint source pollution from agricul-
ture has not been adequately controlled. As more data are gathered by
state and federal agencies, and as citizens become more educated about
its causes and effects, and thus more active in looking for it, the extent
of nonpoint source pollution reported will likely increase. Most of the
technology to control diffuse pollution from agriculture is currently avail-
able, but to ensure that this technology is implemented a number of
changes must occur and a number of political, institutional, and financial
barriers must be overcome.

Before change will occur an individual or an institution (government,
business, social group, etc.) must (1) know that a problem exists, (2)
understand its significance, and (3) have some type of incentive (either
internal or external) to change. Experts have noted that diffuse pollution
from agriculture has not been adequately controlled because:

1. Farmers, agribusinesspeople, agricultural agencies, agricultural advo-
cacy groups, lawmakers, and the general public have not been made
aware (and many do not believe) of the problem or its extent.
a. The effects on the environment of improper agricultural land

management are generally not evident or visible to the land user/
owner since they often occur downstream or off-site.

b. The effects of NPS pollution are cumulative. While the "dis-
charge"/runoff from a single site may not be great (dirty) enough
to cause a use impairment, the minor contributions from many
other sites add up to a larger and more significant problem.

c. Many agricultural producers have no historical, highly visible basis
of comparison between water quality now and that of 100 years or
more ago. The impression that the water has "always looked this
way" is often not dispelled, even when data are presented.

d. Data establishing a discrete cause-effect relationship is not always
clear. While adequate and defensible research may exist for some
problems, the nature of NPS is so site specific that an argument
can always be made that "This area is different; its soils, its hydrol-

~ ogy and climate, its crop varieties and farming practices.., etc."
, because in natural systems research this is almost always true.

e. When data documenting changes to water chemistry or fisheries
habitat are available, often they are unclear if the effect is great

R0023698



724 Agricultural Issues

enough to cause a use impairment now or in the future. It is
especially difficult (and expensive) to obtain data sets extensive
enough to establish the sources of each pollutant found, and even
more difficult to show the causes (sources) of biological changes.

2. These individuals and institutions do not fully understand (or believe)
the potentially serious short- and long-term effects of diffuse pollution
on human and environmental health.
a. Inconclusive data and conflicting reports about the effect of various

contaminants on human health and the inexact science of risk
analysis breeds skepticism and doubt.

b. Long-term studies that accurately determine the risks associated
with the many overlapping conditions found in biological systems
research are lacking and are often cost prohibitive.

c. The type of contamination from diffuse pollution is insidious
and often results in small changes in species composition that go
unnoticed.

d. Fortunately there have been few major "catastrophes" from
diffuse pollution, like oil spills or nuclear reactor meltdowns, but
lack of such events often allows a problem to go unresolved until
one does occur.

3. The incentives currently available are not sufficient to control the
problem. A number of political, institutional, and financial barriers
exist that must be removed before existing incentives can work effec-
tively, and in some cases new or additional incentives are needed.
Barriers to control agricultural diffuse pollution include:
a. The lack of education of all sectors of society about the problem,

effective controls available, and methods that can be used to get
BMPs applied.
(1) Previous educational programs have concentrated on edu-

cating the agricultural producer, an important step but an
incomplete one. Effective education for legislators, citizens,
agricultural agencies, marketing associations, and all other
facets affected by agriculture need water quality education
targeted to their particular role/responsibility in solving the
problem.

b. The lack of trained professionals specializing in agricultural water
quality issues at local, state, regional, and national levels.
(!) The "lag-time" or built-in institutional inertia that exists has

hampered agricultural agencies and interest groups and water
quality agencies from taking a strong leadership role in diffuse
pollution control and prevention. A lack of vision and grasp of
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the changing reality of American politics kept some of the
agricultural "institutions" (agencies and special interest and
commodity groups) from taking a leadership role in diffuse-
pollution research, education, and technical training and
assistance. Instead these agencies and groups worked in a
counterproductive fashion to "disprove" the claims of water
quality agencies that agriculture was and could cause a prob-
lem in an effort to "protect" the farmer. The farmer, hearing
conflicting information from many sources and trying to adjust
production practices to a changing market, does not know
where to turn for unbiased, factual, and useful information
(Babcock, 1985).

c. The lack of consistent regulatory "back-up" from the state or
federal level to support local control efforts.
(1) The Clean Water Act explicitly exempts agricultural irrigation

return flow from the federal NPDES system. For many years
people maintained that diffuse pollution from agriculture was
not regulatable. They were only partially correct. Diffuse
pollution from agriculture cannot be regulated under the
NPDES permit system by the federal government, but it can
be regulated by state NPDES permit systems and by other
state regulations. Some states do have laws that deal with
diffuse pollution, most notably erosion and sediment controls
from construction activities, but some states are writing laws
for agriculture, too. In Wisconsin, a number of farmers were
frustrated with their neighbors. Some producers had installed
the needed BMPs, but others would not "comply," even
when substantial incentives (a high cost-share rate) were
offered. As a local initiative Wisconsin passed their "Bad
Actors Law" that provides regulatory backup in the form of
the state NPDES permit requirements for those farmers not
voluntarily installing BMPs (U.S. EPA, 1993).

(2) When considering legislation to "regulate" agricultural NPS
pollution at the federal level, the issues of private land-use
rights and "taking" of private property arise. However, with-
out consistent federal regulation states and local governments,
which are subject to a great deal of public and political pres-
sure, risk losing industry, jobs, or business income from their
state if they pass more stringent environmental laws than their
neighbors. A considerable water quality problem from dairy
waste in Texas is the result of Arizona and California passing
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tough pollution-control laws causing large dairies to move to a
state with a more "favorable" environmental climate (Gordon
and Hansen, 1989).

d. The lack of targeting of resources to the most threatened or im-
pacted watersheds.
(1) For the most part agricultural NPS control programs are

voluntary and thecash costs of BMP installation, mainte-
nance, and management are often not recoverable as cash,
although they are sometimes recoverable through conserving
natural resources (soil, grass, timber) for long-term sustain-
ability of the farming system. Thus each individual land own-
er/user decides which, if any, BMPs will be installed on his/her
property. In making this decision agricultural producers must
factor the economic benefit and cost of any BMP into the
farm’s profit margin. For effective NPS control, those farms
causing the most problem must be targeted for implementation
first. In a purely voluntary program it is very difficult to over-
come the economic forces to achieve this targeting. In addi-
tion, USDA programs are generally designed to "share the
wealth" and provide equal opportunities for cost-share funds
to all producers, regardless of the environmental priority
(Duda and Johnson, 1985; Mass et al., 1987).

e. Conflicting laws and programs of various agencies that work in a
counterproductive fashion.
(1) Programs within many agencies often have conflicting require-

ments. Sometimes even within the same agency or department
laws and programs can be counterproductive. For example,
within the USDA many programs exist that provide farmers
price supports and other financial benefits to produce certain
crops at the highest yield rate regardless of the impacts of
these intensive production systems on the soil, water, or
energy resources, yet other programs provide other financial
incentives to install conservation treatments. Producers cannot
follow the guidelines for conservation programs without
jeopardizing their benefits from the commodity programs
(U.S. General Accounting Office, 1990).

f. Lack of coordination between existing programs resulting in over-
lap or duplication of some efforts and scant attention to other
needed areas.
(1) The laws governing natural resource management (land man-

agement) and environmental quality have not been developed
or implemented in concert with one another. Agricultural laws
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have traditionally been written to stabilize production and
ensure that consumers have a safe, reliable source of inexpen-
sive food and fiber. Even today economic, supply, and demand
concerns dominate agricultural laws and policies. Environ-
mental laws have concentrated on a one-problem, one-solution
type of approach rather than on a more holistic way of man-
aging natural and man-made systems. Current laws have
practically mandated this approach by being narrowly focused
on quick fixes where "nobody gets hurt too much" (a con-
cession to economic realities). These laws have often turned
out not to be fixes at all, but rather redirection of the problem
(U.S. EPA, 1992; Ribaudo, 1985).

g. Lack of support services built into the economy that perpetuate the
BMPs once the incentives have expired.
(1) In areas or watershed where projects to control diffuse pollu-

tion from agriculture have been successfully implemented,
those with long-term lasting results had a number of private
enterprises support the implementation and operation and
maintenance of the recommended BMPs. These companies
supplied services and equipment that individuals could not
afford to own or acquire. Without these services or equipment
there is a tendency to neglect BMP maintenance once the
incentive (cost-share, land easement rental payment) expires.
Some examples include firms specializing in animal waste
lagoon pump-out (cleaning) and land application, companies
that specialize in prescribed burning for brush control and
range management, or professional associations such as the
Association of Independent Crop Consultants, which are
skilled in the use of integrated pest management techniques
(American Farm Bureau Federation, 1992; Gordon and
Hansen, 1989; Alexander, 1993b).

h. The lack of funds for all facets of control programs (education,
technical assistance, cost-share, regulatory aspects).
(1) The extent of the diffuse-pollution problem is such that there

will never be enough state or federal funds available to com-
pletely control the problem in all impacted watersheds. Many
policy analysts maintain that NPS pollution problems should
be treated and funded no differently than point source pollu-
tion problems in which the polluter pays for the costs of
control and adsorbs it as the cost of doing business. Others
believe that because agricultural producers have no way of
passing these costs on to consumers, and since diffuse pol-
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lution is so much more difficult to pinpoint to a particular
location (a single farm) than point source discharges, society
should compensate farmers for their pollution-control efforts
(Harrington, Krupnick, and Peskin, 1985). In most parts
of the United States this second option is most widespread;
however, it has not proved to be fully effective in controlling
the problem.

Once some of the barriers have been lessened the addition of new
incentives and the modification of existing incentives can be used much
more effectively to encourage adoption of BMPs by individuals. Not all
are equally effective, and some are not the politically astute choice in
certain areas, but all should be considered as options. These modified or
expanded incentives can include the following.

1. Education. Programs that target key audiences and tailor both the
message and the method of presentation to that audience are most
effective in eliciting a behavior change.

2. Technical assistance. Involves one-on-one interaction between the
professional water quality person and the farmer, and includes
recommendations about environmental conditions and BMPs ap-
propriate for the specific site in question. It also includes assistance
of on-site engineering or agronomic work during the installation of
BMPs.

3. Tax advantages. Can be provided through state and local taxing
authorities or by a change in the federal taxing system that rewards
those producers who install BMPs.

4. Price supports or subsidies. Crops or agricultural products that
have a distinct water quality benefit and are not currently in the
commodity program could be added to encourage planting or
production.

5. Cost-share to individuals. Direct payment to individuals for the instal-
lation of specific BMPs (for example, terraces) has been effective in
many areas if the cost-share rate is high enough to compensate the
farmer for the perceived and real risk associated with the use of the
BMP.

6. Cross-compliance legislation built into existing programs. Currently
in effect in the 1985 and 1990 U.S. Farm Bills. Generally a type
of quasi-regulatory incentive/disincentive that conditions benefits
received on meeting certain requirements or performing in a certain
way.
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7. Direct purchase of lands contributing the greatest problem or of
riparian corridors for mitigation. Direct purchase of special areas for
preservation has been used extensively by groups such as the Nature
Conservancy. Use of community-owned greenbelts in urban areas is
another variation. Costs of direct purchase are generally high, but
effectiveness can also be exceptional. The practice could be used by
any government or group to obtain control of a certain piece of land
whose owner is not willing to install needed BMPs through the
existing programs.

8. "Oversight/site inspections" in a nonregulatory program. Any in-
dividual, group, agency, etc., will perform better with personal
attention. A powerful incentive for voluntary installation of BMPs
is a site visit by the local, state, or federal regulatory agency to
encourage BMP installation on the visited site.

9. Peer pressure. Social acceptance by ones peers can be a motivational
factor for installation of BMPS by some individuals. If a community
values a clean environment or the use of certain agricultural BMPs,
producers in those communities are more likely to install them.

10. Direct regulation of land-use and production activities. Often con-
sidered to be the option/incentive of last resort, regulatory programs
that are simple, direct, and easy to enforce are quite effective. Such
programs can regulate the type of land use allowed (like zoning
ordinances), or the kind and extent of activity allowed on that type of
land (like pesticide application rates), or set performance standards
for the level of environmental damage allowed from that land activity
(such as retention and reuse of the first inch of runoff from the
property).

11. Consumer demand. Demand for a particular product or for a com-
modity produced in a certain way (organically raised wheat or vege-
tables) can create a market that may pay a premium for items in high
demand.

CONCLUSIONS

Control and prevention of diffuse pollution from agriculture is and will
continue to be a challenge. A number of experimental programs have
documented varying degrees of success. The current programs for non-
point source control from agriculture are just the beginning of a long
process that will require a long-term commitment of time, resources, and
funds from every sector. Obtaining these commitments from agencies
whose missions may not be water quality oriented, and working together
with diverse groups, a great deal can be done.
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Receiving Water Impacts

Problems that are harder to assess and control, such as sedimentation,
nutrient enrichment, runoff from farmlands, and toxic contamination of
fish tissues and sediments, are becoming more evident ....By some extent,

it is certainly true that the more we look, the more we find.

EPA’s National Water Quality Inventory: 1988 Report to Congress

ASSESSMENT OF WATER
QUALITY PROBLEMS

Throughout the late 1970s and early 1980s when the results of the 208
studies were published, using the traditional point source assessment
approaches, researchers and pollution abatement administrators struggled
with the answers to the question "What is the water quality problem
of diffuse pollution?" The following quote taken from Sonnen (1980)
illustrates the dilemma of this post-208 period:

We still have not designed let alone implemented even one monitoring
program based on postulated mechanisms of fundamental physics and
chemistry to demonstrate in one urban area, much less all of them, whether
urban runoff poses a (water) quality problem or not, and to the degree that it
does, what could be done about it.

However, ten years later in 1989, the National Resources Defense Coun-
cil published Poison Runoff (Thompson, Adler, and Landman, 1989)
claiming that, based on the studies of the Resources for the Future, the
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National Oceanographic and Atmospheric Administration, and the U.S.
EPA, diffuse pollution (i.e., poison runoff) contributed to the nation’s
receiving waters the following proportions of pollutants:

90% of total nitrogen
90% of fecal coliform bacteria
70% of chemical oxygen demand
70% of oil
70% of zinc
66% of phosphorus
57% of lead
50% of chromium

According to Poison Runoff, the high levels of nitrogen in urban and
agricultural runoff promotes excess algal growth in streams, lakes, and
estuaries, and the toxic components also diminish the beneficial uses of
bodies of water.

The 1988 U.S. EPA Report to Congress on the state of water quality
of the nation’s waters (U.S. EPA, 1990) provided the statistics on the
impact of various sources of pollution on the nation’s streams and lakes
(excluding Alaska and islands). A quote from the report opens this
chapter. Of the total river kilometers of U.S. streams, 70% were fully
supporting the designated uses (that is, they were considered as unpol-
luted), 20% were partially supporting the uses of the rivers (moderately
polluted) and 10% were not supporting the uses (severely polluted).
Referring to the nation’s inland lakes (excluding the Great Lakes and
Alaska), 74% of lake area fully supported the designated uses, 17% were
partially supporting, and 10% were nonsupporting. The designated uses
were specified by the Clean Water Act (see Chapter 1) and generally
implied attainment of water quality that would support aquatic life,
contact recreation (swimming), and in some special cases, potable use
of water. Tables 12.1 and 12.2 provide a summary of the assessment.
The values reported in the tables are percentages of the impaired river
kilometers or lake areas. Hence to obtain a percentage of the total river
kilometers, the values would have to be multiplied by 0.3 (fraction of
total river kilometers where uses are not being met) and by 0.26 for lakes.

The Great Lakes are the largest freshwater bodies in the world (the
largest lake in the world, the Caspian Sea in the former USSR, is a salt-
water body). They are so large that they should be considered freshwater
seas. However, only 8% of the total shoreline kilometers in the United
States were supporting the designated uses, 18% of the shoreline may
only partially support the designated uses, while 73% were not supporting.
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TABLE 12.1 Causes of Pollution of U.S. Surface Waters

Percent of River Kilometers
Percent of Lake Surface

Affected by Source
Affected by Source

Pollution Cause Moderately Severely Moderately Severely

Siltation
33 9 18 8

Nutrients
22 4 33 13

15              7              8              2
Pathogens 3 16 4

Organic enrichment
11 5.5 2

8 1
5 1

Pesticides 9 5 3
Metals 2.5 7.5

Suspended solids
5 4 2
5.5 2 0.5

Salinity 5 2.5 12

Habitat modification

Source: After U.S. EPA (1990).

TABLE 12.2 Adverse Water Quality (Pollution) Impact of Sources

Percent of River Kilometers
Percent of Lake Area

Affected by Source
Affected by Source

Pollution Source
Moderately Severely Moderately Severely

Agriculture
40 15 27 14

Municipal (POTW)
13 5 5 2

8              3               2              0
Mining 4 16 2

Habitat modification
12

3 3 0.5

Urban storm runoff
7 1.5 0
4 O.5 O.5

Silviculture 3 3
Industrial

7 2 0

Construction
5 1.5 1

Land disposal of waste
4 1 4

3            1           <0.5          0
Combined sewers

Source: After U.S. EPA (1990).

Priority (toxic) organics are by far the most extensive cause of impair-
ment of Great Lakes water and biota quality. Metals were also reported

s as a source of impairment, with nutr.ients and organic
by the state .... ,_A ~;,=,~ s contributors to the im-
e~arichment/low dlssolvea oxygen a~bu ~.L,~,, a

pairment of use.Based on the 1988 EPA Report to Congress, of the U.S. coastal
waters in late the 1980s, 72% were fully supporting the designated uses,
23% were partially supporting, and 6% were not supporting. Nutrients,
pathogens, and organic enrichment were listed as the three major causes
of impairment of the coastal shore waters. Unlike the inland waters, for
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which agriculture was the major polluting land-use activity, urban point
sources (POTW effluents), mining, urban storm runoff, CSOs, and land
disposal of wastes were the four major sources responsible for about 90%
of impairment (pollution) of coastal water, all of which are related to
urban land use and urbanization.

As pointed out in Chapter 1 diffuse-pollution problems are not limited
only to the United States. The North Sea and shorelines of the Adriatic
and Mediterranean seas are grossly polluted by the impact of nutrient
discharges, to the point that beaches are closed for swimming and fish is
contaminated and unfit for human consumption. Many rivers in Europe,
Latin America, and Asia are extremely polluted by waste discharges
from a variety of sources. Due to inadequate sanitation in undeveloped
countries, urban runoff may contain sewage and gray wastewater (do-
mestic wastewater without fecal matter), which is still being discharged
into drainage systems.

A number of researchers have tried to define the impact of diffuse
pollution on receiving waters. The impact is different depending on
the state of the drainage system development, degree of urbanization
expressed by the percent imperviousness of the urban area, land-use
distribution, hydrologic and hydraulic characteristics of the body of
water, use and type of chemicals for fertilization of soil and pest control,
and other factors. For example, Novotny (1985) related the water quality
impact to the degree of watershed development, which was discussed
previously (Chaigter 1).

Myers et al. (1985) summarized the EPA’s data and reports on the
magnitudes of nonpoint pollution and their water quality impact. The
authors emphasized that substantial water quality benefits can be achiev-
ed by targeting the resource to lands and land uses that are most pollut-
ing. Such land uses include urban and highway construction. Agricultural
activities were found to be the main contributors of nonpoint pollution,
followed by urban runoff.

Urban runoff has been identified as a major source of toxics, including
toxic metals and petroleum hydrocarbons; however very little was known
about the long-term effects of these substances on the biota of the re-
ceiving bodies of water (U.S. EPA, 1983; Torno, 1984; Niedzialkowski
and Athayde, 1985). The NURP study identified receiving water quality
problems associated with urban runoff. Frequently, discharges of urban
runoff are the cause of streams and rivers exceeding heavy metal ambient
water quality criteria for freshwater aquatic life. Copper, lead, and zinc
appear to pose a significant threat to aquatic life in some urban areas of
the United States. On the other hand, organic priority pollutants in urban
runoff do not appear to pose a general threat to freshwater aquatic life.
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Several NURP projects identified possible problems in sediments
because of the buildup of priority pollutants contributed wholly or in part
by urban runoff. However, there are only a few studies on this topic,
and these are limited in scope, so the findings must be considered only
indicative of the problem. Further studies are therefore needed, par-
ticularly regarding the long-term impact.

Nutrients in urban runoff may accelerate eutrophication problems and
severely limit recreational uses, especially in lakes. However, the NURP
lake studies indicated that the degree of beneficial use impairment varied
widely, as did the significance of the urban component. Coliform bacteria
discharges in urban runoff can have a significant negative impact on the
recreational use of lakes.

Adverse effects of urban runoff in marine waters were found to be a
highly specific local situation. Though estuaries and embayments were
studied by NURP to a very limited extent, they were not believed to be
threatened by urban runoff, though specific instances where use was
impaired or denied could be of significant local or regional importance.
Coliform bacteria present in urban runoff could have a direct impact on
shellfish harvesting and beach closing. The significant impact of urban
runoff on shellfish harvesting was identified in the Long Island, New
York, NURP project. The specific and detrimental impact of diffuse
pollution on Chesapeake Bay was covered in Chapter 1. It should be
pointed out, however, that the NURP studies focused on urban runoff
only, primarily on its surface flow component, and did not include mixed
overflows from the combined sewers or subsurface flows from septic
systems.

In the conclusion of their nationwide assessment, Heaney and Huber
(1984) stated that:

1. Documented studies of the impact of urban runoff and combined
sewer overflows on receiving waters are scarce.

2. Numerous definitions of the terms "impact" and/or "problem" exist.
3. Receiving waters that were included in the evaluations ranged from

small creeks and ponds to large estuaries and oceans. No cle.ar line of
demarcation exists to distinguish the urban drainage systems from the
receiving bodies of water.

4. Some evidence was gathered that linked fish kill and beach closing
to discharges of urban runoff and overflows. Such evidence was
weak.

5. The studies of dissolved oxygen downstream of urban areas have
produced the most definitive information on the impact of urban
runoff on water quality. However, the impact is primarily on dampen-
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TABLE 12.3 BOD and Nitrogen Concentration in Border
Points of Some Czech Rivers

Concentration (mg/l)
River Border
Crossing BOD_~ NO~- NH~

Labe (Elb¢) 6.6 19.4 2.67
Morava 9.7 17.4 0.91
Dyje (Thaya) 8.8 37.5 1.7
Odra (Oder) 9.8 19.5 7.58

Source." Data from Ministry of Environment (1991).

ing of diurnal fluctuations of dissolved oxygen concentrations and less
on actual reduction of the average daily concentrations.

PLUARG (Pollution from Land Use ActivitiesmReference Group)
activities were reviewed by the Nonpoint Source Task Force of the Water
Quality Board of the International Joint Committee (IJC) (1983), which
stated that the major sources of water quality degradation are loading of
phosphorus and toxics, but that urban runoff pollution has only local
impact and does not constitute a significant problem on a lakewide basis.

Although the information on the impact of diffuse pollution in North
America is most extensive, in the world context it is not the most severe
one. For, example, almost 56% of all major streams in the Czech Republic
have been classified as unfit for most uses (Ministry of the Environment,
1991). Average concentration of pollutants in major rivers leaving the
Czech Republic measured at the border sections were as documented in
Table 12.3. The water quality of these rivers is comparable to treated
sewage without nutrient removal. The rivers are also heavily contamin-
ated by toxic organic chemicals and metals. The extremely high nitrate
content of the Czech rivers is attributed primarily to excessive use of
chemical fertilizers and discharges of untreated or marginally treated
urban and industrial wastewater.

THE AQUATIC ECOSYSTEM

Basic Interrelationships

The goal of all our water quality protection, restoration, and pollution
abatement activities is to restore, protect, and enhance the ecosystems or
ecology. The ecosystems can be divided into two components, the biotic,
or living, and abiotic, or nonliving. Ecosystems are considered to be in a
dynamic equilibrium with their inputs and surroundings. When one of the
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inputs is changed, the ecosystem will readjust to a new equilibrium.
Typical aquatic ecosystems are rivers, lakes, wetlands, estuaries, or soils.

The hydrodynamical, biological, and chemical processes in aquatic
systems cannot be separated and must be treated simultaneously. Study-
ing water quality changes resulting from diffuse inputs requires multi-
disciplinary approaches. It is beyond the scope of this book to cover the
details of these processes, and the reader is referred to monographs
(Stumm, 1985; Krenkel and Novotny, 1980) for further review.

Sun energy reaching the aquatic ecosystems is the primary input.
However, other energy inputs, such as organics in waste discharges, or
waste heat from cooling-water discharges, can contribute significantly to
the overall behavior and composition of these systems. The equilibrium
behavior of the components of the ecosystem is also affected by the
presence or absence of various elements, chemicals, or other compounds
that stimulate the growth of biotic components, or compounds that
retard the growth, damage, or kill the organisms. The former category of
chemicals is called nutrients or food, the latter include toxic (carcinogenic
or noncarcinogenic) compounds. The biotic components of aquatic
ecosystems and their role can be divided into three groups of organisms.

Producers and productivity. Producers can accept inorganic materials
and energy from the sun to produce new organic matter. The process is
called photosynthesis, and the group of participating organisms are known
as autotrophic. These include green aquatic plants attached to the bottom
or vascular aquatic plants and microscopic floating planktonic organisms
known as phytoplankton. A special group of microorganisms utilizing
energy obtained from the oxidation of reduced chemical compounds
(such as the oxidation of ammonia to nitrite and nitrate by Nitrosomonas
and Nitrobacter) are called chemotrophs.

The photoautotrophs and chemotrophs use carbon dioxide or alkalinity
as their sole carbon source and form new organic matter. The organisms
also require nutrients, such as nitrogen, phosphorus, and trace elements.
Typically in aquatic ecosystems the quantities of trace elements are in
abundance; however, nitrogen, phosphorus, or sometimes alkalinity may
be in a short supply. The nutrient that is in the shortest supply is called
the limiting nutrient because its quantity affects the rate of production
(growth) of organic matter by the producers. Water bodies may be
carbon (alkalinity) limited if alkalinity is very low--few mg CaCO3/1;
however, most of surface-water bodies are either phosphorus (most of the
inland lakes) or nitrogen (some estuaries and rivers) limited.

To control the eutrophication process (see the subsequent section) the
control should be focused on the limiting nutrient, but this should not be
considered as a strictly to obey rule. For example, if nitrogen is the
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limiting nutrient, it still may be more efficient to control phosphorus loads
if nitrogen originates from difficult to control sources, such as nitrates in
ground water. For most inland lakes phosphorus is the limiting nutrient.
To determine whether nitrogen or phosphorus is limiting the productivity
(eutrophication) of a particular body of water, one can plot the nitrogen
concentrations versus the consequent phosphorus concentrations on an
arithmetic plot. The straight line of the best fit will intercept either the
nitrogen or phosphorus abscissa. The nutrient that at low concentrations
is exhausted first (zero or negative intercept on the abscissa) is then the
limiting nutrient.

The total nitrogen to total phosphorus ratio may also determine what
algae may prevail. For example, nitrogen-fixing blue-green algae might be
favored during periods of low nitrogen content (N:P < 10"1). The
nitrogen-fixing capability of some algae is another reason why limiting
phosphorus inputs is usually the only practical solution to the excess
productivity of water bodies, which results in accelerated eutrophication
(U.S. EPA, 1990).

In the photosynthetic (chemosynthetic) reactions organic matter and
oxygen are produced. Stumm and Morgan (1962) in a classic paper
proposed the following stoichiometric representation of the production
of organic matter by aquatic autotrophs. Another, slightly different
modification of the equation was presented by Schindler (1985) and
others.

106CO2 + 90H20 + 16NO~- + PO43- + light energy

= C106H180Oa5N16P ÷ 15402 (12.1)

It should be pointed out that phytoplankton can utilize both ammonia
(NH~) and nitrate (NO~-) forms of nitrogen in the photosynthetic
process.

This equation indicates that under abundant light and alkalinity con-
ditions, one atom of phosphorus or 16 atoms of nitrogen (whichever
nutrient is limiting) will produce 154 moles of oxygen. Less oxygen
(about 106 moles of 02) is produced if ammonia is substituted for nitrate
in Equation (12.1). The productivity relation can be illustrated by the
following example.

Example 12.1" Oxygen and Organic Matter Production by Photosynthesis

Lake concentration of phosphate-P was measured as lmg P/1. Estimate
the amount of organic matter and oxygen produced by photosynthesis
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stimulated by the phosphate nutrient, assuming that other nutrients
(inorganic carbon and nitrogen) are not limiting.

Solution Equation (12.1) states that 1 mole (or millimole) of phosphate
will approximately stimulate growth of one (pseudo-) mole (millimole) of
organic matter and 154 moles (millimoles) of oxygen. The atomic weights
are hydrogen, H = 1, carbon, C = 12, nitrogen, N = 14, oxygen, O = 16,
and phosphorus, P = 31.

This calculation follows the following stoichiometric relationship
derived from Equation (12.1):

P concentration (mg/1) organic matter production (mg/1)

[P] [Clo6H180045N16P]

oxygen production (mg/1)
154 [02]

Then lmg P/l/[P] = 1/31 = 0.0323 m mole/1.
The molar weight of organic matter is

[Clo6H18oO45N16P] = 106 x 12 + 180 x 1 + 45 x 16 + 16 x 14
+lx31

= 2427

Hence 1 mg P/1 will stimulate production of

0.0323 x 2427 = 78.4mg/1 of organic matter

The molar weight of produced oxygen is

154 [02] = 154 × 2 × 16 = 4928

Oxygen production is then

0.0323 x 4928 = 159mg/1

Such production of oxygen would result in the supersaturation of water
by oxygen, and the excess oxygen would eventually be lost by deaeration.

The producers are essential building blocks in the construction of basic
primary organic matter and the only organisms that can covert inorganic
materials into organic tissue. Since these organisms need sunlight, they
are productive in the well-lighted upper zones of bodies of water called
the euphoric layer, which represents the depth of effective light penetra-
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tion for photosynthesis. This depth depends on turbidity of the water
(Fig. 12.1). In the absence of light energy (during night hours or in the
deeper, profundal zones of bodies of water) the process is reversed and
the organisms use oxygen to sustain their living process. This is called
endogenous respiration.

Consumers and transformation of produced organic matter. Consumers
are organisms that utilize organic carbon as their source of energy. Ap-
parently these organisms depend on the producers for their nourishment.
The primary consumers can use the produced algal and plant tissues
and other biomass directly, while secondary consumers receive their
nourishment by feeding on primary or smaller secondary consumers.
Organisms relying on organic carbon as their source of energy and nour-
ishment are called heterotrophic.

The producers and consumers form a food web. This chain has several
trophic levels, starting with phytoplankton as level I, zooplankton feeding
on algae (herbivous zooplankton) as level II, followed by plankton-eating
microorganisms (carnivous zooplankton) as level III, and continuing to
higher levels of invertebrates, insects, fish, and ending with fish- and
shellfish-eating fowl and man (Fig. 12.2). Of interest to water quality is
bioaccumulation and biomagnification of some compounds as they are
transferred throughout the food web from the lowest trophic levels to the
highest with consequent increase of body tissue concentrations of the
compounds in each trophic level. The phenomenon of bioaccumulation
and biomagnification is discussed in the next chapter.

Decomposers and decomposition of organic matter. Decomposers are
the organisms, primarily bacteria and fungi, that can decompose organic
matter to basic minerals and organic residues that may then become
available again to the producers. Organic matter decomposed by the
organisms originate from dead bodies and cellular tissues of all organisms
and from excreta and organic byproducts of living processes. Decompos-
ing organisms are also heterotrophic.

The character and intensity of the decompositon process depends on
the availability of dissolved oxygen. If oxygen is in abundance, then de-
composition is aerobic. The stoichiometric representation of the aerobic
decomposition is a reverse of Equation (12.1), or

131    )
CaHbOcNaPe ÷ a + -~b + -~c - -~d + 2e O~

= aCO2 + ~H20 + dNO;- + ePO3~- (12.2)
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Decomposition in the water column is usually aerobic. In the absence of
oxygen decomposition, it may be anoxic or anaerobic. In anoxic de-
composition oxygen is supplied by the reduction of oxidized compounds,
such as nitrates (NO~-) and sulphates (SO£-). The end products are the
same as during aerobic decomposition.

In anaerobic decomposition, which is typical for sediments, organic
matter is broken down by bacteria into methane, carbon dioxide, and
ammonia. This process is called diagenesis. The anaerobic decomposition
in sediments is a complex process that progresses in several stages. The
intermediate products of the decomposition are fatty and other organic
acids. Methanogenesis, that is, the formation of methane in addition to
carbon dioxide and other byproducts is the final process of the anaerobic
decomposition of organics in sediments. In freshwater sediments those
products are formed from methyl carbon of acetate (Rudd and Taylor,
1980). Methane is released from the sediments into the overlying water
by diffusion and ebullition.

Using Stumm and Morgan’s representation of chemical composition
of the algal organic biomass the stoichiometric balance of anaerobic
decomposition can be represented as follows:

Clo6Hls0045N16P + 53~-H20--~ 47~CO2 + 58~CH4 + 16NH3 + H3PO4
(12.3)

This equation is only an approximation of stoichiometric proportions and
does not represent the biochemical process itself, which is far more
complex and progresses in several stages (acidic and methane fermenta-
tion). However, using this approximation for aquatic organic sediments
one could deduce that after the decomposition is completed the molar
proportions of methane and carbon dioxide evolution are about the same
and that the methane carbon is about one-half of the organic carbon load.

From sludge digestion studies it is known that not all organic carbon is
converted to methane or other mineral products. The proof is in coal
deposits that resulted mostly from the anaerobic decomposition of plants
millions of years ago. A significant fraction of sedimentary organic matter
is either inert or refractory (decays at a very slow to negligible rate).
Foree, Jewell, and McCarty (1971) measured the inert-refractory frac-
tion of decomposition algae and found that on average 50% of organic
carbon, nitrogen, and phosphorus incorporated in algal biomass is refrac-
tory under aerobic conditions, and 40% of organic carbon and phospho-
rus and 60% of algal nitrogen is refractory under anaerobic conditions.
Wide ranges of refractory-inert fraction values were measured in the
experiments.
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The fraction of inert organic solids also depends on the type of solids.
For example, bottom sediments in the Milwaukee harbor contain organic
solids from combined sewer overflow, urban runoff, and upstream algae
and organic detritus. It was found that most of the inert organic matter
originated from the CSOs and urban runoff, while most solids from
upstream algae development were biodegradable (Anon., 1987).

Robertson (1979) and Rudd and Taylor (1980) found that for lake
sediments (mostly of algal origin) the range of methane carbon release to
carbon input varied from 0.36 to 0.6. They also concluded that methane
production is correlated to the rate of organic carbon input to the sedi-
ments, and the rate is not strongly affected by temperature.

The dissolved methane released from the anaerobic zones is oxidized
in the oxic-anoxic sediment-water interface layer. In freshwater sedi-
ments most methane oxidation is aerobic and hence exerts sediment
oxygen demand (SOD). In marine sediments, oxidation may be anoxic,
using oxygen from sulphates and nitrates. Since methane has a relatively
low solubility in water, most of it may escape into overlying water by
ebullition, where part of it may dissolve and become a part of the pool
of the dissolved organic carbon that may be oxidized bv heterotrophic
bacteria and exert an oxygen demand. This addition to the dissolved
carbon pool of the water column should not be omitted. It should be
noted that the present standard methods for biochemical oxygen demand
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analysis require aeration of the samples, which may strip out the dis-
solved methane. Figure 12.3 shows the interrelationships in carbon and
nutrient transport and the participating organisms in water-sediment
systems. Such aquatic systems include lakes, wetlands, estuaries, and slow
moving (impounded) rivers.

The relative distribution of producers, consumers, and decomposers
depends on the type and amount of energy stored or entering the system.
Different types of organisms will be emerging, growing, and dying at
rates affected by ambient conditions. The overall growth rate for each
group of organisms is a summation of their growth rate, death rate,
and grazing by other organisms. If a body of water initially possesses a
small number of consumers and decomposers, producers will develop,
sometimes in very large numbers, depending on the optimal energy of the
sun and the amount of mineral nutrients. As the overall organic matter
concentration increases, consumers and decomposers develop, and when
the energy inputs diminish, the decomposers liquidate the remaining
biodegradable organic matter.

Several other definitions should be mentioned (Krenkel and Novotny,
1980):

The overall rate of organic matter production of a body of water in
mg/m2-day, or a similar unit, is called productivity, while primary
productivity refers to organic matter production by producers only.

Plankton are organisms of small size that drift on the water and are
subject to the action of the water. They may be defined further as
phytoplankton, or photosynthetic planktonic organisms, and zooplank-
ton, or animal plankton. As pointed out, phytoplankton represents
the first trophic level, while zooplankton, which graze on phytoplank-
ton, are the second trophic level.

Nekton are organisms of larger size, such as fish and insects, that swim
freely and determine their own distribution in water, while seston are
nonliving and living bodies of plants and animals that float or swim in
the water.

Peryphyton are attached organisms, as are sessile organisms.
Benthos is the living and nonliving parts of the bottom sediments.
Invertebrates are a group of small multicellular organisms that are more

complex than plankton. They can range in size from microinverte-
brates (such as protozoa) to macroinvertebrates (such as larvae and
worms). The benthic macroinvertebrates are of great importance in
studying the pollution effects and impact of various remedial measures.
These organisms are typically sedentary and live for an extended
period of time (months to years). Hence, their occurrence and abun-
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dance reflects the biochemical-ecological status of the body of water,
and their presence is commonly used by limnologists for determining
the health (integrity) and/or the de~ree of pollution of a body of water.

Mason (1991) has described in detail the effects of pollution and other
water quality alterations on the biota of impacted aquatic systems. Such
impacts may be reversible or irreversible.

Integrity of Surface-Water Bodies: Ecoregional
Approaches

Integrity of Aquatic Ecosystems
The objective of the water pollution control policies in the United States
expressed in the Clean Water Act is to restore and maintain the chemical,
physical and biological integrity of the Nation’s waters (Clean Water Act,
Sec. 101(a)). When this definition is tied to ecological systems, the term
integrity has been defined as the ability to support and maintain "a
balanced, integrated, adaptive community of organisms having a species
composition, diversity, and functional organization comparable to that of
natural biota of the region" (Karr and Dudley, 1981).

Recent policy changes of the U.S. Environmental Protection Agency
have recognized the fact that surface-water bodies differ among them-
selves and that there is a regional clustering of their ecological character-
istics. Aquatic ecologists have recognized that there is a natural physical-
chemical-biological variability in and among the bodies of water. Swamps
and low pH bogs, for example, exhibit low dissolved oxygen levels that
are unrelated to human activities (Karr et al., 1986). When metallic
ores reach the land surface, higher metal concentrations can be found
in surface waters. If the water quality standards that are in force do
not recognize this natural variability, water quality regulators may find
themselves enforcing the unenforceable. Karr et al. (1986) have stated
that regulations are still being governed by point source (NPDES) per-
mits that rely on monitoring of chemical and toxic concentrations and
overlook perturbations whether they are caused by natural factors or
by humans. When diffuse pollution is considered, in addition to or in
a combination with point pollution, the integrity of the body of water
has to be considered, and the water quality goals of abatement must
be formulated in a bioregional context, including natural (background)
loads.

An aquatic system is in a quasi-equilibrium with the boundary stresses
on the system and its internal perturbations, which change as a result
of natural and cultural factors. In Chapters 1 and 2 it was shown that
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ecosystems have changed throughout the history of man (thousands of
years) and even more so throughout geological history (millions of years).
Although many environmental factors have been instrumental in the
evolution of an aquatic ecosystem, Karr et al. (1986) have documented
that these factors can be grouped into five major classes (Fig. 12.4).
Altering any of these factors and parameters will have an impact on the
ecosystem and the biota, which is its integral component. As is pointed
out in Chapter 15 on system restoration, to achieve an improvement in
the integrity of an aquatic ecosystem the perturbed processes and factors
must be identified in all five classes. This obviously leads to an integrated
approach to point and nonpoint pollution abatement.

Figure 12.4 also indicates why a single-factor, simplistic approach may
fail in an attempt to remedy water quality and the ecological integrity of
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the aquatic system. For example, take a riverine system that is stressed
by point source discharges of typical wastewater and nonpoint source
discharges of nitrate and phosphate. Without an abatement the river will
exhibit low dissolved oxygen levels and a shift to excessive heterotrophic
microbial populations (decomposers and grazing zooplankton). These
microorganisms typically keep the algal population in check. Focusing
on point source control may improve the dissolved oxygen problem
and reduce the undesirable excessive heterotrophic microbial and zoo-
plankton population; however, the nutrient levels in the stream may
cause nuisance development of algal-dominated biota and an excessive
primary production of organic matter, creating algal blooms, and hence
negating the benefits of the point source cleanup effort. In spite of large
expenditures for point source cleanup of biodegradable organics (BOD)
such streams, besides being unsightly, may not be fit for many mandated
uses, including swimming (swimmers may get a rash from enzymes pro-
duced by algae), fish (fish-kills may occur as a result of low dissolved
oxygen caused by algal respiration), and drinking (the taste and color
of the water may be severely impaired). In this case, the cleanup effort
must include a reduction of nutrient inputs and development of riparian
(stream-bordering) and in-stream habitats that are suited to enriched
biota. The effects of nutrients can also be reduced by planting shade trees
along the river, which restricts the light and limits the growth of algae.

Ecoregions. The work at the U.S. Environmental Protection Agency
by Omernik (1987) and others (Gallant et al., 1989) resulted in a division
of the conterminous United States into a number of geographical-ecolo-
gical subunits that exhibit relative homogeneity in ecological systems
(Fig. 12.5). These ecoregions are typically different from other geogra-
phical units such as physiographic units that are based strictly on land-
surface forms or hydrological watershed units. The ecoregional map and
ecoregional delineation are based on the premise that regional patterns of
environmental factors would be reflected in regional patterns of surface
quality. The factors that affect the extent of an ecoregion include, among
others, land-surface forms, potential natural vegetation, soils, and land
use. The boundaries between the ecoregions should not be viewed as
abrupt changes, since they are basically subareas of change from one
ecoregion to the next one. The homogeneity within the ecoregion is
only relative. There is less variability within an ecoregion than between
ecoregions.

The ecoregional concept is used for many cartographic purposes deal-
ing with natural resources, including water quality. For example, it
is assumed that attainable biological and chemical quality within the
ecoregion can be approximated by measuring the physical, chemical,
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and biological quality of the streams draining watersheds that are rep-
resentative of the natural environmental characteristics typifying the
region and subject to the least possible human interference. Such streams
and lakes constitute reference bodies of water. The degree of water quality
deterioration can be ascertained by comparing the biology and chemistry
of the water body of interest with the reference body of water of the same
character located within the ecoregion. Preserving and protecting the
undisturbed "reference reaches" should receive the highest priority by
federal and state pollution-control agencies (Committee on Restoration
of Aquatic Ecosystems, 1992).

Measures of Biotic Integrity
A healthy surface-water body provides a habitat to many species. However,
specific species distribution exhibits geographic variability that reflects the
ecosystem equilibrium with boundary inputs. The natural inputs that
control the species distribution are meteorology, geography, latitude,
elevation (both elevation and latitude affect some meteorological param-
eters), stream or lake morphology, stream habitat alterations by
man, and water chemistry.

Water contamination will alter the species distribution and their
abundance. Some organisms are more tolerant to pollution and, hence,
they may develop in larger numbers, while the less tolerant will diminish.
This is the principle behind several species diversity indices that have
been used for water quality assessment (Krenkel and Novotny, 1980;
Mason, 1991; Karr et al., 1986).

Use of biological indices for assessing water quality and the health
(integrity) of the biota dates back almost 100 years. The earliest proposed
biotic index was the saprobien system of Kolkwitz and Marson (1908). In
this system indicator organism species are assigned a saprobien value
ranging from 1 to 4-7 (depending on the classification) and a weighted
average (depending on the abundance of the organisms), then expressing
the saprobien index. The original system recognized four saprobien
classes of quality related to the state of decomposition of organic matter.
An oligosaprobic classification reflects the cleanest water quality, cor-
responding to unpolluted natural waters, while a polysaprobic charac-
terization reflects highly polluted waters; a and ~3-mezosaprobic are
intermediate classifications. Shide~ek (1979) reviewed this system and its
modifications. The saprobien system is widely used in Europe. In fact,
water quality standards in most European countries have been based on
and related to the four classes of the saprobien system.

Species diversi& indices have been developed in the United States and
are used to measure the stress of an ecosystem. It is considered that in
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unpolluted systems a large number of organism species coexist, with
no single species dominating. When the ecosystem becomes stressed
by contamination, species sensitive to that particular stress will be elim-
inated, thus reducing the variety of the biota. In addition, certain species
may be favored, thus increasing in numbers. This system appears logical,
however, Karr et al. (1986) pointed out that combining species richness
with species abundance can yield ambiguous results and may prove
difficult to interpret. Species diversity indices were reviewed by Krebs
(1989). A relationship between water quality and diversity indices is
difficult to establish.

Two biotic integrity indices have recently been developed and in-
troduced in the United States. These indices have the advantage of
detecting impacts that do not reflect on the chemistry of the receiving
body of water, such as channelization of the stream. These systems
measure the response of fish or benthic macroinvertebrate communities.
The first system by Karr et al. (1986) uses fish as biological monitors. The
second system uses macroinvertebrates.

The Index of Biotic Integrity (IBI) by Karr et al. (1986) uses measure-
ments of the distribution and abundance or absence of several fish species
types listed in Table 12.4. The fish samples are obtained by electrically
shocking the sampling reach (fish is not killed). The Index of Biotic
Integrity is a comparative index in which the measurements in a test reach
of the particular body of water of interest are compared with fish distribu-
tion in reference to unimpacted, undisturbed reaches within the same
ecoregion (Karr et al., 1986; Rankin, Yoder, and Mishne, 1990). Pre-
sumably, these reference bodies of water should exhibit no or minimal
human impact. Table 12.5 and Figure 12.6 show the conceptual response
of fish communities to various stresses and the ranges of the IBI for the
five integrity classes. IBI of less than 12 implies that no fish were found by
repeated sampling.

IBI relies on multiparameters, since the fact that the ecosystems to be
evaluated are complex. It requires professional judgment and appropriate
sampling methodology. As with any other biological tool, IBI must be
used appropriately. IBI does not replace chemical indices and evaluation
of chemical water quality, but it does provide a long-term picture of
impacts, including those that are undetectable by chemical methods.
Ideally, IBI can be correlated to chemical water quality, as indirectly
indicated in Table 12.5.

It has to be pointed out that in addition to the variation among ecore-
gions, the fish population and number of fish species are a function of
the stream order (headwater streams with no tributaries have order 1,
streams with one or .more first-order tributaries have order 2, streams
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TABLE 12.4 Metrics Used to Assess Fish Communities in the Midwestern United States

Scoring Criteria~

Category Metric 5 3 1

Species richness and 1. Total number of fish species Expectations for metrics 1-5 vary with stream
composition 2. Number and identity of darter species size and region and are discussed in the text

3. Number and identity of sunfish species
4. Number and identity of sucker species
5. Number and identity of intolerant species
6. Proportions of individuals as green sunfish 5% 5-20% >20%

Trophic composition 7. Proportion of individuals as omnivores~’ " <20% 20-45% >45%

8. Proportions of individuals as insectivo~ous <45% 45-20% <2(}%

cyprinids
9. Proportion of individuals as piscivores >5% 5-1% < 1%

(top carnivores)

Fish abundance and condition 10. Number of individual in sample Expectations for metric 10 vary with stream size
and other factors and are discussed in the text

11. Proportion of individuals as hybrids 0% >0-1% > 1%

12. Proportion of individuals with diseases, 0-2% >2-5% >5%

tumors, fin damage, and skeletal
anomalies

Source: After Karr et al. (1986).
"Ratings of 5, 3, and ! are assigned to each metric according to whether its value approximates, deviates somewhat from, or deviates strongly from the value
expected at a comparable undisturbed reference body of water.
t’ Omnivores are defined here as fish species with diets composed of >25% plant material and >25% animal material.



TABLE 12.5 Conceptual Model of the Response of Fish Community as Portrayed by the Index of Biotic Inlegrity

Severely Degraded Moderate Impact Least Impacted
Integrity Class (Very Poor) Degraded (Poor) (Fair) Enrichment (Good) (Excellent)
Total IBI Score 12-22 28-34 40-44 48-52 58-60

Community No community Poorly organized Reorganized Good community Highly organized
conditions, organization--few community--few community-- organization--good community--
characteristics or no species, very species, low tolerant species, numbers of insectivores, top

low numbers most numbers tolerant intolerant in very sensitive species, carnivores,
tolerant only, high species only, many few numbers, some intolerant, intolerants
percentage of anomalies, fish omnivores trophic structure predominate, high
anomalies, diseases dominated by predominate, older shows some signs of diversity

omnivores age classes of top stress
predators rare

Chemical conditions Acutely toxic Low dissolved Low dissolved Adequate dissolved No effects evident,
chemical conditions oxygen with oxygen, nutrient oxygen, no acute/ background

chronic toxicity enriched, no chronic toxicity conditions within
recurrent toxicity effects, elevated the ecoregion, good

AND/OR nutrients dissolved oxygen
Physical conditions Total habitat loss, Severe habitat Modified stream Good habitat, no Excellent habitat, no

extremely degradation, severe channel, heavy significant channel modification
contaminated sediment siltation, canopy modifications evident
sediments contamination removal

Example of          Toxic discharges,      Municipal and         Municipal sewage,     Minor sewage inputs, No or minimal
perturbation         acid mine drainage,    industrial             combined sewers,      most agricultural      human impact, no

severe thermal discharges, heavy agricultural and urban storm- perturbation
stress, anoxic intermittent acute use, nonacid mine water diffuse point evident, reference
hypolimnetic impacts drainage, moderate affected areas assessment reaches
discharges thermal stresses

Sour~’es."    Aftcr Katr el al. (1986) and Rankin, Yodcr, and Mishne (1990).
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FIGURE 12.7. Biotic integrity (IBI) response to different levels of stress.
(After Ohio EPA, 1987.)
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with one or more second-order tributaries have order 3, and so forth)
as shown in Figure 12.7. It is known that the total number of fish and
the species richness vary with the stream size within the ecoregion.
Unfortunately, most of the undisturbed reference reaches in most popu-
lated ecoregions are small headwater streams. Therefore, when assessing
the streams a judgment must be made on the richness of the most
probable species of higher order streams as indicated in Figure 12.7.

The Invertebrate Community Index (ICI), proposed by the Ohio
Environmental Protection Agency (Ohio EPA, 1987), is a modification
of the IBI index. This report contains extensive guidelines on the use
of biotic indices and criteria. Use of macroinvertebrates has some advan-
tages over fish sampling, as shown in the following list (Mason, 1991;
Ohio EPA, 1987)"

1. Macroinvertebrates form permanent, relatively immobile communi-
ties.

2. Microinvertebrates can be easily collected and are present in large
numbers in even the smallest of streams.

3. They can be easily sampled at a low cost.
4. They occupy all stream habitats and, even within family and generic

grouping, display a wide range of functional feeding preferences (i.e.,
predators, collectors, shredders, scrapers).

5. They are quick to react to environmental change and are incapable of
escape.

6. They inhabit the middle of the aquatic food web and are a source of
food for fish and other aquatic and terrestrial animals.

7. Taxonomy has developed to the point where species-level identifica-
tion of many larval forms are available along with much environ-
mental and pollution tolerance information.

It should be pointed out that the saprobien system of Kolkwitz and
Marson uses extensively benthic macroinvertebrates as test organisms.
Publications by Sl~ide~ek (1979) and Mason (1991) list pollution tolerance
levels (saprobien numbers) for a number of benthic invertebrates. The
Ohio EPA’s system uses the following organisms as indicators of poilu-
tion: dipterans, mayflies, caddisflies, midges, plus other location-specific
tolerant organisms, such as worms, snails, and mollusks.

The toxicity impact of various constituents on aquatic biota was in-
corporated into the formulation of chemical water quality criteria (U.S.
EPA, 1987; also, see Chapter 13). The IBI and ICI indices also enable
formulation of the ecoregional water quality criteria once the relationship
between the water quality and habitat degradation and pollution loads is
established. Following this concept a proper and attainable use of the
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body of water can be determined by use attainability analysis, which is
mandated by the Clean Water Act. This concept is introduced in Chapter
16.

Biological Criteria

Until recently the methods used to achieve water quality goals were based
primarily on chemical and toxicological criteria (see the Appendix).
Recent emphasis on the biological criteria in the United States (note that
the biological criteria based on the saprobien concept have been used in
Europe for a long time) make aquatic life protection the focus. Several
states have adopted the biotic criteria in their water quality assessment
and plans. At the time of writing this book Ohio’s approach appeared as
the most progressive and advanced (Ohio EPA, 1987).

The use of biological communities, particularly fish and macroin-
vertebrates, offers a holistic system approach to surface-water quality
assessment and management. Aquatic organisms not only integrate a
variety of environmental influences, but complete their life cycles in the
body of water and by so doing are continuous monitors of environmental
quality.

Biological criteria can be developed using the biosurvey/ecoregional
approach, which may be outlined as follows:

1. Classification and selection of reference sites
2. Conduct water quality and biological surveys at the reference sites
3. Develop a predictive model

! 4. Conduct biological and chemical surveys at the test site, a habitat
i assessment, and a survey of existing and potential sources of con-

taminations
5. Apply the model to the test site (estimation of unimpacted water

quality and biological composition at the test site)
6. Determination of impairment. Ascertain toxicity levels at the test site

by bioassays with the test organisms obtained from reference reaches
7. Determine acceptable water quality goals and the definitions of site-

specific criteria (standards) for water and sediments (site specificity
will be more profound for sediments)

The reasons for establishment of site-specific criteria based on the re-
ference water quality and habitat integrity are the shift from "end of the
pipe" control to an integrated point and nonpoint source abatement, and
aquatic habitat restoration.

The biotic integrity indices can provide the measure of the water
quality goals. For example, water quality goals can be met if the biotic
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IBI and/or ICI index is classified as "good" to "excellent." The biotic in-
dices and water body assessments described herein were incorporated into
Rapid Bioassessment Protocols by ~he U.S. EPA (Plafkin et al., 1989).

Nitrogen Cycle: Nitrification and Denitrification

Nitrogen transformation and cycle in aquatic bodies of water, which
is affected by discharges of waste loads from point and nonpoint sources,
is almost as important as the organic matter-dissolved oxygen cycle.
Nitrogen transformation may also affect the dissolved oxygen balance.
Nitrogen in aquatic water bodies may exist in several forms: (a) dissolved
nitrogen gas (N2); (b) organic nitrogen incorporated into proteinaceous
organic matter; (c) ionized and nonionized ammonia (NHg and NHs); (d)
nitrite ion (NO~-); and (e) nitrate ion (NO~-).

The nitrogen cycle in aquatic environments is shown on Figure 12.8.
The reactions take place in water under aerobic and anaerobic conditions,
in sediments mostly under anaerobic conditions, and in the sediment-
water interface, where the transformation may be both aerobic and
anaerobic. The processes in the sediments and water are similar to nitro-
gen transformation in soils.

Ammonium. In aquatic environments, decomposers break down
organic proteinaceous matter and, consequently, ammonia is released.
This process of biological degradation and release of ammonia is called
deamination. Deamination may occur in sediments, water, soils, and also
in biological treatment processes. Three ways of producing ammonia
from organically bound nitrogen can be distinguished (Painter, 1970):

1. From extracellular organic nitrogen containing compounds, chemically
or biochemically (for example, from urea)

2. From living bacterial cells during endogenous respiration
3. From dead and lysed cells

Depending on the pH of water the dissolved ammonium gas and am-
monia ions will exist in the equilibrium given by the following reaction

NHg + OH- ~-+ NH3 + H20 (12.4)

At a pH of 7 or below most of the ammonia will be ionized. At higher pH
levels the proportions of deionized ammonia will increase.

Deionized ammonium is toxic to fish, while ionized ammonia is a
nutrient to algae and aquatic plants and also exerts dissolved oxygen
demand (see the nitrification process below). The un-ionized ammonium
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is a gas that will mostly volatilize from water. The amount of un-ionized
ammonia dissolved in water, which is toxic, depends on its solubility,
which is affected by temperature and pH. Consequently, the toxicity of
deionized ammonium depends on the same parameters and on the type of
biological species being affected. The toxicity criteria for deionized and
total ammonia concentrations are included in the Appendix.

As shown in Chapter 6, ammonia ions have an affinity for adsorption
on soil particles (primarily clay and organic fractions) and by the same
mechanism on sediments. Absorbed (fixed) ammonia is not available as a
nutrient in the primary organic matter production process and is not
toxic.

Nitrification. Nitrification is a two-stage process involving two types
of chemotrophic bacteria (bacteria deriving energy from exothermic
nitrification reactions). In the first step an ammonia ion is converted to
nitrite by Nitrosomonas; in the second step nitrite is converted to nitrate
by Nitrobacter. In simplified form the reactions may be written as

NH~- + ~-O2 Nitrosomonas¯NO~- + 2H+ + H20 (12.5a)

NOg + ½02 Nitrobacte~r NO~- (12.5b)

Stoichiometrically, the oxygen requirement for the overall nitrification
reaction is 4.56mg O2/mg of NH~-. However, since the reaction is basi-
cally autotrophic the bacterial growth essentially follows Equation (12.1),
that is, oxygen is produced as a result of bacterial growth. Consequently,
the overall oxygen requirement for nitrification is less than the stoichio-
metrical value. Wezernak and Gannon (1968) measured the 02 require-
ment in nitrification as about 4.3 mg O2/mg of NH~-.

Several environmental factors affect the nitrification rate (Krenkel and
Novotny, 1980):

1. The reaction is strictly aerobic. If the oxygen concentration is depleted
below 2 mg/l, the reaction rate decreases rapidly.

2. Its optimum pH range is between 8 and 9. Below a pH of 6, the
reaction essentially ceases.

3. The nitrifying organisms tend to be attached either to sediments or
solid surfaces.

4. The growth rate of nitrifying organisms is much less than the growth
rate of heterotrophic decomposers. Consequently, if higher con-
centrations of biodegradable organics are present, the heterotrophs
will limit the growth of nitrifiers and nitrification will be suppressed.
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5. The optimal temperature range is between 20° and 25°C. The rate
decreases if the temperature is less or more than the optimum.

Denitrification. Under anoxic conditions, the nitrate-nitrogen ion
becomes the electron acceptor in the essentially organic matter oxidation
reaction. The reaction can be represented as (Schindler, 1985)

Organic matter (nC6H1206) + 4.8n(NO; + H+)

--~ 6rtCO2 + 2.4nN2 ~’ + 8.4nH20 (12.6)

Other kinds of organic compounds may serve as the source of energy in
this reaction. For example, dissolved methane that evolves from the
anaerobic decomposition in the sediments can be used by the denitfifying
organism in the interstitial layer.

This reaction represents a loss of nitrogen from water since the pro-
duced nitrogen gas volatilizes because it is in excess of the equilibrium
between the gaseous nitrogen in the air and that dissolved in water. Only
a few planktonic algal organisms (for example, blue-green algae) are
capable of fixing dissolved N2-nitrogen in the photosynthetic reaction.

In the anoxic sediments, the decomposers break down the organic
matter to methane and carbon dioxide (methanogenesis) and nonbiode-
gradable residues. Ammonia is released in this process. Conditions at the
sediment-water interface can then have a major impact on the N balance
of the system. Unless the water at the bottom is completely anoxic, an
aerobic thin sediment upper layer will form. Nitrification should occur in
the oxic sediment layer. Because the gradient of NO~- is downward to the
sediment (zero nitrate concentration) and not upward, the NOr thus
formed diffuses back into the anaerobic sediment where denitfification is
certain (Keeney, 1973). This is referred to as a simultaneous nitrification-
denitrification process by which nitrogen is lost from the system. By
combining Equations (12.5) and (12.6), the following simplified overall
chemical balance can be obtained

Nitrification
NH~- + 202--~ NO~ + 2H÷ + HzO

Denitrification
NOr + H+ --~ ½(H20 + N2) + ~O2

Overall reaction
NH~ + -]02 ~ H+ 1½H20 + ½N2
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If these reactions proceed simultaneously three-quarters of a mole of 02
is used per each mole of ammonia converted to nitrogen gas (1.7g of
O2/g of NH~--N). This O2 consumption will then be accounted for in the
sediment oxygen demand, which is shown in the next section.

Experiments by Keeney, Schmidt, and Wilkinson (1975) have shown
that about one-third of nitrogen input to a lake may be lost from the body
of water by the simultaneous nitrification-denitrification process. Kadlec
(1988) and others documented similar nitrogen losses for wetlands.

Not all of the ammonia released by decomposition in the sediments
will be returned to water. Part of it will remain adsorbed on the sedi-
ments and part will be recycled into rooted macrophytes growing in the
sediments located in the shallow euphotic (light abundant) zone, provided
that the hydraulic conditions are favorable for the macrophyte growth.
Simultaneous nitrification-denitrification can only occur in the sediment-
water interface. Nitrification in free-flowing water is relatively rare (Tuffey,
Hunter, Matulewich, 1974).

DISSOLVED OXYGEN PROBLEM
As pointed out in the first section of this chapter the waste discharges
from diffuse sources embody rarely a direct thread to the dissolved
oxygen regime of receiving bodies of water. The exceptions to this state-
ment include runoff with a high concentration of biodegradable organics
from concentrated animal operations, spring runoff from fields with
manure spread on still frozen soils, and some instances of CSO discharg-
es. However, indirect and secondary effects of diffuse-pollution discharg-
es on the dissolved oxygen regime caused by nutrient enrichment and
consequent sediment oxygen ~demand may be profound and detrimental
to a receiving body of water and its uses (Novotny and Bendoricchio,
1989).

Dissolved Oxygen Standard

Water quality investigations and toxicity studies indicate that the dis-
solved oxygen content is the most important parameter for protecting
fish and aquatic biota. The level of protection can be classified into three
groups (Krenkel and Novotny, 1980). The first level of oxygen concentra-
tion would just permit the fish to live (prevention of fish-kills), the second
level would permit the fish or aquatic organisms to be active to a specified
degree, the third level would allow the organisms to live, grow, and
reproduce in a given area. Typically, fish-kills occur when fish are ex-
posed for a certain period of time (a few hours) to dissolved oxygen
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concentrations of less than 3mg/1. Present standards provide, however,
the third level of protection.

The levels of fish tolerance to low dissolved oxygen stresses vary. Cold-
water fish (salmon, trout) and biota require higher dissolved oxygen
concentrations than warm-water fish and biota. Therefore the standards
distinguish between cold- and warm-water biota protection. Further con-
siderations are given to whether the body of water or a portion thereof
represents a breeding area or a migratory route. Appendix B contains
the values of water quality criteria for U.S. bodies of water.

For the general well-being of trout, salmon, and associated cold-water
biota, the dissolved oxygen concentration should not be below 6.5 mg/1.
Under extreme conditions, the concentration may range between 5 and
6mg/1 (second level of protection), provided that all other water quality
parameters are within the acceptable ranges. The 4-mg/1 dissolved oxygen
standard for cold-water biota and 3mg/1 for warm-water biota are es-
sentially set to prevent fish-kills, and should not be included in standards
aimed at protecting the biological integrity of receiving waters. Both
biodegradable organics (five-day biochemical oxygen demand) and dis-
solved oxygen standards are used in the Economic Community and other
countries of Europe.

Dissolved Oxygen Balance of Streams

The content of biodegradable organics in waste discharges (from both
point and nonpoint sources) is commonly expressed as the biochemical
oxygen demand (BOD). The reader is referred to standard environmental
and water quality texts for the explanation of the fundamentals of the
BOD reaction and its course (for example, see Krenkel and Novotny,
1980). Other tests expressing the amount of matter that will then comple-
ment the BOD data include chemical oxygen demand (COD), total
organic carbon (TOC), and volatile suspended solids (VSS).

When waste discharge containing biodegradable organics is introduced
into receiving waters, decomposers begin immediately to decompose the
biodegradable organic matter and then convert it, ultimately, to carbon
dioxide (alkalinity), water, and mineral and organic nonbiodegradable
residues. According to Equation (12.2), dissolved oxygen is used in this
biochemical reaction.

The dissolved oxygen balance is an important water quality considera-
tion for streams and estuaries. Reservoirs and lakes can also be affected;
however, the autochthonous productivity of these water bodies may
increase the dissolved oxygen balance therein and overwhelm the effect
of allochthonous inputs of oxygen-demanding wastes. This is especially
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I"
true for deep reservoirs and lakes that stratify during the productive
season. Shallow river mixed impoundments can be considered as streams.

In streams, the dissolved oxygen concentration is a response to various
oxygen sinks and sources. The sinks of oxygen, that is the biochemical
and biological processes that use oxygen, include:

1. Deoxygenation of biodegradable organics whereby bacteria and fungi
(decomposers) utilize oxygen in the bioxidation-decomposition pro-
cess.

2. Sediment oxygen demand (SOD), where oxygen is utilized by the
upper layers of the bottom sediment deposits.

3. Nitrification, in which oxygen is utilized during oxidation of ammonia
and organic nitrogen to nitrates.

4. Respiration by algae and aquatic vascular plants that use oxygen
during night hours to sustain their living processes.

Major oxygen sources are:

1. Atmospheric reaeration, where oxygen is transported from the air into
the water turbulence at the air-water interface.

2. Photosynthesis, where chlorophyll-containing organisms (producers
such as algae and aquatic plants) convert CO2 (or alkalinity of water)
to organic matter with a consequent production of oxygen.

The basic concept of the dissolved oxygen balance in streams was
proposed by Streeter and Phelps (1925) and was later summarized by
Phelps (1944). This concept, which is primarily used for evaluation of
the point source impact on water quality, is still used with some modifica-
tions. However, it will be subsequently shown that in present state-of-the-
art models (WASP or QUAL) the original dissolved oxygen balance
concept proposed by Streeter and Phelps constitutes only a small part of
the overall water quality picture. Furthermore, the original model pre-
sumes a point discharge of waste.

The basic assumptions of more recent dissolved oxygen balance models
applicable to diffuse sources are:

1. The biochemical oxygen demand (BOD) load to the stream can take
place either as a point source (combined or storm sewer outfall or a
major tributary) or as a distributed source.

2. The flow conditions do not change considerably during the time
of analysis--an assumption that is often violated, but as shown by
Meadows, Weeter, and Green (1978), no significant error will result as
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long as X ~< 0.05 Qo/qr, where X is the length of the reach, Q0 is the
flow at the head of the reach, and qr is the internal inflow per unit
length of the reach.

3. Effects of nitrification and photosynthesis are negligible (an assump-
tion that is often violated in streams where most pollution loads
originate from diffuse sources).

4. Effects of dispersion, such as in tidal estuaries, is negligible.
5. The reach is uniform with no appreciable changes in cross-sectional

dimensions, flow velocity, and depth.

Under these assumptions, the equation for the BOD and dissolved ox-
ygen concentration becomes (Meadows, Weeter, and Green, 1978;
Thomann and Mueller, 1987):

BOD variations

Lr 1 e-Kr(X/u))           (12.7)L = Lo e-l’:’(x/~’) +-~r( -

Dissolved oxygen variations
Kr (e_Kd(x/~,) _ e_K.(x/.))Lo

D = Doe-K’°(x/’) + Ka ~ K~

+ [ K~Kr(1- e-tc°(x/~’)) -(K,, -Ka-gr)Kr (e_K,(X/u) _ e_K=(Xiu)) ]Lr

+ (1 - e-I("(x/=)) SB (12.8)

where
D = Cs - c is the oxygen deficit at the end of the reach (mg/1)
Do = initial oxygen deficit (mg/1)
c, = oxygen saturation (mg/1)
c = oxygen concentration at the end of the reach (mg/1)
Lo = initial ultimate BOD concentration (mg/1)
Lr = ultimate BOD concentration input due to the lateral distributed

sources (mg/1-day)
Kr = overall BOD removal coefficient (day-1)

Ka = reaeration coefficient (day-1)
Kd = BOD deoxygenation coefficient (does not include BOD removal by

sedimentation of particulate BOD component) (day-1)
X = length of the reach (m)
u = average stream flow velocity (m/day)
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St~ = sediment oxygen demand (SOD) (g/m2-day)
H = average depth of flow (m)

Equation (12.7) does not include the effect of nutrients and photosyn-
thesis.

Coefficient of deoxygenation. The coefficient of deoxygenation mea-
sured in streams is a composite of three processes that. may or may not
occur simultaneously. These processes are deoxygenation of BOD in free-
flowing water, effect of benthic slimes on BOD absorption and removal,
and sedimentation of particulate organics. Hence (Novotny and Krenkel,
1975)

Kr = K1 + K3 + B (12.9)

and

Kd = K1 + B

where
K1 = deoxygenation rate constant for free-flowing water approximately

equaling the laboratory BOD bottle (respirometer) rate
K3 = BOD removal by sedimentation, which does not result in oxygen

demand
B = effect of absorption of BOD by benthic slimes, which results in

oxygen demand

The magnitudes of the laboratory BOD removal coefficient, K1, have
been reported in ranges of 0.1 to 0.6day-1 (K~ base e), while the overall
ranges of the deoxygenation rate, Kr, can be between 0.1 and 5 day-~,
depending on the hydraulic and biological character of the stream and
biodegradability of the organic pollution.

Atmospheric reaeration. The gas transfer theory demonstrated that
stream reaeration by atmospheric oxygen is proportional to the turbu-
lence intensity at the water surface and the ratio of the surface area to
water volume. The magnitude of the reaeration coefficient has been
subjected to intensive investigations ranging from mostly theoretical,
such as that of O’Connor and Dobbins-: (1958) to experimental field
investigations, such as those by Churchill, Elmore, and Buckingham
(1962). The bulk of the research on stream reaeration was conducted and
published 30 to 40 years ago. These studies usually resulted in a relation-
ship of the following type

K,, = CU"HnSp~ (12.1o)
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TABLE 12.6 Summa~ of Coefficients for the Reaeration Formula

Investigators C m n p

O’Connor and Dobbins (1958) 3.92 0.5 -1.5 0
Churchill, Elmore, and Buckingham (1962) 5.05 0.962 -1.673 0
Owens, Edwards, and Gibbs (1964) 3.0 0.67 -1.65 0
Krenkel and Orlob (1962) 173.6 0.408 -0.66 0.408

Note: K~ is in day-l; U = stream velocity in m/sec; H = flow depth in m; Se slope isin m/m

(dimensionless).

where
U = stream velocity (typically m/sec)
H = flow depth (m)
Se = energy slope or slope of water surface (dimensionless)
C, m, n, p = coefficients

The coefficients C, m, n, p for some most common estimating equations
are given in Table 12.6.

Sediment oxygen demand (SOD). Stream bottoms are commonly
covered by sediments. It is the stream morphology that determines
what type of sediments will deposit on the bottom and what role, if any,
the sediments will play in the transport and storage of pollutants. The
sediments stored on the bottom are called bedload, while those in sus-
pension are a part of washload (see Chapter 5 for a more detailed
discussion on sediment transport).

Generally, if the stream velocity is high and the bed is composed
mostly of sand and gravel, which have a very low affinity for adsorbing
pollutants, most of the fine (cohesive and flocculent) sediments remain
in suspension, the organic sediment content will be very low, and the
bed will exhibit very low to no demand for oxygen. Consequently, for
such streams the BOD removal rate due to sedimentation of particulate
organics will be negligible. Fine sediments will deposit if the bottom shear
stress drops below a certain threshold. As a rule of thumb, if flow velocity
is below 0.3 m/sec, then organic particulates and other finer particles may
settle to the bottom and become a part of the organic bottom sediments.
The aerobic and anaerobic decomposition processes in the sediment layer
are then responsible for the. sediment oxygen demand (SOD).

The first scientific measurements of SOD by Fair, Moore, and Thomas
(1941) related the oxygen demand of river sludges (primarily sewage
solids) to the rate of deposition of organic sludge solids on the bottom
and to the organic content of the sediments (expressed as Volatile Sol-
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ids). Others related the SOD to the chemical oxygen demand (COD) of
the sediment (Gardiner, Auer, and Canale, 1984). The measurements
revealed that SOD is proportional to the square root of the organic
content of the sediment expressed either as VS or COD.

After primary and secondary treatment was installed in most of the
U.S. point wastewater discharges, the dominance of diffuse urban and
rural sources became evident. Recent investigations have revealed that
SOD includes oxygen demand from several separate processes (Bowman
and Delfino, 1980; DiToro et al., 1990): (1) biological respiration and
oxygen consumption of all living organisms residing in the upper aerobic
benthic zone; (2) chemical oxidation of reduced substances in the sedi-
ments, such as reduced iron, manganese, sulfides after they come to
oxygen-containing water; (3) biochemical oxidation of methane and am-
monia (simultaneous nitrification-denitrification) that evolve from the
lower anaerobic sediments.

Rudd and Taylor (1980) found that most of the SOD is attributed to
the biochemical oxidation of evolving methane. Since methane has low
solubility in water, the-SOD portion due to methane oxidation by aerobic
bacteria may be limited since only dissolved methane is bioavailable.
The simultaneous nitrification-denitrification may be controlled by the
growth rate of nitrifiers. The oxidation of methane and the simultaneous
nitrification-denitrification in the interstitial layer were explained in the
preceding section.

The diagenesis model proposed for SOD estimation by DiToro and
coworkers (DiToro et al., 1990; DiToro, 1986) relates SOD to the input
of particulate organic matter into the bottom sediment layer and its
decomposition. In this concept an oxygen demand equivalent for reduced
species (electron donors), such as organic carbon (CH,~(aq.)), HS-, Fe2÷,
and NHT, is estimated. A mass-balance equation of the oxygen demand
equivalents is then used to calculate their flux in the sediment-water
interface, a consequence of which is the SOD. The production of soluble
reduced end products in the sediments occurs via the bacterial breakdown
of particulate organic matter. The most important products of the break-
down of organic matter are methane and ammonia. Inorganic reduced
compounds may be significant in cases where insufficient organic matter is
deposited into the sediment layer. Both methane and ammonia will exert
an oxygen demand in the upper aerobic layer of the sediment in the
sediment-water interface. The inorganic portion of SOD may amount
to 0.3g/m2-day (Walker and Snodgrass, 1986). Figure 12.9 shows the
diagenesis concept of the SOD. The diagenesis model and extensive field
data measured in the Milwaukee River (DiToro et al., 1990) led to
several important conclusions on the mechanism of SOD:
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SEDIMENT OXYGEN DEMAND MODEL

SOD. AMMONIA
FLUX OF POM METHANE FLUX

WATER

AEROBIC LAYER

ACTIVE ~ ANAEROBIC LAYER

SEDIMENT                           ~’
DIAGENESlS OF POM:

LAYER PRODUCTION OF CH4 AND NH4

J=~g~ POM - Particulate Organic Carbon

FIGURE 12.9. Diagenesis concept of sediment oxygen demand. (After DiToro et al.,
1990, by permission of ASCE.)

1. Since SOD is a result of the oxidation of end products of an anaerobic
diagenesis process in the sediment, it is related to the availability of
oxygen in the sediment-water interface, which is related to the con-
centration of dissolved oxygen in water. The dissolved oxygen depen-
dency of SOD has been observed for dissolved oxygen concentrations
that are much larger than concentrations known to limit oxidation
(10% of saturation).

2. SOD is related to the solubility of methane in water, which is rel-
atively low. For this reason the dependence of SOD on the reduced
carbon (methane) flux from the sediments is not linear. DiToro et al.
(1990) developed a square root dependency function between SOD
and carbon fluxes.

The SOD model by DiToro et al. is complex and requires calibration with
field data that are not commonly measured (e.g., gas fluxes from the
sediment). Typical in situ measured SOD data are given in Table 12.7.

Temperature Effects
Almost all of the reaction rates in the oxygen balance process are tem-
perature dependent. The relationship is expressed in the following form:
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TABLE 12.7 ln-Situ Measured Sediment Oxygen Demand

Sediment Oxygen Temperature
Benthic Deposit           Demand (g/m~--day)     (°C)     Investigator

Rivers and estuaries
River sludges 0.9 Oldaker et al.a
River muds--2 cm 3.4 McDonnel and Hall (1969)

25 cm 6.4
Sandy bottom 0.2-1.0 Thomann (1972)
Mineral soils 0.05-0.1
Sphaerotilus covered 7.0

bottom 10 g dry wt/m2
Estuarine mud 1-2
River Benaviken 1.44 2 Edberg and Hofsten (1973)

0.68 10
River Sjomosjon 0.31 0
Jaders Bruk 0.84 9

1.4 2
Lower Milwaukee River 2.6-6.7 20 Kreutsberger et al. (1980)
Potomac estuary 2.5 15 O’Connel and Walesa

Lakes
Lake Erken 2.6 18 Edberg and Hofsten (1973)

0.43 4
Lake Ramsen 2.3 17
Lake Michigan-Green 1.6-1.9 12 Paterson, Epstain, and

Bay McEnvoy (1975)

~ Quoted in Filos and Molof (1972).

KT = K200(T-20) (12.11)

where
KT = reaction rate at temperature T (T in °C)
K2o = reaction rate at the reference temperature of 20°C
0 = thermal factor, which has the following accepted values

Deoxygenation rates Kr, Kd, K1 0 = 1.047 :
Reaeration rate Ka 0 = 1.025 ~
Sediment oxygen demand, S~ 0 = 1.05-1.06 ~

Temperature also affects the oxygen saturation value, which can be
approximated as follows (Krenkel and Novotny, 1980):

Cs = 14.652 - 0.41022T + 0.007991T2 - 0.000077774T3 (12.12)
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Temperature conditions selected for the waste assimilative capacity
evaluation should correspond to the average temperature of the warmest
month of the year (e.g., August). Statistically rare temperatures in com-
bination with statistically rare low flow would lead to excessively rare and
unrealistic conditions.

Example 12.2: Dissolved Oxygen Computation*

A medium-sized city with a population of 50,000 and a city area of 20 km2
is discharging its treated sewage and storm runoff by separate sewer
systems into an impounded river. The length of the impounded reach is
X = 20 km. Lateral (diffuse) flow increase is about qr = 0.1 ma/sec-km,
with an average BOD5 concentration of 3 mg/1.

Calculate the dissolved oxygen concentration in the river during a
storm that would follow a critical dry period. The storm resulted in a
runoff event with a volume of R = 1.5cm that lasted 2 hours. The
measured sediment oxygen demand was 2 g/m2-day. The per capita BOD5
loads in sewage is assumed as 54 g/cap.-day, and sewage flow is 400 l/cap.-
day (Novotny et al. 1989).

Other given parameters:

Low flow (7 days durationml0 years Q = 15 m3/sec
expectancy)

Average depth in the impoundment H = 3 m
Average width of the impoundment B = 64.33 m
Water temperature T = 25°C
Deoxygenation rate (at 20°C) Kr = Kd = 0.25 day-1
Upstream BOD5 concentration = 1.2 mg/1
Upstream dissolved oxygen concentration Co = 7.6

Solution From Equation (12.12) the oxygen saturation concentration at
25°C becomes cs = 8.4 mg/1.

Sewage characteristics

Flow

q = 0.4m3/cap.-day
0.4 × 50,000 (pop) x 1 (day)/86,400 (sec) = 0.23 m3/sec

* This example is presented to illustrate the concepts under steady-state assumption.
Such an assumption may not be appropriate for diffuse-pollution discharges driven by
storm-water events. Dynamic models (see the section on models in this chapter) are more
proper for this type of analysis.
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BOD.~ discharge (sewage) = 54g/cap.-day
= 54 (g/cap.-day) × 50,000(pop) × 1 (day)/86,400 (sec)
= 31.25 g/sec

Assuming 90% removal in the sewage treatment plant, the BOD5
loading from sewage is

0.1 × 31.25 = 3.12g/sec

Storm characteristics

Flow from storm sewers

Q~ = 1.5 (cm) × 0.01 (m/cm) x 20(km2) x 106(mE/km2)
x ½(hr) × 1(hr)/3600(sec)

= 41.67 m3/sec

(Note that the flow of sewagemdry-weather flow--is insignificant when
compared to the storm water--wet-weather--flow). From Table 1.4 the
average BOD5 concentration of urban storm water is 30mg/l(g/m3).
Hence the BOD load from storm water is

BOD5 discharge (storm) = 41.67 m3/sec × 30 (g/m3) = 1250 g/sec

Note again that the BOD load by treated sewage during the wet-weather
period is small when compared to the BOD load by urban runoff.

Total initial river flow

Q0= river flow + storm water flow + sewage flow
= 15 + 41.67 + 0.23 = 56.9m3/sec

Terminal (at the end of the reach) flow

Qe = Q0 + X x qr = 56.9 + 20 x 0.1 = 58.9m3/sec

Average flow

Qav = (56.9 + 58.9)/2 = 57.9m3/sec

Average velocity

uav = Qav/(B × H) = 57.9/(63.33 x 3) = 0.3m/sec = 25.92km/day

According to Meadows, Weeter, and Green (1978), the steady-state
dissolved oxygen model (Eqs. (12.7) and (12.8)) can be used when
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S = 20km < O.05Qo/qr = 0.05 × 56.9/0.1 = 28.45km

BOD input from lateral diffuse flow

1.4(lateral flow × BOD~ conc)
Lr = cross-sectional area

1.4 × 0.1(m3/km-sec) × 0.001(km/m) × 86,400(sec/day) × 3(g/m3)
= [3 × 64.33]m2

= 0.19 g/m3-day

Initial Conditions Initial ultimate BOD concentration downstream from
the city

-sewage BOD5 load + storm-water BOD~ load
Lo = 1.4 ×

Qo

+ upstream BODs] ~

= 1.4 × I_ 5~.~ + 1.2 = 23.22mg/1

Initial oxygen deficit

Do = cs - Co = 8.4 - 7.6 = 0.8mg/1

The coefficient of reaeration can be calculated by Equation (12.10)
with the O’Connor/Dobbins parameters (Table 12.6)

Ka = 3.92U°’~H-l"~Se° = 3.92 × 0.3°’5 × 3-15 × 1.0 = 0.41day-1

Correct Ka for 25°C

K,,zsoc = 0.41 x 1.25~25-1°) = 0.46day-1

Correct Kr for 25°C

Kr25OC = 0.25 × 1.047(zS-z°) = 0.31day-~

The dissolved oxygen deficit at the end of the 20-km-long reach is then
computed by Equation (12.8). In the calculation substitute the travel time
t for X/u or
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t = 20 km/25.92 km/day = 0.77 days

0.31
0.8e-0’46×0"77 q- 0.46 - 0.31(e-0"31×0"77 - e-°’46×°’77)23"22

0.31 [
e_0.46x0.77)+ 0.4~ b.31L(I -

0.31      , -0.31x0.77 e-O.46xo.77)10.19]

- (0.46 --~-.31)0.31te      -
2

d- (1 -- e-0"46×0"77) -- 6.20mg/1 ~
0.46 × 3

At the end of the reach the dissolved oxygen concentration will be

c = cs - D = 8.4 - 6.2 = 2.2mg/1

For the conditions presented in this example the dissolved oxygen stan-
dard would be violated.

Several environmental texts contain more detailed discussions of
the dissolved oxygen balance model, its fundamentals, and variations
(Krenkel and Novotny, 1980; Orlob, 1983; Thomann and Mueller, 1987;
Velz, 1984, and others).

Oxygen Balance Model for Tidal Rivers and Estuaries

In tidal rivers and estuaries the tides induce longitudinal mixing and
dispersion of the constituents. The measure of the tidal mixing is the tidal
dispersion coefficient, E, which has a unit of lengthE/time. Development
of the dissolved oxygen balance equations for estuaries is covered in a
publication by O’Connor (1960). The form of the solution is similar to the
classic dissolved oxygen equation (Eqs. (12.7) and (12.8)). Neglecting the
lateral inflow, the dissolved oxygen balance equation becomes

L = Lo exp    1 H- (zr                (12.13)

K, Lo [
D = Do exp(j,X) + K] - kr

exp(j,.X) - exp(j,X)

+ K~[1 - exp(j,,X)]                     (12.14)
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where
j,~ = 0.5~(1 - ~ta)/E

jr = 0.5~(1 - a,.)/E

~/    4K~E
1 + -~

~/ 4K,,Eaa= 1 + "~

For a single-point input

t0 = W/(Qctr)

Also
W = point source total BOD load (g/day)
E = tidal dispersion coefficient (m2/day)
Q = freshwater input in the estuary (m3/day)
0 = Q/A = freshwater advance velocity averaged over the tidal cycle
A = cross-sectional area of the estuary

In the preceding equation X is measured in the direction of flow toward
the sea. It should be noted that if Equation (12.10) is used for estimating
the reaeration coefficient Ka, it should be based on the average tidal
velocity, ut, and not on the averaged advance velocity 0.

The longitudinal tidal dispersion coefficient may be estimated from the
salinity distribution in the estuary by plotting the salinity versus distance
on a semilog paper (log salinity versus arithmetic distance). The slope of
the line is then ~/E. Since /~ is known, then E = /~(X2 - Sl)/ln(s2/sl),
where 1 and 2 are arbitrarily chosen points on the plot and s and X are
respective corresponding salinities and distances (see Thomann and
Mueller, 1987 and Krenkel and Novotny, 1980).

Effect of Nutrients on Dissolved Oxygen Balance of
Streams and Estuaries

The nutrients (nitrogen and phosphorus) increase the productivity of
surface-water bodies, including that of streams and estuaries. The pro-
ductivity impacts the dissolved oxygen balance of streams by (a) produc-
tion of the photosynthetic oxygen, (oxygen demand by respiration of algal
and macrophyte biomass, and (b) oxygen demand by decomposing dead
algal biomass (exhibited most commonly as SOD since the dead biomass
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may settle into the bottom sediment layer). In addition, the unoxidized
organic and ammoniacal nitrogen present in the water column impose the
dissolved oxygen demand by nitrification.

Nitrification in the water column. As pointed out previously in this
chapter, the process of nitrification in the bottom sediment may affect the
sediment oxygen demand. The same process that is oxidation of ammonia
to nitrite and nitrate by Nitrosomonas and Nitrobacter, may also be of
significance to the oxygen balance of streams. It was also pointed out that
since the nitrifying organisms associate themselves with solids and solid
surface, their concentrations in free-flowing water may not be significant.
Tuffey, Hunter, and Matulevich (1974) surveyed the available literature
and arrived at the conclusion that a significant impact of nitrification on
the oxygen balance of the streams can be only found for shallow streams
with a solid bottom (rocky, boulders) where attached growths are dom-
inant and for estuaries where sufficient detention (more than five to
seven days) enables the development of sufficient densities of nitrifying
organisms. Requiring some treatment plants to nitrify in the treatment
process in order to reduce the ammonia toxicity of their effluents may
result in enough nitrifying organisms being introduced with the effluent
into the receiving water body to stimulate nitrification.

The occurrence of nitrification in a stream section is characterized by a
simultaneous disappearance of ammonia and an increase of nitrate con-
centration. Ammonia decrease alone may not be a sufficient indication,
since ammonia may be adsorbed by clay and organic particulates and
settle into sediments. In addition, both ammonia and nitrates are nu-
trients to photosynthetic organisms (see the next section).

The nitrification process in free-flowing water and its impact on the
dissolved oxygen regime is described in great detail in Krenkel and
Novotny (1980). Mathematically, the nitrogenous oxygen demand (NOD)
is treated in the same way as BOD. In a laboratory BOD bottle or
stream, the dissolved oxygen balance model NOD equals approximately
4.33 × TKN (total Kjeldahl nitrogen) = organic nitrogen + ammonia.
The oxygen deficit increase due to nitrification is then

KNLoNAD (nitrification) = K~ - K~v[exp(-K~vX/u) - exp(-KaX/u)] (12.15)

where
L0~v = initial nitrogenous oxygen demand (NOD = 4.33 × TKN)
K~v = first-order nitrification rate, day-1

Consequently, the NOD reduction in the stream is
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Los exp(-- KNX/U)

For estuaries and tidal streams the term -KNX/U would be replaced by
jNX, where

jN = 0.50(1 - ctN)/E

and

~/    4KNE
1 + -~

The magnitude of the nitrification reaction rate coefficient has been
reported to range from 0.1 to 15.Sday-1 (Ruane and Krenkel, 1975).
Several authors have proposed a zero-order model as better describing
the nitrification process when TKN concentrations are higher. Both
models (first-order for lower TKN concentrations and zero-order for
higher nitrogen concentration) may be unified by the Michaelis-Menten
equation describing substrate removal by microorganisms. Temperature
affects nitrification differently than other processes. The thermal factor
for nitrification is around 0 = 1.1.

Example 12.3: Effect of Nitrification

The oxygen balance of the stream described in Example 12.2 is also
affected by nitrification of 0.6mg of TKN present in the stream. The
nitrification rate was estimated as KN = 0.Sday-1. Estimate the impact
on the dissolved oxygen at the end of the 20-km section of the river.

Solution Recall that the average stream velocity in the section was u =
25.92 km/day and the reaeration coefficient at 25°C was Ka = 0.46day-1.
Calculate the initial NOD

LON = 4.33 x TKN = 4.33 × 2.6mg/1

Adjust KN

KN25"c = 0.5 × 1.1(25-20) = 0.8day-1

Then by introducing the remaining parameters in Equation (12.14) the
increase of the dissolved oxygen deficit, DN, due to nitrification becomes
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ADN - 0~-60"8 x_ 2.60.8 [exp(-0.8 x 20/25.92) - exp(-0.46 x 20/25.92)]

099 mg/1

The total dissolved oxygen deficit at the end of the reach will then
become

D = Dc + AD = 6.2 + 0.99 = 7.19mg/1

and the dissolved oxygen concentration at the end of the reach is

c = Cs - D = 8.4 - 7.19 = 1.21mg/1

Productivity. Odum (1956) has shown that nutrients affect the pro-
ductivity of streams and have an impact on the dissolved oxygen balance.
Odum pointed out that the ratio of the photosynthetic organic matter
production and the respiration (decay) in relation to the concentration of
the organic matter itself is the key in determining whether there is a
net increase in the organic matter or a net decrease. The fundamental
relation of the organic matter balance was postulated by Odum (1956) as

I + P = E + R (12.16)

where
I = import rate of organics from allochthonous sources and/or from

upstream
P = production rate of organic matter
R = decomposition and/or respiration
E = export of organic matter downstream

Decomposition is a function of the organic matter concentration, while
production depends on nutrient level and light, provided that the source
of inorganic carbon (alkalinity) is sufficient and not limiting.

It was pointed out previously that based on the Stumm and Morgan
relationship, 1 atom of phosphorus or 16 atoms of nitrogen will generate
154 molecules of oxygen during photosynthesis, and the same amount of
oxygen will be used during decomposition in the form of BOD.

Originally, the trophic status concept was applied only to lakes; today
all bodies of water can be evaluated according to their trophic status.
~ikov~ (1989) classified stream trophic status according to the algal
biomass concentration, as shown below:
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Trophic Degree Algal Biomass (mg/l)
ultraoligotrophic <5
oligotrophic 5-50
oligomezotrophic 50-100
mezotrophic 100- 200
mezoeutrophic 200- 350
eutrophic 350-500
polytrophic 500-1000
hypertrophic > 1000

The trophic status terminology for lakes is explained in the next section.
For streams the term oligotrophic would imply a stream with a low
concentration of nutrients (oligo means few), while eutrophic would mean
nutrient-enriched streams. Ultraoligotrophic would typically mean a
stream with little biological activity, such as a stream draining a glacier or
a stream affected by toxics or acid rainfall or snowmelt (an unhealthy
situation).

Using the previous concepts of stream enrichment by productivity
stimulated by nutrient inputs, Novotny and Bendoricchio (1989) have
described the linkage of nutrients and primary productivity to organic
carbon production, its deposition, and subsequent impact on oxygen
resources as follows:

¯ Oxygen produced by photosynthesis above saturation in streams is
released to the atmosphere and is lost from the nutrient-oxygen cycle.

¯ In flowing waters, photosynthesis and respiration do not occur at the
same time and in the same place. Photosynthesis takes place on sunny
days in shallow reaches and euphotic zones, while respiration takes
place when light is limited (cloudy days and night hours) and in pro-
fundal zones. The fact that lack of light commonly accompanies storm
runoff events may explain some of the dissolved oxygen anomalies
mentioned in papers by Field and Turkeltaub (1981), and Keefer,
Simons, and McQuivey (1979).

In streams where shallow productive reaches are followed by deeper
sections, oxygen deficiency becomes the most troublesome (Novotny and
Zheng, 1988; Novotny and Bendoricchio, 1989). Such situations include
rivers entering reservoirs or bays, and estuaries or larger slower moving
rivers. The algal biomass produced in shallow well-lighted reaches in
which most oxygen above saturation was lost, may enter river sections
that are deeper and in which only the upper layer is productive and
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FIGURE 12.1t). Concept of the impact of primary productivity on stream dissolved
oxygen.

capable of producing photosynthetic oxygen while the algae in the deeper
layer are respiring. Figure 12.10 illustrates this concept.

Novotny and Bendoricchio (1989) concluded that:

¯ Primary productivity resulting from nutrient inputs during medium and
small flows represent the link between nonpoint pollution inputs and
water quality deterioration. Large masses of organic matter can be
produced in urban and suburban nutrient-enriched streams, which may
subsequently impose dissolved oxygen demand on the receiving aquatic
systems. This secondary oxygen demand caused by nutrients may be
higher than the primary oxygen demand from discharged BOD in
storm runoff and combined sewer overflows.

¯ The primary productivity process in streams and to a lesser degree
in stagnant bodies of water is generally oxygen deficient because a
significant portion of the oxygen produced above saturation levels
may escape from the system. In most adverse, cases, very little of the
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photosynthetically produced oxygen may be included in the dissolved
oxygen balance of the body of water.

¯ Control of nutrient inputs from erosion during high-flow runoff events
generated by large but hydrologically rare storms, may not be effective
since primary productivity in streams is most active during low flows
and algae and macrophytes may actually be flushed out during the
high flows. Also sediment inputs and the resulting turbidity cut down
on light penetration and inactivates part of the phosphorus and am-
moniacal nitrogen.

NUTRIENT PROBLEM OF LAKES:
EUTROPHICATION

The problem of nutrient inputs is especially important for lakes, im-
poundments, and shallow estuaries (e.g., Chesapeake Bay). In these
bodies of water the classic dissolved oxygen balance model may not work
in evaluating the waste-assimilative capacity of these bodies of water, and
the production of organic matter (primary productivity) by phytoplankton
and large plants (macrophytes) may greatly exceed the allochthonous
point and nonpoint BOD and NOD contributions. Oxygen levels are also
affected by photosynthesis and respiration, and BOD concentrations are

~ 4

:o    3o    50    7o    ~o    ::o    t3o    :50
Chlorophyll - ~ ( ~g!l )

FIGURE 12.11. Relation of chlorophyll-a to BOD in the Milwaukee River. (Data from
the Metropolitan Milwaukee Sewerage District.)
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affected by the density of planktonic organisms and their residues (Fig.
12.11).

The production of organic matter in lakes, shallow estuaries, and
reservoirs depends on the trophic status of the impoundment. Such
bodies of water have experienced accelerated eutrophication in the last
few decades, caused by among other factors, increased use of agricultural
and lawn "care" chemical fertilizers. Streams and lakes that 50 years ago
were reasonably clean are today infested by algae to a point that their
color is rich green with little light penetration, instead of transparent
water. This situation is especially troublesome for Eastern and Central
Europe. An example of the Lake Balaton situation in Hungary was
featured in Chapter 1, and Table 12.3 documented extremely high levels
of nitrates in the rivers of the Czech Republic.

In this context the term eutrophication represents a process by which a
body of water progresses from its origin (for example, a glacial lake) to its
extinction, which is dry land. Eutrophication is not synonymous with
pollution; however, pollution can accelerate the rate of eutrophication. It
is a dynamic morphological process that has variable rates, which differ
from year to year, season to season, and even hour to hour. It progresses
in several stages. The net increase of organic matter (net productivity)
that drives eutrophication takes place in a surface-water body in which
organic matter production (primary productivity) nourished by nutrients
and minerals exceeds its loss by respiration, decay, grazing by higher
organisms, and outflow. The rate of eutrophication (productivity) de-
pends on a number of factors, many of them uncontrollable. In today’s
context "Eutrophication refers to the natural and artificial addition of
nutrients to bodies of water and to the effect of these added nutrients on
water quality" (Rohlich, 1969). The stage of eutrophication is determined
by the trophic state of the body of water. The trophic status may be
related to the algal biomass or chlorophyll-a concentrations and other
parameters, as shown in Table 12.8.

TABLE 12.8 Trophic Status of Lakes

Water Quality Oligotrophic Mezotrophic Eutrophic Source

Total P (gg/l) <10 10-20 >20 U.S. EPA (1974)
Chlorophyll-a (gg/l) <4 4-10 >10 U.S. EPA (1974)
Secchi disc depth (m) >4 2-4 <2 U.S. EPA (1974)
Hypolimnetic oxygen >80 10-80 <10 U.S. EPA (1974)

(percent of saturation)
Phytoplankton production 7-25 75-250 350-700 Mason (1991)

(g of organic C/m2-day)
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The term oligotrophic is used to describe a clean body of water,
typically the youngest stage of lake formation. This body of water has a
very low mineral content, so productivity and the algal content are low,
and the water is highly transparent. Ultraoligotrophic bodies of water
commonly refer to bodies of water whose productivity was eliminated, for
example, by a severe drop of pH due to acid rainfall or by toxicity.
Unlike the oligotrophic bodies of water whose biota may be healthy
although few, ultraoligotrophic bodies of water may be unhealthy.

As the nutrient and mineral content of water is increased by runoff
and/or by wastewater disposal, the photosynthetic (autotrophic) organ-
isms (the producers) increase in number. As the productivity increases
the organic matter content of the body of water becomes rnezotrophic,
and when the nutrient and organic contents are high the body of water
becomes eutrophic. The polytrophic and hypertrophic (hypereutrophic)
classification may be again added to describe bodies of water that are
severely impacted by nutrient inputs, mostly from the excessive use of
fertilizing chemicals, which in many parts of the world have caused more
than an order of magnitude increases of nutrient levels of receiving bodies
of water and very severe algal infestations. Chlorophyll-a concentrations
of hypertrophic lakes may exceed 200 ~g/1. For lakes and reservoirs, the
final stages of their existence are silted pond, swamp, marsh, or other
types of wetland. Figure 12.12 shows symptoms of eutrophication, while
Figure 12.13 clearly demonstrates aesthetic impairment of water quality
caused by the excessive growth of phytoplankton and aquatic weeds in a
hypertrophic reservoir.

The photosynthetic process of algae and macrophytes in eutrophic
water bodies can be recognized by cyclic fluctuations of the dissolved
oxygen concentrations in the euphotic zone (a zone where light can
penetrate). Oxygen is produced during the day by photosynthesis and
consumed during the night and cloudy daytime hours by endogenous
respiration. On bright sunny days during the production season, this often
results in supersaturation of the euphotic zone with oxygen during after-
noon hours and a significant drop of dissolved oxygen concentrations
during the late night and early morning hours. Similar dissolved oxygen
fluctuations are also common in eutrophic streams.

The related physical and chemical changes caused by advanced eu-
trophication (pH variations, oxygen fluctuations or lack of oxygen in the
lower hypolimnetic layer of stratified bodies of water, waste excretions by
some algae, etc.) may interfere with recreational and aesthetic uses of the
body of water and may also cause a shift in fish and shellfish populations
from better quality fish to rough fish. In addition, possible taste and odor
problems caused by algae can make water less suitable for potable use
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FIGIJ’I~E 12,. 12,. Symptoms of eutrophication.

FIGURE 12.13. Impact of eutrophication on a shallow reservoir. (Lake Sinissippi in
Wisconsin in the 1970s; in the late 1980s the water quality of the lake was restored by the
Wisconsin Department of Natural Resources.)
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and contact recreation. When the concentration of phytoplankton algae
exceeds a certain threshold nuisance value during the late summer period,
the situation is termed algal bloom.

Hutchinson (1969) pointed out that the terms eutrophic, oligotrophic,
mezotrophic, etc., should not only be used to describe water quality but
should also be related to the drainage area and sediment and nutrient
transport. Also 2;~ikov~i (1989) pointed out that the trophic status of a
lake or a reservoir is related to the trophic status in the tributaries;
however, this relation is also affected by other factors, such as depth of
the reservoir. In this context the term available nutrients should be used
to describe eutrophication potential.

The necessity of including tributaries (watershed) in eutrophication
systems caused the recategorization of lakes and reservoirs (and to a
lesser degree large estuaries) into autotrophic, that is bodies of water that
receive a major portion of the nutrients from internal sources (sediment,
atmosphere), and allotrophic, which receive a major portion of the
nutrients from external sources. Allochthonous nutrients are those orig-
inating from the watershed, that is, from point and nonpoint sources,
while autochthonous nutrient sources include nutrients stored in the lake
water and sediments.

Trophic indices and trophic status. Determination of the trophic status
of lakes and other bodies of water based on limnological observations,
taxonomy or the distribution of organisms and their productivity, and
chemical water quality, is relatively difficult and requires experience and
often subjective judgment. Table 12.8, relating trophic status to the
concentration of organic (photosynthetic) matter, is only one of the
possible judgmental classifications. A lack of a precise definition of
"trophic status" makes it difficult to develop an accurate engineering tool
that would enable estimation of the stage of the eutrophication process of
a given body of water. However, modeling of the eutrophication process
advanced in the 1980s to the point where a reasonably reliable judgment
could be made on the relation of nutrients to productivity and, hence, the
trophic status of a water body.

Some methods of estimating the trophic status based on few indicators
have evolved and have been published and/or used for classifying the
lakes. Many of the techniques were relative systems in which lakes were
classified and ranked only in respect to each other or to an average water
quality of a given group of lakes and not to some objective independent
scale. These systems often give different weights to various parameters
similar to those shown on Figure 12.12, and some of these are then
included trophic status indices. The most frequently used ones are dis-
solved oxygen (if the water body is stratified, then dissolved oxygen in the
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lower hypolimnetic layer is considered), total phosphorus, transparency
by Secchi disc (the depth at which a white disc can no longer be seen by
the observer above the water surface), inorganic nitrogen, and chlorophyll-a
concentration.

Trophic Index by Carlson (1977). This index was developed for lakes
that are phosphorus limited. Carlson based his index on the fact that
there are intercorrelations between the transparency expressed by the
Secchi disc depth, algal concentrations expressed by chlorophyll-a, and
vernal (spring) or average annual phosphorus concentrations. The trophic
status index (TSI) was then defined as

( In .S_D~
(12.17)TSI(SD) = 10 6 In 2 !

where SD = Secchi disc depth in meters. From the correlations between
the chlorophyll-a concentrations, total phosphorus, and Secchi disc depth,
the other two expressions for the TSI became

TSI(Chl) = 10(6 - 2.04 - 0.68 In Chlt (12.18)In 2\ /

and

/ 48iTP~TSI(TP) = 10~6
"~ ~ !

(12.19)

where
Chl = concentration of chlorophyll-a (p.g/1)
TP = concentration of total phosphorus (gg/1)

The method offers three indices instead of one single value. The best
indicator of the trophic status varies from lake to lake and from season to
season. Secchi disc values may be erroneous in lakes where turbidity is
caused by factors other than algae. The Carlson index works well for
north temperate lakes, but performs poorly in lakes with excessive weed
problems (North American Lake Management Society, 1990).

Based on the observations of several northern lakes, most of the
oligotrophic lakes had TSIs below 40, mezotrophic lakes had TSIs be-
tween 35 and 45, while most eutrophic lakes had TSIs greater than 45.
Hypertrophic lakes, on the other hand, can have TSI values above 60
~,Sloey and Spangler, 1978; Krenkel and Novotny, 1980).
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Trophic status derived from nutrient loading of lakes. During investiga-
tions of eutrophication problems of lakes in Madison, Wisconsin, Sawyer
(1947) noted that algal blooms occurred when concentrations of inorganic
nitrogen (NH~-, N~, NO2-) and inorganic phosphorus exceeded respec-
tive values of 0.3-mg N/liter and 0.001-mg P/liter. It should be noted that
due to the uptake of nutrients by algae, very low concentrations would be
measured during the productive summer period; therefore, the critical
nutrient concentrations should be evaluated during the spring (vernal)
season while the spring overturn is in progress. Similarly, most of the
lakes were eutrophic if the phosphorus concentration was above 20 ~tg/1.

Vollenweider (1975, 1976) then developed a simple input-output
model phosphorus model for a completely mixed lake as follows (Thomann
and Mueller, 1987):

V~t = W- vsAsp - Qp (12.20)

where
V = volume of the lake (13)
p = phosphorus (total) in the lake (M/13), for example, gg/1
Q = outflow (13/time)
A, = lake surface area (12)
W = allochthonous source of phosphorus (M/time), for example, g!sec
vs = settling rate of phosphorus, l/time

At a steady-state dp/dt = 0, and dividing both sides by the surface area,
Equation (12.19) becomes

Wt

p - (12.21)
qs + Vs

where
qs = hydraulic overflow rate Q/As = Hp
9 = Q/V = 1/Zw = flushing rate
~w = detention time in the lake

The problem with using Equation (12.21) is lack of adequate under-
standing on the settling (removal) rates of phosphorus. Vollenweider
(1976) substituted the following approximation
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which led to

H9(1 +

The relationship of annual loading of phosphorus per unit lake area and
the hydraulic parameters for respective phosphorus concentrations of
10 l.tg/1 and 20 gg/1 by Vollenweider is plotted on Figure 12.14. The lake
depth, H, is expressed in meters, and the flushing rate p = Q/V in
years-1.

Assuming that phosphorus is the limiting nutrient, Lee, Rust, and
Jones (1978) have expanded the Vollenweider relationship to include
chlorophyll-a, Secchi disc depth, and hypolimnetic oxygen depletion, thus
closing the circle between the nutrient loading, water quality, and trophic
status. Figures 12.15 through 12.17 show the results of Lee, Rust, and
Jones. On the abscissa, L(P) = W’ = annual surface phosphorus loading
in mg/P/m2-year, hydraulic overflow loading, qs, is in meters/year, mean
depth of the lake, H, is in meters, and the hydraulic residence time, Zw =
water body volume/annual flow, is in years.

Example 12.4: Lake Eutrophication

The annual loadings for a lake with 28 km2 surface area and an average
depth of 13 meters are given in Table 12.9. Estimate the trophic level of
the lake using Vollenweider and Lee et al. concepts.

Solution Annual flushing rate

Annual flow 78,000,000 (m3/yr)
P = Lake volume - 28 (km2) × 13 (m) × 106 (m2/km2) = 0.21yr-1

Annual phosphorus loading

Lp 23,300 (kg/yr) × 103 (g/kg)
= 28 (km2) X 106(m2/km2) = 0. 83 g/m2-yr

Annual nitrogen loading

236,000 (kg/yr) x 103 (g/kg)
LN = 28 (km2) x 106 (m2/km2) = 8.43 g/m2-yr
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Even though the nitrogen-to-phosphorus load ratio is about 10:1 and
nitrogen may be limiting, controlling phosphorus is the only practical
solution, considering that more than 50% of nitrogen originates from
nitrogen in ground water (suspected sources include septic tank dis-
charges and overuse of fertilizers in agriculture).

Vollenweider concept From Figure 12.14 (Vollenweider’s chart) for
H9 = 13 × 0.21 = 2.73m/yr the acceptable loading (to maintain oli-
gotrophic conditions) is about 0.12gP/m2-yr and the excessive loading
(eutrophic conditions) is about 0.23gP/m2-yr. Since these phosphorus
loadings are exceeded, the lake is considered to be eutrophic.

Lee et al. concept Use, for example, Figure 12.16 (Secchi disc) and
apply the following values.

qs = Hp = 2.73 m/yr

Zw = 1/9 = 1/0.21 = 4.78yr

(Lp/qs)/(1 + 0.83(g/ln2-yr) x 103(mg/g)
= 2.73 (miyr) 1 + 4"~-~.78)= 95.4

The expected Secchi disc depth would be around 2 meters. Then from
Equation (12.17)

TSI(SD) = 101 ~ = 50

indicating again borderline eutrophic conditions.

TABLE 12.9 Annual Loadings

Source N (kg/yr) P (kg/yr) Flow (mil m3/yr)

Urban sewage 23,000 8,000 1.0
Urban runoff 15,000 4,000 7.0
Rural runoff 26,000 10,000 10.0
Precipitation 47,000 1,000 21.0
Ground water 125,000 300 47.0
Evaporation -- __ - 8.0

Total 236,000 23,300 78.0
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Example 12.5: Maximum Nutrient Loadings to Maintain Dissolved
Oxygen Standard

A lake is receiving nutrient inputs from runoff and treated municipal
wastewater. Estimate the maximum loading of phosphorus to the lake
that would keep the lake below eutrophication status and maintain
summer dissolved oxygen concentrations in the lower hypolimnion layer
above 5 mg/1.

Lake characterization

Surface area = 10km2

Average depth = 8 m

Annual inflow including precipitation = 30 × 106 m3/yr

Annual flushing rate

Annual flow_ 30,000,000 (m3/year)
P = Lake volume - 10 (km2) x 8 (m) x 106(mZ/km2) = 0"375year-1

From Figure 12.14 (Vollenweider chart) the admissible and dangerous
loadings of phosphorus for Hp = 8 × 0.375 = 3.00 are

Dangerous P loading = 0.28 g/(m2-year)

Acceptable P loading = 0.13 g/(m2-year)

If 0.20 g/(m2-year) is selected, the loading will be                          ~

max P load = 0.2 [g/(mZ-year)] × 10(km2) × 106(m2/km2) × 0.001 (kg/g)
= 2000kg/year = 5.48kg of P/day

Solution To estimate the maximal loading to maintain the dissolved
oxygen standard using the Lee et al. concept, several assumptions must
be made:

1. Oxygen is used in the hypolimnion (approximately 5 meters depth
from the bottom, Hb = 5 meters) and there is no oxygen interchange
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between the upper (epilimnion) and lower (hypolimnion) layers. This
is a reasonable estimate since the transfer across the epilimnion-
hypolimnion boundary (so-called thermocline) is greatly reduced and
is possible only by molecular diffusion (see Krenkel and Novotny
(1980) for a discussion).

2. The average temperature of the hypolimnion is 15°C and the initial
oxygen concentration at the beginning of the summer productive
(growing) season is near saturation. The oxygen saturation, Cs, at 15°C
is 10.2 mg/l.

Then the allowable drop of the dissolved oxygen during the growing
season between the spring and summer overturn (assume 4-month grow-
ing period) is

AC = cs - DO standard = 10.2 - 5.0 = 5.2mg/1 [= g/m3]

The allowable oxygen depletion rate (4-month period) is

AC    5.2 (g/m3)
-~-Hb -- 1--~d--~ys x 5 = 0.21 g/(m2-day)

From the Lee et al. chart (Fig. 12.15) the loading parameter for the
maximal rate of reduction of the hypolimnetic oxygen of 0.21g/(m2-day)
is

[Lp/qs]/(1 + ~w)= 7mg/m3

Herein

q,=Ho=3.00 and %= l/p= 1/0.375 =2.67years

Then

Lp = 7qs(1 + X/Y-£~) = 7 x 3.00 x (1 + "v~-.67) = 55 mg/m2-yr

The corresponding P loading is then

max P load = 55 [mg/(m2-yr)] x 10-6[kg/mg] x 10 [km2] x 106 [m2/km2]
365 [days/year]

-- 1.51kg of P/day

R0023769



796    Receiving Water Impacts

MODELING FATE OF CONVENTIONAL
POLLUTANTS AND NUTRIENTS

One has to realize that water quality management and pollution abate-
ment are typically designed for hydrologically rare events. Fifty or so
years ago when point source abatement was the only objective and
biodegradable pollutant discharges the only type of pollution considered,
steady-state simple models of the dissolved oxygen balance were the only
type of models used by planners and pollution abatement authorities.
Including eutrophication and toxic components into the water quality
picture and also considering diffuse sources in addition to point source
pollution in an integrated manner made the simple steady-state dissolved
oxygen models obsolete. Also with the advent of fast and efficient yet
small desktop or lap (personal or work station) computers, far more
complex and detailed modeling is now required and has become common.

To describe mathematics and the software design of present dynamic
water quality models is beyond the scope of this book. The reader is
referred to publications by Thomann and Mueller (1987), O’Connor
(1988), Orlob (1983), or by the senior author (Krenkel and Novotny,
1980), and to the various manuals describing the published models.

A dynamic (time variable) compartmentalized water quality model
must simultaneously solve three basic mathematically described physical-
chemical-biological relationships:

1. The equation of continuity or water volume conservation, which de-
scribes the physical law, stating that a change of water mass within a
compartment must be balanced by inflow (inputs) and outflow, or

~ = Qini- Qouti (12.23)

where
Vi    = volume of the compartment i
Qin; = sum of flows into the compartment from adjoining compart-

ments and from allochthonous sources (waste discharges,
runoff, precipitation, etc.)

Qout,- sum of all flows leaving the compartment (to downstream
compartment, water withdrawn, water lost by evaporation,
etc.)

For one-dimensional rectangular channel segments, the equation
continuity may be modified to
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OH 100
_ (12.24)

Ot BOX

where
H = depth
B = width of the channel
X = distance

The water volume (mass) continuity equation predicts water heights
(depths) within the system.

2. The equation of hydraulic motion, which is based on Newton’s second
law of mechanics, stating that forces acting on the body of water are
balanced by acceleration of the mass within the body. The forces
include internal forces (gravity, pressure, and turbulent friction) and
external forces, such as wind drag. Many variations of this equation
have been published in the literature, including the St. Venant equa-
tion, characteristic equations, and kinematic wave approximation.

Typically the hydrodynamic equations of motion solve the velocity
and flow distribution within the system. The kinematic wave approxi-
mation, the most common algorithms in dynamic water quality models
describes the propagation of a long wave through a shallow-water
system while conserving both momentum (energy) and volume (mass).

3. The pollutant mass balance equations for each pollutant and compart-
ment, which can be generally written as (O’Connor, 1988)

where
ci~ = concentration of the pollutant j in compartment i
Ji~ = transport of the pollutant j through the compartment
R = reactions within the system (biological degradation, growth,

chemical modification, etc.)
T = transfer from one phase to another (for example, volatilization,

biological uptake)
S = allochthonous (boundary) sinks and sources of the substance

(for example, settling, atmospheric aeration, wastewater, and
nonpoint source inputs).

A dynamic model solves these equations simultaneously assuming a
small time interval, At, and a small element with a volume AV and
dimension AX. In these numerical solutions, finite-difference terms AE/At
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and AF/AX replace equivalently the derivatives dE/dt and dF/dX, re-
spectively. Herein, E and F are computational variables (depth, con-
centrations, flow, etc.).

A link-node representation has been developed for such computational
schemes (Ambrose et al., 1990). In this representation (Fig. 12.18) the
system is divided into a series of interconnected uniform channels (links)
connected by junctions (nodes). Each junction is a volumetric unit that
acts as a receptacle for the water transported through its connecting
channels. In water quality simulations junctions are equivalent to seg-
ments in the water quality model, whereas channels correspond to seg-
ment interfaces. Channel flows are used to calculate mass transport
between the segments in the water quality model. Junction volumes are
used to calculate pollutant concentrations within each quality segment.
Each segment is assumed to be completely mixed. Figure 12.19 shows
that for water quality simulations, the network may be subdivided three-
dimensionally, that is, laterally, vertically, as well as longitudinally and

MODEL NETWORK

FIGURE 12.19. Layered division of the body of water system--WASP model.
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benthic segments can be included along with water column segments.
Segment volumes AV (= B × H × ~) and simulation time At are
directly related. As one decreases or increases, the other must do the
same in order to preserve the stability of the solution.

The WASP4 Model
The preceding schematics and modeling concepts are a representation
of the U.S. EPA model WASP4 (Ambrose et al., 1990). The schematics
of the WASP4 model is shown on Figure 12.20. The WASP4 model
consists of two separate units, the hydrodynamics submodel DYNHYD5,
which simulates the hydraulics of the water body, and WASP, which
simulates the fate of pollutants. The water quality model WASP then

INPUT DATA MODEL OUTPUT DATA

I WASP

m
~

TRACE

~

~
TOXIC ORGANICS (TOXI)

~
EUTROPHICATION - WATER QUALITY

(EUTRO)

FIGURE 12.20. Block schematics of the WASP model. (From Ambrose et al., 1990.)
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includes two kinetic packages: EUTRO4 simulates the dissolved oxygen,
nutrients, and eutrophication, and TOXI4 simulates the fate of toxic
pollutants. EUTRO4 and TOXI4 may involve both water column and
sediment segment simulations. The EUTRO4 and TOXI4 submodels use
the output of flows, velocities, and depths from the DYNHYD5 model.
Alternatively, the hydrodynamic conditions may be specified by the
user. Only concepts of the EUTRO4 submodel will be discussed in this
chapter. The fate of the toxic compounds described in the TOXI4 sub-
model is briefly introduced in the next chapter.

Modeling eutrophication and dissolved oxygen. The separate steady-
state models for dissolved oxygen, nutrients (nitrogen and phosphorus)

FIGURE 12.21. EUTRO4 coupled modeling concept of dissolved oxygen and
eutrophication simulation. Key: 1. Ammonia--N; 2. nitrate--N; 3. orthophosphatenP; 4.
phytoplankton biomass; 5. biodegradable organics (BOD); 6. dissolved oxygen; 7. organic
nitrogen; 8. organic phosphorus. (From Ambrose et al., 1990.)
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and eutrophication (phytoplankton or chlorophyll-a densities) discussed
in the preceding sections are replaced in the WASP4 model by a coupled
dynamic system shown on Figure 12.21. The eutrophication model of
WASP is called EUTRO4 and it is a simplified version of the Potomac
Eutrophication Model (PEM) (Thomann and Fitzpatrick, 1982; Thomann
and Mueller, 1987).

As shown on Figure 12.21, the pollutant mass balance equation (Eq.
(12.25)) in the EUTRO4 submodel is replaced by a set of coupled dif-
ferential equations that includes BOD balance, ammonia, nitrite, nitrate,
dissolved oxygen, phosphate, sediment, and chlorophyll-a, phytoplankton
biomass. Six levels of modeling complexity are then identified by the
creators of the model: (1) Simple BOD-DO steady-state balance (Streeter-
Phelps equation), (2) modified Streeter-Phelps equation (similar to Eqs.
(12.7) and (12.8)), (3) full linear dissolved oxygen balance, (4) simple
eutrophication kinetics, (5) intermediate eutrophication kinetics, and (6)
intermediate eutrophication kinetics with benthos.

Benthos and suspended sediment interactions may play an important
role in the eutrophication process. Consider, for example, both ammonia
and phosphorus, whicti can exist in the water environment as adsorbed on
sediments (particulate form) (in this form they are not available for algal
growth) and in available dissolved form.

Sediment-water interactions can be considered at two levels of com-
plexity: in the first level the user specifies the fluxes of ammonia, phos-
phate, and SOD in the sediment-water interface. These inputs may be
specified as either constant or time variable (seasonal). In the second
level these fluxes are calculated from a modeling diagenesis process in the
sediment layer.

The particulate nutrients as well as produced organic matter may settle
in reaches with low velocity. Subsequently the nutrients stored in benthos
can be released back into the water column. The decomposition of organ-
ic matter in benthic sediment can have a profound effect on the concen-
tration of the dissolved oxygen and nutrients in the overlying water. The
diagenesis processes thus determine the sediment oxygen demand.

The growth of phytoplankton is stimulated by the levels of available
nutrients (ammonia, nitrate, and dissolved phosphates) and by light. The
reaction rates are affected by temperature.

pH AND ACIDITY

The pH that expresses the molar concentration of the hydrogen ion as its
negative logarithm (pH = -log[H+]) is one of the primary indicators
used for evaluation of surface-water quality and the suitability for various
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beneficial uses. Most aquatic biota are sensitive to pH variations. Fish-
kills and reduction and change of other species result when the pH is
altered outside their tolerance limits. Biochemical degradation and trans-
formation (for example, nitrification) are also pH sensitive and diminish
when the pH reaches acidic levels. Most of the aquatic species prefer a
pH near neutral but can withstand a pH in the range of about 6 (7 for
nitrifiers) to 8.5.

The toxicity of many compounds can also be altered if the pH is
changed. The solubility of many metals as well as other compounds is
affected by pH, resulting in increased toxicity in the lower pH range. As
pointed out in Chapter 6, leaching of some metals (aluminum) from soils
caused by elevated acidity of precipitation represents a "time bomb" and
a threat to sustainability of soil resources.

A change of pH and acidity of surface waters resulting from diffuse
inputs can occur mainly from two sources: (1) acid precipitation, and (2)
mine acid drainage. Both sources have similar origins and have been
explained in previous chapters. Acid drainage from mines is a result
of mine water being in contact with sulfur-bearing minerals, while acidity
of precipitation is caused by atmospheric sulfur and nitrogen oxide emis-
sions. Oxidation and hydrolysis of these compounds in surface or atmo-
spheric water produces sulfuric and nitric acids, which then dissociate to
H÷, SO~--, and NO~- ions.

Acid rain, which is defined as rain with a pH of less than 5.6, is a result
of sulfuric (SO2) and nitrate (NOx) emissions from urban, industrial,
transportation (automobile), and electric utility fuel-burning operations
that use sulfur- and nitrogen-containing fuels. The process of acid rain
formation was explained in Chapter 4. The lethal and sublethal effects
of acid rain or acid drainage from mines have been noticed both in North
America and Europe (Scandinavia) (Almer et al., 1974; Beamish and
Harvey, 1972; Likens and Borman, 1974). Undesirable "oligotrophication"
(a severe loss of productivity by low pH conditions) and fish-kills are the
most visible and dangerous consequences of acidification. Loss of the
natural fish population due to acidic rain and snowmelt inputs in the lakes
of New York’s Adirondack Mountains and many other pristine lakes
of North America (primarily Canada) and Scandinavia have been doc-
umented and widely publicized. The damage to the fish population of
these lakes was brought about by both long-term exposure to low pH and
short-term pH shocks by runoff and snowmelt events. Table 12.10 shows
the biological effects of decreased pH on lakes.

Many watersheds and surface-water systems have a natural ability to
neutralize the excess acidity (although it was pointed out in Chapter 6
that this buffering may be limited and may be exhausted in some places if
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TABLE 12.10 Biological Impact of Acidification

pH Range General Biological Effects

6.5 to 6.0 Small decrease in species diversity of plankton and benthic invertebrate
communities but no measurable change in total community abundance or
production. Some adverse effects may be noticed for highly acid-sensitive
fish species (e.g., fathead minnow, striped bass).

6.0 to 5.5 Loss of sensitive species of minnows and dace; in some waters decreased
reproduction of lake trout and walleye. Visual accumulation of filamentous
green algae in the littoral zone. Distinct decrease in species diversity of
plankton and benthic invertebrate composition, but no appreciable
decrease in total community biomass or productivity.

5.5 to 5.0 Loss of several important sport fish species, including lake trout, walleye,
rainbow trout, and smallmouth bass, as well as additional nongame species
such as creek chub. Further increase in the extent and abundance of
filamentous green algae in lake littoral areas and streams. Continued shift
in the species composition and decrease in species diversity of plankton,
periphyton, and benthic invertebrate communities, decrease in total
abundance and biomass of benthic invertebrates and zooplankton in some
waters. Inhibition of nitrification.

5.0 to 4.5 Loss of most of fish species, including most important sport fish species,
such as brook trout and Atlantic salmon, few fish species able to survive
and reproduce below pH 4.5. Measurable decline in the whole system rates
of decomposition of some forms of organic matter, potentially resulting in
decreased rates of nutrient cycling. Substantial decrease in the number of
species of zooplankton and benthic invertebrates and further decline in the
species richness of the phytoplankton and periphyton communities,
measurable decrease in the total community biomass of zooplankton and
benthic invertebrates in most waters. Reproductive failure of some acid-
sensitive species of amphibians such as salamanders and some frogs.

Source: After Baker et al. (1990).

the acidic inputs remain unabated or even increase in the future). During
the overland flow, rain and snowmelt dissolve calcium- and magnesium-
containing rocks, leach aluminum from soils, and are enriched by mineral
and organic salts, such as phosphates and humates. In urban areas,
buffeting is provided by the infrastructure, as is pointed out in Chapter 8.
The elutriated constituents from the soils, minerals, and infrastructure
often provide enough buffeting capacity to maintain the pH of surface
runoff within the acceptable ranges. At this time, rain acidity does not
seem to have a noticeable adverse effect on larger bodies of water, such
as the Great Lakes, that have elevated alkalinity, hardness, and salt
content. However, it has also been pointed out that leached dissolved
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aluminum (not a problem in nonacidic bodies of water) can reach toxic
levels in acidic bodies of water (Baker and Schofield, 1982).

The ability of surface waters to neutralize acidic inputs depends pri-
marily on carbonate (CO~-) and bicarbonate (HCO~-) content that is
expressed as alkalinity. Some North American and Scandinavian lakes
are particularly sensitive to acidic inputs. These lakes have watersheds
underlain by siliceous hard rocks, such as granite, some gneisses, quart-
zites, and quartz sandstones. These materials are resistant to weathering
and produce waters that contain very low concentrations of neutralizing
compounds (alkalinity less than 30 mg CaCO3/1). When acid rain falls on
such watersheds the acids are not neutralized during the overland flow,
and streams and lakes become acidified. A relationship between suphur
loads in acidic rainfall and the acidity of Swedish lakes is shown in Figure
12.22.

Areas of highly siliceous bedrock are widespread on the Precambrian
Fennoscandian Shield in Scandinavia, the Rockies, the Canadian Shields,
New England, the Adirondack Mountains of New York, the Appala-

4         ~        I       i                        I
0 30 60 90

SULFATE LOADING TO LAKE WATER

kg SO~/ho-yeor

FIGURE 12.22. Sulphate loading effects on the pH of Swedish lakes. (a) Very sensitive
lake systems. (b) Less sensitive lake systems. (Reprinted from Glass, Glass, and Renie
[1979] with permission; copyright 1979 by the American Chemical Society. Data from
National Environmental Protection Board, Jolna, Sweden.)
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~ HIGH SENSI’I’IVITY        ~ ....

~---~_ MODERATE SENSITIVITY

LOW SENSITIVITY

FIGURE 12.23. Areas of the conterminous United States sensitive to acid deposition
based on soils, climatic conditions, geology, and types of vegetation. (Source: U.S.
Environmental Protection Agency.)

chians, and smaller areas elsewhere. These areas contain lakes that are
very sensitive to acid rainfall inputs (Fig. 12.23).

As reported by Likens et al. (1979) the acidification of thousands
of freshwater lakes and streams in southern Norway has affected fish
populations in a 33,000-km2 area. As shown in Table 12.10, other adverse
effects attributed to acidification must also be considered. Effects of
acidification and acid deposition on surface-water bodies were also dis-
cussed by Haines (1981), Huckabee et al. (1989), Stokes (1986), and
others.

BACKGROUND (NATURAL) WATER QUALITY

As defined in Chapters 1 and 7, background water quality represents the
chemical and biological composition of surface waters that would result
from natural causes and factors. However, some natural impacts may be
transient and devastating to water quality, such as the eruption of Mount
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St. Helen, which had afterward deposited an enormous amount of ash
in the streams and lakes of the U.S. Northwest. Hence, for planning
purposes and water quality evaluations one should consider more or less
steady processes and/or common expectable events.

Approaching the natural or background water quality is also the goal
of integrated water pollution abatement planning. It is impossible and
legally unenforceable to eliminate all sediment from rivers, as well as it is
impossible to bring BOD down to zero or oxygen to saturation values,
notwithstanding the fact that such measures could have severe water
quality and other consequences. Estimating the background (natural)
water quality is also a key in use attainability studies since, legally, use-
based water quality standards cannot be enforced if their violation is
caused by natural causes (see Chapter 16).

The U.S. Geological Survey has established the National Hydrologic
Benchmark Network of monitoring stations. These freshwater stations
are located in watersheds that are among tl~ least affected by the activ-
ities of man that can be found across the United States. Most of these
stations are located in national parks, wilderness areas, state parks and
forests, and similar areas protected from development. Water quality
measured at these stations may provide the best approximation within the
ecoregional context of the background (natural) levels of contaminants in
U.S. surface waters.

A study by the Midwest Research Institute compiled the data of the
average concentrations of various pollutants from undisturbed streams.
The values from 57 stations composing the National Hydrologic Bench-
mark Network showed distinct regional distribution as summarized in
Table 12.11. However, it should be noted that the ranges for BODs,
nitrate, suspended solids, phosphate, and bacteria reported in the table
are based on approximately only one station per state.

TABLE 12.11 Approximate RegionalNatural Water Quality-AverageAnnual

Concentrations

U.S. Regions

Parameter Eastern Midwest Great PlainsMountains Pacific

Suspended sediment (mg/1) 5-10 10-50 20-100 5-20 2-5

BOD_~ (mgfl) 1.0 1-3 2-3 1-2 1

Nitrate N (mg/l) 0.05-0.2 0.2-0.5 0.2-0.5 0.1 0.05-0.1

Total P (mg/l) 0.01-0:02 0.02-0.1 0.1-0.2 0.05 0.05-0.1

Total coliforms (MPN/ 100-10001000-2000 500-2000 100 100-500

1.00 ml)

Source: From McElroy et al. (1976).
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Background levels of some toxic metals and background mineral con-
tributions were discussed in Chapter 7. It must be remembered that
there are no background levels for organic chemicals (pesticides, PAHs,
halogenated hydrocarbons, volatile organic chemicals, etc.) since these
substances are man-made and are alien to nature. The apparent back-
ground levels of these substances mostly originate from atmospheric
fallout.

The natural levels of biodegradable organic pollution as well as sedi-
ment loads depend on the type of stream, the character of the basin,
and geographical regions. There are four general types of undisturbed
types of native lands (excluding mountains): arid land (including deserts),
prairie, wetland, and woodland. These four basic types have various
forms, depending on the geographical location and elevation. It is ob-
vious that the loads of constituents and background water quality in these
four natural lands will vary but there are some common characteristics:

1. Streams from arid lands are often ephemeral and typically have very
high sediment content during intense but infrequent storm events. The
salinity of these streams may also be elevated. Nutrient (N and P)
content is very low.

2. Prairie streams have elevated solids content during wet-weather flow
events. Nutrient loading is low. Actually prairies represent a sink of
atmospheric nutrient loads.

3. Forested land
a. Mountain forests generally exhibit the best water quality; also they

have low mineral and almost no organic contents.
b. Lowland forest streams have higher organic content. Often these

streams originate in wooded wetlands and water may contain
residues of organic decomposition occurring in soils and wetlands.
These streams would have measurable BOD and COD contents.

4. Headwater wetlands, that is, streams draining wetlands and wetland
bodies of water themselves, have higher organic content and may also
have low dissolved oxygen content caused by the decomposition of
organic matter. Humic substances increase color and turbidity of these
water bodies.

Northem wetlands have two distinct seasons. During the productive
season, wetlands are sinks of nutrients and other water contaminants.
During the dormant season, nutrients and contaminants may be released.
Typically stream flow from northern wetlands is more acidic, contains
organic acid~ and appreciable levels of nutrients and other contaminants,
and has relatively low dissolved oxygen levels (Table 12.12). Natural
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TABLE 12.12 Average Concentration of Contaminants in Runoff from Natural Minnesota
Peatlands

Peatland Type

Characteristic Units Bog Transition Fen

Dissolved oxygen mg/1 6.4 5.4 5.6
02 saturation % 56 50 53
pH 5.6 6.5 7.0
Alkalinity as CaCO3 mg/1 10 29 75
Color mg/l 311 260 242
Aluminum mg/1 0.55 0.25 0.25
Mercury lag/1 6 3 5
Arsenic ~tg/l 2 3 3
Selenium lag!l 1 1 1
Total phosphorus mg/1 0.06 0.05 0.08
Total Kjeldahl nitrogena rag/1 1.5 1.6 1.8
Nitrate--N mg/l 0.06 0.05 0.08
Humic acid mg/1 11 9 9Fulvic acid mg!1 100 104 97
Chemical Oxygen Demand mg/1 118 104 97
Source: From Clausen and Brooks (1983).
a Ammonia plus organic nitrogen.

wetlands can be classified as bogs or fens (see Chapter 14). Bogs are
acidic and nutrient poor because they are isolated from regional ground
water, while fens are nourished by regional ground water. Many wetlands
are transitional (Clausen and Brooks, 1983).

It is important to note that the background (natural) contaminant
loads are not related to the designated water use of the body, while the
existing receiving water quality standards are. The natural water quality
and constituent loads can be related to morphological, geological, and
geographical characteristics, land cover, soil type, and other ecological
factors. Ecoregions represent regions with the same natural water quality
and ecological characteristics (Omernik, 1987; Gallant et al., 1989).
Figure 12.5 showed the distribution of the major ecoregions of the con-
terminous United States. Apparently, natural (background) water quality
within an ecoregion will vary less than between the ecoregions.

Generally, natural background water quality should be measured
rather then estimated. In many ecoregions there are still some headwater
stream sections that may be considered as unaffected or undisturbed by
man’s activities. As pointed out in the section of this chapter titled "The
Acquatic Ecosystem," these stream sections can then be considered as
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reference stream sections. Background water quality represents the limit
of the waste assimilation process that polluted waters should eventually
approach during recovery.
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Toxic Pollution and Its Impact
on Receiving Waters

The presence of toxic substances, such as organic and inorganic chemicals,
heavy metals and radionuclides, has become a major environmental
problem in recent years. The substances are present in varying degrees in
all phases of the environment, air, water and land. They are transferred
between and among these media, undergo transformation within each and
accumulate in viable and nonviable constituents.

Donald J. O’Connor, Manhattan College, Bronx, NY

TOXICITY CONCEPTS

Surface waters are the primary recipients of waste materials. As long as
the consequences of waste discharges are not injurious to the uses of the
body of water or otherwise do not impair its integrity, then the body of
water is not polluted. The uses that can be adversely affected by toxic
pollution include, for example, water supply, fishing, irrigation, naviga-
tion, or recreation. The injury of the integrity of the body of water
implies a harm done to the aquatic ecosystem (biota within the system
including fish, insects, planktonic microorganisms, and aquatic plants).
In order to protect the uses or the aquatic ecosystem from injury the
contaminant levels must be kept below a certain "safe" threshold. How-
ever, almost any compound, including even kitchen salt (NaCI) has
a toxic threshold which, if exceeded, will cause harm to the aquatic
ecosystem and/or man (Krenkel and Novotny, 1980). But the same
example of toxicity of sodium chloride clearly shows that the toxicity
threshold varies among the species. Freshwater organisms would die in

817
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salt or even brackish environment and, vice versa, saltwater organisms
would die if salinity is reduced. Diversion of Mississippi River flood
waters into brackish Louisiana coastal bodies of water during high floods
results in die-off of shell fish accustomed to the higher salt concentrations
of these waters. Hence, in some cases organisms can adapt to higher
concentrations of some potentially toxic compounds.

The presence and exposure of organisms to the toxic levels of con-
taminants can have effects such as fish-kills and disease and contamina-
tion of fish flesh to levels that make fish unfit for human consumption. In
addition toxic materials can damage or stop the biological processes
occurring in the aquatic ecosystems, including long-term inhibition of
growth, reproduction, and migration of organisms, and adverse effects on
the rate of degradation of biodegradable contaminants.

The definition of toxicity in the Clean Water Act (Section 502(13)) is
very specific:

The term "toxic pollutants" means those pollutants, or combinations of
pollutants, including disease-causing agents, which after discharge and upon
exposure, ingestion, inhalation or assimilation into any organism, either
directly from the environment or indirectly by ingestion through food chains,
will, on the basis of information available to the administrator, cause death,
disease, behavioral abnormalities, cancer, genetic mutation, physiological
malfunctions (including malfunctions in reproduction) or physical
deformations, in such organisms or their offspring.

This definition of toxicity encompasses essentially all the possible adverse
effects of pollutants on all types of organisms (Weber, 1981).

The concept of "biological integrity" was defined in Chapter 12. The
biological integrity is related to the habitat of an unimpaired body of
water. It also includes such impacts as habitat alteration by channel
modification that do not result from toxic discharges or contamination.
Typically "toxicity" is determined by bioassays in which test organisms
are exposed in laboratory or in-situ (field) conditions to various doses or
concentrations of the pollutant, while "biological integrity" is determined
by in-situ examination of the biological community itself and comparing it
to an unimpacted (reference) biotic composition within the same ecoregion.

Even though almost all water quality constituents can become toxic at
high enough levels, there is a definite number of compounds that are
either toxic at relatively low levels or at levels that may result from waste
discharges. These potentially toxic compounds have been designated by
the Environmental Protection Agency as priority pollutants. Some of the
priority pollutants are carcinogenic, that is, they can increase the risk of
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cancer to the human population and/or to fish. The list of priority pol-
lutants is continuously under review and periodic updating and is grow-
ing. At the time of writing this book it contained 129 pollutants, of which
13 were toxic elements (metals) and the remaining were mostly organic
chemicals. The priority pollutants are listed in the Appendix B.

In Europe, the European Community has listed the most dangerous
toxic substances on the so-called "Black List" and less dangerous pol-
lutants on the "Gray List" (Mason, 1991).

Toxicity is generally considered a man-made (cultural) phenomenon
resulting from discharges of contaminants into surface waters. However,
sometimes toxicity may be caused by natural phenomena. Hydrogen
sulfide or hydroxylamine, both known byproducts of natural processes
taking place in natural waters, can be toxic to aquatic organisms. The
periodic table includes over 90 elements from hydrogen to transuraniums,
and all but 20 can be characterized as metals. As many as 59 of these
elemental metals can be classified as "heavy metals" and potentially
toxic. However, only 17 of these metals are considered both very toxic
and available in places at concentrations that exceed toxicity levels. Of
these 17 toxic metals (Table 13.1), nine are being mobilized into the
environment by man at rates greatly exceeding those of natural geological
processes (Chapman, 1978; Weiss et al., 1975).

Figure 13.1 shows the effect of toxic discharges from point and diffuse
sources on human health and the integrity of aquatic life. Almost all toxic
organic compounds are man-made and have been introduced since the

TABLE 13.1 Toxic Metals of Particular Environmental
Concern

Very Toxic and Man-Induced Mobilization
Readily Accessible Higher than Natural Rate

Co, Bi Aga

Ni, Cu Cd
Zn, Sn~ Cu
Se,a Te~ Hg~
Pd,~ Ag" Ni
Cd, Pt" Pb~
Ag,a Hg~ Sb
TI," Pb~ Sna
Sb Zn

From Chapman (1978).
"Metal alkyls stable in aqueous environment, reported to be bio-
methylated in sediments.

R0023792



820 Toxic Pollution and Its Impact on Receiving Waters

IDIFFUSE SOURCES OF
POINT SOURCES OF

POLLUTION POLLUTION

~
~= EFFLUENT TOXICITY IMPACT

SURFACE WATER "~
1. Threat to Human Health

1. Physical pollutants a) Toxicity (mammalian)

(turbidity, temperature) b) Mutagenicity

2. Chemical pollutants c) Pathogens
2. Threat to Aquatic Life

(nutrients, toxicants,
a) Toxicity ( to aquatic organisms)

mutagents, etc.)
b) Mutagenicity3. Biological pollutants and
c) Biostimulation (nutrients)

pathogens                                                          ¯

Drinking Water

i
Aquatic Ecosystmes

~, Supplies Effects

DIRECT EFFECTS OF
POLLUTION ON HUMAN RECEIVING WATER IMPACT

EFFECT OF POLUTION ON
1. Toxic substances INDIGENOUS AQUATIC
2. Mutagens

ORGANISMS (INTEGRITY)
3. Pathogens

1. Abundance (numbers & biomass)

2. Taxonomic composition (species
INDIRECT EFFECTS ON               composition and diversity)

HUMAN HEALTH ~-
3. Growth (productivity, respiration

1. Food sources (from marine -
fresh water) and metabolic rates)

a) Abundance 4. Bioaccumulation of toxics
b) Toxic substances in food

2. Recreational use of water
3. Biospheric effects

FIGURE 13.1. Impact of toxic emissions on human health and integrity of aquatic biota.
(After Weber, 1981.)
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1900s. With one or two exceptions, there are no background (natural)
levels of these contaminants.

The sources of toxic pollutants are so numerous that an attempt to list
them may omit some of them. Sources of diffuse nature have been listed
in the preceding chapters. As pointed out in Chapter 7, toxic contamina-
tion from mining metals has been occurring for 2000 years. But it was the
introduction of toxic organic chemicals during and after World War II
that made the distribution of toxics globally widespread and threatening
to global and regional ecological systems. Without control the widespread
use of toxic compounds by man, including the use of household chemi-
cals, pesticide and fertilizer use in agriculture, industrial emissions, and
disposal of waste, may ultimately be threatening to the existence of life
on this planet. On the other hand, life in today’s society is impossible
without the use of chemicals. Many economists claim that high yields of
agricultural crops needed to feed an increasing population throughout the
world can only be sustained with the use of chemicals. A sustainable use
of chemicals that would not pose a harm to bodies of water and to
terrestrial ecosystems must emerge in a relatively short time.

The toxic pollutants affecting receiving bodies of water include (Mason,
1991):

1. Metals, such as cadmium, copper, chromium, lead, mercury, nickel,
and zinc, that arise from industrial operations, ores, mining, deterio-
rating infrastructures, traffic, agricultural use, and others sources.

2. Organic compounds, such as pesticides, PCBs, solvents, petroleum
hydrocarbons, surfactants, organometallic compounds, phenols,
formaldehyde, biochemical methylation of metals in aquatic sedi-
ments, etc.

3. Dissolved gases, such as chlorine and ammonium.
4. Anions, such as cyanides, fluorides, sulfides, and sulphates.
5. Acids and alkalis.

TOXICITY AND ITS MEASUREMENT
Toxicity may be defined as an alteration or impairment of the normal
functions of organisms caused by an exposure to or ingestion of a com-
pound or mixture of compounds. The effects of contaminants on living
organisms are generally evaluated using the basic concepts that were
originally formulated by Sprague (1969).

1. Acute toxicity. The exposure of organisms to a compound or a mixture
of compounds will result in a crisis, usually in a short time during or
following the exposure.
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2. Chronic toxicity. The exposure will have a sublethal damaging impact
on the organisms occurring over a longer period of time up to the
entire life cycle.

3. Lethal toxicity. Exposure will result in death of the organism.
4. Sublethal toxicity. Exposure is damaging to the organism, but it will

not result in death.
5. Cumulative toxicity. The effects on the organisms are brought about,

or increase in strength, by successive exposure.

There are two considerations of the toxic levels of contaminants in
aquatic water bodies. The first consideration is to protect human health;
the second is to protect the well-being of aquatic life. The acute toxicity
concept has been applied primarily to aquatic organisms and protection of
aquatic biota. Toxicity levels (criteria) for the protection of human health
are related to "acceptable" risk to the population of contracting an
additional case of cancer (for carcinogenic toxicants) and/or a debilitating
disease. These accepted risks are extremely low and below risk levels
related to others of man’s activities, such as driving a car, flying on a
commercial jet plane, participating in sports, or walking on a street.

Toxicity Tests

The toxicity levels of compounds for aquatic organisms have been estab-
lished by scientists in toxicity bioassay tests. Ideally the test organisms
should include representatives from four groups, that is, microorganisms,
plants, invertebrates, and fish. At least eight different families of species
specified by states are required for a complete test of toxic effects. The
test organisms should be amenable to captivity, accurately identified,
relatively uniform in size and healthy, and acclimated to laboratory
conditions.

The test organisms are placed in containers with various dilutions of
the toxicants plus one container with test water only. The number of
organisms surviving and/or unaffected (for example, by observing the
mobility or respiration rate of the organisms) after the specified time
periods (24, 48, 72, 96 hours) is recorded. The data are then used for
establishing a functional dose (concentration)-response relationship.
It is obvious that in the test the organisms will not respond uniformly
to the dose of the toxic compounds because of different sensitivities
to the compound. Therefore the most important parameter of interest
in the toxicity bioassay test is the dose or concentration at which, after
the specified test period, 50% of the test organisms survive or their life
functions are not affected by the dose. A dose is defined as the amount
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of the toxic compound ingested by the test organism divided by the
body mass of the organism (for example, mg/kg). In the test of aquatic
organisms the toxicity is related to concentration (mg of contaminant/
volume of water, i.e., mg/1 or lag/l) rather than to dose because of the
inherent difficulty in establishing a dose.

The lethal dose or concentration (LD or LC) implies that an exposure
of the test organism has resulted in death. The 50% survival dose or
concentration value then represents so-called LDs0 (dose) or LCs0 (con-
centration), and it is a representative of the acute toxicity of the com-
pound or of the waste containing a mixture of potentially toxic substances.
The time of exposure is important in toxicity studies as well as in toxicity
risk assessment studies of toxic discharges into receiving bodies of water.
The LC50(48) is the concentration of a toxic material at which 50% of the
test organisms died after 48 hours of exposure.

The effective dose or concentration (ED or EC) is a term used when
other than lethal effects are considered such as impact on reproduction or
respiratory stresses. The terms EDso or ECs0 are then equivalently used
to describe such adverse effects in 50% of the test organisms within the
prescribed test period.

The chronic criteria are not based on a dose-response relationship
obtained in an bioassay, but rather on an observed long-term impact of
the contaminants on the life functions of organisms. The endpoint of the
chronic toxicity test is the no observed effect concentration (NOEC) and
the low observed effect concentration (LOEC). The NOEC is the highest
concentration of toxicant to which the test organisms are exposed that
causes no observable effects. The effects measured may include a de-
crease in reproduction and growth. The LOEC is the lowest concen-
tration of toxicant to which the test organisms are exposed that causes an
observed effect.

Review of Toxicity Tests
Currently, the water quality based pollution controls specify either chem-
ically specific water quality limitations (such as those included in Appendix
B) or whole body toxicity testing. The whole body toxicity test (con-
ducted both on the effluent and the receiving water) appropriately in-
dicates the effect of the wastes on the aquatic life. Toxicity tests are
classified based on the method of adding test solutions and the duration
of the test (APHA, 1989):

1. Static test. In this test, the test organism remains in the same water for
the entire duration of the test. The tested (effluent or receiving body)
and dilution waters ar~ mixed in a chamber to the desired concen-
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tration. The test organism is then placed in the chamber containing
the diluted tested water. The static nature of the test may cause
erroneous results under certain conditions. For example, a high BOD
content may cause a depletion of dissolved oxygen in the mixture,
which will result in the death of the organisms. Also, sbme toxic
compounds may degrade or volatilize during the test, thus distorting
the toxicity effect on the test organisms.

2. Recirculation test. In this test the mixture in which organisms are
residing is pumped through an apparatus, such as a filter, to maintain
water quality but not to reduce the concentration of the test material.
This type is not routinely used because it is expensive and the results
may be distorted.

3. Renewal test. The renewal test is similar to the static test except the
test solutions and control water are periodically renewed and the test
organisms are transferred to chambers with freshly prepared mixtures
of test and control water or by replacing test mixtures in the original
chambers.

4. Flowthrough test. The test solutions and control water flow into and
out of the chambers in which the test organisms are maintained. The
flow may be intermittent or continuous. Stock solutions of the test
material can be continuously mixed with the dilution water in dif-
ferent proportions. Flowthrough tests are desirable for high BOD
samples and for those containing volatile or unstable substances.
Organisms with high metabolic rates are difficult to maintain in stand-
ing water, whereas flowthrough tests provide well-oxygenated test
solutions, stable concentrations, and continuous removal of metabolic
wastes.

Several factors should be considered in making the choice of toxicity
test system. On-line continuous flowthrough testing can sample and
measure "peaks" of toxicity as they may occur during the test period.
This may be of concern when testing runoff from industrial sites that
exhibits flushes of toxics. If the discharge toxicity is highly variable and
continuously discharges (industrial effluents) either a flowthrough or a
renewal test would be appropriate (U.S. EPA, 1991). However, the
sample should be a composite collected over the period of discharge. If
the effluent is not considered variable, such as a discharge from a pond
with a long detention time, then a static or renewal test using a grab or
24-hour composite sample would be an appropriate test system. Flow-
through tests are more costly and require a complex delivery system that
is not typically available for measuring the toxicity of diffuse sources.

Duration of the test determines what type of toxicity is been investi-
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gated. Acute toxicity tests are short-duration tests, typically representing a
small fraction of the lifetime of the organisms. The concentrations are
higher and the impact on the organisms is severe, usually death. The test
is usually completed in less than 4 days (96 hours). In chronic toxicity
tests, organisms are exposed to lower concentrations, preferably for the
entire reproductive life of the organism. In subchronic tests, the exposure
of the organisms lasts for a time period that is less than a complete
reproductive life cycle, but longer than that for acute toxicity testing.
Testing involves the exposure of organisms during sensitive life cycle pe-
riods, such as early stages of development, critical life stages, embryo-
larval, or frog egg tests (Rand and Petrocelli, 1985). Typically, a 7-day
period is assumed unless specified otherwise.

Test Organisms
The species used in characterizing the toxicity of an effluent or runoff
will depend on the requirements of the regulatory agencies. The U.S.
Environmental Protection Agency (1991) recommends as a minimum
three species (for example, a vertebrate-fish, an invertebrate, and a plant)
should be tested; however, the EPA recommends against selecting "a
most sensitive species" for toxicity testing. Species that have been widely
used in toxicity tests and are acceptable test organisms in freshwater are
listed below (after U.S. EPA, 1985):

Vertebrates

1. Cold Water
a. Brook trout (Salvelinus fontinalis)
b. Coho salmon (Oncorhyncus kisutch)
c. Rainbow trout (Salmo gairdneri)

2. Warm Water
a. Bluegill (Lepomis macrochirus)
b. Channel catfish (Ictalurus punctatus)
c. Fathead minnow (Pimephales promelas)

Invertebrates

1. Cold Water
a. Stoneflies (Pteronarcys spp.)
b. Crayfish (Pacifastacus Ieniusculus)
c. Mayflies (Baetis spp. or Ephemerella spp.)

2. Warm Water
a. Amphipods (Hyalella spp., Gammarus lacustris or G. fasciatus or

G. pseudolimnaeus )
b. Cladocera (Daphnia magna or D. pulex or Ceriodaphnia spp.)
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c. Crayfish (Orconectes spp. or Cambarus spp. or Procambarus spp.)
d. Mayflies (Hexagenia lirnbata or H. bilineata)
e. Midges (Chironomus spp.)

Table 13.2 lists the duration and observable endpoints for several test
species in short-duration chronic toxicity tests.

Conducting toxicity tests using three species quarterly for 1 year is
recommended by the EPA to adequately assess the variability of toxicity
in waste discharges. Analysis of species sensitivity ranges found in the
national water quality criteria indicates that if tests are conducted on
three particular species (Daphnia magna, Pimephales promelas, and
Lepomis macrochirus) the most sensitive of the three will have an LCso
within one order of magnitude of the most sensitive of all species.

TABLE 13.2 Short-Term Chronic Toxicity Methods

Species/Common Name Test Duration Test Endpoints

Fresh water species
Cladoceran Approximately 7 days Survival, reproduction

Ceriodaphnia dubia (until 60% of control
have 3 broods)

Fathead minnow 7 days Larval growth, survival
Pimephales promelas

9 days Embryo-larval survival,
percent hatch, percent
abnormality

Freshwater algae 4 days Growth
Selenastrum capricomutum

Marine/estuarine species
Sea urchin 1.5 hours Fertilization

A rbacia p unctulata
Red macroalgae 7-9 days Cystocarp production

Champia parvula
(fertilization)

Mysid 7 days Growth, survival,
Mysidopsis bahia

fecundity
Sheepshead minnow 7 days Larval growth, survival

Caprinodon variegatus

7-9 days Embryo-larval survival,
percent hatch, percent
abnormality

Inland silverside 7 days Larval growth, survival
Menidia beryllina

Source: After U.S. EPA (1991).
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Functional relationships. The simplest way to find a functional toxicity
relationship is by plotting the percent survival versus logarithms of the
dose or concentration of the contaminant in the container). Other meth-
ods involve fitting the data to a mathematical function.

Figure 13.2 shows a graphical representation of a toxicity bioassay test.
Besides the graphical plotting the dose (concentration) relationship has
been analyzed using several mathematical models. The most popular
method, which also appears to be the most theoretically sound, is the
probabilistic or probit method. A second widely applied method is the
log-logistic model.

In the probit method the variation in the organisms’ sensitivity to
the toxic compound is represented by a probability density function.
In the log-logistic model the fraction of the population that responds to a
certain dose of the compound is represented by an empirical function
that can be linearized and plotted on semilog paper or the parameters
of the equation can be determined by a linear regression. Computer

0    20    40    60    80 100

% SURVIVAL AFTER 96 HRS
FIGURE 13.2. A functional relationship of toxicity of a compound vs.
mortality in a bioassay test.
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programs are also available for determining LCs0 (LDs0), which were
described by Sprague (1973), Rosiello, Essigmann, and Wogar (1977),
and by Altshuler (1981).

Effect of bioavailability. It was shown in Chapter 6 that some com-
ponents in the soil environment are strongly tied to the soil particles
or precipitate as solids. Such compounds include potentially toxic com-
pounds, such as most of organic chemicals, toxic metals, ammonia, and
nontoxic phosphates. The same is true in the aquatic environment when
solids are present, such as benthic layer or in flows with higher content of
suspended solids.

Potentially toxic compounds may affect organisms via two pathways.
The first pathway involves adsorption or the bonding of the compound by
the organic matter of the organism. This essentially affects the cell tissues
inside the body of the organism. For higher organisms the adsorption and
bonding differ between the various organs and are higher for lipids (fats)
and the liver of fish and other aquatic organisms. Only dissolved and
dissociated (ionized) toxic compounds are available for such bonding
to cell tissues. The second route is by ingestion of contaminated food
or sediments. Contaminated sediments may pass through the digestive
system of the organism and become available due to changed chemistry
inside the digestive tract. Figure 13.3 outlines the processes involved in
the toxic interactions of various forms of metals. It has been observed
that in the presence of solids aquatic organisms and plants respond
differently to toxic exposure expressed as total concentration. The inges-
tion route is applicable only for higher trophic level organisms.

Essentially for lower aquatic organisms and for fish the adsorbed
fraction is biologically unavailable. Hence the toxicity data for sediments
and solids flows may not be correlated to the total concentration of
the toxic compound, but the concentration-response curve could be
correlated to the dissolved fraction concentration in the water or inter-
stitial (pore) water of sediments. For this reason a new unit has been
introduced for high solids media (DiToro et al., 1991), that is

Sediment toxic unit (STU) = pore water concentration
water only LCs0

It is presumed that benthic organisms residing in sediments with different
total concentrations of the toxicants, but with the same STU would
exhibit the same toxic response. An STU of one would occur when
the pore water concentration of the toxic compound equals LCs0, even
though the total concentration of the toxicant in the sediment may be
much higher than LCso.
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METAL FORMS IN THE UPTAKE MECHANISMS
GROWTH MEDIUM

Metal ions in solution ~ Easily available -----, Passive/active bonding to
the cell walls/surface,

Exchangeable ions in ~ Available ~ translocation inside cell
complexes (e.g. humic body
materials and clays)

Complexes or chelates with      ~ Less available ~
organic materials

Precipitated insoluble -- Available only ~
compounds and after altered
copreciptates on solids chemical conditions

Ingestion as "food,"
Incorporated into solid -- Available only ~ passage through digestive
biological material after decomposition system, absorption and

incorporation into tissues
Incorporated in crystalline -- Available only ~ and organs
structures of primary and/or after weathering

secondary minerals

FEEDBACK PROCESSES
METAL POOL                                            AQUATIC/BENTHIC

-Excretion of metals ORGANISMS
both in the liquid and
solid forms
-Excretion of

t complexants <
-Leaching and decay

FIGURE 13.3. Biotic uptake processes for toxic metals. (After Salomons and F6rstner,

1984.)

As elucidated previously (Chapter 6) the relation between the dis-
solved (pore) water concentration of an adsorbable compound and the
adsorbed (precipitated) fraction of the pollutant can be expressed by an
isothermic equation. For most organic toxic chemicals a linear partition
isotherm is used (see Chapter 6 for a more detailed discussion of parti-
tioning of toxic chemicals on sediments), or (Eq. (6.6))

r = ~-Icd

where
Cd = dissolved (pore water) concentration of the chemical, ~tg/1
r = solid phase (adsorbed) chemical concentration, ~g/g
FI = partition coefficient, 1/g

The total concentration of the pollutant is then the sum of the dissolved
(Cd) and particulate concentrations (%). Hence, if cp = ross × r, where
mss is the concentration of solids in g/1 and 0 is the water content (0 =
porosity for sediments and 0 = 1 for water), then (Eq. (6.7))
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cr = OCd + C~ = Ca + mss × r = Cd(O + rlmss)

The relation between the dissolved (pore water) concentration of the
pollutant and the total concentration in the presence of appreciable solids
load is then simply (Eq. (6.8))

1
C d -- 0 + flmssCr

The coefficient for nonionic organic chemicals is related to the organic
carbon related partition coefficient Koc such as H × m~s = Koc ×moc,
where mo~ is the organic carbon concentration of the sediment or sus-
pended solids. On the other hand the magnitudes of the Koc can be
related to the octanol partition coefficient Kow, as shown in Chapter 6.
The magnitude of the octanol partition coefficient for some chemicals is
given in Appendix C.

Example 13.1 Bioavailability of a Toxic Compound                     ~

Calculate the bioavai]ab]e fraction of a potentially toxic compound whose ~
partition coefficient lq = 10]/g (related to the total solids concentration)
in water (m~, = 50mg/] = 0.05 g/] and O =1), and in the sediment (mss =
150,000mg/1 = 150g/] and 0 = 0.9).

In water

ca 1m = = 0.666
cr 1 + 10× 0.05

or two-thirds of the total concentration is dissolved and may be con-
sidered bioavailable and toxic.

In sediment

Cd          1
cr 0.9 + 10 × 150 = 0.00066

Less than 0.1% of the compound in the sediment is bioavailable,
therefore its toxicity is far less than that in water. On the other hand,
sediments are long-term sinks of toxic compounds and the total concen-
tration of the toxicant after prolonged contact with the contaminated
overlying water can become much higher than in the water column.
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The bioavailability effect explains why some potentially heavily con-
taminated sites with organic carbon sediments (such as some wetlands)
can still support relatively viable biota.

Bioaccumulation and Biomagnification

In the 1960s when the full impact of DDT use was realized, biologists
noted a large discrepancy between the DDT levels in organisms of dif-
ferent trophic levels. The higher the trophic level of the organism, the
higher the bodily concentration of DDT and some other compounds
(Table 13.3). It is interesting to note that the concentration of DDT was
4.14/0.003 = 1380 times magnified throughout the trophic levels. If water
concentrations had been reported in this work, the differences in the
bodily concentrations and those of DDT in water would have most likely
been several orders of magnitude, that is, the DDT concentrations in
water could have been below the detection limit.

At the onset of the discussion it is necessary to define the terms
biomagnification, bioaccumulation, and bioconcentration. Both bioac-
cumulation and bioconcentration are caused by an imbalance in the
organism body between the intake of the toxic compound in water and/or
food and epuration (excretion), resulting in a progressive increase of the
bodily content of the toxic compound. The intake of the compound is
due to water transfer across the gills, surface sorption, and ingestion of
contaminated food. Depuration of the compound from the body is due to
desorption, metabolism, excretion, and growth.

Biomagnification means that the concentration of the contaminant is
increasing with the trophic level of the organism, as pointed out in Table
13.3, while bioaccumulation can be independent of the trophic level. Not
all bioaccumulating toxic pollutants will also exhibit biomagnification,
although, on the other hand, biomagnification cannot take place without
bioaccumulation. The food web (trophical levels) of organisms was

TABLE 13.3 Concentration of DDT in a Marine Environment

Species Trophic Level DDT (mg/kg)

Oar weed 1 0.003
Sea urchin 2 0.05
Lobster 3 0.024
Shag liver 4 2.8
Cormorant liver 5 4.14

Source: After Robinson et al. (1967). Reprinted with permission;
copyright 1967 by Macmillan Magazines Limited.
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presented in the preceding chapter and shown on Figure 12.2. A biocon-
centration factor is then defined as the ration of the concentration of the
toxic pollutant in the bodily tissue of the organism to that in water. A
bioaccumulation factor is defined as involving contaminant uptake from
both water and food. A biomagnification factor is a ratio of the bodily
concentration of a compound to that in lower trophic level organisms.

Simple mass balance will explain the mechanism in a single aquatic
first trophic level organism (such as phytoplanktonic alga) that is being
exposed to a compound in water (Thomann, 1991a, 1991b; Thomann and
Mueller, 1987)

dwv
- kuwc - Kvw (13.1)

dt

where
v = body concentration of the chemical, ~tg/g weight of the organism
k, = uptake sorption and/or transfer rate, 1/day-g(weight)
w = body weight of the organism, g(weight)
c = bioavailable water concentration of the compound, gg/1
K = desorption and excretion rate, day-1
t = time in days

The equation, which at this moment ignores intake of the contaminant in
food, basically states that if the bodily intake given by k,,c is greater
than the bodily loss by depuration expressed by Kwv’, then the bodily
concentration of the compound will increase. The product vxw is the
total bodily burden of the compound. To obtain the rate of the bodily
concentration, the deferential on the left side of the equation can be
expanded as

d(wv)    dw     dv
dt - v-~ + w-~                 (13.2)

Letting (dw/dt)/w = G, where G (day-1) is the net specific growth of the
organism, and K’ = K + G, then Equation (13.1) becomes

dv

--~ = k~,c - K’v (13.3)

At a steady state (no net increase of the whole body mass burden of the
contaminant)
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kuc
V = ~ (13.4)

K’

A bioconcentration factor (BCF) or Nw is defined as the ratio of the
bodily concentration of the compound to its water (ambient) concen-
tration at a steady state, when the intake of the toxicant is by biosorption
only, or

v
Nw - -                      (13.5)

c    K’

The units for the bioconcentration factor Nw are (~tg/g)/(lag/1) = 1/g.
Thomann (1991a, 1991b) has pointed out that for lower trophic level

aquatic organisms the sorption rates are generally much faster than the
uptake and excretion rates of higher levels of the food chain. Then an
instantaneous equilibrium may be assumed, and from Equation (13.5)

v = Nwc (13.6)

For species that are above the first trophic level, uptake of toxicant due to
ingestion of contaminated food must be considered. This uptake is a
function of the contaminant concentration in the food (prey), rate of
consumption of the food, and the degree to which the ingested toxicant in
the food is actually accumulated by the organism (Connolly and Thomann,
1991b). Adding the food intake into Equation (13.1) yields

~d__v~. = kuc + aGvf- K’v2 (13.7)
dt

where
~t = the fraction of ingested toxicant that is assimilated
vf = toxicant concentration in the food (prey), ~tg/g (weight)
v2 = bodily concentration of the toxicant

If Equation (13.7) represents the bioaccumulation of a second trophic
level organism, then the concentration of the toxicant in the food will be
vf = Nwc. Identical equations can be written for higher than second
trophic levels. The steady-state solution for a simple food web is then
(Thomann, 1991b)

V1 = NwlC (13.8a)
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and

Vj = NwjC q" ~J’j-lCj’j-1K) v~-i for j > 1 (13.8b)

where
Cj,j-1 = specific food intake rate of the organism, g(weight) prey per

g(weight) predator per day
Nwj = bioconcentration factor due to biosorption only, 1/g(weight)

In terms of the bioaccumulation factor N~. = v/c, Equation (13.8)
becomes by successive substitutions for v~._l

N1 = Nwl

N2 = Nw2 + f21Nw~

N3 = Nw3 ÷ f32Nw2 + f32f21Nwl

N4 = Nw4 + f43Nw3 + f43f32f21Nwl (13.9)

(and so forth if higher trophic levels are considered), where

~j,j- l Cj,j-1

I,:;

The classic growth equation for organisms is

G = aC - r (13.10,)

where
a = food assimilation efficiency
r = respiration rate, day-1

Then

Cj,j_1 = (Gj + rj)/aj,j_1 (13.11)

The bioconcentration factor, BCF = Nwj, is due to biosorption of the
toxic compound only, primarily through the gills or through the lipopro-
rein membranes of organisms. The bioaccumulation factor, BAF = N~- =
vy/c, includes both biosorption and intake from the food.
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The bioconcentration factor Nw (and the bioaccumulation factor N)
has a dimension of liter per gram of bodily weight. Since many toxic
chemicals tend to accumulate primarily in the lipid tissue of the organ-
isms, the bioaccumulation factor may be normalized by the weight frac-
tion of the lipid, such as N~[1/g(lipid)] = Nw[l/g(w)] × [g(w)/g(lipid)]. For
phytoplankton the bioaccumulation coefficient may be normalized by the
organic carbon (approximately 50% of dry weight) content. It was then
found that the lipid-normalized bioaccumulation factor BAF = N; (and
also the bioconcentration factor BAC = N~i) may be correlated to the
octanol partition coefficient for the chemical, Kow (see Chapter 6 for an
explanation of partitioning of organic chemicals between water and
organic solids and the Appendix for the magnitudes of Kow). The corre-
lation is different between the trophic-level organisms due to the different
effects of growth rate and food ingestion on the accumulation of com-
ponents with widely varying biosorption capabilities. The relation of Ni to
Kow is shown on Figure 13.4. For the first trophic level (phytoplankton),
the normalized (organic carbon) bioconcentration factor N~ = N~vl = Kow
for all nonpolar organic toxic chemicals; for higher trophic levels, the

s
FOOD CHAIN LEVEL

7

6

5

4

2        3        4        5         6        7        8         9

LOG OCTANOL WATER PARTITION COEFF.

FIGURE 13.4. Relation of the lipid (organic content) normalized bioaccumulation factor,
N/, to the octanol partitioning coefficient, Ko,~. (After Thomann, 1991a.)
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3 _

LEVEL #4/L
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LOG OCTANOL WATER PARTITION COEFF.

FIGURE 13.5. Predator-prey bodily concentration ration. (After Thomann, 1991a.)

equality N~,j = Kow holds for chemicals with Kow < 5. Figure 13.5 shows
the predator-prey bodily concentration ratio (biomagnification factor),
which can also be related to the biosorption characteristic of the chemi-
cal, the octanol partitioning coefficient.

Table 13.4 shows the ratio of BAF to the BCF as a function of the
trophic level of an aquatic organism, and the log Kow. The BAF/BCF
ratio ranges from 1 to 100, with the highest ratios applying to organisms
in higher trophic levels, and to chemicals with log Ko~, close to 6.5. For
chemicals with log Kow greater than 7 (1/kg), there is some uncertainty
regarding the degree of bioaccumulation.

Trophic level-four organisms are typically the most desirable species
for sport fishing, and therefore the multipliers corresponding to this
trophic level should be used in setting water quality standards. In rare
situations where only lower trophic-level organisms are found (for ex-
ample, oyster beds) the BAF/BCF factors for lower trophic levels can be
used. BAF/BCF factors are very difficult to measure accurately, the
process is very expensive, and the results may be problematic and subject
to uncertainty (U.S. EPA, 1991).

The steady-state assumption in this concept is crude and neglects the
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TABLE 13.4 Estimated Food Chain Multipliers FM = BAFfBCF

Trophic Levels

log Kow 2 3 4

3.5 1.0 1.0 1.0
4.0 1.1 1.0 1.0
4.2 1.1 1.1 1.1
4.4 1.2 1.1 1.1
4.6 1.2 1.3 1.3
4.8 1.4 1.5 1.5
5.0 1.6 2.1 2.6
5.1 1.7 2.5 3.2
5.2 1.9 3.0 4.3
5.3 2.2 3.7 5.8
5.4 2.4 4.6 8.0
5.5 2.8 5.9 11
5.6 3.3 7.5 16
5.7 3.9 9.8 23
5.8 4.6 13 33
5.9 5.6 17 47
6.0 6.8 21 67
6.1 8.2 25 75
6.2 10 29 84
6.3 13 34 92
6.4 15 39 98
6.5 19 45 100

>6.5 19.2a 45a 10&

Source: After U.S. EPA (1991).
aThese values are conservative best estimates.

growth and life span of the organisms. The steady state during the
duration of an experiment and/or the life span of organisms can only be
reached if the duration of the experiment and life span of the organisms
are long enough to reach equilibrium. For some chemicals with very
strong biosorption (high Ko~,) and/or shorter life span, the steady state
may not be reached at higher trophic levels. Consequently, a time-
variable model should be used.

The state of the art of modeling bioaccumulation in the food chain of
aquatic organisms has evolved to the point where reasonably accurate
(order of magnitude) simulations are possible. The EPA model WASP
includes the food chain bioaccumulation model (at the time of writing this
book the food chain model was not yet incorporated into the public
domain version of the WASP model). The reader is referred to pertinent
EPA publications on WASP and to the publications of the Manhattan
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College, Bronx, New York, team that developed the food chain bioac-
cumulation models (Connolly and Winfield, 1984).

Example 13.2: Biomagnification Calculation

Estimate the PCB concentration in Lake Michigan invertebrates (Mysis--
trophic level 2), which have a life span of about 1 year. A constant
dissolved PCB concentration (note that adsorbed PCBs on sediments is
not bioavailable) is 1 ng/l (= 10-3 lag/l). The following additional infor-
mation is also given (adapted from Connolly and Thomann, 1991b):

The octanol partitioning coefficient for PCB’s: Kow = 106.51/kg = 30001!g
Fraction of dry weight of phytoplankton: 0.1
Organic carbon/dry weight ratio: 0.5
Fraction of dry weight of invertebrates: 0.2

PCB Concentration in the Phytoplankton (N1 = N,~ = Kow)

vl = N1 × c = 3000 [l/g(g of org. C)] * 0.001 [lag/l]
= 3.0lag/g(org. C) × 0.5 [g(org. C)/g(dry weight)]
× 0.1 [g(dry)/g(total weight)]
= 0.15 (lag/g) = 0.15 mg/kg

Since 1 liter of phytoplankton (total) biomass weighs approximately 1 kg
(weight), the concentration of PCBs in the phytoplankton is 15,000 times
greater than that in water.

PCB Concentration in the Invertebrates From Figure 13.4 for log Kow =
6.5 and trophic level 2, logN~ = 7.0 or N2 = 1.0 × 1071/kg = 1041/g (lipid
or carbon). By a calculation similar to that for the phytoplankton

v2 = 10,000 x 0.001 x 0.5 × 0.2 = 1.O(lag/g) = 1.Omg/kg

Hence the steady-state PCB concentration in Mysis is about 106 times
greater than that of PCBs in water.

WATER QUALITY AND SEDIMENT
CRITERIA AND STANDARDS
FOR TOXICITY

Water Quality Criteria and Standards

The legal difference between criteria and standards has already been
explained in Chapter 1. The criteria from which standards were adopted
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by the states have developed primarily from the toxicity bioassay con-
ducted on different organisms and from studies of the effects of toxic
compounds on man. The federal water quality criteria adopted in the
United States specify maximum exposure concentrations that will provide
protection of aquatic life and human health. Generally, however, the
water quality criteria describe the quality of water that will support a
particular use of the water body. These criteria may be then used by the
states as a basis of enforceable water quality standards. The water quality
standards apply to all waters of the United States, including most of the
natural wetlands. The latest edition of the federal water quality criteria
was published in 1987 (U.S. EPA, 1987a), followed by publication of
specific criteria in several issues of the Federal Register.

The purpose of the following discussion is (1) to provide the rationale
behind the federal water quality criteria and extrapolate the logic of how
they apply to sediments, (2) provide guidance to the development of site-
specific criteria. The water (sediment) quality standards are paramount to
integrated pollution abatement, since it is expected that most of the
effluent and waste load limitations based on the National Pollution Dis-
charge Elimination System will be related more to the quality of the
receiving water and will be more stringent than those based on the
required waste elimination technology. Furthermore, the same logic and
methodology may be applied to the assessment of the risks of contami-
nated sediments and water to aquatic biota and man.

The most important uses of surface-water bodies is to provide water
for human consumption and contact recreation, and for aquatic life
protection and propagation. For the protection of aquatic life a two-value
criterion has been established to account for acute and chronic toxicity of
waste compounds. The human health criterion specifies the risk incurred
with exposure to the toxic compounds at the criterion concentration. The
latter (human health) criterion is associated with the increased risk of
contracting a debilitating disease, such as cancer.

Aquatic Life Protection Criteria

The water quality standards regulation in the United States allows the
individual states to develop numerical criteria of their own or modify
the EPA’s recommended criteria to account for site specificity or other
scientifically defensible factors (U.S. EPA, 1991). The criteria may be
based on chemically specific numeric values for the priority pollutants or
on the whole effluent toxicity (the term effluent applies to point dis-
charges regardless of whether these are of diffuse or traditional point
origin).
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Chemical-Based Numerical Criteria
The LCs0 or ECs0 acute toxicity values and chronic toxicity observations
determined for various key aquatic organisms have been used as a basis
for the development of the single-chemical numerical water quality criteria.
The development of site-specific toxicity criteria based on a complete
toxicity bioassay performed on at least three species of test organisms fol-
lows the following procedures (U.S. EPA, 1991; Connolly and Thomann,
1991a).

Acute toxicity criterion or criterion of maximum concentration (CMC).
Using acute toxicity data (LCso or ECso) with at least three different
families of species (specified by state guidelines) calculate:

1. Geometric mean of all LCso (ECho) values for each species, yielding
"species mean value (SMAV)"

2. Geometric mean of all SMAV values within a genus, "genus mean
acute value (GMAV)"

3. Assuming that GMAV values are log-normally distributed, determine
the 5% GMAV (that is, the concentration exceeded by 95% of the
GMAV values) yielding the "final acute value (FAV)"

4. The acute toxicity criterion (CMC) is then CMC = ~t × FAV, where
the a multiplier corrects the FAV values derived from the 50% le-
thality value LC50 rather than from a threshold-lethal (zero mortality)
effective concentration (U.S. EPA, 1991). The recommended value
for this procedure is a = 0.5 (Connolly and Thomann, 1991a).

Chronic toxicity criterion or criterion continuous concentration (CCC).
The chronic toxicity criteria also evolved from toxicity tests. Two values
are determined in the test as follows: (1) a lower chronic toxicity limit is
the highest tested concentration that did not cause an "unacceptable"
amount of adverse effects, and (2) an upper chronic toxicity limit is the
lowest tested concentration that did not cause an "unacceptable" amount
of an adverse effect. The effects are related to the long-term viability
of the species and include loss of reproductive capability, reduction in
mobility, change in feeding, and reduction of metabolic rates.

To establish CCC the following procedure is outlined:

1. Compute chronic values from chronic toxicity data. A chronic value
is the geometric mean of the lower and upper chronic limits. The
geometric mean of the two values is thus called the chronic value.

2. If sufficient chronic values are available (at least three species are
required), then they are analyzed in the same way as outlined in the
procedure given earlier for CMC.
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3. In the absence of a large enough chronic toxicity data base, ratios of
LCs0 or LDso to available chronic toxicity data (ACR) are then used
to establish the chronic toxicity criteria. The ACR is the ratio of acute
LCs0 or ECs0 to the chronic value. ACR values are needed from at
least three families including one fish, one invertebrate, and one
acutely sensitive species.

4. A final ACR (FACR) is calculated from species geometric mean ACR
values. This procedure depends on whether the ACR is a function of
the SMAV defined previously. The minimum allowable ACR is 2.

Bioaccumulation, additivity, antagonism, synergism, and persistence of
the chemical may be important in determining the magnitude of the
standard.

Traditional "point source" application of receiving water standards
was related to extremely rare low flows, such as the 10 years expec-
tancy-7 days exceedence low flow (Q7-10). Such low-flow concepts are of
little use in storm-water management or in water-quality-based controls
of discharges of priority pollutants. Statements such as "the standard
should not be exceeded at all times" are also inappropriate, since con-
centrations represent statistical time series for which only infinitesimally
large values would have a 100% statistical probability of not being ex-
ceeded. Thus a standard (or a criterion) for a harmful substance must
have three components (U.S. EPA, 1991):

¯ Magnitude: The amount of a pollutant (or pollutant parameter, such as
toxicity), expressed as concentration, is allowable.

¯ Duration: The period of time (averaging period) over which the in-
stream concentration is averaged for comparison with criteria concen-
trations. The specification limits the duration of concentration above
the criteria.

¯ Frequency: How often criteria can be exceeded.

The permissible frequency of excedence of toxicity criteria based on
the July 29, 1985, issue of the Federal Register is:

¯ Acute toxicity criteria: One hour average concentration (essentially a
grab sample), not to be exceeded more than once in three years on an
average

¯ Chronic toxicity criteria: Four day average concentration, not to be
exceeded more than once in three years on the average.

Since most of the water quality constituent concentrations from a
sufficiently long record follow a log-normal distribution, the acute toxicity
criterion (standard) would be violated if the 99.9 percentile of maximum
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FIGURE 13.6. Probability concept of criteria for acute and chronic toxicity.

daily concentrations, arranged in ascending order of magnitude on the
log-cumulative probability plot, exceeded the criterion (Fig. 13.6). Simi-
larly, the chronic toxicity criterion would correspond to the 99.6 percen-
tile log-cumulative probability characteristic of average daily concentrations.
A one hour average value for acute toxicity would imply grab samples
taken randomly. For chronic toxicity, composite samples (over a 24 hour
period) are more appropriate. For planning studies and modeling testing
for chronic toxicity violations, both in water and sediments, resulting
from known and anticipated point and nonpoint discharges will suffice.
The three year recurrence was derived from observations of the length of
recovery of ecosystems after a toxic spill.

Appendix B presents the water quality criteria for recognized pol-
lutants and other water quality parameters adapted as standards in the
United States. It should be pointed out that the values in Appendix B
were derived from toxicity bioassays performed in laboratory conditions,
with organisms residing mostly in water with no or minimum sediment.
Thus the criteria would logically correspond to bioavailable concentra-
tions of the toxicant. Legal interpretation of the toxicity standards are not
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clear as to whether total (adsorbed + dissolved-bioavailable) or bio-
available fractions should be considered.

Whole Effluent Toxicity Criteria
Whole effluent toxicity is the total toxic effect of an effluent measured
directly by a toxicity test. In such measurements the toxicity is expressed
in toxicity units, both chronic and acute.

The acute toxic unit (TUa) is the reciprocal of the effluent concentra-
tion in the dilution water (in percent) that causes 50% of the organisms to
die by the end of the acute exposure period, or

TU,, = IO0/LC5o

The chronic toxic unit (TUc) is the reciprocal of the effluent concen-
tration (in percent in dilution water) that causes no observable effects on
the test organisms by the end of the chronic exposure period, or

TUc = 100iNOEC

For example, a waste discharge with an acute toxicity of an LCs0 in 5%
effluent (5% wastewater in 95% dilution) is discharge containing 20 TU,,.
The toxic units enable specifying water quality criteria based upon the
whole toxicity. For comparative purposes, a waste discharge that contains
20 TU¢ is twice as toxic as a discharge containing 10 TUc.

The whole effluent (body of water) test is conducted as delineated
before. At least three different species are required for the test. To
protect aquatic biota the EPA recommends that the criterion maximum
concentration (CMC) be set to 0.3 TU,~ for the most sensitive of at least
three test species. The selection of the test species is not critical (see the
list on page 825 and Table 13.2 for selection) provided that species from
ecologically diverse taxa are used (i.e., a fish, an invertebrate, and a
plant). The factor of 0.3 is again used to adjust the typical LCs0 (50%
mortality), LC0 (virtually no mortality). For chronic protection, the CCC
should be set at 1.0 toxic units (TUc).

Human Health Protection Criteria

Human health criteria are based on the average daily dosage of a poten-
tial toxicant. Man can receive toxic dosages originating in surface (ground)
water via two pathways: (1) by drinking contaminated water, and (2) by
eating contaminated fish and shellfish. All criteria are chemical specific
and contain only a single expression of allowable magnitude: a criterion
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concentration that protects humans against long-term chronic health
effects during an average lifetime period, which was set as 70 years.

The daily intake of a toxicant is

I = d~fv + mc (13.12)

where
I = daily intake of the toxic compound by man, mg/day
q~f = average daily consumption of fish, kg
v = fish chemical concentration, mg/kg
m = average daily water intake, 1
c = the water concentration, mg/1

The EPA-recommended values of daily average fish consumption are
given below (compiled by U.S. EPA, 1991):

Intake Explanation
6.5 g/day Represents an estimate of average consumption of fish and

shellfish from estuarine and freshwater by the entire U.S.
population. This is an average of both consumers and
nonconsumers of fish (most states).

20 g/day Represents an estimate of the average consumption of fish
and shellfish from marine, estuarine, and freshwater by
the U.S. population. This level also includes consumers
and nonconsumers of fish (Arizona, Illinois, Louisiana,
and Wisconsin).

165g/day Represents consumption of fish and shellfish by the 99.9
percentile of the U.S. population consuming the most
fish and seafood.

180g/day This is a reasonable "worst case" based on the assumption
that some individuals would consume fish at a rate equal
to the combined consumption of red meat.

Using a bioaccumulation factor N as

V
Nlipid = -

The bioaccumulation factor is normalized by the lipid content of the fish,
hence the unit of Nlipid is liters/kilogram of lipid. Then the daily intake is

1 = [dpyN + m]c                  (13.13)

R0023817



Water Quality and Sediment Criteria and Standards for Toxicity 845

where N = Nlipid X (% lipid in fish)/100.
At a low dose level the incremental risk (for example, of contracting

cancer) is proportional to the dose of the toxic compound, or

R = qI (13.14)

where
R = incremental risk over the background (no contamination) risk of

contracting a disease
q = risk-dosage coefficient obtained from toxicity studies

Then for an average person weighing W kg, the maximum daily intake of
the toxicant is

W*R
/max ---- ~ (13.15)

q

Substituting Equation (13.15) into Equation (13.13) the maximum water
concentration (criterion) that will provide human health protection at risk
R becomes

WR
Cmax -- q(d~yN + 03) (13.16)

There has been considerable controversy among environmentalists and
scientists over the acceptable risk level for human health protection. By
accepting a very small risk factor R = 10-6, one still de facto accepts the
fact that probably one person in a million will get a cancer or a debilitating
disease because of water contamination. Again those not familiar with the
statistical characteristics of natural time series may advocate no risk,
which would imply an absolute never exceeding zero concentration (an
impossible task). For a comparison the following activities pose about the
same risk of death or debilitating injury to man (1 death increase in a
population of one million): riding 16 km on a bike or driving 500 km in a
car or flying 1600 km by a commercial jet plane or travelling 6 minutes by
a canoe or drinking one-half liter of wine (J. P. Connolly, 1991, pers.
comm.).

Example 13.3: Toxicity Criterion Estimate for PCBs

Estimate a water quality criterion for PCBs that would provide human
health protection at an acceptable risk level of R = 10-6 (an increase of
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one cancer per one million population over the background level). The
following information has been obtained:

Bioaccumulation factor for PCBs: Nlipid = 3 × 1061/kg (lipid)
Average body weight of a person: W = 70 kg
Average daily fish consumption: qbf = 20g = 0.02 kg
Average lipid content of fish: 5%
Average daily water intake: 0~ = 21
Risk-dose coefficient of q = 3 x 10-4

Solution Calculate the biomagnification factor

N = Nlipid × (% lipid)/100 = 3 × 106 × 3/100 = 9 × 1041/kg

Then from Equation (13.6)

70 × 0.000001
Cmax = 0.0003 × (0.02 × 9 x 104 + 2) 1.3 × 10-4mg/]

Example 13.4: Water Quality Standard Based on Maximal Body Intake

From epiderniologic studies it was found that a daffy intake of a carcino-
genic compound has the following impact on the test human population:

Daily Dosage (mg) Number of Additional Cancers/Population
10 5/100,000 (5 × 10-5)
50 2/10,000 (2 × 10-’~)
100 5/10,000 (5 × 10-4)

The compound has log Kow = 6.
Estimate the water quality criterion for a compound that would pro-

tect the population at the risk level of 1 additional cancer per 1,000,000.

Solution Assume

Bioaccumulation factor for carnivorous fish (trophic level 4) from Figure
13.3 for

Kow = 106    Nlipid = 3 x 1061/kg,

Average body weight of a person: W = 70 kg
Average daily fish consumption: qbf = 20 g = 0.02 kg
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FIGURE 13.7. A plot of cancer deaths increases vs. bodily toxic compound daily dosage
above the ambient dose for Example 13.4.

Average lipid concentration of fish: 4%
Average daily water intake: o3 = 21

By plotting the dosage-cancer increase numbers in Figure 13.7 the risk-
dose coefficient is approximately q = 5 x 10-6mg/day. The corrected
bioaccumulation factor is N = Nlipid X (lipid content of fish) = 3 × 106 ×
4/100 = 1.2 × 105.

Repeating the calculation similarly to the previous example for R =
10-6, the human health protection criterion is

70 0.000001
Cmax -- 5 × 10-6 (0.02 × 1.2 × 105 + 2) = 0.0113mg/I

It may be interesting to note that for these cases most of the compound
intake and risk of cancer are due to eating contaminated fish.
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The U.S. Environmental Protection Agency recommends using the
most current risk information when updating or generating criteria. For
this purpose the agency has developed the Integrated Risk Information
System (IRIS), which is an electronic on-line data base that provides
chemical exposure and estimated human health effects (U.S. EPA,
1987b). The right side of Table B.3 in Appendix B contains the human
health protection water quality criteria.

Sediment Water Quality Criteria

The role of sediments and their impact on toxicity of many priority
pollutants must be considered. It has already been pointed out that
suspended solids and their organic, and to a lesser degree clay fractions,
have an affinity to adsorb constituents. Adsorbed and/or precipitated
pollutants may not be bioavailable, especially to lower trophic-level
organisms of the food web. Example 13.1 has shown that the concentra-
tions of a toxic compounds in the pore water of sediments may be much
smaller than those measured in the overlying water. This is due to par-
titioning between dissolved (bioavailable) and adsorbed-precipitated
(nonbioavailable) fractions of the compound.

The importance of the bioavailability and partitioning phenomena in
sediments can be overlooked. This will impact directly on the LCs0 of
organisms residing in the sediment. The observations have shown that the
concentration-response curve for the biological effect of a constituent
could not be correlated to the total concentration of the chemical in the
sediment, but to a certain parameter that reflects on the bioavailability of
the compound in the sediment. It was shown th~it this parameter was
the dissolved pore water concentration of the compound (DiToro et
al., 1991). This parameter is then expressed by the sediment toxic unit
(STU). The response curves of the toxicity test and the LCs0 for various
compounds and organisms correlated surprisingly well to the STUs of the
sediments, as shown in Figure 13.8. Furthermore, it was shown that the
benthic organisms have about the same sensitivity to toxic compounds
as the water column organisms. This apparent equality between the
sensitivities of benthic and aquatic water column organisms enables one
to use water toxicity criteria to also protect the organisms residing in the
benthos (DiToro et al., 1991).

Nonionic organic toxic chemicals. Since the adsorptivity of the non-
ionic organic chemicals is related to the organic carbon particulate frac-
tion of the sediment, the sediment organic carbon is the primary route of
exposure of the organisms. Recall that the relation between the sediment
chemical concentration (microgram of chemical/gram of sediment) and
the pore water concentration (in micrograms/liter) is r = I-Icd, also I-I =
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FIGURE 13.8. Correlation of the mortality of aquatic benthic organisms vs. calculated
sediment toxic units. (After DiToro et al., 1991a, reprinted with permission, copyright 1991,
SETAC.)

(moo/ross) × Kow. Then substituting the sediment quality criterion (SQC)
for r and the water quality criterion (WQC) for Cd, the relationship
between the sediment toxicity and water quality criteria is the same
simple partition equation (DiToro et al., 1991)

SQC = HWQC ~ fo~KocWQC (13.17)

where foc = moc/mss is the fraction of organic carbon in the sediment.
DiToro et al. (1991) proposed the use of chronic water toxicity criteria

for WQC in order to protect benthic biota, thus implying that compliance
with the chronic toxicity criterion will also satisfy the acute toxicity
criterion. This concept was accepted by the U.S. EPA. The estimated
sediment toxicity unit is then approximately

STU = c,(foc × goc) (13.18)
water only WQC

where cs is the concentration of the chemical in the sediment expressed
in micrograms per gram of dry weight of the sediment. The limit of
applicability of the preceding relationships is the organic carbon fraction,
foc > 0.1%. Below foc = 0.1% other factors that influence partitioning,
such as particle size, pH, and the electrical charge of the minerals in
the sediment, influence the equilibria between the sorbed and dissolved
fractions of the chemicals.
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Observations also indicated that in addition to the particulate carbon
in the sediments, chemicals may be made nonbioavailable by dissolved
organic carbon, such as that contained in humic compounds (McCarty
and Jimenez, 1985; Landrum et al., 1985, 1987; DiToro et al., 1991). The
presence of dissolved organic carbon in the pore water may distort the
partitioning between the adsorbed and dissolved toxic compounds, and
the apparent partitioning coefficient K~ = Cs/Cd may not agree with the
expected partitioning coefficient foc × Koc (DiToro et al., 1991). The
differences may amount to an order of magnitude. However, such dif-
ferences between observed and estimated data are common and should
be expected in modeling toxicity relationships. The reliability of the
estimates then coincides with the risk in the formulation of the toxicity
limits.

Example 13.5: Relation between Sediment and Water Column Toxicities

Estimate maximal acceptable concentration of lindane in an organic
sediment. The following information is given:

Octanol partition coefficient of lindane (Appendix C): Kow = 103.7 =
50001/kg

Organic content of the sediment: foc = 0.1 (10%)
Chronic toxicity criterion (Appendix B): WQC = 0.08 lag/1

Solution From Equation (6.20a) the carbon partition coefficient Koc =
0.63 x 5000 = 31501/kg = 3.151/g. The sediment toxicity criterion is then

SQC ~focKocWQC = 0.10 × 3.15 × 0.08 = 0.025 p.g/g of dry weight

Example 13.6: Sediment Toxicity Estimation

Chemical analysis by gas chromatograph-mass spectrometer apparatus
yielded the sediment concentration of methoxychlor as 0.2~tg/g (=
mg/kg) of sediment. The sediment organic content is 10% on a dry weight
basis. Make a judgment as to whether the sediment contamination is toxic
to the benthic biota. Given are:

Methoxychlor sediment concentration: c~ = 0.2 lag/g of methoxychlor
Octanol partitioning coefficient for methoxychlor (Appendix C): Kow =

104.78 = 60,000 I/kg
Chronic water quality criterion (Appendix B): WQC = 0.03 ~tg/1
Sediment organic carbon fraction: foc = 0.1
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goc = 0.45 × 60,0000.989 = 23,9221/kg = 23.921/g

The organic carbon partitioning coefficient is

Koc = 0.63 x Kow = 60,0001/kg = 601/g

The toxicity in sediment toxicity units (STU) is (Eq. (13.18))

STU = cs/foc x Ko¢ = 0.2/(0.1 x 60) = 1.1
WQC         0.03

Since STU = 1.0 one could judge the sediment as mildly toxic (based on
Fig. 13.6) to the benthic biota.

Example 13.8: Volumetric Concentration Toxicity Limit for Sediments

Using the information from the previous Example, estimate the toxicity
limit for lindane in the sediment in micrograms/liter of wet sediment. The
following information is given:

Porosity: p = 50%
Volatile (organic) fraction of the sediment: VC = 10%
Specific gravity of organic fraction: 1.1
Specific gravity of mineral fraction: 2.4
Estimated chronic SQC for lindane (Example 13.5): 0.025gg/g of dry

weight

Volume (ml/g) = (dry weight in grams)
× [(1 - VC)/2.4 + VC/1.1]/(1 - porosity)
= lg × [(1 - 0.1)/2.4 + 0.1/1.1]/(1 - 0.5) = 0.93ml/g

Hence

SQC(gg/ml = rag/l) = 0.025(gg/g)/0.93(ml/g)
= 0.027 l.tg/ml
[= mg/l of sediment]

Note that the value of SQC just given is about 1000 times greater than the
corresponding water column criterion from which it was derived.
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MODELING THE FATE OF TOXIC
COMPOUNDS IN RECEIVING
WATER BODIES
Basic Equations and Fundamentals

The fundamentals of modeling the fate of toxic compounds and sedi-
ment-water interactions were explained in Chapter 6. The water quality
modeling concepts were presented in the preceding chapter. The mass
balance continuity equation for toxic substances was introduced by
O’Connor (1988) in the preceding chapter as

V-’ = Jg + ZRg + ZTg + ZW (13.19)dt

in which
ci = concentration of the chemical in compartment, i
J = transport through the system
R = reactions within the system
T = transfer from one phase to another
W = inputs

A chemical in water can exist either dissolved or as a particulate
(adsorbed). As pointed out previously, only a. dissolved fraction is con-
sidered bioavailable, and hence, toxic. Expanding Equation (13.19)
for dissolved and adsorbed fractions, substituting appropriate reaction
formulas for transformation and decomposition, and dividing both sides
of the equation by V, yields (O’Connor, 1988)

dCd Wd Ca
-- (K1 + Kc + Ka)Cd + K2Cp (13.20a)dt V to

dcp Wp
-- + KlCd - (g2 + gp + gs)cp (13.20b)dt V to

where
Ca = dissolved fraction concentration of the compound
Cp = adsorbed fraction concentration
V = volume of the computational segment (water column or

sediment)
to = detention time within the segment = V/Q
Q = flow through the segment
K1 = adsorption rate coefficient
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K2 = desorption rate coefficient
Kc = decay rate coefficient of the dissolved fraction of the com-

pound
K,, = transfer (volatilization) rate coefficient of the dissolved

fraction
Kp       = decay coefficient of the particulate (adsorbed) fraction
Ks = vs/H = sediment transfer (settling or resuspention) rate coefficient
Wc, W,, = mass input of the dissolved and adsorbed compound frac-

tions
vs = settling (resuspension) velocity of the particulates

In addition to the water continuity equation (Eq. (13.24)), the sedi-
ment mass-balance continuity equation must also be considered, or

- + Ks (13.21)dt to

where
m = concentration of suspended solids in the segment
rni = WJQ = average concentration of suspended solids in the input

= mass input of suspended solids into the segment

The process of sedimentation and resuspension of cohesive sediments was
explained in Chapter 5.

To simplify Equations (13.20) the following assumptions were made:

1. An instantaneous adsorption-desorption is reached. From Equation
(6.6) Cd = 1-lCl,/rn (because cp and rn are typically expressed in mil-
ligrams or micrograms per liter, r in micrograms/gram, respectively).
This eliminates the adsorption-desorption rate coefficients K1 and K2.

2. From Equations (6.7) and (6.8) the dissolved and particulate fractions
of the compound related to the total concentration, CT, are

fd= Cd
1

CT 0 + Hm

and

fp = _~_ =    rim

CT 0 + Urn
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where 0 = dimensionless water content (0 = porosity for sediments, for
water 0 = 1). Note that for bottom sediments, l-Ira >> 0, hence, fpb ~ 1
and fdb ~ 1/(Ilbmb), where the subscript b denotes bottom conditions.

Adding Equations (13.20a) and (13.20b) and considering the preceding
simplifications results in

dcr Wr cr
dt - V to fa(t)[Kc + Ka]cr- fp(t)[Kp + Ks]cT" (13.22)

The magnitudes of the constants and rate coefficients for modeling the
fate of toxic compounds were compiled by Schnoor et al. (1987). The
processes involved in modeling the fate of toxic compounds when solids
are present were explained in Chapter 6.

The toxic chemical model. The toxic chemical submodel TOXI4 in-
cluded in the WASP model (Ambrose et al., 1991) is a dynamic compart-
mental model of the transport and fate of toxic chemicals. Its concepts
and components were introduced in Chapter 12. This model considers
several physical-chemical processes, and can handle up to three chemi-
cals and up to three types of particulate matter per each simulation. The
chemical can be independent or linked by reaction yields (for example,
the DDT to DDE transformation). Each chemical can be considered in
up to five forms, including the natural form and ionic species, and each of
them can exist in five phases (dissolved, sorbed to organic carbon, and
sorbed to three species of solids). The equilibrium between the solids
adsorbed and dissolved phases is described by the partition equilibrium
equation (Eq. (6.6)).

The transfer and transformation reactions and processes that the
toxic chemicals can undergo in aquatic environments include sorption,
volatilization, ionization, photolysis, hydrolysis, biodegradation, and
chemical oxidation. WASP (TOXI4) describes sorption and ionization as
equilibrium reactions, while the remaining reactions are described as
concentration change rate equations.

TOXI4 can be used to simulate toxic metals and organic chemicals.
However, it should be pointed out that metal modeling requires site-
specific judicious selection of certain key parameters (Ambrose et al.,
1991). As with EUTRO4, TOXI4 can be implemented at different levels
of complexity that take into consideration increasing sophistication and
detail in the description of solids behavior, and kinetic and equilibrium
reactions.
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Modeling Strategies for the Fate of
Toxic Chemicals in Aquatic Systems

Typically, the waste-assimilative capacity of a receiving water body for
organic pollutants discharged from point sources is determined using
calibrated and verified steady-state models (or dynamic models executed
as steady state) applied to an extreme low-flow condition, such as the 7-
day duration-10-year recurrence interval flow characteristic (so-called
07-10).

However, the formulation of toxic standards does not allow a simple
application of steady-state models. As pointed out in the section titled
"Water Quality and Sediment Criteria and Standards for Toxicity" of this
chapter, toxic criteria are related to the probability (frequency) of the
exceedance of the concentrations, which for acute toxicity allows a one-
hour average concentration of a priority pollutant to exceed the criterion
once in 3 years, while for chronic toxicity the 4-day average concentration
can exceed the criterion once in 3 years (on average). Hence the model-
ing requires some statistical considerations.

The EPA (1991) guidance manual states that the hydrologically based
low-flow, 7-day-exceedance-10-year-recurrence-interval-fl°w QT-10 is
similar to the biologically based 4-day exceedance-3-year-recurrence
flow. Therefore in steady-state studies of a traditional point source dis-
charge, QT-10 may be used for chronic toxicity impact calculations using
the CCC criterion. Using the QT-10 for acute, CMC estimations would
lead to an excessive number of water quality criteria exceedances. Using
hydrologically based low-flow characteristics for storm-water-based
discharges is inappropriate and makes no sense.

The toxic concentrations in runoff leaving a source area (the event
mean concentrations (EMCs)) or in a point discharge are statistically
distributed. The statistical characteristics of EMCs in urban runoff were
presented in Chapter 8. It was shown that EMCs are log-normally dis-
tributed with a coefficient of variation (CV) (= log standard deviation/-
log mean) of around 1. There is no significant correlation between the
magnitude of runoff and other parameters, and EMC magnitude for most
toxic parameters.

In lieu of a single worst case steady-state modeling three dynamic
techniques were recommended by the U.S. Environmental Protection
Agency (U.S. EPA, 1991; Ambrose et al., 1988): (a) Monte Carlo simu-
lation, (b) log-normal probability modeling, and (c) dynamic continuous
modeling.

The in-stream (lake, estuary) response of the concentration of a toxic
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compound can be schematically represented by an input-output trans-
formation concept, or

c = F(p)Li (13.23)

where
c = in-stream concentration response to a toxic input
L = toxic load vector from point and nonpoint sources (including

sediment)
F(p) = transfer function or a model for the receiving water system
p = parameters-coefficients of the model
i = source subscript

The form of transfer function may range from a simple dilution formula
for a soluble conservative compound to a complex dynamic model such as
WASP. In this sense, Equation (13.23) is a schematic representation and
does not imply a simple multiplication of L by F(p). Both L (load) and F
(transfer function) can be considered to be deterministic or stochastic
(probabilistic).

In the Monte Carlo methodology (Marr and Canale, 1988) a simplified
steady-state toxic compound-sediment fate model may be used. The
inputs (loads) and system parameters of the model are statistically an-
alyzed and their characteristics (mean, coefficient, and variation and
probability distribution) are obtained.

The log-normal probability modeling (DiToro, 1979; Mancini, 1983)
calculates the mean and standard deviation of in-stream concentration

TABLE 13.5 Toxicants Fate and Transport Models

Model Environment Time Domain Spatial Domain Chemical

DYNTOX River Dynamic Far-field Organic
1-dimensional metal

EXAMS-II Lake, river, Steady-state Far-field Organic
estuary          quasi-dynamic       3-dimensional

WASP4 Lake, river, Steady-state Far-field Organic
estuary dynamic 3-dimensional metal

HSPF River Dynamic Far-field Organic
1-dimensional metal

SARAH-2 River Steady-state Treatment plant, Organic
near field

MINTEQA2 Lake, river, Steady-state -- Metal
estuary

Source." After U.S. EPA (1991).
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response of a toxic compound from the mean and standard deviation of
the inputs (runoff volume and EMC) and stream flows assuming log-
normal distribution.

Table 13.5 presents a summary of available models for modeling the
fate and transport of toxic chemicals. These models are mostly public
domain models, available from the U.S. EPA laboratory in Athens,
Georgia. User’s training seminars are periodically organized by the EPA.
Most water quality models were developed with an emphasis on the
dynamics in the water column and water column concentrations. Two
models listed in Table 13.5 (EXAMS-II and WASP4) are capable of
simulating water,column-sediment interactions, including resuspension,
settling, and diffusion. However, additional work needs to be completed
on the mechanisms of sediment-water-column exchange before the
models can be validated for predictive applications involving sediments
(U.S. EPA, 1991).
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Wetlands

Wetlands are described as "the kidneys of the landscape."

W. J. Mitsch and J. G. Gosselink

Until the last century the drainage basin of the Lagoon of Venice in Italy
was composed primarily of lowland marshes and wetlands transected by
canals and tributary streams. Marshes and wetlands served as sinks for
nutrients that promoted the growth of lush vegetation and at the same
time protected the lagoons and other waterways from the symptoms of
eutrophication and hypereutrophication, which are now serious problems.

The drainage work that began in the basin of the Lagoon of Venice in
approximately 1880 and has continued until today, has transformed the
wetlands of the basin into agricultural and urban drylands. A complex
network of drainage canals with pumping stations has significantly lowered
the ground-water levels throughout the basin, and large quantities of
drainage and irrigation return flows rich with nutrients and residues of
other agricultural and industrial chemicals are now directed toward the
Lagoon. By draining the wetlands, the Lagoon was deprived of a natural
buffering system for nutrients that before the beginning of the drainage
works were retained therein. Increased use of fertilizers by the agricultural
sector, and the switch from organic (manure) fertilizers to chemicals, are
another factor contributing to the greatly increased transport of nutrients
from the basin to the Lagoon.

Originally, the Lagoon itself was surrounded by tidal brackish marshes,
which still remain in some parts of the Lagoon. These marshes constituted

861
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a natural buffer that shielded the Lagoon from the influx of nutrients
by runoff and shallow ground-water flows from surrounding lands. Im-
pounding the marshes and forming the fish ponds (valli da pesca) limited
this buffering capacity.

Loss of wetlands is not limited only to the watershed of the Lagoon of
Venice. Until recently in the United States, as well as throughout the
world, wetlands were considered a source of disease (malaria) and an
obstacle to man’s use of land resources for growth, agriculture, and
economic development. Early "wetland management programs" in the
United States--both governmental and private efforts--concentrated on
drainage, filling, and conversions to agriculture and urban uses. The
"success" of these early programs has been documented by the U.S Fish
and Wild Life Service (a government agency under the U.S. Department
of Interior), which estimated that more than one-half of the approximately
one million square kilometers of wetlands in the lower 48 states were lost
between the arrival of the first settlers and the present time. The rate of
loss of wetlands in the years before 1980 was about 1000 to 2500 km2 per
year. In Illinois alone, over 40,000km2 of wetlands, representing about
27% of the total state area, were drained and converted to agriculture
and urban lands since the mid-1800s.

Today, wetlands are viewed in a very different light. Numerous studies
have found that wetlands are essential for healthy hydrology and the
ecology of watersheds. They prevent floods, cleanse waters, protect shore-
line, and recharge ground-water aquifers. They retain nutrients and other
pollutants, which are then incorporated in the wetland biomass. For
example, studies of urban and rural watersheds near Minneapolis,
Minnesota, by Oberts (1982) documented that nutrient export from
watersheds with a significant wetland area (10% to 20% of the watershed
area) were much lower than the export from watersheds where the
wetlands were drained. Wetlands are also ecological assets because they
provide habitat for waterfowl, animals, and vegetation. Control of mos-
quitoes can be achieved by planting mosquito-eating fish (Gambusia
affinis) or by fish management.

The Congress, the federal government, and many states have realized
the very high ecological and hydrological values of wetlands and enacted
wetland protection and rehabilitation acts. For example, in Florida devel-
opers must now reestablish 2 hectares of artificial wetland for each hectare
of natural wetland lost due to development. Draining of wetlands is now
prohibited in many states and efforts are on the way to reestablish
formerly drained wetlands. Through the efforts of the Wetland Foundation
in Chicago programs aimed at wetland restoration are promoted. An
example of such programs is the Des Plaines experimental wetland located
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north of Chicago where scientists study wetland restoration, their incor-
poration into the landscape, habitat creation and enhancement, and
diffuse-pollution control (Hey et al., 1989). Restoration of riparian
wetlands and the construction of new wetlands play an important role in
diffuse-pollution abatement.

DEFINITIONS AND TYPES OF WETLANDS

There are a variety of lands and bodies of water that are called wetlands.
Wetland definitions include the following features (Mitsch and Gosselink,
1986):

1. Wetlands are distinguished by the presence of water.
2. Wetlands often have unique soils that differ from adjacent uplands.
3. Wetlands support vegetation adapted to the wet conditions (hydro°

phytes), and consequently are characterized by the absence of flooding
intolerant vegetation.

Other less distinct features have also been pointed out, such as:

1. The depth of standing water in wetlands may vary throughout the year
or be absent for some time.

2. Wetlands are often at the margin (boundary) between deep water and
terrestrial uplands, and are affected by both systems.

3. Wetlands vary in size from small--one to a few hectares of prairie
wetlands--to large expansive wetlands of several thousands of square
kilometers (example, the Everglades in Florida).

In general terms, wetlands are defined (Cowardin et al., 1979) as lands
where saturation with water is the dominant factor determining the nature
of soil development and the types of plant and animal communities living
on the surface.

Due to the existence types of various of wetlands, a precise definition
for wetlands that would satisfy all is not possible (Mitsch and Gosselink,
1986). The most comprehensive definition for wetlands was advanced by
the U.S. Fish and Wildlife Service:

Wetlands are lands transitional between terrestrial and aquatic systems where
the water table is usually at or near the surface or the land is covered by
shallow water. Wetlands must have one or more of the following attributes: (1)
at least periodically, the land supports predominantly hydrophytes, (2) the
substrate is predominantly undrained hydric soils, or (3) the substrate is nonsoil
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(organic matter) with water or covered by shallow water at some time during
the growing season each year.

Since 1975 the U.S. Fish and Wildlife Service has been conducting
an inventory of wetlands throughout the United States. U.S. wetland
terminology recognizes a variety of types and terms that are applied to
wetlands (Mitsch and Gosselink, 1986). The most important types of
wetlands are as follows.

Coastal or Marine Wetlands

The marine system extends from the outer edge of the continental shelf to
the high water or spring tides. Marine subtidal includes areas that are
continuously submerged, while marine intertidal includes areas in which
the substrate (soil and organic bottom matter) is alternately exposed and
flooded by tides.

The estuarine system consists of deepwater tidal habitats that are
semienclosed by land but have open, partially obstructed, or sporadic
access to the open sea or ocean and in which sea water is at least
occasionally diluted by freshwater runoff from the land. Estuarine subtidal

FIGURE 14.1. Tidal marsh inside the Lagoon of Venice in Italy. (Photo: V. Novotny.)
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is that portion that is continuously submerged (considered deepwater
habitat), while estuarine intertidal is the portion that is by turns exposed
and flooded by tides. The marshes within the tidal portion of the Lagoon
of Venice could be categorized as estuarine intertidal or subtidal wetlands
(Fig. 14.1).

Depending on salinity and type of vegetation, marine wetlands can be
categorized as:

Tidal salt marsh. Contains primarily salt or brackish water.
Tidal freshwater marsh. More distant from the coast; experiences some

tidal effects, but mostly contains freshwater.
Mangrove wetlands. Saltwater marshes in tropical and subtropical areas

(Florida). Salt-tolerant trees and brush usually dominate these wet-
lands.

Inland Wetlands

The palustrine wetlands include all nontidal wetlands excluding those
adjacent to or that are a part of river channels and littoral zones of larger

FIGURE 14.2. Forested wetland: Huricon marsh in Wisconsin. (Photo: A. Capodaglio.)
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and distinct lakes and other impoundments. Most definitions divide t]
palustrine wetlands into the following groups:

Forested and scrub land. Wetlands dominated by the presence of woo~
vegetation (Fig. 14.2).

Emergent. Wetlands with primary erect, rooted herbaceous plants typical
found in wet environments and other palustrine areas.

Nonvegetated wetlands. Small inland bodies of water and wetlanc
dominated by aquatic beds.

An arbitrary depth of 2 meters has been used by the U.S. Fish an
Wildlife Service to distinguish between wetland and deepwater systems.

Riverine wetlands (Fig. 14.3) adjoin deepwater Stream channels, whil,
lacustrine wetlands (Fig. 14.4) are littoral wetlands situated in topographi,
depressions or surrounding lakes or impounded rivers (reservoirs). Th~
surface area of the lake or impoundment should be more than 8 hectare~
(20 acres), or be deeper than 2 meters, or have an active wave-formed o~
bedrock shoreline feature. The term riparian wetlands is commonly usec
for lacustrine and riverine wetlands.

The following terms are commonly associated with nontidal wetlands:

Swamp. Wetland dominated by trees and shrubs.
Marsh. Frequently or continually inundated wetland characterized by

emergent vegetation adapted to saturated soil conditions. In European
terminology, a marsh does not accumulate peat.

Bog. A peat-accumulating wetland that has no significant inflows or
outflows and supports acidophilic mosses.

Fen. A peat-accumulating wetland that receives some drainage. Fens and
bogs are generically called peatlands.

Slough. A swamp or shallow lake system, or a slowly flowing swamp
or marsh.

Other Wetlands

Rice fields, some disposal of wastewater on land, and artificial wetlands
represent most of the remaining land surfaces that can be categorized as
wetlands. An artificial wetland is a man-made transformation of previously
dry upland into a wetland, and is accomplished by one or more of the
following measures:

1. Disconnecting and abandoning previously installed drainage.
2. Permanent or periodic flooding of the land with water from nearby

bodies of water.
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FIGURE 14.3. Meandering stream and wetland in northern Wisconsin.
(Photo: University of Wisconsin.)

FIGURE 14.4. Lacustrine riparian wetland in northern Wisconsin.
(Photo: University of Wisconsin.)
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3. Diverting urban storm water and/or treated or partially treated
effluents onto the land, which creates saturated soil conditions (similar
to land-disposal practices for wastewater).

4. Grading and excavating top soil layers to the ground-water table.

Las Vegas Wash, a wetland located between the City of Las Vegas and
Lake Mead in Nevada, was unintentionally created by increased effluent
discharges from a rapidly developing metropolis into a previously
ephemeral stream and surrounding land in desert climatic conditions.
Generally, however, urbanization results in loss of wetland.

Creating an artificial wetland is an engineering and ecological endeavor
that must be planned and executed properly to avoid development of
unwanted species (for example, obnoxious algal mats in shallow standing
waters or nuisance growths of water hyacinths in subtropical and tropical
areas). Ecological engineering is a new branch of environmental engineer-
ing that deals with protection and restoration of ecological systems, in-
cluding wetlands (Mitsch and J~rgensen, 1989). To ensure that proper
vegetation will develop, the bottom surface of the constructed wetland
should be covered by a mulch brought from an existing nearby wetland,
and the wetland should be seeded with proper wetland vegetation. Typical
wetland vegetation is shown in Table 14.1. All plant species reported in
the table and shown in Figure 14.5 are common throughout the world.
However, Mitsch (1990) pointed out that the list of possible wetland
plants is very large and that an almost infinite number of combinations of
plants exists. It should also be pointed out that water hyacinth and
duckweed are suitable in aquaculture ponds. However, their use in wet-
lands is questionable and even undesirable.

Creation of wetlands and their use for water-pollution control is now

TABLE 14.1 Typical Emergent Wetland Plants

Temperature Range (°C)

Common Scientific Seed Maximum Salinity EffectiveName Name Desirable Germination Tolerance (g/l) pH Range
Cattail Typha spp. 10-30 12-24 30 4-10Common Phragmites 12-23 10-30 45 2-6reed communis
Rush Juncus spp. 16- 26 20 5- 7.5Bulrush Scirpus spp. 16-27 20 4-9Sedge Carex spp. 14-32 5- 7.5
Source: After U.S. EPA (1988).
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WATER SUBMERGED DUCK
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FIGURE 14.5. Common aquatic plants.

enhanced by recent effors to take polluting agricultural lands out of
production. In the United States sucla lands are commonly converted to
so-called "buffer strips" or high slope woodland. Creation of riparian
wetlands in combination with overland-flow buffer strips could provide
an improved water-pollution control benefit. Large projects to restore
riverine wetland systems are being carried out on the Des Plaines River in
Lake County, Illinois (Hey, 1988), the Milwaukee River in Wisconsin
(Gayan and D’Antuono, 1988), and several other rivers in the United
States. A large number of wetland restoration projects have been carried
out in Florida, which enacted the most far-reaching wetland protection
and restoration laws (Fisk, 1989). In southeastern Wisconsin, a 36-ha (90-
A) man-made wetland has been created to protect and enhance the water
quality of the Delavan Lake (810ha). The wetland was constructed as a
critical component of a major restoration project and is very important to
the long-term management of the lake.

WETLAND FUNCTION

In contrast to early views that regarded wetlands as a nuisance, beneficial
uses of wetlands are numerous and should be considered in any wetland
protection, enhancement, use, and creation endeavor. The most important
uses and ecological functions of wetlands are as follows.

¯ Flood storage and conveyance. Riverine wetlands and adjacent flood-
plain form natural corridors in which floodwater is stored and held
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back. Palustrine wetlands that receive surface runoff from a surround-
ing watershed will attenuate the runoff peaks (Fig. 14.6).

¯ Stream flow modification. Wetlands have an impact on other flows as
well. Their tendency to retain water is most evident during the summer,
fall, and winter periods, while during spring when wetlands are com-
monly flooded they tend to release more flow than the surrounding
upland.
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¯ Erosion reduction and sediment control. Riverine and lacustrine wetland
vegetation slows runoff and flood flow, thus mitigating shoreline erosion.
The vegetation in all types of wetlands slows down the flow, thus
enhancing sedimentation. Vegetation stems also filter sediments from
water, and the roots of the vegetation then bind and stabilize the
deposited silt.

¯ Ground-water recharge/discharge. Wetlands and ground water are in-
terconnected; however, the connection is poor since the very existence
of the wetland usually implies highly impervious substrate subsoils.
Possible connections are shown on Figure 14.7, taken from Novitzki
(1979). If shallow ground water is discharging into a wetland, it can
bring nutrients (primarily nitrate nitrogen) and minerals, which are
then used by the wetland vegetation. The ground-water zone can then
be recharged with water from the wetland with less nitrate contamin-
ation. If a wetland is recharging (the flow is from the wetland toward
ground water), it is a natural barrier preventing some mobile pollutants
from entering the ground-water zones.

¯ Pollution control. The foregoing discussion on pollution prevention of
ground-water resources and sediment control can be extended to other
bodies of water with which wetlands interact. Wetland vegetation and
microorganisms residing on the stems and roots of vegetation and in
sediments can filter, absorb, and decompose suspended and dissolved
organic matter, and convert organic and ammoniacal nitrogen to nitrate
(nitrification) with subsequent denitrification of nitrate to nitrogen gas.
Some phosphorus can be used by vegetation and/or adsorbed onto
sediments. The accumulated residual organic matter can also immobilize
toxic pollutants and essentially bury them without harm to the biota.
Extensive research is being conducted on the use of natural and man-
made wetlands as tertiary treatment facilities for municipal and in-
dustrial wastewater and for storm-water runoff pollution control.

¯ Wildlife habitats. The land-water interface, including upland buffer
zones, is among the richest wildlife habitats in the world. This is
because of the abundance of water, nutrients, and shelter provided by
the wetlands and their vegetation. Many endangered species of animals
rely on wetlands for their habitats. For example, in Illinois 40% of the
state’s threatened and endangered species depend on the remaining
wetlands, which now represent less than 3% of the state’s area. Many
subtropical species in Florida and Louisiana and many other areas
would vanish with the loss of wetlands.

¯ Recreation and enjoyment. Over twenty million sport and commercial
fishers nationwide use wetlands, along with millions of hunters. Millions
more just enjoy watching wetland birds, wildlife, and plants.
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FIGURE 14.7. Wetland-ground-water interactions. (a) Both inflows and outflows of
ground water through the marsh. (b) Underflow of raised bog. (c) Swamp as ground-water
depression wetland. (d) Marsh as ground-water depression wetland. (e) Perched swamp or
surface-water depression wetland. (f) Marsh as ground-water source (recharging). (g)
Ground-water flow through saltwater marsh or riparian wetland. (h) Ground-water seep
wetland or ground-water slope wetland. (After Novitzki, 1979.)
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Use of Wetlands for Water Quality Control

A large amount of the recent scientific and technical literature focused on
the application of wetlands--natural or artificial--for water-pollution
control (for example, Reed, Middlebrooks, and Crites, 1988; Hammer,
1989a). An article in Civil Engineering (Dawson, 1989) pointed out the
benefits of using wetlands for treatment or posttreatment of municipal
wastewater in several U.S. locations. A treatise on ecological consider-
ations and mitigation of wetlands that are used for water quality control
and disposal of wastewater has been published by Godfrey et al. (1985).

Following Reed, Middlebrooks, and Crites (1988) and Hammer
(1989a), the major uses of wetlands in combination with the disposal of
wastewater effluents and storm-water runoff are:

¯ Disposal of treatment effluents into natural wetlands.
¯ Use of natural wetlands for further wastewater renovation.
¯ Use of effluents or partially treated wastewater for the enhancement,

restoration, or creation of wetlands.
¯ Use of constructed (artificial) wetlands as a wastewater treatment

process.
¯ Use of natural or man-made wetland for storm-water management and

treatment.
¯ Potential use of constructed wetlands for immobilization of toxics and

their permanent safe burial.

In the United States, natural wetlands are considered as any other
receiving surface-water body; hence, they are protected from excessive
discharges of pollution and any discharge requires a permit. This generally
precludes discharges of untreated or partially treated (with a primary
treatment only) wastewater or polluted storm water (runoff) into natural
wetlands. Most states (except those that enacted special wetland
standards) make no distinction between a wetland with standing water
and adjacent surface water. One may expect that similar legislation is in
place or will be enacted in other developed countries. In most cases it
would mean that the discharges of wastewater into wetland systems must
receive treatment.

The use of natural wetlands is beneficial and applicable for nutrient
control and removal, for effluent polishing, for removal of nutrients and
other pollutants from urban storm-water runoff, for in-stream waste-
assimilative capacity enhancement (for example, diverting a part of the
flow of a polluted stream onto an adjacent riparian wetland), and as
buffers between agricultural areas and surface-water bodies. However, as
is true for any surface-water body, the ability of wetlands to receive and
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assimilate pollution is not limitless, and those who plan to discharge
pollution into natural wetlands as well as the regulatory agencies must
make sure that the waste-assimilative capacity of the wetland into which
the discharge is planned is not exceeded. The waste-assimilative capacity
of wetlands can be estimated by modeling (Mitsch, Straskraba, and
Jorgensen, 1989). Since the hydraulics of wetland systems is the same as
for surface-water bodies with a significant sediment component, the U.S.
EPA’s water quality model WASP may be used, with or without modifi-
cations, for wetland modeling.

On the other hand, artificial (constructed) wetlands (Figs. 14.8 to
14.10) are generally not subjected to surface-water quality standards
and can be conveniently and inexpensively used for effluent treatment,
polishing, nutrient removal, and storm-water management and treatment.
Constructing a wetland in a place where there is none now would bypass
in most cases the regulations restricting discharges into surface-water
bodies and only the outflow from the wetland would have to meet the
eff~uent standards (which as was stated previously can be effluent or
stream limited). Unlike for natural wetlands, where both influent into the
wetlar~ds and the outflow are regulated and must comply with environ-
mental standards, only outflow from artificial wetlands is commonly

FIGURE 14.8. Wetland restoration project near Tampa, Florida. Wetlands are
incorporated into a new residential development. (Photo: V. Novotny.)
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FIGURE 14.9. Restored wetland used for storm-water treatment in the Minneapolis-St.
Paul area. (Photo: G. Oberts.)

FIGURE 14.10. Riparian wetland restoration, Des Plains River, Lake County, Illinois.
(Photo: V. Novotny.)
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regulated. Also water quality control performance can be significantly
improved since the vegetation and wetland management of the artificial
wetland system can be optimized for the most efficient removal of
pollutants.

Organic Matter and Nutrient Mass
Balance in Wetlands

Natural and well-constructed man-made wetlands contain an abundance
of diverse vegetative and bacterial populations that are very effective in
removing a variety of pollutants, including decomposition and immobiliz-
ation of toxics. Both emerged and submerged plants and algae are usually
present. In addition to the biological and biochemical absorption and
degradation of pollutants, physical processes also attenuate pollution.
The processes that contribute to the removal of pollutants by wetlands
can be grouped as follows.

1. Physical processes
a. Sedimentation
b. Filtration

2. Physical-chemical processes
a. Adsorption of pollutants on plants and soil and organic substrates

3. Biochemical processes
a. Aerobic biochemical degradation of organic matter by bacteria in

water, attached to plants, stems, in the top layer of sediments, and
in aerobic pockets near roots and rhizomes of plants

b. Nitrification by nitrifying organisms primarily residing on plant
stems, in the top layer of humic sediments and on the roots and
rhizomes of plants

c. Denitrification by bacteria residing in anaerobic water and
sediments

d. Anaerobic decomposition of organic matter in sediments and
anaerobic water

e. Uptake of nutrients and some pollutants by the plants and their
incorporation in the plant biomass

The richness and variety of the processes is the primary asset of wetland
treatment. Due to very low velocities of water and dense vegetation,
sedimentation and filtration are very effective in removing suspended
solids and the pollutants attached on them. Bacteria attached to plant
stems and in the upper part of sediments are the major factor for BOD
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removal. In a sense, wetlands in their function of BOD removal resemble
a trickling filter rather than a free-standing body of water.

Kadlec and Alvord (1989) pointed out that there are three major
processes that participate in the removal of waterborne pollutants entering
the wetland: biomass increases, burial and gasification. The nutrients that
enter the wetland are incorporated into the biomass, primarily vegetation
and algae (autotrophic biota); however, some nutrients as well as bio-
degradable organics are incorporated into the biomass of heterotrophic
organisms. The production of new biomass due to the nutrient and
organic input is a temporary but often long-term sink for assimilated
pollutants.

Formation of new organic soils and peat that contain organics and
nutrients represent a more permanent sink. Note that coal deposits were
formed millions of years ago by the deposition of organic matter in
wetlands. Assimilated nitrogen, carbon, and sulphur after biological trans-
formation can be released into the atmosphere and permanently lost
from the system. Organic solids and other chemicals can adsorb and/or
immobilize and even decompose toxic materials. If toxic loads are below
the assimilative capacity of the wetland the constructed wetlands could
safely dispose of the toxics and bury the end products. Unfortunately, the
state-of-the-art knowledge on assimilation of toxics by wetlands is still not
advanced enough to make any definite conclusions and recommendations.

Production, Retention, and Removal of
Biodegradable Organic Matter

The concepts of organic productivity and the roles of nutrients and
oxygen in aquatic bodies of water and underlying sediments were ex-
plained in Chapter 12. Processes occurring in soils were the subject of
Chapter 6. The same concepts are applicable to wetlands since wetlands
are considered a transition between land and bodies of water.

Both tidal marshes and inland wetlands are the most productive eco-
systems in the world. Up to 2 tonnes per hectare of organic matter can be
produced annually by these systems; however, typical values of organic
matter production by primary productivity in tidal marshes are between
50 and 300 kg/ha-year, while productivity of inland wetlands is somewhat
higher, ranging from 90 to 600kg/ha-year. This is higher than the
productivity of intensively cultivated agricultural fields (Mitsch and
Gosselink, 1986). In this context, an allochthonous (= from sources out-
side the wetland, such as runoff and wastewater discharges) influx of
organics may not be significant in comparison with the productivity of the
wetland. Table 14.2 presents the compiled data on the organic productivity
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TABLE 14.2 Production of Organic Matter (Net Primary Productivity) in Natural
Wetlands

Net Primal’ Total Nitrogen Plant Nitrogen
Productivity Biomass Loading Uptake

Wetland Type (g/ran-year) (Range) (kg/m3) (gN/m2.yr) (g/m2_yr)
Northern bog 500 53 0.8 9

(153-1943)
Inland fresh marsh 1980 46 22 48

(1070-2860)
Tidal fresh marsh 1370 46 75 54

(780-2100)
Salt marsh 1950 46 30-100 25

(330-3700)
Swamp forest 870 52 900 14

(390-1780)
Riparian forest 1040 37 10,000 17

(750-1370)
Mangrove 1500 60 30 24

(0-4700)

Source: After Mitsch and Gosselink (1986).

of various types of wetlands. These data are important when considering
the assimilative capacity of wetlands for various pollutants.

The removal of organic matter is by sedimentation, filtration, and
biological absorption by microorganisms residing in water, attached to
vegetation, and living in sediments. Figure 14.11 shows the processes in
water and sediment columns. The biodegradation can be both aerobic
and anaerobic, with aerobic degradation taking place primarily in the
water column and in the upper part of the sediments, and anaerobic
degradation occurring in sediments and in water if the oxygen supply is
exhausted. However, it has been pointed out by Reed, Middlebrooks,
and Crites (1988) that some rooted plants (for example, the water hyacinth)
can transfer oxygen to their root zone and rhizomes and in this way create
small pockets for aerobic degradation and nitrification (Fig. 14.12).

About half of the organic matter is retained and decomposed in tidal
marshes and the second half is transported to the downstream sea or
estuary system (Mitsch and Gosselink, 1986). The export of organic
matter from inland wetlands varies greatly and depends on the type of the
wetland, its hydrology, and many other factors.

Immobilization of Toxic Compounds by the
Organic Substrate of Wetlands
Organic matter production in wetlands may also be a key to their use in
disposing (sink) of low quantities of toxic compounds. Most toxic com-
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FIGURE 14.12. Transport of oxygen by roots and rhizomes in anaerobic wetland
substrate. (After Hammer and Bastian, 1989, with permission from Lewis Publishers, a
subsidiary of CRC Press, Boca Raton, Florida.)

pounds, such as toxic metals and organic chemicals, have a strong affinity
for immobilization by particulate and colloidal organic matter (toxic
metals and organics) and by sulfide ligants (toxic metals) generated by
anaerobic decomposition of organic matter, both in sediments and wetland
substrates. Complexed toxic compounds are unavailable to aquatic biota,
including plankton, plants, and animal (invertebrate and higher) forms.
Complexed and adsorbed toxic compounds can also be filtered and/or
settled out in wetlands. Quantitatively, this function of wetlands is
generally unknown. Some concepts and calculations will be presented in
the next section of this chapter.

The assimilative capacity of wetlands for toxic compounds is related to
the primary productivity of the wetland that is stimulated by the nutrient
inputs and recycling.
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Nutrient Transformation and Removal

The best use of wetlands for water quality control, in addition to sedi-
ment and particulates filtering, is for nutrient removal. The high produc-
tion of organic matter by wetlands requires proportionate sources of
nutrients that may come from autochthonous (inside the ecosystem)
or from allochthonous (outside the boundary of the ecosystem) sources.
Autochthonous sources imply nutrient recycling within the wetland
whereby nutrients (N and P) are taken up by plants and released back
after death and decomposition. Allochthonous sources include the influx
of nutrients from the tributaries and from the atmosphere. Whether a
wetland becomes an effective sink of nutrients depends on the buildup of
inert residual organic matter and on the permanent burial rate in the
sediment of the produced organic matter (organic forms of nutrients),

RAINFAL~

-’XCHANGF_7

in: 1160
;TAND1NG~]

OUt: 1400

~ N-fixers
ATMOSPHERIC ;EDIMENT

~IITROGEN 61 ~
EIACTERIAL DENITRIFIEIRS

N-fixers

G~ FLOWS: KgN h~! yil

FIGURE 14.13. ’ Nutrient balance of the Great Sippewissett salt marsh in Massachusetts.
(After Mitsch and Gosselink, 1986.)
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their permanent adsorption and immobilization by the clay and organ
components of the sediment (ammonia and phosphates), and on tt
gasification rate of nitrate-nitrogen by denitrification.

Kadlec and Alvord (1989) have shown that a northern wetland (locate
in Michigan) responds dramatically to elevated nutrient inputs fror
allochthonous sources; in this case, from biologically treated wastewatel
Increases in nitrogen and phosphorus caused an expansion of the biomas
and a buildup of several millimeters of new organic soil from the organi
residues of plants grown in the wetland, which then buried significan
quantities of nutrients. Nitrification was minimal during growing seaso~
because of the lack of oxygen in the sediments and bottom layers. Deni
trification of nitrate was almost complete and the nitrate was normall3
exhausted in the wetland during the growing season.

A nutrient budget for a saltwater marsh located in Massachusetts i~,
shown on Figure 14.13. Denitrification in saltwater marshes can be high
and the marshes can become nutrient sinks, especially when high nutrient
waters pass through them (Valiela, Teal, and Sass, 1973). Many coastal
wetlands are nitrogen limited.

Added:
Organic N

FIGURE 14.14. Routes and transformation of nitrogen in a pallustrine wetland receiving
wastewater input. (After Kadlec, 1988.)
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Figure 14.14 shows routes and transformations of nitrogen in a
palustrine wetland used for wastewater treatment. Due to the heavier
organic load and high productivity of the wetland, the bottom water layer
is mostly anaerobic. Thus, the entire substrate is anaerobic with the
exception of possible small aerobic pockets around the roots of plants. In
another situation, especially on bright sunny days during photosynthetic
oxygen production, the water column becomes aerobic and the oxygen
supply creates a thin aerobic top sediment layer that allows the nitrification
process.

Mitsch and Gosselink (1986) compiled data on the performances of
natural wetlands for the removal of nutrients. The performance or treat-
ment efficiency of wetlands is greatly affected by the geographical
locations. Northern wetlands located in colder climatic zones have two
distinct seasons: the growing season and the dormant season. During the
growing season the nutrients are effectively removed by the plants and by
simultaneous nitrification-denitrification. However, during the dormant
season, nutrients are released and the wetland may become a source of

TABLE 14.3 Examples of Natural Wetlands Receiving Wastewater Inputs and Nutrients
Removal Efliciencies

Nutrient removal
(percent)

Type of Wetland Location Loading (Pop./ha) Substrate Total N Total P

Northern peatland
Bog Wisconsin 30 O 98 78

Nontidal freshwater marsh
Cattail marsh Wisconsin 17 O 80 88
Lacustrine marsh Ontario -- -- 38 24
Deepwater marsh Florida 99 O -- 97
Lacustrine marsh Hungary -- -- 95 --
Riverine swamp South Carolina -- O -- 50

Tidal freshwater marsh
Deepwater marsh Louisiana -- O 51 53
Complex marsh New Jersey 198 I 40 0

Tidal salt marsh
Brackish marsh Chesapeake Bay -- O/I 0 1.5°

Salt marsh Georgia Sludge O/I 50 --
Salt marsh Massachusetts Sludge O/I 85 --

Source. Compiled by Mitsch and Gosselink (1986).
Note: O: organic substrate; I: inorganic substrate; (--): information not given.
"Load given in g/m2-year.
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FIGURE 14.15. Nitrogen removal efficiency by wetlands as a function of nitrogen loading
rate. (Based on data from Mi.tsch and Gosse[ink, 1986; Richardson and Nichols, 1985; and
Knight, Windchester, znd Highrnan, 1984.)
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FIGURE 14.16. Phosphorus removal efficiency by wetlands as a function of phosphorus
loading rate. (Based on data from Mitsch and Gosse[ink, 1986; Richardson and Nichols,
1985; and Knight, Windchester, and Highman, 1984.)
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the nutrients. The ranges of removal efficiencies compiled by Mitsch and
Gosselink (1986), shown in Table 14.3 and in Figures 14.15 and 14.16
(related to the nutrient loading), were very wide, both for phosphorus
and nitrogen.

From the foregoing discussion and from literature findings the following
rules have become apparent:

1. The wetland removal efficiency for nitrogen is high if the nitrogen is in
a nitrate (oxidized) form. In this case, both nitrogen uptake by plants
with subsequent burial of dead plants and algae, and denitrification
are responsible for nitrogen removal. In some cases, 98% to 99%
nitrogen removal efficiencies have been measured in such systems.
Nitrate nitrogen is not adsorbed by soil organic particulates. Generally,
wetlands require a start-up period for full development of denitrifi-
cation (Kadlec, 1988). Maintaining aerobic pools in the wetland en-
hances nitrification but suppresses denitrification.

Stengel and Schulz-Hock (1989) have shown that denitrification in con-
structed wetlands was possible throughout the entire year in the climatic
conditions of central Europe (similar to the northeastern United States).

2. If nitrogen arrives in the wetland in an ammoniacal or organic form,
the primary removal mechanisms are by ammonification of the organic
nitrogen and by the uptake of the ammonia by plants and heterotrophic
microorganisms. Burial of the organic nitrogen and phosphorus with
the produced organic matter and adsorption of ammonia and phosphate
onto the soil (clay) and organic particulates then represent the primary
removal mechansms for the nutrients (both nitrogen and phosphorus).
Unless specifically managed to enhance nitrification (for example, by
alternate draining and flooding of the wetland), it may be difficult to
nitrify the ammoniacal nitrogen; hence, gasification of the nitrogen by
denitrification may be minimal or greatly reduced. Expected total
nitrogen removal could be around 40% to 60% on an annual basis,
depending on the geographical location (see 3 below).

As stated before and shown on Figure 14.12, limited nitrification can
occur in wetlands even when sediment and the sediment-water interracial
area are anaerobic. Under these circumstances, photosynthetic oxygen is
supplied by plant roots and rhizomes that penetrate into the anaerobic
zones and provide a limited aerobic environment for nitrification and
nitrifying microorganisms. In such cases the depth of the anaerobic zone
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and the type of plant can make a significant difference (Reed, Middle-
brooks, and Crites, 1988; Hammer and Bastian, 1989).

3. If the wetland is located in northern climatic conditions, part of the
nutrients accumulated in the substrate is released and the wetland may
become a source of the nutrients (both nitrogen and phosphorus)
during the dormant season.

4. Removal of phosphate is by assimilation into new organic matter and
by adsorption on clay, iron, aluminum, and organic particles with
subsequent burial. Phosphorus removal in many wetlands is not ef-
fective due to the limited opportunity of phosphates to interact with
soils and other adsorbing media. If the pH is low, as it is in many peat
wetlands (bogs and fens), the phosphate may precipitate. In this sense
the mechanism of phosphate removal and retention by wetlands is
similar to that of saturated soils.

From lake sediment studies it is known (Mortimer, 1971) that phosphate
is released from the settled organic matter and sediments under anaerobic
conditions in the sediments and sediment-water interface. If the
sediment-water interface is aerobic, the release is to a great degree
blocked. The efficiency of wetlands to remove phosphorus is generally
lower than for nitrogen.

5. Tidal and marine marshes are less effective in their nutrient removal
efficiencies than the freshwater wetlands. This has been reported to be
due to salt stresses on the microorganisms (Mitsch and Gosselink,
1986). Tidel brackish marshes with a high variability of salt con-
centrations may exhibit the lowest removal efficiencies. For example,
brackish marshes around Chesapeake Bay showed no nitrogen removal
capability (Bender and Correl, 1974).

6. Management of wetlands for water quality control and pollution re-
moval is very important, as are the type of vegetation and water
depths. Precise guidelines for the control of these factors have not
been developed and are now only emerging. With the exception of
one wetland located in Michigan (Kadlec and Alvord, 1989) no long-
term experience (ten years or more) has been gathered for wetland
management for water-pollution control.

The following list contains typical design loadings and expected per-
formance of natural wetlands receiving secondary effluents (after Reed,
Middlebrooks, and Crites, 1988).
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Pretreatment needs Secondary treatment
Climatic conditions Warm
Detention time, days 10
Depth, m 0.2-1
Hydraulic loading, m3/ha-day 100
Expected effluent quality
BODs, mg/1 5-10
TKN, mg/1 5-10

Due to variations in storm-water characteristics and poor understanding
of the wetland processes that remove pollutants under highly variable
conditions, treatment efficiency predictions of a wetland storm-water
system are not possible (Livingston, 1989).

Retention of Sulfur

Few studies are available that describe the retention and transformation
of sulfur in wetlands, yet, from the water quality management viewpoint,
sulfur may play a very significant role in the process of immobilization
and detoxification of toxic metals. Sulfur transformation in wetlands is
biologically mediated (Faulkner and Richardson, 1989) and is related
to and governed by redox and pH interactions. Major transformations
(shown on Fig. 14.17) are reduction of sulfate (SO~-) to sulfide (S--)
compounds in an anoxic environment, aerobic sulfate and elemental
sulfur oxidation, and mineralization of organic sulfur to inorganic sulfate.

Sulfate reduction is accomplished by heterotrophic bacteria that use
sulfate as an electron acceptor instead of oxygen. It should be pointed out
that in the absence of oxygen bacteria preferentially use nitrate over
sulfate; nevertheless, in wetlands an anoxic substrate environment, both
processes can take place almost simuitaneously. One mole of sulfate is
reduced in the anoxic environment to sulfide for every two moles of
organic carbon oxidized, as shown in the following reaction (Hedin,
Hammock, and Hyman, 1989; DiToro et al., 1990)

SOl- + 2CH20* ---, 2CO2 + S2- + 2H20

where CH20* represents a simple organic molecule such as acetate.
Depending on the chemical environment, hydrogen sulfide is released as
gas, ionizes to HS- and S--, or precipitates as a polysulfide, elemental
sulfur, or iron sulfides. It is the metal sulfide form that immobilizes and
detoxifies the toxic metals. The precipitation of iron sulfide is
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Fe2+ + S2- ~ FeS(s)

The measure of this immobilization capability is the acid volatile sulfide
(AVS) test (DiToro et al., 1990, 1991b). The iron sulfide precipitate is
the major component of the AVS (DiToro et al., 1990). As was reported
in the preceding chapter for each mole of AVS present in the substrate
one mole of toxic metal is immobilized (complexed) and, therefore,
detoxified.

Wetlands function as effective sulfur sinks. Sulfur inputs originate
from the atmosphere (acid rainfall) or from water inputs and wastewater
effluents, such as acid mine drainage, and from natural sources. Up to
87% sulfur removals have been reported; however, if the wetland sub-
strate and overlying waters become aerobic subsequent oxidation of
reduced S to SO~2- can release sulfur back to the water, from where the
sulfur can be flushed from the system.

Measured sulfur removals in natural wetlands ranged from 20% to
90% at sulfur loading rates between 20 and 50g of S/m2-year (Faulkner
and Richardson, 1989). Long-term sulfur removals and retention by wet-
lznds requires strongly reduced conditions to enhance SO4-- reduction.
Wetlands constructed to remove and store S (for example, those used for
acid mine drainage disposal and/or from disposal and treatment of toxic
metals containing wastewater and runoff) should be designed to promote
such conditions.

Metal sulfide complexes (including potentially toxic metals) can be
destroyed by acidic and aerobic conditions. Making the substrate aerobic
will promote carbonic acid formation in pore water, which will reduce the
pH, and concurrent oxidation of sulfides will reduce AVS to such levels
that sulfides become ineffective for metal complexation. Under anaerobic
conditions only very large acid inputs, such as those typical for over-
loaded constructed wetlands treating acid mine drainage may volatilize
the sulfide-metal complexes. The most common cause of sulfide de-
struction is oxidation. When sulfides are oxidized and acid volatile sulfide
concentrations become low, as they would be in fully aerobic substrate,
then other properties of the substrate, such as organic matter and clays,
will control the toxic metal activity (toxicity).

CONSTRUCTED WETLANDS

Constructed wetlands are man-made systems that imitate the functions of
the natural systems; however, they provide a better chance for manage-
ment and control. They can include swamps (wet regions dominated by
trees, shrubs, and other woody vegetation) or bogs (low-nutrient, acidic
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waters dominated by mosses). Most common constructed wetlands are
marshes, which are shallow water bodies dominated by emergent her-
baceous vegetation, such as cattails (Typha), bulrushes (Scirpus), rushes
(Juncus), and reeds (Phragmites). As pointed out by Hammer (1989b),
marshes can be adapted to a tremendous variety of soils, climatic con-
ditions, and to wide fluctuations of water quality and hydrological
conditions.

Unlike the overland-flow wastewater treatment systems where vege-
tation is not essential (for example, in rapid infiltration systems briefly
introduced in Chapter 6), vegetation in wetland systems is the predominant
purification medium. The principal function of vegetation in created (and
natural) wetland systems is to provide an additional environment for
microbial populations, in addition to slowing down the flow and filtering
the solids. The plants provide a substantial amount of reactive surfaces

! for microbes. As pointed out plants also increase the amount of aerobic
!il microbial environments in the substrate due to a unique ability of wetland

plants to transfer air to their root and rhizomes.
Due to the previously mentioned limitation imposed on natural wet-

lands by regulations and by their function, constructed wetlands are more
amenable to be used as a treatment facility and can be operated and
magaged more efficiently. Essentially, constructed wetlands retain the
positive characteristics of natural wetlands and, with proper management
and some maintenance, can minimize the drawbacks. Constructed. wet-
lands can be and have been used for the following water-management
and pollution-control tasks:

¯ Disposal of treated or partially treated municipal effluents (Kadlec,
1988; Kadlec and Alvord, 1989; U.S. EPA, 1988; Mitsch, 1990).

¯ Wastewater polishing and renovation (Reed, Middlebrooks, and Crites,
1988; U.S. EPA, 1988).

¯ Urban and suburban storm-water management and treatment (Palmer
and Hunt, 1989; Esry and Cairns, 1989; Livingston, 1989; McArthur,
1989; Mitsch, 1990).

¯ River water quality restoration and nonpoint pollution control (Hey,
1988; Hey et al., 1989).

¯ Mine acid drainage disposal (Reed, Middlebrooks, and Crites, 1988;
Brodie et al., 1989a).

¯ Disposal of some industrial wastes, such as ash pond seepage (Brodie
et al., 1989b), refinery wastewater (Lichfield and Schutz, 1989), and
pulp mill effluents (Thut, 1989).

¯ Flood control (Mitsch, 1990).
¯ Detoxification of wastewaters and runoff containing toxic metals and

adsorbable organic chemicals.
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Unlike natural wetlands that are limited by location, soils, and other
factors, constructed wetlands can be built almost anywhere, including
lands that would have limited use. Conversion of marginal agricultural
lands, or lands that were taken out of production under the farm con-
servation programs, to riparian wetlands is feasible and an attractive
alternative for control of pollution from diffuse (nonpoint) sources. They
also provide superior performance and flexibility.

Types of Constructed Wetlands

The EPA (U.S. EPA, 1988) and Water Pollution Control Federation
(WPCF) (1990) manuals and other treatises on the design of constructed
wetlands (Reed, Middlebrooks, and Crites, 1988; Hammer, 1989a; Kusler
and Kentula, 1989; Mitsch, 1990) recognize two fundamental types of
constructed wetlands.

Free water surface (FWS) system with emergent plants: A FWS system
(Fig. 14.18) typically consists of basins or channels with a natural or
constructed subsurface barrier of clay or impervious geotechnical material
(lining) to prevent seepage. The basins are then filled with soils to support
emergent vegetation. Water flows slowly over the soil surface. Figure
14.19 shows an outline of a typical storm-water pond-wetland system
recommended by the Maryland Department of Natural Resources for
urban storm-water quality control (Livingston, 1989; Mitsch, 1990).

If the soil is brought from an existing wetland, wetland vegetation will
emerge without seeding; however, seeding and planting of vegetation are
a part of the construction process. Mitsch (1990) referred to the former
type of constructed wetland as a self-designed wetland, and to the latter as
a designer wetland. To develop a wetland that is ultimately a low main-
tenance one, the natural successional process needs to be allowed to
proceed. Often this may mean some inital period of invasion by undesir-
able species, but if proper hydrologic and nutrient loads are maintained,
this invasion in usually temporary.

Subsurface flows systems (SFS) with emergent vegetation: An SFS wet-
land, also known as vegetated submerged bed (VSB), consists of a trench
or bed underlaid with an impermeable layer of clay or synthetic material.
As shown in Figure 14.20, the system is built with a slight inclination of
1% to 3% between the inlet and outlet. The media used include crushed
stone or rock fill, gravel, and different soils. The water flows through the
medium and is purified by filtration, absorption by microorganisms and
adsorption onto soils and organic matter, and by the roots of the plants.
The subsurface medium is generally anaerobic; however, as specified
previously, plants can convey by their roots and rhizomes some oxygen
into the subsurface layer, thus creating therein small aerobic pockets.
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Free water surface

so~l

FIGURE 14.18. Free water surface wetland schematics. Water level is above the surface;
vegetation is rooted and emergent above the water surface; water flow is primarily above
ground; vegetation may be planted or allowed to colonize voluntarily.

As pointed out by Reed, Middlebrooks, and Crites (1988), both
wetland-type treatment systems are "attached-growth" biological reactors,
comparable in function to trickling filters and rotating biological con-
tactors. Hence, their performance depends on the detention time of the
waste in the system, the loading rates and the condition of the biota that
develops within the system, and on the oxygen availability. If denitrifi-
cation is an objective, alternate aerobic-anaerobic conditions should
be promoted within the system and the anaerobic-denitrification zones
should have an ample supply of organic carbon, which can be provided by
primary productivity and from organic residues of plants grown in the
wetland.

Subsurface-flow (SFS) constructed wetlands have been used extensively
in Europe under the name root-zone method, hydrobotanical system, soil-
filter trench, biological macrophytic and marsh beds (Reed, Middlebrooks,
and Crites, 1988) or vegetated submerged bed (VSB) systems (Water
Pollution Control Federation, 1990). The root-zone method was devel-
oped in Germany. The reed-bed system (Cooper and Hobson, 1989)
used in the United Kindom evolved from the German system. The per-
formances of some constructed wetland systems in the United States and
Canada are shown in Table 14.4.
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FIGURE 14.20. Submerged flow system (SFS). (After U.S. EPA, 1988.)

Nitrogen and phosphorus removal efficiencies related to loading rates
were published recently in a comprehensive treatise by Hammer (1989a).
The removal efficencies related to nutrient loading rates are shown on
Figures 14.15 and 14.16.

Design Considerations and Parameters for
Constructed Wetlands

Mitsch and JCrgensen (1989) pointed out that ecological engineering
insists on taking advantage of our ever-increasing knowledge of ecology
and its principles (for example, succession, energy flow, self-design) in
order to design a system that will be as close to the natural features of the
landscape as possible and that will require a minimum amount of main-
tenance. This means resisting the ever-present temptation to overengineer.

The basic principles of ecological engineering of wetland restoration

TABLE 14.4 Performance of Pilot-Scale Constructed Wetlands

Effluent Concentration (mg/1)

Location Wetland Type BOD SS NH~- NO~- Total N Total P

Listowel, Ontario, Open water, channel 10 8 6 0.2 8.9 0.6
Canada

Arcata, California Open water, channel <20 >8 <10 0.7 11.6 6.1
Santee, California Gravel-filled channels <30 <8 <5 <0.2 -- --
Vermontville, Seepage basin wetland -- -- 2 1.2 6.2 2.1

Michigan

Source: From Read, Middlebrooks, and Crites (198~).
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and creation were outlined by Mitsch (1990), Mitsch and JCrgensen
(1989), and Odum (1989) as follows.

1. Design the system for mimimum maintenance. The system of plants,
animals, microbes, substrate, and water flows should be developed
for self-maintenance and self-design (Mitsch and Jcrgensen, 1989;
Odum, 1989).

2. Design a system that utilizes natural energies, such as the potential
energy of streams.

3. Consider the landscape when developing a system. The best sites
are locations where wetlands previously existed or where nearby
wetlands still exist. Do not overengineer wetland designs with struc-
tures, unnatural shapes of basins, uniform depths, and regular mor-
phology. Ecological engineering promotes mimicking nature.

4. Design a system as an ecotone. This means including a buffer strip
around the site, but also means that the wetlands site itself needs to
be viewed as a buffer between the upland and the aquatic system to
be protected.

5. Consider the surrounding lands and future land-use changes. For
example, in agricultural zones planned idling of land for soil-erosion
control may obviate the need for a wetland to control pollution by
nonpoint runoff.

6. Hydrologic conditions are paramount. Without water for at least a
part of the growing season, a wetland is impossible. A detailed
surface and ground-water study is therefore necessary.

7. Give the system time. Wetlands are not created overnight.
8. The soils should be surveyed. Highly permeable soils do not support

viable wetland systems.
9. The chemical composition of feed waters, including ground-water

discharge, can be significant to wetland productivity and/or bio-
accumulation of toxic materials.

10. Riparian wetlands present a particular problem because their flooding
also causes scouring, sediment shifts, erosion, and deposition. Convex
sides of river channels may be preferable to concave sides because of
the higher erosive forces on the latter.

Other factors to be considered during design include site accessibility (site
access should be controlled to avoid vandalism), land ownership, land
prices and water-use rights (if water is to be diverted from the stream
onto the wetland), and wildlife and fishery considerations (water fowl
migratory routes, fish spawning areas). Few design parameters and limited
experience are available for constructed wetlands used for diffuse-
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TABLE 14.5 Wetland Design Parameters

Constructed

Design Free Water Surface Submerged Bed
Considerations (FWS) Systems (SFS) Natural

Minimum size 2-4 1.2-1.7 5-10
requirement
ha/1000 m3/d

Hydraulic loading,a 2.5-5 5.8-8.3 1-2
era/day

Maximum water 50 Water level below 50; depends on nativedepth, cm ground surface . vegetationBed depth, cm NA 30-90 NAMinimum aspect 2 : 1 NA 1 : 4ratio
Minimum hydraulic 5-10 5-10 14

residence time,
days

Minimum Primary; secondary Primary Primary; secondary;prctreatment is optional nitrification; TP
reductionConfiguration Multiple cells in Mnltiplc beds in Multiple discharge

parallel and series parallel sitesDistribution Swale, perforated Inlet zone (>0.5 m Swale, perforated pipe
pipe wide) of large

gravel
Maximum loading,

kg/ha-day
BOD5b 100-110 80-120 4Suspended solids up to 150
TKN 10-60 10-60 up to 15 3Phosphorus ~

0.3-0.4Additional Mosquito control Allow flooding Natural hydroperiodconsiderations with mosquitofish; capability for should be >50% ; ne
remove vegetation weed control vegetation harvest

Sources: After Water Pollution Control Federation (1990; copyright Water Environment Federation)
and Mitsch (1990).
a Hydraulic loading is a reciprocal of the minimum-size requirement after conversion.
b Applicable only to wastewater treatment systems.

pollution control. The data in Table 14.5 contain typical design param-
eters for constructed wetlands treating wastewater effluents.

Hydrology
Import.ant hydrologic factors and parameters in the design of constructed
(restored) wetlands include hydroperiod, hydraulic loading rate (hydro-
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logic size requirement), hydraulic residence time, infiltration capacity,
and the overall balance (Water Pollution Control Federation, 1990;
Mitsch, 1990). The hydrologic factors that affect these parameters are
dependent on climate and the seasonal patterns of stream flow and runoff
(both surface and subsurface) feeding the wetland. D’Avanzo (1989) and
Mitsch (1990) have pointed out that is improper hydrology that leads to
most failures of created wetland systems. On the other hand, if hydrology
is favorable, chemical and biological conditions will also have a favorable
and healthy response. Hydrology is less self-correcting and forgiving than
the ecology of the wetland (plants and animals), which may self-correct
initial mistakes (Mitsch, 1990).

Hydroperiod is defined as the depth of water over time. This param-
eter is important mostly for natural wetlands. Typical hydroperiods are
shown on Figure 14.21. In addition to depth the key component of the
hydroperiod factor is the duration of flooding. One has to realize that soil
chemistry during flooding turns rapidly anaerobic and that each plant has
different specific capabilities, to adapt and survive in low-oxygen soils.
Wetlands with variable depths have the most potential for developing a
diversity of plant and animal species. Table 14.6 summarizes hydroperiod
tolerance ranges for a variety of wetland plants and species. This infor-
mation can be used in checking appropriate native wetland habitats
for general suitability and for the design of constructed systems (Water
Pollution Control Federation, 1990).

Alternate flooding and aeration of solids promotes nitrification-
denitrification. Deepwater areas, devoid of emerging vegetation, offer
habitats for fish (for example, Gambusia affinis, the mosquito eating fish).
Water levels can be controlled by inflow and outflow structures, including
weirs and feed pumps.

Several states have developed guidelines for bottom profiles of wet-
lands to provide a variety of depths (remember the third rule of ecological
engineering specified previously). For example, Florida regulations on
wetlands require a littoral shelf with gently sloping sides of 6:1 or flatter
extending out from a point 60-77cm below the water surface. They
further recommend less than 70% of open water surface. A mean depth
of 1-3 meters is recommended for permanent pools. Maryland’s regula-
tions for wetlands used for storm-water treatment specify that 75 % of the
wetland should have a depth under 30cm (50% less than or equal to
15 cm and 25% 15-20cm; 25% should have a depth ranging from 60cm
to 100 cm).

Infiltration capacity and soil texture. As pointed out previously, highly
permeable soils are not suitable for wetland creation. As a matter of
fact, most natural wetlands resulted because of poor soil permeability
conditions. Consequently, permeability (infiltration rates) must be kept
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hardwood forested wetlands. (After Mitsch, 1990.)
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TABLE 14.6 General Hydroperiod Tolerance Ranges for Selected Wetland Plant
Communities

Average Water Average

Wetland Type Typical Species Depth (m) Hydroperiod (%)

Floating deep Hyacinths, pennywort
Floating rooted Water lily, water dock, water 0.5-2 70-100

aquatic shield
Submerged Hydrills, egeria, water millfoil, 0.5-3.0 80-100

aquatic sagittaria, naiad
Emergent Cattails, pickerelweed, sawgrass, 0.1-1 40-100

marsh bulrush, sedge, maidencane
Floodplain Red maple, black gum, cabbage 0.2-0.3 10-50

palm, pond cypress, oaks, pines,
bald cypress, ash

Swamp forest Bald cypress, ash, black gum, 0.3-1 50-80

tupelo, gum, red maple
Cypress dome Pond cypress, red maple, black 0.1-0.3 50-75

gum, Dahoon holly
Wet prairie St. Johns wort iris, sagittaria 0.1-0.2 20-50

Oak, palm, Oak, cabbage palm <0.1 5-10

hammock

Source: From Water Pollution Control Federation (1990), copyright Water Environment Federation.

below a certain threshold value, which obviously may vary depending on
local site-specific and geographic conditions. Measured infiltration rates
for natural wetlands range from zero for a fen in Michigan (Haag, 1979)
to about 0.5 cm/day (Water Pollution Control Federation, 1990).

The maximum substrate (soil) infiltration rate for wetlands should be
around 1 mm/hr (Water Pollution Control Federation, 1990). This rate
essentially implies a substrate or subsoil rich in clay. High clay content of
the active substrate may limit root and rhizome penetration and may be
impermeable for plant roots. Therefore the use of local coarser texture
(loam) soils underlain by an impermeable clay layer is often the best
design (Mitsch, 1990).

Hydraulic loading rates. Table 14.5 lists the suggested hydraulic loading
rates (HLR) that are commonly given as the depth of water per area per
time, or

HLR = Q/A (14.1)

An inverse of HRL is the area requirement per unit flow. Most of what
is known about the hydraulic loading rates has been gathered from
observations of wetlands receiving wastewater. Mitsch (1990) pointed out
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that the hydraulic loading rates used for wetlands treating wastewater
would be too low for riparian wetlands used for runoff and stream quality
control. The maximum hydroperiod tolerance range of the wetland
plant community must also be considered when a suitable HRT is being
determined.

Retention time. Table 14.5 also provides the optimum retention time of
water in the wetland. The retention time for free water surface (FWS)
systems can be calculated from a simple formula that considers the water
volume of the wetland and average flow, or

HRT = pWQ                  (14.2)

where
HRT = hydraulic residence time, days
V = W*H*L = active volume of the wetland, m3
P = porosity or (water volume)/(total volume) ratio

p = 0.9 to 1 for free water surface wetlands depending on the
growth density of vegetation, and

p = void fraction of the substrate for subsurface flow systems
(SFS)

W = width of the system, m
H = average depth of the system, m
L = length of the wetland (m) = W* AR
AR = aspect ratio (length/width)
Q = average flow, m3/day
A = surface area, m2

Alternatively, the hydraulic residence time for SFS systems may be
calculated from the Darqy’s law as

V L
HRT = p~ - KpS (14.3)

where
L = length of the bed in meters
Kp = hydraulic (saturated) permeability of the wetland, m/day
S = bed slope, m/m                             "

Normal design bed depths for SFS systems are between 0.6 and 0.9
meters (Water Pollution Control Federation, 1990). For time-variant
intermittent diffuse sources, the HRT concept makes sense only if the
hydraulic load is average over a longer time period (season or year). A
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simple relationship between the hydraulic loading rate (HLR), porosity,
p, depth, H, and hydraulic residence time is HLR = p x H/HRT.

System Configuration
The length-width ratio (also called the aspect ratio (AR)) for wetlands
treating wastewater should be at least 4:1 to 6:1 (Water Pollution
Control Federation, 1990). However, Mitsch (1990) pointed out that
more elongated wetland cells (with an aspect ratio of at least 10:1) are
needed in riparian settings and/or when receiving larger flows such as
storm-water runoff.

In constructing a wetland for treatment purposes, the wetlands are
arranged in cells with or without ponds. Cells can be parallel So that al-
ternate drawdown management can be practiced to enhance nitrification,
oxidation, mosquito control, and to maintain optimum hydroperiods for a
variety of plants. The ponds remove pollutants and assist in the operation
of the system. In an SFS system the ponds can interrupt short circuiting
and reestablish uniform flow through the cells. They can also help in
mosquito control by providing a living environment for Gambusia, which
can migrate from the pond into the shallow wetlands.

Generally, the components of a wetland system include a treatment or
pretreatment unit (note that it is neither advisable nor feasible to dis-
charge raw untreated wastes into the wetland system), the wetland cells,
and ponds. Pretreatment units may not be needed if wetlands are used for
storm-water management. In such cases, natural (swale) drainage can
provide enough filtering and pretreatment of storm water.

Possible design configurations of constructed wetlands were included
in a paper by Steiner and Freeman (1989) and are shown on Figure 14.22.
Mitsch (1990) presented nine actual design of wetlands located through-
out the United States. Figures 14.23 to 14.27 show possible design alter-
natives of constructed or restored riparian wetlands.

Constituent Loadings
For wetlands treating wastewater the organic load expressed as kilograms
of BODs/ha-day (or a similar unit such as lb/acre/day or g/m2-day) is
of major concern. Wetlands are extremely efficient at assimilating the
BOD and also suspended solids loads. However, the organic load from
allochthonous sources may be small when compared to the primary pro-
ductivity (autochthonous organic matter production) of the wetland itself.
For wetlands treating nonpoint pollution the organic loading is of less im-
portance, and the parameters of concern are suspended solids, nutrients,
and toxic components.
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a. Plug flow

b. Step feed
Recycle

c. Recirculation

d. "Jelly roll" step feed-recirculation cell

FIGURE 14.22. Basic flow patterns and configurations for constructed wetlands. (After
Steiner and Freeman, 1989, with permission from Lewis Publishers, a subsidiary of CRC
Press, Boca Raton, Florida.)

Suspended solids. Very high SS removals have been noticed in con-
structed and natural wetlands. The removal efficiency for suspended solids
is inversely proportional to influent SS concentrations and the surface area
of the wetland and the detention time, which is consistent. As pointed out
previously s~lids are removed by settling, filtration, and adsorption. Of
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FIGURE 14.23. Riparian wetland fed by pump. (After Mitsch, 1990.)

FIGURE 14.24. Wetland built by incorporating diversion. (After Mitsch, 1990.)
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Natural
Levee

Ripaxia~
Wetland

C~ak

DRY SEASON

Floodplain

FLOODING SEASON

FIGURE 14.25. Riparian wetland design fed by natural flooding over the stream banks.
(After Mitsch, 1990.)

FIGURE 14.26. Riparian wetland design fed by gravity flow. (After Mitsch, 1990.)
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FIGURE 14.27. Schematics of small wetlands intercepting small polluted tributaries of a
stream. (After Mitsch, 1990.)

concern are extremely high loads that could clog up the ecosystem by clay
and silt particles. The critical HRT for achieving TSS removal efficiencies
above 70% is about 5 days.

The operational experience gathered at the Des Plaines, Illinois,
experimental wetland shows that while the influent suspended solids
were primarily composed of soil particles in concentrations of tens to
hundreds at milligrams/liter, effluent solids primarily included organic
solids produced by the wetland, with effluent concentrations of only a few
milligrams/liter. The influent is typically turbid, while the effluent color is
from the humic substances of the wetland. The effluent character is
comparable to native prairie streams.

Biodegradable organics. If the constructed wetland is used for the
treatment of wastewater, or if the diffuse input contains appreciable con-
centrations of biodegradable organics (such as flows from concentrated
animal operations), BOD removals may be considered. For FWS and SFS
wetlands BOD removal may be described by a plug flow equation of the
type

Ce--= exp(-kT-HRT) (14.4)
Co

where                                                                                                       ~
Ce = effluent BOD5 (mg/1 or mass load in kg/day)
Co = infiuent BOD5 (mg/1 or kg/day)
kT- = temperature-dependent first-order BOD removal coefficient, days1
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The temperature-dependent BOD removal coefficient (equivalent in
concept to the deoxygenation coefficient in streams; see the preceding
chapter) is commonly reported at a reference temperature of 20°C.
Equation (12.11) with the thermal factor 0 = 1.06, may be used to adjust
the coefficient for other design temperature (Water Pollution Control
Federation, 1990). Most of the available data on BOD removals are for
municipal wastewater and may not be applicable to diffuse loads from
agricultural or urban sources.

Nutrients. Both nitrogen and phosphorus are necessary nutrients for
wetland biota growth and are retained by it. The process of nitrogen and
phosphorus assimilation was discussed previously. It was also pointed out
that nitrogen assimilation depends on the form of the nitrogen in the in-
put with the nitrate nitrogen resulting in the highest removal efficiencies.

TKN (total Kjeldahl nitrogen = organic N plus NH~- - N) removal is
correlated to loading. Loads as high as 10 kg/ha-day still provide removal
efficiencies between 75% and 95%. With loading rates within the 10 to
80kg/ha-day range, TKN removal rates are highly dependent on HRT
and decrease significantly at design HRTs of less than 5 days. At HRTs of
5 days or more nitrate nitrogen in the inflow is almost completely assimi-
lated by denitrification anaerobic processes occurring in the wetlands.

Based on a regression analysis of available data from the operation of
natural and constructed wetlands, the Water Pollution Control Federation
(1990) manual reported the following equation relating effluent and in-
fluent total nitrogen (TKN = organic + ammoniacal) concentrations:

Ce = 0.193 × Co + 1.55 HLR - 1.75          (14.5)

The correlation coefficient for this relationship is r2 = 0.79.
Phosphorus removals are not as high as those for nitrogen. A com-

pilation of wetland systems contained in the Water Pollution Control
Federation (1990) manual revealed phosphorus removal efficiencies be-
tween 30% and 50% for most of the created systems studied. Total
phosphorus removal efficiency increases with higher input concentrations,
form of the phosphorus (particulate adsorbed onto the sediment vs.
dissolved), phosphorus partitioning between the dissolved and suspended
forms (which is related to the concentration of suspended solids) and
the subsequent burial of the adsorbed phosphates with the sediment
and organic matter in the substrate, oxic-anoxic conditions in the water-
substrate interface, and on the hydraulic retention time. In colder climatic
conditions, nutrients are released during the dormant season. Nitrogen
and phosphorus removals for natural wetlands were shown on Figures
14.15 and 14.16.
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Example 14.1: Free Water Surface Wetland Design

Design a free water surface (FWS) wetland for treament of agricultural
drainage that has average total nitrogen concentrations of 15 mg/1. Most
of the nitrogen is either organic or ammoniacal. The desired effluent
concentration is about 5 mg/1 (66% reduction). The design drainage flow
is about 0.1 m3/sec = 8640 m3/day. Select a shallow active depth of water
in the wetland (0.4 meters) to provide for nitrification-denitrification.

Solution From Equation (14.5) the hydraulic loading rate is

Ce - 0.193Co + 1.75 5 - 0.193 × 15 + 1.75
HLR = =

1.55                   1.55
= 2.48cm/day = 0.025 m/day

The corresponding surface is then

A = Q/HLR = (8640[m3/day])/(0.025 [m/day])= 345,600m2= 35ha

As a rule of thumb, the Water Pollution Control Federation manual
recommends that to attain total nitrogen removals of 50% or greater, the
designer should use a minimum constructed area of wetland of about
4 ha/1000 ma/day of flow.

Assuming the average depth of 0.4 meter, the hydraulic residence time
in the wetland is HRT = p × H/HLR = 0.9 × 0.4/0.025 = 14.4 days.
This detention time will provide for nitrification-denitrification nitrogen
removal processes in the wetland (HRT should be greater than 7 days).

With a selected aspect ratio (based on the terrain configuration) of
4:1, the width of the wetland is W = %/A2/(1 + 4) = %/350,000/5 =
264m and the length of the wetland is 350,000/264 = 1326m. At least
four cells are recommended in two parallel series. The first cell may be
shallower FWS (nitrification), the second deeper FWS or SBS
(denitrification).

Note: This design is based on the assumption that most of the nitrogen
is in ammoniacal and organic forms. If nitrate nitrogen is the dominating
compound, the wetland area and volume may be smaller, as shown in the
following example.

Example 14.2: Wetland Design for Nitrate-N Removal

Experimental data indicate that 95% removal may be achieved if the
loading rate of nitrate is about 10 kg/day or less, while if the loading
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exceeds 80 kg/ha-day the wetland nitrate removal efficiency is marginal.
By interpolation, at between 10 and 80kg of nitrate N/ha-day, 66%
removal may be achieved (very approximately) using a loading rate of
about 33 kg/ha-day. Select 25 kg/ha-day for safety reasons.

Solution The daily nitrate load is then

Load = Q × C = 8640m3/day × 15mg/l(g/m3) × 0.001kg/g
= 129.6 kg/day

and the surface area becomes

A = 129.6 [kg/day]/25 [kg/ha-day] = 5.2 ha - select 6 ha = 60,000 m2

The hydraulic loading is then

HLR = Q/A = 8640 [m3/day]/60,000 [m2] = 0.14 m/day

which is high (Table 14.5). Select an HLR of 8cm/day = 0.08m/day.
Then the adjusted surface area is

Aadjusted = Q/HLR = 8640/0.08 = 108,000m2 = 10.8ha

Since the nitrogen is in nitrate form, the dominant component removal
process should be anoxic (anaerobic) to assure denitrification. In this
case, either deeper FWS (H ~- 0.9 m) or saturated SFS systems should be
selected, and the hydraulic retention time should be above 5 days.

The hydraulic residence time requirement gives the estimate of the
depth of the bed. Select a minimal HRT of 5 days. Then the required
volume of the bed is

V = Q × HRT/p = 8640 × 5/0.5 = 86,400m3

and the required depth of the bed becomes

H = V/A = 86,400/108,000 = 0.8m

If the hydraulic conductivity of the bed is known, one can also estimate
the velocity in the bed. A judgment may then be made as to whether the
flow will be fully submerged (in the bed) or whether ponding will occur.
Say that the hydraulic conductivity of the bed is 10 m/day and the slope of
the bed is 5%. Then the velocity in the bed is (from Darqy’s equation)
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v = Kp x S = 10 [m/day] x 0.05 = 0.5 m/day

This velocity is too low to accommodate the flow solely in the bed. The
designer would therefore have to design the wetland as a combination of
the FWS and SFS systems.

Metals and Toxics

Due to very high concentrations of organic matter in the substrate,
wetlands could conceivably have a higher assimilative capacity for toxics
and metals. As with aquatic sediment conditions, toxicity, adsorption
(immobilization), and the burial of toxic compounds depend on the sub-
strate characteristics and adsorption-desorption and the precipitation
processes occurring in the substrate. DiToro (1989) and DiToro et al.
(1990) pointed out that the toxicity of metals and organics correlates to
their activity, which is more-or-less related to the dissolved and ionic
concentration of the constituent in the pore water of the substrate.

In the reduced environment of the wetland substrate, sulfide pre-
cipitation of metals is the predominant process of inactivation of toxic
metals, while the organic particulate matter content of the substrate
controls immobilization of nonionic organic compounds (PCBs, DDT,
PAHs, many pesticides) and organic mercury (DiToro et al., 1990). The
assimilative capacity for organic chemicals is also related to the chemical’s
biodegradability and volatility. However, models for estimating the assi-
milative capacity of wetlands for toxic compounds are not available and
the estimates are crude, at best. One may speculate, however, that if
constructed wetlands are to be used for the disposal of small quantities of
toxic compounds, the preferable design would be SFS, which provides
higher concentrations of organic matter in the bed as compared to con-
centrations of particulate organic matter in the water in FWS systems.

Mass Balance of Toxic Compounds in a
Submerged Bed Wetland
The capability of wetlands to safely assimilate toxic materials is related to
the fate of the toxic materials in the wetland system. The fundamental
concepts were explained in the preceding two chapters. The primary
productivity of the wetland autotrophic biomass provides organic solids
that may effectively immobilize the toxic compounds and make them
biologically unavailable. It was also pointed out that in sediment the
toxicity of a compound should be related to the pore water concentration
of the compound and not to the total concentration of the compound in
the sediment volume. The same postulate applies even more to wetlands.
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Several investigations have shown that wetland substrates may appear
heavily contaminated by toxics, and yet the wetland biota appears either
unaffected or only marginally impacted. This apparent paradox will be
explained by the partitioning of the pollutants between the dissolved
(toxic) and immobilized components in the wetland substrate. In contrast ~
to lake and river sediments, wetland substrate is richer in particulate
carbon and generally is anaerobic, both of which situations contribute to ~
the reduction of the compound’s toxicity to the wetland biota.

These concepts can be illustrated in an example of a simple, single-
basin submerged bed system. For multiple basins in a series the same
considerations will apply for the first basin receiving the full load. For
modeling the fate of toxics in a more complex free surface system, one
can use the EPA model WASP described in the preceding chapter.

The following assumptions are made in the subsequent calculation:

1. There is a steady buildup of organic matter in the wetland due to the
inputs of the allochthonous (influent) and autochthonous (primary
productivity) organic matter.

2. Mass-balance considerations are made over a relatively long time
period. Diurnal and seasonal variations are not considered.

3. A significant portion of the organic input is nonrefractory (inert) and
constitutes the inert organic carbon buildup in the wetland. According
to the information provided by Foree, Jewell, and McCarty (1971) this
inert fraction ranges between 40% to 60% in a mostly anaerobic
environment.

4. The primary immobilizing (adsorbing) component is particulate inert
organic carbon.

5. The wetland substrate is compacted and relatively uniform.

Following O’Connor’s (1991) concepts the mass balance of the inert
organic solids and toxics in the SFS wetland becomes:

A. Balance of Particulate Organics

dMb d(Vbmb)
- - QinPOMin + NPP × Ab -- gbVbmb -- QoutPOMout

dt     dt

= ~rQinPOMin + NPP × Ab -- gbVbmb (1~,.6)

where
Mb    = total mass balance of organic particulate carbon in the wet-

land, kg
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Vb = volume of the wetland bed (substrate), m3
mb = concentration of the particulate organic matter in the sub-

strate, kg/m3
POMin = particulate organic matter concentration of the influent, g/1 =

kg/m3
NPP - net primary productivity of the particulate organic carbon by

the wetland, kg/mE-day
Ab = surface area of the wetland, m2

Qin = influent flow, ma/day

Qout = effluent flow, m3/day
POMout = effluent concentration of the particulate organic carbon, g/1
Kb = decay rate of the organic carbon in the wetland, day-1

(~r = removal rate of organic solids in the lagoon, dimensionless

In order to protect biota in the wetland the pore water concentration of
the toxic should be related to inert organic matter, especially in cases
when the toxic compound is conservative. This is because the decomposi-
tion process of the deposited particulate organic matter in the wetland is
only qualitatively known. Hence let rnoc be the inert (nonbiodegradable)
carbon fraction of the organic particulate matter. Also the effluent POC
concentration is negligible when compared to the sum of the influent
organic solids load and the net primary productivity in the wetland. Then
Equation (14.6) becomes

= fNRC(~rOinPOMin q- NPP × At,)        (14.7)
dt

Here fNRC = mocmb is a fraction of the particulate organics, which is inert
carbon, and moc is the concentration of inert organic carbon in the
substrate in kg/m3. Expand the left side deferential to

dVbmoc     dmoc     dVb              (14.8)

dt - Vb-~-~ + moc dt

Since an assumption was made that the concentration of the inert organic
matter remained constant over time, that is, dmoc/dt = 0, Equation (14.7)
can be modified to express the increase in the wetland volume due to
annual deposition of inert particulate organic matter

dVt, fNRC (qbrQinPOCin + NPP × Ab)
(14.9)

~ _ t?/oc
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The preceding equation represents a uniform linear increase of the volume
of the wetland. This relationship will be recalled in the further develop-
ment of the allowable load of a toxic compound to the wetland.

B. Toxic Chemical Balance in the Wetland

,~,~ dMch dVbCT

i
dt dt

’,~, = W- KaAbCd -- KdCdVbp -- Qout(Cd - POMoutr) (14.10)

where
Mch = total mass of the chemical in the wetland, mg
C7- = concentration of the total chemical in the wetland, lag/1 = mg/m3
W = total load of the chemical, mg/day
K,~ = rate of volatilization of the chemical, m/day
Cd = concentration of the dissolved chemical in pore water, lag/1
Kd = decay rate of the chemical in the wetland by photolysis, chemical

hydrolysis, and biochemical degradation, day-1
p = porosity (pore volume) of the wetland, dimensionless

The total mass of the chemical is a composite of the chemical dissolved
in the pore water and that adsorbed on or complexed by the sediment, or

Mch = VbCr = pVbCd q- (1 - p)VbPsr (14.11)

where
Ps = is the dry weight density of the sediment, kg/m3
r = adsorbed or complexed particulate chemical, mg/kg = gg/g

Introducing the partition relationship between the dissolved and particu-
late phase concentrations (r = l’ICa) presented in the preceding chapter
and dividing both sides by Vb, one obtains

CT = pCd + (1 -- p)p, HC,~ (14.12)

It was also shown in Chapters 6 and 13 that the partition coefficient for a
chemical may be related to the octanol partition coefficient, Kow, for the
chemical and the particulate organic carbon fraction of the sediment.
Then H ~ f~Rc X Kow, where in this particular case fNRC is the inert
particulate organic carbon fraction of the wetland substrate (sediment).
Recall also that the unit for II and Ko,,, is 1/g = m3/kg. If Ko~ is r~ported
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in liters/kilogram, divide the reported value by 1000. The relationship
between the total concentration of the toxicant commonly measured in
micrograms/liter of the total volume of the wetland substrate and the
concentration of the dissolved toxicant in pore water is then

C~d =      1_      _         1=               1       (14.13)
Cr p + psH(1-p) p+ pffNRCKow(1--P) p + rnocKo,~

This equation, similar to Equation (6.8) in Chapter 6, is very important.
In a fashion similar to the consideration of sediment toxicity discussed in
Chapter 6 one can substitute the aquatic toxicity standard for Ca and
obtain the maximum total concentration limit (Cr) of the chemical in the
substrate of the wetland.

Equation (14.13) can also be introduced into Equation (14.10) to
relate the load, W, to the pore water concentration. Then

dVbCd= W- KaAbCd- KdCdVbp(p + mocKo,~) dt

- QoutCd(1 + POMoutfNRcKow) (14.14)

Expand the differential on the left side to

dVbCd . dCd      dVb
dt = Vb---d-[- + Cd -~

and drop the first term on the right side because Cd should be kept
constant (meaning it should not rise over a period of one year or longer).
Also Equation (14.9) is substituted for an increase in the wetland volume,
dVb/dt. Then the dissolved, steady-state concentration of the toxicant in
the wetland substrate is

W
Ca = {(p + mocKow)(fNRc/mo~)(d~rQi~POMi,~ + NPP × Ab)) (14.15)

+ {KaAb + KdVbp + Qout(1 q- POMoutfNRCKow)}

For a wetland, moc × Ko,~ >> p. Also assume that in humid regions Qin ~

Qout, hence, POMout = (1 - qbr)POMin. Then by dropping p and by
dividing the numerater and denominat.or of the right side of Equation
(14.15) by Ab, the relation between the dissolved (bioavailable) con-
centration of the toxicant, and the specific load of the toxic compound,
W’ (mg/m2-day) becomes
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Ca ~ Kow × fNRc(HLR × POMin + NPP) + (Ka + KdHp + HLR) (14.16)

where
HLR = hydraulic loading rate, m/day
H = average depth of the substrate, m

Note that the first part of the right side of the denominator reflects the
immobilization of the toxic compound by the input and buildup of the
inert organic carbon, and the second part represents the loss of the
toxicant by volatilization, decay, and dissolved loss in the effluent.

For a conservative highly adsorbable (complexed) compound

W’
Ca = Ko,,,fNRc(HLR × POMi,~ + NPP) (14.17)

Example 14.3: Maximal Permissible Concentration of Lindane in
SFS Wetland

Extimate the maximum volumetric concentration of lindane that would
protect biota. The aquatic water quality criterion for lindane is WQC =
0.081~g/1, the octanol partitioning coefficient is Kow = 51/g, and the
organic particulate concentration (measured, for example, as volatile
suspended solids) in the wetland substrate is 1000kg/m3 (= g/l), of
which 50% is inert (fNRC ---- 0.5). The porosity of the substrate is 40%
(p = 0.4).

Solution Estimate inert organic carbon concentration

moc = 0.5 x 1000 [kg/m3] = 500 kg!m3

From Equation (14.9) the maximal total concentration limit is

Cr = WQC(p + mocKow) = 0.08(0.4 + 500 × 5) = 200 ~tg/1

Example 14.4: Maximal Load and Influent Concentrations of
Toxic Compounds

The runoff entering the wetland contains the pesticide lindane and PCBs.
O’Connor (1991) and Schnoor and O’Connor (1991) provided the fol-
lowing absorption and degradation characteristics for the chemicals in
aquatic environments:
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Lindane
Decay rate of the chemical: Kd ~ 0.06 day_l
Volatilization rate: K. - 0.00001 m/day
Octanol partition coefficient: Kow - 50001/kg = 51/g

PCBs
Decay rate: Ka = 0
Volatilization: K. ~ 0.13 m/day
Octanol partition coefficient: Kow ~ 1061/kg = 10001/g

The aquatic toxicity water quality criterion for lindane is WQC = 0.08 gg/
liter and that for PCBs is WQC = 0.14 gg/1.

Estimate the maximal load of lindane and PCBs per square meter of
the wetland that has the following parameters:

Depth of the bed: H = 0.5 m
Porosity: 35% p = 0.35
Net primary productivity (Table 14.2): NPP = 2kg/m2year =
0.0055 kg/mZday
Hydraulic loading: HLR = 0.02m3/mZ-day
Influent volatile suspended solids: POMinf = 50 mg/1 = 0.05 g/1
Fraction of inert carbon versus organic solids: fNRC = 0.3

Lindane The maximal load is calculated by Equation (14.16) as

max W’ = WQC[Kow x fNRc(HLR x POMin + NPP)
+ (K2 + KdHp + HLR)]

= 0.08[5 x 0.3 x (0.02 x 0.05 + 0.0055)
+ (0.0001 + 0.006 x 0.5 x 0.4 + 0.02)]

= 0.0025 mg/mZ-day

Since W’ = Ci,~ x Qin/Ab ----" Cin X HLR, the maximal influent con-
centration limit becomes

Cin = max W’/HLR = 0.0025 [mg/m2-day]/0.02 [m3/m2-day]
= 0.125 mg/m3 (= gg/1)

The wetland would provide about 100(0.125 - 0.08)/0.125 = 36% re-
moval of lindane. Note that because of relatively low Kow, Kd, and Ka
parameters lindane will not be effectively removed and stored in the
wetland.
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PCBs

max W’ = 0.01411000× 0.3(0.02 × 0.05 + 0.0055) + (0.13 + 0 + 0.02)]
= 0.029 mg/m2-day

and the allowable influent concentration limit of PCBs is then

0.029/0.02 = 1.47 lag/l

The wetland would provide 100(1.47 - 0.014)/1.47 = 99% environ-
mentally safe removal of the PCB load.

For the safe burial of toxic metals in the wetland or in the riverine
and lacustrine sediments, the decay and volatilization rates are zero.
Alternatively, for SFS wetlands or anaerobic sediments, the complexation
of metals can be related to the availability of reduced sulfides, hence,
sulfur compounds balance must be performed. If the sulfur input in the
influent (mostly as sulphates), expressed in moles per time, is substantially
greater than the input moles of toxic metals per time and the wetland or
sediment system is mostly anaerobic, most of the metal input will be com-
plexed and made nonbioavailable by the sulfides formed in the system.

Other Considerations
The advantages of constructed wetlands include low construction cost--
essentially for grading, mulching, and planting wetland vegetation, with
few structural components--and very low operation-maintenance costs
for monitoring water levels, flows, the quality and vitality of vegetation,
and grounds maintenance. Based on the experience of the Tennessee
Valley Authority, Hammer (1989b) does not recommend plant harvesting
except in special applications involving the water hyacinth or duckweed
ponds incorporated within the wetland system (see the subsequent section
on aquaculture). Plant harvesting will substantially increase operation and
maintenance costs. Furthermore harvesting would eliminate the valuable
organic matter needed for immobilization of toxics.

As said throughout this chapter wetland operation is related to the
treatment objective. If nitrification and organic load removal is the objec-
tive, a substantial portion of the wetland system should be aerobic.
Shallow free water systems are most suited for this purpose. Denitrifica-
tion requires anoxic conditions. Also immobilization and detoxification
of metals are best accomplished in an anaerobic environment. If an SFS
wetland is heavily loaded by metals, clogging from substantial deposits of

R0023888



Aquatic Plant Systems    917

precipitated metals may occur (Watson et al., 1989). Only very limited
and short-term (less than three .years) data on the removal of metals and
other toxics by wetlands were reported in the literature at the time of the
writing of this book.

Disadvantages of constructed wetland systems include the land re-
quirement and a long start-up period. Current design recommendations
specify 1.3 to 5.5 hectares per 1000m3/day of treated wastewater (Table
14.5), depending on pretreatment and the design discharge limits (Ham-
mer, 1989b). The start-up period before full removal efficiencies are
achieved may extend over several growing seasons. However, considering
that a typical structural installation of a conventional treatment plant may
also take several years, this drawback may not be important.

As pointed out before, improperly designed and operated wetland
systems can also cause a pest problem (mosquitoes and rodents) that may
be a nuisance to the surrounding population. Both can be simply and
easily avoided with proper design and operation.

In conclusion, constructed and, to a lesser degree, natural wetlands
provide an effective control of pollution from various sources, including
control of nutrients and sediments from diffuse sources. These are the
most natural pollution control facilities, requiring in most cases no
chemicals or energy other than light. Yet, their efficiency is comparable
to expensive structural treatment plants. Constructed wetlands can be
installed anywhere, including the lands that were formerly used for
agricultural production, especially those that represent former drained
wetlands. Such systems are now considered as a part of ecological
engineering and remediation approaches to pollution problems (Mitsch
and J~rgensen, 1989).

Mosquitoes should not be a problem for subsurface (SFS) systems. For
free water systems Gambusia can be use, d, provided that some water
pools (ponds) remain aerobic and fish can migrate from the pools into the
other parts of the wetland. Nichols (1988) described a method developed
by Hruby, an ecologist, who proposed a wetland-ditch combination. The
ditches create narrow reservoirs in which water levels are manipulated to
permit a fish population to enter marshes to spawn. The newly hatched
fish larvae then feed on the mosquito larvae. Up to 97% mosquito control
can be achieved.

AQUATIC PLANT SYSTEMS

Aquatic plant systems are shallow ponds with floating or submerged
aquatic plants. As pointed out in the preceding section, ponds are com-
monly a part of natural wetlands system and are recommended for in-
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clusion in constructed systems. Generally, after some time most ponds
will develop some kind of aquatic vegetation. Typical types of aquatic
vegetation were shown in Figure 14.5. In the context of aquatic plant
systems, consider ponds into which aquatic vegetation was introduced or
planted specifically for water-pollution abatement. These systems include
two types based on the dominant plant types. The first type includes
floating plants, and the second employs submerged plants.

Floating Plant Systems

The water hyacinth (Eichhornia crassipes (Fig. 14.5)) has been the most
common floating plant used in aquatic treatment systems. It is a nuisance
plant that can develop in large quantities and densities in subtropical
regions and may completely cover a body of water with a dense layer
(Fig. 14.28).

The water hyacinth has been used extensively for the treatment and
postreatment of wastewater. The major characteristics of water hyacinths
that makes them attractive for the removal of pollutants are their extensive
root system, which provides a medium for bacteria, and a rapid growth
rate. However, these plants are temperature sensitive and will die rapidly
during winter freezing conditions. Such systems may not be suitable for

FIGURE 14.28. Water hyacinth pond.
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year-round applications in most of Europe, with the exception of the
most southern parts (such as Sicily), and a majority of the United States,
with the exception of Florida and the southern portions of California,
Texas, and Arizona. However, ~kov~ and Veber (1990) documented
that in the colder climatic conditions of central Europe, water hyacinth
plants can be put into greenhouses during the winter and replanted in the
spring. The best winter survival was achieved when plants were winterized
in peat. For year-round operation, water hyacinth treatment lagoons
were installed in Austin, Texas in a covered greenhouse.

Duckweed (Fig. 14.5) are small green freshwater plants (Lemna sp.,
Spirodela sp., Wolffia spp., and several others) that range in size from a
millimeter to a few millimeters. Duckweed has a very fast growth rate,
believed to be faster than that of water hyacinths. Effluents from duck-
weed lagoons (Fig. 14.29) should exceed the performance of conventional
facultative treatment lagoons for BOD, suspended solids, and nitrogen
removal.

Plant uptake (about 25% of the removal), ammonia volatilization,
and nitrification-denitrification are the primary mechanisms for nitrogen
removal in duckweed lagoons (Reed, Middlebrooks, and Crites, 1988).
Overall nitrogen removal follows a first-order kinetics described by the
following equation

FIGURE 14.29. Lemna pond. (Courtesy Lemna. Inc.)
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N     -kt

No e
(14.18)

where
Nt = total nitrogen in system effluent, mg/1
No = total nitrogen in the influent, mg/1
k = a rate constant dependent on temperature and plant density
t = time

Reed, Middlebrooks, and Crites (1988) and Zirschky and Reed (1988)
emphasized that frequent harvesting of plants was needed to sustain high
levels of nitrogen removal. Due to the fact that the water environment of
the lagoon is mostly anaerobic and the duckweed cultures do not have the
capability of transferring oxygen because their roots are very small and do
not extend into the water, nitrification is limited or does not occur.
Therefore if the input of nitrogen is in an ammoniacal form, the denitrifi-
cation process may not have an adequate supply of nitrate-nitrogen and
can be suppressed. Due to the fact that water in the duckweed ponds is
anaerobic, the BOD removal is about the same as that in anaerobic
facultative lagoons. Anaerobic effluent should be aerated (for example,
on cascades).

Phosphorus removal in duckweed lagoons, just as in wetland systems,
is not very high, and if removal of P is the object, the use of precipitating
chemicals, such as alum or ferric chloride, is recommended (Reed, Middle-
brooks, and Crites, 1988).

The use of duckweed for pollution abatement is not as well developed
as is the use of water hyacinths. Mosquitoes should not be a problem as
long as a thick mat of duckweed plants is maintained on the surface.
Mosquito larvae cannot survive in the anaerobic environment created in
the lagoon. The mat of duckweed also prevents algae from developing.
Unharvested dead and dying plants can create a significant BOD and sus-
pended solids load on the lagoon and release the nutrients accumulated in
their tissues. For this reason, as stated before, the duckweed crop should
be periodically harvested to ensure rapid regrowth and effective nutrient
uptake. Special harvesting equipment is commercially available.

The harvested plant biomass has a higher protein content than other
crops used for feeding farm animals. It also contains about 1.5% of
phosphorus and about 6% of nitrogen (based on dry weight). The har-
vested plants can be used directly as feed if transportation is not an issue,
or the biomass can be dried and/or composted. In the context of sus-
tainable environmental management, research directed toward converting
the harvested plants from the aquaculture lagoons and wetlands should be
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initiated and the organic fertilizer derived from the biomass should be
substituted for chemical fertilizers. The benefit of this substitution would
be less ground-water contamination by nitrates and subsequently less
nutrient input to surface-water bodies. This may involve the cooperation
of the fertilizer manufacturing industries.

Submerged Plants

The potential for using submerged plants is limited due to their tendency
to be shaded by algae and their sensitivity to anaerobic conditions (U.S.
EPA, 1988). Also clogging of roots and stems by filamentous organisms
can severely limit their functioning. The best results for BOD, suspended
solids, and nitrogen removal were obtained in an experimental study
(Eighmy and Bishop, 1985) with a common water weed (Elodea sp.).

In summary, the water hyacinth aquaculture plants may not be suitable
for most of North American and European climatic zones. Duckweed
lagoons can be used in colder zones and will provide effective removal of
organics and nitrogen. A wetland-aquaculture lagoon combination can
be considered, but should be investigated in a pilot study. In contrast to
water hyacinth lagoons, duckweed ponds and lagoons may not provide
enough nitrification because the environment in the lagoon may be mostly
anaerobic. This may also cause an odor problem. These problems can be
mitigated and alleviated.
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Management and Restoration
of Streams, Lakes, and
Watersheds

Accomplishing restoration means ensuring that ecosystem structure and
function are recreated or repaired and that natural dynamic ecosystem
processes are operating effectively again.

Committee on Restoration of Aquatic Ecosystems,
National Research Council

A large proportion of the surface waters of the United States, especially
streams and lakes, have been degraded from chemical, biological, and
physical habitat destruction as a result of urbanization, deforestation,
overgrazing, industrialization, agricultural practices, mining, flood-control
projects, channelization, reservoir and dam construction, diversions,
dredging, and other land uses. On the other hand, because of improve-
ments in water quality from control of point source discharges, restora-
tion of the biological and physical habitat in these waters could produce
large improvements in the structure and function of the biological com-
munities beyond those gained by improving water quality alone through
control of point sources. When used in conjunction with elimination or
reduction of nonpoint sources in the watershed, ecological restoration can
lead to significant water quality benefits. Improvements in the physical
and biological habitats of surface waters also can lead to improvements in
water quality by increasing the capacity of aquatic ecosystems to process
contaminants.

The National Research Council (Committee on Restoration of Aquatic ._
Ecosystems, 1992) concluded that habitat degradation is a primary factor
in limiting the attainment of beneficial uses of the nation’s surface waters.

927
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The researchers also concluded that an accelerated effort toward restora-
tion of aquatic ecosystems is needed and that failure to restore aquatic
ecosystems promptly will, in many cases, result in sharply increased
environmental costs later through the extinction of species or ecosystem
types or permanent ecological damage.

Stream restoration projects often are labor intensive; therefore, the
use of funds for such projects has the additional benefit of creating
numerous jobs, potentially in urban and rural areas with high unemploy-
ment rates. This chapter describes the necessary steps for planning a
restoration project and the numerous approaches to restoration and
management for streams, rivers, lakes, ponds, and their watersheds.

Although there are separate sections discussing river/stream and lake/
reservoir systems, an integrated approach to restoration is recommended.
Proposed restoration projects should consider the major ecological in-
teractions in a watershed. Rivers, streams, lakes, and reservoirs are
interconnected parts of a watershed that also often include ground water,
estuaries, and wetlands. A practical and effective approach to restoration
of aquatic ecosystems would include the consideration of all significant
ecological elements on a watershed scale. In this way, the cumulative
impacts of an ecosystem can best be evaluated.

RESTORATION VERSUS RECLAMATION,
REHABILITATION, AND MANAGEMENT
The fundamental goal of restoration is to return the ecosystem to a
condition that approximates its condition prior to disturbance (Cairns,
1988; Committee on Restoration of Aquatic Ecosystems, 1992). The
terms restoration, reclamation, rehabilitation are often used interchange-
ably, but their meanings are different. Restoration is the return of an
ecosystem to a close approximation of its former condition. Reclamation
is a process designed to adapt a resource to serve a new or altered use.
This could mean a process to convert a native ecosystem to agricultural
uses or to convert a disturbed resource, such as a mined surface area,
to productive use, such as pasture land. Rehabilitation is a term that
describes putting a severely disturbed and/or damaged resource back into
good working order. It is often used to indicate improvements that are
primarily of a visual nature. Hence, restoration is a holistic process
achieved through manipulation of all relevant elements, including the
reintroduction of plants and animals. It is the most ambitious of the
processes and is not possible in all situations; and where possible, it may
not be economically feasible.

Whether an aquatic ecosystem is restored, reclaimed, rehabilitated, or
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preserved, it usually needs to be managed. Management is used here to
mean the manipulation of an ecosystem to ensure the maintenance of one
or more conditions or functions (Committee on Restoration of Aquatic
Ecosystems, 1992). Watershed management is a term used to describe the
management practices within an entire watershed that are designed to
control or reduce inputs of pollution. From a technical standpoint, the
watershed is the most logical scale on which to undertake restoration or
management of aquatic resources. Unfortunately, political boundaries do
not usually coincide with watershed boundaries and other institutional
constraints can make restoration and management at the watershed scale
difficult.

Restoration Project Planning

Planning a restoration project requires consideration of four basic items

1. Project mission. The overall general purpose, such as the restoration
of a lake and perhaps an adjoining wetland.

2. Goals. The outcome desired, such as improving lake fisheries.
3. Objectives. Derived from the goals, such as the improvement in popu-

lations of specific fish species in the lake.
4. Performance indicators. Specific measurable quantities that are taken

from each objective, such as an increase in the standing crop of fish.

Developing appropriate indicators requires selecting characteristics
from a large number of possible ecological assessment criteria. These
indicators are taken from certain structural, functional, and holistic
criteria. The criteria listed below have been adapted from Berger (1990)
and the National Research Council (Committee on Restoration of Aquatic
Ecosystems, 1992).

Structural Criteria
¯ Water quality. Parameters include dissolved oxygen, temperature,

pH, dissolved cations and anions, toxic contaminants, and suspended
matter.

¯ Soil condition. Parameters include soil chemistry, erodibility, permea-
bility, organic content, and soil stability.

¯ Geological condition. Includes surface and subsurface rock.
¯ Hydrology. Includes discharge, surface-flow properties, sediment load,

retention times (for lakes), and ground-water flow and exchange with
surface water.
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¯ Topography and morphology. Surface contours, relief, configuration of
site surface features, and the subsurface features.

¯ Flora and fauna. Presence and characteristics of the species, including
evidence of biotic stress.

¯ Waste assimilative capacity (loading capacity). Includes nutrient avail-
ability, nutrient flux, and food web support.

Functional Criteria
¯ Surface and ground-water storage, recharge, and supply
¯ Floodwater and sediment retention
¯ Transport of organisms, nutrients, and sediments
¯ Humidification of atmosphere
¯ Oxygen production
¯ Nutrient cycling
¯ Biomass production, food web support, and species maintenance
¯ Provision for shelter for biota
¯ Detoxification of waste and purification of water
¯ Reduction of erosion and mass wastage
¯ Energy flow

Holistic Criteria
¯ Resilience. The ability of the ecosystem to recover from perturbations.
¯ Persistence. The ability of the ecosystem to survive or undergo natural

successional processes without human management intervention.
¯ Verisimilitude. A characteristic of the restored ecosystem that re-

flects its similarity to a reference standard or its conditions prior to
restoration.

Performance indicators can be constructed from a review of the pre-
ceding criteria to determine which are important in evaluating the particular
project. For example, in the case of a project involving the "maprovement
in water quality, criteria might include indicators such as pH, toxic con-
taminants, and suspended sediment.

The National Research Council (Committee on Restoration of Aquatic
Ecosystems, 1992) presented a checklist to be considered before, during,
and after any restoration activity (see below). Each of the questions in
the checklist should be answered before proceeding to the next step in
any restoration project.

Project Planning and Design

1. Has the problem requiring treatment been clearly understood and
defined?
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2. Is there a consensus on the restoration program’s mission?
3. Have the goals and objectives been identified?
4. Has the restoration been planned with adequate scope and expertise?
5. Does the restoration management design have an annual or midcourse

correction point in line with adaptive management procedures?
6. Are the performance indicators--the measurable biological, physical, and

chemical attributes--directly and appropriately linked to the objectives?
7. Have adequate monitoring, surveillance, management, and maintenance

programs been developed along with the project, so that monitoring costs
and operational details are anticipated and monitoring results will be
available to serve as input in improving restoration techniques used as the
project matures?

8. Has an appropriate reference system (or systems) been selected from
which to extract target values of performance indicators for comparison in
conducting the project evaluation?

9. Have sufficient baseline data been collected over a suitable period of time
on the project ecosystem to facilitate before-and-after treatment
comparisons?

10. Have critical project procedures been tested on a small experimental scale
in part of the project area to minimize the risks of failure?

11. Has the project been designed to make the restored ecosystem as self-
sustaining as possible to minimize maintenance requirements?

12. Has thought been given to how long monitoring will have to be continued
before the project can be declared effective?

13. Have risk and uncertainty been adequately considered in project
planning?

During Restoration
1. Based on the monitoring results, are the anticipated intermediate objec-

tives being achieved? If not, are appropriate steps being taken to correct
the problem(s)?

2. Do the objectives or performance indicators need to be modified? If so,
what changes may be required in the monitoring program?

3. Is the monitoring program adequate?

Post-Restoration

1. To what extent were project goals and obiectives achieved?
2. How similar in structure and function is the restored ecosystem to the

target ecosystem?
3. To what extent is the restored ecosystem self-sustaining, and what are the

maintenance requirements?
4. If all natural ecosystem functions were not restored, have critical

ecosystem functions been restored?
5. If all natural components of the ecosystem were not restored, have critical

components been restored?
6. How long did the project take?
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7. What lessons have been learned from this effort?                         ~
8. Have those lessons been shared with interested parties to maximize the

potential for technology transfer?
9. What was the final cost, in net present value terms, of the restoration

project?
10, What were the ecological, economic, and social benefits realized by the

project?
11. How cost-effective was the project?
12. Would another approach to restoration have produced desirable results at

lower cost?

In order to address some of the questions presented in the checklist, the
following items must be considered.

¯ Project duration. Each project should have a realistic schedule to
allow enough time for evaluation. The duration of the project and its
accompanying monitoring should be sufficient to address the particular
environmental conditions of the site. For example, regions where
environmental conditions include frequent floods or drought should be
monitored long enough so that these variables do not interfere with the
accurate assessrnent of project success.

¯ Project scale. The areal scale of the project must also be sufficient to
account for spatial factors and for interaction between the target system
to be managed or restored and the surrounding landscape.

¯ Budgetary factors. Not all projects have adequate funding to accom-
plish complete restoration. When funding conditions are inadequate or
uncertain, efforts should be made to prioritize activities to best meet
the overall project goals and objectives.

Generally, the goals of water body restoration-rehabilitation efforts are
(a) restoration of damaged aquatic ecosystems, and (b) increasing the
waste-assimilative capacity for increased safe disposal of wastes.

RESTORATION TECHNIQUES FOR RIVERS
AND STREAMS
Much progress has been made in the past few decades in restoring rivers
and streams affected by point sources of pollution through a variety of
federal, state, and local programs. Unfortunately, there is no comparable
suite of programs to deal with the restoration of rivers and streams
affected by diffuse sources. Yet development pressures, agriculture,
and changing land use have resulted in diffuse sources becoming the
major fraction of wasteload to surface waters. And unlike slow-moving
lakes, rivers and streams have historically served as a convenient and
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inexpensive means of waste disposal because the flow carries away or
assimilates the pollutants.

The idea of stream waste-assimilative capacity enhancement was first
proposed and implemented by Karl Imhoff, a pioneer of European
wastewater management, in the 1920s in the industrialized Ruhr district
of Germany (see Chap. 1 for a discussion of river basin management
agencies (verbiinde) in the Ruhr area). He recognized the fact that the
small rivers of the district would not be capable of safely assimilating
municipal and industrial wastewater discharges, even after a full (primary
plus secondary biological) treatment. The waste-assimilative capacity and
water quality enhancement measures implemented therein included
(Imhoff and Imhoff, 1990; Novotny et al., 1989):

I. Building stream impoundments. The objectives are (a) to enlarge the
water surface, (b) to prolong the detention time, and (c) to induce
deposition and retention of suspended solids and sludges. Loading of
solids should be allowed in a limited amount. Deep reservoirs that
stratify in summer are unsuitable for assimilation of large quantities
of wastewater. When the impoundment fills with solids it must be
dredged or abandoned and restored. As will be pointed later aban-
donment and restoration of old river impoundments to a more natural
streamlike state is now being practiced in several places.

2. In-stream aeration by turbines and aerators to increase the reaeration
capacity of the streams.

3. Lining of a small stream (Emscher River) that was heavily loaded
by partially treated discharges of municipal and industrial waste-
water. The lining increases velocity and decreases depth, resulting in a
greatly increased aeration.

4. Back-pumping of the Rhine River into the Ruhr River (by the power
plants on the Ruhr reservoirs) to increase low flows during times of
extreme droughts.

5. Low-flow augmentation or increase of low-water flows.

The present Ruhr River basin management agency also implemented

6. Weed cutting and nutrient inactivation by chemicals in the im-
poundments.

7. Dredging of accumulated bottom sediments from the impoundments.

The agencies are also involved in stream restoration activities (see
Chap. 1).

This section provides an overview of the various techniques available
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for the restoration of rivers and streams. Several types of river and stream
problems are frequently encountered, and these can be categorized in
seven main areas: (1) sedimentation; (2) low dissolved oxygen levels
resulting in fish kills; (3) overgrazing of riparian areas; (4) stream chan-
nelization; (5) drinking water taste, odor, color, and organics; (6) poor
fishing; and (7) acidic conditions. For each of these major problem areas,
several in-stream techniques have been found to be effective, long-
lasting, and generally without significant negative impact when used
properly. These procedures will be described with regard to their under-
lying ecological principles and modes of action, effectiveness (including
brief case histories), potential negative impacts, and additional benefits
and costs. The reader will be referred to further reports in the basic
scientific literature (for example, Committee on Restoration of Aquatic
Ecosystems, 1992; Krenkel and Novotny, 1980). The less-studied or less-
effective procedures will also be briefly described.

Basic Assumptions

The following discussions of in-stream technique effectiveness, except
where explicitly stated, always assume that loadings of nutrients, silt,
and organic matter to the watercourse have already been controlled.
Most instream procedures will be quickly overwhelmed by continued
accumulation of these substances. The watercourse and its watershed
are coupled. In-stream programs can complement watershed efforts;
however, such problems as bank erosion and sedimentation may persist
despite load reductions or diversion projects unless an in-stream proce-
dure is also used.

As for restoration and management techniques that are not mentioned
in this section, in nearly every case these procedures have not been
described in the open scientific literature, and therefore have not had the
benefit of testing, discussion, explanation, and criticism that is so vital to
the development of techniques of proven effectiveness and minimal
negative impact. Caution should be exercised in the use of a procedure
not listed here.

Selecting an Appropriate Stream-Restoration
Technique

Selecting the wrong type of action may make the aquatic ecosystem worse
off than no intervention at all. In addition, to be effective the action must
address key limiting factors or major problems affecting the ecosystem.
Otherwise, money and effort will be expended with little to no positive
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returns. For these reasons, none of the methods described here should be
attempted without first consulting a professional familiar with ecosystem
restoration and management. Furthermore, some of these activities
require permits or are prohibited by some state regulatory authorities.

This section provides a comprehensive review of most possible stream-
restoration techniques; its scope is not limited by any specific objectives
or philosophy. Nevertheless, in selecting the techniques to apply in any
given situation, careful thought and analysis are necessary to ensure that
the program (a) addresses the cause of the problems and major use
limitations to ensure an effective expenditure of funds and effort, (b) will
not result in unexpected adverse effects on other water uses or ecosystem
components, and (c) is consistent with public values and the long-term
goals for the watercourse and its watershed.

Costs are another important consideration in selecting an approach.
The cost of implementing a given technique can vary widely, depending
on the area of the country, watershed size, accessibility, and other site-
specific conditions and factors. Because of this variability, cost estimates
are not provided here, although relative costs are discussed for some
techniques. As part of the planning process, cost estimates should be
obtained for the subset of options being considered. Both implementation
costs and long-term operation and maintenance costs over the life of the
project must be evaluated. Certain questions must be answered (see the
section on project planning). How long will the treatment or beneficial
effects last? How often will management actions need to be repeated?
How much effort and expense will be required for routine upkeep and
monitoring?

The size of the river or stream and associated watershed can have a
major influence on the feasibility and effectiveness, as will the costs of
various techniques. Restoration in larger rivers is more problematic than
in smaller systems because of the size and complexity of the systems and
often the different types and sources of problems. For rivers intercon-
nected to other rivers, streams, and lakes, special consideration must be
given to the potential for effects downstream or in adjacent waters. For
example, exotic plants and animals may rapidly disperse throughout a
drainage basin, becoming a regionwide nuisance.

Also, the seasonal and annual fluctuations in water quantity and the
quality of flowing waters often require a longer time series of data than is
available or funded in connection with a restoration project. Without an
adequate time series of data, restoration projects are often hampered by
their inability to determine success or failure.

Important concepts related to the management aqd restoration of
rivers and streams were reviewed by the National Research Council
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(Committee on Restoration of Aquatic Ecosystems, 1992) and are pre-
sented below:

¯ Flow and retention
¯ Openness
¯ Dynamism
¯ Patchiness
¯ Resistance and resilience

These attributes are integral to understanding the connection between
rivers and streams and their ecosystems. Large rivers and floodplains are
intimately linked and, therefore, should be restored and managed as a
single ecosystem. For small streams, the stream and its riparian zone
are linked. River and stream problems requiring restoration or manage-
ment can be in the river or stream channels and pools, the riparian zone
or floodplain, or the watershed. The types of problems that can occur in
river-floodplain or stream-riparian systems are listed below (adapted
from the Committee on Restoration of Aquatic Ecosystems, 1992):

Acidity
Bank erosion
Blockage of stream or river channel
Braided channel
Dissolved oxygen deficiency
Excessive flooding
Food scarcity for biota
Loss of fish refugia
Nutrient loss or excess
Pool deficit
Poor spawning success
Sediment loss
Siltation
Species (extinct, threatened, or endangered)
Stream cover (deficit or overgrown)
Water quality (turbidity or chemical pollution)
Water velocity (too high or too low)

Stream Restoration Techniques

Assuming that watershed inputs of pollution are controlled, the various
approaches that can be used in river and stream restoration can be
divided into structural and nonstructural techniques. Nonstructural
techniques are broadly defined as any method that does not require either
physical alteration of the watercourse or construction of a dam or other
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structure. Structural methods range from simple biotechnical approaches,
such as the use of tree trunks and branches along banks to slow water
velocity (sometimes referred to as "soft" engineering techniques), to
"hard" engineering approaches, such as the use of concrete or riprap for
bank stabilization.

Nonstructural Techniques
Nonstructural techniques do not require physical alteration of the water-
course and include those administrative or legislative policies and pro-
cedures that limit or regulate some activity. Nonstructural methods are
listed and discussed below.

Techniques Possible Approaches to Technique

Flow regulation Legislative
Administrative

Plantings Trees
Brush
Herbaceous vegetation
Grass

Pollution abatement Instream controls
Riparian zone controls
Watershed controls

Propagation facilities Incubation
Spawning

Land acquisition Greenways
Buffer strips
Parks and other lands

Land use regulation Instream
Riparian zone
Watershed

Biomanipulation Game fish stocking
Control of undesirable fish

species and stunted fish
populations

Prey enhancements to
supplement food supplies

Flow Regulation
Regulating the flow through legislative or administrative approaches is a
viable nonstructural technique for restoration. Although reserving or
reclaiming flow for instream uses (fish, wildlife, and recreation) is usually
thought of as an important restoration technique in the arid western parts
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of the United States, the approach is becoming more widely used else-
where as well. For example, droughts in the Tennessee Valley region in
the late 1980s resulted in requests to modify water withdrawal practices
and potential conflicts with the health of aquatic life in the Tennessee
River system.

Plantings
A common problem in developed streams and rivers is the clearing of
riparian zones. Plantings in the riparian zone that do not alter the water-
course can be considered nonstructural restoration activities. The buffer
zones can be gradually reforested over time through plantings of trees,
brush, herbaceous vegetation, and grass. Often these plantings can
be performed by volunteers, and have been very effective when local
governments arrange the logistics, assemble the sites, and obtain the
planting stock. Bernstein and Kumble (1992) described a successful
volunteer effort in the Washington, D.C., metropolitan area. Herson
(1992) presented practical guidance on riparian reforestation in an urban
watershed. Important considerations in reforestation of stream riparian
zones include:

¯ Site assessment
¯ Soil preparation
¯ Species selection
¯ Planting techniques
¯ Long-term maintenance

Pollution Abatement
Nonstructural approaches to pollution abatement include modifying
practices in the stream, riparian zone, and watershed to prevent pol-
lution, and include changing practices, such as lawn maintenance, con-
struction phase activities, and recreation. For example, simply phasing
construction sequencing to limit the amount of disturbed area at any
given time will greatly reduce the downstream suspended-sediment
levels. Streams that are affected by nutrient loads from lawn fertilization
can be improved by changing the type of fertilizer used (such as a low-
phosphorus mixture) or the frequency and timing of fertilizations. Non-
structural pollution abatement activities also include the use of fencing
around streams and riparian zones. Fencing Sheep Creek in Colorado was
effective in excluding livestock and humans (Stuber, 1985). Compared to
unfenced areas, the fencing resulted in a narrower and steeper stream,
increased streambank vegetation, and twice the estimated trout popula-
tion.
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Propagation Facilities
The use of facilities that propagate aquatic species through incubation
and spawning is a common approach where it is desirable to maintain
fishing in an area that otherwise would not have a sustainable sport fish
population. Hatchery raised fish, however, may not always successfully
survive in the wild.

Land Acquisition
Acquiring land near rivers and streams can protect the watercourse
through the maintenance of buffer zones and prevention of potentially
destructive land uses in the watershed. Examples of land-acquisition
approaches include establishment of greenways, buffer strips, and parks.
These can be purchased by the government or special foundations and
trusts specially designed to provide such protection. The state of Wis-
consin provides funds for the acquisition of lands (buffer zones and
riparian wetland) along the Wisconsin and other protected rivers.

Land Use Regulation
Regulating land uses in the riparian zone and watershed through legis-
lative or administrative approaches is a viable non-structural technique
for restoration.

Biomanipulation
Many fisheries management techniques involve the direct manipulation of
the fish community and other organisms that may serve as prey for or be
predators or competitors with the fish species of interest. Three types
of activities include (1) game fish stocking, (2) control of undesirable
fish species and stunted fish populations, and (3) prey enhancements to
supplement food supplies.

Structural Techniques
Structural techniques are those that require some type of physical altera-
tion of the watercourse, and may include amendments to existing man-
made structures, such as dams and levees. Administrative or legislative
policies and procedures that limit or regulate some activity are often
inadequate because natural restorative processes can take decades.
In these instances, structural techniques are needed to speed up natural
restoration processes. These methods generally help in two main areas:
(1) stabilization of streambanks to reduce erosion, and (2) improvement
of aquatic habitat through the creation or improvement of certain mor-
phological procedures. Karouna (1992) categorized stream restoration
techniques into three areas: (1) bioengineering techniques, (2) bank
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armoring techniques, and (3) aquatic habitat improvement methods. The
specific techniques under each category are listed and described below
(list adapted from Karouna, 1992):

Bioengineering Bank Armoring Aquatic Habitat
Techniques Techniques Techniques
Live stakes Gabions Log drop structures
Live fascines Riprap V-notch gabions
Brush mattresses Joint plantings Log wedge
Branch packings Root wads K-dams
Brush layering Jack dams
Vegetated geogrids Boulder "S" dams
Live cribwalls Boulder clusters

Deflectors
Constrictors
Channel block
Overhead or inclined logs
Brush bundles
Bank covers

A manual by the Metropolitan Washington Council of Governments
(Kumble and Schueler, 1992) presents a large variety of alternative means
of stream restoration and aquatic habitat protection:

1. Bioengineering techniques. Bioengineering methods use plants to
mimic natural streambank stabilization in situations where the stream-
bank has been eroded or lacks vegetation through some destruc-
tive process (Figs. 15.1-15.4). Plantings can provide more ecological
benefits than erosion control through the addition of stream cover,
shade, and improvement of bank soil conditions. Native plant species
are recommended because they are generally better adapted to local
environmental conditions.

2. Bank armoring techniques. Bank armoring methods use rock, wood,
steel, and other conventional construction materials to stabilize
streambanks (Fig. 15.5). These methods rarely provide significant
ecological benefits other than erosion control unless they are com-
bined with bioengineering techniques.

3. Aquatic habitat improvement methods. These techniques involve im-
proving aquatic habitat through the installation of certain instream
structures (Figs. 15.6-15.9). Disturbed streams often lack diverse
morphological features. Habitat improvement structures can add these
features:
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diameter 15 -20 cm

FIGURE 15.1. Live fascines for stream-bank stabilization. Live fascines are bundles of
live cuttings wired together and secured into the streambank with live or dead stakes. Live
facines are used to protect banks from washout and seepage, particularly at the edge of a
stream, and where water levels fluctuate moderately. (From Kumble and Schueler, 1992;
drawings courtesy Metropolitan Washington Council of Governments.)

FIGURE 15.2. Brush mattresses for stream-bank stabilization. Six-foot willow switches
are wired together to form a mat, which is then secured to the bank by stakes, fascines,
poles, or rock fill. The toe of the slope is reinforced with a brushlayer anchored by a live
fascine or riprap. The matress should lie perpendicular to the water. (From Kumble and
Schueler, 1992; drawings courtesy Metropolitan Washington Council of Governments.)
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FIGURE 15.3. B~sh laye~ng for stream-bank stabi~zation. Live branches are placed in       :
regular arrays on the face of a slope. ~e branches are o~ented pe~endicular to the face of
the slope. On fill slopes, the plants are placed on prepared earth lifts. On cut slopes, narrow
trenches are dug in the slope and plant material is placed there. Branches are 1.3-7.2 cm in
diameter. A fill layer is used on heavily eroded slopes. (From Kumble and Schueler, 1992;
drawings courtesy Metropolitan Washington Council of Governments.)

FILL SOIL

FIGURE 15.4. Live cribwall for stream-bank stabilization. The live cribwall is a
rectangular framework of logs~ rock, and woody cuttings. It is used to protect an eroding
streambank especially at the outside bends of main channels where strong currents are
present and locations where an eroding bank eventually forms a split channel. (From
Kumble and Schueler, 1992; drawings courtesy Metropolitan Washington Council of
Governments.)
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a

b

FIGURE 15.5. Joint planting-bank armoring. Willow cuttings are placed in the joints of
(a) gabions or (b) riprap. (From Kumble and Schueler, 1992; drawings courtesy
Metropolitan Washington Council of Governments.)
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FIGURE 15.6. Aquatic habitat improvement. (a) V-Notch gabion. (b) Log wedge. These
structures are designed to create and maintain large in-stream pools. They will also cause
small gravel deposits to form that are used for spawning purposes. (From Kumble and
Schueler, 1992; drawings courtesy Metropolitan Washington Council of Governments.)

a. Gravel beds
b. Structural complexity
c. Restricted flow
d. Riffles and pools
These features are important to the creation of spawning and rearing
areas for aquatic life. The selection of a particular technique or com-
bination of techniques depends on current habitat deficiencies, water-
shed conditions, and the current morphology and hydrology of the
watercourse. Karouna (1992) described several general guides for the
construction of habitat improvement devices:
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I~IGURE 15.7. Aquatic habitat improvement: log-drop structures (check dams). Log-drop
structures create scour pools downstream of the structure by directing water down into the
stream bottom. The scour pools provide cover for fish. Gravel will deposit upstream of the
log drop and also downstream of the scour pool. These deposits are often used as spawning
areas. (From Kumble and Schueler, 1992; drawings courtesy Metropolitan Washington
Council of Governments.)

FIGURE 15.8. Log dam for stream restoration. (Photo: H. Olem.)
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Normal Low Water Level

FIGURE 15.9. Aquatic habitat restoration--bank cover. These structures are installed to
create an undercut bank effect, which provides cover for fish. Bank covers also serve to
stabilize eroding banks. (From Kumble and Schueler, 1992; drawings courtesy Metropolitan
Washington Council of Governments.)

a. The device should be most effective during low flows, while having
negligible effects during high-flow periods.

b. The device should be located according to habitat requirements.
For example, pools form naturally at bends, while riffles form
along straight sections.

c. The structures should not form a barrier to fish migration.
d. The habitat created should not adversely affect another.
e. Structures should not alter the stream flow of the watercourse and

adversely affect unprotected streambanks.
f. Structures should not be built during certain inappropriate time

periods. For example, periods of fish spawning and incubation
should usually be avoided.

4. Low-flow augmentation. Low-flow augmentation is an-accepted mea-
sure that provides cleaner diluting flow during times of water quality
emergencies. The source of the diluting flow may include upstream
reservoirs, pumping from a nearby larger body of water or from
another watershed, or by recycling (by back pumping) water from
clearter and more diluted downstream flows. Interbasin transfer of
water can be difficult in states that follow a riparian water fights
doctrine (see Chap. 2 for the legal ramifications resulting from water
rights doctrines.) The most widely known case of low-flow augmenta-
tion as a water-pollution control measure is the diversion of the
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Chicago River, which originally flowed into Lake Michigan, into the
Illinois River, which is a tributary of the Mississippi River. This
measure, implemented in the early 1900s diverted sewage from the
lake (which is a source of drinking water for the metropolis) into the
Illinois River. In Milwaukee, Wisconsin, cleaner Lake Michigan
water is pumped into harbor sections of the Milwaukee River (see
also Chap. 1) during times of low oxygen levels in the harbor. The
dissolved oxygen depression (often to anoxia) is mainly caused by
algal respiration. The cause of algal biomass is upstream productive
reaches stimulated by nutrients from diffuse pollution (Novotny and
Bendoricchio, 1988). The amount of dilution water needed can be
estimated by water quality models (see Chap. 12).

5. In-stream aeration. In-stream aeration is a feasible measure for main-
taining adequate dissolved oxygen levels for streams as well as for
lakes and reservoirs. This alternative may be feasible for streams that
are dystrophic and exhibit low dissolved oxygen levels, because they
originate from wetlands or naturally eutrophic water bodies. In-
stream aeration is accomplished by turbine aeration in power plants or
by the installation of floating or sublnerged aerators. Also more
natural cascades, spillways, and water falls provide additional oxygen
(Krenkel and Novotny, 1980). In-stream aeration is simpler than
aeration of stratified impoundments, which are discussed in the sub-
sequent section, because streams are typically vertically mixed without
stratification. Aeration is a temporal measure that can be used (a)
when summer low oxygen levels drop even for a short time (e.g.,
during the night and early morning hours) below the dissolved oxygen
limit for fish protection (4 to 6mg/1, depending on the type of fish;
or (b) during the winter when stream aeration is reduced by ice cover
(also used for lakes and reservoirs). Aeration can be useful for streams
draining wetlands that exhibit dystrophic conditions (low dis-
solved oxygen levels caused by high rates of decomposition of organic
matter in the wetlands). The efficiency of aeration increases as the
oxygen deficit increases. The Lippe River Association in the Ruhr
area of Germany used aeration during the extremely dry summer of
1959 to keep an overloaded stretch of the river aerobic and odorless
(Imhoff and Imhoff, 1990). Using the turbines of hydropower plants
decreases the overall efficiency of the power plant. On the average
0.8-2.5 kg of O~_ can be supplied per kilowatt of power loss. Inves-
tigations into the aeration of lake Baldeney and the lower Ruhr
reaches examined the efficiency and economy of floating centrifugal                    -
aerators, diffuser pipes, turbine aeration, and aeration from weirs and
spillways. It was concluded that the turbine and weir aeration schemes
provided the cheapest alternatives (Imhoff, 1969). The experience of

R0023918



948 Management and Restoration of Streams, Lakes, and Watersheds

the Tennessee Valley Authority with turbine aeration was described
by Davis et al. (1983).

The oxygen concentration increase at the point of aeration (the sag
point on the dissolved oxygen longitudinal profile) is computed
according to the following equation (Novotny et al., 1989)

BI~D
AC0 - K’ (15.1)

180 × Q

where
AC0 = oxygen concentration increase at the point of aeration, mg/l

= aeration power input in kilowatts [for weir and spillway
aeration, substitute 9.81 x flow (m3/s) x fall height (m)]

D = average oxygen deficit, %
Q = flow, m3/s
K’ = coefficient

The coefficient, K’, represents the oxygen yield per kilowatt-hr at
50% average oxygen deficit (mean of the upstream and downstream
deficit) at the point of aeration at 20°C. When accurate data are not
available, K’, can be estimated from the following:

K’ (kg 02/kW-hr)
Cascades and rapids 1.5
Sharp-crested weir 0.6
Weirs and spillways 0.4
Turbine aeration 1.0
Surface aeration by floating aerators 0.5
Diffuse aeration 0.4

6. Removal of river impoundments and stream channel restoration.
Removal of stream structural devices can be considered restoration
techniques, the same as construction of new devices or modification
of existing structures. For example, the Maine legislature passed a
resolution in 1990 calling for the removal of the Edwards Dam on the
Kennebec River by the year 2000 (Committee on Restoration of
Aquatic Ecosystems, 1992). Despite some dam modifications to allow
fish passage, the dam still blocks the migration of Atlantic salmon and
impairs eleven other species of fish.

Many dams were built on streams for various purposes more than a
hundred years ago. These were the structures that provided hydraulic
head for hydropower plants, mills, and navigation. Sediment accu-
mulated behind these dams in the last 80 or so years originated from
urban and rural diffuse sources, wastewater discharges, and combined
sewer overflows. In many cases this sediment is contaminated by toxic
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pollutants and exhibits high sediment oxygen demand (SOD). Often
the impoundment is filled with sediments and thus has essentially
ceased to function.

The time may have arrived for many such installations to be re-
moved and the river rehabilitated to a new, more natural use. The
problem is what to do with the sediments that are contaminated. The
North Avenue Dam in Milwaukee, Wisconsin, is an example. This
small dam (about 10 meters high) was built in the second half of the
nineteenth century. Its original use was to provide a navigation head
for a canal between Lake Michigan and a tributary of the Mississippi
River that was never built. Additional uses of the dam in the first half
of the twentieth century included power production and limited re-
creation. After more than a hundred years of existence the dam
became a water quality problem. Turbidity (Secchi disc depth) in the
impoundment decreased to 0.25 meters. The dissolved oxygen in
the flow typically drops by 2mg/1 while the flow passes through the
impoundment.

In 1990 the dam was open for repair and left open. In a few months
a new channel was e~oded in 10 meters of clayey-organic sediments
(Figs. 15.10 and 15.11) and the exposed mudflats were experimentally
revegetated. Although the accumulated sediments have a very high
content of toxic metals (lead, zinc, and others), PAHs, and PCBs, the
new river bed sediments are more sandy and far less toxic than the
accumulated sediments. A study has been conducted to determine the
remediation of the sediments (the study was not completed by the time
of the writing of this book). The options are (1) protect and stabilize
the new channel and cap the exposed mudflats with a cleaner fill,
followed by revegetation; (2) protect and stabilize the new channel
and convert the mudflats to a riparian wetland (wetlands have higher
waste assimilative capacity for toxic compounds; see Chap. 14); (3)
dredge the contaminated mudflats and dispose of the dredge spoils in
a safe manner (most likely in an engineered disposal site located in the
harbor or the lake) and establish a new channel; (4) fence off the
contaminated mudflats. The Wisconsin Department of Natural
Resources has identified a number of other candidate river impound-
ments that have ceased their original function and now pose a water
quality problem.

RESTORATION TECHNIQUES FOR
LAKES AND RESERVOIRS

This section provides an overview of the various techniques available for
the restoration of lakes and reservoirs. Much of the information in this
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FIGURE 15.10. North Avenue impoundment on the Milwaukee River immediately atter
drawdown with exposed mudflats. (Photo: W. Wawrzyn, Wisconsin Department of Natural
Resources. )

FIGURE 15.11. North Avenue impoundment after drawdown. The mudflats revegetated.
(Photo: W. Wawrzyn, Wisconsin Department of Natural Resources.)
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section is taken from Cooke and Olem (1990) and Baker et al. (1993).
Six types of lake or reservoir problems are frequently encountered by
lake users. These are (1) nuisance algae; (2) excessive shallowness; (3)
excessive rooted plants ("weeds" or macrophytes) and their attached
algae mats; (4) drinking water taste, odor, color, and organics; (5) poor
fishing; and (6) acidic conditions. For each of these major problem areas,
several in-lake techniques have been found to be effective, long-lasting,
and generally without significant negative impact when used properly.
These procedures are described in detail in Olem and Flock (1990), with
regard to their underlying ecological principles and modes of action,
effectiveness (including brief case histories), potential negative impacts,
and additional benefits and costs. The most promising techniques are
summarized here. The less well-studied or less-effective procedures are
also briefly described.

Basic Assumptions

The effectiveness of each in-lake technique described in Cooke and Olem
(1990), except where explicitly stated, always assumes that loadings of
nutrients, silt, and organic matter to the lake have already been con-
trolled. Most inlake procedures will be quickly overwhelmed by continued
accumulation of these substances. The lake and watershed are coupled.
In-lake programs can complement watershed efforts; however, such
problems as algae, turbidity, and sedimentation often remain despite load
reductions unless an in-lake procedure is also used.

As for restoration and management techniques that are not mentioned
in this section, in nearly every case these procedures have not been
described in the open scientific literature and therefore have not had the
benefit of testing, discussion, explanation, and criticism needed to
develop techniques of proven effectiveness and minimal negative impact.
Caution should be exercised in the use of a procedure not listed here.

Selecting an Appropriate Lake-Restoration Technique

Selecting the wrong type of action may make the lake ecosystem worse
off than no intervention at all. In addition, to be effective, the action
must address key limiting factors or major problems affecting the lake
ecosystem. Otherwise, money and effort will be expended with little to
no positive returns. For these reasons, none of the methods described
here should be attempted without first consulting a professional familiar
with ecosystem restoration and management. Furthermore, some of these
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activities require permits or are prohibited by some state regulatory
authorities.

A number of the techniques described are suitable only in limited or
certain circumstances. For example, in many regions of the country,
fertilizing a lake to increase fish productivity would be considered highly
undesirable and not a viable option because other lake uses and water
quality would be adversely affected. This section provides a compre-
hensive review of most possible approaches; its scope is not limited
by any specific objectives or philosophy. Nevertheless, in selecting the
techniques to apply in any given lake, careful thought and analysis are
necessary to ensure that the program (a) addresses the cause of the lake’s
problems and major use limitations to ensure an effective expenditure of
funds and effort, (b) will not result in unexpected adverse effects on other
lake uses or ecosystem components, and (c) is consistent with public
values and the long-term goals for the lake and its watershed.

Costs are another important consideration in selecting an approach.
The cost of implementing a given technique can vary widely, depending
on the area of the country, lake size, accessibility, and other lake-specific
conditions and factors.

The size of the lake, watershed, and associated drainage system can
have a major influence on the feasibility and effectiveness, as well as the
cost of various techniques. In-lake treatments (such as alum additions to
reduce internal nutrient loads) may have relatively little effect in lakes
with short hydraulic residence times and can be very costly in large lakes.
The larger and more diverse a lake’s watershed, the more difficult it may
be to control nonpoint source inputs of nutrients and sediment. For lakes
interconnected to other lakes, rivers, and streams, special consideration
must be given to the potential for effects downstream or in adjacent
waters. For example, exotic plants and animals may rapidly disperse
throughout a drainage basin, becoming a regionwide nuisance. If un-
desirable fish species, such as carp, also occur in adjacent, connected
waters, efforts to reduce or eliminate the species in just one lake are
likely to fail.

In many cases, restoration, management, and protection begin on the
land, in the surrounding watershed. Olem and Flock (1990) include a
detailed discussion on watershed management, including the use of best
management practices to reduce erosion and the export of sediments,
nutrients, and toxic contaminants to receiving waters. Best management
practices have been developed for agricultural, silvicultural, urban, and
construction activities (U.S. EPA, 1987). The effectiveness, cost, and            ’
chance of negative side effects associated with selected watershed best
management practices are summarized in Table 15.1.
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TABLE 15.1 Summary of the Effectiveness, Costs, and Chance of Negative Side Effects
Associated with Selected Watershed Best Management Practices

Effectiveness Chance of
Negative

Sediment Nitrogen PhosphorusRunoff Cost Effects

Agriculture
Conservation tillage G-E P F-E G-E F-G F-G
Contour farming F-G U F F-G G P
Contour stripcropping G U F-G G-E G P
Range and pasture G U U G G P

management
Crop rotation G F-G F-G G F-G P
Terraces G-E U U F F-G F
Animal waste N/A G-E G-E N/A P F

management

Urban
Porous pavement F-G F-G F-G G-E P-G F
Street cleaning P P P P P U

Silviculture
Ground cover G G G G G P

maintenance
Road and skid trail G U U U P F

management

Construction
Nonvegetative soil E P P P-G F-G F

stabilization
Surface roughening G U U G F P

Multicategory
Streamside management G-E G-E G-E G-E G F

zones
Grassed waterways G-E U P-G F-G F-G P
Interception or diversion F-G F-G F-G P P-F P

practices
Streambank stabilization G-E P P G-E F-G F
Detention/sedimentation G U U P P-G F

basins

Note: E = Excellent; F = Fair; G = Good; P = Poor; U = Unknown.
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Control of Toxic Contaminants

Toxic contaminants in lakes can include metals, pesticides, and oils,
in agricultural, industrial, and urban runoff. Elevated levels of these
substances can degrade water quality and impact aquatic organisms.
These pollutants may bioaccumulate in fish tissues, limiting the suitability
of fish for human consumption. Possible corrective actions include:
¯ Eliminating the source of the contaminants, by applying best manage-

ment practices
¯ Dredging and removing contaminated lake sediments
¯ Isolating contaminants concentrated in the bottom sediments from the

overlying water column, by covering the sediments with a relatively
impermeable layer, such as bentonite (a form of clay) or a plastic liner

¯ On-site water treatments, for example, diluting the contaminated water
with "clean" water pumped in from other sources or withdrawing and
treating the lake water (e.g., by chemical precipitation/coagulation and
filtration), and then returning the treated water to the lake

¯ The addition of chemicals, such as alum (aluminum sulfate), to the
lake, which may accelerate the precipitation of toxic substance(s) out of
the water column into the bottom sediments

¯ Deep-water aeration for contaminants (e.g., some metals and am-
monia) that precipitate or become nontoxic in the presence of dissolved
oxygen

¯ Controlling changes in water level, if the exposure and suspension of
contaminated sediments tend to increase the solubility and mobilization
of the toxic substance

¯ Biomanipulation, if the potential for human exposure to bioaccumulated
toxics can be reduced by altering the food chain or targeting fish species
for fisheries management (e.g., avoiding game fish, such as lake trout,
that are top predators and have high levels of body fat).

Relatively few field tests have been conducted to evaluate the long-
term effectiveness of most of these techniques. In addition, a number
of them can have potentially serious negative side effects (e.g., dredging
operations may resuspend toxic contaminants and actually increase
bioavailability). Not infrequently, no action is the most environmentally
sound and cost-effective approach, allowing natural processes, such as
sedimentation, to gradually reduce the concentration and availability of
toxic substances after the source of contaminants has been eliminated.

Reducing Nutrient Loads and Nutrient Availability

Eutrophication can decrease dissolved oxygen levels, increase water
temperatures, decrease water clarity, and alter the types and abundance
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of phytoplankton, zooplankton, and other organisms available as fish
prey. Increased nutrient loadings generally increase lake productivity,
in many cases including the total production of fish. However, the ac-
companying changes in physical and chemical habitat often result in an
undesirable shift in the types of fish species able to survive and flourish in
these waters. As an indirect effect of high nutrient loads, lakes may be
unsuitable for game species of particular interest to local anglers.

Olem and Flock (1990) describe methods for evaluating and control-
ling problems with lake eutrophication. Two basic approaches for reduc-
ing nutrient inputs and availability are described: (1) managing the water-
shed, and (2) various in-lake treatments. "Managing the watershed" may
involve changes in land use or land-use practices in the watershed, in
particular the application of best management practices (see Table 15.1).
The relative merits and effectiveness of each depend on the relative
importance of nutrient sources to the lake.

Watershed management reduces external nutrient loadings, while in-
lake treatment procedures eliminate internal nutrient sources or reduce
nutrient availability. In general, in-lake treatments will only be effective
over the long-term if accompanied or preceded by efforts to reduce
external nutrient loads. In conjunction with a plan for improved water-
shed management, in-lake treatments may serve to accelerate the process
of lake recovery.

Many of the in-lake treatments just noted for reducing toxics are also
effective for reducing nutrients. The following types of in-lake treatments
summarized in Baker et al. (1993) have been demonstrated to effectively
reduce nutrient availability in at least some circumstances:

Chemical treatments for phosphorus. Aluminium salts, such as aluminum
sulfate (alum) and sodium aluminate, have a strong affinity to adsorb
and absorb inorganic phosphorus and remove phosphorus-containing
particulate matter from the water column as part of the "floc," or
loose precipitate, that forms. The result, after the floc settles, is not
only a reduction in phosphorus availability, but also, generally, a
substantial increase in water clarity. Adverse effects may occur,
however, if the dosage is too high. Especially in softer, more acidic
waters, excessive inputs of aluminum salts can decrease lake pH and
result in concentrations of dissolved aluminum in the water column
that are toxic to fish and other biota. Example applications of alum
treatments to reduce nutrient levels in lakes include Horseshoe and
Snake Lakes, Wisconsin (Peterson et al., 1973; Garrison and Knauer,
1984), Medical Lake, Washington (Gasperino et al., 1980; Soltero
et al., 1981), Annabessacok Lake, Maine (Dominie, 1980), and Dollar
and West Twin Lakes, Ohio (Cooke et al., 1982).
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Sediment removal. Sediments with high concentrations of phosphorus or
nitrogen can serve as an internal nutrient source. If nutrients are
concentrated within the upper sediment layers, dredging and the
removal of these nutrient-rich sediments may substantially reduce
nutrient recycling and availability (Olem and Flock, 1990). At the
same time, however, dredging operations can cause extensive damage
to the benthic community, which may be an important food source for
fish, and may disturb fish spawning habitats, if not carefully designed
and implemented. Example applications include Lake Trummen,
Sweden (Andersson, Berggren, and Hambrin, 1975; Bengtsson et al.,
1975; Cronberg, Gelin, and Larsson, 1975) and Lilly Lake, Wisconsin
(Dunst et al., 1984).

Dilution and flushing. For small lakes, it may be possible to reduce
nutrient concentrations in ttie water column by adding sufficient
amounts of low-nutrient waters from other sources, thereby diluting
and flushing the high-nutrient water out of the lake. Applications of
this technique are limited, however, by the general absence of suitable
alternative water supplies. Examples include Moses Lake, Washington
(Welch and Patmont, 1980; Perkins, 1983).

Aeration. Phosphorus remobilization from lake sediments is generally
higher in anaerobic waters (with no dissolved oxygen) than in well-
aerated waters (because the oxygenated forms of iron and manganese
in natural waters form an insoluble precipitate with phosphorus).
Thus, aeration techniques that increase oxygen levels in deeper waters
may decrease nutrient recycling and availability. Increases in dissolved
oxygen also have a direct positive effect on fish. Specific aeration
methods are discussed later in this chapter.

Sediment oxidation. Oxidation of the lake’s sediments may also reduce
the remobilization of phosphorus into the water column. Rather than
add air, however, a solid, such as calcium nitrate, is added to the
sediments as an oxidizing agent. The procedure is termed RIPLOX,
after its originator (Ripl, 1976), and is still experimental. Example
applications include Lake Lillesjon, Sweden (Ripl and Lindmark,
1978) and Long Lake, Minnesota (Willenbring, Miller, and Weiden-
bacher, 1984).

Water withdrawals from the hypolimnion. The colder, deeper layers of
a thermally stratified lake or reservoir generally have higher nutrient
concentrations than waters in the epilimnion or metalimnion. Selec-
tively withdrawing these nutrient-rich waters, using a siphon or deep-
water outlet in a dam, can decrease the quantity of nutrients stored
and recycled in the waterbody. However, hypolimnetic withdrawals
may also trigger thermal instability and lake turnover. In addition,
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the discharge of these nutrient-rich, often anaerobic waters from
the hypolimnion of eutrophic lakes can cause adverse effects in down-
stream receiving waters. Example applications include Lake Won-
onscopomuc, Connecticut (Kortmann et al., 1983) and Lake Mauensee
in Switzerland (Gachter, 1976; Cooke et al., 1993).

All of these in-lake treatments require significant expenditures on equip-
ment, chemicals, and labor. Case studies, as well as additional informa-
tion on the methods, costs, and potential negative side effects of each
approach, can be found in Olem and Flock (1990) and Cooke et al.
(1993).

Increasing Dissolved Oxygen Levels

Low levels of dissolved oxygen may occur in lakes as a result of natural
conditions, as well as cultural eutrophication. The lowest concentrations
tend to occur in the deeper waters of the hypolimnion during thermal
stratification in late summer, during long periods of snow and ice cover in
winter, or in dense macrophyte beds at night or following long periods of
cloud cover.

One important option to consider for lakes with problems with low
dissolved oxygen is to manage the fisheries for species able to tolerate
relatively low levels of oxygen, or that do not inhabit areas of the lakes
(such as the hypolimnion) that experience oxygen depletion. For ex-
ample, many salmonid species require both relatively high levels of dis-
solved oxygen and, because of their intolerance of warmer water temper-
atures, must reside in the cooler waters of the hypolimnion during sum-
mer. Therefore, sustaining a fisheries for salmonids may require a costly
and continuing effort to aerate the lake’s hypolimnion during some or all
of the summer. Alternatively, if the problems with oxygen depletion are
moderate, the lake may be able to support a cool-water or warm-water
fisheries without extensive restoration efforts.

Problems with low dissolved oxygen can also be alleviated by one or
more of the following:

¯ Decreasing the quantity of organic matter decomposed in the lake (the
major process consuming oxygen) by (a) limiting the export of organic
materials from the watershed to the lake, in particular excessive exo
ports associated with human activities, such as runoff from feedlots
or direct discharges of sewage wastewaters, (b) dredging to remove
organic-rich sediments, and (c) decreasing in-lake productivity, by
reducing nutrient loads and nutrient availability
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¯ Increasing photosynthesis (an oxygen-generating process), especially
during times and in locales (deeper waters of the hypolimnion) subject
to oxygen depletion, primarily by increasing light penetration

¯ Destratifying the lake (artificial circulation), bringing low oxygen
waters in the hypolimnion in contact with the lake surface and the well-
oxygenated waters of the epilimnion

¯ Direct aeration

The approaches and optimal design criteria for lake aeration projects
vary somewhat for systems installed to alleviate problems with winterkill
(oxygen depletion during winter) as opposed to low levels of dissolved
oxygen in the hypolimnion during summer. During winter, the goal is not
to aerate the entire body of water, but instead to create an oxygen-rich
refuge area for fish, generally near the lake surface. Major design con-
cerns include problems with equipment ice-up and the need, for safety
reasons, to minimize the loss or weakening of the lake’s ice cover.
Hypolimnetic aeration systems must deal with the more difficult problem
of aerating waters at greater depths. Where the objective is to establish or
maintain a cold-water fishery, hypolimnetic aeration must be achieved
without disturbing the lake’s thermal stratification. Otherwise, low levels
of dissolved oxygen can be avoided by preventing thermal stratification,
that is, through artificial circulation of the water column. In both cases,
during both winter and summer, maximum reliability at minimal cost is
an important design feature.

Pump and Baffle Aeration System
One type of winter aeration system is the pump and baffle. Oxygen-poor
water is extracted from a nearshore area of the lake, pumped to the
top of a chute located on shore, and then allowed to cascade over a set
of baffles (constructed of wooden boards). The turbulence created as
the water passes over the baffles helps to reaerate the water. The re-
oxygenated water is then returned to a different part of the lake, away
from the intake area, creating a zone of oxygen-rich water.

Generally, approximately 10% of the lake’s volume should be aerated
(S. McComas, 1993, pers. comm.). Thus, for a lake with a 40-ha area
with an average depth of 1.8m (volume 72,000m3), the objective would
be to aerate 7000 m3 of water. A typical rig uses a 7.5-kW (10-hp) motor
with a 150-mm or 200-mm (6- or 8-in.) pump, that delivers between 10.0
and 190m3/sec (1600 and 3000 gallons per minute or 2.3 to 4.3 million
gallons per day). Thus, a suitable refuge area for the example lake could
be created within five to ten days. For larger lakes, multiple rigs may be
needed and, as a result, the pump and baffle technique may be too costly.
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The velocity of water discharged into the lake must be neither too low
nor too high. At low velocities, the amount of water released would be
too small to produce an oxygen-rich zone of sufficient size. At high
velocities, the reoxygenated water discharged will mix too thoroughly
with the oxygen-poor lake water, elevating the entire lake’s oxygen level
only slightly (and too little to significantly improve fish survival), rather
than creating a smaller refuge area with higher oxygen levels. The level of
oxygen that must be maintained depends on the fish species in the lake.

Freeze-up can be a major problem with pump and baffle systems,
especially during cold winter days. Freeze-up can occur at the water
intake, on the chute, or at the water discharge. For example, the chute
may become top heavy, due to ice buildup, and fall over. Thus, the
system must be checked daily to ensure proper operation.

Pump and baffle systems have several major advantages relative to
other aeration techniques. In particular, when properly operated, only a
small area of the lake’s ice cover is opened. Open areas and .thin ice are
safety hazards, for which the operator of an aeration system is liable. All
of the major pieces of equipment are on shore. In addition, the chute can
be mounted on a trailer and moved from one lake to another or to
different areas of the lake as needed. Generally, to prevent winterkill,
aeration will be required for about two months, depending on winter
conditions. By monitoring dissolved oxygen levels in the lake, the system
can be operated only during those times and winters when needed.

Pump and baffle systems have been built by lake associations, or may
be purchased as a unit from a number of manufacturers.

Artificial Circulation
Artificial circulation eliminates thermal stratification, or prevents its
formation, either by mechanical pumping or through the injection of
compressed air from a pipe or ceramic diffuser at the lake’s bottom (Fig.
15.12). The rising column of bubbles, if sufficiently powered, will produce
lakewide mixing. As a result, the conditions that create hypolimnetic
oxygen depletion (isolation of the deeper waters from the atmosphere,
with little to no primary production in these deeper, darker waters) are
eliminated.

The most common cause of failure in artificial circulation projects is
the lack of sufficient air flow to produce satisfactory mixing. On average,
about 1.1 m3/min of air flow is required per hectare of lake surface to
adequately mix the lake and elevate levels of dissolved oxygen (see
Lorenzen and Fast, 1977). In general, it is easier and more effective to
apply the mixing energy early enough to prevent stratification, rather
than attempting to turnover an already stratified lake (Burns, 1988).
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FIGURE 15.12. Schematic of lake (reservoir) destratification by aeration.
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FIGURE 15.13. Hypolimnetic aeration.
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Artificial circulation is one of the most commonly used lake restoration
techniques (Cooke et al., 1993). Examples of its utility for improving
fisheries yields include Parvin Reservoir, Colorado (Lackey, 1972) and
Corbett Lake, British Columbia (Halsey, 1968). The technique is best
used in lakes that are not nutrient limited; nutrient concentrations are
often higher in the hypolimnion and, as a result, mixing can stimulate
increased algal growth. In addition, artificial circulation is not a viable
option for cold-water fish species, which use the hypolimnion as a thermal
refuge during summer.

Hypolimnetic Aeration
Hypolimnetic aerators can be used to increase oxygen levels in the hy-
polimnion without disturbing the lake’s thermal stratification. An airlift
device is used to bring cold hypolimnetic water to the surface. The water
is aerated by contact with the atmosphere; gases such as methane, hy-
drogen sulfide, and carbon dioxide, which accumulate under anaerobic
conditions, are lost; and then the water is returned to the hypolimnion
(Fig. 1.5.13).

Hypolimnetic aerators require a large hypolimnion to work properly
and are generally ineffective in shallow lakes and reservoirs. Costs de-
pend on the amount of compressed air needed, which is a function, in
turn, of the area of the hypolimnion, the rate of oxygen consumption in
the lake, and the degree of thermal stratification (Kortmann, 1989).
Example applications include Waccabuc Lake, New York (Fast, Dorr,
and Rosen, 1975), Larson and Mirror Lakes, Wisconsin (Smith, Knauer,
and Wirth, 1975), and Tory Lake, Ontario (Taggart and McQueen,
1981).

Oxygen Injection
Recent studies have shown that it is often more cost-effective and prac-
tical to inject pure oxygen into the hypolimnion, as opposed to air
injections or aerating the hypolimnion via air-lift systems (Aquatic Sys-
tems Engineering, 1990). At Richard B. Russell Reservoir, Georgia,
dissolved oxygen levels in the hypolimnion have been increased from
<3mg/1 to >9mg/1, with an oxygen transfer efficiency of about 75%
(Gallagher and Mauldin, 1987; Mauldin et al., 1988). Liquid oxygen is
stored in tanks on-site and connected to several supply heads submerged
and anchored in the reservoir. Flexible membrane diffusers mounted on
the supply heads are used to maximize absorption efficiency and minimize
maintenance requirements. Flexible membrane systems should last 2-6
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years (or 10 years or more if operated ~<6 months per year); the corn
pressor and distribution system should last substantially longer (estimate~
30-year life).

Snow Removal to Increase Light Penetration
Snow removal from the lake surface, to increase light penetration anc
photosynthesis (oxygen generation) under the ice, is a low-tech, low-cos!
alternative to aerators that may be sufficient to prevent winterkill in
lakes with marginal levels of dissolved oxygen (S. McComas, 1993, pers.
comm.). Snow is a much more effective absorber of light than is ice.
While 85% of the available light will penetrate 12.5cm of clear ice,
12.5 cm of snow over 7.5 cm of ice will block out almost all light. Even
thin layers of snow can greatly decrease light penetration, decreasing
primary productivity, and thus leading to oxygen depletion and winterkill.

Using volunteers with snowplows, snow removal can be completed at
relatively low cost. Alternating strips of snow removal are recommended,
rather than clearing the entire area and stockpiling the accumulated snow
in a single location. Thirty percent or more of the lake surface should
be cleared. In general, snow removal is more effective at preventing
winterkill in shallow lakes with abundant rooted macrophytes than in
deep lakes with phytoplankton as the dominant primary producer (S.
McComas, 1993, pets. comm.).

Additional information on lake aeration systems can be found in Olem
and Flock (1990), Cooke et al. (1993), and Lorenzen and Fast (1977).
The most cost-effective approach for increasing dissolved oxygen levels
depends on the size (area and depth) of the lake, nature and causes of the
problem, and fisheries management objectives.

Liming Acidic Lakes

Waters may be naturally acidic, for example, in regions with naturally
acidic soils and large inputs of organic acids, or acidified as a result of
acid mine drainage, acidic deposition, or other anthropogenic sources of
acids. Extensive research, using a variety of neutralizing agents as well as
application techniques, has been conducted in recent years to refine and
test methods for neutralizing acidic lake waters. There are five basic
approaches to treating acidic lakes:

¯ Limestone addition to the lake surface. Small limestone particles,
limestone powder, or a limestone slurry are dispersed via boat, plane,
or helicopter over the lake. (Or, during winter, the limestone can
be spread on the ice by truck, entering the lake in the spring as the
ice melts.) Direct addition of limestone to the lake surface is the
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most commonly employed method to date for decreasing lake acidity.
Because limestone is used for agricultural liming, it is usually available
at low cost. However, the cost of the limestone dispersal can be sig-
nificant, particularly for remote lakes without road access. In addition,
repeated applications are needed; lakes with short water-retention
times may need to be treated annually.

¯ Injection of base materials into the lake sediment. Limestone, hydrated
lime, or sodium carbonate can be injected into the lake sediments,
resulting in a gradual decrease in lake acidity. This technique is largely
experimental, however, and limited to small, shallow lakes with soft
organic sediments and road access for transport of the application
equipment. The treatment may last substantially longer than surface
applications, but at the same time the lake’s benthic community is
disturbed, turbidity may increase, and the costs are higher.

¯ Mechanical stream doser. Lake acidity may be decreased by neutraliz-
ing the acidic waters in upstream tributaries. Mechanical dosers are
automated devices that release dry powder or slurred limestone directly
into the stream, with the quantity of material added controlled by
monitors of stream flow or stream chemistry. The treatment is con-
tinuous, expensive, and generally not recommended for lakes unless all
other alternatives have been ruled out.

¯ Limestone addition to the watershed. Limestone is spread on all or parts
of the lake’s watershed, decreasing the acidity of runoff and shallow
ground-water flow into the lake. Although the costs of one application
are higher, the overall costs may be lower than for limestone applica-
tions to surface waters, because the effects are much more long,lasting.
Watershed liming may be especially appropriate for lakes with short
retention times (less than six months).

¯ Pumping of alkaline ground water. Where abundant supplies of alkaline
ground water are available, these waters may be discharged directly
into lakes or lake tributaries, decreasing acidity. Applications of this
method have been limited, however, and the costs and effectiveness of
this approach are not well known.
Several books have been published recently on methods for liming

lakes and streams, including Olem (1991), Olem et al. (1991), and
Brocksen, Marcus, and Olem (1992).

Spawning Habitat Management

Fish production in some waters may be limited by the availability of
suitable sites for natural reproduction, or the poor quality of available
sites, resulting in relatively low reproductive success. The types of hab-
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itats required for spawning and the factors that influence spawning and
reproductive success vary greatly among species. Thus, the methods
employed for spawning-site management are also, to some degree, spe-
cies-specific. The types of activities fall within three broad categories: (1)
efforts to protect existing spawning habitat, (2) spawning habitat im-
provements, and (3) the construction of new spawning sites.

The first task required to either protect or improve spawning habitat is
to locate existing sites in the lake or associated streams used by target fish
species. Some species spawn in dispersed areas throughout the lake, while
others concentrate activities within fairly localized sites used consistently
year after year. For fish species that spawn in shallow waters, finding
spawning sites can be relatively easy. Potential spawning areas should be
visited regularly during the spawning season by trained observers looking
for spawning adults, spawning nests, or egg masses. For species that
spawn in deeper waters or that provide little noticeable evidence of
spawning activity (e.g., that do not build nests or lay their eggs in visible
masses), finding spawning areas will be much more difficult and time-
consuming, requiring SCUBA, for underwater observations, or sampling
gear to detect the presence of eggs in the bottom sediments or water
column.

Protection of Spawning Habitat
Many fish species spawn in relatively shallow nearshore areas, subject
to disturbance from swimmers, boat traffic, and runoff from the adjacent
watershed. It may be desirable to limit construction, land uses, or fer-
tilizer applications in watersheds adjacent to critical spawning areas (in-
cluding tributary streams used for spawning), or to divert and treat runoff
that is high in suspended solids (to prevent excessive siltation that would
decrease egg and larval survival).

Fish species that guard their spawning nests, such as largemouth and
smallmouth bass and most sunfish species, are particularly susceptible to
disturbances from swimming and boating. If repeatedly disturbed, males
may eventually desert their nests, resulting in poor survival of eggs and
fry. During spawning season, important spawning sites can be identified
with buoys, and boat traffic and swimming restricted from these areas.
Waves rebounding off retaining walls may also drive off bass and sunfish
males guarding nests. Shoreline structures that better absorb wave en-
ergy, such as riprap or vegetation, are preferable near important spawn-
ing areas.

Spawning Habitat Improvements
Siltation is a major cause of degraded spawning habitat. Some species,
such as bass, crappies, and bluegill, sweep the nest area off with their tails
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before spawning, and thus moderate siltation is not a major concern.
Others, however, such as walleye, do not; the build up of silt in walleye
spawning areas can significantly decrease egg survival and may limit or
prevent spawning activity.

Silt can be removed from spawning areas by using a water pump to
blow the silt and algal growth off the rocks. For example, a 7.5-cm (3-in.)
pump can generate enough force to remove silt from the rock face or turn
cobble-sized rocks over to expose a new face. If mounted on a pontoon or
raft, several spawning sites can be cleaned in a half-day (S. McComas,
1993, pers. comm.).

Brook trout have fairly restrictive spawning requirements and, as a
result, the availability of suitable spawning areas is often an important
factor limiting brook trout natural reproduction and productivity. Brook
trout prefer to spawn in areas with upwelling, well-oxygenated ground
water, in the littoral zone, tributary streams, or the lake outlet. Plants
and sediments can accumulate on these underwater springs, obstructing
ground-water flow and preventing brook trout spawning. The locations of
underwater springs can be confirmed by inserting a small-diameter pipe
(e.g., a 5-cm (2-in.) PVC-type pipe) into the lake bottom. If upwelIing
ground water is present, the water level in the pipe will rise above the
lake level. Small-scale dredging techniques can then be used to remove
the blanket of material obstructing the flow. Carline (1980) provides
examples of the success of this technique for spawning-site improvements
in Wisconsin lakes.

Finally, some fish species, including muskellunge and northern pike,
spawn in flooded marshes and other heavily vegetated areas in bays or
river floodplains. These heavily vegetated flooded areas also serve as
important nursery areas for the young fish of many species. Therefore, in
lakes and reservoirs with controlled water levels, reproductive success can
be increased by raising water levels during the spring to coincide with fish
spawning and the occurrence of early life stages. The role of water-level
management for managing fisheries in lakes and reservoirs is discussed
further later in this chapter.

Aquatic Plant Management

In lakes and reservoirs where thick beds of macrophytes cover a high
proportion of the lake bottom, an aquatic plant control program may be
needed to improve yields of large, predatory game fish and increase the
growth rates of panfish species, such as bluegill and white and black
crappie. For uses such as swimming and boating, minimizing macrophyte
beds are desired. For fisheries management, on the other hand, moderate
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growths of aquatic plants enhance the fisheries. The complete elimination
of macrophyte beds may be as harmful to fisheries as are excessive plant
growths.

The objective of aquatic plant management is therefore to provide the
appropriate amount of aquatic plants, taking into account the effects
of macrophytes on fish communities, other lake uses (e.g., swimming
and boating), nutrient cycles, and aesthetics. Macrophytes and terrestrial
vegetation also help to stabilize the lake bed and shoreline, reducing
problems with lakeshore erosion and high turbidity.

Excessive plant growths, as a result of eutrophication or the inadver-
tent introduction of an exotic macrophyte species, are a common lake
problem. Olem and Flock (1990) provide a thorough discussion of various
approaches to controlling nuisance plant growths:

Sediment removal and sediment tilling. Lakes can be dredged to remove
sediments and deepen the lake, so that less of the lake bottom receives
adequate light for macrophyte growth. The maximum depth at which
macrophytes are able to grow depends on water transparency and
the plant species. Hydrilla, a nuisance exotic plant in southern waters,
can grow at lower light intensities than native plants (Canfield et al.
1985), making control through lake deepening a difficult task. Reduc-
tions in nutrient loads, to control eutrophication, can increase lake
transparency, increasing the depth at which macrophytes can grow and
countering the effectiveness of dredging to reduce macrophyte growth.
Sediment removal and tilling [e.g., rototilling using cultivation equip-
ment (Newroth and Soar, 1986)] can also be used to disturb the lake
bottom, tearing out plant roots for short-term macrophyte control.
Both dredging and tilling can have negative side effects, including
destruction of the benthic community and an increase in the turbidity
and siltation.

Water-level drawdown. In lakes where water levels can be controlled,
lake levels can be lowered to expose macrophytes in the littoral zone
to prolonged drying and/or freezing. Some species of plants are per-
manently damaged by these conditions, killing the entire plant, in-
cluding roots and seeds, with exposures of 2-4 weeks. Other plant
species are unaffected or even increase. Water-level management to
control macrophyte growths and for other purposes is discussed further
in the next section.

Shading and sediment covers. Covers can be placed on the water or
sediment surface, as a physical barrier to plant growth or to block light
(Engel, 1984). Sediment covers, made of polypropylene, fiberglass, or
other similar material, can effectively prevent growths in small areas,
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such as near docks and swimming areas, but are generally too expen-
sive to install over large areas. Applications of silt, sand, clay, or
gravel have also been used, but plants eventually root in them. Shad-
ing, to reduce growth rates, can be provided by floating sheets of
polyethylene (Mayhew and Runkel, 1962) or by planting evergreen
trees along the lakeshore (Engel, 1989).

Introduction of grass carp. Grass carp is an exotic fish species that feeds
on macrophytes. Grass carp do not consume aquatic plant species
equally readily. Generally, they avoid alligatorweed, water hyacinth,
cattails, spatterdock, and water lily. The fish prefer plant species that
include elodea, pondweeds (Potamogeton spp.), and hydrilla. Low
stocking densities can produce selective grazing on the preferred plant
species, while other less preferred species, including milfoil, may even
increase. Overstocking, on the other hand, will eliminate the weeds.
Biological control has the objective of achieving long-term control of
plants without introducing expensive machinery or toxic chemicals.
However, the use of grass carp for aquatic plant management is only
allowed in certain states.

Introduction of insects that infest macrophytes. Several exotic insect
species have been imported to the United States and approved by the
U.S. Department of Agriculture for use in macrophyte control. Each
insect species grows and feeds on only select target plant species. In
particular, insects have been used in southern waters to aid in the
control of alligatorweed and water hyacinth (Sanders and Theriot,
1986; Haag, 1986). Because insect populations tend to grow more
slowly than the plants, insects work best when used in conjunction with
another plant control technique (e.g., harvesting or herbicides). No
significant negative side effects from insect infestations have been
documented (Olem and Flock, 1990).

Mechanical harvesting. Mechanical harvesters, constructed on low-draft
barges, can be used to cut and remove rooted plants-(Fig. 15.14) and
floating water hyacinths (Fig. 15.15). Cutting rates range from 0.1 to
0.3ha/hr, depending on machine size; Cooke et al. (1993) provide
a listing of commercially available plant cutters. Harvesters can effec-
tively clear an area of vegetation, although the benefits are only tem-
porary. Rates of plant regrowth can be rapid (within weeks), but can
be slowed if the cutter blade is lowered into the upper sediment layer
(Conyers and Cooke, 1983). Cut plants are removed from the lake,
eliminating an internal source of nutrients and organics with potential
long-term benefits. However, some plant species, such as milfoil
(Nicholson, 1981), may be fragmented and dispersed, and actually
increase in abundance after harvesting operations. Also, small fish

R0023938



968    Management and Restoration of Streams, Lakes, and Watersheds

FIGURE 15.14. Small aquatic weed harvester.

FIGURE 15.15. Water hyacinth harvesting.
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can be caught and killed by mechanical harvesters. Thus, harvesting
operations should precede spawning periods and/or avoid important
spawning and nursery areas.

Herbicides. Herbicides used to kill aquatic plants include Diquat, en-
dothall, 2,4-D, glyphosate, and fluridone (Olem and Flock, 1990).
Although herbicide treatments can rapidly reduce macrophyte growths,
the benefits are short-term and the potential for negative side effects
is high. Plants are left in the lake to die and decompose, releasing
plant nutrients and, in some cases, causing oxygen depletion and
algal blooms. Plants generally regrow after several weeks or months,
or may be replaced by other, more tolerant macrophyte species.
Most chemicals currently approved are toxic to aquatic organisms
and humans only at relatively high doses. Little information is avail-
able, however, on the long-term ecological consequences of herbicide
use. Herbicide applicators must be licensed, have adequate insurance,
wear protective gear, use only EPA-approved chemicals, and follow
label directions exactly. Generally, because herbicides do not remove
nutrients or organics from the lake or address the cause of the aquatic
plant problem, herbicides should be used only where other tech-
niques are unacceptable or ineffective. Westerdahl and Getsinger
(1988) provide guidelines for herbicide use and application.

The relative effectiveness, costs, and potential for negative side effects
for each of the preceding techniques is summarized in Table 15.2. In
some lakes, especially newly impounded reservoirs and acidic bodies of
water, the problem may be too few rather than too many macrophytes. In

TABLE 15.2 Comparison of Lake Restoration and Management Techniques for Control of
Nuisance Aquatic Weeds

Treatment Short-Term Long-Term Chance of
One Application Effectiveness Effectiveness Cost Negative Effects

Sediment removal E E P F
Drawdown G F E F
Sediment covers E F P L
Grass carp P E E F
Insects P G E L
Harvesting E F F F
Herbicides E P F H

Source: From Olem and Flock (1990).
Note: E = Excellent; F = Fair; G = Good; P = Poor; H = High; L = Low, based on the consensus
judgment of 12 lake restoration experts (Olem and Flock 1990).
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new impoundments, it may be desirable to introduce (transplant) suitable
plants, such as sago pondweed, water celery, and lily pads, or to raise
water levels to flood vegetated areas. In lakes with fluctuating water
levels, terrestrial plants, such as winter wheat or ryegrass, can be planted
in the exposed lake bed during periods of water drawdown. These plants
provide both erosion control during drawdown and fish cover when the
lake is reflooded, with no risk of developing nuisance levels or excessive
plant growths. Howells (1986) and Evans (1989) provide guidelines for
establishing plants in water-fluctuation zones and for managing plant
communities in southern reservoirs.

Water-Level Management

Controlled changes in water level, at the right time, place, and mag-
nitude, can be beneficial and provide an important management tool for
maintaining and improving a lake ecosystem and fisheries. Baker et al.
(1993) describe the use of water-level management for a number of
purposes:
¯ Water-level drawdowns for vegetation control
¯ Water-level drawdowns for overcrowded, slow-growing fish populations
¯ Water-level drawdowns to enhance fish cover
¯ High-water levels in the spring to provide increased spawning and

nursery areas
¯ Water-level drawdowns during spawning to reduce the reproductive

success of undesirable fish species

In lakes with a well-maintained outlet structure and drawdown cap-
ability, the dollar costs of a water level-management program are minimal
and any or all of the preceding actions can be useful for fisheries man-
agement. However, potential adverse side effects include (a) impacts on
other lake uses, such as swimming and boating, (b) damage to shore
banks, shorelines, and shoreline retaining walls, (c) reduced numbers and
diversity of benthic invertebrates in the littoral zone, which are important
prey items for some fish species, and (d) an increased likelihood of
winterkill during winter drawdowns. Drawdowns should be conducted
only in lakes with a steady water inflow, sufficient to refill the lake when
needed. Ploskey (1982) presents additional information on the benefits
and design of water-level management programs.

Reservoir Construction

Physical features that can be altered very little once a lake is constructed
can drastically affect the fish community and the cost of maintaining

R0023941



Restoration Techniques for Lakes and Reservoirs 971

quality fishing. Factors such as watershed area, watershed usage, and
the erodibility of soils in the watershed will impact lakewater quality.
Lake volume, mean and maximum depth, watershed topography, shore-
line development, and basin slope all influence the degree of thermal
stratification and other lake characteristics that indirectly affect the
suitability of the lake habitat for fish. For example, Hill (1986) identified
three primary physical characteristics associated with the quality of fishing
in small reservoirs in Iowa: (1) the mean basin slope, (2) the watershed-
to-lake-area ratio, and (3) an adjusted siltation index based on the water-
shed-to-lake-area ratio, soil erosion rates for soil types in the watershed,
and the proportion of the watershed farmed using approved soil-con-
servation practices. All of these physical features can be determined prior
to lake construction and should influence site selection, lake design, and
construction methods.

Baker et al. (1993) describe a number of important factors to consider
in the design and construction of small lakes and reservoirs, relevant
specifically to fisheries management:

¯ The watershed should be well vegetated to prevent excessive siltation,
and free of pesticides and other pollutants. Runoff from row crops,
livestock operations, and industrial sites (or from areas where erosion
cannot be controlled) should be treated or diverted around the lake.

¯ The optimal watershed size (and watershed-to-lake-area ratio) depends
on the lake volume, rate of rainfall, topography of the watershed, and
land uses in the watershed. In Georgia, the recommended watershed
size for a small, one-acre lake is about ten acres of pasture or 25 acres
of forested watershed (Georgia Department of Natural Resources,
1988). The state of Illinois recommends 9 hectares of watershed per
surface acre of water as a rule of thumb (Illinois Department of Con-
servation, n.d.). "

¯ The amount of timber and brush that should be cleared from the lake
basin before filling depends on the lake’s size and planned uses. In
small lakes (<l.4ha), all trees, stumps, and brush should be removed
to produce the maximum harvestable fish biomass. In larger reservoirs,
on the other hand, it is often desirable to leave small blocks of well-
placed timber and brush near the shoreline in coves and embayments to
provide fish cover. Timber should be cleared, however, in the area of
the dam, in recreational and boating areas, and in the deeper parts of
the reservoir, where it is unlikely to improve fishing and may aggravate
problems with oxygen depletion as the organic matter left behind
gradually decomposes. Too much standing timber and brush can pro-
vide excessive fish cover, and should be avoided.

¯ If it is necessary to supplement natural spawning areas and fish cover,
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spawning sites and artificial reefs can be constructed more easily before
the lake fills than afterward.

¯ Extensive shallow areas will encourage the growth of aquatic macro-
phytes, an undesirable feature in most small lakes designed for fishing
and fish production. Recommended slope ratios along the shoreline are
generally 2:1 or 3"1. Also, sand blankets, gravel beds, or fiberglass
mats can be used to inhibit rooted plant growth in selected areas.

¯ Water depths should be sufficient to minimize problems with low levels
of dissolved oxygen in the winter and late summer. The state of Illinois,
for example, recommends that lakes be at least 0.45 ha in area and 3 to
3.6 m deep in 25% of the basin for successful fish management (Illinois
Department of Conservation, 1989).

¯ The dam and water overflow should be constructed to allow easy
control of water levels, using a drain pipe or gate value. In most cases,
a standpipe overflow is recommended that draws water from deeper
areas of the lake.

¯ Upstream migration of undesirable fish and, to a lesser degree, the
downstream migration of game fish can be hindered by constructing an
emergency spillway with a substantial vertical fall (at least 1.2m) and
sufficiently wide so that water depths over the spillway never exceed
5 cm.

Additional guidelines on the design and construction of small lakes
and reservoirs are available from most state fisheries agencies (e.g.,
Oklahoma Department of Wildlife Conservation, 1984; Illinois Depart-
ment of Conservation, n.d.) and the U.S. Department of Agriculture,
Soil Conservation Service (1982).

Biomanipulation

Many fisheries management techniques involve the direct manipulation of
the fish community and other organisms that may serve as prey for or be
predators or competitors of the fish species of interest. Three types
of activities include: (1) game fish stocking, (2) control of undesirable
fish species and stunted fish populations, and (3) prey enhancements to
supplement food supplies.                                                ;

INTEGRATED AQUATIC RESTORATION"
CASE STUDIES

Aquatic ecosystem restoration projects should be undertaken using
an integrated approach. This type of approach attempts to consider
the major ecological actions in a watershed and respond holistically to
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cumulative ecological impacts. Fragmentation of the ecological restora-
tion and management efforts has been commonplace in government and
industry. There are many barriers to integrated aquatic ecosystem res-
toration. Watershed boundaries often overlap with political boundaries.
Even within watersheds, there is often administration of ecological con-
cerns by different agencies.

Fortunately, over the last 20 years there has been an increase in the
formation of agencies with jurisdictions at the watershed or ecoregion
level. For example, the International Joint Commission established joint
U.S. and Canadian goals for the Great Lakes. Throughout the United
States, river basin and interstate commissions have been created to deal
with environmental issues at the watershed level. These regional planning
agencies include such organizations as the Interstate Commission on the
Potomac River Basin, the Ohio River Sanitation Commission, and the
Tahoe Regional Planning Agency.

This section presents two case studies of aquatic restoration efforts
where there was a concerted effort to integrate restoration and promote
the philosophy of watershed protection. These include the Merrimack
River Watershed Protection Project and the Canaan Valley, West Vir-
ginia, Project (U.S. EPA, 1993). The integrated plans to restore the
Milwaukee River in Wisconsin, the Emscher River in Germany, Lake
Balaton in Hungary, and the Lagoon of Venice in Italy were discussed in
Chapter 1.

Merrimack River, Massachusetts and New Hampshire

The Merrimack River watershed covers 13,000km3 in parts of Mas-
sachusetts and New Hampshire. More than 300,000 people rely on the
river for drinking water. The river also provides water for industrial and
agricultural uses, and serves to assimilate waste and generate electricity.
Many people use the river and its shores for relaxation and recreation.

Wastewater discharges, toxic contaminants, urban runoff, increased
water withdrawal, and wetlands loss are the primary threats to long-term
water quality and ecological integrity in the river. Project participants
include several federal agencies (EPA, USDA, Department of the In-
terior, Army Corps of Engineers); state governments (Massachusetts and
New Hampshire); regional planning agencies; local governments, in-
dustries, and utilities; agricultural, environmental, and recreational
organizations; and universities. The participants are resolving both water
quality and quantity issues by developing data-management systems and
striving to balance competing needs within the watershed. A few projects
underway aim to:
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¯ Provide decisionmakers with information on the extent and condition
of wetlands to protect the most valuable areas

¯ Help light industries (such as auto repair shops, dry cleaners, or pho-
tofinishers) understand what steps they can take to prevent pollution

¯ Provide decisionmakers with information about potential contamina-
tion of water supplies, helping them to focus regulatory activities (such
as inspections and permitting) on preventing pollution and planning for
emergency response if spills occur

Canaan Valley, West Virginia

The 15,000-ha Canaan Valley in West Virginia., designated as a National
Natural Landmark in 1975, comprises fragile wetlands areas containing
a unique and irreplaceable boreal ecosystem. The Blackwater River,
originating in the valley’s southern end, is an important source of drink-
ing water and the largest stream network in the state with a self-sustaining
brown trout population.

The valley and its resources attract a spectrumwide of interests.For
example, a power company proposes flooding 3150ha of the valley; real
estate developers plan to increase the number of vacation homes, golf
courses, ski slopes, and condominiums; a major off-road vehicle race,.
called the Blackwater 100, is held in the valley annually; and natural
resource conservationists strive to protect rare plants and wildlife habitat,
including wetlands.

In 1990, federal, state, and local participants formed the Canaan
Valley Task Force to resolve a variety of issues, ensuring long-term
environmental protection while allowing reasonable, sustainable eco-
nomic growth. Early accomplishments include:

¯ A study of the impact of off-road vehicles
¯ A study of the economic impact of the proposed Canaan Valley Na-

tional Wildlife Refuge
¯ Suspension of certain nationwide general permits for discharges of

dredged or fill material in wetlands in the valley
¯ Advanced identification of wetlands
¯ Establishment of a wetlands surveillance program
¯ Implementation of a public outreach program

CONCLUSIONS

Many methods are available for management and restoration. The best
approach for any given situation will vary, depending on the target
species, nature of the problem, management goals and objectives, and
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the characteristics of the body of water. There are no single solutions,
although experience has demonstrated that some methods tend to work
better in certains situations and for some problems than others.

Unnecessary actions or overmanagement are as undesirable as no
activity at all. Monitoring should be conducted routinely to continually
assess the effectiveness of restoration and management actions, and the
plan altered appropriately. The goal should be to select and apply the
approach(es) that will achieve the desired goals for the lowest cost and
effort and also ensure the long-term sustainability of the ecosystem.

An integrated approach to restoration is recommended. Proposed
restoration projects should consider the major ecological interactions in a
watershed. Rivers, streams, lakes, and reservoirs are interconnected parts
of a watershed that also often include ground water, estuaries, and
wetlands. A practical and effective approach to restoration of aquatic
ecosystems would include the consideration of all significant ecological
elements on a watershed scale. In this way, the cumulative impacts of an
ecosystem can best be evaluated.
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16

Integrated Planning and
Control of Diffuse Pollution---
Watershed Management

The environment functions as an integrated whole and each part is to some
degree dependent on the other. Recognition of this inter-relatedness would
improve our ability to constrain and reduce pollution.

United Kingdom, Department of the Environment,
Integrated Pollution Control: A Consultation Paper, July 1988

Until recently, emphasis by environmental engineers and decisionmakers
has been directed toward the treatment of traditional point source pollu-
tion (in this sense, classification of point source pollution included mostly
discharges from municipal and industrial wastewater sources, without
considering wet-weather inputs). Billions of dollars were spent in the
United States on the point source cleanup mandated by the earlier ver-
sions of the Clean Water Act (1972 and 1977). Similar policies were in
place in several industrialized countries of Europe. As a result of these
policies, marked improvements of water quality of some bodies of water
were noticed. The River Thames in London, which for decades exhibited
anoxic faulty conditions during warm summer periods, is alive again and
can support a viable recreational fishery. The dissolved oxygen levels of
the Potomac River and estuary near Washington, D.C., have risen from
zero to about half-saturation during the summer. The successes and
failures of the environmental efforts implemented in the United States
under the Clean Water Act have been documented by Wolman (1988),
who noted that focusing on the point source abatement has only main-
tained more-or-less a status quo in the majority of water quality monitor-
ing stations throughout the United States. It has to be pointed out,
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however, that most of the monitoring stations operated by the U.S.
Geological Survey may not be located in places where the most profound
water quality changes have occurred. Hence the recent experience of
emphasis on point source abatement indicates that focusing on one type
of pollution (municipal and industrial wastewater discharges) may not be
efficient and that an integrated approach that would address both point
and nonpoint (diffuse) sources is needed.

The elimination or reduction of pollution sources may require exces-
sive expenses. Furthermore, many diffuse sources cannot be regulated
(see Chapter 1) and enforcement of control is not feasible. Therefore, the
integrated solutions should also address the magnitude of the waste-
assimilative capacity and its enhancement wherever possible (primarily in
limited water quality situations). For example, in Milwaukee, Wisconsin,
after spending over $2 billion on point source cleanup and sewer rehabili-
tation, the receiving waters of the lower Milwaukee River and estuary
still remain unacceptably polluted due to diffuse pollution from upstream
rural sources and urban runoff from the Milwaukee metropolitan area.
Focusing on point source abatement in the Boston harbor, Puget Sound,
and other coastal watersheds is not sufficient. A water quality plan for
the Milwaukee harbor (lower Milwaukee River) suggested in-stream
measures (dilution, in-stream aeration) that would cost only about 0.2%
of the price of the point source cleanup and would bring the water quality
within the standards for conventional pollutants (dissolved oxygen,
bacteria, etc.) prescribed for this body of water. The dilution water is
conveyed into the Milwaukee harbor from Lake Michigan by so-called
flushing tunnels that were built in 1888 and have become an engi-
neering landmark. The dilution remedy is not a universal solution. As
a matter of fact, it is quite unusual and not available in many places.
However, other solutions for enhancing the waste-assimilative capacity of
receiving bodies of water, such as reestablishing riparian wetlands, may
be feasible.

As was pointed out in the preceding chapter, in the 1920s Karl Imhoff
was the first prominent environmental engineer and planner who recog-
nized that a water-pollution problem cannot be resolved by point source
cleanup only. In the Ruhr area of Germany several very small rivers carry
the entire burden of water supply and wastewater disposal from one of
the most industrialized regions of the world, with a resident population of
about 8 million. The integrated approach used both innovative institu-
tional arrangement (see, for example, Kneese and Bower, 1968, for a
discussion) by creating watershedwide agencies (authorities) with great
powers to control pollution, and in-stream measures for enhancing the
waste-assimilative capacity, such as (Irnhoff and Imhoff, 1990):

¯
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¯ Dilution (low-flow augmentation) by increasing flows from upstream
reservoirs during critical water quality periods and by back-pumping
Rhine River water into the small receiving streams (tributaries) of the
Rhine

¯ Building river reservoirs to act as polishers during posttreatment
¯ In-stream aeration by power plant turbines and floating aerators
¯ Dredging accumulated sediment to reduce sediment oxygen demand

and improve water quality
¯ Cutting weeds in reservoirs affected by higher nutrient inputs

Today, promising in-stream water quality enhancement methods
include restoration of riparian (water bordering) wetlands, installation of
buffer strips, polishing lagoons and ponds, and even fish management
(Mitsch and J0rgensen, 1989; Novotny and Chesters, 1981). The concepts
of integrated pollution control are covered in a publication by Haigh and
Irwin (1990).

POLLUTION LOAD TRADE-OFFs AND THE
PERMIT PROCESS

To the receiving body of water whose integrity is impaired by pollution
discharges it does not matter whether the pollution originates from point
or nonpoint sources. In either or both cases damage is done to the uses of
the body of water, including its use for fish and wildlife protection and
propagation and/or for recreation, water supply, or other beneficial and
designed uses. For example, if water quality deterioration is caused by
discharges of phosphorus, all sources of phosphorus must be considered.
In addition, the forms of phosphorus and their availability to stimulate
the photosynthetic algal and plant growth are secondary factors to be
considered.

In the planning-permit preparation phase the waste-assimilative
capacity of the receiving bodies of water is generally determined by
theoretically and mathematically sound models that have been calibrated
and verified by extensive field data. The use of models is necessary
because the waste-assimilative capacity is either determined for hydro-
logical conditions that are statistically rare, or are defined in terms of
probabilities. Furthermore the pollution inputs are projected into the
future. Modeling is also usedfor assessing the possibilites of the in-stream
and off-stream waste-assimilative capacity enhancement, such as the
impact on water quality of riparian wetlands and buffer strips.

In the United States, legislatures generally attempt to treat polluters
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uniformly. Unfortunately most of the legislative control regulations
contain added exceptions for special interests, such as the exclusions from
the NPDES permits of some agricultural and industrial sources, and
diffuse-pollution sources from smaller urban areas. Under the uniform
control scenario of the NPDES permit system, if the waste-assimilative
capacity of the receiving body of water is exceeded, the allowable pollu-
tion load is distributed by the regulating agency uniformly among the
polluters (those covered by the permit requirement). The sources of
diffuse pollution from urban and nonurban areas are well known and
have been described in great detail throughout this book.

The planning studies that will lead to the allocation of pollutant loads
among the sources must consider whether the pollutant mass load or
pollutant concentration is the cause of the problem. Pollutant mass
loading from all sources can be a problem in bodies of water undergoing
accelerated eutrophication. In this case, nutrient loads (in kilograms per
year or season) from all sources, regardless of whether they are point or
nonpoint, must be restricted. In a trade-off approach the regulatory
agency will issue the permits based on the estimated maximal pollutant
load that will not impair the integrity of the receiving body of water. That
implies nonviolation of water quality standards. Even the present water
quality criteria (standards in some states) for nitrogen and phosphorus are
based on seasonal limits rather than short-term exposures.

The maximal long-term load of some toxic components should be
considered if these toxic components are incorporated into the sediment
or tissues of biota in the affected bodies of water (bioaccumulation).
At the present time, fish tissue standards are in_ place, but sediment
standards are being implemented. For example, PCB concentrations in
water of affected water bodies are commonly undetectable even though
sediment and fish tissue concentrations are unacceptable. In these and
similar cases, the long-term loads from all sources (including point and
nonpoint and atmospheric, dry- and wet-weather sources alike) and not
short-term effluent concentrations must be restricted. These standards
should be based on long-term chronic toxicity and appropriate safety
factors. The allowable long-term (for example, annual or seasonal)
loads can only be determined by relatively complex dynamic long-term
simulation effects or other modeling methodologies described in Chapters
12 and 13. At present, the state of the art of available models is still
evolving, and application of the models is very expensive, requiring
extensive field data and calibration and verification efforts.

The short-term chemical-based concentration standards are typically
based on lethal toxicity obtained from toxicity tests lasting from two
to four days. These standards are applied to water, and the loads are
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then determined from mass-balance models. Due to the fact that only
exposure to the maximal concentration during a relatively short period is
considered, the models are more simple, more reliable. Typically, steady-
state receiving water quality models suffice for dry-weather point sources,
supplemented with event-oriented loading models or estimates for diffuse
wet-weather sources.

WATER USES AND USE ATTAINABILITY

In the United States, water quality standards define water quality goals
that are related to the designated use of the body of water. The law
requires states to adopt water quality standards to protect public health or
welfare, enhance the quality of water, and serve the purposes of the
Clean Water Act. "Serve the purposes of the act" means that water
quality standards should

¯ Include provisions for restoring and maintaining the chemical, physical,
and biological integrity of state waters

¯ Wherever attainable, provide water quality for the protection and
propagation of fish, shellfish, wildlife, and recreation in and on the
water

¯ Consider the use and value of state waters for public water supplies,
propagation of fish and wildlife, recreation, agricultural and industrial
purposes, and navigation.

When states designate uses that will support aquatic life propagation,
contact recreation and human health (drinking water supply) considera-
tions must be given to whether such uses can be attained. If the state does
not designate uses that would comply with the goals of the Clean Water
Act, a use attainability analysis must be performed.

A designated use is a term that is specified in water quality standards
for a body of water or a segment of a body of water. Typical uses include
public water supply, propagation of fish and wildlife, recreational pur-
poses, agricultural, industrial, and navigational. The EPA does not
recognize waste transport and assimilation as an acceptable water use
(U.S. EPA, 1988).

According to the Clean Water Act, the desirable water uses that must
be protected include public.water supply, recreation, and propagation of
fish and wildlife. Each state develops its own use classification system
based on the generic uses cited in the Clean Water Act. The states may
differentiate and subcategorize the types of uses that are to be protected,
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such as cold-water or warm-water fisheries, or specific species that are to
be protected, such as trout, salmon, or bass. States may also designate
special uses to protect sensitive or valuable aquatic life or habitat.

An existing use is a use that was achieved on a body of water on or
after November 28, 1975. It can be modified or changed only if new
important uses of the body of water have been added that require more
stringent criteria. Attainable uses are those uses (based on the state’s
system of water-use classifications) that can be achieved when effluent
limits under the Clean Water Act, Sections 301(b)(1)(A) and (B) and
Section 306, are implemented for point source discharges and when cost-
effective and reasonable best management practices are implemented for
nonpoint sources.

The Clean Water Act (Section 305(b)) requires states to submit a
water quality assessment report (U.S. EPA, 1991a), which should contain
an evaluation of the extent of support of designated uses in their surface-
water bodies. The 1990 summary of use attainment is presented in Table
16.1. The so-called 305(b) process is "the principal means by which EPA,
Congress, and the public evaluate water quality, the progress made in
maintaining and restoring water quality and the extent to which the prob-
lem remains" (U.S. EPA, 1991a). The law requires that the States submit
their water quality assessment reports to the EPA administrator every
two years.

Statutory water uses. The specific water uses of a body of water are

TABLE 16.1 Support of Designated Uses in U.S. Waters in 1990

Great Lakes Coastal
Rivers Lakes Estuaries Shoreline Shoreline

(× 1000 km) (× 1,000 ha) (kmz) (km) (km)

U.S. total 2573 15,944 91,162 8200 30,874
Assessed 1041 7483 69,135 7723 6758

(64%) (47%) (75%) (94%) (22%)
Fully support 655 3308 38,860 137 6074

designated use (23%) (21%) (42%) (2%) (89%)
Threatened 69 1175 7905 111 78

(2%) (7%) (9%) (2%) (1%)
Partially support 216 1405 17,024 2276 466

designated use (7%) (9%) (18%) (29%) (7%)
Do not support 100 1603 5345 5290 187

designated use (3%) (10%) (6%) (68%) (3%)
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determined by the states. The statutory body of water uses specified in
the Section 305(b) reports include:

¯ Fish consumption (commercial fishing)
¯ Shell fishing (commercial)
¯ Aquatic life support
¯ Swimming and other contact recreation
¯ Secondary water contact (boating)
¯ Drinking water supply
¯ Agriculture (irrigation)
¯ State defined uses

Types of bodies of water. The guidelines for the Section 305(b) reports
(U.S. EPA, 1991a) recognize the following types of bodies of water:
streams, lakes, estuaries, coastal waters, wetlands. As shown in Table
16.1 the classification of the attainability of water uses of U.S. surface-
water bodies categorizes the surface-water bodies as

Use attained

¯ fully supportingmthe designated use is attained
¯ fully supporting but threatened

Use not attained

¯ partially supporting
¯ not supporting

The outstanding national resource waters (ONRW) are high-quality or
ecologically sensitive unique waters, such as those within the jurisdiction
of national and state parks and wildlife refuges. The primary intent of
designating the bodies of water ONRW is to protect or attain the highest
quality and/or unique waters. The ONRW category also protects waters
of ecological significance for which water quality expressed by some
traditional parameters may not be high (for example, dissolved oxygen in
wetlands and some productive estuaries). The states establish the ONRW
criteria in order to protect the characteristics that prompted a body of
water to be designated ONRW. In many cases, the ONRW represent the
ecoregional reference reaches for establishing goals of water quality
pollution abatement. This represents another reason why a national
policy must be developed and implemented that would protect the ONRW
(Committee on Restoration of Aquatic Ecosystems, 1992).
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Use Attainability

If the body of water has been classified as partially supporting or not
supporting the designated use, the states or designated agencies perform
use attainability analysis (UAA) to determine the proper use of the
body of water. Based on the UAA it is possible to modify or change
nonexisting designated water use, if attaining the use is not possible due
to the existence of one or more of the following factors (U.S. EPA,
1988):

1. Naturally occurring contaminant concentrations that prevent the
attainment of the use

2. Natural, intermittent, or low flow or water levels that prevent the
attainment of the use

3. Human-caused conditions or sources of pollution that prevent the
attainment of the use

4. Dams, diversions, or other hydrologic modifications that preclude
attainment of the use

5. Physical conditions associated with the natural features of the body of
water, unrelated to quality, which impede attainment of aquatic life
protection uses

6. More stringent controls than those required by Sections 301(b) and
306 of the Clean Water Act would be needed to attain the use and
implementation if such controls would result in substantial and wide-
spread adverse social and economic impact

There are basically two reasons why UAA is needed for water bodies
where use is not attained. One reason is to determine what levels of
quality are possible to attain by implementation of various feasible point
and nonpoint source abatement measures. For water quality abatement of
streams and estuaries, EPA regulations and guidelines recognize only the
source-control measures. However, in addition to the pollution source
controls, water-body restoration and waste-assimilative capacity enhance-
ment measures should also be considered (Committee on Restoration of
a, quatic Ecosystems, 1992). These could include a variety of measures,
such as in-stream aeration, dredging of contaminated sediments, low-
flow augmentation, and restoration of riparian wetlands and buffer
strips with tall shoreline vegetation. These measures could be made a
part of an overall ecosystem restoration effort for the body of water.
Ecosystem restoration and waste-assimilative capacity enhancement
concepts for lakes have been considered and recommended by the U.S.
EPA (NALMS, 1990).
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The second purpose is to determine the most desirable use. This
concept involves a study of the socioeconomic impact of the attainment of
a specified use. The states are required to periodically review their water
quality standards and revise them if appropriate. Concurrently, the UAA
analysis is to be performed for bodies of water for which the designated
use is not attained. The UAA is a multifaceted assessment of the physi-
cal, chemical, biological, and economic factors that affect the attainment
of a use. The methodology of the UAA is described in pertinent manuals
(U.S. EPA, 1983; Novotny et al., 1994). The UAA generally answers the
following questions about the conditions of the water body:

1. What is the existing use to be protected?
2. What is the extent to which pollution (as opposed to physical factors)

contribute to the impairment of the use?
3. What is the level of point source control required to restore or en-

hance the use?
4. What is the level of nonpoint source control required to restore or

enhance the use?

Two other questions can be added:

5. What are the needed stream-restoration (waste-assimilative capacity
enhancement) measures that would alter the adverse physical condi-
tions of the receiving body of water that is impacting the aquatic
habitat as well as water quality?

6. What is the optimal use of the body of water that would not impose a
widespread adverse socioeconomic impact on the population involved
and society as a whole?

A UAA consists of a survey and assessment of the body of water, a
wasteload allocation (total maximum daily load process), and socio-
economic analyses (Fig. 16.1). It is a comprehensive process of evalua-
tion, in its ecoregional context, of a body of water.

Once a designated use is attained it must be maintained. The Clean
Water Act and ensuing antidegradation regulations do not allow a change
to a lower quality use. However, states may modify nonexisting desig-
nated uses when it can be demonstrated through a UAA that attaining
the higher designated use is not feasible.

In the integrated approach to water quality based pollution control
there is another avenue open for the control of pollution discharges.
Chemical-specific criteria are scientifically based numerical limits devel-
oped from laboratory bioassays with a safety factor. The EPA (1991b)
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The UAA-TMDL Process Output
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FIGURE 16.1. Three components of the water quality planning procrss. (Adapted from
Novorny er al., 1994.)
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has documented by experimental stream bioassay studies that such criteo
ria provide nearly full protection of most aquatic species. Yet these
criteria and standards are designed to protect most but not all of the
species most of the time. Furthermore, natural conditions and irreversible
modifications of the habitat may have caused a violation of a nationwide
chemical standard, yet no impairment of integrity is noticed. In this case,
site-specific criteria that could be related to the biological integrity of the
receiving body of water could be adopted.

Waste-Assimilative Capacity: Loading Capacity

As previously defined the objective of water quality planning and evalua-
tion efforts is to achieve and/or preserve the physical, chemical, and
biological integrity of the receiving bodies of water. This is typically
interpreted as maintaining water quality that would comply with the
ambient water .quality standards specified for the designated use of the
body of water. Consequently, wastewater discharge from any source
that does not result in a violation of a standard or will not impair the
biological integrity of the body of water may be considered as noninjurious
by the regulatory agencies (although in a court of law compliance with
standards is not a defense against a liability if damage has occurred). The
quantity of waste and contaminant loads that can be discharged into the
environment without damage or use impairment of a receiving body of
water, atmosphere, or land, minus the natural load is then called a waste-
assimilative capacity (WA C).

Cairns and Orvas (1989) defined the WAC as that range of concen-
tration of a substance or a mixture of substances that will cause no
deleterious effects upon the receiving ecosystems. The WAC is another
important concept in our understanding of the process. If a waste dis-
charge lo~id into a receiving body of water is below the WAC, it does not
violate the water quality standards and could be considered an acceptable
waste load. The WAC is an economical asset that should always be
considered, although it is not recognized by the EPA as a beneficial use
of a body of water.

The EPA’s Water Quality Planning and Management Regulation
expressed in a guidance manual (U.S. EPA, 1991c) defines loading
capacity (LC) as the greatest amount of loading a water can receive
without violating water quality standards. Apparently, the loading ca-
pacity, as defined by the EPA, is almost synonymous with the waste-
assimilative capacity defined herein; however, LC only refers to violations
of the established standards, while the broader WAC definition involves
the integrity of the receiving body of water. Typically, the WAC (or LC)
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of surface-water bodies may be higher for decomposable organic matter,
but it is very low to nil for some toxic chemicals that bioaccumulate in
tissues of aquatic organisms and become injurious to animals and man
using them as food. These differences are reflected in the magnitude of
the standards.

According to these definitions, a waste constituent becomes a pollutant
if it is discharged into the environment in quantities that are injurious to
or impair beneficial uses of the environmental resources. Many waste
constituents in small quantities are not injurious, and some of them may
even be beneficial in low quantities and become injurious (toxic) only
in quantities that exceed the WAC. For example, some metals that in
high concentrations are known to be toxic, such as zinc, are necessary
nutrients to aquatic life in smaller trace quantities.

Water quality management has become increasingly more complicated.
The introduction of priority pollutants into the framework of water qual-
ity abatement planning and biological, physical, and chemical integrity
concepts for the receiving bodies of water is causing planners and pollu-
tion control authorities to determine the required pollution controls using
water quality based waste load allocations rather than technology-based
effluent limitations. For this reason the EPA has been promoting and
enforcing the total maximum daily load (TMDL) process, which estab-
lishes the allowable loadings for a body of water based on its WAC, and
thereby provides the basis for the states to establish water quality based
controls (U.S. EPA, 1991b, 1991c). According to the EPA’s guidelines,
the TMDL is the sum of allowable loads that include loads from both
point (WLA) and nonpoint (LANp) sources as well as the natural back-
ground loads (BL). Hence

TMDL ~< LC (16.1)

and

TMDL = WLA + LANr, + BL

Note: Previously in many water quality control plans and studies for
waste load allocation, the terms TMDL and WLA (allowable point
source loads) were incorrectly used interchangeably instead of consider-
ing both LA and WLA as components of TMDL.

Margin of Safoty
The margin of safety (MOS) is normally incorporated into the conserva-
tive assumptions used to develop the TMDL that is subsequently ap-
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proved by regulatory agencies. If the safety margin is required to be
larger than that incorporated in the assumptions of TMDL, additional
MOS is added as a separate component, or

TMDL = WLA + LANp + BL + MOS (16.2)

The WAC (LC) of most receiving bodies of water is not fixed, but can
be enhanced (increased) by various management measures, including
stream and lake aeration, low-flow augmentation, sediment dredging,
nutrient inactivation, restoration and implementation of riparian wet-
lands, and planting shade trees. Returning a previously lined and straight-
ened or impounded stream to its more natural state typically increases its
capacity to receive and safely assimilate pollutants.

Waste-assimilative capacity enhancement should be a part of an overall
ecosystem restoration effort, whereby the entire ecosystem and its bound-
ary stresses are considered (Fig. 12.4). A simple aeration or waste dilu-
tion may cause a particular water quality standard to be met, but may not
restore the ecosystem’s integrity.. Both stream restoration and pollution
input reduction must be considered and their efficiency weighed against
the overall ecosystem restoration goal, of which water quality is perhaps
the most important component. For example, restoring a stream to a
more natural state by removing unnecessary impoundments and stream
linings and by providing shade trees along the stream may have a better
water quality impact than an excessive reduction of nutrient levels in the
effluents.

FINANCING DIFFUSE-POLLUTION
ABATEMENT PROGRAMS:
WHO SHOULD PAY?
Although Congress has made CSOs and a part of urban and agricultural_
storm-water management mandatory, no significant financial resources
have been allocated for future projects; however, some CSO abatement is
still receiving federal grants authorized by the previous amendments of
the Clean Water Act (1972 and 1977). The General Accounting Office
(U.S. General Accounting Office, 1990) noted that for nonpoint source
abatement "a key contributing factor to these resource constraints is
that available funds are overwhelmingly oriented toward point sources
(traditional) rather than nonpoint sources .... " "EPA has not allocated
the amounts required to meet the most basic elements of its nonpoint
source pollution agenda .... " In addition, the EPA has not requested
and appropriated funding for Section 319 programs as authorized by
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Congress. As pointed out in the U.S. General Accounting Office (1990)
study, out of $400 million authorized by Congress between 1988 and 1991
only $22 millions were requested by the EPA. It is quite apparent that
under present budgetary constraints and EPA policies the bulk of funding
for urban diffuse-source abatement must come from state and local
sources.

Some states (for example, West Virginia and New Hampshire) are
tying the implementation of nonpoint pollution programs to the availa-
bility of federal funding. Other states (Wisconsin, New Jersey) have
established or plan to establish their own state funds for implementation
of NP programs. Typically, states in their Section 319 reports expected
that the bulk of the programs would be funded by public financing and
cost sharing.

Generally, there are three ~undamental means of recovering the costs
of pollution abatement.

1. Placing the cost burden on polluters alone ("polluters pay principle").
2. Putting the economic burden of pollution abatement on the benefici-

aries of improved water quality. Those individuals benefiting will
then provide grants and subsidies to the polluters to implement the
technology necessary to reduce or eliminate pollutant loads. This is
called the "benefits received" approach.

3. A combination of the two systems.

Polluters Pay

Polluters bear the chief responsibility for abatement and its direct cost.
This is the most equitable payment plan. It has been primarily used to
control pollution from industrial sources and has been implemented
through the NPDES permit system. As pointed out in the previous
section, this system requires the reclassification of diffuse sources as point
sources. The payments are clear in the case of industrial polluters, who
pay for pollution from their revenues. The form of payment of municipal
polluters is not as clear since several types of payments are common.
These include property taxes, user fees, income and sales taxes, and
general revenues from other sources.

The difference between taxes and user fees is that taxes are com-
pulsory, while charges are optional. The use of user fees to finance storm-
water and CSO management implies that the service is private goods;
however, storm-water management in urban areas historically has been
regarded as public goods and has generally been financed by property
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taxes. Without regulation it usually has been considered a low-priority
service, so funding has been inadequate (Lindsay, 1988).

Regulations
Under the "polluter pays" scenario, polluters are usually required to
meet specific abatement standards, subject to penalties if falling short.
This is again the fundamental enforcement principle incorporated into
the NPDES permit system by the states. Many have questioned why
regulation and enforcement are needed in pollution abatement, specifi-
cally in nonpoint pollution programs where past (unsuccessful) practice
was to rely on voluntary participation.

In the absence of regulation, pollution abatement must rely on other
means to persuade polluters to install abatement devices. These means
were listed by Novotny (1988), and include moral persuasion, court
litigation, and financial Economists have demonstrated thatgrants.
market forces do not work in pollution abatement (market failure) be-
cause of the external character of pollution discharges (Solow, 1978;
Gaffney, 1988). An economic externality is an economic activity or action
of an individual or group that economically impairs others without their
consent. A technological external diseconomy (Kneese and Bower, 1968)
is a situation where a particular action produces economical results on an
independent entity. Diffuse pollution, both from urban and nonurban
sources, is a classic example of external diseconomics (Novotny, 1988):
pollutants from diffuse sources are transferred downstream where they
impair downstream uses of bodies of water, yet the sufferers of down-
stream pollution have no economic mechanism to recover the damages
from the polluters. Those responsible for the pollution of the Boston
Harbor and adjacent coastal areas, or the Chesapeake Bay and other
coastal bodies of water, damage the fishing and recreation industries
(users), but, without regulation and its enforcement, there is no market
mechanism to recover the cost of these damages. An externality problem
can cross state and even international boundaries. The water quality
problems of the Chesapeake Bay are caused by pollution discharges from
several states, yet those who suffer the consequences of the pollution
(excluding, of course, transient vacationers) live in Virginia and Mary-
land. A well-publicized case of coastal pollution in the San Diego,
California, areaI documents international externality problems.

1 San Diego Bay is being polluted by waste discharges from both San Diego and Tijuana,

Mexico.
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Fiscal Federalism

In general terms, the U.S. federal system allocates the cost of govern-
ment programs in proportion to benefits received. Where local benefits
predominate, mainly local funds are used; where state or national benefits
are significant, costs should be borne by state and federal governments
(Braden, 1988a). Diffuse-pollution control programs should reflect these
attributes of federalism. Litter control and street sweeping are a local
problem, and its control is paid for locally by either taxes or user fees or
both. Federalism and the recent reluctance of the federal government to
commit adequate funds for diffuse-pollution abatement puts the financial
burden on states and local funding. However, the federal government
must play a role in financing and/or regulating and enforcing diffuse-
pollution programs where interstate externality problems would impair
efficient abatement. Such is the case of coastal pollution.

Uniformity

The U.S. Constitution precludes the arbitrary application of laws. In
the Clean Water Act this led to (effluent) standards that are uniformly
applied to all polluters, regardless of the capability of the receiving water
bodies to assimilate pollution and/or the extent of damage or absence of
damage imposed on downstream users. This scheme, if applied to diffuse-
pollution abatement, most likely would not lead to a least cost solution
that would maximize water quality improvement. Furthermore, facing the
huge cost of the abatement, the uniform approach could result in a
situation where pollution of some waters would remain uhacceptable,
while unnecessary funds would be spent in places where they would
not be needed. Using uniform standards mostly implies the "polluter
pays" principle, where the cost of pollution abatement is borne by the
polluter and the abatement is enforced by a discharge permit.

"Targeting" is used for nonuniform abatement (Braden, 1988a) in
water quality limited watersheds. Targeting diffuse-pollution abatement
for inland and coastal watersheds that have a diffuse-pollution problem
will result in a more efficient use of funds and will bring more water
quality improvement benefits for less money. Wisconsin’s or North
Dakota’s "Priority Watershed Program" is an example of targeting
specific watersheds that have a diffuse-pollution problem. State funds in
the form of grants and cost sharing (up to 70%) are then allocated for
abatement in those targeted watersheds. The polluter pays principle
and its enforcement are difficult to implement when targeting is used,
although the mechanism for enforcement exists in some states if the
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polluters fail to implement diffuse-pollution abatement. For example, the
"bad actors’’2 legal doctrine was proposed in Wisconsin to provide further
incentives to rural polluters to voluntarily implement nonpoint pollution-
control practices. After sign-up and a grace period, it was proposed that
the Wisconsin Department of Natural Resources (DNR) would be able to
mandate participation of critical nonparticipants in the program whose
nonpoint pollution was causing the DNR to fail to meet its water quality
goals. Those bad actors would have to participate at a reduced subsidy
(from 75% to 25%) from the state. Similar provisions for agricultural
nonpoint sources are incorporated in the Food Security Act.

Targeting is also used when, for example, specific water quality im-
provement and waste-assimilative capacity enhancement projects are
proposed, such as wetland restoration and in-stream water quality control
measures. These projects require funding that should be recovered from
both the beneficiaries and polluters. The funds may be recovered from
the polluters, for example, in the form of fines for excessive pollution,
from user charges for storm-water disposal, from fees paid by developers
for their erosion-control plans, from a part of the gasoline tax, or from
motor vehicle license fees. The use of stream standards and a definition of
water quality limited "impaired" bodies of water, similar to point source
abatement, may also be used to enforce the polluter pays principle for the
abatement of diffuse pollution in targeted watersheds. The distribution of
allowable waste loads based on the waste-assimilative capacity of the
body of water in question can be made initially in a uniform fashion by a
regulatory agency (state or the EPA). Then the polluters can be allowed
to negotiate the discharge loads among themselves as long as the waste-
assimilative capacity of the body of water is not exceeded. This is the
principle behind the transferable discharge permits or bubble approaches
(Braden, 1988b; Tietenberg, 1985).

Benefits Received Approach

In this approach the beneficiaries of improved water quality either tax
themselves or pay user fees. The revenues are then allocated for pollution
abatement. This can be accomplished in several ways. The beneficiaries
can provide grants and subsidies to polluters to install abatements or the
funds are used for mitigation of adverse water quality effects (e.g., weed
control or pollution diversion).

This concept presumes that the sufferers of adverse water quality are

2 In 1992 the "bad actor" provision was included in the Wisconsin Nonpoint Pollution

Control Legislation, but was vetoed by the governor.
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willing to pay for the water quality improvement benefits. The willingness
to pay is not the same as the damage (cost) of pollution, but it is related
t¢ it. Nor should the willingness to pay be equated with the ability to pay
because of the very important premise that those asked to pay for the
benefits of improved water quality either suffer or can potentially suffer
from adverse water quality. Thus, users of beaches or recreational fishers
are willing to pay for improved water quality and, consequently, for
diffuse-pollution abatement.

The problem with willingness to pay arises when the beneficiaries and
polluters are not a part of the same group and there is a distance between
the pollution source and the location where the benefits will be received.
Suburban owners of septic systems (including those that are failing)
located far from a body of water are generally unwilling to connect to a
sewer system if they do not receive water quality benefits, while owners
of water shoreline properties are willing to tax themselves in return for
improved water quality. Therefore, the polluter pays principle is most
equitable when polluters and beneficiaries of improved water quality
come from the same population group, for example, a large urban area
on a body of water that is in or reasonably close to it. The Boston harbor,
located within metropolitan Boston, is such an example. The construction
industry and its clients (future homeowners) living in the area affected by
construction pollution represent another example where the polluters pay
principle should be strictly adhered to.

Considering the magnitude of the diffuse-pollution problem, both
payment schemes may be considered. The polluter pays funding approach
should be applied to most local problems, using regulation and standards.
Such standards should apply uniformly to all sources of urban pollution,
category by category. These standards can be in the form of design
(performance) standards that establish that certain pollution-abatement
technology is to be applied uniformly to all sources within the source
category (e.g., construction erosion and sediment control ordinances,
mandatory street sweeping, mandatory collection and treatment of a
specified portion of the average surface runoff, or limiting the number of
CSOs) or effluent standards that limit or prohibit certain polluting sub-
stances in effluents, CSOs, runoff, and subsurface flows.

In "targeted watersheds," that is, in areas with a serious and extended
water quality problem and with the important premise that beneficiaries
are separated from the polluters, a two-level approach may be used
(Novotny, 1988). In the first level, the polluters pay principle, using
mandatory pollution control, should be enforced by a NPDES-type
permit system.

The NPDES permit program currently being, implemented for the
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control of urban stormwater is not uniform nor is it equitable (see Chap-
ter 2 for a discussion of equity and other imperatives of pollution control). It
also contains many exclusions such as small urban areas, interurban
freeways and highways, military facilities and training grounds, suburban
zones with septic tanks, small construction sites, and other urban and
nonurban sources. Such exclusions could preclude an effective diffuse-
population program. If these controls do not suffice, a combination of
the benefits received and polluter pays approaches could be used to
achieve the water quality goals. The benefits received approach is then
used to secure additional necessary funding for abatement. This can be
accomplished by a combination of grants from state and federal funds,
from taxes on received benefits related to the improved water quality,
and user fees, such as money collected for fishing licenses, boat launching
fees, and the fees for the use of public beaches. Taxing riparian land
owners who receive disproportionally large benefits from the use of
bodies of water is a viable alternative.

These funds can then be allocated to the targeted areas. The polluter
pays approach can be incorporated into the discharge permit in the
targeted areas. This permit should be related to the waste-assimilative
capacity of the body of water or coastal area in question. The polluters
(urban areas, industries, storm-water management utilities) should then
be allowed to renegotiate the discharge levels among themselves ac-
cording to the transferable discharge permits scheme (Braden, 1988b;
Tietenberg, 1985). The equity of proportioning the additional cost of
abatement in the targeted areas between the polluters and users (ben-
eficiaries) must be incorporated in the plans of abatement.

Many authors (Gaffney, 1988; Braden, 1988b; Novotny, 1988) warn
against the excessive reliance on subsidies in diffuse-pollution abatement
programs. Although subsidies are politically attractive to lawmakers, it is
a well-established fact that in the absence of regulation and enforcement,
polluters will do nothing unless and until they receive a full subsidy for
the cost of abatement. Furthermore, allocating the subsidies to only
certain types of abatement may lead to inefficient solutions. Braden
(1988b) also pointed out that subsidies actually encourage pollution ac-
tivities by shielding them from their true cost to society. He concluded
that subsidies are too costly and too prone to perversion. On the other
hand, since taxing riparian and other beneficiaries of improved water
quality is a viable alternative for raising revenues, partial cost sharing and
incentives may be considered. The bulk of the funding raised from the
beneficiaries and from fines for pollution, however, should be used for
actions such as ecological restoration and the protection of coastal wet-
lands, and not as grants to polluters.
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The first level of implementation of diffuse pollution abatement does
not require a great deal of reliance on water quality standards; however,
it is paramount that wet-weather water quality standards be considered
when the second-level approach is used. Adequate wet-weather water
quality standards are needed in situations when mandatory uniform
abatement does not result in the satisfactory water quality improvement
of local bodies of water, because the level of abatement must then be
related to the waste-assimilative capacity of the body of water in ques-
tion, which is determined (primarily by water quality modeling) by using
the accepted and enforced water quality standards.

The "Bubble Approach" and the Bubble Dimension

In a "classic" watershed planning approach the benefits of the project are
weighted against its cost, while other objectives of the development are
also considered, such as the resource conservation and preservation and
well-being of people affected by the development (see Maas et al., 1970
for a most authoritative discussion on the objectives and benefit-cost
analysis of water resource development projects). In the water-pollution
control area, the objectives were given by Congress in the Clean Water
Act (1972 Amendments) and are well known and followed. The major
objectives of the Clean Water Act are fish and aquatic wildlife protection
and preservation and the suitability of receiving bodies of water for
contact recreation. These objectives were translated into water quality
criteria, which were then implemented by the states as standards. Fur-
thermore, the quality of point sources must comply with the equity,
irreversible impact technology-based standards.

The use of dual standards resulted in two planning scenarios with
interchangeable objectives and constraints. In the first scenario, the
waste-assimilative capacity of the receiving body of water is greater than
the combined pollution loads from all sources after the effluent standards
for point sources are implemented. This leads to the so-called "effluent
controlled" or "nontargeted" planning scenario. The objective in this
scenario is to minimize the cost at each individual source, with the
avoidance of violation of the effluent standard as a constraint. Point
source effluent discharge permits are then based on the technology-based
effluent standards. Under the present regulations, incentives for nonpoint
source control are minimal and the abatement approaches rely mostly on
voluntary approaches. This violates the "principle of uniforn~ity," which
states that all polluters should be treated equally.

In the second scenario, the waste-assimilative capacity is less than the
combined pollution load from all sources, resulting in a violation of the
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water quality standards. This is the so-called "stream (receiving body of
water) -limited" or "targeted" situation, whereby effluent discharge
permits are based on the waste-assimilative capacity of the receiving body
of water. The objective of water quality abatement is thus to meet the
stream water quality standards at minimum cost or under the economic
and fiscal constraints.

Hence, the waste-assimilative capacity of the receiving body of water is
the most important constraint that determines the maximum allowable
pollution load that cannot be exceeded. This is the maximum size of
the "bubble," as it is referred to in the jargon of pollution-abatement
literature. If the pollution load exceeds the waste-assimilative capacity,
the receiving body of water is damaged and the downstream water uses
are impaired--the bubble has burst. However, the WAC may be in-
creased by instream WAC enhancement measures. Hence, the "bubble"
is flexible and can expand. Under the "effluent-limited" situation, how-
ever, the primary objective of the abatement efforts is minimization of
cost. Hence the size of the "bubble" is then related to the budgetary
constraints of the agencies responsible for financing the abatement.

The policy options that can be used to achieve the water quality goal
(i.e., to attain the designated use) include pollution taxes, water quality
standards, effluent standards, tradeable discharge permits, process design
standards, liability for damages, and abatement subsidies. Incentives can
be both positive and negative, that is, rewarding abatement or penalizing
pollution. No single option is available to achieve the goal, hence the
use attainability analysis must consider the best combination of policy
options. It should be pointed out that the United States has made com-
paratively little use of fiscal incentives for pollution control (Braden,
1993).

An important source of inefficiency in pollution control occurs in
the waste loads allocation process where high-cost abaters are forced to
meet the same standards as low-cost abaters, which can lead to wasteful
abatement. It is true that using differential treatment for polluters, based
on the cost of abatement, is causing legal problems and may be difficult
or impossible to implement. However, using the so-called transferrable
discharge permits to transfer the cost from high-cost to low-cost polluters
is feasible. Here the polluters negotiate among themselves the waste
allocation subject to the constraint of the limited loading capacity of the
receiving body of water. It appears that "pollution trading" may be on
the verge of becoming a major tool for the EPA and states to attack the
nation’s biggest source of water pollution--the diffuse-source pollution
loads (Clean Water Report, June 9, 1992). Hence, both point/point and
point/nonpoint source abatement trading is feasible.
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Under a proposal considered by the U.S. EPA in the early 1990s, a
point/point source (P/P) trading program would allow a discharger to
avoid a part of treatment or treatment upgrade by paying or arranging for
at least an equal reduction in discharges from other facilities releasing
in the same body of water. All facilities would still have to comply with
the technology-based (equity) effluent limitations. Hence, these trading
concepts are applicable to water quality limited bodies of water.

Targeting water quality limited streams implies the selection and ap-
plication of pollution-control policies that promote economic efficiency.
There are three aspects of targeting. First, the cost of administering
policies should be balanced against the benefits of policy refinement.
Second, targeting enables differentiation between the sources and may
promote the use of transferrable discharge permits. Third, it allows dif-
ferentiation in space and time, that is, the bodies of water that require
abatement most and/or are most desirable will be abated ahead of some
other less desirable bodies of water. The third aspect is dictated by
budgetary and other economic constraints imposed on pollution abate-
ment and by the fact that there is a tremendous variability in physical and
ecological characteristics among the nation’s surface and coastal waters.
Consequently, different systems respond in different ways to pollution
stresses.

The Committee on Restoration of Aquatic. Ecosystems of the National
Academy of Engineering (1992) recommends a national body of water
restoration effort that would include four elements:

1. National restoration goals and assessment strategies for each ecoregion.
2. Principles for priority setting and decision making.
3. Policy and program redesign for federal and state agencies to empha-

size restoration.
4. Innovation in financing and use of land and water markets.

In light of existing and anticipated budgetary constraints, innovative ways
to finance restoration efforts are necessary.

INSTITUTIONAL ISSUES
As pointed out previously, water quality is a response to various sources
of potential contaminants, including natural and cultural sources. The
cultural sources are then divided into point and nonpoint. Equity and
irreversible impact criteria (technology-based effluent and performance
standards) must be formulated and enforced in an integrated fashion both
on point and nonpoint sources. Excluding certain sources would violate
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the equity criterion. Third, the receiving water standards and criteria
determine the maximum permissible load TMDL = WQS × Q, where
WQS is the standard and Q is the flow. The standards are related to the
designated use of the body of water. In some cases, the natural load, BL,
may be greater than TMDL. If this is the case, then either the designated
use is changed or no waste discharges should be permitted. This may
happen if the body of water in question is designated as an outstanding
natural resource or the water is used for water supply.

In most cases, however, there may be an excess load between the
TMDL and the background load (BL). This excess permissible load then
constitutes the waste-assimilative capacity WAC or WAC = TMDL -
BL = F-1 (WQS). The F-1 is a functional relationship (model) that
relates the water quality to allochthonous waste discharges. If the total
load from cultural sources (TDL) is less than WAC, then the body of
water is not water quality limited and cannot be considered a targeted
system. The waste-discharge permits can be issued based on equity and
irreversible impact standards. Such permits can be issued by state or even
local (county) land-use and water quality agencies and could be based on
design and/or performance criteria. Tying these permits to water quality
and requiring excessive monitoring from individual dischargers would be
wasteful and could present an administrative nightmare.

If, however, the total load (TDL) is greater than WAC, then the
receiving body of water is limited and should be considered as a poten-
tially targeted system. A targeted watershed with a major diffuse pollution
problem can be declared "impaired." Waste-discharge permits must then
be related to the waste-assimilative capacity of the body of water in
question (for example, an estuarine system). The management options in
targeted (impaired) watersheds are:

1. Enforce more stringent effluent and performance standards
2. Improve WAC (e.g., by dredging in-place sediments, low-flow aug-

mentation)
3. Change receiving water standards by proving by the use attainability

analysis that the standards cannot be attained

Based on these options, it is evident three types of institutions are needed.
The first category of institution is regulators. These institutions are

already in place in the form of the U.S. Environmental Protection Agen-
cy, to execute federal policies, and state pollution-control agencies (De-
partments of Environmental Protection, Natural Resources, etc.), for
intrastate pollution control. These institutions carry out the legislative
policy mandates, specify standards and criteria, provide oversight, arbi-
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tration, research, provide and distribute grants when federal and state
interests in water quality remediation are involved, among other activ-
ities. In the integrated pollution-abatement scenario these agencies decide
whether a body of water is a targeted (impaired) system or a national
outstanding resource. They also designate the uses of the bodies of water,
specify the standards and execute use attainability studies. They provide
oversight for water management and pollution abatement agencies.
In nontargeted watersheds where permits are based on effluent (point
sources) design-performance (diffuse sources standards), the agencies
may delegate their permit-issuing authority to local (county) agencies
or establish their own permit-issuance branch. They can also provide
arbitration in disputes between pollution-abatement and water quality
management institutions. This agency should not manage the water re-
sources or pollution abatement. Financing the agencies should be derived
from state or federal sources, and should not use funds obtained from
polluters or users.

The second category of institution includes the waste dischargers.
Present municipal sewerage agencies and industrial polluters are covered
by this category. These agencies are responsible for urban, CSO, and
point source abatement. As an alternative to municipal sewerage districts,
which in most cases are responsible for urban point and diffuse-pollution
abatement and which utilize taxes for financing, many communities have
recently created storm-water utilities financed by user fees (Lindsay,
1988; American Society of Civil Engineers, 1985). Users are people and
organizations that generate storm-water runoff that is discharged into the
utility drainage system. In rural areas, drainage and irrigation districts
and utilities, in addition to individual farm operators, are examples of
potential organization of waste discharges.

Financing for these agencies and their pollution-abatement efforts
should be mostly based on the polluter pays principle and regulated by a
permit. For example, fees can be based on estimates of the amount of
runoff or drainage (irrigation return) flow that leaves a user’s property.
Rate factors can be correlated with land use. With the utility approach,
users are differentiated from beneficiaries, who are people protected from
the damage of runoff or who receive other benefits, such as improved
water quality. For wastewater treatment the charges are typically based
on the measured or estimated flow and pollutant load. In some states,
existing water management organizations (Florida) are now assuming the
role of a storm-water management utility (Viessman, 1988).

In nontargeted watersheds, as an alternative approach to issuing in-
dividual permits for each pollution source, the pollution-abatement
agency can ask the regulating institution for an umbrella technology-
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based permit for each category of pollution source within the its jurisdic-
tion. The pollution-abatement agency will then issue permits and/or
monitor compliance. In nontargeted watersheds the two agencies (regu-
lators and pollution abatement) are the only institutions needed.

In targeted watersheds, a new concept of water quality management
agencies should be established. This regional watershedwide agency
would be responsible for planning the actions, managing discharges and
their control, managing water quality, and raising revenues for carrying
out the operation and capital investments for waste-assimilative capacity
enhancement measures, such as restoration and creation of riparian wet-
lands or the management of buffer strips.

The decision whether a watershed is a targeted (impaired) or. nc, ntar-
geted is based on a scientific-engineering study that would estimate the
total maximum daily load (TMDL) and waste-assimilative capacity, use
attainability analysis, and on the public surveys of use impairment and
use attainability. Such studies should be performed by the regulatory
agency or by planning agencies (consultants) designated by the regulatory
agency (e.g., the EPA for interstate and coastal water bodies and state
regulatory agencies for interstate watersheds). Funding authorization for
these studies can be derived from Section 319 or 208 of the Clean Water
Act. Unlike previous Section 208 studies, if the body of water is declared
a targeted or impaired body of water, the planning activity must be
followed by an implementation that includes the establishment of water-
shedwide agencies responsible for the implementation.

Diffuse-pollution problems are ubiquitous, their dimension and origin
not well established, often fitting watershed boundaries rather than poli-
tical ones (Viessman, 1988). By analyzing the problems of diffuse pollu-
tion in a regional rather than a local context, it is possible to identify
more efficient options that might not be recognized or available other-
wise. For example, successes with the regional approach to diffuse pol-
lution management in the Washington, D.C., area demonstrated that
gains can be substantial (Viessman and Welty, 1985). Other examples of
successful regional water and water quality management organizations
include the Florida Water Management Districts,3 the Water Pollution

3 The Florida Water Resources Act of 1972 provided for the creation of water manage-
ment districts. These regional management agencies have broad powers relative to the
allocation and use of Florida’s waters. In the early days the districts were largely concerned
with water quantity issues, water supply, flood control, and drainage. With the passage
of time, however, they have moved solidly into the water quality management area.
Furthermore, they have taken on an environmentally slanted orientation.

For example, the core mission of the South Florida Water Management District is:
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Management Associations in the Ruhr industrial district of Germany
(Kneese and Bower, 1968), the Nebraska Natural Resources Districts and
British Water Authorities.

These regional organization, which have the broad authority to raise
revenues and implement management, would be more efficient than
fragmented local and state organizations, which in many cases have
limited authority to regulate, but do not have the authority to conduct in-
stream water quality management (e.g., wetland restoration or low-flow
augmentation) or collect user fees from the beneficiaries of improved
water quality. Also discharge permit trading (the bubble approach to
pollution discharge permitting) can only be accomplished if a regional
watershedwide authority is a "referee" in the trading process and the
same authority will make sure that the final discharge loads agreed upon
by the polluters do not exceed the waste-assimilative capacity. Subse-
quently, the agency will continually reissue the permits.

The management of diffuse pollution also requires interagency coop-
eration and integrated approaches. Programs currently or potentially
related to diffuse pollution in coastal areas are carried out by the U.S.
Environmental Protection Agency, NOAA, U.S. Department of Agricul-
ture, and many state and local agencies. The Florida Water Management
Organizations again provide a good example of how a regional umbrella
watershed management organization can cooperate and coordinate these
multiagency efforts. Organizational arrangements and responsibilities
of the regional water quality management organizations should be in-
corporated in the planning process (for example, Section 319 planning).

The core mission of the South Florida Water Management District is to manage water and related
resources for the benefit of the public and in keeping with the needs of the region for the purpose of
providing:

Environmental protection and Enhancement
Water Supply
Flood Protection
Water quality protection

This is being implemented through the coordination of operations, planning, public involvement,
regulation, and construction. Inherent in the mission is the responsibility to assist the public and
government officials in growth management by identifying water resource impact of land-use
decisions and by advising on options for reducing adverse impacts and protecting water resources.

The water management districts have dealt with a variety of nonpoint pollution problems
and in doing so have employed a number of nonconventional approaches, including Save
Our River programs, Lake Okeechobee restoration, and the Lake Apopka land swamp
proposal (Viessmann, 1988).
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Water quality management today is heavily influenced by regulatory
measures, all of which come from several directions (the EPA, Depart-
ment of Interior programs and authorizations, Department of Agricul-
ture, states, etc.). Viessman (1988) correctly pointed out that water
management guided by narrowly devised regulatory measures, that is, by
regulatory actions that only call for "planning," but do not provide for
implementation (such as the planning activities of Section 208 of the
Clean Water Act), are destined to be mediocre at best and destructive at
worst.

Strategy of Abatement

Generally, mitigation of diffuse pollution from urban and nonurban areas
relies on structural and nonstructural measures, or the so-called best
management practices. These are well known and have been published
in numerous EPA and state manuals, as well as in several chapters of
this book. The strategy, however, means selecting the most optimal
alternatives under the given legislative and fiscal constraints.

As pointed out in many articles (for example, see Novotny [1988]
for a summary), as well as earlier in this chapter, abatement requires
regulation and enforcement. As we have also seen, under the current leg-
islative means of enforcement, only those diffuse sources that have
been legally classified as "point sources" have a reasonable chance for
clean-up. Furthermore, additional mitigation and land protection can be
achieved using present or near-future wetland protection laws. This
still leaves a large number of sources for which chances of abatement
are minimal.

It is evident that the land-disturbing activities (construction, wetland
drainage, stream channelization, etc.) during land-use transition are
responsible for the highest loads of pollutants. Hence the strategy of
mitigation should first focus on their control. However, enforcement is
not available or is insufficient.

In established urban lands without significant construction, the NURP
study established that there is not much difference between the strength
(EMCs) of urban runoff from the major land uses (see Chapter 8).
However, since the degree of imperviousness affects the runoff volume,
the highest loads can be expected from highly impervious urban lands.
Therein, structural facilities, such as detention-retention, followed by
treatment, seem the most appropriate. For more pervious areas, typically
for low- to medium-intensity residential areas with storm sewers, less
structurally intensive measures, such as buffer strips along the streams;
floodplain management; retention, storage, and sedimentation in sub-
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urban ponds and lakes; and public education to reduce or eliminate (by
switching to xeriscape) the use of fertilizers and pesticides on suburban
lawns, are appropriate.

In suburban zones that are served by septic tanks and do not have
sewers, controls aimed at the reduction of ground-water protection from
nitrate contaminations and surface pollution by surfacing septic tank
effluents, should be strengthened. Since construction activities yield
the highest number of sediments, effective construction erosion-control
regulations must be implemented on a national scale.

The best and most efficient results in controlling pollution by urban
diffuse sources is achieved if the management is incorporated into the
development plans. However, the recent report to the Congress by the
General Accounting Office (U.S. GAO, 1990) pointed out that the EPA
regulations aimed at the control of pollution by urban runoff are not
sufficient. Many areas of the country experiencing the most rapid growth
are not included, and by delaying the implementation of storm-water
control programs, the U.S. Environmental Protection Agency "is losing a
valuable opportunity to prevent stormwater problems rather than rely on
expensive structural contrels after development has occurred."

In agricultural areas, the programs mandated by the Food Security Act
(the Farm Bill) should concentrate on lands and practices that have the
most adverse water quality impact, with soil and water conservation as a
constraint. Reliance on purely voluntary approaches is ineffective and
typically results in very low participation of polluters in the programs.
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Epilogue

People can be attracted by new ways of ordering their lives, as well as
driven by the recognition of what will happen if they do not change.

Herman Daly and John Cobb (quoted in
State of the World 1990, L. R. Brown)

We began this book with the gloom of threatening environmental prob-
lems caused by some forms of diffuse pollution. We would like to end
with a more optimistic closure.

In 1992/1993 a two-year experiment was conducted in Arizona. In the
experiment eight scientists lived in a hermetically sealed environmental
structure called Biosphere II. Supposedly the world outside of this struc-
ture is Biosphere I. During the experiment living processes generated
waste; however, the waste and energy in it were recycled back in the
ecological cycle. Essentially, Biosphere II did not generate a substantial
net increase of waste.

It was not a precisely scientific experiment and some criticized it as
a commercialized, publicity project. Nevertheless, this experiment has
brought us to the third millennium. If man is to survive on this planet, a
sustainable ecology is a must. Figures 1 and 2 show the contrast between
the ecological cycles before the year 2000 and those expected to occur
after the year 2000. They show change from the traditional energy-
demanding and waste-producing living process to a sustainable low-waste,
less energy-demanding ecology. Ecological engineering introduced in the
Prologue and Chapter 1 will be a key in achieving this goal.

1011
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FIGURE 1. Ecological cycles of intensive mass flows of energy, raw materials, and waste,
producing high levels of pollution.

Hence, the environmental policies of the third millennium will be
different from those of the second millennium, and especially of the
second half of the twentieth century. The fact that diffuse pollution is
now both global as well as local requires broad international coopera-
tion. With the adoption of the sustainable development imperative by
the OECD nations, the overall approach to environmental policy is
changing. Attention is now being focused on ensuring that all dimensions
of environmental problems are considered, including pollution control,
resource management, and broad quality of life; on developing more
effective institutional arrangements for the formulation and implementa-
tion of environmental policies; on promoting technological changes
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FIGURE 2. Ecological cycle of mass flows of energy, raw materials, and byproducts in a
closed-loop sustainable mode with minimum pollution.

toward "clean, green" growth; on using economic instruments to provide
market signals for environmental protection that better reflect relative
scarcities; on streamlining the regulatory instruments for greater efficien-
cy and cost effectiveness; on modi~ing production/consumption patterns
to maintain a stock of scarce resources and reduce pollution; and on
analyzing linkages between the environment and the economy and de-
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veloping environmental indicators for measuring environmental per-
formance. Today’s and future approaches also emphasize (OECD, 1991):

¯ Broader objectives for environmental policy based upon the concept of
sustainable development, and focus upon resource conservation as well
as pollution control

¯ More effective institutional arrangements for the formulation and
implementation of environmental policy

¯ More use of economic instruments to provide appropriate market
signals for environmental protection; and improvements to the effi-
ciency and cost effectiveness of regulatory instruments

¯ Wider use of anticipatory approaches to the formulation and imple-
mentation of environmental policy

¯ Development of more integrated approaches to environmental controls,
both within the environmental sector and between the environmental
sector and other sectors of the economy.

As pointed out in the State of the World 1990 (Brown, 1990), building
a more environmentally stable (sustainable) world society requires a
vision of it. If the acid rain producing fossil-fue! power plants are to be
replaced, then with what? If forests are not to be cleared for intensive
agriculture, then where will the food be coming from? If a throwaway
culture leads to pollution, then what should replace it? All these activities
produce diffuse pollution.

A sustainable society is the one that satisfies its needs without jeop-
ardizing the prospects of future generations. It is becoming increasingly
apparent that the future economy cannot be driven by fossil-fueled power
plants, heating, and vehicular traffic that can have catastrophic climatic
consequences. It has been estimated that to stabilize the climate the per
capita fossil-fuel consumption must be cut to about one-eighth of what it
was in the late 1980s. If this is achieved, it obviously will also reduce in
about the same proportion associated acid rainfall and toxic (mostly
diffuse) emissions. Most likely solar, geothermal, and to a lesser degree
(safe) nuclear energy sources will replace fossil fuel. Electric automobiles
and people movers have already been introduced and successfully tested.
Electric trains have long been the dominant means of transportation in
many advanced countries (however, note that the production of electricty
for electric trains and cars causes acid rain and other forms of diffuse
pollution).

Reuse and recycling will replace throwaway waste. Biological and
natural treatment systems provide the link between the waste production
and reusable biomass. Biomass harvested from buffer strips and lands put
into the conservation reserve (wood and hay) can be reused. Similarly,

R0023984



Epilogue    1015

organic fertilizers and soil conditioners can be produced from the biomass
that is harvested from the wetlands and aquaculture systems used for
assimilating the waste. Organic fertilizers are less likely to pollute ground-
water aquifers and, with proper management, their use will not threaten
surface-water resources. In some other ecological waste-disposal systems
the produced organic biomass may immobilize and help to decompose
residual toxic chemicals that will still be used.

In the third millennium, land could be used in accordance with the
rules and laws of sustainability. There should be no loss of wetlands. As a
matter of fact, lowlands surrounding bodies of water that have been
drained will be restored to their wetland status. High slope eroding lands
will be reforested or terraced. Agriculture will rely more on nitrogen-
fixing plants and organic fertilizers and less on chemicals.

Farmers could be planting less monoculture crops and will be relying
more on crop rotation and soil conservation to maintain soil moisture and
to reduce soil loss and pesticide and fertilizer application rates. It is
already apparent that farming in arid and semiarid areas, which relies
heavily on mining ground-water aquifers, will cease in a few decades.
New, less water-demanding crops will replace the thirsty and polluting
crops in arid areas. This will result in less discharge of heavily polluted
irrigation return flows.

In urban areas, diffuse-pollution-generating urban sprawl should
be controlled, and suburbanites in developed countries will consider
xeriscape rather than planting environmentally damaging lawns. Dif-
fuse-pollution abatement will be incorporated into the landscape of
urban environments, along with the retardance and water-conservation
drainage.

As pointed out in this book, the solution of the problem of diffuse
pollution is closely tied to political and economic factors. The new polit-
ical order now emerging will spend less on military and more on environ-
ment, less on heavy polluting industries, oil refineries, and vehicular
traffic and more on solar energy, recycling, and environmental protec-
tion. The State of the World 1990 concluded that "as the transition to
a more environmentally benign economy progresses, sustainability will
gradually reclipse growth oriented economy as the focus of economic
policy making." As far as the environmental engineering aspects of this
change is concerned, the present book has tried to open the door.
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APPENDIX A

CONVERSIONFACTORS

U.S. Customary to S.I. (Metric)

S.I.

U.S. Customary Units Multiply by to obtain Symbol Name

acre 0.405 ha hectarea

acre-fl 1233.5 m3 cubic meterb

acre-in 102.79 m3

foot (ft) 0.3048 m meterc

ft/s (fps) 0.3048 m/s meter per second
f12 (sqfl) 0.0920 m2 square metera

ft3 (cuff) 0.0283 m3 cubic meter
ft3/s (,cfs) 0.0283 m3/s cubic meters per second
°F 0.555 (°F-32) °C degrees Celsius
gallon-U.S. (gal) 3.785 1 liter
gal/acre 9.353 l/ha liter per hectare
gal/ft2 40.743 1/m2 liters per square meter
gal/ft2 0,0407 m3/m2 = m meter
gal/ft2-day 4.72 × 10-7 m/s meter per second
gal/ft-day 1.438 × 10-7 mZ/s square meter per second
hp 0.746 kW kilowatts
inch (in.) 2,54 cm centimeter
in.2 6.452 cm2 square centimeter
in.3 16.39 cm3 cubic centimeters
in.3 0.0164 l liter
pound (lb) 0.454 kg kilogramse
lb 454 g grams
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Continued

U.S. Customary to S.I. (Metric)

S.I.

U.S. Customary Units Multiply by to obtain Symbol Name

lb/acre 1.121 kgiha kilograms per hectare
lb/ft3 16,042 gim3 grams per cubic meterI

lb/in.2 (psi) 0.0703 kg/cm2 kilograms per square cm
lb/Mgal 0.120 mg/1 miligrams per liter
lb/mi 0.282 g/m grams per meter
mile (mi) 1.609 km kilometer
mile/hour (mph) 0.447 m/s meter per second
million gallons (Mgal) 3785 ma cubic meters
million gallons per day 0.0438 m3/s cubic meters per second

(Mgd)
mi2 (sqmi) 2.59 km2 square kilometer
parts per billion (ppb) 1.0 ~tg/l micrograms per liter

in water
parts per million 1.0 rag/1 miligrams per liter

(ppm) in water
ton (short) 0.907 t tonne
tons/acre 2240 kg/ha kilograms per hectare
tons/sqmi 3.503 kg/ha kilograms per hectare
yard (yd) 0.914 m meter
yd3 0.765 m~ cubic meter

~ 1 ha = 10,000 m2 = 0.01 krnz e 1 kg = 1000 g = 0.001 tonne

blm3 = 10001 lg = 1000mg = 106p.g = 109ng
elm = 100cm = 0.001km = 1000mmSlg/m3 = lmg/l
d l m2 = 10,000 cm~ = 10-6 kmz ~ 1 kg/cm~ = 0.968 atm = 0.981 bars
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APPENDIX B

U.S. EPA Water Quality Criteria for Dissolved Oxygen Concentrations

Cold-Water Biota Warm-Water Biota

Early Life Other Life Early Life Other Life
Stages~,b Stages Stagesb Stages

30-day mean NAc 6.5 NA 5.5
7-day mean 9.5 (6.5) NA 6.0 NA
7-day mean minimum NA 5.0 NA 4.0
1-day minimuma 8.0 (5.0) 4.0 5.0 3.0

"Recommended water column concentrations to achieve the required intergravel dissolved oxygen
concentrations shown in parentheses. The 3-mg!l difference is discussed in the criteria document. The
figures in parentheses apply to species that have early lile stages exposed directly to the water column.
b Includes all embryonic and larval stages and all juvenile Iorms to 30 days following hatching.
c NA--not applicable.
dAB minima should be considered as instantaneous concentrations to be achieved at all times. Further
restrictions apply for highly manipulative discharges.

Criteria for Ammonia

Acute Toxicity Criterion (1 hr average, once in 3 yr exceedence)

0.52
Criterion (in mg/1) -2 * FT * FPH

where FT = 10°°3(z°-rcA~’~    for TCAP <~ T <~ 30
and

FT = 10°’°3(a°-r)    for 0 <~ T <~ TCAP
TCAP = 20°C where salmonids or other sensitive coldwater species are present and 25°C

where salmonids and other sensitive coldwater species are absent
T = water temperature, °C

Chronic Toxicity Criterion (4 day average, once in 3 yr exceedence)

0.8
Criterion (in mg/1) = Ratio * FT* FPH

where FT and FPH are calculated using the same formula as given above. TCAP is deter-
mined as follows:

TCAP = 15°C where salmonids or other sensitive coldwater species are present and 20°C
where salmonids and other coldwater species are absent

Ratio = 16 for 7.7 ~< pH ~< 9
and
Ratio = {(24)[10(77-pH)]}/[1 -t- 10(7"~’-pH)] for 6.5 <~ pH ~< 7.7

Source: From Ambient Water Quality Criteria for Ammonia--1984, U.S. EPA 440/
5-85-001,Washington, DC.
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U.S. EPA Selected Water Quality Criteria in Micrograms per Liter for Priority Pollutants

Aquatic Life
Human Health 10-6 Risk

Freshwater Marine
Priority

Water and Fish Fish Ingestion Pollutant/

Chemical Acutea Chronica Acute~ Chronica Ingestion Only Carcinogenic

Aldrin 3 1.3 7.4 × 10-5 7.9 × 10-5 Y/Y

Alkalinity >20,000 N/N

Antimony 9000 1600 146 45,000 Y/N

Arsenic 0.0022 0.0175 Y/Y

Arsenic (penta) 850 48 2319 13 Y/Y

Arsenic (tri) 360 190 69 36 Y/Y

Asbestos 30’000b Y/Y

Barium 1000 N/N

Benzene 5300 5100 700 0.66 40 Y/Y

Cadmium c c 43 9.3 10 Y/N

Carbon tetrachloride 35,200 50,000 0.4 6.94 Y/Y

Chlordane 2.4 0.0043 0.09 0.004 0.00046 0.00048 Y/Y

Chlorinated benzenes                 250 50 160 129 Y/Y

Chloroform 28,900 1240 0.19 15.7 Y/Y

Chlorphenoxy herbicides 2,4,5 - T 10 N/N

Chromium (hexavalent) 16 11 1100 50 50 Y/N

Chromium (trivalent) c c 10,300 170,000 3,433,000 N/N

Copper c ~ 2.9 2.9 Y/N

Cyanide 22 5.2 1 1 200 Y/N

0.001 0.000024 0.000024 Y/Y
DDT 1.1 0.001 0.13

14                                               Y/YDDE (DDT metabolite)              1050
0.1                  0.1                                      Y/NDemeton

Di-2-ethylhexyiphthalate 15,000 15,000 Y/N

35,000 154,000 Y/N
Dibutylphthalate
Dichlorobenzenes 1120 763 1970 400 2600 Y/N



Dichlorobenzidine 0.01 0.02 Y/Y
Dichloroethane 1,2 118,000 20,000 113,(~,0 0.94 243 Y/Y
Dich Ioroethylene 11,600 224,000 0.33 1.85 Y/Y
Dichlophenol 2,4 2020 365 3090 N/N
Dichloropropane 23,000 5700 10,300 3040’ Y/N
Dichloropropene 6080 244 790 87 14,100 Y/N
Dieldrin 2.5 0.0019 0.71 0.0019 0.000071 0.000076 Y/Y
Diethylphthalate 350,000 1,800,000 Y/N
Dimethylphenol 2,4 2120 Y/N
Dimethylphthalate 313,000 2,900,000 Y/N
Dinitrotoluene 330 230 590 370 70 14,300 N/Y
Dioxin (2,3,7,8-TCDD) 0.01 0.00001 1.3 x 10-8 1.3 × 10-8 Y/Y
Diphenylhydrazine 1,2 270 0.0423 0.56 Y/N
Dinitro-o-cresol 2,4 13.4 765 Y/N
Dinitrotoluene 2,4 0.11 9.1 Y/N

Endosulfan 0.22 0.056 0.034 0.0087 74 159 Y/N
Endrin 0.18 0.0023 0.037 0.0023 1 Y/N
Ethylbenzene 32,000 430 1400 3280 Y/N

Fluoranthene 3980 40 16 42 54 Y/N

Guthion 0.01 0.01 N/N

ttaloethers 360 122 Y/N
Halomethanes 11,000 12,000 6400 0.19 15.7 Y/Y
Heptachlor 0.52 0.0038 0.053 0.0036 0.00028 0.00029 Y/Y
Hexachlorobenzene 0.00072 0.00074 Y/N
Hexachlorobutadiene 90 9.3 32 0.45 50 Y/Y
Hexachlorocyclohexane (Lindane) 2 0.08 0.16 Y/Y



U.S. EPA Selected Water Quality Criteria in Micrograms per Liter for Priority Pollutants (continued)

Aquatic Life
Human Health 10-6 Risk

Freshwater Marine Priority
Water and Fish Fish Ingestion Pollutant/

Chemical Acutea    Chronic" Acutea Chronic" Ingestion Only Carcinogenic

Hexachlorocyclohexane (technical) 0.012 0.041 Y/Y
Hexachlorocyciohexane (~t) 0.0092 0.031 Y/Y
ttexachlorocyclohexane (1~) 0.016 0.055 Y/Y
Hexachiorocyclohexane (),)
Hexachlorocyclopentadiene 7 5.2 7 206 Y/N
Hexahchloroethanes 980 540 940 1.9 8.74 N/Y

Iron 1000 300 N/N
Isophorone 117,000 12,900 5200 5,200,000 Y/N

Lead c c 140 5.6 50 Y/N

Malathion 0.1 0.1 N/N
Manganese 50 100 N/N
Mercury 2.4 0.0012 2.1 0.025 0.144 0.146 Y/N
Methoxychlor 0.03 0.03 100 N/N
Mirex 0.001 0.001 N/N
Monochlorobenzene 488 Y/N

Napthalene 2300 620 2350 Y/N
Nickel c c 75 8.3 13.4 100 Y/N
Nitrates 10,000 N/N
Nitrobenzene 27,000 6680 19,800 Y/N

~ Nitrophenols 230 150 4850 13.4 7.65 Y/N
o Nitrosamines 5850 3,300,000 Y/Y
~ Nitrosobutylamine N 0.0064 0.587 Y/Y
to Nitrosodiethylamine N 0.008 1.24 Y/Y



Nitrosodipenthylamine N 4.9 15.1 Y/Y

Nitrosopyrrolidine N 0.16 91.9 Y/Y

Parathion 0.065 0.013 N/N

PCB’s 2 0.014 10 0.03 0.000079 0.000079 Y/Y

Pentachlorinated Ethanes 7240 1100 390 281 N/N

Pentachlorobenzene 74 85 N/N

Pentachlorophenol 20 13 13 7.9 1010 N/N

Phenol 10,200 2560 5800 3500 Y/N

Phthalate esters 940 3 2944 3.4 Y/N

Polynuclear aromatic hydrocarbons 300 0.0028 0.031 Y/Y

Selenium 260 35 410 54 10 Y/N
Silver c 0.12 2.3 50 Y/N
Sulfide-hydrogen sulfide 2 2 N/N

Tetrachlorinated ethanes 9320 Y/N
Tetrachlorobenzene 1,2,4,5 38 48 Y/N
Tetrachloroethane 1,1,2,2 2400 9020 0.17 10.7 Y/Y
Tetrachloroethylene 5280 840 10,200 450 0.8 8.85 YiY
Tetrachlorophenol 2,3,5,6 440 Y/N
Thallium 1400 40 2130 13 48 Y/N
Toluene 17,500 6300 5000 14,300 424,000 Y/N
Toxaphene 0.73 0.0002 0.21 0.0002 0.00071 0.00073 Y/Y
Trichlorinated ethanes 18,000 0.6 41.8 Y/Y
Trichloroethane 1,1,1 31,200 18,400 1,030,000 Y/N



U.S. EPA Selected Water Quality Criteria in Micrograms per Liter for Priority Pollutants (continued)

Aquatic Life
Human Health 10 6 Risk

Freshwater Marine Priority
Water and Fish Fish Ingestion Pollutant/

Chemical Acute~ Chronic’~ Acute’~ Chronic’~ Ingestion Only Carcinogenic

Trichloroethane 1,1,2 9400 0.6 41.8 Y/Y
Trichloroethylene 45,000 21,900 2000 2.7 80.7 Y/Y
Trichlorophenol 2,4,5 2600 N/N
Trichlorophenol 2,4,6 970 1.2 3.6 Y/Y

Vinyl Chloride 2 525 Y/Y

Zinc c c 95 86 Y/N

Sources: U.S. Environmental Protection Agency (1987); Quality Criteria for Water 1986; and Federal Register.

"Permissible exceedence: acute toxicity criteria--l-hr average concentration, not to be exceeded more than once in three years on the average; chronic toxicity
criteria--4-day average concentration, not to be exceded more than once in three years on the average.
~’ Expressed in fibres/liter.
CMetals toxicity related to hardness by the relationship AT or CT (lag/I) = exp{ct In[hardness(mg CaCO3/I) +1~}

Acute Toxicity ATb Chronic Toxicity CTb

Metal a l] a ~

Cadmium 1.128 - 3.828 0.7852 - 3.490
Chromium (trivalent) 0.819 +3.688 0.8190 + 1.561
Copper 0.9422 - 1.464 0.8545 - 1.465
Lead 1.266 - 1.416 1.266 -4.661
Nickel 0.8460 +3.3612 0.846(! + 1.1645
Zinc 0.8473 +0.8604 0.8473 +0.7614



Appendixes    1025

Toxicity Characteristics for Contaminated Sediments in the TCLP Test

Priority Constituent Maximum Concentration (rag/l)

Arsenic 5.0
Barium 100.0
Benzene 0.5
Cadmium 1.0
Carbon tetrachloride 0.5
Chlordane 0.03
Chlorobenzene 100.0
Chloroform 6.0
Chromium 5.0
Cresols 200.0
2,4-D 10.0
1,4-Dichlorobenzene 7.5
1,2-Dichloromethane 0.5
1,1-Dichloroethylene 0.7
2,4-Dinitrotoluene 0.1
Endrin 0.02
Heptachlor (and its epoxide) 0.008
Hexachlobenzene 0.1
Hexachloro-l,3-butadiene 0.5
Hexachloroethane 3.0
Lead 5.0
Lindane 0.4
Mercury 0.2
Methoxychlor 10.0
Methyl ethyl ketone 200.0
Nitrobenzene 2.0
Pentachlorophenol 100.0
Pyridine 5.0
Selenium 1.0
Silver 5.0
Tetrachloroethylene 0.7
Toxaphene 0.5
Trichloroethylene 0.5
2,3,5-Trichlorophenol 400.0
2,4,6-Trichlorophenol 2.0
2,4,5-TP (Silvex) 1.0
Vinyl chloride 0.2

Source: U.S. EPA, Federal Register (March 29, 1990).
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APPENDIX C

Environmental Characteristics of Priority Pollutants

Henry’s Constant Biochemical
Solubility Vapor Pressure (atm-m3/M log Ko,~ Decay Parameters

Priority Pollutant (mg/! @°C) (mm Hg @°C) [@25°CD (I/kg) Coefficient Affecting Kp

Halogenated Aliphatic Hydrocarbons
Bromoform 3,200 @30 5.6 @25 5.32 E-4 2.30 1 V LB
Carbon tetrachloride 800 @20 113 @25 2.93 E-2 2.73 2 V LB
Chiorodibromomethane NA 15 @10.5 7.83 E-4 2.09 0 V LB
Chloroethane 5,740 @20 2,660 @25 1.11 E-2 1.43 NA V LB
Chloroform 9,300 @25 160 @20 3.39 E-3 1.97 2 V
Dichlorobromomethane 4,000 @25a 50 @20 2.12 E-3 1.88 0 V LB
Hexachlorobutadiene 2 @20 0.15 @20 0.0256 4.78 NA V S
Hexachlorocyclopentadien 1.8 @25 0.08 @25 0.016 3.99 2 V LS
Hexachloroethane 50 @22 0.40 @25 9.85 E-3 4.14 2 St’
Methyl bromide 1.75 E4 @20 1,420 @20 NA 1.1 NA V LB

(bromomethane)
Methyl chloride 6,360 @20 3,800 @20 8.82 E-3 0.91 NA V

(chloromethane)
Methylene chloride 1.67 E4 @25 429 @25 3.19 E-3 1.25 2 V LB
Tetrachloroethylene 150 @25 19 @25 2.87 E-2 2.53 1 V B
Trichioroethylene 1,100 @25 77 @25 1.17 E-2 2.53 1 V B
Vinyl chloride 1.1 @25 2,580 @20 2.78 E-2 0.60 NA V

(chloroethene)
1,1, l-Trichloroethane 4,400 @25 100 @20 4.08 E-3 2.47 1 V LB

~ 1,1,2,2-Tetrachloroethane 2,900 @20 4 @25 3.8 E- 4 2.39 0 V LB
o 1,1,2-Trichloroethane 4,500 @20 25 @25 7.42 E-4" 2.17 1 V LB
~ l,l-Dichioroethane 5,500 @20 234 @25 5.45 E-3 1.79 1 V LB
to 1 ,l-Dichloroethylene 210 @25 591 @25 1.49 E-2 1.48 2 V LB
tn 1,2-Dichloroethane 8,690 @20 79 @25 1.10 E-3 1.45 1 V LB



1,2-Dichloropropane 2,700 @20 42 @20 2.82 E-3 2.28 1 V LB

1,2-trans-Dichloroethylene 600 @20 331 @25 5.32 E-3 1.48 1 V LB

1,3-Dichloropropylene 2,700 @25 43 @25 3.5 E-3 1.98 1 V LB

Phenolic Compounds c
P-Chloro-m-cresol 2.5 E4 @25" 0.11 @20 NA 1.96 NA

Pentachlorophenol 14 @20 1.1 E-4 @20 2.8 E-6 5.01 1 S B

Phenol 8 E4 @25 0.35 @25 1.3 E-6 1.46 2 LV HB

2,4,6-Trichlorophenol 800 @25 1 @76.5 4 E-6 3.69 2 B

2,4-Dichlorophenol 4,500 @25 1 @25 2.8 E-6 2.75 2 HB

2,4-Dimethylphenol 590 @25a 98 @104 1.7 E-6 2.42 2 d

2,4-Dinitrophenol 5,600 @18 1.49 E-5 @25a 6.45 E-10 1.54 2 B

2-Chiorophenol 2.85 E-4 @20 40 @82 1.03 E-5 2.15 NA B

2-Nitrophenol 2,100 @20 1 @49.3 7.56 E-6a 1.79 2 B

4,6-Dinitro-o-Cresol 130 @20 1 E-4 @25 1.4 E-6 2.85 0 B

4-Nitrophenol 16,000 @25 2.2 @146 2.5 E-6" 1.91 2 B

Polycyclic Aromatic Hydrocarbons
Acenaphthene 3.42 @25 10 @131 2.41 E-4 3.92 2 LS HB

Acenaphthylene 3.93 @25 0.029~ 1.14 E-4 4.07 2 S HB

Anthracene 1.29 @25 1.7 E-5’~ 8.6 E-5 4.45 1 V S HB

Benzo (a) anthracene 0.010 @24 2.2 E-8 @20" 1 E-6a 5.61 0.0528 LV S HB

Benzo (a) pyrene 0.0038 @25 5 E-9 @20 4.9 E-7 5.98 0 LV S B

Benzo (b) fluoranthene 0.014 @25" 5 E-7 @20" 1.22 E-5~ 6.57 NA LV S HB

Benzo (ghi) perylene 2.6 E-4 @25a 1 E-10 @20" 1.44 E-7a 7.23 0.1310a LV HS B

Benzo (k) fluoranthene 4.3 E-3 @25a 9.59 E-11 @20 1.22 E-5~ 6.84 0.1111" LV HS HB

Chrysene 0.006 @25 6.3 E-9 @25 1.05 E-6 5.61 1 LV S HB

Dibenzo (a,h) anthracene 5 E-4 @25 1 E-10 @20a 7.3 E-8 5.97 0.1311Y’ LV S HB

Fluoranthene 0.265 @25 5.0 E-6 @25 6.5 E-6 5.33 2 LV S HB

Fluorene 1.9 @25 10 @146 1.17 E-4 4.18 1 S HB

lndeno (1,2,3-cd) pyrene 5.3 E-4 @25" 1.1 E-10 @20a 6.95 E-8 7.66 NA LV HS B

~ Naphthalene 30 @25 0.082 @25 4.83 E-4 3.37 2 HBe

to Phenanthrene 0.816 @21 1 @118.2 3.93 E-5 4.46 2 LV S HB
o Pyrene 0.16 @26 2.5 @200 5.1 E-6 5.18 2 LV S B



Environmental Characteristics of Priority Pollutants (continued)

Henry’s Constant Biochemical
Solubility Vapor Pressure (atm-m3/M log Kow Decay Parameters

Priority Pollutant (mg/I @°C) (mm Hg @°C) [@25°C]) (i/kg) Coefficient Affecting K~,

Halogenated Ethers
Bis-(chloromethyl) ether 2.2 E4 @25 30 @22 2.1 E-4 -0.38 NA --
Bis-(2-chioroethyl) ether 1.02 E4 0.71 @20 1.3 E-5 1.58 2
Bis-(2-chloroethoxy) 8.1 E-4 @25 <0.1 @20 2.8 E-7" 1.26 0

methane
Bis-(2-chloroisopropyl) 1.7 E3" 0.85 @20’ 1.1 E-4" 2.10 2 LB"

ether
2-Chloroethyl vinyl ether 6,000 @25 26.75 @20 2.5 E-7~ 1.28 2 Vf
4-Bromophenyl phenyl 4.8 @25" 1.5 E-3 @20a 1.0 E-4a 4.28 0 LS LB

ether
4-Chlorophenyl phenyl 3.3 @25 0.0027 @25 2.19 E-4 4.08 0 LS LBe

ether

Phthalate Esters
Bis (2-ethylhexyl) 0.4 @25 1.2 @200 3 E-7 5.3 1 LV S B

phthalate
Butyl benzyl phthalate 2.9 8.6 E-6 @20 8.3 E-6" 4.78 2 LV B
Diethyl phthalate 896 @25" 0.05 @70 1.2 E-6 2.96 2 LV B
Dimethyl phthalate 5,000 @20 <0.01 @20 2.15 E-6 1.87 2 LV B
Di-n-butyl phthalate 400 @25 0.1 @115 2.8 E-7 5.2 2 LV S B
Di-n-octyl phthalate 3 @25 <0.2 @150 1.7 E-5 9.2 1 LV HS B

Monocyclic Arornatics
Benzene 1,780 @20 95 @25 5.55 E-3 2.13 2 V LB
Chlorobenzene 488 @25 11.8 @25 3.93 E-3 2.84 2 V LB
Ethylbenzene 152 @20 10 @25.9 6.44 E-3 3.15 2 V~
ltexachlorobenzene 0.11 @24 1 @114.4 1.70 E-3 5.47 0 LV S LB



Nitrobenzene 1,900 @25 0.15 @20 2.38 E-5 1.85 2 LB

Toluene 515 @25 28 @25 5.92 E-3 2.69 2 Vs

1,2,4-Trichlorobenzene 19 @22 1 @38.4 1.42 E-3 3.98 1 V LS LB

1,2-Dichlorobenzene 145 @25 1.5 @25 1.94 E-3 3.38 1 V LB

1,3-Dichlorobenzene 123 @25 1.0 @12.1 2.63 E-3 3.38 1 V LB

1,4-Dichlorobenzene 79 @25 1.8 @30 2.72 E-3 3.39 1 V LB

2,4-Dinitrotoluene 270 @22 0.0013 @59 4.5 E-6 2.01 1 LB

2,6-Dinitrotoluene 270 @22 6 @150 7.9 E-6" 2.05 1 LB

Pesticides
Acrolein 2.08 E-5 @20 210 @20 5.66 E-5 -0.09 2 LV B

Aldrin 0.017 @25 2.3 E-5 @20 4.96 E-4 5.11 0 V S lib

BHC-alpha 1.63 @25 0.06 @40 NA 3.81 0 Bh

BHC-beta 0.70 @25 0.17 @40 NA 3.8 0 B~’

BHC-delta 21.3 @25 0.02 @20 NA 4.14 0 LS Bh

BHC-gamma 7 @20 9.4 E-6 @20 4.93 E-7 3.24 2 Bh

Endosulfan-alpha 0.32 @22 1 E-5 @25 1.0 E-5 3.55 0 V B

Endosulfan-beta 0.33 @22 1 E-5 @25 1.9 E-5 3.62 0 V B

Chlordane 0.0156 @25" 1 E-5 @25 4.79 E-5 2.78 0 V LB

Dieldrin 0.186 @20 1.8 E-7 @25 5.84 E-5 4.09 0 LS

Endosulfan sulfate 0.22 1 E-5 @25a 2.6 E-5 3.66 0 Bi



Environmental Characteristics of Priority Pollutants (continued)

Henry’s Constant Biochemical
Solubility Vapor Pressure (atm-m3/M log Kow Decay Parameters

Priority Pollutant (mg/l @°C) (mm Hg @°C) I@25°C]) (l/kg) Coefficient Affecting Kp

Endrin 0.26 @25 2 E-7 @25 4 E-7 5.6 0 S Bi

Endrin aldehyde 50 @25a 2.0 E-7 @25a 2 E-9 3.15 NA B~
Heptachlor 0.056 @25 3 E-4 @25 1.48 E-3 4.41 0 V LS LB
Heptachlor epoxide 0.35 @25 3 E-4 @25a 3.16 E-5 2.65 0 LBe
Isophorone 1.2 E-4 0.38 @20 5.75 E-6~ 1.7 2 f
p,p’-DDD 0.16 @24 1 E-7 @30 2.2 E-8 5.99 0 V S LB
p,p’-DDE 0.040 @20 6.5 E-6 @20 2.2 E-5 5.69 0 V S LB
p,p’-DDT 0.0031 @25 1.5 E-7 @20 3.89 E-5 6.19 0 V HS LB
Toxaphene 0.5 ~ 3 @25 0.2 --~ 0.4 @25 4.89 E-3 3..3 0.0161~ B~
2,3,7,8-Tetrachlorodibenzo- 1.93 E-5 7.4 E-10 @25 2.1 E-3 6.64 NA HS LB
p-dioxin (TCDD)

PCBs and Related Compounds
PCB-1016 0.049 @24 4 E-4 @25 1.35 E-2 4.38 0 V S B~’



PCB-1221 0.59 @24 6.7 E-3 @25 2.28 E-4 4.09 2 V S B~’

PCB-1232 1.45 4.06 E-4 @25 NA >4.54 2 V S Bk

PCB-1242 0.10 @24 4.06 E-4 @25 3.43 E-4 4.11 0 V S Bk

PCB-1248 0.054 4.94 E-4 @25 4.4 E-4 5.75 0 V S B~’

PCB-1254 0.057 @24 7.71 E-5 @25 8.37 E-3 6.03 0 V HS Bk

PCB-1260 0.080 @24 4.05 E-5 @25 3.36 E-4 >6.11 0 V HS B~

2-Chloronaphthalene 6.74 @25 0.017 @20 5.4 E-4a 4.12 2 V S Bk

Metals and Cyanide
Antimony IN 1 @886 NA NA V S Bt

Arsenic IN 1 @372 NA NA V S B"

Beryllium IN NA NA NA LV

Cadmium IN 1 @393 NA NA S

Chromium IN 1 @1616 NA NA LS

Copper IN 1 @1628 NA NA S LB"

Lead IN 1 @970 NA NA S LB°

Mercury 0.056 @25 1.2 E-3 @20 1.14 E-2 NA V S IT°

Nickel IN 1 @1800 NA NA HSq

Selenium NA NA NA NA V S Br



Environmental Characteristics of Priority Pollutants (continued)

Henry’s Constant Biochemical
Solubility Vapor Pressure (atm-m3/M log Ko~, Decay Parameters

Priority Pollutant (rag!! @°C) (mm Hg @°C) [@25°C]) (I/kg) Coefficient Affecting K~,

Silver IN 1 @1310 NA NA Ss
Thallium IN 1 @825 NA NA StZinc IN 1 @487 NA NA

Miscellaneous
Acrylonitrile 7.35 E4 @20 137 @30 8.8 E-5 -0.92 2 VAsbestos NA NA NA NA SBenzidene 400 @12 5 E-4a 3 E-7" 1.81 NA 6Cyanide NA NA NA NA HV LS HBv
N-Nitrosodi-n-propylamine 9900 @25 NA NA 1.31 0 LBN-Nitrosodimethylamine MISCIBLE 8 @25 NA -0.47 0.0451a         LB
N-Nitrosodidipherylamine 35 0.1 3.13 2.79 2 B1,2-Diphenylhydrazine 221 2.6 E-5 @25" 3.4 E-9 3.03 1
3,3°-Dichlorobenzidene 3.1 @25 1 E-5 @22" 8 E-7~ 3.51 NA

Key to Rate Summary: 0 = No significant degradation rale. 1 = 0.05 day-1 < k~ < 0.5 day-l; use 0.05 day-I. 2 = kn > 0.5 day-Z; use 0.5 day-1



Notes: Unless noted, data (except Kp data) obtained from U.S. EPA Risk Reduction Engineering Laboratory (RREL), Cincinnati, Ohio, Treatability
Database. Kt, data obtained from Michael A. Callahan et al., Water-related Environmental Fate of 129 Priority Pollutants. EPA-440/4-79-029, 1980. NA = Data
not available; IN = Insoluble; LV = little/somewhat volatile; V = moderately volalile; ttV = highly volatile; LS = little/somewhat sorbed; S = moderately
sorbcd; ttS= highly sorbcd; LB = little/slowly biodegradable; B = moderately biodegradable; HB = highly biodegradable.
"Data obtained from U.S. EPA, Processes, Coefficients, and Models for Simulating Toxic Organics and Heavy Metals in Surface Waters. EPA/600/3-R7/l|I 5.
June 1987.
t, No specific data on V nor B found in the literature.

~Biodegradation demonstrated in soil samples and acclimated sewage sludge, but uncertain in ambient surface waters.
dB = information inconclusive.
eV = unknown.
tB = unknown.
gS and B = importance not determined.
h v = unknown--information contradictory; B = varies with environment.
iV and S = no information.
JB = only in anaerobic sediments.
~ V = depressed by presence of organic solids; S = strongly adsorbed by solids, especially with high organic content; B = only important for those with fcwcr than
4 chlorines per molecule.
tBiomethylation may occur.
" Metabolized by a number of organisms to organic arsenicals having increased mobility.
"Some copper complexes may be metabolized. Organic ligands are important in sorption and complexation processes.
o Biomethylation in sediments can remobilize lead.

PSorption strongest onto organic materials. Can be metabolized by bacteria to methyl and dimethyl forms that are quite mobile.
q Most mobile of heavy metals.
¯ Volatilization via biomethylation or formation of H2Se. Hydrous metals strongly sorb Se. Metabolism may result in methylation with subsequent volatilization.
s Strongly sorbed by hydrous Mn and Fe oxides, clay minerals, and organics.

t Adsorbed to clay minerals and hydrous metal oxides.
"Strong affinity for hydrous metal oxides, clays, and organic matter. Sorbtion increases with pH.
~’At plt ~< 10, most free cyanide is llCN, which is quite volatile.
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accumulation function, 464-466 aerobic decomposition, 745-746,878
acid and methane fermentation in aerobic processes, 745

sediments, 746 aggradation, 243
acid-base reactions, 408 floodplain, 293
acidic surface waters, 204-208 agricultural and silvicultural pollution,
acidification of soil, 313 574--690
acidity, 41,802-806 sources, 681-689

rain, natural, 202 agricultural chemicals, 10
of urban precipitation, 480-481 agricultural conservation programs, 678

acid mine drainage, 40,208,803 agricultural diffuse pollution models,
acid rain, 102,185,202,578,803-804 540-546

areas sensitive to acidic precipitation, agricultural land use, 679
806                               Agricultural Nonpoint Source Pollution

biological impact on receiving water             Model (AGNPS), 540-541,546
bodies, 804 agricultural pollution, 6-7, 9, 29-34

buffering in urban areas, 481 agricultural production, 676
effect on drinking water, 211-215 Agricultural Research Service (ARS),
natural, 202 541
sulfuric acid formation, 210 Agricultural Runoff Model (ARM),
sulphate loading of lakes, 805 536,541

acid volatile sulfides (AVS), 357-358, agriculture
360,889 average farm size, 676

adsorbing compounds, for metals in soils commodity programs, 677-679
and sediments, 355 extent, 674-680

adsorption-desorption reactions, 410 intensive, 29
adsorption management, 674-690,712-715

of pollutants private land use, 77,679-680,725
incorporation in models, 530 sustainable, 3,680
in soils, 342-345,352-357 air pollution sources, 188
in wetlands, 882 air turbulence, 463-465

of viruses by soils, 378 aldrin, 6
advection, in groundwater zones, 398- in soils, 340

399 in urban runoff, 480
aeration for water quality improvement, algal biomass, 781,784

947-948 algal bloom, 53,787
in-lake aeration, 957-962 algal respiration, 747,766
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algicides, 340 Areal, Nonpoint Source Watershed
alkalinity, 805 Environmental Response
aliphatic hydrocarbons, 344,390 Simulation (ANSWERS) model,
alum, addition to lakes, 955-956 540,546
aluminum toxicity, due to acidic inputs, Areawide Stormwater Model

805                                                                     (ABMAC), 532,546
American Public Works Association,         arid lands, 26, 32

447 water quality, 808
ammonium, 760, 778 ARMA models, 166-170,546-550, 655

adsorption, 369-371,762 AROCHLOR. See polychlorinated
ammonification, 362,368 biphenyls
fixation, 364, 762 aromatic hydrocarbons, 345
release from sediments, 295 arsenic
unionized, 41 arsenides-mineral sources, 412
volatilization, 209,364,371,919 in natural base flow,. 407

animal waste management, 9, 48,703- in soils, 359
705 in surficial materials, 319

anoxic (anaerobic) decomposition, 746, in urban runoff, 42,477-479
878                                 source minerals, 412

antecedent soil moisture conditions. See      artificial wetlands, 866,889-917. See
SCS Runoff Curve model also constructed wetlands

anthracene, 642 asbestos, 41
antidegradation regulation and in urban runoff, 477-479

principle, 989 traffic emission, 456
apatites, 334 Aswan high dam, 14
appropriation water lqghts, 83 atmosphere-surface water body
aquaculture, 683 integrations, 198-202
aquatic ecosystem, 740-764 atmospheric contamination, by

biotic components, 741-742 chemicals from soils, 341
integrity of, 749-759 atmospheric deposition, 7, 10,444,451-

aquatic habitat, 4-5, 12 454,469,808
destruction, 5,927-928 control, 578
erosion effects on, 250 dry, 28-29,453,578
management, 963-965 mercury, 220
protection, 90 monitoring, 559
restoration, 927-929,940-946 pesticides, 227-231

aquatic life protection criteria, 839- sources, 187
843 wet, 28,453,578

aquatic plants atmospheric emissions, 28,189,195
management, 965-970 atmospheric nitrogen, impact on surfacesystems, 917-921 waters, 216aquatic weed control, 969 atmospheric particulates, deposition

aquifer, 172,177,413 rate of, 452
artesian (confined), 174 atmospheric pollution, by toxic
composition, 392-394 compounds, 217-231
mining, 178 atmospheric reaeration, 766,768
recharge coefficient, 768-769by infiltration from basins and atrazine, 230,340, 684

trenches, 600 attainable water use, 986by land application of wastewater, automatic samplers, 561
423 availability factor for washoff ofby using pervious pavement, 590 pollutants, 472by wetlands, 175,871

hydrological, 174-177
representation, 173 bacground (natural) water quality,
safe yield, 178 13-14, 32,806-810
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bank armoring techniques, 940 biotic integrity of water bodies,
base flow measures, 753-759,818

hydrologic definition, 103-105,172 biotransformation, 330
of urban streams 441 black list of toxic pollutants, 819
quality (natural), 406-416 buffering, of acid rain in urban areas,

bedload, 245,246,294 481
benthic macroinvertebrates, 758 buffer strips, 52, 94,602
benthos, 744,748 buffer zones, 601-602
benzene, in urban runoff, 478-479 buildup and washoff, 463-469,470-473,
benzoperylene, in urban runoff, 480 519-520,522,536-537
Best Available Technology Bureau of Land Management, 679

Economically Achievable
(BATEA), 81, 90

Best Management Practices cadmium
agricultural, 689-711 in natural base flow, 407
definition. 18 in precipitation, 453-454
efficiency of agricultural BMPs, 697- in soils, 359

711 in solids from urban areas, 448
hydrological, 109 in surficial materials, 319
reliability and longevity, 575 in urban runoff, 42,477-479
selection for agriculture, 692-693 source minerals, 412
urban, 573-575 Canaan Valley, 974

bioaccumulation, 4, 16,325,745,831- capillary soil water zone, 172
838 carbonate rocks, 394

bioaccumulation factor, 832-835 carbon/nitrogen ratio, effect on nitrogen
lipid normalized, 835-836 in soils, 369

bioavailability of toxic compounds, 325, catch basins, 602,612-613
828-829 cesium-137 use for soil loss estimates,

biochemical oxygen demand (BOD), 21 284-286
in CSOs, 499 channel erosion, 460
in dissolved balance of surface waters, control, 603-604

765-768 channel stabilization, 603-611
in feedlot runoff, 688 Chebotarev, Ignaovich, Souline
in landfill leachate, 430 sequence of groundwater quality,
in septic tank effluents, 418 411
in solids from urban areas, 448 check dams, 607
NURP studies, 492-493 chemical-based numerical criteria, 840-
removal in ponds, 627 843
removal in wetlands, 905-906 chemical oxygen demand (COD), 21
traffic emission, 456 in (2SOs, 499

bioengineering, 939-943 in feedlot runoff, 688
biological criteria, 759 in landfill leachate, 430
biological degradation, 330-332 in septic tank effluents, 418
biological treatment, 641 in solids from urban areas, 448
biomagnification, 745,831-838 NURP studies, 492-493
biomagnification factor, 832-835 removal in ponds, 627

food chain multiplier, 837 surface waters impairment, 736
mass blance model, 832-834 traffic emission, 456
predator-prey concentration ratio, chemical time bomb, 313,803

836 chemicals application control, 588
biomanipulation, 972 Chemicals, Runoff and Erosion from
biotic indices, 753-759 Agricultural Management

index of biotic integrity, 754-758 Systems (CREAMS) model, 268-
invertebrate community index, 758 269,540-541,546
rapid bioassessment protocol, 759 Chesapeake Bay, 46-48,783,886
saprobien index, 753-754 pesticide input from atmosphere, 230
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Chicago River. diversion of, 947 chemical oxygen demand in, 499
chlordane, 6 coliforms in, 36,476,499

in urban runoff, 478-480                   control of pollution, 89-90,577-602,
chlorinated hydrocarbons, from land               612-613,627-635

wastewater disposal systems, 422 control strategy, 651-654
chloroform, in urban runoff, 478-479 critical rainfall intensity for initiation
chlorophyll-a of, 39,498-499

in lakes, 784-790 dry period effects on loads, 482
relation to BOD, 783 first flush in, 499,629

chromium frequency and duration, 496-498
in natural base flow, 407 microorganisms in, 476,497-499
in precipitation, 453-454 nitrogen and phosphorus in, 36,499
in soils, 360 quality control basins, sizing, 618-619
in surficial materials, 319 sewer flushing, 613
in urban runoff, 42,477-479 storage facilities, 618
source minerals, 412 suspended solids, 36
surface waters impairment, 736 combined sewers, 7,496
traffic emission, 456 Commerce Clause of U.S. Constitution,

chrysene, in urban runoff, 478-479 77, 84, 88
clay, 395,396 Commodity Credit Corporation, 677

dispersion index, 290 complexation reactions, 410
clear-cutting, 686-687 computer aided design (CAD), 512,526
coastal wetlands, 864-865. See also tidal confined animal operations, 29, 34,683

marshes pollutant loads, 688
Coastal Zone Management Act, 91 management, 703-705
coefficients Conservation Reserve programs, 93

atmospheric reaeration, 768-769 conservation tillage, 9, 94,691-697
deoxygenation, 768 constructed wetlands, 866,889-917
dispersion, 403 basic flow patterns, 902
Manning’s, 154-155 components, 901
partitioning, 339,356-357,359,361, configuration, 901

404,829-830 design parameters, 894-909
octanol, 326,342-345,404-405, loading, 901-902

642-647,830,835,850,912 pollutant removals, 902-907
permeability (hydraulic conductivity), problems, 917

396 retention, time, 899-900
removal, for street pollutants, 463- subsurface flow, 891-893

464 types, 891-894
runoff, 440-441 construction site erosion, 29,248,483

for Rational Formula, 146-148 USLE estimates, 262,264
tidal dispersion, 776-777 consumers (organisms), 745
urban washoff, 472 continuous models, 513,517,532-536,
variation, 487 562

collection system control, 602-616 copper
coliforms, 8 from NURP studies, 492-493

in CSOs, 36,476,499 in landfill leachate, 427
in soils, 376 in natural base flow, 407
in treatment plant effluent, 36 in precipitation, 453
in urban runoff, 36,476 in soils, 360
surface water impairment, 736 in surficial materials, 319

combined sewer overflows (CSO), 3, in urban runoff, 42,477-489
37-40, 50,440,495-500 source minerals, 412

bottlenecks in CSO control, 650 traffic emission, 456
characterization of quality, 36,496- coprecipitation, 328

500 corrosive waters, 212
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cost sharing, 728 in streams, 293-294

cribwall, for stream bank stabilization, overland flow effects, 274-275
942 denitrification, 367-368,421,542,760-

criteria and standards, 14-16,839- 848 764,871,882
acceptable risk level for human health denudation, 238

protection, 845 deoxygenation coefficient, 768

acute toxicity, 823 deposits (geological), 392-394
based on equity imperative, 80-81 designated use, 16,985-987
biological, 759 design storm, 129-131
chronic toxicity, 823 detention-retention facilities, 616-637
effluent, 96, 81 ponds, 621
groundwater quality, 391 - 392 deterministic models, 509- 547
human health protection, 843-848 diazinon, in urban runoff, 480
performance, 96 di-benzo-thiopene, 642

permissible exceedence, 841 dieldrin, 340,478-480
sediment, 848-852 diffuse pollution, 18
site specific, 759 abatement
whole effluent toxicity, 843 strategy of, 1007-1008

cumulative probability distribution, targeting, 996-998, 1002
485-486,489 programs

curb-side pollutant loads, 461-470 financing, 993-1002
curb voluntary, 7, 48,726

height, effect on accumulation of urban
street solids, 467-468 magnitude of, 443-445

length density, relation to winters, 459-460
imperviousness, 446 diffuse sources, definition, 21

loading of pollutants 448 discharge permits, marketable or
cyanides, 41 transferable, 75,999, 1001

in street salt, 460 disinfection, 641
in urban runoff, 42,477 dispersion

coefficient of, 403
Darcy’s law, 395 of groundwater contaminants, 398-
data sources and retrieval, 557-558 403
DDT dissolution-precipitation equilibria, in

in atmospheric deposition, 229 groundwater, 409
in soil environment, 340 dissolved oxygen
in urban runoff, 480 balance of estuaries, 776-777
levels in organisms, 831 balance of streams, 747,765-776
residence in atmosphere, 232 dystrophic conditions, 947

deaeration, 743 effect of nutrients, 777
deamination, 760 in Milwaukee River, 51
decomposers, 745 fluctuations in eutrophic water bodies,
deep well injection of wastewater, 388 785
deforestation, 10-11,23, 26-28,246- problem, 764-783

247 standard, 764-765
degradation, 243-244,293 Streeter-Phelps models, 766-769,
deicing 802

chemicals, 459,469 WASP model, 802
operations, 126,459,469 drainage, 54
salts, 588 and irrigation districts, 1004

impact on groundwater resources, natural (swale), 35
388-389 systems, 576,577

delivery ratio, 239,270-271,521,544, dry weather flow, 3,166
577,603 dry (french) wells, 593,601

for lead, 361 duckweed, 868-869,919-920
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dustfall, 454,469 land use impact, 247
dystrophic conditions, 947 of cohesive sediments, 299-304

of topsoil, 684
Earth Day, 9 rill and interrill, 240
ecological balance, 23 silvicultural, 248
ecological engineering, 868 streambank, 241,249
ecological system, 22-23 strip mines, 249
ecologic cycle, 1013 topographical factors, 253
economic externality, 995 upland, 153
economic incentives and instruments, urban, 248

75, 78,724,993-1002, 1014 wind, 243
benefits-received approach, 997-1000 erosion blankets, 701
polluter pays principle, 994-996, 1004 estuaries, longitudinal mixing and

ecoregions, 751-753,809,987 dispersion in, 776
ecosystem, 740-741 ethers, 643

management, 928-929 euphoitic layer, 743-744
effluent-limited water bodies, 441, 1000 eutrophication, 30, 53,361,741
Emscher River, 60-62,933 lake and reservoir, 783-796
enrichment ratio, 246,286-292 modeling, 798-802

for urban snowmelt, 474 symptoms of, 785-786
pesticides, 349 evaporation and evapotranspiration,
soil organic matter, 322 120-126
soil phosphorus in runoff, 338 pan, 121

enrichment to delivery relation, 289, potential, 124
290,291,292 Evaporation Index method, 124-125

environmental abatement objectives, 74event mean concentration (EMC), 488,
environmental corridors, 601-602. See 855

also buffer zones mean values for pollutant load
environmental degradation, 11 estimates, 493
environmental laws, 72, 85-96,725 of urban runoff, 466,477,484-485

judicial, 96 event-oriented models, 513,517,531-
state, 95 536,562
statutory, 86-96 expected value, definition, 487

environmental policies, 74-80, 94 expert systems, 535
compromises, 76 externality, definition, 73
imperatives, 77-80

environmental political parties, 76 fascines, for stream bank stabilization,
ephemeral gullies, 545 941
ephemeral streams, 104,175,387,441 fecal coliform die-off in soils, 376-377
equation of continuity, 796 fecal coliforms/fecal streptococci ratio,
equation of motion, 797 477
equilibrium curb loads, 466 feedlots. See confined animal operations
equity imperative, 78, 80-81 fertilizers, 32
erodibility, 239 application
erosion, 237-244 impact on groundwater, 388

agricultural, 248 in urban areas, 442
construction site erosion, 262 organic, 322
control, 8, 94,686 rates, 312,361-362
critical shear stress, 299-300 management, 9
definition, 238-244 Fick’s law, 330
deforestation, 26 field capacity soil moisture, 111
effect of land use on, 248 filters, 639,710
effect of vegetation, 243 filter strips, 589,593-598,603,706-707
gully, 241 critical distance, 593-595
highway, 248 designs, 594-598
in urban areas, 442,444,460 model of trap efficiency, 595-598
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use for pretreatment, 600 geographical information systems (GIS),
vegetation, 589,593-598 507,512,526-528

first flush grab samples, 560
control, 629,642 grass carp, 967
effect, 482,484 grassed waterways, 603-611

in urban snowmelt, 474 design velocities, 607
in CSOs, 499,629 Manning’s roughness factor, 609
retention, 632-635 vegetative cover, 608
sediment flow, 283 grass strips. See filter strips

fish community assessment method, 755. gravity soil water storage, 111
See also biotic indices gray list of toxic pollutants, 819

fish consumption, 844 Great Lakes, 4, 8
fish kills, 58,764,803,818,958 pesticide inputs, 230
fish ponds, 55 sources of PCBs, 352
flexible membrane diffusers, for oxygen studies, 6

injection, 961 Water Quality Agreement, 7
flood control, 144,869 Green-Ampt infiltration equation, 542
flooding potential, 441 Green function, in stochastic models,
Florida Water Management Districts, 549

1005-1006 greenhouse effect, 10, 26
flow groundwater

components, 102 cleanup, 390-391
dividers, 496-497,629 contamination, 32,388-390,392
for waste assimilative capacity control of landfill leachate, 431-432

determination, 855 discharge, 387,394,406
measurement and devices, 559-560 dispersion, 398-403
sediment-carrying capacity of, 276 dissolution-precipitation equilibria

flow-weighted composite sample, 484, in, 409
560- 562 flow, retardation of pollutants in,

fluidsep (vortex) separator, 614 404-405
fluoranthene, in urban runoff, 480 hardness, 409
fluorocarbons, 10 hydrological balance, 177-178
food chain multiplier, 837 mining of, 103
Food, Agriculture, Conservation and models, 179,432-435

Trade Act, 678, 1008 movement, 171,392-406,433
Food Security Act, 93 natural, 406-416
food web, 744 water quality, processes, 408-411
forest land, 683 pollution, 104,312
forests, water quality, 808 by soil nitrogen, 362
frequency and probability distribution by land wastewater disposal

functions, 485-486                        systems, 422
Freundlich adsorption isotherm, 327,            by leaching of chemicals from soils,

370 341
fugitive dust emission, 453 by solid-waste disposal sites, 429-
fugitive particulate losses from streets, 432

464                                   sources, 389,415-432
functional dose !conce.n.tration),               quality

response ~n toxicity tests, 822, models, 432-435
827-828 natural (background), sources of,

fungicides, 340 411-415
recharge, 387,394

gabions, 611,701,789 retardation of pollutants, 404-405
galena, 412. See also lead minerals safe yield, 387,394
Gaussian normal distribution, 486 soil water zones, 172-173
Gelhar- Wilson groundwater model, systems, 171-179

433-435 zones, fate of chemicals in, 392
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Groundwater Loading Effects of hydromulching, 586,701
Agricultural Management hydroseeding, 586-587
Systems (GLEAMS) model, 542, hypolimnetic aeration, 960-961
546 hypolimnetic oxygen depletion, 791,

958
halogenated aliphatics

in groundwater, 419 Illinois Urban Drainage Area Simulator
in urban runoff, 478-479 (ILLUDAS), 533

hazardous lands, 522 impaired water bodies, 1002-1003
hazardous waste, disposal sites, 430 impervious area, directly connected,
helical bend regulator/concentrator, 615 141-142,464,592-593
Henry’s constant, 329 imperviousness, 440
fieptachlor, 340 impervious urban surfaces, pollutant
herbicides, for weed control of loads, 519-521

impoundments, 969 impoundments
highway drainage model, 535,539 harvesting of weeds in, 967-968
human cancer criteria, urban runoff water-level drawdown, of, 966

violations of, 480 Indian water rights, 85
human health protection criteria, 843- infiltration, 109-121,589,598-602

848 control, 119
acceptable risk, 845 estimating, vegetation factor for,

humic acids, 407,410 114
hydraulic conductivity, 109-110,396- Green-Ampt equation, 118

397 Holtan formula, 113-115
coefficient, 396 Horton formula, 113
of frozen soils, 120 into frozen soils, 119-120
of pervious pavements, 590 of rooftop runoff, 601

hydrogen sulfide, 887 on site, 63
hydrograph, 163-165,284 Philip’s model, 116-118
hydrologic activity, 35 problems with appropriation water
hydrologically active areas, 142,525 rights, 85
hydrological models, 165,527-546 rates, 110-120

agricultural (rural) diffuse pollution, wetlands, 897
540--546 infiltration basins, 593,600

calibration and verification, 142,535, infiltration devices, 598-602
554-556 design parameters, 601

classification, 510 into sewers, 632
components, 529 maintenance, 601
continuous, 513 rapid infiltration systems, 421-422
deterministic, 509-546 vegetation factor, 114
distributed parameter, 509-512,540 infiltration trench, 599-600
erosion and soil loss, 252-270 inland wetlands, 865-869
event oriented, 513,517 institutions, 9,982-983, 1002-1008
lumped parameter, 508-512,540- in-stream aeration, 947-948

541 in-stream water quality enhancement,
reliability and usefulness, 513-516 983
SCS runoff curve model, 521 integrated aquatic restoration, 972-974
selection, 516-519 integrated pest management, in
single reservoir, 513 agriculture, 697
use of models, 515-516 Integrated Risk Information System
watershed models, 526 (IRIS), 848

hydrological procedures, 507 integrated water quality management,
hydrologic cycle, 101-103 16, 79,750, 807,982,989, 1004
Hydrologic Simulation Program-- intensity-duration models for rainfall,

FORTRAN (HSP-F) model, 130-131
536-539,546 interbasin water transfer, 83
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interflow, 171,317 land use, 25-41
invertebrates, 748 effects
ion-exchange reactions, 410 on erosion and sediment loads,
irreversible impact doctrine, 78 248-249
irrigated cropland, 9, 34,424-425,682 on event mean concentrations, 491
irrigation return flow, 34, 53, 85,682, on urban diffuse loads, 439-451

684,709, 1015 Langmuir adsorption isotherm, 327,

impact on groundwater resources, 335,339
388-389,424-429 leaching

irrigation water management, 709 requirement and ratio, 427-428
isopluvial map, 130 septic tanks, 418,444

lead
karst, 394 emissions, global, 218
kinematic wave model, 152,156,536 from traffic, 218,456

health effects, 220
lacustrine wetlands, 866 ~n atmospheric deposition, 217-220
Lagoon of Venice, 52-57,861 ~n CSOs, 36,499
lagoons, 641,702-705 ~n groundater, 213,407
Lake Balaton, 57-59,784 ~n landfill leachate, 427
Lake Erie, 4 ~n natural base flow, 407
lake (impoundment) restoration, 949- ~n NURP studies, 491-493

972 ~n potable water, 213
addition of chemicals, 954-955 ~n precipitation, 453-454
aeration, 956-962 ~n soils, 360
artificial circulation, 959-960 ,_n solids from urban areas, 448
control of toxic contamination, 954- ~n surficial materials, 319

955 in urban runoff, 36-37, 42,477-479
deep water aeration, 954 m treatment plant effluents, 36
destratification, 959-961 surface waters impairment, 736
dilution and flushing, 956 lead minerals, 412
exotic plant and animalcontrol, 952 legal doctrines, 77-80, 96
in-lake treatment, 952 ligands, 326,353-357,645,880
liming acidic lakes, 962-963 limestone, 394-396
sediment removal and control, 956 addition to lakes, 962
spawning habitat management, 963- addition to watersheds, 963

965 liming acidic lakes, 962-963
techniques, 951- 954 lindane, 41
water level management, 870 in soils, 340
watershed management, 952-953 in urban runoff, 478-480
water withdrawal from hypolimnion, linear isotherm, 328

956 linear particle accumulation process,
lakes 463,469

chemical treatment of, 955-956 linear particle removal concept, 471-
injection of liquid oxygen into, 961 472
with low dissolved oxygen, 957 linear watershed models, 150

land application link-node representation, for water
of sludge, 423 quality models, 798-799
of water and wastewater litter control programs, 578-579

impact on groundwater, 419-424 loading function and models, 317-319,
problems and restrictions, 422-423 373,508,522-524

land cover factor (C), 586 log-drop structures, for stream
land drainage, 6 restoration, 945
landfills, 429-432 log-normal probability distribution,

impact on groundwater resources, 484-487,491,563
388-389,429-432 Love Canal incident, 389

teachate management, 430,431-432 low-flow augmentation, 946

R0024011



1044 Index

malaria control, 5 in septic tank effluent, 418
malathion, in urban runoff, 480 in soils, 374-378
mangrove wetland, 865 in street refuse, 448
manhole, modification for increased in urban runoff 476

infiltration, 599 Milwaukee River, 50-52,974,982
Manning’s formula, 278,608-609 Minamata mercury poisoning, 76, 358
Manning’s coefficient, 154-155 mineral loads, in base flow, 413

for grassed waterways, 609 minerals, dissolution of, 410
for ripraps, 612 mining nonpoint pollution, 40

median, definition, 487 mixing layer, 323
melting point, 129 Model Enhanced Unit Loads (MEUL),

of saline snowmelt, 473 522-523
mercury modeling, black box concepts, 50

agriculture, 221 Model of Urban Runoff and Sewer Flow
atmospheric deposition, 220 (MOURSEF), 532-533,539
environmental effects, 226 models, 507-546. See also hydrological
exposure limits, 223-225 models
human exposure, 221-226 accuracy and reliability of, 513-516
in drinking water, 224 agricultural, 540-546
in soils, 361 application of, 515-516
intake limits, 224 calibration and verification, 535,554-
lowest observed effects on humans, 556

226 continuous, 513,517,532-536,562methyl mercury, 223 conventional pollutants and nutrients,
occupational exposure, 224 796--802 "
pathways in human uptake, 222 deterministic, 509-547
poisoning, Minamata, 76,358 EPA computerized loading
residence time, 221 procedures, 321
soil contamination, 227 event-oriented, 513,517,531-536,
sources, 220 562
toxic effects, 226 groundwater, 432-435

Merrimack River, 973 highway drainage, 535,539
metals. See also toxic metals infiltration, 113-118activity in soils and sediments, 352- kinematic wave, 152,156,536353 linear watershed, 150chemical equilibria in soils and neural network, 550, 656

sediments, 356 rainfall, intensity-duration, 130-131complexation, 353 regional regression, 524-525
coprecipitation, 353 screening, 522-528interaction between solid and selection of, 516-519

dissolved species, 354 statistical routines and screening, 509,methylation, 358-359, 361 517-528
methane evolution, from sediments, steady state, 796

736,748 stochastic, 166,540-550
effect on BOD, 738 surface and groundwater, 507-546

methanogenesis, in sediments, 736 toxic chemicals, 852-857,910-914methylene chloride, in urban runoff, toxicity, 827478-479 types, 508-513
Michaelis-Menton equation, 331,779 urban runoff, 471,531-540microorganisms. See also pathogenic urban washoff, 472m~croorganisms water quality, 766autotrophic, 330 link-node representation, 798-799chemotropic, 364 models, otherfrom agriculture, 684 Areal Nonpoint Source Watershedin CSOs, 476, 497-499 Environmental Responsein nitrogen cycle, 362-364, 366-367

Simulation, 540,546
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Areawide Stormwater, 532,546 National Pollution Discharge
ARMA, 166-170,546-550,655 Elimination System (NPDES),
Chemicals, Runoff and Erosion from 37, 87-90, 92,839,994, 1005

Agricultural Management Nationwide Urban Runoff Project
Systems, 268-269,540-541,546 (NURP), 7, 41,444,446,451,

Gelhar-Wilson groundwater, 433- 476-480,484,491-495,557,574,
435                                     585,738-739

Model of Urban Runoff and Sewer         natural flow, 103
Flow, 532-533,539 Negev erosion model, 269

Monte Carlo, 547,855-856 nekton, 748
Negev erosion, 269 neural network models, 550,656
Nonpoint Simulator, 536 nickel
Pesticide Root Zone, 543,546 in natural base flow, 407
Pesticide Runoff Simulator, 542 in precipitation, 453-454
Real Time Control, of sewerage, 655- in roof runoff, 480

656 in surficial materials, 319
SCS Runoff Curve, 134-141,158- in urban runoff, 42,477-479

163,521,532,541-543 source minerals, 412
Simulator for Water Resources in traffic emission, 456

Rural Basins (SWRRB), 542,546 Nile River, 14
Stanford Watershed, 107,127,536 nitrate, 418,427
Storage-Treatment-Overflow Runoff, natural content of groundwater, 412-

532,539 413
STORM, 463 pollution, 31-32,362
Stormwater Management (SWMM), contamination of groundwater, 388,

463,533-534,539 412-413
Streeter-Phelps, 766-769,802 in Long Island, NY, 418
TVA base flow quality, 413-417 of Central Europe, 388
TVA-HYSIM, 532 nitrification, 363,542,741,760-764,
Unit Hydrograph, 148-156 766,778-779
USGS Distribute Routing Rainfall clean-up of nitrate pollution of

Runoff, 535 groundwater, 391
Vollenweider’s for lakes, 789-793 in aquaculture ponds, 919
WASP, 798-802,854-855 in land application systems, 421
WASSP-QUAL sewer flow, 533,538- in soils, 365-367

539 reaction rate, 779
monitoring and data acquisition, 556- simultaneous with denitrification in

564 sediment-water interface,
flow, 556-560 763-764,770
quality, 560-562 wetlands, 871,882

monitoring station, 558-561 nitrogen, 21
Monte Carlo models, 547,855-856 enrichment in overland flow, 291
mosquito control, 5,862,897,917 fixation, 362-363
Mount St. Helen, eruption of, 807 forms in waters, 760-762
mulching and protective covers, 586- from agriculture, 682

587,701 immobilization, 369
in atmospheric deposition, 215-217

naphthalene, 642 in CSOs, 36,499
National Estuary Program, 88 ~n feedlot runoff, 34,688
National Hydrologic Benchmark Water m landfill leachate, 427

Quality Monitoring Network, 807 m precipitation, 453
National Nonpoint Pollution Control ¯ m soils, 361-374

Program, 10 ~n solids from urban areas, 448
National Oceanic and Atmospheric ~n urban runoff, 36

Administration (NOAA), 91, limiting nutrient, 742
121,556 loads to Lagoon of Venice, 56
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nitrogen (cont.) in wetlands, 876- 878
NURP studies, 491-493 transformation of, 745
removal in land disposal systems, 421 Organization for Economic Cooperation
removal in ponds, 627 and Development (OECD), 79
removal in wetlands, 882-885 Outstanding National Resource Waters
selection of BMPs for control, 692- (ONRW), 987, 1003-1004

693 overflow frequency to unit storage
sources, 361-362 volume relationship, 619-620
surface waters impairment, 736 overflow rate, 624,789
traffic emission, 456 overland flow

nitrogen cycle, 362-363,761 routing, 144-171,536
nitrogen oxide emissions, 189 sediment transport capacity of, 275-
nitrogen to phosphorus ratio, 742,792 280
Nitrosomonas and Nitrobacter, 741,762, treatment and disposal systems, 421

778 oxidation ponds, 641
nonpoint pollution loads, suburban, 483 oxygen. See also dissolved oxygen
Nonpoint Simulator Model (NPS), 536 depletion in lakes, 957
nonpoint sources, definition, 20-21 injection to lakes, 961
North Avenue Dam, Milwaukee, 949- sinks and sources in surface waters,

950                                      766
NPDES Stormwater Permit Program,          supersaturation by photosynthetic

92,483,563 action, 743
nutrient control, 59 ozone depletion, 10

agricultural management, 698
in lakes, 954-956 Pareto optimality, 73
transformation and removal in Parshall flume, 559

wetlands, 881-887,906-908 particulate organic carbon, 643-644
nutrient loading of lakes, 789-793 partitioning, of chemicals and metals,
nutrient loads, 56, 61 325-332,829-831,910-914
nutrient losses, 30 partitioning coefficient, 326,339, 342-
nutrients 345,356-357,359,361,404,

allochthonous and autochthonous, 829-830,912. See also octanol
787 partitioning coefficient

Chesapeake Bay, 46 pasture, 29-32, 663,686
effect on dissolved oxygen balance, management, 710

777 pathogenic microorganisms, 8
impact on surface waters, 738-739 control in agriculture, 693
limiting, 741 in CSOs, 497-499

in soils, 375-378
octanol partitioning coefficient, 326, in urban runoff and CSOs, 476-477

342-345,404-405,642-647,830, pavement conditions, impact on
835,850, 912 pollutant loads, 456

Officeof Underground Storage tanks         pentachlorophenol, in urban runoff,
(U.S. EPA), 419                                                    478-479

oil, surface water impairment, 736 perched water table, 397
on-site analyses and monitoring, 560- perennial streams, 104,175,387

561 permeability, 109-110,554
organic chemicals coefficient of (hydraulic conductivity),

control by wetlands, 909-917 396
in soils, 339-352 of animal feedlots, 688
mobility in soils and sediments, 341- of geological materials, 395-396

347 relation to soil texture, 110
volatile, emissions, 189 pervious (porous) pavements, 589-592

organic matter, 316 benefits, 590
production connected, decreasing, 592

in surface water bodies, 742 construction cost, 592
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drainage requirements, 590 in soils, 334-339
groundwater contamination potential, in street salt, 460

592 in urban runoff, 36
hydraulic conductivity, 590 limiting nutrient, 742
installation, 591 mobility in soil, 336
load bearing strength, 590 natural base flow, 407
longevity, 592 NURP studies, 491-493
urban, control of, 586-589 release from sediments, 295

peryphyton, 748 removal in aquaculture systems, 920
Pesticide Root Zone Model (PRZM), selection of agricultural BMPs, 692-

543,546                       693
Pesticide Runoff Simulator (PRS)             solubility in soil water, 336

model, 542 surface water impairment, 736
pesticides, 41,345-347 traffic emission, 456

adsorption, 326-330 photosynthesis, 741-745
application rate, 312 phthalate esters, in urban runoff, 478-
atmospheric deposition, 227-231 479
chemical breakdown in soils, 348 phytoplankton, 741- 745
concentration in precipitation, 229 piezometric pressure, 173
contamination of groundwater, 388- plankton, 748

390 plant available soil water capacity, 111
control in agriculture, 694 plant systems, floating, 918-921
cycle, 226 plant uptake of chemicals and nutrients,
enrichment in overland flow, 291 332
from agriculture, 32-33 point sources, 34
inputs to Chesapeake Bay, 230 definition, 18-22
inputs to Great Lakes, 230 control, 87
inputs to wetlands, 230 impact on stream ecology, 927
losses from soils, 348 pollutants. See also adsorption, of
microbial metabolism, 348 pollutants; nitrate pollution;
persistence in soils, 347 priority pollutants
photodecomposition, 346 accumulation, near curb, 447,461-
residence in atmosphere, 231 470
source of pollution by urban runoff, analyses, 562

478 atmospheric transport of, global, 196-wet deposition, 227 200
washoff, 227 black list of, 819

pH carcinogenic, 4, 41-42,345,818-819
effect on ammonia volatilization, 371 conservative, 317
effect on nitrification, 365 curb loading of, 448
effect on precipitation of metals, 357 delivery of, 145,371,602-616
of landfill leachate, 427 gray list of, 819
of rainfall half-life of, 334

in North America, 203 highway loads of, 457,479
worldwide, 205-206 in precipitation, 452

of urban snowmelt, 474 in soils
phenanthrene, in urban runoff, 478-479 mobility of, 324
phosphorus, 21 pathways of, 317-318

control, 50 loads from urban areas, 442-443
lake restoration, 955-956 mass balance equation, 797,802,852,
removal in ponds, 627 919-911
removal in wetlands, 886 overland transport of, 317

enrichment in overland flow, 291 removal of, 627,638from agriculture, 682 by precipitation (washoff), 470-473in CSOs, 36,499 by snowmelt in urban areas, 473-in feedlot runoff, 688 476
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pollutants (cont.) potency factors, 318
sorption of, in solids and sediments, removal efficiency, 622,627

332-333 sizing and dimensions, 628
unit loads of, 507,519-522 potency factors, 449,521-523
washoff, availability factor, 472 Potomac Eutrophication Model. See
wet deposition of, 200-217 WASP water quality model
winter accumulation of, 469-470 prairies, 29

polluter pays principle, 79,994-996, streams, water quality, 808
1004. See also economic precipitation
incentives and instruments composition of, 200-217

pollution. See also groundwater pollutant content, 452
pollution; toxic pollution reactions in soils and sediments, 325-

agricultural, 6-7, 9, 29-34 332
abatement, uniformity in, 996 runoff relationship, 102-106
air, sources, 188 priority pollutants, 8, 41-46
atmospheric, by toxic compounds, in urban runoff, 477-480

217-231. See also atmospheric removal bv Best Management
pollution Practices, 642-647

atmospheric transport of, global, 196- Priority Watershed Program, 996
200 probability of exceedence, 485-486

definition, 11 probability paper, 486-487
diffuse, 18. See also diffuse pollution producers, 741
economic and social causes of, 70-74 productivity, 741,748,780-785,878-
in urban areas, annual variations, 879

470 profundal zone, 744
loads, 39, 64, 80,482-483 pump and baffle aeration of lakes, 958-
manure, hazard from disposal of, 689 959
market impacts on, 75-76 pyrene, 642-643
on impervious surfaces, 461-470 in urban runoff, 478-480prevention, 80
removal efficiencies in models, 525
sediment, 23,250,294,479 radar, use in Real Time Control ofPollution from Land Use Activities urban sewerage, 553Reference Group (PLUARG), rain gauges, 559

740 rainfall, excess, 103,129-142polychlorinated biphenyls (PCB), 4, 37, estimation, 52143-46 from impervious areas, 141-142
biodegradability in soils and from pervious areas, 131-141

sediments, 352 hydrologically active areas, 142. 525distribution, 44-45,642 rainfall intensity "
properties, 44-45 critical for initiation of CSO, 498-fish contamination, 46 499polycyclic aromatic hydrocarbons design storm, 129-131

(PAHs), 37, 41,586,642 duration curves, 130-131in atmospheric deposition, 229 rainfall runoff transformation process,
in soils, 340-341 106-107in urban runoff, 478-479 excess rain, 129-142ponds, 620-629

initial subtraction, 108agricultural, 702 overland routing, 144-171dual use for quality and flood control, peak runoff by SCS method, 160629                                schematics, 105
enhanced high efficiency wet pond         range land, 29, 32,683,686

system, 623 management, 710hydraulic detention time, 628 rapid infiltration wastewater disposalpond-wetland system for urban runoff
system, 421-422

pollution control, 893 rational formula, 145-148,532
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Real Time Control (RTC) of urban Sartor et al. equation for washoff, 472-
sewerage, 552-554,649-659 473

bottleneck control, 650 screening, 616,639
components of, 654-655 models, 522-528
existing systems, 656-658 SCS hydrologic soil groups, 109
models, 655-656 SCS Runoff Curve model, 134-141,
strategy, 651-654 158-163,521,532,541-543

receiving water criteria, 80 SCS soil maps, 109,315
redox reactions, 410 SCS soil texture classification, 289
reference water bodies, 753-756,810, SCS unit hydrograph, effluent of

987 imperviousness, 160-161
regional regression models, 524-525 secchi disc, 788
regulated waters, definition, 89 section 208 studies, 87,522,557
regulation, 72-79,729,995 section 319 plans, 88, 92

wetland, 897 sediment barriers and silt fences, 611-
regulators and concentrators, 613-616 612
removal coefficient, for street sediment control basins, 620

pollutants, 463- 464 design, 624- 626
reservoir construction parameters, 970- dredging and removal of

972 contaminated sediments, 91,954,
riparian buffer zones, 84, 9z}, 708,869 966
riparian owners, 84 ideal settling basin, 625
riparian water rights doctrine, 82-84, sediment delivery, 239,249,270-286,

947 521,544,577,603
riparian wetlands, 84,869,904 effect of drainage, 282-283
ripraps, 611,709 estimated by cesium, 137,284-286
river impoundments, removal of, 948- factors affecting delivery, 272-282

949 overland flow effects, 274-275
riverine wetlands, 866 sediment flow, discharge relationship,
river restoration, 61 rating curve for, 252,282
roadside swales, 603-607 sediment loads, from urban areas, 449
rock-reed microbial filter, 710 sediment oxygen demand (SOD), 747,
roof runoff contamination, 480 764,766,769-772
runoff, 476. See also urban runoff in situ measured, 772

and pollutant routing, 530 remediation, 948-949
enrichment of sediment particle sizes, 145

by clays, 286-292 sediments
by nitrogen, 371 acid and methane formation in, 746
by soil organic matter, 322 bedload and washload, 769
by soil pollutants, 317 cohesive, 245-246,275
variations, 291 affinity to adsorb pollutants, 295

surface, 1.29-142 aggregation, 297
runoff coefficient, 440-441 physical rates of transport, 295-304

for Rational Formula, 146-148 contaminated, dredging and removal
runoff pollution, generation process in of, 53,954

urban areas, 461-476 control in agriculture, 692
Rural Clean Water Program (RCWP), 9 criteria, 848-852

deposition of, 293-294
diagenesis and methanogenesis, 746,

Salmonella, in urban runoff, 476 770-771
salt, 427,459 effects on toxicity and bioavailability,
samples, 560-563 251
sand, sandstone, 394-396 inert or refractory fraction, 746
sand filter, 639 loss from feedlots, 34
sanitary landfills, leaching, 483 methane evolution from, 736, 748
saprobien biotic index, 753 noncohesive, 245,275
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sediments (cont.) slow rate land application systems oforganic-rich, 295
waste, 419-420pickup and transport by runoff, 471

snow enrichment by pollution, 126pollution, 23,250,294, 479
snowmelt, 126-129rating curve, 251

degree-day formula, 126sorption of pollutant, 245
enrichment of, 291,474-476sediment toxic unit, 828,849
runoff 126,460sediment transport
winter rates, 473capacity of overland flow, 275-280

snow removal, 469cohesive sediments, 295-304
to increase light penetration intocritical tractive force for, 278

lakes, 962hysteric loops in, 284
in streams, 292-304 Soil Conservation Service (SCS), 93,

521,558overland, 270-292
soil loss, 6Shields diagram for, 278

measured by cesium-137,284-286storage of transported sediment in
urban, 35streams, 293 soil map, 109,315sediment traps, 606

soil particles, specific surface of, 287sediment-water interface soil profile, 314-316carbon and nutrient cycles in, 747
soilsprocesses, 747,764, 802,879

acidification, 313sediment yield, 239,247,251-253
chemical stabilization of, 586sedimentary rocks, 394

sedimentation, 251,301-304 classification, 109-110
selenium, 94,319 conservation, 8-9

contamination, 4,313,317-319,323-septic systems, leaking into storm
334sewers, 483 detatchment of organic matter, 322septic tanks, 415-418

failures, 35 moisture characteristics, 111¯ moisture distribution duringImpact on groundwater resources,
infiltration, 112388-389,415-418

permeability, 396sources of nitrogen pollution, 365
porosity, 395settling, 297, 302

settling velocity, 297,299 sorptivity, 117-118
water storage, 111of individual particles, 595,624

soil texture, 109,253particles associated with urban runoff,
soil water zone, 172-173627

phosphorus in lakes, 789 spawning habitat management in lakes,
sewerage agencies, 1004 963-965

surface runoff, 129-142sewers. See also storm sewers
combined, 37. See also combined standard deviation, definition, 487

sewer overflows standards, 14-16. See also criteria and
flushing of, 613 standards
separated, 37, 62 technology-based, 81
solids, 444,481-483 Stanford Watershed Model, 107, 127,

control, 579 536
effect on CSO loads, 499 statistical routines and screening

models, 509,517-528Shakiji River, 62-64
statutory water use, 986sheet and rill erosion, 460
steady-state models, 796Shields diagram for sediment transport,
stochastic (ARMA) models, 540-550278

Shirako River, 62-64 Stokes law for settling, 297,595,624
s!lvicu.lture, 686-688 storage, 575. See also surface storage;
slmazme, 230 underground storage tanks

depression, 106,442Simulator for Water Resources in Rural
hydrological, 106,589Basins (SWRRB) model, 542,546
interception, 107
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storage basins. See also ponds; tunnels particle removal by, 582-583
agricultural, 702-703 types, 579-582
dimensioning, 632-635 water quality benefits, 584-585
flow balancing, 634-636 submerged plant systems, 921
for CSO control, 39, 61,629-636 subsidies, 73,999
in combination with treatment, 637- sulfides

638 immobilization of metals, 889. See
Storage-Treatment-Overflow-Runoff              also acid volatile sulfides

Model (STORM), 532,539             minerals containing, 410
STORET data management system, 555 sulfur, in wetlands, 887-889
STORM model, 463 sulfur dioxide emissions, 189
storm sewers, 442 sulphate, 805,886

conttrol of pollution by runoff, 577- Superfund sites. See hazardous waste,
602 disposal sites

historic outlook, 2, 3 surface and groundwater models, 507-
nonstormwater discharges into, 483 546

stormwater surface runoff, definition, 103
management surface storage, 554,592

for quality control, 575 surface waters, contamination, 312
utilities, 1004 suspended solids, 36

permits, 90 removal, 627,902reuse, 62 sustainable agriculture, 3,680Stormwater Management Model sustainable development, 24, 1012-
(SWMM), 463,533-534,539 1014

calibration, 555 swirl-flow regulator, solids concentrator,
data needs, 535 613-616straw mulch application, 586

stream bank stabilization, 709,939-943 taxes, 994stream restoration, 932-949 TCLP toxicity analysis, 432
biomanipulation, 939 telemetered monitoring and monitors,flow regulation, 937-938 559land acquisition and regulation, 939 temperature effects
nonstructural, 937-939 on dissolved oxygen balance, 771-773
plantings, 938 on nitrification, 365pollution abatement, 938 terraces, 698-699propagation facilities, 939 Thames River, 3techniques, 936 thermal factor, 772,779,906streams thermal stratification, 961
effluent dominated, 104 tidal dispersion coefficient, 776-777
enrichment by productivity of organic tidal marshes, 864-865,882

matter, 781 tidal water exchange, 56
ephemeral, 387 time of concentration, 145,153-156order, 754,757 toluene, in urban runoff, 478-479perennial, 104,175,387 Total Maximal Daily Load, 989-993,

Streeter-Phelps equation, 766-769,802 1005street flushing, 579 toxic compounds, 6street refuse toxic chemicalsdeposition, 454 sources, 478particle size distribution, 457-458 model, 852-857street salt additives and composition, toxic dissolved gases, 821460street solids                              toxicity
acute, 821-823accumulation. 462,466 acute toxicity unit, 843urban, vegetative input, 454-455
chemically specific tests, 823-825street sweepers, sweeping, 463,578-586
chronic, 822-823efficiency, 581-582,585 chronic toxicity unit, 843
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toxicity (cont.) trophic levels, 744- 745
concepts, 817-821 trophic status, 780-781,784-789
criteria, 840-843 tunnels (underground), 39, 50,629-631,

frequency (permissible) of 637
exceedence of, 841 TVA base flow quality model, 413-417

cumulative, 822 TVA-HYSIM model, 532
definition, 818
functional dose (concentration) unconfined animal operation, 29

response relationship, 822,827 underground formations, 395,397,398
lethal, 822 underground storage tanks, 418-419,
measurement, 821-838 483
natural, 819 unit hydrograph, 148-156, 163-171,
of urban runoff, 477 541,549-551
reduction by Best Management convolution integral, 149

Practices, 642-647 deconvolution, 163-165
sediment toxic unit, 828 direct estimation, 165 ur
TCLP analysis, 432 effect of urbanization, 155 ur
test organisms, 825 instantaneous, 150 ur!
tests, 822-831 in stochastic models, 166 uri
whole body toxicity testing, 823-825, SCS method, 158-161 ur~

843 statistically estimated, 1"63-171 us~
toxic loads, Chesapeake Bay, 47 synthetic, 151-158 U~
toxic metals, 41,645,819,821 unit loads

atmospheric, 186-195 definition, 446 us~
biotic uptake of, 829 from impervious surfaces, 520 U.
in septic tank effluents, 418 from pervious urban areas, 521-522
in soils and sediments, 319-320,352- from urban areas, 444-451

362 in screening procedures, 522 U.
interaction between solid and Model Enhanced Unit Loads

dissolved species, 354 (MEUL), 522-523
in urban runoff, 477-479 of pollutants, 507,519-522 U.
in wetlands, 909 Universal Soil Loss Equation (USLE),

toxic organic chemicals, 821 254-270,521,528,530,542-543, U.
toxic pollution, 6, 21, 41-46 555,586,696

in the atmosphere, 217-231 cropping management factor, 261-
biotic uptake, 829 263
control, 52,642-649 erosion control practice factor, 263 U.
global, 821 modifications, 268-270
~mpact on human health, 820 rainfall energy factor, 254-257 U.
impact on integrity of water bodies, reliability, 263-265 US

820 slope length factor, 259-260
partitioning of toxic chemicals, 829- soil erodibility factor, 257-259

831 urban drainage, 576
subsurface disposal, 388 urban erosion 460 vad

traffic urbanization, 34-39 var
contribution to diffuse pollution, 456 hydrological impacts of, 104 veh
emissions, 188 urban land uses, 443-444 veh

lead, 218 urban runoff. See also runoff
exhaust emissions, 455-456 control and management, 575-602 vel~
impact on urban pollutant loads, 455- control of pervious areas, 586-589 Ve~

459 effects of runoff volume on event vin’
source of urban runoff pollution, 4,478 mean concentration, 491 virt

transfer function, 549-551 filtration of, 639-640 vol~
treatment plant bypasses, 89 historic, 1 Vol
trophic degree, 781 loads to Lagoon of Venice, 56
trophic indices for lakes, 787-788 models, 471,531-540 vor
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pesticides. 478                          washload, 243,249,294-295
pollutant strength, 36                   washoff

1,                        pollution, 7-8,491-495,738-740           model (urban), 472
pollution carrying, frequency of, 442         of pollutants from impervious
quality, 491-495                              surfaces, 439,472,520
quality from street flushing, 579           washout functions (atmospheric), 200
source control measures, 577-602         WASP water quality model, 798-802,
sources of pollution, 445,451-461               854-855
statistical quality characteristics of,         WASSP-QUAL sewer flow model, 533,

484-495                                 538-539
storage strategies for control, 619          waste assimilative capacity, 16, 85,982-
surface waters pollution from, 738               984,990-993, 1000-1003, 1005
toxicity, 477                              definition and determination, 16
treatment of, 637-642                     enhancement, 933,982-983
use of wetland control, 891-893             for toxic chemicals, 855

urban sediment sources, 250                  of soils, 313
urban sewerage system, 2,650                of wetlands, 874,880,909-917
urban stormwater runoff, 439               waste distribution, 3
urban washoff coefficient, 472               wastewater treatment, 4
urea, hydrolysis of, 368                      by land application, 419-424
use attainability, 16,807,988-994             by wetlands, 871-873
Use Attainability Analysis (UAA) 988-        reuse, 419

994, 1001, 1005                     water
user fees, 994                               bicarbonate content, 408-409
U.S. Army Corps of Engineers diffuse          conservation, 589

pollution control programs, 93,        water bodies
719                                 biotic integrity, measures, 753-759,

U.S. Department of Agriculture, 675               818
agricultural pollution management           fate of toxic chemicals in, 852-857

programs, 714-717                    impaired, 1002-1003U.S. Department of Interior, diffuse           management of, 929-1003
pollution programs, 718-719            reference, 753-756,810,897

U.S. Environmental Protection Agency         restoration, 16,927-972,993
(U.S. EPA), 558,818                    goals, 928-929

agricultural pollution management             lakes and reservoirs, 949-972
programs, 712-715                       planning, 929

U.S. Fish and Wildlife Service, 5,862-           rivers and streams, 932-949
863                                   structural criteria, 929-932

U.S. Geological Survey (USGS), 556           types of, 987
USGS Distribute Routing Rainfall             uses, 5,985-993

Runoff Model (DR3 QUAL), 535          support of designated uses, 736-
738

waterborne epidemics, 2vadose-aerated zone, 172-174,392           Water Erosion Prediction Project
variation, coefficient of, 487                      (WEPP) Hilslope Profile Model,
vehicle pollutant emissions, 456,463               269,543-546
velocity, design for grassed waterways        water hyacinth, 868,918,968

and swales, 607 water pollutionvelocity sensors, 559                         causes, 737
Venice canals, 54, 55                          definition, 11-18
vinyl chloride, 586                           of coastal waters, 738
viruses, in soils, 377                        Water Pollution Control Act
volatilization, 328-330                            Amendments. See Clean Water
Vollenweider’s model, for lake                     Act

eutrophication, 789- 793              water qualityvortex flow/solids separator, 614-615           abatement, 5
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water quality (cont.) inland, 865-869
approaches, 81 lacustrine, 866
background (natural), 13-14, 32, loss, historical, 862,868

806-810 management programs, 5-6
control, detention volume for, 617 mangrove, 865
criteria and standards, 838-848,984 metals and toxics control, 862

acute or chronic toxicity, 840 nutrient transformation, 881-887
chemical-based numerical, 840-843 o]’ganic matter production, 876-887
sediment, 848-852 pollutant removal, 92,876,905-909

ecoregional approach to, 413 protection, 52, 92-94
goals, policy options, 69, 74, 1001 regulation, 897
impact of diffuse sources, 737 restoration, 869,874- 875,894- 909
improvement retention time, 899-900

aeration for, 947-948 riparian, 84,869,904
socioeconomic impact of, 989 streams, water quality of, 808

limited water bodies, 1001 submerged bed, vegetated, 892
management sulfur retention and transformation,

institutions, 3, 1002-1007 887-889
integrated, 16, 79,750,807,982, types, 863-889

989, 1004 use for agricultural runoff control, 707
programs, 47-48, 51-52, 57, 59, 88 use for stormwater control, 636-637,

models, 83,766,796-802 871
of urban runoff, 492-493 use for water quality control, 873-
planning process, 81,990 876,881

margin of safety, 992 vegetation, 868-869
problems, 735-740 wet weather flow, 37

watersheds wildlife habitat, 871
hydrologic, modification of, 144,589- Wisconsin Priority Watershed

601 Programs, 48- 52
hydrological response, 440
hydrology, 102-106 xeriscape, 460,588-589, 1015
management, for lake restoration,

952-955 Yalin sediment movement equation,
response to rainfall, 153 276-280,470,542
transition, 25-41 Yellow River, 14

weathering, chemical, 239
weirs, flow measuring, 559 zinc
wet deposition of pollutants, 200-217 in landfill leachate, 427
Wetland Foundation, 862 in natural base flow, 407
wetland-groundwater interaction, 872 in NURP studies, 491-493
wetlands, 483 in precipitation, 453-454

coastal, 864- 865 in roof runoff, 480
constructed. See constructed wetlands in soils, 361
definition, 863 in urban runoff, 42,477-479
design parameters, 894-909 source minerals, 412
drainage, 5-6, 28, 55, 93,317 surface waters impairment, 736
filling, 93 traffic emission, 456
free water surface, 896-892,907 zones
function, 869- 873 cohesive sediment transport, 301- 302
hydraulic loading of, 899-901 groundwater flow, 171-179
hydrology, 896- 901 groundwater quality, 411
hydroperiod of, 897-899
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 BEWARE THE SEDIMENT SCAREi,
JONATHANJONES

Under t/w Resource Conservation and Recovery Act, sediments that accumulate in storm
water may be classified as hazardous waste. Here’s what to do to limit the Hsk.

Vour municipal or industrial storm-water maintenance facility, for example, whichvolatile organic compounds listed by RC~.
|facility meets best management prac- / receives no runoff from adjoining proper-However, a permit is required to treat antices (BM~S) as outlined by EP~, and is de-I ties, should be able to implement rigorous

RCRA hazardous waste, and "treatment" is
signed to meet requirements under the source controls with little difficulty. Alldefined as any method, technique or pro-
Clean Water Act and the accompanying work on vehicles can occur indoors. Floorcess--including neutralization---designed to
National Pollutant Discharge Elimination I drains and sumps can be connected to pre-change the chemical, physical, or biological
System (r~PDI~S). So it’s protected from haz-treatment facilities that discharge into thecharacter or composition of a hazardous
ardous-waste sanctions, right? Maybe not.sanitary sewer. Parking areas can be sepa-waste.
Because of the breadth and complexity ofrated from storm-water conveyances bȳ  Ensure that facility designers discuss
the Resource Conservation and Recoveryvegetated "filter strips." tential problems with regulators and their
Act (RCP, A), a number of unusual and per-̄  Take inventor?,." of hazardous chemicalsclients prior to an assignment. Prol~:ssional
haps unintended regulatory consequenceson a regular basis and keep track ot theirliability can be reduced and the owner and
can arise. For instance, retention ponds, in-use. Encourage the use of replacementengineer can agree, in advance, on mitiga-
filtration basins, buried concrete vaults,compounds that are not listed by Rc~.~,. For-tion measures. Discussions with regulators
created wetlands and other facilities notmulate, implement and regularly monitorare equally important. Designers should
intended to contain or manage hazardousan aggressive spill.control program, cite regulations that force the implementa-

, wastes could be characterized or identified̄ Consider installing sturm-water-pretreat-tion of storm-water Br, tPS; delineate the flail
! as hazardous-waste-treatment, -storage andment facilities to localize the problem. Forrange of functions that the BMP will fulfill
--disposa! facilities, example, try installing a sedimentation(flood hazard reduction, storm-water quality

I Under current Rc~ regulations, thebasin immediately upstreara from a storm-management and so on); describe structural! "mixture" and "derived-from" rules maywater wetland. Even with a short retentionand nonstructural measures to be taken to
I cause sediments with extremely low con-time, a significant fraction of the total sedi-reduce the probability that hazardousI centrations (barely above the detection lira-merit load can be removed from the stormchemicals will enter the aMP;, and suggest a
~ it) of certain constituents to be classified aswater prior to its discharge into the wet-regulatory agreement, in advance, that will~ hazardous waste. The problem has beenland. This not only localizes sediments andaddress the issue in a reasonable, cost-el-
! accentuated by EPKs "contained-in" policy,the pollutants that adsorb them, but alsofective manner ii" and when the sediments
i which dictates that any environmental me-benefits the receiving water (stream or wet-must be r~aoved.
i dia (such as water, soil and sedimtmt) c.on-land) and results in decreased long-term* Design an oversized sediment storage
!taining any amount of listed hazardousmaintenance costs, volume in the aMP. Instead of assuming
waste must be handled entirely as a haz-* Adopt measures to reduce the quantity ofthat the eMP should undergo sediment re-
ardous waste, sediment that will enter the sur over time. movai once every five to 10 years, assume

In spite of aggressive so~ntroi ef-The smaller the accumulated sedimentthat sediment removal should occur no
forts at municipal and industrial settings,load, the less frequently it has to be re-more frequently than once every 20-30pollutants listed under acx~ (such as. from moved. This is of vital importance becauseyears. This will be impractical and exces-

I vehicle/equipment maintenance and yardl~cP, x, in most instances, is relevant onlysively expensive in certain instances, but
! care) will inevitably find their way into aMP when sediments actually need to be re-feasible ha situations where additional sedi-facilities. Designers and facility ownersmoved. Rigorous erosion and sediment-ment storage can be achieved economical-must recognize this and plan for it. Therecontrol practices and judicious use of sandly. Recognize that in most instances RCP, A ’are several protective measures to considerduring the winter months can make a bigactions will not be triggered until sedi-
¯ Take reasonable steps to reduce the like-difference, ments need to be removed from the aMP.lihood that listed chemicals under xcl~̄ Evaluate aMP facility design characteris-So every reasonable step should be taken ,will come into contact with precipitation or fits and implement techniques that will en-to avoid sediment removal.storm water. Educate workers and thehance the likelihood of pollutant loss within¯ Construct faciSties, where practical, thatpublic about the problem. Tell them ta coverthe el~P. The incorporation of fountains intoare "off-line" rather than .’on-stream." Thisthe hazardous materials or place themretention ponds, for example, enhances theis certainly not a 0anacea, but at least theindoors. The owner of a 3 acre vehicle-volatilization of many volatile and semi.facility sediments will not be located in "wa-.
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SEDIMENT FOREB, AYS AND OTHER DESIGN TECHNIQUES CAN PROTECT FACIUTIES FROM RCR~ REGULATIONS.

ters of the state or the United States,"
necessarily render the sediment a haz- account lor the sediment dredgiug and dis-

which could be a complicating factor,
ardous waste. If. for example, a spent halo- i posal process, which will cause substantial

genated solvent listed as hazardous wastevolatilization and reduce the risk.

is detected in detention p,md sedin~<:15.̄ Evaluatv m,~di:2cati<~,s t,> t}~e st,~’m
.~.TER THE FACT
Sediments in existing ,~aps may alreadythose sediments would be hazardous wastefacility, that may help you avoid excavation

contain RCR~-listed chemicals. If that’s the
under the mkxture rule only if the sourcesof the contaminated sediments. Raising a

case. consider the following steps: of the spent solvent contained more thandetention pond outlet structure, for exam-

. Conduct additional sampling to confirm10% of that solvent by w~lume. If no productple. increases sediment storage space.

the presence of the contaminants. Sample
containing more than 10% of the listed sol-actions of this kind need to be carefully

at multiple locations to assure adequatevent is found, or if contact with precipi~a-
evaluated, however, because they can have

horizontal and vertical coverage. Criticallytion/runoff (including via spills) is unlikely, implications related to dam safety, t!ood at-

analyze the data collected and determinethe pond sediments would not be classifiedtenuation and water-quality, performance.

whether additional actions are required, as hazardous waste. The distinction be-
~c~ is undergo ng reauthorization and

¯ If the drainage area is small, thoroughlytween having one or more discernablethere is a possibility that the updated law

~arch the area lot the source of the chemi-point sources of hazardous waste iwithmay exempt storm-water BMP facilities from

cals that have been detected in the sedi-
I suitable characteristics) vs. no clearly de-~c~ coverage. Early indications, however.

ments. Once sources are found, checkfined sources with suitable characteristics
are that most .~c~ changes will focus only

their waste characteristics against the RcP, ais a critical one.
on hazardous-waste definitions. It is pru-

definition of hazardous waste (40 CFR Part’ ¯ If a distinct source is not found, conveydent to be aware of the potentiai problem

2611 to ensure the wastes are. in fact. RcP.~-! the information to the regulators. ~c~� reg-
and take steps to limit the risks to BMPS

regulated wastes. A thorough search of thisulators will be less inclined to control sedi-
that you design or operate. At times, it may

kind is obviously feasible only in smallermerits contaminated by diffused sources, be necessary to confer with qualified legal

drainage basins. * Note that in many cases, a risk assess-counsel.

¯ If the search indicates that Rcl~-regulat-ment will demonstrate that no practical risk

~.d wastes have mixed with the storm-water
is posed to the public or other life forms byJo~atha~ Jo*~es. ~’.E.. ~,~ce [~resid~’~t o/

facility sediments, take im~nediate action toconstituent levels within the sediments,l}’ater Engi~(’ers, l~c.. De,~t, er. coauthored

ensure that the chemical will not continueThis is important inlormation for the regu-this article u’~t]* Scot ,4,ldgrso*l. se,~ior attor-

to be discharged into the storm-waterlators because they can exercise some dis-,~ey, .4/¢co Coal Co., Denver." ]oh~ Fognan~.

drainage system. Simply because a chemi-cretion in evaluating regulatoo’ options. Ifpartner, Gibson,. Dutt~i & Crutcher, Denver."

cal or constituent regulated by ~c~ is de-volatile or semivolatile compounds are iua~td F. Robert McGregor. P.E.. president.

tected in ~MP sediments, however, does not_. the sedimenls, the ~isk assessment should
[Vaste E~gi~ee,4,~g, I~c.. Den~er.
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Libbe S. HaLevy

Where better to address urban runoff than at a project’s front end,
where landscape architects can control more than runoff.

11 too often, landscape archi-     ForWindemere, Precedent Development pond. You want to keep the dirt on-site."
,:. tects are the last to be called inwas turning farmland into home sites and Ultimately water is released from the

:., to work on urban projects, needed to institute a total erosion controlponds into legal drains, streams, or rivers.
- - allow~ngthemlittleinputinsit- plan. Mo~t of the subdivision is flat with a "It’s put back into nature, allowed to go

.... ing, master planning, or otherfew wooded areas. "Ever,,’ lot we developback into ~he \,atershed that it was meant

tasks for which thev have been trained, has to have positive drainage," says Wagn-to run to. It iust happens at a slower rate

Doug Wagner works as the only land-er."Typically, waterdrainsfromthepadareathan it would, given the amount of con-

scape architect on staff at Precedent Devel-where the home is built to the side yard,struction that has taken place."

opment, a residential subdivision develop-which then drains toward the rear yard of To keep siitation from happening, Prece-

er ~n Indianapolis, IN. He’s currer~tlvmost homes. We place storm inlets in thedent is required to put in seeding materi-

involved with Windemere, a 1,100-home siteback of these yards to accept storm runoff."al trom the edge of the curb to the build-

development northeast of Indianapolis in Oncethewatergetsinto thestorm inlets,ing. "You try to do this as soon as you can
Fisher. "Windemere mixes first home buy-it runs underground through concreteafter construction," Wagner says. "Usual-
ers with those looking to buy 5400,000 cus- pipes to one of several 0.2 ha to 0.8 ha (0.5-ly you wait until after the utilities are

tom homes," he explains. "Also there’s a installed because otherwise they’ll tear it

commercial area with an elaborate commu-
~I trsnity park, two tennis courts, a basketball rn ore cost-effective

back up." After gas and phone lines are in,
Wagner has each lot seeded 4.t~ m to 7.6 m

court, an extensive playground area, and an (15 ft. to 25 ft.~ from the curb into the right-

Olympic-sized swimming pool."Two hun-to do a good job of "Thatkeeps the soil from being

dred home sites are currently occupied, washed directly into the street," Wagner
another200arebeingactivelymarketed,and preventing erosion explains. "We also seed rear-yard swales
700 are in the planning and building stages, that have direct access to backyard inlets."

In developing an erosion control plan from the outset rather O,~e of the biggest erosion problems for
forthesite, Wagnerworksdirectlywiththe Precedent has been dirt tracked out onto

civilengineers. "Theyhavetosubmitotherthan coming back andstreets during construction. To control this,

plans to municipalities," he says, "so it Precedent scrapes the streets with front-end

makes sense to have them design the ero-cleaning out the lines" ~o~d~r~ and uses its own street cleaners to

sion control plan along with everything sweep the streets. "If.v°u don’t," Wagner

else." Wagner looks at what the engineersac. to 2-ac.) retention ponds. "Retentionadmits, "themunicipalitv getsaftervou. But

come up with and makes changes or rec-ponds are required so you have a mecha-we also need to do it because a cleaner site

ommendations to fit company needs. "Wenism for controlling storm runoff. You arehelps with retail marketing of the home."

need to make certain their plan fits the pat-not allowed to release stormwater from Other erosion control measures include

tern of what we do because when you sub-your site faster than it was being releasedwoven-fabric erosion control fences along

mit your erosion control package to thebefore you developed it. Because of thethe back of curbs to filter solid material

state, you sign that you’re going to imple-streets, roofs, sidewalks, and drives, waterbefore it gets into the drains, and straw-

ment, monitor, and maintain it. That’s aruns off your site much quicker than whenbale dams around backvard inlets. Many

long-term commitment for us." the land was being’farmed, so you have toof these measures are required by the Indi-
According to Wagner, municipalitieshave a mechanism for holding the waterana DepartmentofNamral Resources. "We

are becoming more aware that siltationback and releasing it at a calculated rate.are governed by our state," Wagner says.

from developments goes into storm lines.That’s what the retention ponds do." "Indiana has a mechanism for controlling
Local governments have started to require While the minimum required depth oferosion off-site, and its guidelines must be
developers to flush the dirt and vacuum itany retention pond is 24 m (8 ft. ), typically followed. We like to think we tollow those

out to keep the storm lines open, WagnerPrecedent digs its ponds 3 rn to 5.5 m (10 ft.guidelines and do more."
says. "It’s more cost-effective to do a goodto 18 ft.) deep. "We like to overdig ours so Wagner believes that the worst over-

job of preventing erosion from the outsetthat if there is any silt leaving tt~e lot andsight on an}’ residential-subdivison devel-
rather than coming back and cleaning outbeing caugt’tt in our retention pond, it’s notopment is failure to maintain erosion con-
the lines before you can get final munici-actually leaving the site. But, ultimately,trol plans. "’~ou need to come back and
pal acceptance." your target ~s to stop it frt~m getting into thv replace stra\~ bales, and check the bee livc



swarm inlets and ero.~mn c.ntrol fencesit in place," Day explains. Work proceed-sediment on a::’,,mc e se’s property

that protect curb inlets. If you dont, you ed between ~ntermittent showers, requir- After c~,~--:rucnon Day seeds and

risk losing valuable topsoii and incurringing soil-Mabilization efforts throughout mulche,.separately "becausewcgeta bet-

fines or delays from the local municipali-construction. "We get better than 137 cmter distributi,;~ of the seed that wax " For

tyregulators until the problem is solvedi’{54in.)ofrainayearhere,"Daystates,"andmulch, he us~- hay mixed with a -light

Frequently the landscape architect’s cre-if you don’t consider the ram, you lo~e yourslurry ofaspha!:, which is then blmvn onto

ative impulse becomes stifled by a lack ofsoil." He laid down burlap matting held inthe siope under several hund red D,unda

money. "Most people’s appetites are bigger
of pressure ’ The a,;p ~alt makes the hay

. stick together and it becomes an addi-
thantheirpocketl.x~oks,"saysA. DevittDay, "~Wll.erl vousubmit your t~,na~ mat over the seeds," Day explains.
currently chief building official for Hines , " "It will hold lo:~g enough for the seeds to
County, MS. While still in private practice, erosion control packagegerminate, at ’., hich point the roots begin
Dav worked on the grounds behind the old "

to hold the slopes."
state capitol building in Jackson. to the state, you sign Urban eros:on not only happens

"The building sits on a hill 12 m (40 ft.) " "
cemented-ore: cities. Some of it takes place

above the Illinois Central railroad tracks, that you’re going to in formerly rd:al or country areas when
with a 15% gradient," Day explains. The urban dwellers bent on "getting away,"
state wanted the old gravel parking lot on implement, monitor, take urban problems along with them
the hill replaced with a hard-surface park- Bob Wentz .Vark at Windy Point, 80 kminglot and abusturnaround/loadingarea, -and maintain it" ;so mi.} west c,~ Austin, TX has been a pop-
with cement stairs leading all the way down ular wind sur f’~’~g area for more than a decade.
the slope. Erosion already had begun eat-
ing away at the slope, and though the stateplace with uncoated metal pins, materialsBut the actuai ~,\ indv Point lauaching site

capitol was built on pylons and was not inthatcouldbeleftinplacetobiodegradeafterfor windsur~ers ~ s battered by overuse

immediatedanger, stabilizationof theslopethe project was completed. Traditionally, peopie pulled their cars up to

cat ried a high priority. "But in hard rains you still get dirty water the edge of the water, trampled grasses, and

"In order to grade the area and get thecoming across the mat, proof that your soilwore away the topsoii in pursuit of their

parking lot on that slope, we had to useis washing away." Hay bales lined up at thesport. Unwittingly they were destroying the

just about every erosion control techniquebaseofthegrad~lareaworkas filters to holdenvironment they came to enjoy.

we knew to stabilize the slope until weback the soil. "When the site dries out, we In 1991,DianeWinterowdofWinterowd

could get substantial ground cover to holdhaven’t lost any soil and we haven’t put an},Associates in Austin, was asked to partici-
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pate in a biorevetment program at Windy"It’s a permitting situation," Winterowd tect~arecalled upon to do what Bill Young

Point. "By the time we got started," sheexptains.’Forthecity, 152m(500ft.)iscon-labels "cookie-cutter work." Young, owner

says, "ninety-nine percent of the land hadsidered a maintenance operation. If weofRestorationPartnersinWest PalmBeach,

been denuded. All we had left was exposedexceed that, it would be considered ’newFL, decries the tack of imagination usual-

stone, rock, and gravel with a few scruffyconstruction’ and we would have to goly required by the job. "It’s all dictated by
.: old trees near the top." The point itself isthrough the city’s whole perm tting pro- standards and regulations," he savs. "Fre-

notsteep, morelikeagentlyslopingrisethatcess. It wouldn’t change anything we’requently developers are out to do the bare

manages to stick out of the water. Recon-doing, but it would slow down the process,minimum, and you find yourself stuck with

struction began with three lavers of circu-This way we get a general permit to dothe situation."

lar terraces a few feet high that went aroundrepairs and maintenance on the property, Young v,,orked on theinstallation of street

the point. Winterowd says, "That way we requiringsomesmalllevelofconstruction,trees in the Staten Island [NY] Hillside

would beableto fill behind them withaboutwithout having to go through the submit-Preservation District, a project tightly con-

0.6 m (2 ft.} of soil gradually tapering off to tals, staff reviews, and resubmissions." trolled by pre-existing statutes and regula-

the next terrace level, bringing soil back and Even the most creative landscape archi-tions. "The City Planning Department was

at the same time creating a way to keep it
from sliding back into the lake." The boul- Toughders and soil used in the reconstruction The Ultimate Solution for
came from other construction locations at
Windy Point and from an off-site project in Erosion Control Problems.
similar hilly countrv.

The new topsoil was seeded with a van-
etv of native grasses and what Winterowd
calls "good riparian kinds of trees, such as
sycamores, pecan, bald cypress, and Texas
ash." As important as the revegeta tion to the
project’s success were new restrictions on
public access to the site. "People are no
longer allowed to drive their vehicles all the
way out onto the point," she explains. "We
created an area for them to unload their gear,
but then they have to park in a nearby lot."
The park also imposed a limit to the num-
ber of people allowed into the facility.

Winterowd is currently involved in
another park project, one that is serving as
a bioengineering pilot program for Austin.
"A stream running through two parks

~,~.,,~,~’~1~
(Bartholomew and Givens) in Austin has
been eroding the banks badl.v," Winterowd
states. "We’ve lost land and trees to it. The
banksarebeingundercuttolessstablegrav- PYRAMAT’" Erosion Matrix
el layers. As a result, it sloughs off very eas-
ily. lnotherareasthere’sdebriscloggingthe Specify PYRAMATfor: PYRAMAT is a tough
creek and backing it up, which forces the 3-dimensional woven
creek to cut a route for the overflow. This ¯ Landfill Caps, Slopes &
secondary channel may isolate as much as Diversion Structures geotextile with unique up
an acre of land from the rest of the park." and down cavities. These

Using a bioengineering approach has ¯ Dams, Dike & Levee cells interlock with soil toconfronted Winterowd with special prob- Protection
lems. "Bioengineering relies a lot on the use provide dimensional
ofwillowanddogwoodaspioneerspec~es," ¯ Bank & Shoreline stability even under the
she states, "but only one variety of willow Stabilization
and one variety of dogwood are native to most demanding erosion
the Austin area. Species used successfully ¯ High Flow Channels conditions.
in the East and Northeast do not exist in
Austin. And while the city receives an aver- ¯ Geosynthetic Reinforced

age of 86 cm (34 in.) of rainfall a year, it also Earth Structures

has long dry periods." Anxious to see if bio- ’,S YNTHETIC INDUSTRIES
engineeringtechniquesareabletocopesuc- ¯ Slope Facings Construction Products Division
cessfullv with the climate, the city still is "Smart Solutions in Synthetics"r=

using the Bartholomew/Givens restoration ¯ Veneer Cover Soil ~0~9 lndu$1ry Or~’e, Cha,at~:~Ja. TN 37416. USA

Another problem is that work can only For more information on PYRAMAT, call 800-FIX SOIL
be done on ]52 m (500 lineal ft.) at a time.
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looking to preserve trees both for aeslhetlcthe park’s woodland areas were mirednative species. Rather, they wanted t~

and erosion conrail purposes, which was adown in a sea of endless debate, Andro-restore the conditions under which native

noble idea," he say.~. But the city. had a rigidpogon Associates, an outside landscapespecies would ofice more reproduce natu-

formula for determining how many treesarchitect firm from Vhiladelphia, PA, wasrally ontheirown.’Weexperimented with

were "owed" in each location, called in to develop a workable restorationcontrol plots before taking any wholesale

-E:,erytreeyousavedonasitewaswor~hand rnanagement plan. action on the ground," Sauer says. Accu-

points determined by its size. For every tree "You can’t have 32 million feet pound-rate records have been maintained to assess

cut down, you owed an equivalent amounting the trails without turning the soil to con-the success of their efforts. Even more

of caliper-inches in on-site and street trees,crete," p~ints out Andropogon’s principal,important, in Sauer’s mind, was recogniz-.

The City Planning Department provided aLeslie Sauer, whose task was to provideing the need to substantially upgrade the

very limited list of acceptable trees. Yourdirection. "We realized we had to tap intocare of the landscape and to include train-

only option was to select which ones werethe insight, skills, and enthusiasm of theing for staff and volunteers in the program.

to be insta!led--a task that did nothing tokey players--users and caretakers alike-- "Controlling erosion is prerequisite to

stimulate innovative design." and rely on them to find and implementstabilization," Sauer says. "Volunteers are
solutions.’" Thus, she cast herself in the roleschooled in the use of various techniques

Tales from the North Woods of facilitator rather than author of subse-including decompacting surface soil, the

"Not all big-city projects get smothered inquent efforts _. an inspired tackasit turneduse of organic erosion blankets, and refill-

institutionalized details," Young concedes,out. "Involvement is crucial," she says.ing ravines and rutted trails." But stew-

"A good exampleis theCentralParkrenew-"You want the users doing the restoration,ardship is more than that. Sauer believes

al project," the comprehensive programbut it’s n.ot just a case of getting groups tothat anactive and enthusiastic corps of vol-

undertaken by New York City’s Centralwork together. We wanted to develop aunteers is crucial, not just as a productive

ParkConservan~’(CPC), a non-profitorga-new constituency armed with real scien-labor force, but as a conduit to various user

nization formed in 1980 to restore andtific information about what’s at stake andcommunities and the public at large. Peo-

maintain this vital urban ~6.1dland. Work-what the options are." pie who are involved, they have found, are

ing in close coordination with the city’s Faced with such factors as the successable to pass along their hands-on knowl-

DepartmentofParksandRecreation(DPR),of exotic species, the effects of air pollu-edge to others, in effect multipl~ng the

CPC has attracted public involvement,tion, and the continuous compaction byimpact of their program’s efforts. EC

raised significant funds, and overseen thetraffic of all sorts, all parties could agree

renovation of dozens of sites throughoutthat the park would need far more than a GuestauthorLibbeS.HaLe~ycontributesfre-

the park. In 1984, when efforts to restoregardening approach of simply replanting quently to environmental journals.
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 ere better to address  ban runoff than at a project’s front end,
where landscape  chitects can control more than runoff.

11 too often, landscape ard~i- ForWindemere, Precedent Developmentpond. You waist to keep the dirt
tects are the last to be called mwas turmng farmJand into home sites and Ultimately water ~s re~eased from tl~,.

to work on urban projects, needed to insti~te a total erosion controlponds into legM drains, streams, or r~vers.
allowing them little input in s~t- plan. Most of the subdivision is flat with a "It’s put back into nature, allowed to

._ ing, master planning, or otherfew wooded areas "Every ~ot we developback into the ~,,a~ershed that it was meant
tasks for which they have been trained, has to have posinve drainaqei’ says Wagn-to run to. It ju~r happens at a slower

Doug Wagner works as the only fans-er."Typica]ly waterdramsfromthevadareathan it wouid. ~ivev, the amount of con-
scape arcMtect on staff at Precedent Devei-where the home is built to the side yard.st~ctWn that has taken place."

ovment a residential subdivision develov-which then arains toward the rear yard ol To keep sfita~on from happening, Prece-
er ~n Indianapol~s, IN. He~ currev~tlvmost homes. We place storm inlets ~n t~edent ~s require~ to put re.seeding ma~ed-

irv,’oKed with Wi~demere, a 1,100-home s~teback of these yards to accept sto~ r~noff."al from the e4¢e of the curb to the

development northeast of Indianapolis in Oncethewatergetsinto thesto~ inlets,ing. "You try to do this as soon as you can
Fisher. "Windemere mixes first home buy-it runs underground through concreteafter constcac~ioni’ Wagner says. "Usual-

ers with those looking to buy ~00,000 cus-pipes to one of several 0.2 ha to 0.8 ha (0.5-ly you wait until after the utilities are
tom homes," he explains. "Also there s a installed because otherwise thev’I1 tear it
commercial area with an elaborate commu-
~it, par~, two tennis courts, a bas~e~6~ more cost-effective

b~c~ up." A/te: gas and phone lines are
Wagner has each lot seeded 4.0 m to 7.6 m

court, an extensive plavground area, and an (] 5 ~t. to 25 ft ~ ~rom the curb into t~e
Olympic-sized swimming p~l."Twohun- to do a good job of ,,e
dred home sites are currently occupied, ~ t: ~ Z washed directly into the street," Wagner
another200arebeingac~velymarketed,and prevennngeros on explains. "We also seed rear-vard swales
700 are in the planning and braiding stages, that have direct access to backvard inlets."

In developing an erosion control plan from the outset rather One oi the biggest erosion problems tot
for the site, Wagnerwor~dir~tlvwiththe Precedent has been dirt tracked out onto
~vilengineers."~eyhavetosu6mitother than coming back and streets during const~ction. To control this,
plans to municipalities," he says, "so it Precedent scrapes the streets with front-end
makes sense to have them d~i~ the ero-cleaning out the lines" ~o~a~, and uses its own street cleaners to
sion control plan along with eve~thing sweep the ~treets. "If vou. don’t," Wagner
else." Wagner loo~ at what the engineers ac. to 2-ac.) retention ponds. "Retentionadmits, "the municipality getsaftervou. But
come up with and makes changes or rec-ponds are required so you have a mecha-we also need to do it because a cleaner s~te
ommenda6ons to fit company needs. "Wemsm for controlling storm ~noff. You arehelps with retail marketing of the home."
n~d to make ce~ain their plan fits the pat-not allowed to release sto~water from Other erosion control measur~ include
tern of what we do because when you sub-your site faster than it was being releasedwoven-fabric erosion control fences along
mit your erosion control pac~ge to thebetore you developed it. Because of thethe back of c~rbs to filter solid material
state, you sign that you’re going to impl~streets, roofs, sidewalks, and drives, waterbefore it gets into the drains, and straw-
ment, monitor, an~ mainta~ it. That’s aruns off vour. site much quicker than whenbale dams around backvard inlets. Many

long-term commitment for us." the land was being farmed, so vou have toof these measures are required by the tndi-
According to Wagner, municipalitieshave a mechanism for holding the wateranaDepar~entofNamralResourc~."We

are becoming more aware that siltationback and releasing it at a calculated rate.are governed bv our state," Wagner says.
from developments goes into storm l~nes.That’s what the retention ponds do." "Indiana has a mechanism for con~olling
Local governments have sta~ to require While the minimum required depth oferosion off-site, and its guidelines must be
developers to flush the dirt and vacuum itany retention pond is 24 m ~8 it.), typically followed. We like to think we follow those
out to keep the storm lines open, WagnerPrecedent digs its ponds 3 m to 5.5 m (10 ft.guidelines and do more."
says. "It’s more cost-effective to do a goodto 18 ft.) deep. "We like to overdi~ ours so Wa~ner believes that the worst over-
job of preventing erosion from the outset that if there is any silt leaving the lot andsight on any. residential-subdivison devel-
rather than coming back and cleaning outbeing caught in our retenhon pond, it’s notopment is failure to maintain erosion con-
the lines before.v°u can get final munici-actually leaving the site. But, ulNmatetv,trol plans "! ou need to come back and
pal acceptance." your target is to stop ~t ~rom ~ettm~ into thc replace ~;ra~ bales, and check the beehive
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,~warm inlets and ero.qon ~,mtr~,i !,.n~,’- it m place " 13av e\piains. Work proceed- ~cdim~,nt ~m a: ¯ ,me cM, ~ pn~pt,rtx

that protect curb inlets, l[ you dont. ,,~u ed bvt~.en intermittent showers, requlr- After con-~ructn)n Dax ~ecd~ and

risk losing valuable topso~i and m,urr:n~ ing ~od-~tab:h.,auon efforts throughout mulchc~separ~:cly "be~au~’wc g~’t a bct-

tines or delavs from the local mumcwah- constructnm ’%c get better than I37cm tvrdiMributi~:,ffthes~’cdthatw,v. "
ty regulators until the problem is~olvcd ’" (~m.)o/ram.~vcarhere,"Davstates,"and mulch, he u~- hay mixed with a ~l~ght

Frcquentl},’ the landbcape ard~itect’~ ere-if vou d~m’l ~, m,ider the rain, you [osevourslurr} ofasFh~:~ ",v ~ c ~ is then bh~w:~ ~mt~

drive impulse becomes stifled bv a lack atsoil." He la~d down burlap matting held inthe slope undrr ~everal hundred

ll3onev. "Most people’s appetit~ are bigger of pressure. ’The a~phalt mak~,~ the
" stick together and it becon3eb an addi-thanti,eirpocketbooks,"savsA. DevittDav. "~len vat1 stlbmi{ votlr ti~)nal matm~rthe,eedb." Davextqain>.currently chief building officiai for Hines . ,

Count,’, MS. While still inprivate practice, erosion control package ,,.~ ,,.i~ hold :,,::: ~.~,,~ ,,,~,~e,,’,-~,
Day worked on the grounds behind the old germinate, at ., hich point the n~t- ~

sta{e capitol building in Jac~n. [O the state, you sign to ho~d ,~ ~,:-,, "
"The building sitson a hill 12 m (40 ft.) Urban er,,s:o> not only hapF,’n~

cemented-over c~tie>. Some of it take> placeabove the Illinois Central railroad tracks, that you’re oa,n~ to
with a 15% gradient," Day explains. The ~ ~ in formerh rural or country area~

state wanted theold gravel parking lot on implement, monitoc urban dweliers bent on "gettin~ a,,,av,"

the hilt replaced with a hard-surface park- take urban pro}lores along with th,’m.

inglotandabusturnaround/loadingarea, and maintain it" sob Wentz Fark at ~Xind,,- Point, ~, km

withcementstalrsleadingall thewaydo~ (50 mi.) we~t c: Austin, TN has been a

the slope. Erosion already had be~n eat- ular windsurm,a area for more than a decade.

ing away at the slope, and though thestateplace with uncoated metal pins, materialsBut the actuai Windy Point launchm¢

capitol was built on pylons and was not in thatcouldbe!eftinplacetobiodegradeatterfor windsurfe:~ ’.~ .; battered by

immediatedanger, stabiliza~on of~eslo~the project was completed. Traditionally, ?eopie pulled their cars up to

carried a high priority. "’Butinhardrainsyoustillgetdirtywater the edge of the-,,-ater, wompled grasses and

"In order to grade the area and get thecoming across the mat, proof that your soilwore away tke :opsoil in pursmt ,~f :he~r

parking lot on that slope, we had to ~eis washing away.’" Hay bales lined up at thesport. Unwitt:na!v they were destro?in~ the

just about every erosion con~ol techniquebase of the graded area work as filters to holdenvironment :i-.ev came to enjoy.

we knew to stabiiize the slope un~l weback the soil. "When the site dries out, we In 1991, Diane Winterowd of Winterowd

could get substantial ground cover to holdhaven’t lost anv soil and we haven’t put anyAssociates in Austin, was asked to partici-

The
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patemabiorevctmcntprt’z’m at \\.ml\ "lt-a pcrmlttmc,>ltuat~on," Wmterowd tett>areca!lcdupontodowhatBillhoun:a

PoinL "By the time we go~ -tattoo >i~c expiam>."F~rti~e¢~tv, 152m(500ft.)iscon- tabel>"cookie-cutterwork."Young, owner

~ays, "ninety-nine percent ~.t tin, ’.,mJ haJ ~dered a maturely,race operation. If we of Restoration Partnersin Westl’alm Beach,

been denuded. All ~’e had k, tt ,,a- ~~!’o>cdexceed that, ~t w~,uid be considered ’newFL, decries the lack of ~magination klsual-

stone, rock, and gravel with a few ,crult~conMruction and we would have to goly required by the iob. "It’s all dictated by

old trees near the top " The point itselt isthrouzh the cry’- ’.x hole permitting pro-standards and regulations," he savs. "Fre-

notsteep, morelikeagentlyslopmgrisethattess. it wt~uidn’t change ~nyflm~g we’requcntly developers are out to do the bare

manages to stick out of the water. Recon-doing, butut would ~lowdown the process,minimum, and you findvourselfsmckwith

<truct~on began with three layers of circu-This way we get a ~eneral permit to dothe situation."

lar terraces a few feet high that went aroundrepairs and mamte~al~ce on the property, Young worked on the installation ot ~tre,.:

the point. Winterowd says, "That way we requirmgsome>n~aillevelofconstruction,trees m the Staten Island [NY] Hil;s~Je

would be abie to fill bei~ind them with aboutwithout having to ~o through tl~e submit-Pre~ervatio~ District, a proiect tightly corn

0.~ m ~[2 ft.) of soil gradually tapering off to tals, staff review>, and resubmissions." trolled by pre-existing statutes and re~uia-

thenext terrace level, bringin~ soiibackand Even the mo~t crea{ivelandscapearchi-tions. "TEe Cttv Plannin~ Department

at the same time creating a way to keep it
from ~liding back into the lake.;’ The boul-

TOUghders and soil used in the reconstruction Ultim to Solution Ior
came ~rom other construction locations at
Windy Point and fro n an off-s,,e ~roject in Erosion Control Problems.
similar hfl]v country.

The new topsoil was seeded w~th a van-
ew o~ native ~r~e~ and what wmte~owd
cat}s "~ood riparian kinds o~ trees, such as
sycamores, pecan, bald cy?ress, aud Texas ,~                                                         ",,~ ~
a~h." As i~portant as the reve~etafio~ to the
proiect’s 5u~ess were ~ew te~tT:dt~OR~ O~
~ubhc access to fl~e ~Jte. "2eopie are ~o
~on;er a]1owed to dm’e their vehide~ ~]l the
way out onto the point," she explains. "We
created a~ a~ea ~or them to uuioad their
but ~he~ they have to ~ar~ m a ~earby iot."
The park also i~posed a li~Jt to the
bet o~ people allowed rote the

Wmterowd ~ curreut]v revolved i~
a~othe~ park project, o~e tha~ is servi~ as

"A stream running through two parks

~ "
(Bartholomew and Givens} in Austin has
b~n eroding the banks badly," Winterowd
states. "We’ve lost land and trees to it. ~e
banks are being undercut to less stable gray- TM

el lavers. As a result, it sloughs off ve~ eas-
ily. fnotherareasthere’sdebriscloggingthe Specify PYRAMATfor: PYRAMAT is a tough
creek and bacMng it up, which forces the 3-dimensional woven
~eek to cut a route ~or the overflow. ~is ~ Landfill Caps, Slopes &
seconda~ channel may isolate as much as Diversion Structures geotextile with unique up
an acre of land from the rest o~ the park." aod down cavities. These

Using a bioengineering approach has ~ Dams, Dike & Levee cells interlock with soil to
con~onted Winterowd with spedal Fob- Protection
lems. "Bioengineenng relies a lot on the ~e provide dimensional
of willow and dogwood as pion~rspedes," ~ Bank & Shoreline stability even under the
she states, "but only one variety o~ willow Stabilization
and one variety o~ dogwood are native to most demanding erosion
the Austin area. Species used success~lly ~ High Flow Channels conditions.
in the East and No~heast do not exist in
Austm. Andwhiiethecitvreceivesanaver- ~ Geosynthetic Reinforced

age of 8~ cm (~ in.) d raintail a year, it also Earth Structures
has long dry periods." Anxious to see ff bio- ’SYNTHETIC INDUSTRIES
engineenng techmques are able to cope suc- ~ Slope Facings Construction Products Division
cess~ullv with tl~e climate, the city still is "Smart Solutions in SyntheticsTM

usingtheBartholomew/Given~restoration ~ Veneer Cover Soil 40191ndustw~.Cha~an~a. TN37416, USA
Stabilization                          e~as a pilot program.

Another problem is that work can only For more information on PYRAMA~ call 800-FIX SOIL
be done on ]52 m (~00 lineal lt.) at a time.

L’~r~’& #17 on R~.=~a’~r &’n ~~’ Card
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h~oking to preserve trees both tor ,~v,th~’t3¢the park’- wtx~dland areas were mirednative ~pecies. Rather, thev wanted t~

and erosion control purposes, w.iu~h wa,~ adown m a ~,va ot endless debate, Andro-restore the condition,~ under which native

noble idea," he savs. But the cit’~" had a rl~dpo%on ..\~,~,¢~_nue_--, an outside landscapespecies would once more reproduce natu-

formula lot determining4 how many tree-architect hrm trom I’hiladelphia, PA, wasrally on their own. "W~experimentcd with

were "owed" in each location, called in t~ develop a workable restorationcontrol plots before takin~ any wholesale

-Everytreeyou saved onasitewasworthand management plan. action on the ground," Sauer says. Accu-

?omts de,framed by its size. For every tree
"you can’t have 32 million feet pound-rate records have been maintained to assess

cut down, vou owed an equivalent amounting the trails without turning thesoil tocon- the success of their efforts. Even more

of caliper-inches in on-site and street trees,crete," pointsout Andropogon’sprincipal, important, in Sauer’s mind, was rec¢~gniz-

The City Planning Department provided aLeslie Sauer, wh~se task was to provideing the need to substantially upgrade the

very ]fruited list of acceptable trees. Yourdirection. "We realized we had to tap into care of the landscape and to include train-

only option was to select which ones werethe insight, skills, and enthusiasm of theingforstaffand volunteers in the program.

to be instailed--a task that did nothing tokey players--users and caretakers alike-- "Controlling erosion is prerequisite to

~t~mu]ate innovative design." and rely on them to find and implementstabilization," Sauer says. "Volunteers are
solutions." Thus, shecastherselfintheroleschooled in the use of various techniques

T’ales from the North Woods of facilitator rather than author of subse-including decompacting ~urface soil, the

"Not all big-city projects get smothered inquent efforts.., an inspired tack asit turneduse of organic erosion blankets, and

institutionalizeddetails,"Youngconcedes,out. "Involvement is crucial," she says.ing ravines and rutted trails." But stew-

’A good exampleis theCentralPark renew-"You ,,,.,ant the users doing the restoration,ardship is more than that. Sauer believes

al project," the comprehensive programbut it’s not just a case of getting groups tothatanactiveand enthusiasticcorpsofvol-

undertaken by New York CiW’s Centralwork together. We wanted to deve]op aunteers is cru~ai, not just as a producm.e

Park Conserv~ncv(CPC),a non-profit orga-new constituency armed with real scien-labor force, but as a conduit to various user

nizauon formed in 1980 to restore andtific information about what’s atstake andcommunities and the public at large. Peo-

maintain this vital urban wildland. Work-what the options are." ple who are involved, they have iound, are

ing m close coordination with the dty’s Faced with such factors as the successable to pass along their hands-on knowl-

DepartmentofParksandRecreation(DPR),of exotic species, the effects of air pollu-edge to others, m effect multipl.ving the

CPC has attracted public involvement,tion, and the continuous compaction byimpact of their program’s efforts¯

raised significant funds, and overseen thetraffic of all sorts, all parties could agree
renovation of dozens of sites throughoutthat the park would need far more than a GuestauthorLibbeS.HaLevycontributes

the park. In 1984, when efforts to restoregarderung approach of simply replanting quently to environmentaIlournals.
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centimeter per day (cm/d) 0.3937 inch per day
square centimeter (cm:) 0.155 square inch

gram (g) 0.03527 ounce tavoirdupois}
gram per cubic centimeter (g/cm3) 0.57808 ounce per cubic inch

hectare (ha) 2.471 acre
kilogam (kg) 2.205 pound (avoirdupois)

kilogram per year (kg/yr) 2.205 pound per year
kilometer (kin) 0.6214 mile

square kilometer (km:l 0.3861 square mile
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meter per kilometer (rnYkrn) 5.2800 foot per rmle
meter per year (rnJyr) 3.281 foot per year
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following equation:
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Vertical Datum

Sea Level: In this report. "sea level" refers to the National Geodetic Vertical Datum of t929--a
geodetic datum derived from a general adjustment of the first-order level nets of the United States and Canada.
formerly called Sea Level Datum of 1929.

Abbreviations

:C!min degrees Celsius per rmnute
dpm disintegrations per minute (radioisotope activity)
GC-FID gas chromatography with flame-ionization detection
GC-MS gas chromatography with mass spectrometric identification
keV thousand electron volt
M molar
meqiL milliequivalents per liter
mBq millibecquerels
MWL global meteoric water line
NURP Nationwide Urban Runoff Program (established in !978 by U.S. Environmental Protection Agenc?!
pert’nil parts per thousand
pCi/L picocuries per liter
TU tritium unit (1 tritium atom per 10is hydrogen-1 atoms [approximately equal to 3.2 picocuries per

liter])
micrometer {3.937 xl0--’ in.)

Water.Quality Information

Electrical conductivity is expressed as specific conductance, in microsiemens per centimeter at 25:C
(~S/cm).

Trace-element and pesticide concentrations in water samples are given in rmcrograms per liter
One thousand micrograms per liter is equivalent to 1 milligram per liter (rag/L). Micrograms per liter is
approximately equivalent to "parts per billion" (ppb). Trace-element concentrations in sediment are given in
micrograms per gram (lag/g). Micrograms per gram is equivalent to "parts per million" (ppm). Pesticide
concentrations in sediment are given in micrograms per kilogram (gg/kg). One thousand micrograms per
kilogram is equivalent to 1 microgram per gram (gg/g). Micrograms per kilogram is equivalent to "parts per
billion" (ppb).

Conversion Factors, Vertical Datum, Abbreviations, and Water-Quall~y Information V
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Well-Numbering System

Wells are identified and numbered according to their location in the rectangular system for the subdivision
of public lands. Identification consists of the tov, nship number, north or south; the range number, east or west:
and the section number. Each section is divided into sixteen 40-acre tracts lettered consecutively (except I and
O3, beginning with "A" in the northeast corner of the section and progressing in a sinuso~dal manner to "R" in
the southeast corner. Within the -t0-acre tract, wetl~ are sequentially numbered in the order they are inventoried.
The final letter refers to the base line and meridian. In California, there are three base lines and meridians:
Humboldt (H), Mount Diablo (MX and San Bernardmo IS). All wells in the study area are referenced to ~he
Mount Diablo base line and meridian (M) Well numbers consist of 15 characters and follow the format
01-tS020E24L001M. In this report, well numbers are abbreviated and written !4S/20E-2-,tL1. Wells in the same
township and range are referred to only by their section designation, 24LI. The following diagram shows ho~
the number for well 14S/20E-24L1 is derived.

R20E

6 5~ 4 3 2 1
/

/
7 8 9 10 11 12 ,.

D C B ARANGE / ...... --
1~gE R20E ~2~E T 18 17 16 15 14

7 : ,, ~4 " E F    G H12: / S 19 20 21 22 : 23 ’24 ’ ~/~ ~s / -, ~-,"~ e~6S~-20E-24L"
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Vl Well-Numbering System
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POTENTIAL FOR CHEMICAL TRANSPORT BI::NEATH A

STORM-RUNOFF RECHARGE (RETENTION) BASIN FOR AN

INDUSTRIAL CATCHMENT IN FRESNO, CALIFORNIA

By Roy A, Schroeder

Abstract Results from this study’ were compared with
previously published results from comprehensive

A wide variety of chemicals from urban monitoring of urban runoff to the basin during
runoff were found at elevated concentrations in1981-83. The comparison revealed remarkabiv
sediment that accumulated in a storm-runoffsimilar patterns of chemical contamination, al-
recharge basin in an industrial part of the city ofthough estimates of sediment quantity de!ivered
Fresno. The chemicals include as many asto the basin differed by a factor of 1.8. The
20 inorganic elements and about the samehigher estimate of sediment quantity deiivezed
number of organic compounds, primarily organo- obtained by this study likelv reflects imprecision
chlorine pesticides and polycyclic aromatic in the determination of sediment depths and an
hydrocarbons. Most of these contaminants wereunusual open texture of the thin veneer that
found to be sorbed to the upper 4 centimeters ofaccumulated during the ~t-year period the basin
sediment, which also is the maximum depth tohad been in existence. A technique using lead-
which atmospheric lead-210 penetrated. None of210 is illustrated that could, with adequate data
the contaminants were detected above back-collection, provide estimates of sediment and
background concentrations in the sediment atcontaminant quantity delivered to recharge basins
depths greater than 16 centimeters. In shallowwithout the numerous analyses and sample-
sediment, zinc is the inorganic element that wascollection effort necessary, to monitor runoff.
most enriched; its concentration was 38 times
higher in surface sediment (0-1 centimeter) than
in deeper strata (below 16 centimeters). INTRODUCTION
Similarly, organic carbon enrichment was nearly
1,000 times higher in the surface sediment. URBAN HYDROLOGY STUDIES

In response to concerns that urban runoff mav be
Although batch-elutriation experiments a significant nonpoint source of contaminants, thedemonstratedthe potential for leaching of U.S. Environmental Protection Agency IEPAicontaminantsattached to sediments, a sharpestablished the Nationwide Urban Runoff Programdecrease inconcentrations with increasing (NURP) in 1978 to characterize the quality of urbansediment depth, and the extremely low level ofrunoff and to determine the extent to which urbancontaminants in two monitor wells adjacent torunoff rmght contribute to impairment of waterthe basin, confirmed the absence of contaminantquality in receiving water bodies (U.S. Environmental

transport to the water table. Continued long-termProtection Agency, 1983). Studies were done at 28protection for ground water is afforded by an urban areas throughout the Nation. and the U.S.
approximately 8-meter-thick unsaturated zoneGeological Survey (USGS) participated in 11 of the
beneath the basin. Zinc, on the basis of itsstudies (Driver and others, 1985). At two study
hundredfold-higher concentration in water from areas--in Fresno, California (Oltmann and Shulters,
the recharge basin than in ground water, is1989), and Long Island, New York (Ku and
indicated as the most sensitive surrogate forSimmons, 1986)---urban storrnwater runoff is routed
monitoring possible ground-water degradation by to constructed retention/recharge basins where xt then
inorganic cations, percolates through the soil and recharges the aquifer.

Introaucfion I
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In the studies at Fresno and Long Island, it was This study builds on previous results of the
concluded that propea~es of the soil beneath theFresno NURP study for which contaminants in urban
basins are highly effective in retaining urban runoffrunoff were monitored during 1981-83. Results of the
contaminants, although the ability of the soil toNURP study were published bv Brown and Caldweil
continue to retain contarmnants was said to beConsulting Engineers (198al, Fresno Metropolitan
unknown I U.S. Environmental Protection Agency,Flood Control District (1987), Nightingale ~ 1987a.b.c:
I98Y~. 1989), Nightingale and others (1985"~, Oltmann and

Shulters (!989), and Oltmann and others 11987~.
Nightingale (1975; 1987a.b,c: 1989) showed that

concentranons of several trace elements and synthetic
organic compounds from urban runoff were elevatedACKNOWLEDGMENTS
above background levels in near-surface sediments in
recharge basins in residential and commercial parts of The author thanks Harry.’ Nightingale of the U.S.
the city’ of Fresno, but that the concentrationsDepartment of Agriculture in Fresno and Doug
decreased rapidly with increasing sediment depth andHarrison and Gerald Lakeman of the Fresno
also generally were very low in interstitial water fromMetropolitan Flood Control District for helpful
the unsaturated zone and in ground water beneath thesuggestions before and dunng the study. Removal of
basins. The study reported here extends these previouswater from the recharge basin by’ the Fresno
investigations to a recharge basin in an industrialMetropolitan Flood Control District prior to sam~lin~
catchment where the Fresno NURP study found mostgreatly facilitated the collection of sediment samples.
contaminant concentrations to be several times higher
than in runoff from residential and commercial
catchments (Oltmann and Shulters, 1989). This studyDESCRIPTION OF THE STUDY AREA
thereby completes the evaluation of these recharge
basins in each of the major urban land-use categoriesThe city of Fresno is about 260 km southeast of
(industrial, commercial, and residential). ThisSan Francisco (about 180 km east of the Pacific
investigation included analyses of numerous syntheticcoastline at Monterey Bay), in the San Joaquin Valle,v
organic compounds, a broad suite of more than 40and between the San Joaquin River to the norzh and
elements, and some stable and radiogenic isotopes,the Kings River to the south (fig. 1). Average annual
This study, was done by’ the USGS in cooperationrainfall in Fresno is about 25 cm, nearly all of which
with the Fresno Metropolitan Flood Control District.falls between October and April (Page and LeBlanc,

1969). Topographic relief is low with an average
gradient of only about 1.6 m/km. Because of the flat

PURPOSE AND SCOPE terrain and the lack of adequate water courses through
the city. almost 100 stormwater retention/recharge

This report presents the results of a study dunng basins (hereinafter referred to as "recharge basins")
1986-87 whose purpose was to determine whetherhave been constructed to dispose of surface runoff
stormwater runoff to a recharge basin in an industrialand to recharge an aquifer that has been designated as
part of the city of Fresno has caused, or has thea sole-source aquifer by the U.S. Environmental
potential to cause, degradation of the ground-waterProtection Agency. The average size of the basins is
quality. The study included three approaches: a. to 6 ha, and the average size of the urban catch-

ments served by the basins is about 2.6 km:.
1. Comparison of chemical concentrations in

water from the recharge basin to concert- The industrial-catchment basin that was the
trations in water from an aquifer beneath thesubject of this study is in the southeast part of the
recharge basin, Fresno metropolitan area (fig. 1). The area of the

catchment is 113 ha, of which 34-.2 percent is idle or
2. Determination of chemical-concentrationpro-vacant and 65.8 percent is used for industrial

files in sediment beneath the recharge basin,purposes. Impervious surface covers 52.5 percent of
and the catchment (Oltmann and Shulters. 1989).

Industries present in the catchment include cotton
3. Laboratory. elutriation tests in which watermills, food processing, petroleum operations, chemical

was mixed with contaminated basin sedimentstorage, carpet manufacturing, and light trucking
or clean aquifer soil and reanalyzed. (Brown and Caldwell Consulting Engineers, 198~I.

2 Potential for Chemical Transport Beneath Storm-Runoff Recharge (Retentlon) Basin, Inclustrlal Catcl’tment, Fresno

R0024041



ITE

125°                        120=

E Jens~,~

~STRIAL
CATCHMENT

1 KILOMETER
115°

1 MILEAREA c_ Valley
r~s~o~ 35 ° a

0 100 KILOMETERS "~ele ~l"

0 ~ M~S

Figure 1. Location of study area.

Introauctlon 3

R0024042



Runoff is routed to a basra ~approximately one- are underlain by a basement complex of consolidated
half hectare) on the south s~de or the catchment. A rocks of pro-Tertiary age. Depth to bedrock at the
detailed diagram of the basin and its immediate study area is about 1.200 m. The unconsolidated fine-
surroundings as they existed at the rime of this studygrained continental deposits of Tertiary, and Qua(or-
(1986) is shown in figure 2. Prior to this study, the nary age, derived from weathering of cry.stalline rocks
basin was last dredged(scraped)in 1982. when it was in the Sierra Nevada to the east, are overlain by
deepened and rechannelized to its present form tocoarser oxidized granitic alluvium of Quaternar? age.
facilitate sample collection for the NURP studv IG.E. Thickness of the alluvium is about 150 m at the study
Lakeman, Fresno Metropolitan Flood Control District. area. where it is capped bv a veneer (a few meters
oral commun.. 1992). Although excavation of the thick, or less) of heavily reworked fine-grained soil.
basin exposed a highly permeable coarse sand. the
very fine texture of muds that soon accumulate on the Prior to development of the ground-water
basin’s floor may considerably reduce the effective resources, the direction of ground-water movement in
area through which percolation takes place by the Fresno area was toward the southwest; however,
restricting it to the sloping sides of the basin at hi~h- pumping has created a permanent cone of depression
water stages. Over a period of time, the structure beneath the city of Fresno that now deflects ground-
increasingly functions as an evaporation (retention~water movement toward the north in the vicimtv of
pond as opposed to a recharge basin and must bethe study area (Mitten. 1984i. A hydraulic gradient of
scraped to again expose a more permeable bottom. 2 rn/km toward the west-northwest is inferred at the

study site from water-level contours for 1963 and
Vegetation on the rim of the basin is sparse and regional maps that show sirmtar conditions prevailing

the water itself contains algae but no macrophytes, in 1975 (Page. 1975). Although ground water is
The ,xrea surrounding the basin is disked periodicallyunconfined on a regional scale. !ocal areas of
to maintain a generally barren environment so as notconfinement or partial confinement may exist beneath
to attract wildlife. The basin normally contains water intercalated clay and silt lenses.
to a depth of a meter or more, even during the dry
summer months: however, it was pumped dry, in July A trend toward higher dissolved-solids concen-
1986 to perrmt subbottom sampling on August 4,tration, and dominance of sodium and chloride ions.
1986. with increasing depth probably exists throughout the

Fresno area, particularly in the older, fine-grained
continental deposits. The base of the freshwater

GEOLOGY, HYDROLOGY, AND GROUND-WATER (defined as water in which ionic concentration is less
QUALITY NEAR THE STUDY AREA than 2,000 mg/L in NaC1 equivalents) is estimated to

be ,,tOO m below sea level labour 500 m below land
A general description of the geology, hydrology, surface) at the study area. However. nearly all wells

and ground-water quality at the study area is inferred in the area penetrate only the younger alluvium, in
from Page and LeBlanc’s (1969) summary, for Fresno which the alkaline earths (calcium or magnesium) and
and its surrounding area. Their summary,, in turn, wasbicarbonate are the predominant ions. Ground water
based on data and interpretations resulting fromfrom a 65-m-deep (perforated to only 51 m) agn-
several regional studies in the Central Valley of cultural productionwell, 14S/20E-24Kl,about0.4km
California (Lippincott, 1902; Mendenhall and others, east of the study area probably is representative of
I916: Davis and Poland. 1957; Davis and others, regional ground-water quality; data from a I957
1959. 1964; Olmsted and Davis, 1961; Meade, 1967; analysis of water from this well are reproduced in
and Croft and Gordon, 1968). table 1. Predominant ions are calcium, magnesium,

and bicarbonate, and the dissolved-solids concen-
The study area is in the Kings River high alluvial tration of 226 mg/L is equivalent to a specific

fan geomorphic unit. The water-bearing unconsoli- conductance of about 350 gS/cm (rmcrosiemens per
dated deposits of this unit (and of the adjacent units) centimeter).

4 Potential for Chemlcal Transport Beneath Storm-Runoff Recharge (Retention) Basin, Inclustrial Catchment, Fresno
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Table 1. Historical grounc-.~-c,e~-:cc’,m!dcrc rrcm 12 to 18 m below land surface. Because the casing
wel! 14S/20E-24K1 r~ecr rre s"~:, 5;,e sank dunng installation, the top of the perforated

interval was only about 0.6 m above the water tabie
[Sample collected September (~. 195-. b~ ,~he Califorma at well 14S/20E-24L1 and was actually about 0.3 mDepartment of Public Heahh ~Page and LeBlanc, 19o9. below the water table at well 14S/_,0E-_4L_ whentables 1-; and 201. mg/I,, rmlligram per liter: mea,L,
milheqmvalent per liter:--, no data] ’ samples for water-quality analysis were collected

Concentration dunng summer and autumn 1986.

Constituent Both monitor wells are adjacent to the rechar_~e
(m~L1 ,mec.ik~ basin (fig. 2) and, on the basis of regional ground-

Calcium ~Cal 23 ,. ~5 water-flow patterns discussed in the previous section.Magnesium iMgl I2 .99 the first well installed (14S/!,0E-~-,LI ! is believed toSodium (Ha) 18 .78
Potassium i K) _t .10 be downgradient of the basin. Irregular topography at
Iron tee) .08 -- this location precluded drilling the first test hole
Bicarbonate (HCO3) 140 2.29 closer than about 50 m from the recharge basin.
Sulfate ~’SO~) 7.2 .15 Flatter terrain to the south perrmtted drilling of ~,he
Chloride (CI) 14 .39 second test hole within a few meters of the edge of
Fluoride (F) .I .01 the recharge basin, thereby increasing the probability
.Nitrate tNOd 14 .23 of intercepting any small ground-water mound should
Dissolved solids 226 -- one extend only a short distance bevond the basin

area. The second well also decreases the chance :hatpH=8.2 t standard units~ a contarmnant plume would be missed if the local
hydraulic gradient were toward the southwest
direction or" the regional gradient prior to pumping in

FIELD AND ANALYTICAL METHODS Fresnol for any reason, including pumping from any
wells near the study’ area itself (see Mitten and Guav.

SITE SELECTION, WELL INSTALLATION, AND SOIL 1986, for a summary, of municipal pumpage and
CORING location of wells). Although a monitor well upgra-

client of the basin would have provided tnformauon
Two test holes (fig. 2) were drilled: at latitude about the local hydraulic gradient and confirmation

36~41’54"N, longitude 119°44’57"W; and atthat water from the basin is reaching the water table
36°41’5 I"N, 119°44’56"W (about i00 m south of the and producing a ground-water mound, this study did
first test holei. The holes were drilled with a 6-inch- not have sufficient resources to install a third well.
diameter (15 cm) hollow-stem auger, and 2-inch- Installation of lysimeters beneath the recharge basin
diameter {5 cm)PVC monitor wells, 14S/20E-2-lL1 itself, as in a previous study, would have been
and 14SI20E-24L2, were installed in the holes, especially valuable but was precluded by concern that

they would provide a pathway for enhanced transport
As auger flights were pulled up and removed of contaminants through the unsaturated zone.

following insertion of the well casing in the hollow
stem, the annulus between the walls of the test hole Soil cores were recovered from selected depths
and the casing quickly was filled with a slurry of during drilling of the test holes by lowenng a 2-ft
native material from the saturated zone. During this (0.6 m), split-spoon steel corer through the hollow
procedure the casing sank. exposing a much longerdrill stem. The depths selected for coring in test hole
pert’orated interval (6 m) to the saturated zone than 1 were based on field obser’,’ations of change in
was intended (I-2 m). The wet, cohesionless sand texture as determined from drill cuttings brought to
{Durnford and others, 1991) below the water table the surface by the auger and from the drill operator’s
rose several meters above the water table in the perception of changes in drilling characteristics.
annulus. The remaining annulus above this sand wasDepths for coring in test hole 2 were chosen to
backfilled with a layer of bentonite pellets, then with confirm the presence of low-permeability zones found
drill cuttings from the unsaturated zone, and finally in test hole 1. Particle-size distribution in the core
with a 1.5-m cement seal to land surface. Altitude of soils was determined using sieves for the sand-size
land surface is 86.5 m at well 14S/20E-24L1 (test fraction and hydrometers for the fine fraction using
hole I) and 85.5 m at well 14S/20E-24L2 (test hole methods described by Guy (1969). The data are given
2). Both monitor wells are perforated (slotted) from in table 2.

6 Potential for Chemical Transport Beneath Storm-Runoff Recharge (Retention) Basin, In(~ustrlal Catcl~ment, Fresno
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Table 2. P(Jtlicle size dislril:)ulion in soil (;ores |rorT~ lwo lesl holes c~(.Jj~)cel fi 1o Ihe ~ech~]rge b(~sin

Ira, me~er; --,
Percenl finer Itmn size, in millimdcrs, indicalcd

I)cplh Gravel (,oarse salid Medium sand Fine salld Sill (’lay
interval

(m) 4
T~sg I IoI~ I (Monigor Wdl 14SI~0E-~41,1)

1.2- 1.8 95 9,1 81 79 59 -16 35 26 18 I() 6 5
3. I-3.7 -- I(R) 98 74 31 16 I{~ 7 5 3 2
4.95.5 -- I00 95 52 22 12 9 6 4 3 2 2
5.8-6.2 .... I(~1 99 98 95 80 50 25 9 8 7
6.2-64 .... I(~) 85 46 30 21 14 9 0 5 -1
6.4-6.7 -- I
6.7-7.2 .... I (~) 99 92 72 34 20 12 5 4 4
7.2-7.3 ...... I(~ 99 95 87 73 51 35 20 I
9. I-9.8 .... I(~) 99 92 59 13 6 5 3 3 3

10.7-10.9 .... I(~) 99 95 90 82 33 56 36 10 12
10.9- I 1.3 .... I(~) 96 g3 67
I 1.6-12.2 -- I (~) 99 93 71 53 38 28 21 17 I 5 12
13.4-14.0 .... I(
15.5-15.8 .... i (~)          92        74      61          51       42 3.~ 2 ~ 16 13
16.5-17,1 -- I(ff} 99 76 36 21 14 I1) 6 4 3 2

Test Ilole 2 (Monitor Well 14S/20E-241,2J
...........................................

6.4 6.5 .... I(~) 98 93 86 71 51 31 14 9 9
9.7-9.8 .... I(~) ’~8 93 85 65 50 42 34 22 12

I 0. I - 10.4 -- I O0 99 91 70 51 35 25 20 15 12 9
10.4 I 0.7 .... I O0 95 79 66 58 49 ,11) 3(I 21 16
14.4- 14 6 -- I()(I 99 95 84 78 72 (~1 50 3(I I ~ 7

............................................



Particle-size data were used in conjuncnon with racy of the logs relative to a fixed benchmark
field observations to compile the hthologic logs g~venprobably is no better than 0.3 m.
in table 3. Depths were recorded with a precision of
0.03 m during drilling; however, they were measured Although changes in color and texture commonly
relative to land surface that was highly irregular are gradual and subtle, three distinct zones of silty
because soil excavated to form the recharge basin had clay were found and correlated between the test holes:
been deposited near the test holes. Therefore, accu- at 7.2-7.3 m, 10.7-10.9 m. and 15.5-15.8 rn in test

Table 3. Geologic log for test hole ! adjacent to the recharge basin

[Rock-color terms are from Goddard and others, 19,z8. m, meter: ram. millimeter]

Depth t m~ Thickness (m~ Description

0.6 0.6 Fine sand, silt, and clay in about equal proportions, moderate-yellowish-brown (10 YR
5/.I). Surface soil heavily reworked and mixed with soil excavated in construc’don of
recharge pond.

2.5 1.9 Sand, fine to coarse, sihv, moderate-yellowish-brown (10 YR 5/,1~ tending to dark-
yellowish-orange (i0 YR 6/6~. Numerous small concrete chips decreasing in abundance
with depth, than (1 mm) calcareous stringers and bands.

5.8 3.3 Sand, fine to coarse, pale-yellowish-brown (10 YR 6/2) with some moderate-vello~ish-
brown (10 YR 5/~t) marbling. Biotite. quartz, and mica grains abundant. Measured
10-percent silt and 90-percent sand. Becoming finer below 5.6 m.

6.2 .4 Silt. fine sand. pale-yellowish-brown (10 YR 6/2) with numerous sina!! (!-3 mint !ight-
brown (5 YR 5/6) blebs. Measured 70-percent silt.

6..1 .2 Sand. fine to medium, silt, pale-yellowish-brown (I0 YR 6/23. Measured 15-percent silt.

7.2 .8 Sand. fine, silty, moderate-yellowish-brown (I0 YR 5/4). Measured 30-percent silt.

~7.3 .1 Silt, clayey, moderate-yellowish-brown (10 YR 5/4) tending to dark-yellowish-brown
(10 YR 4/2). Measured 70-percent silt and 20-percent clay.

10.7 3.4 Fine sand. some silt, color fluctuating between moderate-yellowish-brown (10 YR 5/4!
and light-brown (5 YR 5/6) throughout interval. Measured 80-percent fine sand and
10-percent silt.

"10.9 .2 Silt. clayey, pale-yellowish-brown (10 YR 6/2) to dark-yellowish-brown (10 YR 2,/2L
Measured 60-percent silt and 20-percent clay.

13.0 2.1 Sand. fine to medium, with silt and clay, poorly sorted, light-brown f5 YR 5/6) blebs at
top of interval blending entirely into moderate-brown (5 YR a/a) mamx below 11.6 m.
Clay and silt decreasing and fine sand increasing slightly with depth. Measured
15-percent clay and 20- to 30-percent silt. Bottom of interval in saturated zone.

15.5 2.5 Sand. fine to coarse, with silt and clay, (slightly coarser than interval above), changing
graclually from moderate-yellowish-brown (10 YR 5/4) at top of interval to light-brown
(5 YR 5/6) at botton of interval.

15.9 .4 Sand. silty with greyish clay blebs, moderate-yellowish-brown (10 YR 5/4). Measured
35-percent silt and 15-percent clay.

18.3 2.4 Sand. fine to coarse, becoming coarser with increasing depth, moderate-yellowish-brown
(10 YR 5/,.l) tending to light-brown (5 YR 5/6). Biotite, quartz, and mica grains
abundant (similar to 2.5-5.8 m interval). Measured 10-percent silt.

"Finer. less-permeable zones visually idenufied during coring.
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hole I; and at 6.4-6.5 m. 9 7-9.S m. and t4.2,-12,.6 m Removal of the plates (the 0- to l-cm depth
in test hole 2 (table 4). Difference in the depth below samples) exposed an unusual geometric surface that
land surface of these three zones matches closely thebore a striking resemblance to a honeycomb, the indi-
difference in land-surface altitude at the test holes, vidual cells of which were several millimeters across
The water table was between the middle and deepest and deep. The sediment was strongly reduced, as
of these zones in each test hole. indicated by its black color, except for a thin veneer

of brown (oxidized) clay rimming the edge of each
cell wal!. It is suggested that the cells were formed by

SAMPLING OF SEDIMENT FROM THE RECHARGE escape of gas bubbles as ~he mud was drying. Gas
BASIN bubbles, accompanied by a small oil sheen, com-

monly were seen breaking the water’s surface when
To facilitate samplin,,= of accumulated sediment in the basin was flooded. This gas is presumed to be

the recharge basin, all water was pumped from the hydrogen sulfide, carbon dioxide, methane, and
basin in mid-July 1986, and the exposed sedimentnitrogen generated by rmcrobial activity within the
was allowed to dry, for about 3 weeks prior to sediments. After the basin’s water had been removed,
sampling. As the fine-grained sediment covering the the underlying sediment was exposed to air entering
floor of the basin dried, shrinkage cracks formed thin through cracks at the sediment surface, and oxidation
polygonal plates. The plates were about 1 cm thick produced the thin brown rind on the cells.
talthough actual thickness is somewhat imprecise
because the bottom surface of the plates was The 1-cm-thick surface-sediment plates were
irregular) and represent the most recently deposited removed for analysis from six sites on the basin floor.
sediment that accumulated in the recharge basin. The basin floor slopes gently downward from the

Table 4. Sand, s!tt, and clay coment of soil cores from two test ,holes aajacenr To r~e rechcrge ccsin

[Contents. in weight-percent, calculated from data in table 2. m, meter]
Depth

interval Coarse sand Medium sand Fine sand Silt Clay

(m)
Test Hole 1 (Monitor Well 14S/20E-24L1)

1.2-1.8 15 20 24 29 6
3.1-3.7 26 43 21 8
4.9-5.5 48 30 13 7 2
5.8-6.2 1 1 18 72 8
6.2-6.4 !5 39 25 16 5
6.4-6.7 17 11 36 28 8
6.7-7.2 1 7 58 30
17.2-7.3 0 1 12 67 20
9.1-9.8 1 7 79 10 3

~10.7-10.9 1 4 13 63 19
10.9-11.3 4 13 35 28 20
11.6-12.2 7 22 33 23 15
13.4-14.0 11 19 33 25 12

~15.5-15.8 8 18 23 35 16
16.5-17.1 24 40 22 11 3

Test Hole 2 (Monitor Well 14S/20E-24L2)
~6.4-6.5 2 5 22 62 9
~9.7-9.8 2 5 28 43 22
10.1-10.4 9 21 35 23 12
10.4-10.7 5 16 21 37 21

214.4-14.6 5 11 12 59 13

~Finer, less-permeable zones visually identified dunng coring.
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northeast comer, where ~nc ,~,~rm ranoff enters the On the basis of the difference in altitude between
basin, toward the south ,:-:_" " . therefore, a spatial test hole 1 and basin sediment-sampling site 5, one
gradation of increasing fineb tox~m-d the south ’~as would expect the lithology of the basin deposits
anticipated. The particle-size data from the six slte~ immediately below 16 cm to be similar to that of the
that are presented in table 5 provide some evidencetest hole between 4.9 and 5.5 m. However. minor
for such a trend, ’although the difference m percentage differences in particle-size distribution and in element
of fine fraction is small. Clay-plus-silt content range~ concentrations suggest that the basin deposits below
from 67 percent at sediment-sampling site 2 to -- 16 cm more closelv resemble those from 5.5 to 5.8 m
percent at site 4; however, clay contents are about 10 in test hole 1 (for which chermcal data exist but
percent greater at sites 5 and 6 in comparison with the partic!e-size data do not). S~ecificailv. the basin
other four sites. In addition to the 0-1 cm (surface- deposits below 16 cm consist predormnantly of a fine-
sediment plate t samples, two successive thin layers,to-medium sand, whereas the soil from -~.9 to 5.5 m
estimated to each be only about 1 mm thick, were in test hole 1 consists predormnantly of a coarse-to-
scaped from the surface near site 5. Both were found medium sand (compare data in tables 2 and 51. In
to contain approximately equal proportions of clay addition, comparison of selected element (Fe..\!g.
and salt and virtually no sand (table 5). Accordingly. *In, Th, Ti, and V) concentrations tdata given m
the small differences in the percentage of fine fraction tables 7 and 9 and discussed in later sections of this
between surface samples at the six sites could sn-nply report~ shows that basin deposits below’ 16 cm are
be due to var3’ing proportions from the very thin laver closer in chemical composition to soils between 5.5
of fine sediment at the surface (top few millimeters) and 5.8 m than to soils between -!..9 and 5.5 m in test
and the coarser sediment immediately below the hole 1. It should be noted, however, that c~emical
surface /to a depth of 1 cmt. differences between the two soil samples are small

and that the element arsenic presents a pattern
~n adctition to surface samples from the five sites, opposite ~o that of the aforementioned six elements.

sediment and native soil to a depth of 1.5 m were
collected at site 5 in the recharge basin. This site, CHEMICAL ANALYSIS OF WATER, SOIL ANDw’hich seemed to be the deepest part of the basin, w’as

SEDIMENT4.9 m below the top of the cement seal at well
laS/20E-2,/.L1 (test hole I). Successive layers of A Teflon bailer with Teflon ball-check valve was
sediment were exposed and collected at site 5 by ex- used to collect ground-water samples from the twocavating a rectangular pit with a small hand trowel, monitor wells installed for this study. Aliquots for
The pit was "telescoped" inward in a staircase analysis of inorganic constituents and nutrients ’,,,’erearrangement to eliminate sloughing of overlying sedi- filtered through a membrane with 0.45-gin pores.
ment as successive layers were uncovered. Exca- Aliquots for analysis of gross organic indicators t, suchvation continued in this manner to a depth of 6,1, cm;as methylene blue active detergents, tannin plusthe deepest sample, from 120 to 150 cm, then was lignin, and oil and grease) and specific organicobtained with a manually operated 2-inch-diameter(5 compounds were not filtered. Samples for analysis of
cm) steel auger. Although the color of sediment organic compounds were stored at temperatures nearsamples lightened considerablywith increasing depth,0°C and analyzed within a few days of their
even the deepest sample had a grayish-tan colorcollection. Samples for analysis of cations and trace
indicative of an anaerobic environment, elements were stabilized by addition of nitric acid to

pH approximately 2 and nutrients were preserved by
The particle-size-distribution data (table 5) for the addition of mercuric chloride and storage at tempera-

subbottom-deposit samples collected at site 5 showtures near 0°C. Samples for trace-element analysis in
the existence of a shallow zone, from the sediment the low-concentration (sub-ppb) range were acidified
surface to a depth of 8 cm, in which silt and clay with ultrapure nitric acid and stored in Teflon bottles.
predominate, and a deeper zone, below 16 cm. in
which sand predormnates (with little silt and clay pre- Grab samples of water from the recharge basin,
senti. The interval between 8 and 16 cm is atran- and samples from the laboratory, elutriation study
sition zone between the overlying sediment derived(discussed in detail later in the "Laborator2! Elutriation
from outside the basin, presumably brought inExperiments" section) were processed and analyzed in
bv runoff from the catchment, and the underlying a manner similar to that used for the ground-water
natural alluvium referred to throughout this report as samples, except that collection and sample-preser-
"soils" or "substrata." vation techniques for low-level (sub-ppb) trace-
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Table 5. Particle-size disiribulion in se(Jiment beneath the recharge t)(]sir~

IclII, celllillle|~r; ~, interval is approximalc. --, no dalai
l)erccnl finer than SiZe, ill millimclcrs, indicated

Gravel Coars¢ sand M¢(lium sand      l:i~c sa,d                              ,";ill (:lay

4 2 I 0.5 0.25 O. 125 l).(}62 O.O31 O.016 O.()()8 O.{R)4 0.002

Sile No. Surfi¢ial (0-I ~m) Sedime.l lr.m Re~’l~arge lla~in

I .... I(R) 97 92 84 70 51 35 21 19 17
2 .... I(R) 9~ 92 84 67 49 30 16 14 I ~
3 .... I(R) 97 g6 79 70 65 46 26 I {) II
4 ........ I(~) 90 77 6~ 53 3~ 19 II
5 ..... I (R} 95 ~0 71 6~ 5~ .I-I 27 I I

Depth
inlerval Subboll.m Sedime.l from Sile S in r~dmrge Basin

(cm)
- 0. I ........ I(~) 99 98 96 88 - 7{ 5(1 ~.I
-. I -.2 ...... I(N) 99 99 07 91 81 68 51

0 1 ...... 11~) 95 80 71 68 58 ,I I 21 I I
1-2 ..... I(~) 84 72 65 61 51 ~ 1 20 15
2-4 ...... I(~) 94 87 70 56 39 21 13 13

48 ...... I(~ 93 87 80 72 48 25 15 12

8 16 -- I(~) 99 97 89 80 53 40 20 7 5 5
16-32 .... I(~) 96 75 42 9 3 I I I I

32 M .... I(~) 96 60 29 7 3 I I I I
120-150 .... I(~) 96 60 23 5 2 I I I I



element samples described above v.ere used for only For the gas chromatography-electron impact mass
some of the samples (readily recogmzed in data tablesspectrometric (GC-MS) analysis of two sediment
6, 12, and 13 by the repomng of s~gnificant digits to samples (0-1 cm and 8-16 cm depths) from site 5.
the tenths micro,,ram-per-liter Isub-ppb) level for approximately 25 ,~ (dry wei~htl of sediment was
several trace elements). Solutions from the elutnation processed and chromatographed in the same way as
test were centrifuged rather than filtered, for GC-FID analysis. However, the chromatography

column v-as coupled directly to a mass spectrometer.
Aqueous chemical constituents were analyzed by which was set to analyze from 45-450 atomic mass

the USGS National Water Quality Laboratory. in units with a scan time of 0.25 second. Comt~ound
Arvada. Colorado. using methods described b;’ identifications were based on comparison of the gas
Wershaw and others (1987) and Fishman and chromatographic peak retention time and mass spec-
Friedman (1989). Tritium initially was analyzed at the trum with similar data for standard compounds. In
University of California. San Diego, and these addition to priority pollutants, a computerized library
analyses later were confirmed at the USGS Isotope search for nontarget compounds was done. Although
Laboratory. in Reston. Virginia. using a liquid- many compounds were detected, especially in the
scintillation counting method. Stable isotopes ofsurface sample, only a few could even be identified
hydrogen and oxygen also were analyzed in the by the compound class to which they belong.
Reston laboratory..

Analysis of soil and sediment samples for element
Sediment and soil samples for determination of concentrations was done in the USGS Analytical

organic constituents were stored in glass jars atFacility in Denver using methods (Severson and
temperatures near 0°C until their analysis a few days others. 1987) identical to those also used for a
after collection, or they were frozen for later use in multisite reconnaissance of imgation drainage effect~
the laboratory, elutriation tests. Organic constituents that was done concurrently with this study (see. also.
and nutrients were analyzed by the USGS National Schroeder and others, 1988. and Arbogast. 1990. for
Water Quality Laboratory. using methods describedby details on analytical methods). The samples were
Wershaw and others (1987) and Fishman andprepared for analysis by dr?’ing at about 30°C and
Friedman (1989). Groups of organic compounds that grinding to pass an 80-mesh tlS0 gm) sieve. Virtually
were analyzed include the organochlorines, organo-complete mineral digestion was effected with a corn-
phosphorous insecticides, chlorophenoxy-acid herbi-bination of strong acids. Inductively coupled argon-
cides, and extractable priority pollutants. In addition plasma atomic emission spectrometry (ICP) was used
to these specific compounds, extractable nonspecific to analyze a broad suite of about 40 elements. Arsenic
organic compounds were analyzed by gas chroma- and selenium were analyzed using hydride-generation
tography with flame ionization detection (GC-FID). atomic absorption. Mercury was analyzed using

flameless cold-vapor atormc absorption. Boron was
The GC-FID scans provide only a general analyzedon ahot-waterextract. Uraniumand thorium

indication of organic contaminant concentrations be- were analyzed using delayed-neutron activation.
cause total concentrations deterrmned by GC-FID
amount to only about 1 percent of total organic car- Lead-210 (2~°Pb) and radium-226 (2:6Ra) were
bon (analyzed by combustion) in near-surface sedi- analyzed in 13 sediment samples from the recharge
ments from the basin. For GC-FID analysis, a 25-g basin and in 2 soil samples from test hole 1.
(approximate dry. weightl subsampie of sediment was J.K. Cochran, at the State University of New York,
extracted with a methanol plus methylene chloride Stony Brook, analyzed these samples using a non-
solvent mixture for 12 hours using continuous Soxhletdestructive gamma-counting technique. About 90 to
extraction. The extract then was concentrated using 150 g dried sediment (or soil) was sealed in 100 cm-~

a Kuderna-Danish apparatus. Surrogate compoundsaluminum cans and stored for 2 weeks to allow
were added prior to extraction to check recovery., and gaseous radon-222 (z’-ZRn) to reach decay equilibrium
perdeuteronaphthalene (Cl0Ds) was added as an with -’2~Ra. Gamma emissions were counted on a
internal standard to the extract just prior to GC-FID 1,000 rnmz, 10-ram-thick, Canberra Electronics planar
analysis. Chromatographic separation was done usinggermanium detector. The 46.5 keV (thousand electron
a 25-m by 0.21-mm SE-54 fused silica capillary volt) "-1°Pb peak and the 352 keV :l~Pb peak were
column held initially at 50°C for 5 minutes then used to measure z:°Pb and ::6Ra activity, respectively.
increased to 300°C at 6°C/min. Concentrations were Counting time was about 24 hours. Detector
calculated relative to the response of the internal efficiencies were deterrmned using laboratory, as well
standard (as "CloDs equivalents"), as National Bureau of Standards. sediment standards.
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Corrections for sample self-absorpnon of gamma rays homogeneous and the recharge rate is constant, then
were made by measunng the attenuation of :"°Pb and the radius of the area infiltrated must vary, inversely
::6Ra sources placed on the sample cans. Con-with the square rootofvertica!hydraulic conductivity
centrations are reported in disintegrations per minute (Freeze and Cherry, 1979, p. 16). On the basis of this
per gram dry’ sediment (dpmig) with precision based relation and the inferred variation in hydraulic
on counting statistics, conductivities (Nightingale, 1989), the water would be

expected to spread laterally a distance of about three
times the basin’s diameter. The likelihood that

QUALITY OF RECHARGE-BASIN WATER AND recharge reaches the water table directly beneath and
GROUND WATER near (as opposed to some great distance from) the

basin is inferred on the basis of arguments given
The most direct way of determining whether above, along with the absence of sigmficant lithotogic

recharge from the study basin has impaired ground- discontinuities at the test holes.
water quality is to measure chermcal concentrations in
the basin sediment and concentrations in nearby Additional evidence that ground water at the
ground water. Nightingale (19"75, 1987a,b,c, andwater table has mixed with a substantial volume of
1989) found that several trace elements and synthetic water from the recharge basin was obtained from
organic compounds were strongly sorbed by soils analysis of tritium and the stable isotopes of hydrogen
beneath five recharge basins in residential andand oxygen.
commercial parts of the city of Fresno and that their
concentrations were low in soil moisture from the
unsaturated zone and in ground water immediately ISOTOPIC EVIDENCE FOR RECHARGE
below a basin. Accordingly, although contaminant
levels in sediment were expected (and found) to be Tritium, the radioactive isotope of hydrogen
higher at the recharge basin in the commercial having a half-life of 12.43 years, is produced
catchment that was the subject of this study, little or naturally by cosmic-ray interactions with the upper
no effect on ground-water quality was anticipated, atmosphere. Atmospheric detonation of thermonuc~ear

weapons produced large quantities of tritium with the
An important consideration in evaluating the result that tritium concentrations in precipitation

potential for ground-water contamination by urban- began increasing above natural levels about 1950,
runoff chemical constituents is establishing whether reaching a peak that was 10:-103 times natural levels
runoff in the basin actually reaches the water table in the mid-1960’ s, and then gradually declining
below the basin in significant amounts. Measurement following the international treaty that banned
of soil-moisture content in the unsaturated zone andatmospheric testing by the major nuclear powers.
installation of several monitor wells to determine the Tritium in precipitation today remains several times
local hydraulic gradient would provide direct evidence higher than natural levels. It is this bomb-produced
of recharge but were beyond the resources available tritium transient that can be used to distinguish post-
for this study. Nevertheless, water-budget calculations !950 water from older water.
indicate that the potential for substantial recharge
exists. On the basis of mean annual rainfall of 26 cm. On the basis of nationwide maps of tritium depo-
measured rainfall-runoff coefficient, soil-water sition (Michel, 1989), it is estimated that average
capacity, and physical dimensions of the catchmentannual tritium concentration in precipitation at the
and recharge basin (Oltmann and Schulters, 1989),city of Fresno was slightly greater than 10 TU
mean annual runoff should be sufficient to saturate (tritium units) at the time of this study. (One tritium
soil above the water table for a distance of about unit is one tritium atom per 10t8 hydrogen-1 atoms
100 m beyond the basin’s boundaries. Of course, thisand equals approximately 3.2 picocuries per liter.)
simplified calculation assumes symmetrical spreadingOn the basis of physical properties of the aquifer
beneath the recharge basin. On the basis of saturated (Williamson and others, 1989, and Hugh Mitten,
hydraulic conductivities calculated from measured soil USGS, written commun., 1986), it is concluded that
characteristics, Nightingale (1989) concluded that regional ground water in the city of Fresno that
subsurface silt and clay strata (lenses) would cause originates as recharge in the Sierra Nevada foothills
lateral movement of water beneath a Fresno recharge is unlikely to contain any tritium. The measured
basin that had a measured infiltration rate of 16 cm/d tritium concentration of 10.2 TU in the recharge basin
(almost 60 rrgyr). If the soil deposits in the recharge (table 6) is close to the estimated tritium concen-
area above the lenses are assumed to be isotropic andtration in local precipitation. It is presumed that the
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Table 6. ConcentrQticr, s or ,2;Jssc:ved inorganic anti tOtal-recoverciole organic cons,ntuents in water from
the recharge basin aria frcm ~,~c nearby monitor wells

[Water from recharge basin collected January 29, t986. except sample for analysis of isotopes, mercury, and bromide collected
July 11, 1986. Monitor wells sampled August 4, !986. MBAS, methylene blue active surfactants: PCBs, polvchlorinated
biphenyls: pS/cm, mlcrosiemen per cennmeter at 25° Cetslus: ’C. degrees Celsius: mg/L, milligram per liter: g~o~L’, microgram
per liter: permil, par~s per thousand: --. no data: <, less than indicated reporting limit]

Concentration. m indicated units

Constituent Recharge Well Well
basin 14S/20E-24L I 14S/20E-24k2

Major Constituents
Temperature (°C) -- t7 ! 7
Specific conductance (#Sicm) 360 420 379
pH (standard units) 6.9 8.1 8.1
Calcium (mg/L) 13 22 34
Magnesium (rag/L) 5.3 11 ! 6
Sodium (mg/L) 1,~ 53 15
Potassium (mgiL) 18 3.2 3.4
Chloride (mgiL) 23 10
Sult’ate (mg!L) 32 24 26
Fluoride (mg!L) . I .1 .1
Silica (mg/L as SiO:) 5.4 49 49
Alkalinity (m~L as CaC©d 13 171 --

Nutrients
Nitrite -,- mtrate (mg/L as N) 4.0 4.0 4.8
Ammonium (m~L, as N) 7.0 .02 .02
Kjeldahl nitrogen (mgiL as N) 13 .6 .-~
Orthophosphate (mg/L as P) 4.3 .04 .06
Organic carbon (mg/L as C) -- 3.9 3.9

Trace Elements (~g/L)
Arsenic (As) 3 3 2
Barium (Ba) -- 100 100
Boron (B) 90 80 110
Bromine (Br) <10 <10 <10
Cadmium (Cd) 1 .73 1.1
Chromium (Cr) < 1 .50 .35
Cobalt (Co) 3 1.0 1.5
Copper (Cu) 7 3.5 4.5
Iron (Fe) 210 16 48
Lead (Pb) 2 <.08 <.08
Manganese (Mn) 120 210 78
Mercury. (Hg) .1 <. 1 <. 1
Molybdenum (Mo) 10 15 5
Nickel (Ni) 4 6.8 11
Selenium (Se) <i <1 <1
Silver (Ag) <l <.03 <.03
Strontium (Sr) 170 170 220
Vanadium (V) -- 19 15
Zinc (Zn) 130 .5 .4

Isotopes
~D (permil) -16.0 -51.5 -49.5
6~SO (perrml) 1.19 -7.20 -7.05
-~H (mtium units) 10.2_*-.8 6.4±.7 5.8--.6
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Table 6. ConcentrcT~c ~ :: :,ss=~vecl inorgc,~c and total-recoverable organic constituents ~n water from
the recharge basin o~.: ~=r-" "~c nearby mc~,,tor wells--Continued

Concentration, in indicated umts

Constituent Rechar_~e Well Well
basra 14S/20E-24L 1 14S/20E-24L2

Broad Organic Indicators
Tannin and lignin (mg/L as 2.8 <1 <1

tannic acid)
Phenols (gg/L as phenol) 5 3 --
MBAS detergents (mg!’L/ .29 .11 ,08

Synthetic Organic Compounds (btg/L)
1,2-Dichloroethane <3 <.2 .2
1,1.1-Trichloroethane <3 .2 .2
Dichlorodifluoromethane <.3 .2 <.2
Lindane .01 <.001 <.001
Endosulfan <,01 .002 <.001
Malathion .01 <.01 <.01
Parathion .01 <.01 <.01
Diazmon <.01 .01 <.01
Purgeable priority pollutants <3 <.2 <,2
Base/neutral-extractable (~) ....

priority pollutants
Acid-extractable priority (~) (~) (~)

pollutants
Organochlorine insecticides + <.01 <.001 <.00!

PCB’s
Organophosphorus insecticides <.01 <.01 <.01

Walue is less than reporting limit, which is 5 g~m’L for most extractable organic priority pollutants.

basin contains a mixture of ground water used by recharge and possibly to place constraints on the
industries in the catchment area and not discharged to timing of such recharge from the basin. Both isotope
a municipal treatment plant in addition to precipi- ratios are expressed here as permil in the commonly
ration runoff, and that it is the precipitation runoff used 8 (delta)notation relative to the Vienna-Standard
that was the principal source of tritium in the sample Mean Ocean Water (V-SMOW) standard. The general
from the recharge basin collected January 29, 1986. relation between hydrogen- and oxygen-isotope ratios

in precipitation is shown by the global meteoric-water
Tritium concentrations of about 6 TU in both line (MWL) in figure 3 (Craig, 1961). This line has

monitor wells (table 6) seem to indicate significant a slope of 8, and the isotopic composition of waters
recharge from the basin. However, the evidence is that have undergone evaporation typically fall to the
compromised by the recent f’mding of tritium in many right of this line; that is, they are enriched in ~80
wells throughout the San Joaquin Valley, including 46relative to deuterium. This deviation from the MWL,
TU in well 14S/20E-34G1, a 124-foot well about 3 as well as relatively high values of 8D and
km southwest of the study site (Shelton and Miller, indicates that water in the recharge basin at the time
1991). Recharge by extensive irrigation with surface of sampling for stable isotopes on July 1 t, 1986, was
water likely is the source of tritium in ground water highly evaporated.
throughout the San Joaquin Valley; in the city of
Fresno, artificial recharge also is a potential source of The hydrogen-isotope ratio of precipitation in the
tritium, city of Fresno can be inferred, from regional-scale

data along an east-west traverse between the Pacific
Stable-isotope ratios of hydrogen (2H]IH or D/H) Coast and Nevada, to be about -80 permil (Ingraham

and oxygen (~aO/t60) also can be used to infer and Taylor, 1991). Ground waterfrommostwellsin
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ordinarily would be considerably higher
: ; " J ~ "~:, and ~80 would be lower) than durin,o summer

~
:- .,:.:, ~ when the basin was sampled. It is reasonable

,~/ ~ "> that rechar~,_e should be much ~reater follo~in~
~ : _ winter sto~s when the basin was observed b~

~,~.
~ ~ the author to be fuller th~ dunng the dry

~ ~ ’ ~ 2c~.2 ~2 su~er season when it contains less water.

= :.~.~ c,,~,.~- ~ ~ ~ ~ Although the relative impo~ance of each of the
= " - � above explanations cannot be evaluated without
- ~ ~ frequent monitoring over a pe~od of time, the fact
Z ~ ~,~,-:s~0~-~,~ - that ~D and ~O values in the monitor ~ells

generally are less negative than in other ~.ells in the
. Fresno ~ea argues strongly that rech~ge from th~

~ - .’ .~ -~    -: 2 -- basin is reaching the water table locally.

The stable-isotope data. together with the tntmm
Figure 3. ~ei~tiom ~e~een ~ydrogem -cmC data. suggest that basin rech~ge is comparable in
cxv@em stmmle-isoto~e r~rios i~ rec~rge-b~s~m impo~ce at the study site to regional ground-~ater
w~ter end neorDy ground woter, flow from the Siena Nevada foothills, so that ~v

storm-runoff containers not effectively removed bT.
the soil beneath the basin should be easily detectabie

the vicinity of the city of Fresno has a 8D slightly by me~s of shallow monitor wells such as those that
less th~ -90 pe~it. Even the isotopic composition ofwere installed for this study. Neve~heless. the sp~se
water from well 14S/20E-3¢G1 {alluded to in the isotope data presented do not suppo~ quantitativel?
earlier discussion on tntiumL at 8D=-91.5 peril ~d appomoning ground water at the momtor
8"sO=-12.3 per~l, does not differ greatly from the between regional flow ~d basin recharge. Apa~ from
composition expected for ground water free of local the li~tations discussed above, seasonal ~d annual
recharge by suHace water or imgation~app~ently isotope variations in precipitation ~e likely to be
because the local rech~ge has not undergonequite large. For example, mean annual tritium
subst~tial evaporation. As c~ be seen in figure 3 concentration in precipitation dunng 1980-81 is ne~ly
(dashed lines), there is no way the isotopicdouble that of the ne~-record wet period of 1982-83
composition measured in the two monitor wells c~ (Michel, 1989). Also, mean ~nual 8D in precipitation
be obtained by ~xing regional ground water or local was found to v~ as much as 40 peril between
precipitation with recharge-basin water in v~ing 1981 ~d 1989 at some sites in a monitoring network
propomons. On the basis of this dep~ure from a that included 32 locations m southeastern CNifomia
simple two-member ~xing mode!, it is concluded ~d adjacent p~s of Nevada ~d Arizona (Ffiedm~
that one or more of the following conditions ~e ~d others, 1992).
necessa~ to explain the isotopic composition found
in the monitor wells:

I. ~e 8D of precipitation may have been higher M~JO~ IONS ~N~ ~

(less negative) at the time of this study th~
the infe~ed estimate of-80 pe~l. Comparison between water samples from the

rech~ge basin ~d the monitor wells (table 6), and
2. ~e D ~d ~O contents of regional ground compmson of both with regional gound-water

water at the study site may be higher th~ composition listed in table 1, reveals little difference
represented by well 14S/20E-3¢G1. D ~d ~O in such broad me~ures of water quality as dissolved-

solids concentration ~d specific conduct~ce. Forcontents ~e reposed to be higher in some
wells several kilometers from the study ~ea chloride, which is ~ ideal unreactive tracer (as are
(Shelton ~d Miller, 1991). isotopes), differences ~e l~ger but still too smN1 to

be useful. Although differences ~e l~ge for silica
3. Rech~ge in the b~in ~ght be ~cumng ~d bic~bonate (alkNini~), precipitation ~d disso-

during periods when the basin’s water has lution reactions m~e both unsuitable as tracers. Of
undergone less evaporation, such as dunng the the major ions, potassium (K) is the most useful
winter; as a result, ~H ~d ~O concentrations indicator of whether cationic cont~n~ts ~n the re-
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charge basin reach the v,ater table. Aqueous potas- the laboratory, reporting lirmt, their presence should
sium concentrations are about 5 times higher in thenot be inferred without further sampling.
recharge basin than in either regional ground water
(table l) or the nearby monitor wells (table 6~-- Organic(and trace-metal)concentrations generally
indicating that there is no discernible transport of this are much higher in sediments than in water and. for
cation to the water table. Profiles of dissolved- and this reason, the sediment I soils) data presented in the
exchangeable-cation concentrations beneath a rechargenext section of this report provide a much more
basin in the city of Fresno show that removal of sensitive indicator of organic contarmnant mi~_ration
dissolved potassium in percolating recharge ~ater than do the aqueous-phase data.
occurs through ion-exchange reactions with c!av
minerals in the soil (Nightingale, 1989).

CHEMICAL CONCENTRATIONS IN
Zinc is potentially’ an even more sensitive surro- SEDIMENT AND SOIL

gate than is potassium, as the concentration of zinc is
more than 100 times higher in the recharge basin than Chemical analysis of sediment beneath the
in the monitor wells (table 6). Motor vehicles, and recharge basin and of soil from test holes provides
especially motor oil, have been implicated as thethis study with the strongest evidence that sorption bv
major source of zinc in the urban environment the solid phase is a vet,. effective mechanism for
{Wigington and others. 1983"). The reason for such a removal of inorganic and organic contaminants, and
large enrichment (comparative concentration ratio) for that only a veD.’ small fraction of the available
aqueous zinc in the recharge basin is unknown:capacity for removal is used after a few ,,,’ears. Results
however, it may be related partly to its role as of these analyses are presented in tables 7 to 10. and
a biological micronutrient and partly to its greater in table 14 (results reported in table la are discussed
solubility than other heavy metals with large later, in the "LaboratoD Etutriation Experiments"
anthropogenic inputs (Harter. 1983; Wigington and section). The results given in these tables indicate
others, t983). (These same reasons can be used tomarked attenuation in concentration of numerous
explain the high concentrations of potassium.) In any elements and synthetic organic chermcals within the
case, because the available data show that trace metalstop few centimeters beneath the recharge basin.
in urban runoff have not affected ground-water
quality at this site, monitoring for zinc would be ve~’
effective in demonstrating continued absence of INORGANIC ELEMENTS
impairment by trace-metal cations.

The determination of ’background levels" is more
difficult for inorganic elements than for synthetic

ORGANIC PRIORITY POLLUTANTS AND PESTICIDES organic chemicals; whereas the former occur naturally
in variable concentrations, the latter are completely

Water from the recharge basin and from monitor absent in soil and sediment known to be free of
wells was analyzed for three gross organic indicators: human influence.
tannin and lignin, total phenols, and methylene blue
active suffactant (MBAS) detergents. All were Comparisons of trace-element data show that
reported present in the recharge basin and some alsonatural variability far exceeds any differences
were detected in the monitor wells (table 6). resulting from sampling and analytical imprecision.
However. the baseline for colonmetic detection of The range in concentration for 43 elements analyzed
these analytes in dissimilar waters is likely to be in five soil cores from test hole 1 exceeds 10 percent
variable and is sufficiently uncertain that their for all 32 of the elements whose concentrations
reported detection at very, low levels in the monitor- exceed reporting limits ttable 7). This contrasts
well samples is not conclusive evidence for their markedly with the nearly identical concentrations
actual presence (that is. the levels detected likely measured f or sediment samples collected irnmediately
represent "false positives"), adjacent to one another from depths of 0 to 1 cm

(table 8) and 120 to 150 cm (tables 8 and 9) at site 5
Several groups of synthetic organic chemicals also in the recharge basin. For the highly contaminated

were analyzed: purgeable and extractable priority surficial samples, measurable concentrations are
pollutants, organochlonne compounds, and organo-identical for 20 elements and differ by more than 10
phosphorous insecticides. Only a few were found and, percent for only ,.I elements (molybdenum, potassium.
because their reported aqueous concentrations were at thorium, and ytterbium). For the background-level
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Table 7. Concentrations of elements and radioisotcces in soil cores from test hole 1 adjacent to the
recharge basin

[Element concentrations in micrograms per gram dry, weight and radioisotope concentrations in disintegrations per minute per
gram dr?.’ weight. --, no data: <. less than indicated reporting limit]

Concentration

Element/isotope       Symbol                             Depth (meters below land surface)

4‘.9-5.5          5.5-L 8          5.8-6.2          6.2-6.4-         10.9-! 1.3

Aluminum A1 69,000 "73.000 82.000 70,000 89,000

.~senic As 1.2 -t.5 9.5 3.9

Barium Ba 1,000 900 830 820 510

Beryllium Be 1 1 2 1 <

Bismuth Bi <I0 <~.0 <10 <10 <10

Boron B <0.4 <.4 <.4 <.4 ! 9

Cadmium Cd <2 <2 <2 <2 <2

Calci um Ca 17,000 18.000 23.000 19,000 24.000

Cerium Ce 35 50 63 54 37

Chromium Cr 16 20 26 29 la0

Cobalt Co 4 ’ 9 6 t 9

Copper Cu 4 8 I2 6 26

Europium Eu <2 <2 <2 <2 <2

Gallium Ga 12 l-t 16 13 1

Gold Au <8 <8 <8 <8 <S

Holmium Ho <4 <a <4 <4

Iron Fe 13.000 23.1300 25.000 23.0t30         38.000

Lanthanum La 21 29 36 31 19

Lead Pb 24 19 23 16

Lithium Li i 1 !7 24 14- 30

Magnesium Mg 3,400 5,700 8,200 5,200 15.000

Manganese Mn 230 4-00 560 390 590

MercuD’ Hg <.02 <.02 <.02 <.02 <.02

Molybdenum Mo <2 <2 <2 <2 <2

Neodymium Nd 14 20 25 22 18

Nickel Ni 7 t0 12 10 140

Niobium Nb 5 9 11 8 5

Phosphorus P 300 4-00 800 300 300

Potassium K 30,000 29,000 28,000 27,000 18,000

Scandium Sc 3 5 8 4-

Selemum Se <.2 <.2 <.2 <.2 <.2

Silver Ag <2 <2 <2 <2 <2
Sodium Na 22,000 23,000 26,000 23,000 !9,000

Strontium Sr 360 350 380 350 280

Tantalum Ta <40 <40 <40 <40 <40

Thorium Th 7.74 13.9 19.3 12.8 4-.7

Tin Sn <10 <10 <10 <10 <10

Titanium Ti 1,300 2.100 3,000 2,100 3,100

Uranium U 1.57 3.10 3.52 2.53
Vanadium V 29 54 63 56 91
Ytterbium Yb < 1 1 2 2 2
Ytmum Y 9 13 18 14 17

Zinc Zn 22 38 53 33 69
Lead-210 :Z°Pb ,..01"~ ÷_.,4 "~ -- -- 2.95__..32 --
Radium-226 :"6Ra 1.43__..05 .... 2.70±.21 --
Lead-210 excess :l°Pb,s .58±.25 ..... 25*_..38 --
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Table 8. Concentrct~cr’,s ct :memical constituents and radioisotopes in surface (0-1 cm) sediment from
six sites in the recncr~e

[Chemical concentrations in m~crograms per gram dry. weight; radioisotope concentrations in disintegrations per minute per
gram dry.’ weight. GC-FID. gas chromatography with flame-ionization detection, cm, centimeter: --, no data: <, less than
indicated reporting lirmt]

Symbol Concentration at site:
Constituent (w here

applicable~ 1-"          3 4         5~                                                          ~:          6

Aluminum AI 59,000 66.000 70.000 71,000 70.000 70.000 72.000
,~M’se nic .-ks 5.3 17 6.9 9.0 18 17 16
Barium Ba 580 650 680 680 640 680 680
Beryllium Be 1 1 1 1 l 1 <!
Bismuth Bi <10 <10 <I0 <10 <10 <i0 <10
Boron B 7.9 5.6 5,4 3.6 3.9 3.9 4.3
Cadmium Cd <2 <2 <2 <2 <2 <2 <2
Calcium Ca 28,000 27,000 22.000 19,000 17,000 l 7,000 17.000
Cerium Ce 42 46 52 53 54 53 54
Chromium Cr 44 59 61 71 83 84 86
Cobalt Co l0 10 13 14 17 17 i7
Copper C u 63 74 64 97 140 140 130
Europium Eu <2 <2 <2 <2 <2 <2 <2
Gallium Ga 12 13 15 16 16 16 17
Gold Au <8 <8 <8 <8 <8 <8
Hotmium Ho <4 <4 <4 <4 <4 <4 <4
Iron Fe 22,000 23.000 30.000 34.000 38,000 39,000 a0,000
Lanthanum La 24 26 30 31 31 3 i 32
Lead Pb 91 92 110 130 170 170 160
Lithium Li 20 24 33 37 45 45 46
Magnesium Mg 10,000 11.000 12,000 12.000 14,000 14.000 1,:,000
Manganese Mn ,1.90 490 600 560 640 650 650
Mercury Hg .07 .06 .        .10 .11 .22 .23 .19
Molybdenum Mo 2 <2 3 3 6 5 6
Neodymium Nd 17 17 21 21 20 20 20
Nickel Ni 31 33 43 51 66 68 68
Niobium Nb 8 7 8 7 7 7 8
Phosphorus P 1,500 1,200 1~500 1,800 2.200 2,300 2.400

"~ 0130Potassium K 19.000 21.000 22.000 22.000 18,000 21,000
Scandium Sc 6 7 9 9 10 10 10
Selemum Se .4 .6 .5 .7 1.0 1.0 .9
Silver Ag <2 <2 <2 <2 <2 <2 <2
S odium Na 20,000 20,000 18,000 16,000 13,000 13,000 13,000
Strontium Sr 410 370 340 290 270 270 270
Tantalum Ta <40 <40 <40 <40 <40 <40 <40
Thorium Th 12.7 12.3 19.7 21.4 20.6 30.1 25. i
Tin Sn <10 <10 <10 <10 <10 <10 <10
Titanium Ti 2,300 2,500 2,900 3,000 2,900 3,100 3,200
Uranium U 5.08 4.64 4.78 5.70 11.6 11.3 I0.0
Vanadium V 59 64 75 83 94 94 97
Ytterbium Yb 1 1 2 2 1 2 2
Yttrium Y 13 13 la. 14 14 14 14
Zinc Zn 590 490 510 750 1.200 1,200 1,200
Nitrite+nitrate

(as N) 10 23 11 7 8 -- 3
Ammonium (as N) 1,800 1A00 830 1,400 1,i00 -- 990
Phosphorus (as P) 2,000 1,700 1,800 1,900 87 -- 2,800
Organic carbon

(as C) 170,000 95,000 100.000 130,000 160,000 -- 150.000

Footnote at end of table.
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Table 8. Concentrcr~c~-s :" :~e~,ccl const~tue~’ts and raaioisoto!~es in surface (0-I cm) sediment from
six sites in the recharge : :~ ’--22"" Rued

Symbol Concentration at site:
Constituent (where

applicable ~ 1 2 ~ 4 5’ 5 ~ 6
Inorganic carbon

~ as C ) 200 100 10~ 100 200 -- 300
Oil and grease 2~,000 13,000 17.0t)t) 16,000 22,000 -- 20,000
GC~T-ID {as C,~Ds

equivalents} 370 370 1.300 l.a00 1.500 -- 2.700
Aldrin <.0005 <.00l <.00! <.001 <.0005 -- <.0005
Lindane .001 <.0011 <0()11 .00l 1 .0011 -- <.0005
Chlordane .13 .14 .6: .20 .21 -- .18
DDD .064 .005 .060 .005 .035 -- .032
DDE .065 .043 .070 .071 .0a0 -- .077
DDT .0050 .0041 <.0011 .012 <.0005 -- <.0005
Dieldrin .0021 .0041 .0051 .0061 <.0005 -- .0015
Endosulfan .... <.001 ...... <.0005
Endrm <.0005 <.00l 1 <.0011 <.0011 <.0005 -- <.0005
Heptachlor .0025 .0031 ,0031 .0031 .0021 -- ,0031
Heptachlor

expox~de <.000~ <.0011 <.000I <.00I 1 <.0051 -- <.0005
PCB .031 .021 .033 .030 .039 -- .0-~0
PCN <.005 <.010 <.010 <.0 i0 <.005 -- <.005
L~ad-210 ::°Pb 5.18±.I7 5.40=.18 6.92=.21 8.31=.29 10.!±.3 -- !0.9...3
Radium-226 ::6Ra 2.70±.!0 3.03__..11 3.33=,12 4.71=.18 5.10=.15 -- 5.15___. 19
Lead-210 excess :’~Pbxs 2.48_*.20 2.37-_.21 3.59=.24 4.09=.34 5.00=.34 -- 5.75*_.36

:Two adjacent samples at site 5 were analyzed.

samples from the deepest interval, measurableespecially evident from the chemical differences
concentrations are identical for 13 elements and differ between soil cores at five different depths (table 7),
by more than 10 percent for only 3 elements (nickel, all of which must represent uncontaminated natural
niobium, and thorium), conditions. The concentrations of several elements are

highest in the core interval from 10.9 to I1.3 m,
Such small differences between duplicate sediment which likely is related to the increased proportion of

analvses provides strong evidence that the muchclay and silt in this sample relative to the other four
larger site-to-site differences in surface sedirnents samples ttable 4). Radium-226 provides sirmlar
from the recharge basin (table 8) are real. Many of evidence of natural variability that probably implies
the trace elements whose concentrations are highest atdifferences in mineral assemblage. Concentrations of
the surface have concentrations at sites 5 and 6 that this naturally occurring radioisotope differ substan-
are about double those at sites 1 and 2. This trend oftiallv between two of the soil cores (table 7), between
increasmg concentration toward the south end of the the six surface-sediment sites in the recharge basin
recharge basin and away from the discharge pipe is (table 8), and at different subbottom depths from site
consistent with a similar trend of increasing 5 beneath the recharge basin. On the basis of the
percentage of clay (table 5) to which these particle-size distributions and selected chermcal
contarmnants could be expected to adsorb, concentrations, as was noted in the section "Sampling

of Sediments from the Recharge Basin," it was
Although the sediment at site 5 shows a marked concluded that recharge-basin sediment below 16 cm

decrease in many chemical concentrations with is chemically most similar to soil between 5.5 and 5.8
increasing depth (table 9 and fig. 4), the rather large m in test hole 1. However, the tact that chemical
variability in natural abundances and sharp change inconcentrations for a number of elements vary, by a
lithology (from fine to coarse sediment) several factor of 2 or more in uncontarmnated soil from
centimeters below the recharge basin makes the various depths in test hole 1 indicates that "back-
assignment of background values somewhat uncertain,ground" for fine-grained basin deposits above 16 cm
This variability in background concentrations is may be quite different from "background" for coarse-
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Table 9. Concenlralions of chemical constiluenls and radioisolo[)es in se(limenl and s~Jhstral(] at site 5 in the recharoe basin

I(’hemical concentralions in micrograms per gram dry weight; isolope c~nccnlralions H~ disinlc~ralions per minule per #ram dry wcishl. I)ala Imm O-I cm

Syml)ol Dcpd~ inlcrval beh)w recharge basin (cm)
Conslilucnl (where ........................................................................

apl)licable) O- I = ()+ I ~ 1-2 2-4            .1 g 8-16          16-32 32-~        120- I 5()= 12(1-151)I

Aluminun, kl 7[),(~ 70,(~) 79,(~ 82,()(X) 86,0(~{ ---- ~-[(~R) 75,(R~) 76,(~X) 74,(~)
Arsenic As 18 17 13 9 5 3.7 12 1.0 1.2 I.I I 2

Beryllium lie I 1 I I 2 2 I I I I
Bisnmlh Bi <10 <10 <10 <10 <10 <10 <10 <10 <ll) ¯ I~
Boron B 3.9 39 2.4 14 <.4 <4 <.4 <.4 < 4 ¯ .1
Cadmium (’d <2 <2 <2 <2 <2 <2 <2 <2 <2 ,. 2
Calcium Ca 17,(~) 17,~) 17,~ 21JR~ 24J~} 23J~ 21,1~) 21,~ 21,o(~) 2
Cerium Cc 54 53 63 67 l~O 58 59 52 51~
Chromium Cr 83 84 87 54 24 26 21 21 23 22
Cobalt Co 17 17 17 13 I (~ 8 6 6 ~

(’Opl~r (’u 1411 140 120 52 I ~ 111 6 5 6
l~urnl)ium Eu <2 <2 <2 <2 <2 <2 <2 <2 ~2         <2
Gallium (Ja 16 16 18 18 ~7 16 14 14 I ~ I.I

(]old Au <8 <8 <8 <g <~ <8 ~ H <g <H
I Iol mium I h) <4 <4 <,1 <4 ~.-I <4 <-1 <-I <-1

Iron Fc 3H,(~) 39,(~) 44,(~) 34,(~) 22,O1~1 19.(~) 19,1~1 18,111~1 2.1.1)1~1
I.anlhanum I.a 31 31 36 39 39 3 { 31~ 2~ ~2 3 I
I ,cad I ’b 170 170 I (~0 ~8 22 19 I ’) I g 19 I

I,i0fium I,i 45 45 5{ 39 27 21 15 15 I~ 14

Magnesium Mg 14,(N~) 14,(~) 15,IN ~) 12,0(~) 9,81~) 7,500 5,51N1 5,41~1 5,(~) 5, I1~1
Manganese Mn MO 650 7(~) 020 550 45(I 370 350 370 370

Mercury l lg .22 .23 .22 .13 <02 <02 <.02 <02 <02 <.02

Molybdenum Mo 6 5 4 <2 <2 <2 <2 <2 <2 <2

Neodymium Nd 20 20 25 26 27 23 24 21 23 23

Nickel Ni 66 68 70 39 12 I I I0 10 9
I 0 12 9 8 8 I0Niol)ium NI) 7 7 7

I)hosl)hon~s P 2,21~) 2,3(~) 2, I (~) 1,21M) I ,(~) 700 51M) 51R) 31~) 31~
I)()lassium K 18,(~) 21 ,(~) 24,(~) 2~),(~) 31 ,()l~) 27,(~) 27,(~) 28,(~) 27,(~) 27.(~)
Scandium Sc Ill 10 II I0 9 "1 5 5 5 5

SclclliUm Sc I 0 1.0 <1.0 .8 <.2 < 2 <.2 <.2 < 2         <2

Silver Ag <2 <2 <2 <2 <2 <2 <2 <2 <2 <2

SIl()lllilllll Sr 271) 271) 280 340 ,111) ,IO0 ~80 380 370

Tanlalum Ta <40 <40 <411 <40 <-10 <40 <,10 <40 <41) <41)
Tho, ium Th 20 6 30. I 299 23.6 25 9 15.2 15.6 12 8 I ~.2 I 7



Table 9. Concenhaliotls of chemical conslihJorfls (]nc:l radioisolol~es in sedi:~;nl (~H subslr(]l(~ ~]I silo 5 i~ lt~e roch~]rf]~
Conlit ~ed

Symbol i)cpth mlcrv;fl b~.h~w rcchau~c hasin

applicable) 0-1~ 0-1~ I-2 2-4 48 ~-16 16-32 32 14 12() 151)~ 120

Tin S, <10 <10 <10 <10 <10 <1~ <10 <10 <10 <10
l"ilaaium Ti 2.91R) 3. I(R) 3.5(R) 3.5~) 3. ~(R) 2.8(R) 2.200 2. I(R) 2.21R) 2.2(R)
titanium I l I 1.6 I 1.3 8.73 4.81 3. I I ~.32 298 3 09 3.2(}
3.08
Vanadium V 94 94 I(~) 84 59 51 50 4~ 58
Yllcrbium Yb I 2 2 2 2 2 2 2 2 2
Yttrium Y 14 14 15 17 18 16 15 14 15
Zinc Zn 1,21R) 1,21~ 760 390 71 40 31 3 ~ 3 ~
Nilrilc {nil~alc

(as N) 8 -- <2 <2 <2 3 2 3 9

Ammonium (as N) 1,1~) -- 960 5611 2311 97 32 170 I 2 --
Organic nilmgen .......... 43

(as N)
Phosphorus (as P) 87 -- 2,6(R) 990 1,31~) 730 690 71~0 470

Organic carta)n 160,(~) -- I fi(),(~) fiO,(~) 81S) ~61R) -21~1 ~9~ . I(~)

(as C)
Inorganic carbon 21~ -- 31~) 2~) I(~) < I (~) < I(~) < I (~1 < I(~) -

(as C)
Oil and grease 22.(~R) -- 24.(~) 1 I .(RR) I .(~) < 1.01~) < I .O(~l < I .(~l < I .()(~)

GC/FID (as C,~D, 1,5(~1 -- 01~) 380 42 1.7 29 12 5.7

cquiwllenls)
Aldrin <.(~)5 -- <.(~)1 I <.01~)1 < (~)1 < (~tl <.(~)1 < (~)1 <

I,indane .(~)1 I -- .0071 .11032 .(~k{ <.01~)1 <.(~)1 < (~)1 <.(~11 --

Chh)rdane .21 -- .3fi .20 .(~)1 .(~) I <,(R) I < (~)1 <.(~) I - -

i)I)E .(NO -- .072 .048 .(~)4 .(~) I <.(~)1 <.(~ ~) I <.(~11 --

I)I)T <.(~)5 -- .10 .0021 .(~)1 <.(~)1 <.(~)1 < (~)1 < (~11 --

Dielddn <.(~)fi -- .055 <.(~)1 (~) I <.(~) I <.(~)1 < ()(~)1 <.(~)1 --

Endosulfan .... <.~)1 <.01~)1 < I~)1 <.(1(~) I <.(~)1 < (~)1 < (~)1

Endrin <.(~)5 -- 085 <.(~) I <.1~) I <.(~) I <.(~) I < I~ ~) I < I ~ ~) I --

I Icl)lachh~r (~}21 -- O021 < (~)1 < (~)1 < ~)1 <.0(~)1 < (~)1 < (~)1 --

I’(’1} ()~9 -- .00 .04 <(~)1 <.001 <.001 < (~)1 < (~)1 --

I)CN < (~)5 -- <.01 <.001 <(~1 <001 < 001 <1~)1

I,cad 210 II) 1~,3 -- 9.1~)~.23 ~) ~)8~.19 2 42z. I I 2 17~ Oq ....... -

Radium 226      zZ~’l{a 5,10,.15 -- 3.54~.11 3 92z. I I 2 48~ 09 2.53* 08 2 5Ht ()g 2"21~ ()7 2 29~ 07

I,cad210excess ~"~Pb., 5.(R)*.34 -- 565.[.25 2.76,.22 -.06~.1-1 ~(~.* 12 ()1, 13 311,.12 41, I1 --

~Analysis ~ff Iwo samples ~ollecled nexl Io one



Table 10. Concentrc*icns of extractable pnonty Dollutants, organochlorine compounas, and orgcno-
Dtqospnorus insectic:aes .n seciment from depths of 0-] and 8-16 cm at site 5 in the recincrge basin

[Concentrations in micrograms per gram dr,,’ weight, cm. centimeter: ¯ <. less than indicated reporting limit]
Concentration Concentration

Orgamc constituent                                          Organic constituent
0-I cm       8-1~ cm                                     0-! cm       8-i0 cm

Extractable Priority. Pollutants 2.6-Dinitrotoluene <0.2 <0.2
Acenaphthylene <0.2 <0.2 Z--Bromophenyl phenyl ether <.2 <.2
Acenaphthene <.2 <.2 Chlorophenyl phenyl ether <.2 <.2
Anthracene .2,6 <.2 -,t-Nitrophenol < 1.2 <.0
Benzo (al arthracene 3.9 <.2 4.6-Dinitro-o-cresol <.6 <.~
Benzo ib~ arthracene 9.2 <.4 Phenol <.2 <.2
Benzo I k) fluoranthene 6.2, <...t Pentachlorophenol <.6 <.
Benzo (g.h,il perylene tl <.4
Benzo (a I pyrene 6.5 <,4 Organochiorine Compounds
b~s ~ 2-Chloroethvl) ether <.2 <.2 Aldrln <0.0005 <0.000
bis 12-Ethylhexyl) phthalate 6.2 <.2 Lindane .001 I <.000
C,hrvsene 9.7 <.4 Chlordane .21 .O0
Diethylphthalate <.2 <.2 DDD .035 --
Dimethylphthalate <.2 <.2 DDE .040 .000
di-n-Butyt phthaiate <.2 <.2 DDT <.0005 <.000
Fluoranthene 9.4 <.2 Dieldrin <.0005
Fluorene <.2 <.2 Endosulfan -- <.000
Hexachlorobenzene <.2 <.2 Endrin <.0005 <.’300
Hexachlorobutadiene <.2 -,,..: Ethion <.0005 <.000
Hexachlorocyclopentadiene <.2 <.2 Toxaphene <.05 <.0 !
Hexachloroethane <.2 <.2 Heptachlor .0021 <.000
Indeno (1.2.3.ed] pyrene 9.5 <.2 Heptachtor epoxide .0051 <.01)02
Isophorone <.2 <.2 Methoxvchlor <.025 <.’000
n-Nitrosodi- n-propytamine <.2 <.2 Mirex <.0005 <.000
n-Nitrosodiphenylamine < 1.5 <.2 Perthane <.005 <.001
n-N m-osodimethylamine <.2 <.2 PCB .039 <.00 l
Naphthalene .15 <.2 PCN <.005 <.001
Nitrobenzene <.2 <.2
p-Chloro-m-cresol <.6 <.6 Organophosphorous Insecticides
Phenanthrene 2.7 <.2 Malathion <0.0005 <0.000
Pyrene 15 <.2 Parathion <.0005 <.000
1.2-Dtchlorobenzene <.2 <.2 Diazinon <.0005 <.000
1.2.4-Trichlorobenzene <.2 <.2 Methyl parathion <.0005 <.0001
1.2,5.6-Dibenzanthracene <.4 <.4 Methyl trithion <.0005 <.0001
1,3-Dichlorobenzene <.2 <.2 Trithion <.0005 <.000
1,4-Dichlorobenzene <.2 <.2
2-Chloronaphthalene <.2 <.2 Chlorophenoxy Acid Herbicides
2-Chlorophenol <.2 <.2 2,4-D <0.0001 <0.000
2-Nitrophenol <.2 <.2 Dicamba <.0001 <.000
Di-n-octylphthalate <.~, <.4 2.4-DP <.2 <.2
2,4-Dichlorophenol <.2 <.2 Pichlorarn <.0001 <.000
2.4-Dinitrotoluene <.2 <.2 Silvex <.0001 <.000
2.4-Dinltrophenol <.6 <.6 2,4,5-T <.0001 <.000
2,4.6-Trichlorophenol <.6 <.6

grained basin deposits below 16 cm. Sampling of nearby soil would not have been suitable for direct
near-surface soil in the vicinity of the study basin that comparison because reworking is likely to have rmxed
could have established more suitable background contaminated (by atmospheric deposition) and
levels for the shallower basin sediment was not done. uncontaminated soil, and soil of differing texture, in
Extensive tilling and grading in the area indicated that variable proportions.

Chemical Concentrations in Sediment and Soil 23

R0024062



5OO

Organic ¯ " -
carbon (C)

2oo

100

~: Zinc (Zn "-...

z 20
:~ ,
¯ .r Arsenic (As) "" "

E-10 -
,,, Lead (Pb) .... ,,

5                                                           ’.

Lead-210

Lanthanum (La) -_/ - .... .-

0.5
0.2 0.5 1 2 5            10 20 50 100 200

DEPTH TO MIDDLE OF SEDIMENT INTERVAL,
IN CENTIMETERS

Figure 4. Enrichment ratios for selected constituents in subbottom sediment at site 5 in the recharge basin.

ORGANIC CHEMICALS is similar to that shown by inorganic elements,
although there exists considerably less uniformity in

The results for organic carbon, oil and grease, either the areal trend (table 8) or the profile (table 9)
GC-FID organic carbon, and organochlorine corn- for the organic chemical constituents. No pesticides
pounds in near-surface (0-1 cm) sediments at the six were detected below 16 cm at site 5. and only two,
recharge-basin sites are given in table 8. Table 9 chlordane and DDE, were identified (at their reporting
gives results for the same suite of organic constituents limits of 0.001 lag/g and 0.0001 ~tg/g, respectively) in
with increasing subbottom depth at site 5. Results for sediment from the 8- to 16-cm interval.
analysis of extractable priority pollutants, organo-
chlorine compounds, organophosphorus insecticides, The only pesticides that were found in basin
and chlorophenoxy-acid herbicides at depths of 0 tosediment are the long-lived organochlorine com-
1 cm and 8 to 16 cm at site 5 are given in table 10. pounds. It was anticipated that some of the more
The pattern of results for organic chemicals generally widely used organophosphorus insecticides, on the
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basis of their abundance ~n rainfall and runoff tional polycyclic aromatic hydrocarbons (dimethyl-
(Oltmann and Shulters, 1~,~-,,. al~o rmght be presentsubstituted napthalenes) and at least 20 compounds
in sediment, but none were detected Itable 10~. belonging to the broad classes of alkanes and alkenes
Similarly, their absence in sediment from fixe (orcycloalkanes) were identified by GC-FID analysis,
recharge basins in residential and commerc:alvirtually all the organic matter in the basin sediment
catchments during the Fresno NURP stud,, wa_, remains uncharacterized. It seems likely that much of
attributed to probable degradation (Nightinga!e. it may be generated by biological activitx in the
1987c). A large number of phosphorus-containing o‘"erlying water column: however, the organic nitro-
organic compounds were reported during the gas- gen data that rmght have supported this assertion with
chromatographic analyses for this study, but the’, the observation of low carborvnitrogen ratios are
could not be specifically identified because of poor lacking because all sediment samples but one listed in
resolution and manv interferences (M.P. Schroeder. table 9 were accidentally destroyed in the laboratory,’
USGS, oral commun., !98"7). High organic content dunng analysis.
and the anaerobic nature of the sediment--which
made cleanup of the sample extracts difficult and ma~
ha‘"e interfered with detection of organophosphorus ASSESSMI:NT OF ANTHROPOGENIC INPUTS
insecticides--is the cause of the variable analyticai
reporting limits for the organochlonne compounds Chemical profiles that show a decrease in
that are listed in the tables, concentration with increasm~ sediment depth not onl,,

are strong evidence for sot?rive removal of contain-
Chlordane was the organochlonne compound inants but also can be used, with some assumpnons,

reported in highest concentration, a finding similar to to quantify the relative importance of anthropogenic
that obtained during monitonng for the NURP stud’,’ (human-related) and natural (background) sources.
(Oltmann and Shulters, 1989). However, one of the The concept of enrichment ratios, defined herein a~
more puzzling results obtained by this study is thethe concentration in a particular sediment interval
finding of DDT itself as opposed to only its divided by the mean concentration for all intervals
metabolites, DDD and DDE, which are more below a depth of 16 cm tconsidered background con-
commonly present in environmental samples today,centratiom, is useful for this discussion. Profiles of
The highest DDT concentration of 0.10 lagig was enrichment ratios for selected constituents are shown
found not in surface sediment but rather in sediment in figure 4. If the surficial (0 to 1 cm) sediment is
from a depth of 1 to 2 cm at site 5. Use of DDT was presumed to represent the combined inputs of current
banned in the United States about 10 years prior to anthropogenic and natural sources, then decreases
the Fresno NURP study and the operation of this below this depth represent removal of contaminants,
recharge basin in its present configuration, and possibly dilution by rmxing with deeper soil that
Confirmation of DDT’s presence is strong, as shown is free of anthropogenic influence. As expected, for
by its detection in several of the sediment samples rare-earth elements such as lanthanum, which has
analyzed (tables 8 and 9). Furthermore, the Fresno very, few industrial uses, the concentration profile
NURP study found that DDT concentrations shows no change and represents only the natural
consistently exceeded DDD and DDE concentrations abundance of this element. Two other rare earths that
in street sweepings from residential, commercial, andare present above reporting limits, cerium and
industrial catchments (Oltmann and Shulters, 1989). neodymium, also show no change in concentranon

with depth (table 9).
Of 50 extractable organic priority pollutants

analyzed. 13~including 12 polycyclic aromatic Surface-enrichment ratios for all elements were
hydrocarbons and 1 phthalate ester--were detected in calculated and are reported to the nearest whole
surficial sediment from site 5 (table 10). None were number in table 11 for those values that differ from
detected in sediment from the 8- to 16-cm interval. I. These values include about half the elements
Total concentration of all the identified organic analyzed. For those elements not listed in table 1i,
compounds in the surficial interval is slightly lesseither there is no anthropogenic source or (1)
than 100 gg/g, nearly all of which consists of the concentrations are uniformly below detection, t2)
polycyclic aromatic hydrocarbons listed in table 10. natural levels are so high that they mask any anthro-
Comparison with data given in table 9 shows that this pogenic input, or (3) variability in mineralogy or
represents only about 5 percent of the organic carbon lithology exerts the predominant ~nfluence on concen-
reported by the GC-FID analysis, and less than 0.1 trations. Just as an enrichment ratxo of 1 does not
percent of total organic carbon. Although two addi- preclude an anthropogenic component-~conversely, an
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iablo 11. Su~ace-ennc’~me,-r rc’:cs for se!ec:ed predominantly residential catchments that include
elements ana radioisotoc, es ~ sec:ment at site 5 some commercial land use and minimal industry.
~n the recharge basin Surface-enrichment ratios, calculated by comparing
(Surface-enrichment ratio is concentration of 0- l centimeter published data for depths of 0-2 and 90-120 cm in the
interval divided by mean concentratmn of all ~ntervals five basins (Nightingale, 1987b), range from 1 to i8
below 16 centimeter. >, greater than indicated value] for arsenic, 3 to 13 for copper, 60 to 400 for lead.

Enrichment and 2 to 4 for nickel. Values for this studv (table
Constituent Symbol ratio are arsenic = 16. copper = 25. lead = 9, and nicke! =

7. Enrichments are greater for the trace metals copperArsemc As 16 and nickel and much less for lead in the industnaiBoron B >9
Claromium Cr 5 catchment in comparison with the residen-
Cobalt Co 3 tial/commercial catchments, a pattern which is simil~
Copper Cu 25 to that found during direct monitoring of runoff in the
Iron Fe 2 NURP study (Oltmann and Shulters, 1989).
Lead Pb 9
Lithium Li 3 Surface-enrichment ratios can be calculated
Magnesium Mg 3 similarly for organic priority pollutants and organo-
Maganese Mn 2 chlorine compounds; however, the calculations vie!dMercury Hg >11 only minimum estimates of 10-" and 10-~. respective iv.Molvbdenum Me >2 -
Nickel" Ni 7 because these compounds are below detection levels
Phosphorus P 5 in the deeper sediment. Organic carbon, analyzed by
Scandium Sc 2 combustion and by GC-FID (fig. 4 and table 9). aL, o "
Selenium Se .>5 yields surface-enrichment ratios of almost 103: for
Thorium Th 2 organic carbon, detectable concentrations exist below
Uranium U -I. 16 cm for both methods of analvsis.
Vanadium V
Zinc Zn 38 The data presented and the foregoing discussion
Lead-210 :"°Pb 4 indicate that a wide variety of trace elements and svn-Radium-226 ::ORa 2 thetic organic chemicals from the industrial catchment

are removed within the top 16 cm of sediment in the
recharge basin. Given the existence of nearly 8 m ofenrichment ratio greater than I is not necessarily con-

clusive proof of anthropogenic contamination, soil between the basin and the water table and such
especially when these ratios are low. Such results effective removal of contaminants for the 4 years of
could be an artifact of natural variability, as already operation in the basin’s current configuration (since
discussed, or the results could be unique to thelast scraped), local ground-water quality should be
geochemical behavior of individual elements, afforded protection dunng continued operation of the

basin for a very long time. A similar inference can
be made on the basis of results of studies at five otherDespite these limitations on interpretation, it is

clear from some of the very large ennchment ratios recharge basins in the city of Fresno (Nightingale,
1987a,b,c, and 1989)--although it was suggested bylisted in table 11 that anthropogenic fluxes to the re-

charge basin far exceed natural fluxes for several Nightingale (1989) that periodic monitonng of
organic contaminants in soil would be advisabletrace metals that are in widespread industrial use.

Results for three elements at this recharge basinbecause of their known presence in storm runoff.
(copper=-25, lead=9, and zinc=38) can be compared
with the enrichment ratios for these same elements LABORATORY ELUTRIATION EXPERIMENTS(Cu=6, Pb=15, and Zn=5) in sediment from Ironde-
quoit Bay, New York (Schroeder, 1985), which also The potential for movement of urban-runoff
was one of the NURP study sites (Kappel and others, contaminants through the unsaturated zone can be
1986). evaluated by means of laboratorv experiments that

simulate processes of sorption from the aqueous onto
The results for four elements (As, Cu, Pb, and Ni) the solid phase and desorption from the solid into the

from this study also can be compared with those from aqueous phase. Both types of experiments were done
a previous investigation at five other recharge basins for this study. As conducted, the experiments were
in the city of Fresno, the oldest of which has been in intended to provide only a qualitative rather than a
use for about 20 years. The five basins are in quantitative assessment. They were adapted from
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Table ]2. Chemical ccncentrar~ons in water from the recharge basin equilibrated (mixed for O, 1, 2, and
4 Clays) with surface (O-~ cer’t~meter) secl~ment from near site 5 in the recharge basin

[Water from recharge basin collected April 29, 1986. and stored frozen until beginning of laboratory, experiment .t months
later, laS/cm, microsiemens per cenumeter at 25: Celsius: rag/L, milligrams per liter: ~g!L. m~cro~rams per liter: --, no data:
<. less than indicated reporting limit]

Equilibrauon time
Constituent

0 da~ 1 dav 2 days a days
Specific conductance ilaS,’cm ! 546 638 660 696
pH (standard unitsl 6.2 7.7 6.9 7
Calcium I mg/L 1 8.0 29 25 29
Magnesium tmg!Lt 5.0 .... 13
Sodium (mg/I..) 16 22 21 22
Potassium (rag/L) 26 .... 30
Chloride Ira_v/L/ " 1 23 "~ " ,
Suifate (mg/L I 33 120 120 I i 0
Silica (mg/L as SiO-) 5.9 ! 1 14 16
Alkalinity (mg/I. as CaCO,) - 7 8 8 --
Ammonium (mgfl.. as N~ II 26 25 29
Kjeldahl nitrogen (mg!L as N) 15 48 -t2
Nitrate * nitrite (mgfL as N) <.I <. 1 .2 <.1
Orthophosphate tmg/L as P) 5.0 2.7 3.5
Organic carbon (mg/L as C", 24 ....
Arsenic flag/Ll 3 .... i 1
Boron ((lag/L) 80 .... 620
Cadmium (lag/L 1 1.4 .... .15
Chromium I b*gJL) 2.2 .... 2.
Cobalt (lagFL) .5 .... 1.5
Copper (lagA.) 10.0 .... 3.1
Iron (lag/I.. ~ t40 6.300 4.300 1.000
Lead (gg/I..) 1.4 .... 2.7
Manganese (lag/L) 40 370 330 290
Mercury (g_~q..) .1 .... <. 1
Molybdenum tla~/L)_ -~" .... 9Nickel (lag/L) 5.7 .... 10Zinc (btg/L) 30 540 290 1 I0
Tannin & lignin Img/L as 4..3 .... 9.0

tannic acid)
Phenols (b~q...~ as phenol) ~-" .... 18
MBAS detergents {mg/LI .09 .... .27

methods commonly used to determine sorption Water for the experiment was collected from the
isotherms (Harter, 1983) and from elutriation tests recharge basin on April 29, 1986, and stored frozen
used to determine short-term water-quality conditions until its use 4 months later. It generally was similar in
associated with dredging operations (Fuhrer andcomposition to water collected from the basin on
Rinella, 1983; Palermo, 1986). In one set of January. 29, 1986, as indicated by comparison of
experiments, samples of highly contaminated surfacechemical concentrations in tables 6 and 12 (in table
sediment from the recharge basin were mixed with 12, see values for zero-day equilibration timei. The
water from the recharge pond to test the ability of the most obvious difference between the two samples is
sediments to desorb contaminants into the water with the absence of nitrate (plus nitrite, which likely is
which it is in contact. In another experiment, water negligible) in the water used for the laboratory.’
from the recharge basin was rmxed with clean soil experiment. Although this difference may be a
from the unsaturated zone deep beneath the recharge consequence of seasonal variations, it seems more
basin to examine the potential for removal of aqueous likely that it is the result of biological degradation
contaminants by the soil. because the water used for the laboratory, experiment
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fable ] 41. Chemical concentrations ~n water from tlqe recharge basin equilibrated (mixed for 4 days) ,with
aquifer soil from 10.9-! 1.3 meters ~n test hole 1, in cleionized water equilibrated (mixed for 4 days) with
surface (0-1 centimeter) sediment from near site 5 in the recharge basin, and in a deionizect-water biGnk

[lag/cm. microsiemens per centimeter at 250 Celsius: mg/L. milligrams per liter; lag/L, micrograms per liter: --. no data: <.
less than indicated reporting limit. MBAS. methylene blue acnve suffactants.]

Basin water Deionized water
equilibrated equilibrated Deionized-

Consntuent with with basin water

aquifer soil sediment blank

Specific conductance (gSicm~ 548 197
pH (standard units) 7.8 7.1 6
Calcium img/L) 35 10 <. 1
Magnesium (ra!!L) 18 5.0 <.
Sodium (mg!L) 29 ,,t.0 .4
Potassium I’mg,’L) 12, 7.8 .3
Chloride (mg/L) 27 3.5 <.
Sulfate (mgiL) 130 11 .2
Siiica (m~T. as SiO:) 3-8 9.9 <.
Alkalinity (mgiL as CaCO,) 139 82
Nimte - nitrate (nag/I. as N) <.I <.l <.i
Ammonium (mg/L as N) 13 12 .03
Kjetdahl nitrogen (m~’I. as N I 20 20 . ,-
Orthophosphate CmWL_ as P3 .~." 1 3.9 .02.l
Organic carbon (mg/L as C/ 39 16 --
:Lrsemc (lag!L) 35 12 <I
Boron ~ ~giL) 320 60 10
Cadmium (ggiL) .66 .4 .02
Chromium (lag/L) 1.2 2.2 .06
Cobalt (gg/L) 10 1.0 <.20
Copper (lag!L) 4.5 4.5 --
Iron (lag/L) 150 850 10
Lead (~ag/L) .30 3.4 .20
Manganese (lag/L) 890 140 <10
Mercury, (}agcL) -- <. 1 <. 1
Molybdenum (la~dL) 18 5.0 < 1
Nickel (lag/L) 58 8.6 <.5
Zinc (lag/L) 30 50 <10
Tannin & lignin (mg/L as 4.1 7.4 --

tannic acid)
Phenols (lag/L as phenol) 6 4 --
MBAS detergents (mgiL) .09 .36 --

was neither preserved with the mercuric chloride gravity, but they were not filtered. Although the
biocide nor filtered prior to its storage for later use. solutions appeared visually to be free of suspended

solids, the possible presence of colloidal material
One experiment was camed out by using a cannot be excluded. The increase in specific conduct-

magnetic stirrer to continuously mix recharge-basin ance from 346 to 638 gS/cm after 1 day, and a
water and recharge-basin surficial sediment, in an smaller increase to only 696 gS/cm after 4 days (table
approximately 10-to-1 gravimetric ratio, for as long as 13) shows that dissolution is initially rapid and then
4 days. The sediment-water slurry was contained in a slows.
covered, cylindrical glass chromatography jar and was
continuously bubbled with nitrogen gas to maintain an Calcium and sulfate were the mare contributors to
oxygen-free environment throughout the experiment, the increase in specific conductance. Despite a ver~,
Aliquots for chemical analysis were removed after 1, large increase in dissolved (supematant after centri-
2, and 4 days. The aliquots (also the initial, or zero- fugation) iron and manganese during the expenment,
day, water) were centrifuged for 1 hour at 5,000 times the increase in all other cationic trace-metal concen-
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trations, with the exception of zinc, was Table 14.    Concentrations of elements in
comparatively modest. Most cherrucal concentrations recr~arge-basin sediment and in aquifer soil used

changed little between days 1 and 4. Iron is an for the laboratow elutriation tests

obvious exception--its concentration decreased from [Concentrations in micrograms per gram dry,’ ,xeight.
6.3 to 1.0 mg,q- during this period. Failure of the Sediment is from top 1 centimeter near site 5: soft data.
needle valve that regulated release of nitrogen gas also given in table 7, are from depth of t0.9-11.3 meters in
several hours before terrmnation of the experiment test hole 1. <. less than indicated reporting limit]
may have allowed entrance of some oxygen to the Concentranon
chamber, with the consequent precipitation of iron.

Element          Symbol      Basra         Aquifer
Increases were measured in tannin and lignin, sediment soil

total phenols, and MBAS detergents during the 4-day Aluminum A1 74.000 89.,000
experiment. However, given the potential for Arsenic As 18 4.2
analytical artifacts in the colorimetric methods used Barium Ba 710 510
for these broad-indicator constituents (Wershaw and Bery’tlium Be 1 <1

others, 1987), their precise concentrations andBismuth Bi <I0

detection at these low concentrations is uncertain. Boron B 2.6 1.9

Nightingale (1989) reported the movement of phenols Cadmium Cd ~ <2

in soil moisture beneath one recharge basin in the cityCalcium Ca 16.000 2~..000
~ Cerium Ce 57 37

of Fresno that had very, coarse substrata. The Chromium Cr 87 i-:0
solubility and negative polarity of phenols make themCobalt Co 17
one of the few relatively mobile classes of compounds Copper Cu la.0 "_6
analyzed for in this study. However, specific phenols Europium Eu <2 <2
were not detected in sediment samples from the Gallium Ga 17
recharge basin (table I0) and, therefore, their presence Gold Au <8

and downward transport remain uncertain. Holmium Ho <4 <-~
Iron Fe 38.000 38.000
Lanthanum La 33 i 9

Surficial sediment for the laboratory experiment Lead Pb 170
was taken from a location near site 5 in the recharge Lithium Li 46 30
basin and was collected in a slightly different manner Magnesium Mg 14,000 15,000
than was used for all other samples of surficial Manganese Mn 630 590
sediment described elsewhere in this report. Instead of Mercury. Hg .27 <.02
removing the entire 1-cm-thick polygonal plate, the- Molybdenum Mo 4 <2
sample was obtained by scraping the sediment surface Neodymium Nd 21 18
with a Teflon-coated spatula at several locations over Nickel Ni 66

a wide area near site 5. Chemical composition of this Niobium Nb 7 5
Phosphorus P 2,000 300

composite sample (table 14) is remarkably similar to Potassium K 22.000 18,000
composition of the duplicate samples from 0 to 1 cm Scandium Sc 10
at site 5 (tables 8 and 9). For 35 detectable elements,Selenium , Se .8 <.2
the average (unsigned) difference in concentration is Silver Ag <2 <2
5.4 percent between the duplicate samples and only Sodium Na 14,000 19.000
slightly larger at 7.7 percent between the composite Strontium Sr 270 280
sample and the mean value of the duplicate samples. Tantalum Ta <40 <40

Thorium Th 29.0 4.7
In addition to the equilibration between surface Tin Sn <10 <10

sediment and water from the recharge basin, the Titanium Ti 3,200 3.100
Uranium U 11.4

sediment also was mixed with deionized water for Vanadium V 97 91
about 4 days as a further check for desorption of Ytterbium Yb 2 2
contaminants into the aqueous phase. The resultsYnnum Y 15 17
given in table 13 (results for a deionized-water blank Zinc Zn 1.200 69
also are shown in the table) lead to the conclusion
already stated that evidence exists for possible transfer
of some chemical constituents from sediment to the urban contaminants (Cd,Cu, Pb, and Zn) from
aqueous phase. Wigington and others (1983) alsosediment in a rechargebasin in Washington, D.C.
reported the potential for leaching of four inorganic They found that as muchas 2 percent of these
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elements was removed by a ’ ’! M Ca, NO=): solutmn, in the centrifuged elutriate itself. Theoretical conside-
of the four elements tested, z:r.~ ~a~ me most readll~ erations based on the physical and chemical properties
solubilized. Because soim-phase concentration.,of contarmnants in a circumneutral (or slightly
typically exceed aqueous concentrations by threealkaline) environment and monitoring of soil moisture
orders of magnitude or more, the amount leached and ground-water chemistry, provide more reliable
during the experiment represents a re:3’ large input tosupport for evaluating transport of urban-mnotf
the aqueous phase. However. their experimental contaminants to the water table than do the results of
procedure likely overstates the potential for leachin~ these elutriation experiments. The observation that
in the environment because Ca(NO_..): is expected to concentration gradients show’ a sharp decrease in
h\drolvze to form a wealdv acidic solution, sediment beneath the recharge basin, and the likeli-

hood that water-infiltration rates are sufficiently slo~
For the laboratory experiment in which water for the soil moisture to, in effect, undergo a series

from the recharge basin was mixed with natural un- "batch-removal" processes as it percolates down,yard
contaminated soil, the core from a depth of 10.9-11.3 through the soil, ensures the effective removal of all
m in test hole 1 was selected. Soil from this depth urban runoff contaminants, with the possible
~as chosen because its generally higher sih-plus-clayexception of those having negative charge (anions ~ or
content--in comparison with other, sandier, core neganve polarity.
samples ~table a)--would be expected to favor
increased sorption. Results from this experiment to Perhaps the most important finding obtained from
check for removal of aqueous contaminants by clean these laboratory experiments comes from analyses
soil were inconclusive. .am increase in mineral the sediment and soil before (table 1-*Y and after ~tab!e
dissolution, as indicated by the increase in specific 15) the elumation tests. The data in table 14 ~ere
conductance from 346 (table !2) to 5~.8 ~aStcm (table obtained from complete mineral digestion with stron_-,
!3~. was measured. The major ions that showed the acids, whereas those in table 15 are based on
largest increase are calcium, sulfate, and bicarbonate oxidation of organic matter with H:O: followed b~
{alkalinity). onl,v partial digestion with 0.3M HCL /Fishman and

Friedman, 1989). The mild-acid digestion is intended
Concentrations of many minor constituents, to remove only surface layers while leaving the

including tannin and lignin and MBAS detergents, aluminosilicate mineral matrix itself largely intact.
changed little. Some constituents, such as phenols andAmong the alkali- and alkaline-earth elements, the
arsenic, actually show substantial increases. The mild-acid treatment removed virtually no calcium,
increase from 2 to 6 btg/L for phenols is. if anything, magnesium, and sodium but did leach a substantia/
another indication of the uncertainty in the colori- proportion of the total potassium. Percent recoveries
metric test for phenols at this low level. And the from the contaminated basin sediment at 0 to 1 cm
increase in arsenic from 3 to 35 lag/L indicates the near site 5 and from clean aquifer soil at 10.9-11.3 m
potential for leaching of selected trace elements from in test hole 1 can be obtained by dividing
even uncontaminated soil. concentrations for partial digestion (table 15) by

concentrations for complete digestion (table i4~
In summary, the batch-elutriation experiments Results of this calculation for several elements are

done for this study demonstrate the potential for summarized in table 16. These results show that a
leaching of urban-runoff contaminants as water in number of elements having high enrichment ratios
recharge basins infiltrates the basin’s sediment.(the contaminants in urban runoff) are almost entirely
However, the results of similar experiments to test the recoverable by the mild treatment and therefore are
ability of uncontaminated substrata to remove thosepresumed to be present in surface coatings on mineral
contaminants were inconclusive~in part, because ofgratns and in organic matter (Horowitz and Elnck,
the significant natural abundances of some inorganic 1987). Percent recoveries for mild-acid digestion of
elements; because of limitations on the colorimetric the uncontaminated aquifer soil are somewhat less,
methods used to analyze broad organic indicators; andbut they also indicate that a substantial proportion of
because of the possible presence of colloidal materialselected trace elements is likely associated with
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Table 15. Concentrar~crs :t ,:~em~cal ccns:ituen:s in recharge-basin sediment and aquifer soil after the
laboratory eiutriaTicr"

[Element concentrations, in m~crograms per gram dr~ wm~ht, are based on analysis of mild-acid leachate from sediment
and soil. Pesticide concentrations are m m~crograms per k~Iogram dry. weight.]

Basin sediment Aquifer semi Basin sediment Aquifer sod
Constituent equilibrated w~th equilibrated with Constituent equilibrated with equilibrated with

deionized water basin water deionized water basin
Caicium < 10 < 10 Organochiorine Compounds
Magnesmm 10 < 10
Sodium < 10 < 10 Aldrin <0.1              <0
Potassium 8.400 3,300 Lindane 51 <.
Aluminum 22.000 8200 Chlordane < ~
.~’senic 15 4 DDD I -’
Boron 20 < 10 DDE 50 .6
Cadmium 5 <1 DDT .6 <. 1
Chromium 40 20 Dieldrin 5 3 <.
Cobalt <50 <50 Endosulfan 10 <.
Copper 180 I 7 Endrin <. i <.’
Iron 36.000 13,000 Ethion <. ! <.
Lead 200 < 10 Toxaphene < 10 < 10
Manganese 580 260 Heptachlor 5-" <.
Mercury .2.1. .02 Heptachlor epoxide S. 1 <.
Molybdenum 3.8 < 1 Methoxychlor <. I <.
Nickel 50 60 PCN < i < i
Zinc 1.600 35 PCB 26 < 1
Nitrite -- nitrate 6.000 3,000

l, as 2,I) Organophosphorus Insecticides
Ammonium (as N) 380 160
K.~eldahl nitrogen !3.000 460 Malathion <0. I <0.

tas N) Parathion <. i <.
", "~ Diazinon <. ~ <.Phosphorus (as P} ,._00 1,000

Organic carbon I.a0,000 3,000 Methyl parathion <.I <.
(as C) Mirex <.I <.i

Inorganic carbon 100 100 Ethyl trithion <. 1 <. !
(as C) Meihyl trithion <.1 <.

Oil and grease 20 < 1 Perthane < 1 < 1

Table 16. Percent extractable for selected hydrous ferromanganese oxides present either aselements in recharge-basin sediment and aquifer coatings on mineral grains or disseminated throughoutsoil by digestion with hydrogen peroxide plus mild - -
acid the uncontaminated soil.

[Calculated from data in tables 14 and 15. Basin
sediment is from top 1 centimeter near site 5, and aquifer TRANSPORT AND LOADING OFsoil is from 10.9-11.3 meters in test hole 1. >. greater CONTAMINATED SEDIMENTthan: <. less than: --, indeterrmnate value]

Percent extractaNe When results of this study are compared with
Element Basin Aquifer results from the NURP study, some differences

sediment soil emerge that raise questions about how contaminants
Aluminum (A1) 30 9 in the urban environment are delivered to the recharge
Arsenic (As) 83 >100 basin and about the quantity of contaminants actually
Chromium (Cr) 46 14 present in the basin. Although these are importantCopper (Cu) >100 69 questions, it is emphasized that they do not chan~eIron (Fe) 95 34 - -
Lead (Pb) >100 <71 this study’s principal conclusion that urban contam-
Manganese (Mn) 92 44 inants are not reaching the ground water, nor do they
MercuD’ (Hg) 89 -- affect sediment-disposal considerations (following
Nickel (Ni) 76 43 periodic scraping of the basin’s floor) that are basedPotassium (K) 38 18 on compliance with sediment-quality criteria orZinc (Zn) >100 51 "standards.
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Table 17. Annual Ioaas to rne ~naustrial recharge basin determined from runoff monitoring and sediment
inventories

[Annual loads in kilograms per year. Inventory loads are converted to values based on mild-acid, partial digestion (see text)
for direct comparison with runoff loads, adjusted to mean annual rainfall in Fresno, obtained by Oltman and Shulters (1989~]

Annual load. determined from:
Element ¯ Inventory/runoff

Runoff Inventory.’ rauo

Aluminum (AI) 340 1,300 3.7
.-Lrsenic (As) .93 .57 .6
Organic carbon (as C) 11,000 5,700 .5
Chrommm (Cr) 1.1 1.8 1.6
Copper (Cu) 3.5 5.1 1.5
Iron I Fe~ 570 2,000 3.5
Lead (Pb) 4.5 7.0 1.6
Manganese (Mn) 19 33 1.8
Mercury (Hg) .013 .0088 .7
Nickel (Ni) 1.3 2.3 1.8
Zinc (Znl 26 38

Sediment 30.000 56.000 !.

COMPARISON OF BASIN-SEDIMENT INVENTORIES profiles at site 5, given in table 9, were
AND STORM-RUNOFF LOADS used to calculate consutuent quantiues in the basra

sediment. Quantities are calculated by multiplying
Storm-runoff loads to the industrial basin, calcu- concentrations, basin area, sediment dry-bulk density.

lated from average-annual constituent loads estimated and subbottom depth. The error that is propagated by
by Oltmann and Shulters (1989, table 25) on the basisuncertainty in each of these parameters is discussed
of monitoring for the NURP study during the 1981-82 below.
and 1982-83 wet seasons, are given in tal~le 17.
Quantities of constituents found in this study to have The uncertainty in element concentrations that
accumulated in the recharge-basin’s sediment duringresults from analytical imprecision is small: an
operation in its present configuration from 1982 to average of only about 5 percent on the basis of
1986 also are given in the table. In order to compare analysis of duplicate samples. The error that results
annual loads estimated by means of the two methods,from spatial variability in concentration is much
it is necessary, to adjust the sediment inventories for greater: as- much as a factor of about 2 (100 percent)
differences in recovery, between the mild-acid for many of the urban contaminants in surface
digestion used during the NURP study to analyze sediment (0-1 cm) at six locations in the recharge
runoff samples and the complete mineral digestionbasin (table 8). However, the effect of such large
used in this study to analyze basin sediment. This wasspatial variability is deceptive because nearly all of
done by multiplying total-constituent amounts meathe basin floor’s area is in the south end, where the
sured in the sediment by recovery percentages from variability obtained by comparing surficial
the "Basin sediment" column in table 16, therebyconcentrations at sites 5 and 6 is only about 5 percent
providing a comparison that is based on element(table 8), and by comparing concentrations at site 5
recoveries from the partial-digestion analytical with those from a broad area near site 5 (table 13) is
method. [Alternatively, an equivalent comparison only about 8 percent. The area of the basin floor that
could be based on loads determined from complete-contains contaminated sediment is difficult to estimate
digestion methods by dividing the runoff-load valuesbecause the sediment reaches an indeterminate
of Oltmann and Shulters (1989) reproduced in tabledistance up the sloping sides of the basin. The basin-
17 by the recovery percentages.] Complete recovery floor area was measured in the field to be about
(100 percent) was used in the calculation for organic 3.72xI07 cm: (40,000 ft: or about 1 acre) with a
carbon, copper, lead, and zinc. The concentration possible error of about 25 percent.
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Sediment dry-bulk density ’9 m equation 1 later) accumulation during 1982-86; and (3) substantial
was not measured in this study, but a value of 1.5 delivery of sediment containing urban contarmnants
g/cm3 was chosen because it was measured by by some mechanism in addition to storm runoff, such
Nightingale (1989) for a sediment with sirmlar grain- as overland flow and erosion on the perimeter of the
size distribution from another recharge basin in the basin or atmospheric transport (dryfall).
city of Fresno. True density of well-homogenized
sediment samples is likely to differ little from this Contaminated sediment contained in the recharge
estimate, although minor fluctuations with depth can basin exceeds the amount delivered as suspended
be expected. A far greater error arises from the sediment in storm runoff by a factor of 1.8 I, table 17).
unusual open texture of sediment in the top few The difference is only slightly less for several
centimeters referred to in the "Sampling of Sediment elements (Cr, Cu, Pb, Mn, Ni, and Zn), possibly
from the Recharge Basin" section of this report, reflecting minor dilution with sediment (soils or

substrata) containing little or no urban contarmnants.
These irregularities in sediment texture, and The close similarity in loading patterns for these

thinning of the contaminated zone along theelements and for sediment is especially surprising
sideslopes and channei in the northern part of thegiven the very different procedures and assumptions
basin, create a rather large uncertainty in precise used to obtain the two estimates. These results
assignment of subbottom depths as well as somesuggest that a single explan~ition may exist for the
ambiguity in choosing the maximum depth to be useddifferences, such as a systematic error in the estimated
in calculating sediment inventories. Four centimeters quantity of sediment. Furthermore, there are simple
was chosen as the maximum depth to use becauseexplanations to reconcile inventory-runoff differences
sediment below this depth contained no excessthat are either much greater ~aluminum and iron) or
(atmospheric) lead-210 (’-~°Pb~s). much less (arsenic, organic carbon, and mercury) than

1.8 for five other elements.
When each of the various sources of error is

considered, the accuracy of calculated annual- The amount of recoverable aluminum and iron
contaminant inventories in the sediment is thought tocontained in basin sediment relative to runoff
be no better than a factor of 2 or 3. As noted, most of apparently is overestimated because the digestion
the imprecision is attributable to uncertainty in the procedure produced uncharacteristically high
determination of depth and bulk density related to the recoveries for the strongly anaerobic sediments from
unusual sediment texture. Guay andSmith (1988) alsothe basin in comparison with the much lower
recognized the large error in simulating a relationrecoveries of both aluminum and iron for clean
between quantity and quality of storm runoff in the.. aquifer soil (table 16). Possible explanations for those
industrial catchment and therefore developed elements that appear to be depleted in the basin
simulations for residential and commercial catchments sediment (arsenic, organic carbon, and mercury) are
only. Failure of their model for the industrial much more varied.
catchment may be caused by discharge from large
point sources unrelated to rainfall, in contrast to The subbottom concentration profile from site 5
residential and commercial catchments, where (table 9 and fig. 4) clearly shows that some arsenic
nonpoint (as numerous small-point) contributionshas migrated beyond the 4-cm depth. The amount of
predominate. Median errors using data from arsenic that migrated was not included in the
individual storms for their simulation in a commercial inventory calculation, which was cut off at 4 cm to
catchment were 11 percent for lead and 54 percent for maintain internal consistency among all elements. The
suspended sediment. However, even these rather largegreater mobility for arsenic, in comparison with many
errors in estimating urban-runoff loads are much less other trace elements that exist as cations, may be
than differences between the results obtained usingattributed to its possible existence as the more soluble
the two methods described in this report. The oxyanion.
differences for selected constituents are expressed as
a ratio between the sediment-inventory and runoff- Mercury concentrations are so low that analytical
monitoring load and are given in table 17. Possibleerrors and loss during storage and processing of the
reasons for the differences include: (1) errors in one, sediment samples must be considered; however,
or both, of the methods used to estimate annual loads;natural loss by volatilization of the element or its
(2) real differences between the period of storm methylated form within the basin (Compeau and
monitonng during 1981-83 and the period of sedimentBartha, 1985) also is possible.
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Because the concentranon of dissolved organic Atmospheric -’l°Pb is produced when ::6Ra in the
carbon in soil water (and ground water) generally is Earth’s crust decays to ZZ2Rn, an inert gas that effuses
low and sorption of organic carbon to solid-pamcle into the atmosphere, where it subsequently deca:’s
surfaces typically is high. transport of organic carbon through a series of very-short-lived daughters to
with downward-percolating recharge is likely to be a and falls back to the Earth’s surface. Because secular
minor mechanism for its removal. The main removal (long-term) equilibrium is presumed to exist between
mechanism for organic carbon is believed to be sedimentau (or soil) :’-6Ra and its decay products. ~he
biological degradation within the subbottom sedi-:1°Pb~s activity can be calculated as total ’-~Pb activity
ment; the data in table 17 indicate that at least one- minus ::6Ra’activity (see Graustein and Turekian.
half the organic carbon delivered in runoff must be 1986, for a more complete discussion/. For this
decomposed. In fact. the fraction of organic carbon activities are given in dpm (disintegrations per
actually mineralized (degraded)must be even greaterminute), which can be converted to other units of
than one-half because not only allochthonous carbonactivity commonly used in the literature with the
in runoff but also autochthonous carbon producedrelation: 1 pCi (picocurie) = 2.2 dpm = 37 mBq
biologically within the pond itself is delivered to the I millibecquerels). Crustal variations in concentration
subbottom sediment. The basin receives an averageof the parent isotope from which :~°Pb is derived and
annual load of 730 kg total nitrogen. Dissolved rapid removal of :1°Pb from the atmosphere
phosphorus also was noted to be especially high incomparison with g!obal circulation times causes
runoff from the industrial catchment in comparison regional variations in the flux of atmospheric
with runoff from the residential and commercial On the basis of measurements in soil and
catchments (Oltmann and Shulters, 1989). It is this precipitation, Moore and Poet (1976)reported values
rich supply of nutrients which results in the deep of 0.53 to 1.0 (dpm/cm:)/yr for oceanic fluxes. 0.8
green color (from algae) of the pond itself and in the 2.0 (dprrgcm:)iyr for continental fluxes in the ner~
existence of strongly anaerobic sediment beneath thetemperate zone, and 1.6 (dprn~cm:)/yr from surface-
basim and which provides an environment thatsoil profiles in Colorado, Texas, and Kansas.
supports extensive degradation of organic carbon. Graustein and Turekian (1986) reported values

ranging from 0.6 to 1.2 from undisturbed soil in 19
locations throughout the central and eastern United

LEAD-210 CONSTRAINTS ON ORIGIN AND LOADING States. Published data from several locations on the
OF CONTAMINATED SEDIMENT west coast yield a range of about 0.2 to about 0.7

(dpm/cm:)/yr, with latitude, longitude, and precipi-
Lead-210 occurs naturally as a product of the ration quantity influencing the flux (Fuller and

uranium-238 decay series and has a half-life of 22 Hammond, 1983)--and a value of about 6
years. Lead-210 has been used widely for dating (dpm/cm-’)/yr in Emerald Lake (calculated from data
lacustrine and coastal sediments that havein Holmes and others, 1989. fig. 2). Although
accumulated during the last 100 years (Faure, 1977).Emerald Lake is only 110 km east-southeast of Fresno
For this study, the primary, purpose in obtaining :~°Pb in an alpine watershed on the west slope of the Sierra
data was to ascertain the maximum depth at which Nevada, its high ratio of watershed to lake area
inorganic elements from urban runoff occur in basin (almost 50) and the steep slopes of this cirque lake
sediment. This radioisotope is especially well suitedare likely to result in an anomalously high
to this purpose because (1) its chemical and physicalatmospheric-flux estimate. Although data are not
properties are expected to be similar to those of other available for the city of Fresno, proxirmty to the
inorganic cations, especially nonradiogenic lead, andPacific Ocean suggests that the :~°Pb flux should be
thus it would be expected to transport similarly and near the low end of the range of continental values
(2) that portion of the sedimentary :~°Pb derived from and likely no greater than about 1 (dpm/cm’-)/yr. Data
atmospheric fallout, the :~°Pb~, (excess lead-210), will from undisturbed soil or from atmospheric precipi-
be completely absent in the much older substrata thattation (wet and du deposition) in the Fresno area
lie beneath the basin’s recently deposited sediment ifwould be needed to determine the local flux more
no downward transport of the isotope has occurred, accurately.
Lead-210 also may provide useful insight into the
origin (mechanism of delivew) and loading of urban- Annual deposition of :wPb~ in a sediment profile
contarmnated sediment to recharge basins, can be calculated from:
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However, the equation above hints at a simpler’.~" " Pb,~]           , L, p. explanation that reconciles the difference--a decrease
flux =                        Ill in the sediment mass by a factor of 2 and an increase

in the effective basin area bv a factor of 3.

Monitoring of suspended-sediment concentrationwhere )v is the decay constant !0.0311 yr~), O is dr’,- in runoff yielded the lower estimate /in relation to
bulk density (1.5 g~cm~), t is -t years, and the oth~r inventor,, estimate) for average annual sediment
terms are defined in the following paragraph. The delivered to the recharge basin, and because total
above formulation yields the same result as anrmnfall in Fresno dunng 1982-86 was only a little
alternative method chosen to illustrate more clearly’ above average, annual sediment de!iveries dunn~ this
the effect of errors in basin area and sediment mass period also should be near the annual average.
on the result. The method also is analogous to thatErosion from the sideslopes and perimeter to the fl~or
used for calculating element inventories in table 17. of the recharge basin plausibly could increase the

effective area of deposition bv a factor of 3 (compare
Annual deposition of :!°Pbx~ to the basin also can total basin area to bottom area in fi_~ure 2). Suchbe calculated by substituting data (in table 9) from sediment may have been deposited initi~llv as dr?fall,

site 5, where a complete activity profile exists, into whose contribution must be small in comparison with
the equation: that of runoff, or the pattern and level of

contarmnation in the dry. fail and overland flow on the
:~°Pbxs flux = M sideslopes must be similar to that in runoff in order to

t;4.’-’~ ~ [2mPbxs]L~
(2) maintain the sirmlariw in pattern shown bv several

’ different elements that is indicated in table 17.

The discussion above illustrates how, with
where:10 relativelv, few measurements in comparison with much

[ Pbxs] is the activity in sediment interval i. more intensive monitoring of runoff, reasonable
L: is the length of sediment interval i estimates can be obtained for the quantity of
L is the sediment depth (4 cm) to which contaminated sediment in an urban-runoff recharge

:mPb,~ is present, basin. More detailed studies are needed to refine and
M is mass of sediment in the basin, test the validity of the method. Such studies might
t is length of time (4 years) the basin has preferably be done in turfed basins that have been

been operated since last scraped, and. operated for a much longer time than was the subjectA is area of the basin (3.72x10; cm:). basin in this study, thereby minimizing possible
effects of erosion from the sides of the basin and
providing a much thicker sediment veneer in whichUsing the estimated sediment-accumulation rate (M/t) depths and bulk density could be measured more

of 56,000 kg/yr given in table 17, and adjusting accurately.
upward for the small amount of decay that took place
during 4 years, yields a :~°Pbxs deposition rate of 6.4
(dprrgcm):/yr. This value is markedly higher than the SUMMARY AND CONCLUSIONS
expected atmospheric flux of about 1 (dpm/cm2)/yr.
Fluxes deterrmned from sediment data in surface- Previous monitoring of storm-runoff quantity andwater bodies often are higher than atmospheric quality, during 1981-83, in Fresno revealed elevated
deposition rates and the difference is attributed to concentrations of urban contaminants in residential,
sediment "focusing"~the preferential scavenging oncommercial, and industrial catchments. The mon-
free-grained material at the location of the cored itormg was accompanied by studies that confirmed the
sediment. For example, in four cores from the NURP presence of these contaminants within the top few
study site in Irondequoit Bay, New York, fluxes were centimeters of sediment beneath recharge basinsfound to range from about 1 to 3 (dprrgcm:)/yr constructed to dispose of runoff from residential and
(Schroeder, 1985). The spatial trend shown bv commercial catchments. This study extends thosesurficial activities that are given in table 8 provides previous studies to a 0.4-ha indusmal-catchment basin
evidence that focusing occurs in the recharge basin, where some urban contarrunants were expected to be
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present at even higher concentrations than mcopper=25, lead=9, mercur~,>ll, nickel=7, phospho-
residential- and commercial-catchment basins. This rus=5, and organic carbon:10-~.
study also show’s that a wide ,,’met,, of morgamc and
organic contarmnants generated in the 1.13-kin: Enrichment ratios cannot be calculated for the
industrial catchment are removed by sorption within approximately 20 organic compounds identified in
the top -i. cm of sediment in the recharge basin, and sediment because the compounds are absent at depth.
that thecontaminantshavenotdegradedground-waterNearly all the organic compounds detected in
qualit.v beneath the basin, sediment are either organochlorine pesticides or

polycyclic aromatic hydrocarbons. Among compounds
The absence of local ground-water-quality ~n these two groups, chlordane and pyrene show the

impairment is documented by comparing chemical highest concentrations. Curiously, concentrations of
concentrations in two water-table monitoring wells to the banned pesticide DDT exceed those of its possibie
aqueous concentrations in the recharge basin. Shallowmetabolites DDD and DDE. a finding also noted
ground water near the basin contains a significant previous studies of urban runoff in the cit~ of Fresno.
proportion of partly evaporated runoff from the basin
as shown by measured delta-deuterium values of Estimates of sediment quantity and element !oad
about -50 permil in both monitor wells in comparison (total recoverable by mild-acid digestion) loads oh-
with reported values of about -90 permil in regional rained in this study from a single core in the recharge
ground water and -16 perrml in the recharge basin basin exceed previously published estimates that were
itself. Because aqueous zinc concentration is aboutbased solely on storm-runoff monitonng by a factor
100 times higher in the recharge basin than in theof 1.8. Possible explanations for this studv’s hi~_her
monitor wells, this element is an especially sensitiveestimates are imprecision in the determination
surrogate for assessing potential ground-water degra- sediment depths, the unusually open texture of the
dation by inorganic cations. Organic contaminants sediment veneer that had accumulated durm~ the -:..
either were absent or were detected at such low year period the basin was operating, and thinning of
concentrations (near reporting limits) that evidence for the sediment layer in parts of the basin.
their presence in the monitor wells is questionable.

The flux of atmospheric "-~°Pb, calculated to be 6.-t
The range in chemical concentration of many ,(disintegrations per minute/cmZ)/yr using data from

urban contaminants in surface (0-1 cm)sediment from the only core obtained in the basin, is much h~gher
six locations on the floor of the recharge basin was a than the maximum expected atmospheric flux of
factor of about 2. Concentrations were lowest in about 1 (disintegrations per minuteicm-’)/yr. This
channels at the north end of the basin nearest the pipedifference can be reconciled if 1982-86 sediment con-
from which runoff discharges, and highest at the tained in the basin is reduced by half and if the
south end in the broad, topographically lowest part of effective area of deposition is increased to 3 times
the basin. The proportion of f’me sediment also is larger than the approximately 0.4-ha floor of the
highest at the south end, as would be expected,basin. Erosion from the perimeter and sideslopes of
Profiles at a representative location in the south end the basin could provide the additional area required.
of the basin show that concentrations of nearly all This discussion illustrates how acquisition of :~°Pb
contaminants decrease to background levels at a depthdata can be used to check estimated loads of sediment
of 4 cm, which also was the maximum depth to and urban contaminants delivered to recharge basins
which atmospheric "-~°Pb (excess a~°pb) penetrates: no without the numerous analyses and intensive sample
contaminants generated in the urban environmentcollection necessarytomonitorrunoffitself. However,
were detected below a depth of 16 cm. additional data collection is needed to confirm and

refine the method.
Surface-enrichment ratios, defined as the ratio of

concentrations in the top centimeter to concentrations
in substrata below 16 cm, provide a quantitative References Cited
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Water Quality of Storm Runoff and Comparison of
Procedures for Estimating Storm-Runoff Loads,
Volume, Event-Mean Concentrations, and the
Mean Load for a Storm for Selected Properties
and Constituents for Colorado Springs,
Southeastern Colorado, 1992

B!Paul von Guerard andWilliam B. Weiss

Abstract demand ranged from 100 to 830 milligrams per
liter, and 5-day biochemical oxygen demand

The U.S. Environmental Protection Agencyranged from 14 to 260 milligrams per liter. Total-requires that municipalities that have a populationorganic carbon concentrations ranged from 18 toof 100,000 or greater obtain National Pollutant 240 milligrams per liter. The total-recoverableDischarge Elimination System permits to charac-metals lead and zinc had the largest concentrationsterize the quality of their storm runoff. In 1992, of the total-recoverable metals analvzed. Concen-the U.S. Geological Survey, in cooperation with -trations of lead ranged from 23 to 350 microgramsthe Colorado Springs City Engineering Division,
began a study to characterize the water quality ofper liter, and concentrations of zinc ranged from
storm runoff and to evaluate procedures for the 110 to 1,400 micrograms per liter.
estimation of storm-runoff loads, volume and The data for 30 storms representing rainfall
event-mean concentrations for selected propertiesrunoff from 5 drainage basins were used to
and constituents, develop single-storm local-regression models.

Precipitation, strearnflow, and water-qualityThe response variables, storm-runoff loads, vol-
data were collected during 1992 at five sites in ume, and event-mean concentrations were mod-
Colorado Springs. Thirty-five samples were col-eled using explanatory variables for climatic,
lected, seven at each of the five sites. At each site,physical, and land-use characteristics. The r2 forthree samples were collected for permitting pur-

models that use ordinary least-squares regressionposes; two of the samples were collected during
rainfall runoff, and one sample was collected dur-ranged from 0.57 to 0.86 for storm-runoff loads
ing snowmelt runoff. Four additional samples and volume and from 0.25 to 0.63 for storm-runoff
were collected at each site to obtain a large enoughevent-mean concentrations. Except for cadmium,
sample size to estimate storm-runoff loads, vol- standard errors of estimate ranged from 43 to
ume, and event-mean concentrations for selected115 percent for storm-runoff loads and volume and
properties and constituents using linear-regressionfrom 35 to 66 percent for storm-runoff event-mean
procedures developed using data from the Nation- concentrations. Eleven of the 30 concentrations
wide Urban Runoff Program (NURP.). Storm- collected during rainfall runoff for total-recover-
water samples were analyzed for as many as able cadmium were censored (less than) concen-
186 properties and constituents. The constituentstrations. Ordinary least-squares regression should
measured include total-recoverable metals, vola-not be used with censored data; however, censored
tile-organic compounds, acid-base/neutral organicdata can be included with uncensored data using
compounds, and pesticides, tobit regression. Standard errors of estimate for

Storm runoff sampled had large concentra-storm-runoff load and event-mean concentration
tions of chemical oxygen demand and 5-day bio-for total-recoverable cadmium, computed using
chemical oxygen demand. Chemical oxygen tobit regression, are 247 and 171 percent.

Abstract    1
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Estimates from single-storm regional- of the Water Quality Act of 1987, requires that States
regression models, developed from the Nation-"assess the nature and extent of nonpoint sources of
wide Urban Runoff Program data base, were com-pollution." Section 402(p) of the same act requires that
pared with observed storm-runoff loads, volume,municipalities that have a population of 100,000 or
and event-mean concentrations determined fromgreater obtain National Pollutant Discharge
samples collected in the study area. Single-stormElimination System (NPDES) permits to improve the
regional-regression models tended to overestimatequality of storm runoff.

Final rules published by the U.S. Environmentalstorm-runoff loads, volume, and event-mean con-
Protection Agency (1990) require that municipalitiescentrations. Therefore, single-storm local- and
prepare permit applications to include, among otherregional-regression models were combined using    information, the following:

model-adjustment procedures to take advantage of
the strengths of both models while minimizing the1. Characterization of the quantity and quality of
deficiencies of each model, storm runoff for three or more major storms

Procedures were used to develop single- at selected storm-water-discharge sites that
storm regression equations that were adjusted represent different combinations of commer-
using local data and estimates from single-storm cial, industrial, and residential land uses.
regional-regression equations. Single-storm 2. Estimates of annual-pollutant loads and event-
regression models developed using model-adjust- mean concentrations for selected constituents
ment procedures had standard errors of estimate for the cumulative discharges of storm-runoff
smaller than the standard errors of estimate for the discharge points in the study area.
regional-regression equations. Reduction of stan-
dard error in percent ranged from -1,980 to -10. In 1992, the U.S. Geological Survey, in coopera-

tion with the Colorado Springs City Engineering Divi-
Regression models that had been developedsion, began a study to characterize the water qualityfrom the Nationwide Urban Runoff Program dataof storm runoff in Colorado Springs and to comparebase for estimating the mean load for a storm weretechniques for the estimation of storm-runoff loads,evaluated. Mean load for a storm was estimatedvolume, event-mean concentrations, and mean load

for selected constituents. Ninety-percent confi-for a storm for selected properties and constituents.
dence intervals were computed for each mean load
estimate. Estimated mean load for a storm was
compared to mean load of a storm that was corn-Purpose and Scope
puted based on daily mean water discharge and
land-use characteristics and was compared to the This report presents water-quality data collected
mean load from six samples collected during rain-during 1992 to characterize the water quality of storm
fall runoff. Generally, mean load for a storm, com-runoffin Colorado Springs. These data were collected
puted based on daily mean water discharge andto help meet the requirements of the NPDES permitting
land-use characteristics and on mean load fromprocess. Precipitation, streamflow, and water-quality
samples collected during rainfall runoff, was neardata were collected during 1992 at five sites in Colt-
or within the 90-percent confidence intervals for rado Springs (fig. 1, table 1). This report presents pro-
estimates of mean load for a storm, cedures for estimating storm-runoff loads, volume, and

event-mean concentrations for selected properties and
INTRODUCTION constituents at unmonitored sites in Colorado Springs

and to make a comparison of several procedures for
Urbanization usually increases the imperviousestimating storm-runoff loads, volume, and event-

area of a watershed, which increases storm-runoff ratesmean concentrations. In addition, the report presents
and, subsequently, total volume of storm runoff. Asso-estimates of a mean load for a storm.
ciated with storm runoffare properties and constituents Thirty-five samples were collected, seven at each
that can cause the degradation of water quality locallyof the five sites. At each site, three samples were col-
and in receiving waters downstream. Because of con-lected for NPDES permitting purposes; two of these
ceres about the effects of urban runoffon water quality,samples were collected during rainfall runoff, and one
the Water Quality Act of 1987 contains provisions thatsample was collected during snowmelt runoff. Four
specifically address storm-runoffdischarges. The U.S.additional samples were collected at each site to obtain
Environmental Protection Agency, under section 319a large enough sample size to estimate storm-runoff

2 Water Quality of Storm Runoff end Comparison of Procedures for Estimating Storm-Runoff Loads, Volume, Event.
Mean Concentrations, and the Mean Load for a Storm for Selected Properties and Constituents for Colorado Springs.
Southeastern Colorado, 1992
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Table 1. Description of and selected land-use data for storm-runoff-sampling sites in Colorado Springs

Site Latitude Drain~ln Impentlous Percentage
number Site name and area am Land use of total

, (fig. 1) longitude (square mlle~) (percent) drainage
basin

1 Sixteenth Hole, Valley-Hi Golf Coume    38°49"18- 0.125 58.1 Commercial 61.1
104°45’42" undeveloped 23.0

residential 15.9
2 Chesmut Street at Douglas Creek 38"53"47" .165 37.5 Indus~al 54.7

104050"06, undeveloped 35.9
residential 8.5
commercial 0.9

3 Beacon Sta’~et at Buchanan St~et 38"5T40a .173 55.9 Industrial 79.5
104"49"36" conmacrcial 17.8

residential 2.7
4 Wahsatch Street at Cross Lane 38°51’18‘’ .327 34.2 Residential 79.4

104"48"58" commercial 9.3
public 8.3
undeveloped 3.0

5 Walmart ~t Eighth St, oct 38*49"35" .049 40.1 Undeveloped 43.0
1 04"50"15" comrnercial 39.9

industrial 10.3
residential 6.8

loads, volume, and event-mean concentrations forRocky Mountains (fig. 1). The climate of the study
selected properties and constituents using linear-area is semiarid. Annual precipitation for 1948-87 at
regression procedures developed using data from thethe Colorado Springs airport ranged from 8.6 to 25.4 in.
Nationwide Urban Runoff Program (NURP). Storm-Mean annual precipitation at the airport was 15.2 in.
water samples were analyzed for as many as 186 prop-Convective thunderstorms contribute most of the rain-
erties and constituents (tables 16-21 in the "’Supple-fall during May through September. Thunderstorms
mental Data" section at the back of this report). Some.occur an average of 70 days each year (U.S. Geological
of the properties and constituents measured include pH,Survey, 1970). Mean air temperatures are about 29°F
specific conductance, water temperature, chemicalin January and 70"F in July (l-Iansen and others, 1978).
oxygen demand, biochemical oxygen demand, bacte- Soils in the study area tend to be sandy, moder-ria, dissolved and suspended solids, major ions, nulri-ately deep to deep, and well drained to excessively wellents, residual chlorine, total-recoverable metals, oil anddrained. The study area is underlain mainly by sand-
grease, phenols, volatile-organic compounds, acid-stone and shale and by alluvial and windlain deposits.base/neutral organic compounds, and pesticides.The landform dominating the study area is the Colo-

Computed, hereinafter called observed, valuesredo Piedmont. A more detailed description of the
for storm-runoff loads, volume, and event-mean con-study area is discussed in von Guerard (1989).
centrations are compared by using root-mean-squareAnother important aspect of the study area is the rate
error with the results from regional-regression modelsof growth associated with Colorado Springs. Popula-
developed from data collected for the NURP (Ellis andtion increased from 45,472 in 1950 to 281,140 in
others, 1984; Driver and Tasker, 1990). Procedures are1990. Additionally, total area of Colorado Springs
presented for using local data to adjust estimates fromincreased from 9.4 rni2 in 1950 to 181.4 mi2 in 1990single-storm regional-regression models. (Christine Lytle, Colorado Springs City Engineering

Division, written commun., 1992).
Each of the sampling sites, except for site ,o,, isDescription of Study Area and Sampling Sites located near the outfall of a drainage basin. Drainage-

basin areas range from 0.049 to 0.327 mi2, and a pre-
The study area, the city of Colorado Springs, isdominant land use can be attributed to each basin

located in and along the eastern slope of the southern(table 1). However, all sites have a mixture of land

4 Water Ouallb/of Storm Runoff and Compedeon of Prooaduma for Estimating Storm-Runoff Loads, Volume, Event-
Mean ConcentmUons, and the Mean Load for a Storm for Selectsd Properties end Constituents for Colorado Springs,
Southeastern Colorado, 1992
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uses, which is typical of Colorado Spnngs. For the pur- Site 5 is in southwest Colorado Springs (fig. 1).poses of this report, a drainage basin is defined by theThe sampling site is in a 42-in. RCP and is accessed bylocal municipal storm-sewer net~’ork and is not neces-a manhole. The manhole is located about 30 ft
sarily delineated by the topography of the drainageupstream from a drainage channel leading to Bearbasin. Selected descriptive data for the five drainageCreek and is about 300 ft east of the southeast comer
basins are listed in table 1. Except for site 4, all sitesof a retail store. The sampling site is directly upstreamdischarge into another part of the Colorado Springsfrom an 18-i.~e drain entering the RCP from the
storm-sewer system. Site 4 discharges directly intonorthwest.(’Site 5_.,~as a drainage-basin area ofMonument Creek. 0.049 mj2 ~h 40.1 percent is impervious area

Site 1 is in southeastern Colorado Springs (table 1). Land use in the drainage basin predominantly
(fig. I). The sampling site is in a 60-in. reinforcedis undeveloped (43 percent); however, commercial
concrete pipe (RCP) and is accessed by a manhole,land use composes 39.9 percent of the drainage-basin
The manhole is located about 200 ft upstream fromarea (table 1). The undevelop.g.d.ama is in the upper
Spring Creek along the southern boundary fence of thepart of the drainage basin and did not’contribute runoff
Valley-Hi Golf Course and is south of the sixteenthduring the events sampled; the~runoff sampled is
hole. The sampling site is directly upstream from anconsidered to be representative o.~eommercial land use.
18-in. side drain entering the RCP from the south, ommerczal land use :nclude~two automob~-l~-dealer-
Site ! has a drainage-basin area of 0.125 mi2, of which ..,-~1~"t/m~aVe-re--~u’--f~ie~’h’-fi~, a gas station, and sev-
58.1 percent is impervious area (table I). Predominant .. eral retail stores. .
land use in the drainage basin is commercial (table 1)
and includes retail stores and two automobile dealer-
ships that have repair facilities.                     Acknowledgments

Site 2 is in northwest Colorado Springs (fig. 1).
The sarnp!ing site is in a 72-in. RCP accessed by a man-The autho= appreciate the support and cocpera-
hole. The manhole is located about 100 ft southeast oft.ion provided by Christine Lytle, Leonard Miller, and
the intersection of Garden of the Gods Road and Chest-Bruce Thorson of the city of Colorado Springs. The

-- nut Street and is about 200 ft upstream from Douglasauthors thank Daniel Bunting, E1 Paso County
Creek. Site 2 has a drainage-basin area of 0.165 mi2,Regional Floodplain Administrator, for providing pre-

cipitation duration data. The authors also thankof which 37.5 percent is impervious area (table 1).
Seth Bacon, Even Howe, and Dennis Young, studentPredominant land use is industrial and includes tool
employees of the U.S. Geological Survey, for their~d,m~hine forging, computer software, heating and ¯
untiring efforts in collecting and processing storm-a~ndi..~ning manufac .~t3~ing’, had metallurgy ~
water s ~amPles.compames. ~ .

~ located in north-central Colorado DATA-COLLECTION TECHNIQUES,Sprin~l). The sampling site is in a 48-in. RCP
WATER-QUALITY-SAMPLINGand is accessed by a manhole. The manhole is located
PROCEDURES, AND QUALITY-on the northwest comer of Beacon Street at Buchanan

Street and is about 400 ft east of Monument Creek.ASSURANCE PROCEDURES
Site 3 has a drainage-basin area of 0.173 mi2, of which

Collection of storm-runoff data in the urban55.9 percent is impervious area. Land use predomJJ
nantly is industrial (table 1) and:includes auto repai~environment and for the purposes of NPDES requires

specialized techniques and procedures. The followingmachining, manufacim-ing, food-pt, oc~sing, welding,
is a description of the data-collection techniques andcomputer software, metal-fabrication, and paper-
sampling procedures used for this study.distribution companies. ~

Site 4 is in central Colorado Springs (fig. 1). The
sampling site is in a 66-in. RCP accessed by a manhole.Precipitation and Flow Data-CollectionThe manhole is about 0.7 mi upstream from Shooks

TechniquesRun and 75 ft from the southeast comer of Wahsatch
Street and Cross Lane. Site 4 has a drainage-basin area

Two to four precipitation storage gages were.of 0.327 mi2, of which 34.2 percent is impervious area.
installed in each drainage basin. These gages wereLand use primarily is low-density residential (table 1)
inspected at least daily from May 25 to August 16,,ut includes some commercial businesses.
1992, and periodically, thereafter, until the completion

DATA-COLLECTION TECHNIQUES, WATER-QUALITY-SAMPUNG PROCEDURES, AND QUALITY-ASSURANCE PROCEDURES         5



of the snowmelt sampling. Precipitation for eachpies and were collected using Teflon USDH-81 sam-
drainage basin was area weighted using Thiessen poly-piers (Federal Inter-Agency Sedimentation Project,
gons (Chow, 1964). In addition to providing total pre-written commun., 1992) that were equipped with 1-qt
cipitation for each storm sampled, data collected atglass jars. At all sites and at all flow depths, flow in the
precipitation storage gages were used to determine pre-RCP was turbulent and well mixed.
cipitation conditions for 6 to 72 hours prior to the col-
lection of a sample. To meet NPDES requirements for Composite saraples were collected for chemical

sampled storms, precipitation could not exceed 0.10 in.oxygen demand, biochemical oxygen demand, specific
during the 72 hours preceding the collection of sam-conductance, alkalinity, dissolved and suspended sol-
pies. For the four additional samples collected forids, major ions, nutrients, total-recoverable metals,
selected ~roperties and constituents, precipitationacid-base/neutral organic compounds, and pesticides.
could not exceed 0.05 in. during the 6 hours precedingComposite samples were fast collected discretely using
sample collection, automatic-pumping samplers equipped with Teflon

The hydraulics of flow in storm-sewer systems isintake lines and four 1-gal glass bottles. The samplers
extremely complex, and when coupled with the safetywere activated by the datalogger when a predetermined
and logistical problems associated with accessingflow in the RCP was exceeded. After the sampler was
storm sewers, the complex hydraulics make the accu-activated, samples were collected at intervals of 5 to
rate measurement of storm-water discharge difficult.30 minutes, depending on the flow in the RCP. S am-
Palmer-Bowles flumes were installed at each site topies were collected until the water level in the RCP
measure flow in the storm sewers (Kilpatrick and oth-dropped below the sampler orifice. After the bottles
ers, 1985). The Palmer-Bowles flume causes flow inwere filled, they were capped with Teflon-lined lids,
the RCP to be subcritical at the flume, approach and put on ice, and transported to a field laboratory, for
forces flow through critical depth ,_’n the flume throat,flow-weight compositing. Flow-weighted aliquots
Kilpatnck and others (1985) developed calibrationwere split from the sample into a stainless-steel Teflon-
curves for the Palmer-Bowles flumes. These calibra-lined churn, using a Teflon cone-splitter that was
tion curves are within _10 percent of measured flow.equipped with Teflon tubing. The aliquot needed from
Depth of flow in the RCP was measured using a gas-each discrete sample used for flow weighting was
purge cone flow pressure-regulating system and adetermined using an arithmetic weighting formula:
pressure transducer. Flow depth was recorded using
dataloggers. Sv = (QSAMP*TVSR) [I’QSC (1)

where
Water-Quality-Sampling Procedures

Sv = the aliquot from a particular discrete

Thirty samples were collected during rainfall sample;

runoff, and five samples were collected during snow-QSAMP -- instantaneous flow when the particular
melt runoff. Prior to sample collection, all sample- discrete sample was collected;
collection bottles were washed using a nonphosphate TVSR = the total volume of flow-weighted
detergent and were rinsed using tap water, 1-percent sample needed for processing; andhydrochloric acid solution, and pesticide-grade metha-
nol. Initially, and after each storm was sampled, pump-TQSC = is the sum of instantaneous flows for
ing-sampler-intake lines were cleaned, using the all discrete samples from which ali-
procedure just described; in addition, the lines were quots will be drawn.
given a final rinse of organic-free water. Glass mason
jars used for the collection of samples for bacteria anal-After compositing, samples were shipped to the
ysis were sterilized using an autoclave. U.S. Geological Survey National Water-Quality

Storm-runoff samples were obtained by manu- Laboratory in Arvada, Colorado, for analysis.
ally collecting grab samples and by using automatic-
pumping samplers. Grab samples were collected for The concentration of the flow-weighted compos-
pH, bacteria, residual chlorine, total-recoverable cya- ire sample is used to represent the storm-runoff
hide, oil and grease, phenols, and volatile-organicevent-mean concentration. Storm-runoff load, in
compounds. Water temperature was measured from apounds, was computed by multiplying the event-mean
grab sample immediately after collection. Grab concentration by the volume of storm runoff for the
samples were collected as depth-integrated point sam-storm sampled and by a unit conversion constant.

6 Water Quality of Storm Runoff and Compaflson of Procedure for ~ng Storm-Runoff Loads, Volume, Event-
Mean Concentrations, and the Mean Load for a Storm for Selectld Properties and Constituents for Colorado Springs,
Southeastern Colorado, 1992
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Quali~y-Assurance Procedures 1. Properties--pH, specific conductance, tempera-
ture, chemical oxygen demand, and biochemi-

Trip blanks and field-equipment blanks were col- cal oxygen demand,
lected and analyzed for all properties and constituents2. Bactedamfecal coliform and fecal streptococci,
to evaluate potential field contamination. Trip blanks
are sample bottles filled with water devoid of any 3. Dissolved and suspended solids and major ions,
organic or inorganic constituents. Field and laboratory4. Nutrients---nitrogen and phosphorus,
spikes were used to evaluate recovery and potential
loss of concentration of organic compounds. Field and5. Total-recoverable metals,
laboratory spikes are sample water spiked with a con-
stituent of a known concentration. 6. Total-organic carbon,

Trip blanks were collected to evaluate any possi-7. Organic compounds--volatile, acid-base/neutral,
ble contamination occurring during transport of the and pesticides.
sample from the field to the analytical laboratory. Val-
ues and concentrations in trip blanks were almost equalThree samples were collected at each site for
to or less than the analytical detection limit for all prop-NPDES permitting purposes. Four additional samples
enies and constituents. Values and concentrations inwere collected for selected constituents that also
field-equipment blanks were almost equal to or less "were collected for NPDES purposes. The additional
than the analytical detection limits for every properlyfour samples were collected to provide a large enough
and constituent except for chemical oxygen demandsample size (seven samples per site) to estimate storm-
and total-organic carbon indicating there was httle orrunoff loads and event-mean concentrations for
no field contamination, selected constituents using linear-regression proce-

Field and laboratory spikes for organic corn- dures developed using data from the NURR These data
are summarized in table 2..pounds were done to evaluate potential analytical

recoveries and possible degradation of constituents Median concentrations of chemical and 5-day
biochemical oxygen demand were highest for site 4from the time of collection to when samples were

analyzed. Average percent recoveries for volatile (table 2); the median concentration for chemical oxy-
organic compounds were 43 percent for field spikesgen demand for site 4 was 330 mg/L and for 5-day
and 67 percent for lab spikes. The percent recoveriesbiochemical oxygen demand was 86 mg/L. Storm run-
of less than 100 percent for the spikes indicate someoff generally had a neutral pH. The median value of pH
loss of constituent concentration between sample col-for commercial sites was 7.5, for industrial sites was
lection and analysis. Average percent recoveries for7.3, and for the residential site was 7.4. Specific con-
acid-base/neutral organic compounds were 80 percentductanc¢ of storm nmoff was largest for samples col-
for field spikes and 97 percent for laboratory spikes,lected during suowraelt runoff. Median specific
For pesticide compounds, average percent recoveriesconductance for all samples collected during snowmelt
were 80 percent for field spikes and 82 percent for lab-runoff was 385 pS/cm; during rainfall runoff, the
oratory spikes. Generally, recovery of constituents wasmedian specific conductance was 104 l~S/cm. Water
less than 100 percent, especially for volatile organic,temperatures ranged from 0.0 (during snowmelt run-
compounds. However, percent recovery was greateroff) to 24.5"C (table 17).
than 100 percent for certain constituents. This large The maximum counts of fecal coliform and
percent recovery can be accounted for by the possiblefecal streptococci were measured at sites 1 and 4
matrix effects on certain spiked concentrations and by (table 17). Median counts for all samples at sites 1
the precision of the analytical technique used in theand 4 were 4,900 and 17,000 col/100 mL. However,
analysis (Mary Olsen, U.S. Geological Survey, oral largest median counts for bacteria were in samples
commun., 1993). from site 4 at 4,900 col/100 mL for fecal coliform and

20,500 col/100 mL for fecal streptococci.
WATER QUALITY OF STORM RUNOFF Dissolved-solids concentrations ranged from 34

to 4,240 mg/L (table 19) for all land uses, and the range
Storm-runoff water-quality data were collectedof concentrations was similar for all sites. The largest

at sites that represent commercial (sites 1 and 5), indus-concentrations of dissolved solids were measured from
trial (sites 2 and 3), and residential (site 4) land usessnowmelt samples. The largest concentration of sus-
(table 1). The water-quality properties and constituentspended solids, 1,400 mg/L, was measured for site 5
collected can be separated into the following major(table 19). The largest median concentration of sus-
categories: pended solids was 826 mg/L at site 5.

WATER QUAUTY OF STORM RUNOFF 7
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Table 2. Summary statistics for selected constituents in storm runoff for storm-runoff-sampling sites in Colorado Springs

Constituent

Nitro-
Oxygen Oxygen Nitro. gen, Nitro. gen, Phos-amino. Phoa-
demand, demand, gee, nle gee, nltrata phorus, phorus, Cad-

Summary chem- blo. Solids, Solids, amino- nltdte, plue dl~- mlum, Copper, Lead, Zinc,
statistic Ical chem- die- aus- nla, plus total, total total total

reCOVo      recovo     recov-(high      Ical,     eolved pended total as organic,    total,    nitrite,             solved,    totalas         total,         el          el        recov-
nitro, us phos- ereblelevel) 5-day (ms/L) (ms/L) nitro, total, phos- ereble erable erable

sen
as phons (~tg/L) 0Is/L) (~t~..)

(ms/L) (ms/L) (ms/L) nitro- (mg/L)gen nitrO-gee (ms/L) phorue(~ng/L)
(lAg/L)

(mg~.) (rag/L)

Slxte,ntb llote. Valley-Ill Golf Course (all, D
Number of 7 5 7 7 7 7 7        7 7 7 ? 7 7 7

samples
Minimum 100 19 63 121 0.28 0.9 0.02 0.40 0.12 0.08 <1 9 23 140
Maximum 310 53 202 524 0.98 2.4 .1 i 1.00 .45 .28 1 17 i 70 300
Mean 200 34 108 284 0.60 1.8 .05 .73       .28 .13 13 81 204
Median 180 29 93 274 0.67 1.7 .04 .80 .29 .12 <1 12 64 190

Chestnut Street st Don_~la.~ Creek ,site 2~
Number of 7 6 ? 7 7 7 7 7 7 6 7 7 7 7

samples
Minimum 100 14 34 198 0.23 .90 .03 .45 .09 .06 <1 12 47 230
Maximum 420 80 256 1280 1.10 2.4 .08 1.10 .72 .21 2 99 350 1400
Mean 240 36 94 595 0.49 1.4 .04’ .80 .24 .11 39 189 730
Median 230 31 63 464 0.43 1.1 .04 .87 .17 .09 1 19 1511 570

Beacon Street at Buchanan Street ,site 3~

Number of 7 7 7 7 7 7 7 7 7 7 7 7 7 7
samples

" Minimu,n 120 26 54 101 0.48 1.6 .03 .66 .16 .10 <1 12 23 150
Maximum 300 74 168 340 1.50 4.0 .07 1.40 .58 .51 2 24 9"/ 400
Mean 210 51 100 220 1.01 2.9 .05 .95 .36 .23 16 63 270
Median 200 51 87 220 ’ .99 2.9 .04 !.00 .33 .18 2 14 55 280



Table 2. Summary statistics for selected constituents in storm runoff for storm-runoff-sampling sites in Colorado Springs--Continued

Constituent

Nitro- Nitro~
Nitro~ gen, Nitro~ gen, Phos-Oxygen Oxygen ammo~ Phos-

demand, demand, gen, nla gen, nitrate phorus, Cad-
Summary Solids, Solids, smmo- nitrite, plus phorus, Copper, Lead, Zinc,chem- blo~ plus total, dis- mlum,
statistic Ical chem- dis- ius- hie, total, nitrite, solved, total total total total

organic, as recov- recov- recov-(high Ical, solved pended total as as total, as recov-
level) 5-day (mg/L) (mg/L) nitro~ total, nitro, as phol-

phos- erable ersble emble ersble

(mg/L) (mg/L) gen as gen nitro- phorus (t~g/L) (~g/L) (~g/L)
nitro- (mg/L) phorus (iJg/L)

(mg/L)    gen (mg/t.) gen (mg/L)
(mgn.) (regaL)

Wahsatch Street at Cross Lane (site 4~
Number of 7 5 6 7 7 7 7 7 7 5 7 7 7 7samples

Minimum 190 29 74 116 0.16 1.6 .03 .36 .22 .11 <1 8 32 ll0
Maximum 500 140 908 848 1.00 5.3 .08 .88 !.20 .38 2 22 130 310
Mean 310 84 229 472 0.49 3.8 .05 .59 .75 .26 13 89 200
Median 330 86 100 512 0.39 3.8 .05 .47 .72 .27 1 12 110 220

Wslnmrt at ~l~hth Street (si~e S~
Number of 7 7 6 7 7 7 7 7 7 6 7 7 7 7samples

Minimum 160 29 67 388 .41 1.2 .03 .69 .21 .09 I 15 85 210
Maximum 830 260 4240 1400 3.90 7.4 .31 1.80 1.00 .34 21 70 350 730
Mean 340 94 790 846 1.30 3.3 .09 1.20 .60 .19 5 28 220 440
Median 260 67 I10 826 1.00 2.3 .06 1.20 .59 .17 2 18 200 340



Samples were collected to characterize concert-12 properties and constituents are chemical oxygen
trations of nutrients (nitrogen and phosphorous) indemand (COD), 5-day biochemical oxygen demand
storm runoff. Sites 3 and 5 had the largest median con-(BOD), dissolved solids (DS), suspended solids (SS),
centrations for ammonia as nitrogen and nitrate plustotal nitrogen (TN), total aramonia plus organic nitro-
nitrite as nitrogen, 1.0 and 1.2 mg/L. Site 4 had thegen as nitrogen (TKN), total phosphorus (TP), dis-
largest median concentrations for total ammonia plussolved phosphorus (DP), total-recoverable cadmium
organic nitrogen as nitrogen, and total and dissolved(CD), total-recoverable copper (CU), total-recoverable
phosphorus at 3.8, 0.72, and 0.27 mg/L. lead (’PB), and total-recoverable zinc (ZN). In a sire-

Generally, concentrations of total-recoverableplistic assessment, seasonal or annual storm-runoff
metals were similar for all sites (table 19). Concentra-loads, volume, and event-mean concentrations could be
tions of total-recoverable lead were largest for sites 2 estimated using mean concentrations of properties and
and 5 and had a median concentration of 180 I.tg/L.constituents from the set of sampled storms. However,
C.oncentrations of total-recoverable copper, nickel, andbetter estimates of single-storm-runoffloads and event-
zanc were largest for sites 2 and 5 and had median con-mean concentrations can result by using multiple-
centrations of 18.0, 16.0, and 500 I.tg/L. regression analysis to relate these response variables to

The largest median concentration of total- climatic, physical, and land-use characteristics (Driver
organic carbon was 100 mg/L at site 4. The medianand Tasker, 1990). These regression models could be
concentration of total-organic carbon for sites 1, 2, 3,used with precipitation data and physical and land-use
and 5 was 52 mg/L. information to estimate single-storm-runoff loads, vol-

Each sample collected for volatile~rganic corn-ume, and event-mean concentrations for individual
pounds (VOC) was analyzed for 61 constituents. Thestorms at ungaged storm-runoff sites.
largest number of VOC’s detected were 21 at site 4 and The form of the regression equation used for esti-
31 at site 5. The number of VOC’s detected, the hum-mating single-storm-runoff loads, volume, and event-
ber of samples collected, and the number of times eachmean concentrations is a linear function of the logarith-
VOC was detected are listed for each site in table 3.mic-transformed variables:
Generally, volatile organic compounds were detectedlogY = logB0 + B 1 logX 1 + B 2 logXo + ....more often in samples collected during snowmelt run- -
off than in samples collected during rainfall runoff. A + B N log XN

(2)
possible explanation for the higher number of detec-
tions of volatile organic compounds in snowmelt- Taking the antilogs, the equation becomes:
runoff samples is that these samples were collected at a
lower temperature than were the samples collected Y = B0 X 1BI X2B2 ..... XNBN, (3)
during rainfall runoff. Volatile organic compounds

wherevolatilize at a slower rate at the lower temperatures
during snowmelt runoff. The volatile organic com-
pounds detected generally were associated with gaso-Y = estimated storm-runoff load,
line and other petroleum products, volume, or event-mean concentra-

Each sample collected for acid-base/neutral tion (response variable);
organic compounds was analyzed for 57 constituents.B0, B 1, B2, BN = regression coefficients;
The largest number of acid-base/neutral organic com-X1, X2 ..... XN = climatic, physical, or land-use vari-
pounds detected was 21 at sites 1 and 3 and 26 at site 2.

ables (explanatory variables); andThe number of acid-base/neutral compounds detected,
N = number of climatic, physical, andthe number of samples collected, and the number of

land-use variables in the regressiontimes each compound was detected is listed in table 3.
model.Except for chlordane in the sample collected at site 4 on

A transformation bias is produced when loga-June 12, concentrations of pesticides were less than the
rithms of the estimated mean response (log of theanalytical detection limits for all samples,
response variable) is retransformed (equation 3). This

PROCEDURES FOR ESTIMATING transformation bias usually results in the underestima-
tion of the estimated mean response. However, theSINGLE-STORM-RUNOFF LOADS, major part of this transformation bias may be elimi-

VOLUME, AND EVENT-MEAN nated by multiplying the estimated mean response by a
CONCENTRATIONS corr=:tion factor (Duan, 1983):

The NPDES permitting process requires the esti- 1 n
mation of total annual pollutant loads and event-mean BCF = - ~ 10ei (z~)
concentrations for 12 properties and constituents. The n

10 Water Quality of Storm Runoff end Comparison of Procedures for EsUmaUng Storm-Runoff Loads, Volume, Event-
Mean Concentrations, and the Mean Load for a Storm for Selected Properties and Constituents for Colorado Springs,
Southeastern Colorado, 1992
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Table 3. Summan/of detections of organic c~mpounds in storm runoff for storm-runoff-sampling sites in Colorado Springs

JAil compounds in micro~’ams per li~r]                                                                                                          ¯ ~

Number Number "~
Site Constituent of of

samples detections

VOLATILE-ORGANIC CObll~UNDS
Sixteenth Hole, Valley-Hi Golf Course (site 1) Benzene, total 10 l

Ethyl-benz~ne, total 10 1 ’~
Naphthalene, total 10 3
Toluene, total I 0 2
Xylene, water, whole, total recoverable 10 3
1,2,4-trh’nethyl benzene, water, whole, recoverable 10 2
1,3,5-1rimethyl benzene, water, whole, recoverable I0 i

ACID-BASE/NEUTRAL ORGANIC COMPOUNDS

Benzo-b-ttouranthene, total 3 2
Bis (2-ethylhexyl) phthalate, total 3 3
Chrysene, total 3 2
Di-n-butyl phthalar, total 3 3
Fluoranthene, total 3 3
Indeno (1,2,3-cd) pyrene, total 3 1
Phenanthrene, total 3 3
Pyrene, total 3 3

VOLATILE-ORGANIC COMPOUNDS
Chestnut Street at Douglas Creek (site 2) Naphthalene, total 7 3

Toluene, total 7 3 ~,.
Xylene, water, whole, total recoverable 7 4
1,2,4-trimethyl benzene, wal~r, whole, recoverable 7 2

ACII~IIASFJNEUTRA~ ORGANIC COMI~UNDS

Anthracene, total 3 2
Benzo-a-anthraccnel, 2-benzanthracrnc, total 3 2
Benzo-a-pymne, total 3 2
Benzogh-i-l:~’yienel, 12-bcnzo perylen¢, total 3 1
Benzo-b-Iluoranthene, total 3 2
Benzo-k-fluoranthene, total 3 2
Bis (2-~thylhexyl) phthalate, total 3 3
Chrysene, total 3 2
Huoranthen¢, total 3 3
Indeno (1,2,3-cd) pyrene, total 3 2
Phenanthmne, total 3 2
Py’mne, total 3 3

PROCEDURES FOR ESTIMATING SINGLE-STORM-RUNOFF LOADS, VOLUME, AND EVENT-MEAN CONCENTRATIONS         11
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Table 3. Summary of detections of organic compounds in storm runoff for storm-runoff-sampling sites in Colorado Springs
-Continued

Number NumberSite Constituent of of
umple$ detections

VOLATILE-ORGANIC COMPOUNI)S
Beacon Street at Buchanan Street (site 3) Dich]ombmmomethane, total 8 1

Naphthalene, total 8 6
Toluene. total 8 l
Xylene, water, whole., total r~coverable 8 2
1,2,4-~methyl benzene, water, whole, recoverable 8 I
1,3,5-u’imethyl benzene, water, whole, recoverable 8 1

ACI~-B/~E/NEUTRAL COlVIPOUN~S
Anthracene, total 3 l
Benzo-a-anthracenel, 2-benzanthracene, total 3 1
Benzo-a-pyrene, tom/ 3 2
Benzogh-i-pery]enel, 12-benzo perylene, total 3 l
Benzo-b-flouranthene, total 3 2
Benzo-k-fluoranthene, tot.al 3 2
Bis (2-ethylhexyl) phthalate, total 3 3
Chfysene, iota/ 3 2
Fluoranthene, iota/ 3 2
Indeno (l,2,3.-cd) pyrene, total 3 l
Phenanthrene, total 3 2
Pyrene, total 3 2

VOLATILF.,-C)RGANIC COMPOUNDS
Wahsatch Street at Cross Lane (site 4) Benzene, iota/ 8 i

Ethyl-benzene, total 8
Naphthalene, total 8 4
P-isopropyl toluene, water, whole, recoverable 8 I
Toluene, total 8 6
Xylene, water, whole, total recoverable 8 4
1,2,4-~imethyl benzene, water, whole, recoverable 8 3
1,3,5-trimethyl benzene, water, whole, recoverable 8

ACID-BASFJNEUTRAL ORGANIC COIVI~OUND$

Benzo-a-pyrene, total 3 l
B¢nzo-b-fluorantbene, total 3
Benzo-k-fluoranther~, total 3 I
Bis (2-ethylhexyl) phthalate, tom[ 3 3
Chrys~ne, total 3 I
FIuoranthene, total 3 2
Phenanthrene, tom] 3 2
Pyrene, total

R0024095
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Table 3’. Summary of detections of organic compounds in storm runoff for storm-runoff-sampling sites in Colorado Springs

Number NumberSite Constituent of of
samples detections

PF.S~CIDE COMIn~UNDS
Wahsatch Street at Cross Lane (site 4) Chlordane, total 3 1--Continued

VOLATILE-ORGANIC COMPOUNDS
Walmart at Eighth Street (site 5) Benzene, total 9 1

Chloroform, total 9 5
Cis-l,2-dichlomethene, water, total 9 1
Ethyl benzene, total 9 1
N-butyl benzene, water, whole, recoverable 9 1
N-propyl benzene, water, whole, recoverable " 9 1
Naphthalene, total 9 6
Toluene, total 9 5
Xylene, water, whole, total recoverable 9 4 :i
1,1,1-mchloroethane, total 9 2
1,2,4-trimethyl benz~ne, water, whole, recoverable 9 3
1,3,5-trimethyl benzene, water, whole, recoverable 9 1

ACID-BASE/NE[YYRAL ORGANIC COMI~OUNDS
Anthracene, total 3 1
Bis (2-ethylhexyl) phthalate, total 3 3
Di-n-octyl phthalate, total 3 1
Di-n-butyl phthalate, total. 3 2
Fluoranthen¢, total 3 3
N-butyl benzyl phthalate, total 3 2
Phenanthrene, total 3 2
Pyrene, total 3 3

R0024096
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where 4. Industrial land us~ (LUI), as a percent of total
con~buting drainage-basin area,

BCF = the bias correction factor,
n = the number of observations in the data set,5. Commercial land use (LUC), as a percent of total

and contributing drainage-basin area,
ei = least-squares residual for observation i from6. Residential land us~ (LUR), as a percent of total

the calibration dam set, in log units, con~buting drainage-basin area,

7. Nonurban land use (LUN), as a percent of total
Single-Storm Local-Regression Models conrribuRng drainage-basin area,

Using data collected for 30 rainfall-runoff 8. Period (in days) preceding collection of a sample
having less than 0.10 in. of precipitation (DD).storms, single-storm local-regression models were

developed for the Colorado Springs area for estimating The RSQUARE procedure (Statistical Analysis
storm-runoffloads for the 12 NPDES properties andSystem Institute, Inc., 1990) was used to determine
constituents and for estimating storm-runoff volumewhich combination of explanatory variables composed
and event-mean concentrations for the 12 NPDES the most suitable regression model. The RSQUAILE
properties and constituents. The data for 30 stormsprocedure performs all possible linear regressions for
from 5 drainage basins (6 storms in each drainageall possible combinations of explanatory variables and
basin) are listed in tables 16 and 19. Data collecteddetermines the subsets of explanatory variables that
for snowmelt samples (the November and Decemberhave the largest r2 value (Statistical Analysis Systemsamples) were not available at the time of this analysisInstitute, Inc., 1990). For the models to have a hydro-and, thus, were not included in the development of the

logic and physiographic basis, only subset regressionlocal-regression models. Also, techniques for estimat-models including the explanatory variables TRN anding storm-runoff loads, volumes, and event-meanDA were evaluated. The most suitable regressionconcentrations were developed using data for rainfall-model was selected on the basis of the statistical signif-runoff conditions (Ellis and others, 1984; Driver andicance of explanatory variables in the regression, theTasker, 1990), and the snowmelt samples represent dif-
values ofr2, and checked using other model selectionferent hydrologic processes and need to be considered

separately. The models were developed using ordinarycriteria (Statistical Analysis System Institute, Inc.,
least-squares regression, except for total-recoverable1990). An r2 value is the proportion of the total varia-
cadmium (CD). The CD data set had 11 of the 30 anal:tion of the response variable that is explained by the
yses reported as less than (censored) values. Ordinaryexplanatory variables. For certain properties and
least-squares regression should not be used with ten-constituents, all of the possible regressions included
sored data. However, censored data can be includedexplanatory variables that were not significant at the
with uncensored data using tobit regression, which is5-percent confidence level. Therefore, some regression
similar to least-squares regression, in which the models that were selected as the most suitable included
parameter estimates are fit using maximum-likelihoodexplanatory variables that were not significant at the
estimation (Helsel and Hirsch, 1992)..Except for two,5-percent confidence level (tables 4 and 5). However,
all CD concentrations were 3 I.tg/L or less (table 19);inclusion of these variables in the models improved the
however, the CD concentration of 21 I.tg/L was notcomputed r2 and were considered useful predictors of
included in this analysis because it is not consideredthe dependent variables. For event-mean concentra-
representative of storm runoffin the study area. Storm-tions for BOD, the local-regression model was not sig-
runoff loads, volume, and event-mean concentrationsnlfieant at the 5-percent confidence level (table 5). For
(response variables) were modeled using the followingevaluating all possible regression models (RSQUARE
climatic, physical, and land-use charaete.risties procedure) for storm-runoff loads and for event-mean
(explanatory variables): concentrations for CD, only uncensored data were used
1. Total rainfall (TRN), in inches, (19 oftbe 30 values for CD were uncensored).

Plots of residual (observed values minus esti-
2. Total contributing drainage-basin area (DA), inmated values) compared to estimated values were

analyzed to evaluate the constant variance (homosce-
dasticity) of the residuals. Residual plots for all of the3. Impervious area (IA), as a percent of total contrib-
most suitable models indicate that the variance of theuting drainage-basin area,                   residuals generally is constant throughout the entire

14 Water Quality of Storm Runoff and Comparison of Pro~lduml for E/Umatlng StOl’~-Runoff Loads, Volume, Event-
Mean ConcentraUons, and the Mean Load for a Storm for Selectnd Pro~ and Conltltu~ts for Colorado Spdngs,
Southeastern Colorado, 1992
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Table 4. Summary of single-storm local-regression models for storm-runoff !oads and volume for storm-runoff-sampling sites in Colorado Springs

[Be, the regression coefficient that is the intercept in the regression model; Bt and BQ, regmssinn coefficients; TP.N total rainfall; DA. total con(ributing &ainage-basin axea; |A, impervious area;
LI.II, industrial land ns~; LUG, commercial land ns~; LUR, residential land use; LUN, nonurban land use; DD, i,¢ded preceding collection of a sample having less than 0.10 inch of precipitation; BCF, bias
correction factor; r~, the coefficient of detenninalion; COD, chemical oxygen demand, in pounds; BOD, 5-day biochemical oxygen demand, in pounds; D$, dissolve.xl solids, in pounds; SS, suspcndnd
solids, in pounds; "IN, total nitzog~, in pounds; TKN, total ammonia plus organic nitrogen as nitxogen, in Pounds; TP, total phosphorus, in Pounds; DP, dissolved phosphorus, in pounds; CD, total-
recoverable cadmium, in pounds; CU, total-recoverable copper, in pounds; PB, total-recoverable lead, in Pour, ds; ZN, total-recoverable zinc, in pounds; RUN, storm-runoff volume, in cubic feet; asterisk
(*) indicates the explanatory variable is not significant at the 5 pc=cent level; dashes indicate that the variable is not included in the modal; In, natural log; NA, not applicable; the form of r~gmssion equation
is:

y ffi Bo XIBI...XnBn(BCF)

F-’xnlanntorv variables Standard error of
estimateResponse

vadable Bo DA BCF ~
TRN IA + 1 LUI + 1 LUC + 1 LUR + 1 LUN + 1 DD

(inches)
(square Percent Log
miles)

(percent) (percent) (percent) (percent) (percent) (days)

COD         17,167 0.92 2.51 - -- 0,63 -0.81 0.86 -- 1.13 0.76 61 0.244
BOD 1,000 .64 0.66 - -0.30 ........ 1.14 .78 63 .259

188,799 .70 !.51 -- -.66 -- -1.30 ’.38 -- 1.10 .78 54 .218D$
SS 1,812 1.36 .17" ...... .38 -- 1.23 .65 88 .330
’IN 0.48 .89 .05" 2.15 .... .55 -- - ! .07 .81 59 .19 !
TIGN ~ .0001 .69 9.34 - 2.77 4.64 - 3.51 - 1.10 .78 52 .214
TP 5.98 1.00 .24" - -.33 ...... 1.14 .80 58 .235
DP 1.89" .86 .39* - -.19 ...... 1.22 .60 79 .303
CDI ......... 1.14 NA 247 .6081.46
CU .00003 1.06 7.56 - 2.32 3.59 - 2.99 -- 1.13 .76 61 .244
PB 750 !.36 -.78 - -.95 -1.15 -I.16" .... 1.29 .66 101 .365

359 1.01 3.20 - -- .58 -1.70 1.30 -- 1.27 .57 115 .398
32.5 .98 7.86 - 2.24 3.80 - 2.92 -- 1.07 .86 43 .178

B1       B2          BeBo elnTRN    elnDA + eln(lA+l) 3BCF.Icquation form is y = + +



Table 5. Summary of single-storm local-regression models lot storm-runoff event-mean concentrations for storm-runoff-sampling siles in Colorado Springs

[Be, the regression coefficient that is the intercept in the regression model; BI and Bn. regression coefficients; TRN, total rainf~l; DA, total con~buting drainage-basin area; IA. impervious area;
LUI, industrial land use; LUC, commercial land use; LUR, residential land use; LUN, nonurban land use; DD, period preceding collection of a sample having less than 0.10 inch of precipitation; BCF, bias
correction factor; ~, the coefficient of determinafon; COD, chemical oxygen demand, in milligrams per liter (rag/L); BeD, 5-day biochemical oxygen demand, in mg/L; DS, dissolved solids, in rag/L;
S$, suspended solids, In rag/L; TN, total nitrogen, in mg/L; TKN, total ammonia plus organic nitrogen as nitrogen, in rag/L; TP, total phosphorus, in mg/L; DP, dissolved phosphorus, in mg/L; CD, total.
recoverable cadmium, in micro~ams per liter 0tg/L); CU, total-recoverable copper, in pg/L; PB, total-recoverable lead, in pg/L; ZN, total-recoverable zinc, in pg/L; asterisk (*) indicates the explanatory
variable is not significant at the 5 percent level; dashes indicate that the variable is not included in the model; In, natural log; NA, not applicable; the form ofregressionequationis:

Y = Be

Explanatory varlables Standard error of
estimateRe.ponae

variable Bo DA BCF rz
TRN IA + 1 LUI + 1 LUC + 1 LUR + 1 LUN + 1 DD

(Inches) (square
miles) (percent) (percent) (percent) (percent) (percent) (days) Percent Log

COD 6,558 -0.02" -2273 -- -.92 -I.46 -- - 1.02 -- l.! 3 0.25 4 ! 0.172
BeD1 115,432 -.35* -6.64 -- -2.24 -3.52 -- -2.59 -- 1.14 .43 65 .258
DS 35.5 -.37 .04" ......., 0.19 -- 1.05 .31 35 .148
SS 242,384 .36" -0.57 -1.80 ......... 1.14 .44 62 .248
TN .88" -.16" -.36 ...... 0.35 -.24 -- 1.04 .42 32 .136
TKN .06 -.28 -. 12" .49* -- 1.05 .38 35 .149
TP .0055 .02" -1.98 ..... .34 -1.27 -.72 - 1.06 .56 55 .224
DP .0046 -.22* -1.41 .... .25 .93 -.60 .28 1.06 .63 38 .161
CD2 -.097" .26" -.22 ..... .148 ..... 1.05 HA 171 .508
CU 15 .02 -.43 ..... .30 .... .17 -- .50 44 .181
PB 39,346 .57 -.73 -!.65 ......... 1.14 .49 66 .250
ZN 347 .12" -.65 ..... .43 ...... 1.08 .60 44 .183

tregression model significant at the 20 percent level.

2equation formis Y = eBo + elnTRN 1 +elnDA + ¯lnLUC+! BCF.



range 0f prediction. Because hydrologic data usually2. The process involving the effect of the explana-
are skewed when using parametric statastical tech- tory variables on the water-quality constituent
niques, such as RSQUARE, data need to be warts- is not well understood.
formed to minimize the heteroscedasticy of residuals
and to linearize the x,y relation. Response and explan-3. The explanatory variable is a surrogate for another
atory variables used in the RSQUARE procedure were variable.
log transformed (base 10). 4. The apparent significance of an explanatory vari-

The local-regression models for storm-runoff able may be due to chance and, therefore, the
loads, volume, and event-mean concentrations and the relation may be spurious.
corresponding BCF, r2 values, and the standard error of
estimate are listed in tables 4 and 5. The standard error Use of the local-regression models listed in
of estimate is an estimate of the standard deviationtables 4 and 5 need to be limited to the ranges of cli-
about the regression. The smaller the standard error ofmatic, physical, and land-use (explanatory) variables
estimate, the more precise will be the predictions listed in table 6. If values outside these ranges are used
(Driver and Tasker, 1990). The standard error of esti-in the local- regression models, the standard errors
mate, in percent, was calculated for all the local-regres-may be considerably larger than the values reported in
sion models using the following equation (Driver andtables 4 and 5. As the local-regression models are
Tasker, 1990): applied to drainage-basin areas and to storms larger

than the average drainage-basin area or storm volume
0.5 of the observation sites, the accuracy of estimates of

SE = 100 { [e (mse x 5.302) _ 1 ] } (5) storm-runoff loads, volume, and event-mean concen-
where                                             trations decreases.

SE = the standard error of estimate, in percent; Single-Storm Regional-Regression Models
rose = the mean square error, in log (base 10)

units; and Procedures for estimating single-storm runoff
5.302 = the square of the conversion of log base-loads, volume, and event-mean concentrations were

10 values to natural logs. developed by Ellis and others (1984) and Driver and
The values of r2 that use ordinary least-squaresTasker (1990) for 11 of the 12 properties and constitu-

regression ranged from 0.57 to 0.86 for storm-runoffents required for the permitting process. Regional-
loads and volume (table 4) and from 0.25 to 0.63 forregression equations for BOD were not developed.

Linear-regression equations were developed from datastorm-runoff event-mean concentrations (table 5).
collected by the NURP. Equations developed by EllisExcept for CD, standard errors of estimate range from
and others (1984) were developed using NURP data43 to 115 percent for storm-runoff loads and volume
collected in the Denver metropolitan area. The Driverand 32 to 66 percent for storm-runoff event-mean con-
and Tasker (1990) equations were developed from thecentrations (tables 4 and 5). Standard errors of estimate

for storm-runoffload and event-mean concentration forNURP data base and include sets of equations for three
CD were 247 (table 4) and 171 percent (table 5). Thegeographically distinct regions delineated by mean

annual rainfall. The Colorado Springs area is includedaccuracy of the load, volume, and concentration rood-
in Region 1. Comparison of estimates from theseels cannot be compared on the basis of standard error of
regional-regression models with observed storm-runoffestimate because the units of the response variable for
loads, volume, and event-mean concentrations foreach model are different (HoDs and Sisolak, 1993).
samples collected in the study area will be useful in

The explanatory variables generally had signsselecting the most appropriate method for estimating(positive or negative) that were hydrologically logical,
single-storm runoff loads, vo)~ume, and event-meanHowever, occasionally, the signs on i.ndividual explan-concentrations.atory variables seem to be counter intuitive. Driver and

Tasker (1990) list the following explanations for why
the signs of some regression coefficients (explanatory Comparison of Observed and Estimatedvariables) may be counter intuitive:

Single-Storm-Runoff Loads, Volume, and
1. Significant cross-correlation between explanatoryEvent-Mean Concentrations

variables causes multicollinearity problems in
the local-regression models, however, this is Storm-runoff loads, volume, and event-mean
accounted for in the RSQUARE procedure, concentrations estimated from single-storm regional-

PROCEDURES FOR ESTIMATING SINGLE-STORM-RUNOFF LOADS, VOLUME, AND EVENT-MEAN CONCENTRATIONS 17



Table 6. Ranges of values of each explanatory values of each explanatory variable used in single-storm
local- and regional-regression models

[TP, N, total rainfall, 21 inches; DA, total con~buti~g drainage =re.& in =]tmm mil~; IA, iml~rvious ~ 21 IX.-.reent; DRN.
duration of rainfall in minute.s; COD, chemical oxygen demand; DS, dissolved sofids; SS, suspended solids; TN, total nitrogen;
TKN, total ammonia plus organic nlt~ogcn u nit~gen; TP, total phosphot~; DP, dissolved phosphorus; CD, total-recoverable
cadmium; CU, total-recoverable copper;, PB, total-recoverable lead; ZN, total--recoverable zinc; RUN, volume of runoff in
cubic feet; dashes, no data available]

Response Explanatory
variable variable Minimum Maximum Mean Median

Locsi-reg]-ession mode| for storm-ranofl’-sampllng sites in Colorado Sprigs

(1) DA .IM9 227 .17 .16
(]) IA 34.2 58.1 45.2 40.1
SS DRN 7.00 39.3 62.1 35.0

Driver and Tasker (199~) regr~s~n model
COD TRN .02             1.99              .36 .26
COD DA .05 17.50 1.18 .12
COD IA ....
DS TRN .C2 1.23 .36 .28
DS DA .01 80.5 4.92 .12
DS IA 11 98.9 60.6 57
SS TRN .03 1.99 .39 .29
SS DA .05 17.50 1.45 .12
SS IA ....
SS DRN 10 2,220 358 231
TN TRN .03 1.99 .41 .29
TN DA .01 80.5 6.37 .11

TKN TRN .03 1.99 .37 .28
TKN DA .05 80.5 4.79 .12

TP TRN 0.03 1.99 0.38 0.28

DP TRN .03 1.99 .39 .28
DP DA .01 4.00 .50 .11
DP IA ....
CD TRN .03              .93              .26              .22
CD DA 0.01 3.03 0.36 0.12
CD IA ....
CU TRN .02 1.99 .37 .27
CU DA .01 4.00 .55 .12

PB TRN .02 1.99 .39 .28
PB DA .004 4.00 .47 .11
PB IA - _
ZN TRN .02 1.99 .39 .28
ZN DA .01 4.00 .53 .12

R0024101

Water Quality of Storm Runoff and Comparison of Proceduma for Estimating Storm-Runoff Loads, Volume, Event-
Mean Concentration~, end the Mean Load few a Storm for Selected Properties and Constituents for Colorado Springs,
Southeastern Colorado, 1992



Table 6. Ranges of values of each explanatory values of each explanatory vadable used in single-storm
local- and regional-regression models-Continued

Response Explanatory Minimum Maxlmurtt Mean Medianvariable variable

RUN TRN .02 1.99 .36 .26
RUN DA .00~ 80.5 2.93 .11
RUN IA 0 98.9 56.7 57

Small basins [Ellis and others (1994)] regression model
(2) TRN .03 1.99 .35 -
(2) DA .09 .63 .20 .12
(2) IA .60 91 36.7 38

Small and large basins [EI~ and others (198-t)] regression model
(2) TRN ....
(2) DA           0.09         24.7          6.1           0.20
(2) IA .6 91 31.8 24
1Includes storm-runoff load and event-mean concentration for chemical oxygen demand, dissolved solids, suspended solids,

total nitrogen, total ammonia plus organic nitrogen as nitrogen, total phosphorus, dissolved phosphorus, total-recoverable cadmium,
total-recoverable copper, total-recoverable lead, total-rrcoverable zinc, and volume of runoff for RUN.

2includes storm-nmoffload for chemical oxygen demand, suspended solids, total nitrogen, total phosphorus, total-recoverable
lead, total-recoverable zinc, and volume of runoff for RUN.

regression models were compared to observed valuesfrom data collected at five sites in the study area in 1992    I~i__~1

(fig. 1, table 1). The response variables estimated by RMSE = (log Oi - log E i) 2 (6)
Driver and Tasker (1990) are storm-runoff loads for
COD, SS, DS, TN, TKN, TP, DP, CD, CU, PB, and ZN;
storm-runoff volume, and event-mean concentrations for where
COD, SS, DS, TN, TKN, TP, DP, CD, CU, PB, and ZN.
The response variables estimated by Ellis and othersRMSE = the root-mean-square error in log units

(1984) are storm-runoffloads for COD, SS, TN, TP, PB, (base 10);

and ZN and storm-runoff volume. Driver and TaskerOi = ith observed value;

(1990) developed two sets of single-storm regional- Ei = ith estimated value from the regional-
regression models for storm-runoff loads and volume, regression model; and
The first set of models was based on a stepwise regres-n = the number of observations in the data set.
sion analysis of 13 explanatory variables including TRN,Generally, when compared to observed values,
DA, IA, land-use, and regional climatic variables. Thethe 3-variable models that were developed by Driver
second set of models was based on three explanatoryand Tasker (1990) for estimating storm-runoff loads

had the smallest RMSE (table 7). For estimates ofvariables--TRN, DA, and IA. The single-storm
storm-runoff volume, when compared to observed val-regional-regression models for storm-runoff event-meanues, the multivariate model developed by Driver and

concentrations are based on stepwise regression analysisTasker (1990) had the smaller RMSE (table 7).
of the same 13 explanatory variables used to develop An evaluation of residuals from a comparison of
models for storm-runoff load and volume. Single-stormobserved and estimated storm-runoff loads, volume,
regional-regression models developed by Ellis andand event-mean concentrations can be used to deter-
others (1984) for storm-runoff loads and volume weremine the direction of bias of estimated values com-
based on three explanatory variables--TRN, DA, andpared to observed values. Compared to observed
IA. values, most regional-regression models tended to

overestimate (negative sign in table 8) storm-runoff
.Comparisons of observed and estimated storm-loads, volume, and event-mean concentrations. How-runoff loads, volume, and event-mean concentrationsever, the direction of bias was not consistent for all

were made using the root-mean-square error (RMSE) ofproperties and constituents and runoff volume
estimate from the equation: (table 8).
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Table 7. Root-mean-square error from comparison of observed storm-runoff loads and volumes and estimated storm-runoff
loads and volumes from single-storm regional-regression models

[COD, chemical oxygen demand, in pounds; DS, ~ssolved solids, in pounds; SS, sttspunded solids, in pounds; TN, total nitrogen, in pounds; TY~N. total
ammonia plus organic rdm3gen as nitrogen, in pounds; TP. total phosphorus, in pounds; DP, dissolved phosphorus, in pounds; CD, total-recoverable
cadmium, in pounds; CU, toud-mcoverable copper, in pounds; PB, tota~-r~covcz-,zble lead. ;n ]x)unds; 2;N, tov,]-mcovembl¢ z~nc, in pounds; RLTN, volume, in
cubic feet; dashes indicate not available]

Root-mean-squars error in log units

Reglonal-ragrassion models from Driver-Talker Reglor~l-ragrasslon models from Ellis and
Response variable (1990) others (1984)

3-variable model1 Multivariate model= Small drainage basins3 Small and large
drainage basins4

COD 0.353 0.738 0.421 0.384

DS 296 .423 - -
SS .463 3.70 .490 .549

TN .256 .669 .336 .279
TKN .960 l.ll - -
TP .598 1.13 .461 .469
DP .637 1.12 - -
CD~ .409 626 - --
CU .666 1.15 - -
PB .668 .708 .782 .583

ZN .421 .494 .517 .495
RUN - .332 .375 .354

¯ , ~Equations from table 3 in Driver and Tasker (1990),
2Equations from table 1 in Driver and Tasker (1990).
3Equations from table 19 in Ellis and others (1984). R0024103
4Equations from table 20 in Ellis and others (1984).
5Root-mean-squar~ error computed without censored data.

Differences between the observed and estimatedProcedures for Adlustmenl of Estimates from
storm-runoff loads, volume, and event-mean concen- Single-Storm Regional-Regression Models
~ations can be exp]aLned by the following: Using Local Data

1. Hydrologic conditions controlling the detection of When compared to observed data, single-storm
properties and constituents specific to regional-regression models tended to overestimate
Colorado Springs are not explained by the storm-runoff loads, volume, and event-mean concen-
Driver and Tasker (1990) models, trations. As a result, single-storm local-regression

models would be the preferred method for estimating
2. Data collected for certain properties and constitu-storm-nmoff loads, volume, and event-mean concen-

ents for the NURP studies might not be repro- trations because the single-storm local-regression mod-
els were developed using local data based on thesentative of the Colorado Springs area.
climatic, physical, and land-use characteristics of the

3. Regional-regression models were developed usingColorado Springs area. However, only a small number
of observations (30--snowmelt samples not included)a larger range of drainage-basin areas than thewere available for the development of the single-storm

drainage-basin areas used for this study local-regression models, and the use of the single-
(tables 1 and 6). Therefore, regional-regres-storm local-regression models need to be limited to
sion models might be biased and might beestimates within the ranges of the explanatory variables
overestimating storm-runoff loads, volume,used to develop the model (table 6). Single-storm

regional-regression models are based on a large hum-and event-mean concentrations for smallerber of observations (65 to 348), and the explanatory
drainage basins, variables have a wider range than the explanatory vari-

20 Water Quality of Storm Runoff and Comparison of Procedures for EstlmaUng Storm-Runoff Loads, Volume, Event-
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Table 8. Summary of residual values for observed minus estimated values of storm-runoff loads, volume, and event-mean
concentrations

[DTI, regional-regression model from table I in Dr~v~ and Tasker (1990); DT3, mgional-mgt~sio~ model f~om ~ 3 i~ Driver and ’1~i~- (1990); EL19,
regional-regression model from table 19 in ELLis and othe~ (1984); EL20, regional rtg~-~sion model fi’om table 20 in Ellis and others (1984); DTS, regional-
regression model from table 5 in Driver and Tasker (1990); load, storm-nmoff loads, in pounds; mg,/L stxxm-nmoff event-mean conc=nuation, in mi].ligrams
per liter; ~g/L, storm-runoff event-me.an conccnwafion, in micrograms per liter, dashes indicate not data available; negative numb~ in the table means the
estimated value from the regional regression model is greater than the observed value; positiv© number in tl~ table means t/= e..saimate.,d value from the
regional-r~gr~ssion model is less than the observed value]

Response variable Regression Residt,ml values

model Minimum Maximum 75th
Median        Meanpercentile

Chemical oxygen demand (COD)DT1 load -2,525 1,179 -1.4 -175 -347
DT3 load -349 1,188 39 -18 16
Ell9 load -455 1,138 44 6 -13
El20 load -323 12,155 60 I 1 20
DT5 mg/L -1,275- 265 -28 -433 --443

Dissolved solids (DS) DT1 load --85 226 48 12.4 33
DT3 load -124 206 36 -0.05 18
DT5 mg/L -126 49 -7.4 --62 -48

Suspended solids (SS) DT1 load 27 2,130 756 310 448
DT3 load -1,021 1,064 148 -31 13
E119 load -678 1,396 372 36 159
El20 load -I,019 1,1 44 326 22 87
DT5 mg/L -489 702 193 -82 -34

~

Total ni~ogen (TN) DT1 load 0.43 79 8.5 4.0 4.7
DT3 load .39 7.09 2.8 2. I 1.8
[] 19 load .44 12.3 3.9 2.6 2.2
[]20 load .55 9.52 2.8 1.9 1.9
DT5 mg/L .71 22 12 5.4 4.4

Total ammonia plus organic DTI load -42 1.5 -1.4 -3.8 -7.6nitrogen as nitrogen (TKN)

DT3 load -16 -.72 -1.7 -4.0 -5.0
DT5 mg/l., -34 -1.2 -2.3 -I0 -12

Total phosphorus (TP) DT1 load -22 .95 -0.12 -.60 -3.1
DT3 load -1.9 .22 -. 13 -.47 -0.60
Ell9 load .04 2.6 .91 .63 .72
[]20 load .04 2. 7 .92 .65 .74
DT5 mg/L -8.3 .63 -.21 -2.4 -3.1

Dissolved phosphorus (DP) DTI load -9.6 .31 -.06 -.24 -1.5
DT3 load -.95 .06 -.12 -.31 -.33
DT5 mg/L -4.6 .13 -.02 -.75 -1.6
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Table 8. Summary of residual values for observed minus estimated values of storm-runoff loads, volume, and event-mean
concentrations--Continued

Response variable Regression Residual values

model Mlnlmum Maximum 75th
Median        Meanpercentile

Total-recoverable cadmium DTI load -0.02 0.001 -0.(XXT! -0.0006 -0.002
(CD)~

DT3 load -.002 .002 .0003 -.00006 -,0003
DT5 p.g/L -2.8 .71 -.07 -.69 -.82

Total-recoverable copper (CLD DTI load -.77 -.02 -.06 -.09 -, 15
DT3 load -. 13 .02 -.01 -.03 -.03
DT5 lag/l -I 68 -30 -46 -77 -82

Total-recoverable lead (PB) DT1 load -.66 .47 .11 -.06 -.08
DT3 load -.62 .43 -.002 -.09 -. 12
El19 load -1.1 .36 .03 -. I 1 -.2 l
E!20 load -.35 .63 .07 -.02 -.003
DT5 lag/I-," -315 200 18 - 124 -90

Total-recoverable zinc (~4) DT1 load -.64 1.1 .19 -.009 .02
DT 3 load -.69 .95 .14 -.007 .03
El19 load -.87 1.0 .14 -.009 " -.04
El20 load -.76 1.0 .15 -.006 -.01
DT5 lag/L -651 869 -133 -288 -238

Volume of runoff (RUN) DT1 cubic feet -31,592 51,359 4,483 445 1,439
Ell9 cubic feet -48,818 35,965 2,417 138 -4,928
h-’3.90 cubic feet -32,342 47,411 4,794 964 1,028

~Coinp~l using ~ data.
ables used in the single-storm local-regression modelslocal- and regional-regression models. The equations
(table 6). It would be useful if single-storm local- andfor the two MAPs for adjusting the regional-regression
regional-regression models could be combined to takeequations are Hoos and Sisolak, (1993):
advantage of the strengths of both regression models 1. MAP-R-P calibration equation:while minimizing the respective deficiencies of the
regression models, log Oi = log Bo + B 1 log REi (7)

Hoos (1991) presented a procedure to adjust wheresingle-storm regional-regression models using local
data. Hoos and Sisolak (1993) evaluated different

Oi = the observed value of storm-runoff load,model-adjustment procedures (MAP’s) and established
criteria for selecting the appropriate MAP. The MAP is volume, or event-mean concentration at
in the form of a regression analysis. Local data are used site i;
as the calibration data set. In one MAP (MAP-R-P),Bo and B1 = coefficients fitted from a simple linear-
log-transformed local (observed) data (response vari- regression analysis of the calibration data
ables) are regressed against the log-transformed esti- set
mates from the single-storm regional-regression models (observed data); and
(explanatory variables). The resulting equations are theRE/ = the regional estimate; estimated value of
adjusted regression models used to predict storm-runoff storm-runoff load, runoff volume, or ,~.loads, volume, or event-mean concentrations at an event-mean
unmonitored site. Another form of MAP (MAP-W) is concentration from the unadjusted single-
simply the weighting of log-transformed estimates from storm regional-regression model at site i.
22 Water Quality of Storm Runoff and Comparison of Procedural for ElltmlUng Storm-Runoff Loads, Volume, Event-
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The adjusted regional-regression model (from After evaluating Spearman’s rho and the signed-
the detransformation of eq. 7) is then: rank test for the Colorado Springs data set, the appro-

priate MAPs were selected for adjusting the regional-
AR Ei = B o R E~1 (BCF) (8) regression models using local data based on the flow

chart in figure 2. The RMSE was large for all compar-
where isons between observed values and values estimated

using single-storm regional-regression equations
AREi = the adjusted single-storm regional- (tables 7, 9, and 10). Because observed values and esti-

regression estimate, mated values from single-storm regional-regression
2. MAP-W calibration equation: equations were highly correlated and had a consistent

direction of bias, MAP-R-P (fig. 2, steps 2 and 3) was
log Oi = { (J x logRE) [ (l-J) x logLOC] } (9) selected for adjusting storm-runoff-load equations for

TN, TKN, TP, DP, CU, and PB and for adjusting the
where storm-runoff event-mean concentration equations for

TP, CU, and PB. Observed and estimated values for the
remaining storm-runoff loads and event-mean concen-

J = ( (SEloc2)/[(SEloc2 ) + (SEreg2) ] } (10) trations of the remaining constituents were not highly
correlated or did not have a consistent direction of bias,

where or both; however, the remaining observed values were
significantly correlated with some explanato.ry vari-

SEloc = the standard error of estimate, in log unitsables. Therefore, MAP-W (fig. 2, step 3) was selected
for the single-storm local-regression for adjusting storm-runoff-load equations for COD,
model; DS, SS, CD, and ZN; for adjusting equations for esti-

SEreg = the standard error of estimate, in log unitsmating volume of runoff; and for adjusting event-mean
as reported in Driver and Tasker (!990) concentration equations for COD, DS, SS, TN, T~’q,
for the single-storm regional-regressionDP, CD, and ZN.
model; and When compared to observed storm-runoff loads

LOC = estimated value from the single-storm and volume, the three-variable single-storm regional-
regression models for storm-runoff loads and the mul-

local-regression equation, tivariate single-storm regional-regression models for
The weighted single-storm regional-regressionstorm-runoff volume that were developed by Drivermodel (the detransformation of eq. 10) then is: and Tasker (1990) had the smallest RMSE of all of the

single-storm regional-regression models tested. TheseWE = { (REJ) x (LOC (l-J)) } x BCF, (11)models and the 13-variable single-storm regional-
where regression models for event-mean concentration were "~

adjusted using MAPs.

WE = adjusted (weighted) single-storm regional- The MAP’s decreased model error in estimating
storm-runoff loads, volume, and event-mean concen-regression estimate,
trations, except for the equation for event-mean con-Selection of the appropriate MAP needs to be centration for CD. Reduction of error, in percent,made based on whether or not observed and estimatedranged from -1,980 to -10 percent (based on data indata are correlated and on if there is a consistent biastables 9 and 10). The effect of MAP’s on estimatedbetween the local-data (observed) and estimated-datastorm-runoff loads and event-mean concentrations canpairs (fig. 2, step 3). Correlation between observed andbe illustrated by plotting observed values, estimatesestimated data was evaluated by analyzing the signifi-from regional-regression models, and estimates fromcance of Spearman’s rho 0man and Conover, 1983),
regional-regression models adjusted using MAPs. Twoand bias was determined using the signed-rank test on
examples from site 2 are presented, one for eachthe paired data (Iman and Conover, 1983). If the nullMAPmMAP-R-P (TP) and MAP-W (TKN) (figs. 3hypothesis (a significant correlation does not exist
and 4). In both eases, the estimates of storm-runoffbetween observed and estimated values or a consistentload and event-mean concentration obtained usingbias does not exist between observed and estimatedMAP-R-P (fig. 3) and MAP-W (fig. 4) were closer tovalues) for either test is not rejected at a selected level
the observed value than the estimate from the regional-of significance, then correlation between observed data
regression equation. Adjusted models, developedand explanatory variables is determined by examining
using MAP-R-P and MAP W, for estimating storm-

correlation coefficients, r2 (fig. 2, step 4) (I-Ioos andrunoff loads, volume, and event-mean concentrations
Sisolak, 1993). are listed in tables 11 and 12.
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STEP 1        observed value                                    YES                                     r~ion~]

STEP 3

Us~ single factor
regression on the

YES YES e~timat ed value
STEP 2 ~..> direction of bias? from the single-highly\ / s~orm re~ona~-

"X~ela ~,..,/
regression model

(NSAP-R-P)

NO
NO]

U~’ weighted

/Are ol:~-,r,~d
combit~tion ol

~z/v~lues and explani    ~ YES estimates fl’om
regionaJ and

STE P 4 ~. variables highly J local single-

~

storm ~jre~.ion-rnode~ (MAP-W)

Us~ simple estimator
NO (for e~mple. MEAN)

or ¢oll~:t addil~onaJ
d~t~ to ¢.~]~ibrate a

Io~ regr~on model

Fl~um ~. Flowchart for $~lection of mod~l adjustment proc~lums (modifi~l from Hoos and Si~ol~k, 1993).
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Table 9. Effect of model-adjustment procedures on mot-mean-square error and standard error of estimate for storm-runoff
Ioa0s and volume

[MAP-R-P, observed data mg~ssed agah~st the regional estimate; MAP-W, the weighted comblna~on of loc~-mg~s,do~ ~ and mgion=l-reg~ssion
estimate; COD. chemical oxygen demand; DS, dissolved solids; SS, suspended solids; TN, total nitrogen; TKN, to~J ammonia plus organic nitrogen as
niu’ogen; TP, total phosphorus; DP, dissolved phosphorus; CD, to~l-r~coverable cadmium; CU, to~i-recoverable ~ PB, tota]-recover=ble lead;
ZN, total-recoverable zinc; RUN, volume; dashes indicate no data]

Root-me~n-~itmm error Standard e~or of e=tlmat~

Response    Reglonal-regmulon modsl ~rom Drlver-Tesker (19~0)
MAP-R-P                    MAP-Wvariable 3-variable modelsI 13-vedeble models=

(percent) (log unlt~) (percent) (log unlt~)    (pement) (log unlt=) (pement) (log units)
COD 97 0.353 .... 65 0.258
DS 114 .396 .... 59 .237
SS 145 .463 .... I02 .366
TN 68 .256 - - 19 0.283 - -
TKN 1,147 .960 - - 106 .377 - -
TP 238 .598 - - 109 .384 - -
DP 276 .637 - - 95 .348 - -
CD3 119 .409 .... 81 .308
CU 308 .666 - - 116 .402 - -
PB 311 .668 - - 191 .538 - -
7_2q 125 .421 .... 115 .398
RUN -- - 89 .332 - - 29 .124

~Equations from table 3 in Driver and Tasker (1990).
:Equations from table 1 in Driver and Tasker (1990).
3Computed without censored data.

"table 10. Effect of model-adjustment procedures on standard error of estimate for storm-runoff event-mean concentrations

[MAP-R-P, local data regressed against the regional estimate; MAP-W, the weighted combination of Ioea.l-regression estimate and regional-regression
estimate; COD, chemical oxygen demand; DS, dissolved solids; SS, suspended solids; TN, total nitrogen; TKN, total anamonia plus organic nitrogen as
nitrogen; TP. total phosphorus; DP, dissolved phosphorus; CD, total-recoverable cadmium; CU, total-~covca’able �opper; PB, total-n~zoverable lead;
ZN, total-recoverable zinc; dashes indicate not applicable]

Root-mean-squar~ error Standard error of estimate
Response 1Regional-r~gmssion model from
variable Driver and Tesker (1990) MAP, R# MAP-W

(pement) (log unlt~) (percent) (log unit=) (pement) (log units)
COD 201 0.553 - - 41 0.172
D S 69 .272 - _ 45 .188
SS 74 .286 - - 64 .253
TN 282 .643 - - 40 .168
TKN 2,078 1.07 - _ 98 .356
TP 1.398 .998 73 0.285 - -
DP 1,220 .972 - - 176 .516
CD2 86 .322 - _ 238 .598
CU 459 .764 54 .219 - -
PB 186 .531 70 .273 - -
ZN 121 .413 - _ 44 .183
~Equations from table 5 in Driver sad Tasker (1990).
2Computed without censored data.
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Figure 3. Observed total-phosphorus, estimated total-phosphorus, and adjusted estimates of total-phosphorus
loads for storm-runoff load at site 2.
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event-mean concentrations at site 2.
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Table 11. Summary of adjusted mo~els for storm-runoff loads and volume

[MAP-R-P, regztssion of obsea~ed data against reglonal-r~grtssion; MAP-W, weighted combination of loc.al-mgrt~sion estimate and mgional-r~gr*ssion
estimate; Be, BI, coefficients fitted from a simple linear t~g’mssion analysis of tim calibration data set (’local data ba.~); BCF, the bias correction factor:
J, weighting factor;, COD, e.he.mica] oxygen demam:l loads; DS, dissolved-solids load; $S, =mSlxaxled-solida load; TN, total nitrogen load; TKN, total
ammonia plus organic aia-ogen load; TP, total phosphorus load: DP. dissolved phos#mm= load; CD, total-r~overable cadmium load; CU, total-recoverable
copper load; PB, total-recoverable lead load; ZN, total-recoverable zinc load; RUN, storm-nmoff volume; dashes imlicate not applicable: y, response
variable: RE. estimate from regional regztssion; LOG., estimate f~m local regr=sion]

Modebadluatment procedur~
Response
variable MAP’4=I’Pt MAP-We

Be B1 BCF d 1-d BCF
COD - - _ 0.27 0.73 1.13
DS - - _ .35 .65 1.1,1
SS - - - .23 .77 1.24
TN 0.82 0.71 1.23 - - _
TKN .23 .61. 1.40 - - _
TP .33 .91 1.35 - - _
DP .24 .82 1.32 - - _
CD - _ _ .85 .15 1.1~
CU .14 .77 1.42 ....
PB .20 .69 1.80 - - _
ZN - - _ .42 .58 I. i ~
RUN - _ _ .24 .76 1.0~
ZForm of equation is y = BoREItqBCF.
:Form of equation is y = (REG~) ~ 0-~ BCF.

Table 12. Summary of adjusted models for storm-runoff event-moan concentrations

[MAP-R-P, regression of local data against regional estinaate; MAP-W, weighted combination of local-regression ~ and regional-regression eszimate;
Be, B I, coefficients fitted from a simple linear regression analysis of the calibration data set (local data ba.~); BCF, bias ¢o,tg~on factor, J, weighting factor;
COD, chemical oxygen demand event-mean conoentntion; DS, dissolved-solids event-ninon concentntion; SS, suspended-solids event-mean concentration;
"IN, total nitrogen event-me.an concentration; TKN, total ammonia plus organic nim)gen event-mean conoentration; TP, total phosphorus event-mean
concentration; DP, dissolved phosphorus event-mean �oncentration; CD, total-mcovt=mble �~lmium event-me.an concentra~on; CU, total-recoverable copper
event-mean concentration; PB, total-t~:overable lead event-me.an concentration; ZN, total-recoverable zinc event-mean concentratfion; dashes indicate not
applicable; y, response variable; RE, es’tima~ from regional model; LOC., estimal~ fzom lncal mmlel]

Model-adjustment procedure
Response
variable MAP’R’Pt MAP-W=

Bo B1 BCP J 14 BCF
COD - _ _ 0.33 0.67 1.08
DS - _ _ .18 .82 1.05
SS - - - .24 .76 1.14
TN - _ _ .33 .67 1.07
TKN - _ - .28 .72 1.06
TP 0.48 -0.26 1.2 - - _
DP - _ _ .22 .7g 1.10
CD - - - .78 .22 1.05
CU 1.52 .54 1.16 - _ _
PB 886,692 -1.69 1.18 - - _
ZN - _ _ 15 .75 1.08
~Form of equation is y = Box REGal BCF.
2Form of equation is y -- (]~J) (LOC)(I’~) BCF.
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ESTIMATES OF A MEAN LOAD FOR A table 13 need to be avoided (Driver and Tasker, I990).
STORM Using the Driver and Tasker 0990) models, mean

loads were estimated for COD, DS, SS, TN, TKN,
In addition to developing single-storm regional-TP, DP, CU, PB, and ZN for sites I through 5. A

regression models for storm-runoff loads, volume, and90-percent confidence inte~,val was computed for each
mean load of a storm estimated using the models fromevent-mean concentrations, Driver and Tasker (1990)
Driver and Tasker (1990) (table 14). For example,developed regression .models for estimating the mean

load for a storm, hereafter called mean load. Mean loadthere is a 90-pereent confidence level that the a’ue mean
load for TP for all storms at site I lies between 0.06 andis the estimate of mean load for a particular drainage

basin. With the estimate of mean load, seasonal or 0.87 Ib (table 14). Confidence intervals were not corn-
annual loads for a particular drainage basin can be esti-puted for single-storm regression models because

maa’ix information was unavailable.mated by multiplying the mean load by the average
number of storms for the season or year. Regression Estimated mean loads from the Driver and
models for estimating mean load were based on drain-Tasker (1990) models (MLDT) were compared to
age-basin area, percent of impervious area, mean mean loads estimated for 1992, based on daily mean
annual rainfall, mean minimum January temperature, water discharge and land-use characteristics, hereafter
and a variable (dummy variable) indicating whether referred to as MLDWD, and on loads that are the mean
commercial and industrial land uses exceeded or did storm-runoff load of the six storms sampled at each of
not exceed 75 percent of the drainage-basin area the five sites in 1992 (table 14).
(Driver and Tasker, 1990). Regression models for esti- Linear regression was used for estimating mean
mating mean load were developed for COD, DS, SS, loads based on daffy mean water discharge. The most"IN, TKN, TP, DE CU, PB, and ZN. These regression suitable regression models for estimating mean load
models were developed from the NURP data base and from daily mean water discharge were selected using
are based on rain storms. The range of explanatory the procedures described in the section "Single-Storm
variables used in the regression models for estimatingLocal-Regression Models." Values of r2 ranged frommean load are listed in table 13. In general, use of the0.59 to 0.84, and standard error of estimate, in percent,models to estimate mean load at sites that have charac-for the regression models, ranged from 45 to 93teristics much beyond the range of values listed in

(table

Table 13. Ranges of values of explanatory variables used in development of regression models for mean load for a storm
(modified from Driver and Ta~ker, 1990)

IDA, total contributing drainage a~a; IA, imperviou~ area; MAR, m~sa aaa=fl n~t’all; ME, me~a miahatu~ .lena=7 tempetaam~; COD, chemical oxygen
demand; DS, dissolved .soLids; SS, suspended solids; TN, total nia-o~n; "I’K~, ~ ammonia plu~ o~,anic
dissolved phosphorus; CU, to~aJ-Rcovcrabh- copper;, PB, totsl-recoverable lead; Z~, totJfl-recoverable z~�]

Response variable Explanatory variables
(mean seasonal DA IA MAR MJTor mean annual (square miles) (percent) 0nches)load) (degrees Fahrenheit}

Minimum Maximum Minimum I~.t!mum MIn!--m-L-’m Ms~_!_mum Minimum MaximumCOD 0.019 0,707 4 100 8.38 62.00 3.2 58.7DS .020 .450 19 99 10.24 37.61 11.4 35.8SS .019 .707 4 100 8.38 49.38 3.2 50.1TN .019 .830 4 100 11.83 62.00 3.2 58.7TKN .019 .707 4 100 8.38 62.00 3.2 58.7TP .019 .830 4 100 8.38 62.00 3.2 58.7DP .020 .707 4 99 8.38 46.18 10.8 35.8CU .014 .830 6 99 8.38 62.00 15.3 58.7PB .019 .830 4 100 8.38 62.00 3.2 58.7ZN .019 .830 13 100 8.38 62.00 11.4 58.7
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Table 14, Comparison of computed mean load for a storm based on daily mean water discharge and land-use characteristics,
estimated mean load ~or a storm, and average of samples collected dudng rainfall runoff

[MLDWD, mean load estimated based on daily mean water discharge and land-use ~cs; MLDT, estimau~l mean load. frum Driver and Tasker
(i 990) models; CL 90-pert, cat �onfidence interval; n, number of stones occurring as rain. Janua~/tlmmgh Dcc~lxa" 1992; COD. ,-heroical oxygen demand’,
DS, dissolved solids; SS, suspcndsd solids; TN. total nitrogen; TKN, rata1 ammonia plus o~,ani¢ nilxogcn as nilxog~n; TP, total phosphorus;
DP. dissolved phosphorus; CU, total-tccovea’abl¢ coppe~ PB, to~l-R~overabl¢ lead; Z1q, tmal-recoverab~ zinc]

Mean load of a atorm

Response
(pounds) Mean of six storms

variable MLDT In 1992
(as load) MLDWD Regression modela in Drlwr end Taaker (19~0) (pounds)

Estimated Lower Cl Upper CI
Sixteenth Role, Valley-Hi Golf Course

Site 1
a-54

COD 756 172 41 430 492

DS 232 294 58 947 201

SS 927 168 18.2 666 716
TN 4.3 6.63 1.24 19.5 3.7

TKN 2.4 2.16 0.43 6.68 2.3
TP 0.73 0,31 .06 0.87 0.71

DP .28 .20 .03 .60 .24
CU .03 .12 .02 .38 .03

PB .54 .28 .05 .84 .27

ZN .57 .42 .09 1.11 .49
Chestnut Street at Douglas CRek

Site2

COD 523 172 41 430 217
DS 77 400 77 1,330 60
SS 1,349 203 22,1 809 603

TN 1.9 6.04 1.15 17.6 1.3
TKN .90 1.94 .38 6.11 .76

TP .33 .40 .08 1.12 .21
DP .14 .23 .04 .72 .10
CU .07 .15 .02 .47 .04
PB .36 .25 .04 .77 .24
ZN 1.42 .39 .08 1.02 .76

Bea�on Steer at Buchanan Str~
Site 3
n-~O

COD 312 223 53 560 92
DS 71 424 81 1,410 37
SS 433 210 22.9 837 107
TN 2.0 2.9 0.49 9.7 1.2
TKN 0.80 0.97 .16 3.66 0.40
TP .26 .42 .09 1.17 .16 ~"
DP .17 .24 .04 .74 .12
CU .02 .16 .03 .49 .007
PB .19 .35 .06 1.07 .03
ZN .24 .55 .12 1.43 .12

30 Water Quality of Storm Runoff and Comparl~m of Proc~luma for F.~timatlng Storm-Runoff Loada, Volume, Event-
Mean Conoant~atlona, and the Mean Load for a Storm for S~lect~d Pro~ and ~ta for Colorado Springs,
$outheaat~’n Colocado, 1992



Table 14. Comparison of computed mean load for a storm based on daily mean water discharge and land-use
characteristics, estimated mean load for a storm, and average of samples collected during rainfall runoff--Continued

Mean load of ¯ storm

Response (pounds)
Mean of six stormsvariable MLDT In 1992

(as load) MLDWD Regression models in Driver and Talker (1990) (pounds)
Estimated         Lower CI         Upper CI

Wahsatch Street at Cross Lane
Site 4
n-50

COD 465 357 83.3 906 378
DS 117 1,060 173 4,140 140
SS 929 372 39.7 1,510 747
TN 4.7 10.8 2.01 31.9 5.2
TKN .74 3.42 .66 10.9 .76
TP 1.22 .88 .18 2.5 1.20
DP .36 .40 .06 1.32 .46
CU .02 .30 .05 .95 .02
PB .31 .54 .09 1.67 .14
ZN .31 .80 .17 2.13 .31

Walmart st Eighth Street
Sites
n-S1

COD 339 76 18 190 58
DS 45 136 27 432 26
SS 407 103 I1.1 416 237
TN 0.89 3.12 0.58 9.22 0.64
TKN .65 1.02 .19 3.26 .27
TP .20 .16 .03 0.46 .15
DP .09 .13 .02 .40 .05
CU .0l .07 .01 .22 .005PB .12 .12 .02 .36 .06 ¯
ZN .20 .17 .04 .45 .1 I

Table 15. Summary of r= values and standard error of e~mate for regression models used to estimate
mean load, in pounds, of a storm based on daily mean water discharge and land-use characteristics

[rI. is the coefficient of de~n]

Response variable r= Slandard error of estimate

Chemical oxygen demand 0.75 57 0.229
Dissolved solids .82 45 .188
Suspended solids .68 83 .313
Total nilrogen .81 47 .195
Total ammonia plus organic nitrogen .78 47 .193Total phosphorus .75 66 .262
Dissolved phosphorus .59 81 .308
Total-recoverable copper .84 49 .2130
Total-recoverable lead .65 93 .344 R0024114
Total-recoverable zinc .81 55 .225
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Records of daily mean water discharge were col-the upper 90-percent confidence interval for COD and
lected at all sites from about June 1 to December 6,SS at site 1 (table 14). The mean load of the six storms
1992. For periods of missing record, dally mean waterwas less than the lower 90-percent confidence interval
discharge was estimated using the following equation:for DS at sites 2, 3, 4, and 5; for CU at sites 3, 4, and 5;

and for PB at site 3 (table 14).
The mean load of the six storms at each site com-

DMWD = 19,941TRNI’08LUI’I-26LUC’0.98 pared well with the estimates derived using tile Driver
LUR’t’T81.25 (12) and Tasker (1990) mean load equations. However,

where these mean loads represent only 6 storms, whereas the
Driver and Tasker (1990) models were developed using

DMWD = daily mean water discharge, in cubic feetbetween 200 and 1,000 storms that represent drainage
per second; basins having a wider range of drainage-basin area and

TRN = total rainfall, in inches; percent impervious area (table 6). Therefore, the
LUI industrial land use, in percent; Driver and Tasker (1990) mean load equations might
LUC = commercial land use, in percent; and provide a better estimate of annual and seasonal loads
LUR = residential land use in percent, for ungaged drainage basins in Colorado Springs.

For this equation, the value of r2 w~s 0.77, and
the standard error of estimate was 78 percent COMPARISON OF PROCEDURES FOR

Generally, N[LDWD were within the 90-percent ESTIMATING STORM-RUNOFF LOADS,
confidence intervals of MLDT (table 14). However, VOLUMES, EVENT-MEAN
estimates of COD, DS, SS, and CU, at selected sites

CONCENTRATIONS, AND THE MEANwere not within the 90-percent confidence intervals
from Driver and Tasker (1990) mean load equations.LOAD FOR A STORM
At sites 1, 2, and 5, esfimatesoo, f MLDWD for COD Various procedures for estimating storm-runoffexceeded the upper 90-percent confidence interval

loads, volume, and event-mean concentrations have(table 14); and at sites 1 and 2, MLDWD for SS been discussed in this report. The following is a moreexceeded the upper 90-percent confidence limit
concise comparison of the value and limitations of(table 14). At sites 3 and 4, estimates of MLDWD forthese procedures. The procedures discussed include:DS and CU were less than the 90-percent confidence

interval, and at site 2, estimates of mean load based on1. Singie-storm local-regression models for storm-
daily mean water discharge for ZN exceeded the upper runoff loads, volume, and event-mean concen-
90-percent confidence interval (table 14). tration (tables 4 and 5).

At all sites, estimates of MLDWD for COD and2. Single-storm regional-regression models forSS were larger than MLDT (table 14). At all sites, esti-
storm-runoff loads, volume, and event-meanmates of MLDWD for DS, TN, and CU were less than

MLDT (table 14). Estimates of MLDWD for TKN, TP, concentration (Ellis and others, 1984;
DP, PB, and ZN based on daily mean water discharge Driver and Tasker, 1990).
when compared to MLDT had no consistent direction3. Adjustment of single-storm regional-regression
of bias (table 14). models for storm-runoff loads, volume, andDifferences between the two types of estimates event-mean concentration using local dataof mean load may be explained by the following:

(tables 11 and 12) (Hoos and Sisolak, 1993)..
1. Hydrologic conditions controlling the occurrence

of properties and constituents, especially COD4. Estimates of mean load (table 14).
and SS, that are specific to Colorado Springs The use of single-storm local-regression models
are not accounted for in the Driver and Taskerneeds to be limited to the ranges of explanatory vari-
(1990) models, ables (table 6) used to develop the model. If values out-

2. Data collected for certain properties and constitu-side these ranges are used in the single-storm local-
ents for the NURP studies may not be represen-regression models, the standard errors may be consid-
tative of the Colorado Springs a~a. erably larger than the values repot’ted in tables 4 and 5.

As the single-storm local-regression models are
Generally, the mean load of six storms at eachapplied to drainage-basin areas and to storm volumes

site was within the 90-percent confidence interval oflarger than the values from the observation sites, the
the Driver and Tasker (1990) mean load equationsaccuracy of estimates of storm-runoff loads, volume,
(table 14). The mean load of the six storms exceededand event-mean concentrations decreases.

~:
32 Water Quality of Storm Runoff and Comparison of Procedures for FJtlmating Storm-Runoff Loads, Volume, Event-

! Mean Concentrations, end the Mien Load for a Storm for Selected PropMtlel and Constituents for Colorado $orlnas.
1 Southea=tern Colorado, 1992
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Single-storm regional-regression models were ing Division, began a study to characterize the water
developed using explanatory variables that have aquality of storm runoff and to compare techniques for
wider range than the single-storm local-regression the estimation of storm-runoff loads, volume, and
models (table 6). When compared to observed data,event-mean concentrations for selected properties and
single-storm regional-regression models tended toconstituents.
overestimate storm-runoff loads, volumes, and event- Precipitation, slar, amflow, and water-quality data
mean concentrations (table 8). Model adjustment pro- were collected during 1992 at five sites in Colorado
cedures (MAPs), which use local data to decrease theSprings. Thirty-five samples were collected, seven at
model error, were applied to selected single-stormeach of the five sites. At each site, three samples were
regional-regression models. The MAPs decreasedcollected for National Pollutant Discharge Elimination
model error in estimating storm-runoff loads, volume,System permitting purposes; two of the samples were
and event-mean concentrationsDmodel error collected during rainfall runoff, and one sample was
decreased from -1,980 to-10 percent (based on data incollected during snowmelt runoff. Four additional
tables 9 and 10). samples were collected at each site to obtain a large

A prediction of annual or seasonal storm-runoff enough sample size to estimate storm-runoff loads,
load~, volume, and event-mean concentration at anvolume, and event-mean concentrations for selected
unmonitored site can be obtained by applying the properties and constituents using linear-regression pro-
single-storm models described to a series of storms andcedures developed using data from the Nationwide
producing a synthetic record of storm loads and vol-Urban Runoff Program (NURP). Storm-water samples
ume. Values of storm characteristics used as explana-were analyzed for as many as 186 properties and con-
tory variables listed in table 6 and in Ellis and othersstituents. Some of the properties and constituents mea-
(1984) and Driver and Tasker (1990) may be deter-sured include pH, specific conductance, water
mined for a series of storms from the long-term rainfalltemperature, chemical oxygen demand, biochemical
record for a station near an unmonitored site. The syn-oxygen demand, bacteria, dissolved and suspended sol-
thesized record of storm loads may be reduced to anids, major ions, nutrients, residual chlorine, total-
estimate of mean annual or mean seasonal load by sum-recoverable metals, oil and grease, phenols, volatile-
ming loads from each storm, then dividing by the num-organic compounds, acid-base/neutral organic com-
ber of years in the period of the synthetic record, pounds and pesticides.

The mean load estimated for individual sites for Storm runoff sampled had large concentrations
selected constituents generally compared well to meanof chemical oxygen demand and 5-day biochemical
load estimated based on daily mean water dischargeoxygen demand. Chemieal oxygen demand ranged
and land-use characteristics and to the mean load of sixfrom 100 to 830 mg/L, and 5-day biochemical oxygen
storms, for each site, sampled in 1992 (table 14). Thedemand ranged from 14 to 260 mg/L. Total-organic
use of the mean load procedure should be limited to thecarbon concentrations ranged from 18 to 240 mg/L.
range of values of variables used to develop the modelsThe total-recoverable metals lead and zinc had the
(table 13). However, the mean load procedure can belargest concentrations of the total-recoverable metals
applied to larger drainage basins by dividing the drain-analyzed. Concentrations of lead ranged from 23 to
age basin into segments that fall into the range of drain-350 ~tg/l.,, and concentrations of zinc ranged from
age-basin areas used to develop the mean load model110 to 1,400 I~g/L.
and computing the mean load for each drainage-basin
segment. The mean load for the drainage basin wouldSingle-storm local-regression models for esti-
be the sum of the loads computed for each drainage-mating storm-runoff loads, volume, and event-mean
basin segment. Annual or seasonal loads could beconcentrations were developed. Results from these
computed by multiplying the estimated mean load bymodels and observed values for storm-runoff loads,
the average, or total for a specific year, number ofvolume, and event-mean concentrations are compared
storms for a drainage basin, with the results from regional-regression models devel-

oped from the Nationwide Urban Runoff Program for
SUMMARY the purposes of determining which regression models

provide the best estimates of storm-runoff loads, vol-
The U.S. Environmental Protection Agency ume, and event-mean concentrations.

requires that municipalities that have a population of Single-storm local-regression models were
100,000 or greater obtain National Pollutant Dischargedeveloped for estimating storm-runoff loads and event-
Elimination System permits to control the quality ofmean concentrations for the 12 National Pollutant Dis-
storm runoff. In 1992, the U.S. Geological Survey, incharge Elimination System properties and constituents
cooperation with the Colorado Springs City Engineer-and for estimating storm-runoff volume. The data for
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30 storms representing rainfall runoff from 5 drainagelocal-regression models, and the use of the single-basins were used in this analysis. Except for total-storm Iocal-reg~ssion models needs to be limited torecoverable cadmium, the models were developedestimations withia the ranges of the explanatory vari-using ordinary least-squares regression. Because someables used to develop the model. Although the single-cadmium concentrations were censored (less than vat-storm regional-regression models tended to overesti-ues), tobit regression, which is similar to ordinary least-mate storm-runoff loads, volume, and event-mean con-squares regression, was used to estimate storm-runoffcentrations, these single-storm regional-regressionload and event-mean concentration for total-recover-models are based on a large number of observationsable cadmium. The response variables, which are
(65 to 348), and the explanatory variables have a widerstorm-runoff loads, volume, and event-mean concen-range than the explanatory variables used in the single-trations, were modeled using climatic, physical, andstorm local-regression models. Single-storm local- andland-use characteristics,
regional-regression models were combined using

The values of r2 for models that use ordinarymodel-adjustment procedures to take advantage of the
least-squares regression ranged from 0.57 to 0.86 forstrengths of both models while minimizing the respec-
storm-runoff loads and volume and from 0.25 to 0.63tive deficiencies of the models.
for storm-runoff event-mean concentrations. Standard When compared to observed storm-runoff loads
errors of estimate ranged from 43 to 115 percent forand volume, the adjusted three-variable single-storm
storm-runoff loads and volume and from 32 to 66 per-regional-regression models for storm-runoff loads and
cent for storm-runoff event-mean concentrations, the multivariate regional-regression model for volume
Standard errors of estimate for storm-runoff load of runoff had the smallest root-mean-squared error of
and event-mean concentration for total-recoverableall of the single-storm regional-regression models
cadmium were 247 and 171 percent, tested. These models and the single-storm regional-

Single-storm linear-regression models for esti-regression models for event-mean concentration were
mating storm-runoff loads, volume, and event-meanadjusted using model-adjustment procedures.
concentrations were developed for 11 of the 12 proper- Except for the equation for event-mean concen-ties and constituents required for the National Pollutanttration of total-recoverable cadmium, all model-
Discharge Elimination System permitting process,adjustment procedures decreased the error for models
Regional-regression equations for BOD were not estimating storm-runoff loads, volume, and event-
developed. Linear-regression equations were devel-mean concentrations. Reduction of standard error, in
oped from data collected by the NURP. Equations werepercent, ranged from -1,980 to -10 percent.
developed from the NURP data base and include sets of In addition to developing single-storm regional-
equations for three geographically distinct regionsregression models for storm-runoff loads, volume, anddelineated by mean annual rainfall. The Coloradoevent-mean concentrations, regression models for esti-Springs area is included in Region I. Estimates from-

mating mean load for a storm were developed for ten ofthese regression models were compared with observedthe National Pollutant Discharge Elimination System
storm-runoff loads, volume, and event-mean concen-properties and constituents. With the estimate of thetrations from samples collected in the study area. mean load, seasonal or annual loads can be estimated

Single-storm regional-regression models tendedby multiplying the mean load by the mean number of
to overestimate storm-runoffloads, volume, and event-storms for the season or year. These regression models
mean concentrations observed at the five Coloradowere developed from the NURP data base and are
Springs sites. Because regression models developedbased on rain storms.
using local data are based on the climatic, physical, andMean loads were estimated for ten of theland-use characteristics of the Colorado Springs area,National Pollutant Discharge Elimination Systemsingle-storm local-regression models would be theproperties and constituents for sites 1 through 5. Esti-
preferred method for estimating storm-runoff loads,mated mean loads from the regional-regression equa-volume, and event-mean concentrations. As a result,tions were compared to mean loads estimated for 1992,single-storm local-regression models would be thebased on daily mean water discharge, and on loads thatpreferred method for estimating storm-runoff loads,are the mean storm-runoff load of the six storms sam-volume, and event-mean concentrations because thepied at each of the five sites in 1992.single-storm local-regression models were developed

Except for selected estimates of chemical oxy-using local data based on the climatic, physical, and
gen demand, dissolved solids, suspended solids, andland-use characteristics of the Colorado Springs area.
total-recoverable copper, mean loads based on dailyHowever, only a small number of observations (30)
mean water discharge were within the 90-percent con-were available for the development of the single-storm
fidence interval of results from the mean load equa-

34 Water Quality of Slornl Runoff ~nd Comparison of Procedum~ for Estimating Storm-Runoff Loads, Volume, Event-
Mean Concentr~ end lhe Mean Load for ¯ Storm for Select~ Properties and Constituents for Colorado Springs,
Southeastern Colorado, 1992
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tions. At sites I, 2, and 5, estimates of mean load basedDuan, Naihua, 1983, Smearing estimate--A nonparametric
on daily mean water discharge for chemical oxygen remaasformation method: Journal of the American Sta-
demand, and at sites 1 and 2, estimates of mean load tistical Association, v. 78, no. 383, p. 605-610.
based on daily mean water discharge for smpendod sol-
ids exceeded the upper 90-percent confidence intervals.

Ellis, S.R., Doeffer, J.T., Mustard, M.H., Blakely, S.R., and

At sites 3 and 4, estimates of mean load based on daily Gibbs, J.W., 1984, Analysis of urban storm-runoff data

mean water discharge for dissolved solids and total- and the effects on the South Plat~ River, Denver met-

recoverable copper were less than the 90-percent con- mpolitan area, Colorado: U.S. Geological Survey

fidence interval. Water-Resources Investigations Report 84-4159, 66 p.

At all sites, estimates of mean load based on Hansen, W.R., Chronic, John, and Matelock, John, 1978,
daily mean water discharge for chemical oxygen Climatography of the Front Range urban corridor and
demand and suspended solids were larger than mean vicinity, Colorado (reprint 1979): U.S. Geological Sur-
loads estimated by the mean load equations. At all vey Professional Paper 1019, 59 p. (Reprinted in 1979)
sites, estimates of mean load based on daily mean waterHelsel, D.R., and Hirsch, R.M., 1992, Statistical methods in
discharge for dissolved solids, total nitrogen, and total- water resources: New York, Elsevier, 522 p.
recoverable copper were smaller than mean loads esti-
mated by the equations. Estimates of mean load for Hoos, A.B., 1991, Storm-runoff quality and its relation to
total ammonia plus organic nitrogen as nitrogen, total land use in the Nashville metropolitan area, Tennessee,
phosphorus, dissolved phosphorus, total-recoverable in Jennings, M.E., ed., Symposium proceedings on
lead, and total-recoverable zinc based on daily mean urban hydrology: Bethesda, Md., American Water
water discharge when compared to mean loads esti- Resources Association, Technical Publication Series,
mated by the mean load equations had no consistent TPS-91-4, p. 33.
direction of bias. Generally, the mean load of six
stolyns was within the 90-percent confidence interval ofHoos, A.E., and Sisolak, J.K., 1993, Procedures for adjust-

the mean load equations. The mean load of the six ing regional-regression models of urban-runoff quality

storms for each site exceeded the upper 90-percent con- using local data: U.S. Geological Survey Open-File
fidence interval for chemical oxygen demand and sus- Report 93-39, 39 p.
pended solids at site 1. The mean load of the six stormsIman, P,.L., and Conover, WJ., 1983, A modern approach to
was less than the lower 90-percent confidence interval statistics: New York, John Wiley, 497 p.
for dissolved solids at sites 2, 3, 4, and S; for total-
recoverable copper at sites 3, 4, and S; and for total- Kilpatrick, EA., Kaeb.rle, W.R., Hardee, Jack, Cordes, E.H.,
recoverable lead at site 3. and Landers, M.N., 1985, Development and testing of

highway storm-~wer flow measurement and recording
The mean load of the six storms at each site corn- system: U.S. Geological Survey Water-Resourcespared well with the estimates derived using the mean Investigations Report 85-4111, 98 p.load equations. However, these mean loads represent

only 6 storms, whereas the equations were developedStatistical Analysis System Institute, Inc., 1990, SAS/STAT
using between 200 and 1,000 storms that represent user’s guid~--Statistics (Version 6, 4th ed.): Cary,
drainage basins having a wider range of drainage-basin N.C.,
area and percent impervious area. Therefore, the mean SAS Institute, Inc., 1661 p.
load equations might provide a better estimate of mean
loads, and hence annual and seasonal load, for ungagedU.S. Environmental Protection Agency, 1990, National pol-
drainage basins in Colorado Springs. lutant discharge elimination system permit, permit

application regulations for storm water discharges; final
rule: Federal Registtr, v. 55, no. 222, Code of FederalREFERENCES CITED
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Table 16. Pre~pitation and runoff characteristics for samples collected at storm-runoff sites in Colorado Springs

[-, not avai]ab],.]

Date precipitation Runoff Duration of Peak flow Period that tins less than Duration ,:(Inches) (cubic feet) runoff (cubic feet 0.10 Inch of Precipitation
preclpltatlo(minutes) per ~econd) (days) (minutes)

384918104454201. Sixteenth Hole, Valley-Hi Geif Cour~ (Site l)
06-03-92 0.21 46,100 155 37.1 2.0 1 I0
06-23-92 .07 26,800 170 8.57 2.0 10 l
06-26-92 .13 I4,900 125 16.8 .5 50
07-02-92 .08 16,400 240 7.19 3.0 _107"25"92 .33 78,500 325 22.3 9.0 127

~08-10-92 .20 45,900 395 20.5 7.0 240
] I 1-21-92 .78 34,600 560 2.99 8.0

38534711M..q)(1601. Chestnut Street at Douglas Creek (Site 2)
I05-31-92 .22 20,500 545 6.06 3.0 I (30
06-05-92 .15 11,4~ 115 12. I 5.0 15

106-19-92 .29 16,400 395 15.2 14.0 1 ~ 8
06-27-92 .10 8,330 70 8.11 .5 25
07-29-92 .23 ¯ 23,200 195 20.5 5.0 10
08-03-92 .08 7,920 115 4.92 5.0 39

I 11-21-92
.25 10,200 620 0.87 8.0

~." ~06-05-92 .12
38~.40104493601. Beacon Street at Buehsmaa Street (Site 3)

¯ zI 3,470 125 2.78 5.0 15
106-19-92 .29 15,800 355 4.92 8.0 115
06-23 -92 .14 5,770 210 1.24 4.0 120
06-27-92 .08 3,960 205 2.59 2.0 ._
08-02-92 .06 3,450 165 2.14 5.0 15
08-03-92 .14 7,030 265 3.72 1.0 13

111 - 11-92
.24 3,620 515 0.50 I 0.0 _.

3851181~1. Wahsatch Street at Cr~ Lane (Site 4)05-26-92 .30 10,400 195 3.19 1.0 120
06-03-92 .25 9,400 160 10.2 3.0 15

z06-12-92 .10 6,030 150 3.82 3.0 15
06-26-92 .32 41,400 285 15.4 1.0 45

107"25-92 .41 48,900 285 13.9 8.5 95
07-29-92 .19 22,600 175 13.9 4.0 10

11 ! -21-92
.27 6,670 545 0.72 8.0 _

384935104501501. Walmart at Eighth Strict (Site ~06-10-92 . l 0 6,890 115 8.58 1.0 10
06-26-92 .05 1,560 60 2.87 3.0 35

~07-17-92 . ! 5 5,990 205 9.59 9.0 7
I08-03"92 .I0 2,990 70 5.35 6.0 20
084M--92 .05 1,440 70 1.92 0.8 35
08-05-92 .17 6,400 105 5.09 1.1112-06-92 .15 345 210 35

ISamples requi~l for StOmbwater permit. O.lo 15.0 -
38 Water Ouality of Storm Runoff and

Mean Concentn~ Comparison of Procedures
end the Mean Load for a for E~timaUng Storm-Runoff Loads, Volume, Event-

~ Southeastern Colorado, 1992 Storm for Selected Properties and Con~ for Colorado Spdngs,
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Table 17. Values for instanlaneous water discharge, pH, specific conductance, water temperature, fecal coliform, fecal streptococci, residual chlorine, cyP- " 4e, oil
"J grease, and phenols for storm-runoff sites in Colorado Springs

{fi3/s, cubic feet per second; pS/cm, microsiemens per centimeler at 25 degrees Celsius, (leg C, degrees Celsius; cols./lO0 mL, colonies per lO0 milliliters; K, nouideal count; rag/L, milligrams per liter;
pg/L, micrograms per liter; <, less Ihan; dashes indicate no data]

Instan- Total
taneous pH Specific Temp- Fecal Total recov-

Date Time water (standard conduct- erature, coliform Fecal strep- residual Total treble oll Gross
discharge units) ance water (colsJ100 tococcl cyanide phenols

(ft31s) (~Slcm) (deg C) mL) (colsJlO0 mL) chlorlne(mg/L)(mg/L) greaseand (pg/t.)

(mg/L)
384918104454201 - Sixteenth Hole, Valley-ili Golf Course (Site 1)

07-25-92 1424 7.0 7.3 -- 19.0 .... 0 <0.01 2 13
07-25-92 1442 20 8.7 -- 18.5 .... 0 <.01 5 8
07-25-92 1553 2.2 7.5 - 19.5 .... 0 <.01 <I 9
08-I0-92 0910 6.2 6.7 -- 19.0 1,300 K22,000 0 <.01 3 8
08-I0-92 0955 .31 7.5 -- 17.0 K223,000 53,000 0 <.01 <I 9
08-I0-92 1050 .18 7.8 -- 15.0 60,000 KI03,000 0 <.01 <I 8
08-24-92 0825 .40 ..... 1,900 9,100 ........
II-21-92 0935 .40 7.2 380 3.5 K175 2,980 0 .....
II-21-92 1311 2.55 8.1 240 4.5 .... 0 <.01 I0 II
11-21-92 1540 .51 7.7 260 4.0 K75 1,070 0 .....

385347104500601 - Chestnut Street at Douglas Creek (Site 2)
05-31-92 1330 .43 7.3 385 19.0 840 9,300 0 <.01 4 4
05-31-92 1430 1.71 6.7 68 15.5 K873 K28,000 0 <.01 <I 4
05-31-92 1535 3.10 7.8 52 13.5 KI,150 4,800 0 <.01 4 5
06-19-92 1731 15.2 6.5 - 22.5 21,000 KI2,000 0 <0.01 6 6
06-19-92 1830 .74 7.4 - 20.0 23,000 KI3,000 0 <.01 5 6
11-21-92 0920 .04 -- _ .5 KI00 1,950 0 ......
11-21-92 1050 .21 7.9 390 2.0 .... 0 <.01 2 14
11-21-92 1220 .61 8.3 750 2.0 K67 Kl,400 0 .....
11-21-92 1345 .74 8.3 450 2.0 .... 0 ......
1 i-21-92 1635 .07 8.0 290 3.5 KS0 KI,070 0

385240104493601 - Beacon Street at Buchanan Street (Site 3)
06-05-92 1300 1.0 6.7 92 20.5 480 27,000 -- <.01 5 10
06-05-92 1310 .50 6.7 92 20.5 1,375 7,5(10 -- <.01 4 9
06- i 9-92 1740 3. I 6.3 135 22.0 2,900 5,6(10 0 <.01 4 7
06-19-92 1800 4.3 7.2 76 19.5 3,5(X) Ki4,0(10 0 <.01 6 7
06-19-92 1835 .88 7.2 71 20.5 K2,100 K15,000 0 <.01 5 7
11-11-92 0805 .15 .... 5.0 K20,000 59,000 0 --
11-11-92 1020 .43 7.9 -- 4.0 .... 0 <.01 7 il
I I - 11-92 1245 .09 7.9 8.0 K31,000 K 36,600



Table 17. Values for instantaneous water discharge, pH, specific conductance, water temperalure, feca coliform fecal streptococci residua chlorine cyanide, oil
and grease, and phenols for storm-runoff sites in Colorado Springs-Continued                              ’                ,               ,

Instan.
Totaltaneous pH Specific Temp- Fecal Total recov-Date Time water (standard conduct- erature, coliform Fecal strap- Total Grossdischarge units) ance water (colsJ100 tococcl residual arable oll

(fl3/s) (laS/cm) (deg C) mL) (colsJ100 mL) chlorine cyanide phenols
(rag/L) (rag/L) and

grease (lag4.)

385118104485801 - ~Vahsatch Street at Cross Lane (Site 4)

!.~

06-12-92 1507 3.4 7.6 -. 23.0 5,400 43,000 0 <.01 8 12
07-25-92 1410 5.6 7.1 68 19.0 ._07-25-92 1430 10.7 7.0 91 20.0 ._ -- O <.Ol 5 I I07-25-92 1610 1.3 7.4 84 20.5 __08-16-92 2050 3.6 .. "" -- <.01 <1 6.... 3,o o 24,ooo11-21-92 1005 .01 ........ .... 5.5 K600 2,950 0 --11-21-92 1230 .12 7.7 -_ 5.0 KI31,000 1,070 0 <.01 6 1111-21-92 1415 .68 6.9 __ 1.0 .-11-21-92 1700 .09 7.4 -- 0 ....

-- 2.0 4,900 "-KI 7,000 0 ......
11-21-92 1730       .05      7.4       ._        2.0        __         _.         0 .....384935104501501. Waimart at Eighth St~et (Site 5)
07-17-92 0255      4.7       6.5       87       15.5        ..         __         0     <0.01     3       2
07-17-92 0325       .14      7.1       116       ,5.5

-- o <.o1 1 307-17-92 0415 .08 7.8 146 15.0 _. -- 0 <.01 <! 208-03-92 1719 4.72 6.4 93 22.0 286 31,000 0 <10 6 1008-03-92 1733 .68 6.8 121 22.5 143 33,(X)0 0 < 10 7 808-03-92 1750         .06 7.2 174 22.0 675 32,000 0 <1008-16-92    2030 3 10
K7,000          12,200          _.12-06-92 i 120 .01 7.2 5850 0.0 K225 K667 0 .02 6 26i 2-06-93 1240

"04 .... .0 ._ -- 0 ....12-06-92 1400 .01 7.8 6060 4.0 K275 ""2,~o _.



,’able 18. Selected volatile-organic compounds for storm-runoff sites in Colorado Spdngs

[A|] ~onstit~ents in microg~a’ns pet llt¢~ <, less than]

Bromo- Carbon            Chloro-ben- Chloro-Acro- Acrylo- Ben- Brorno- tetra- ben- dl- Chloro- Chloro-
Date Time leln, nitrite, zene, zene, form, chlo- bromo- ethane, form,

total total total water, total ride, zene,
methane, total totalwhole, total total totaltotal

384918104454201 - Sixteenth Hole, Valley-Hi Goff Course (Site 1)
07-25-92 1424 <20 <20 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0,2 <0.2
07-25-92 1442 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
07-25-92 1500 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
0%25-92 1553 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

08-I0-92 0910 <20 <20 <.2 <.2 <-2 <-2 <.2 <.2 <.2 <.2
08-10-92 0955 <20 <20 <-2 <.2 <-2 <.2 <.2 <.2 <.2 <.2
08-10-92 1050 <20 <20 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2
111-21-92 0935 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
]11-21-92 1311 <20 <20 .4 <.2 <.2 <.2 <.2 <.2 <.2 <.2
~ 11-21-92 1540 <20 <20 <-2 <.2 <.2 <-2 <.2 <.2 <.2 <.2

DI-
bromo- DI- Iso-

Cla-1,2- C15-1,3- ehloro- bromo- DI- Hexa- propyl-
Methyl- dl- dl- pro- methane, chlor(~ Dl-chloro- Ethyl- chloro- ben-

Date chlo- chloro- chloro- pane, water, bromo- dl-fluoro- ben- buta- zene,
ride, ethene, pro- water, whole, methane, methane, zene, dlene, water,
total water, pene, whole, total total total total total whole,

total total total recov- recov-
recov- erable erable
emble

07-25-92 <0.2 <0.2 <0.2 <1.0 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
07-25-92 <.2 <-2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
07-25-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
07-25-92 <.2 <-2 <.2 <1.0 <.2 <.2 <-2 <.2 <-2 <.2
08-10-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
08-10-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
08-10-92 <.2 <-2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <1.0 <.2 <-2 <.2 .3 <.2 <.2
I 11-21-92 <.2 <.2 <.2 < 1.0 <.2 <.2 <.2 <.2 <.2 <.2
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Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs-Continued

Methyl- Methyl- benzene, propyl. P-lso-     butyl-

Date bro- ene water, benzene, propyl-
benz~ne, Tetra-

mlde, chlo- whole, water, Naph- toluene,

total dde, recov- whole, thalene, water, water, Styrene, chloro- Toluene,

total erable recov- total whole, whole, total ethylene, total
recov- total

total erable mcov-
total omblo er~ble,

total
384918104454201. Sixteenth Hole, Valley-Hi Golf Course (Site D-Continued

07-25-92    <0.2      <0.2      <0.2       <0.2       <0.2      <0.2       <0.2
<0.2 <0.2 <0.207-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <.2 0.2 <.2 <.2 <.2 <.2 <.208-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.208-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.208-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2111-21-92 <.2 <.2 <.2 <.2 .6 <.2 <.2 <.2 <.2 2.2111-21-92 <.2 <.2 <.2 <.2 .5 <.2 <.2 <.2 <.2

Tert-
Ciso Trana. Trl. butyl- 1,1-dl.

1,3- dl- 1,3 dl- Trl- ben- Xylene,

Date chloro- chloro- chloro- chloro- Vinyl- water, chloro- 1,1-dl- 1,1,1-
pro- pro- ethyl- fluoro- chlo- zene, pro- 1,1</I-

pene, pene, ene, meth. ride, water, whole, chlor~ chloro- tri-

total total total ane, total whole, recov- pene, ethyl- chloro-
erable, water, ethane,

total recov- whole, total ene, ethane,
total totalerable, total

total
total

07-25-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0,2 <0.207-25-92 <.2 <,2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <.2 <.2 <.2 0.2 <-2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.208-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.208-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.208-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <21 I-21-92 <.2 <.2 <.2 <.2 <.2 ’<.2 <.2 <.2 <.2 <.2 <.211-21-92 <.2 <.2 <.2 <.2 <.2 <.2 2.3 <.2 <.2 <.2 <.211-21-92 <.2 <.2 <.2 <.2 <.2 <.2 .8 <.2 <.2 <.2 <.2

R0024124
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Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs--Continued

1,2, 3-
1,1,1,2- 1,2-dl- O-chloro- tri-
tetra- 1,1,2-trl- 1,1,2,2- bromo- benzene, 1,2<11- 1,2<11- O-¢hloro- 1,2-trans- chloro-

chloro- chloro- tetra- toluene, benzene,ethane, 1,2<1t- chloro- chloro- dl-chloro-
Date ethane, ethane, chloro- water, chloro- ethane, propane, water, ethylene, water,

water, total ethane, whole, benzene, total total whole, total whole
whole, total total recov-total totaltotal arable

total
384918104454201 - Sixteenth Hole, ValleT-Hi Goff Course (Site t)--Continued

07-25-92 <0.2 <0.2 <9.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <,2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-10-92 <.2 <.2 <.2 <,2 <.2 <.2 <.2 <.2 <.2 <.2
08-10-92 <.2 <.2 <.2 <.2 -<.2 <.2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

1,2,4-tr1-
1,2,3-trl- methyl- 1,3-dl- 1,3,5-trl- Pare- 2- 2,2-di-
chloro- 1,2,4-trl- benzene, 1,3-dl- chloro- methyl- chloro- 1,4-dl- chloro- chloro-benzene, toluene, chloro- ethyl- propane,Date propane, chloro- water, chloro- propane,

water,water, benzene, whole, benzene, water, water, benzene, vinyl- water,
whole, total recov- total whole, whole, whole, total ether, whole,
total arable, total recov- total total total

total arable

07-25-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0,2 <0.2 <0.2 <1.0 <0.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <2 <.2 <.2 <1.0 <.2
08-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
08-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
08-10-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <I.0 <.2
~11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
I11-21-92 <.2 <.2 .6 <.2 <.2 .2 <.2 <.2 <1.0 <.2
111-21-92 <.2 <.2 .3 <.2 <.2 <.2 <.2 <.2 < 1.0 <.2
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Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs-Continued

Bromo-Acro- Acrylo- benzene, Bromo- Carbon- Chloro-
Date Time lain, nitrite, Benzene, Chloro- all-

total total total water, form, tetra- Chloro- Chlorc
whole, total chloride, benzene, bromo- ethane, form.
total total total methane, total total

total
385347104500601. Chestnut Street at Douglas Creek (Site 2)

05-31-92 1330 <20 <20 <0.2 <0,2 <0.2 <0.2 <0.2 <0.2 <0,2 <0.205-31-92 1535 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <-2 <.206-I9-92 1731 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <-2 <.206-19-92 1830 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2;11-21-92 1050 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2111-21-92 1345 <20 <20 <.2 <.2 <.2 <.2 <.2 <-2 <-2 <. 2111-21-92 1635 <20 <20 <.2 <.2 <.2 <.2 <.2<.2 <.2 <.2
÷

CIs-1,2- bromo- DI-

Methyl- ill- Cis,-1,3- chloro- bromo- Ol- Dl- Iso-

Date chloride, chloro- dl- propane, methane, chloro- chloro- Hexa- prop¥1-

total athene, chloro- water, water, bromo- dl- Ethyl- chloro- benzene,
water, propane, whole, whole, methane, fluoro- benzene, buta- water,
total total tota!- recov- total methane, total dlene, whole,

recov- arable total total recov-
erable erabie

05-31-92 <0.2      <0.2     <0.2 <1.0 <0.2 <0.2 <0.2 <0.2 <0.2 <0.205-31-92 <.2 <.2 <.2 <1.0 <.2 <-2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <I.0 <.2 <.2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <1.0 <.2 <.2111"21-9~ <2 <2 <- <.2 <.2 <.2 <.2
l - " ¯ .z <1.0 <.2 < 2 < 2 < 9 .- "~11-21-92 <.2 <.2 <.2 <I.0 <-2 i

" - ..... <-2
111-21-92 <.2 <2 ~" . ^ <.2 <.2 <.2 <.2 <.2¯ -..z <1.o . <-2 <.2 <.2 < "~ < ~ <.2 ~

N-butyl- N-propyl P-Iso- Sac.
Methyl- Methyl- benzene, benzene, Naph- propyl- butyl-

Date bromide, ene water, water, the- toluene, benzene, Tetra-
total chloride, whole, whole, lane, water, water, Styrene, chloro- Toluene,

tOtal recov- recov- total whole, whole, total ethylene, total
arable arable re~ov- recov- total

ereble erable05-31-92 <0,2 <0.2 <0.2 <0.2 <0,2 <0.2 <0.2 <0.2 <0.2 <0.205-31-92 <.2 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 .406-19-92 <.2 <.2 <-2 <.2 <.2 <-2 <.2 <.2 <.2 <.2111-21-92 <.2 <.2 <.2 <.2 .4 <.2 <.2 <.2 <.2 .2l 1-21-92 <-2 <.2 <.2 <.2 .2 <-2 <.2 <.2 <.2 <-2I 1-21-92 <.2 <.2 <.2 <.2 .2 <.2 <.2 <-2 <.2 .2
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Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs-Continued

Cis-1,3- Trans- Trl- Tert- 1,1-dl-
dl- 1,3-all- Td- butyl- Xylene,

Date chloro- chloro- chloro- chloro- Vinyl- water, chloro- 1,1-di- 1, l-all- 1,1,1-

pro- pro- ethyl- fluoro- chlo- benzene,
whole, pro- ¢hloro- chloro- tri-

meth- ride, water, total pene, ethyl- ethyl- chloro-
pene, pane, ene, ane, total whole, recov- water, ene, ene, ethane,
total total total total recov- erable whole, total total total

erable total
3853’47104~,,.~--~01 - Ch=~;uut Str~-et at Douglas C~k (Sit~ 2)--Conttaued

05-31-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.205-31-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <2
06-19-92 <.2 <.2 <.2 <.2 <.2 <.2 .4 <.2 <.2 <.2 <.2 ,06-19-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 .7 <.2 <.2 <.2 <.2] 11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 .3 <.2 <.2 <.2 <.2]11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 .2 <.2 <.2 <.2 <.2

1,1,1,2
tetra- 1,1,2,2- 1,2-dl- 1,2.3-tri-

chloro- 1,1,2-trl- bromo- 1,2-dl- 1,2-dl- 1,2-dl- O-chloro- chloro-
Date ethane, chloro- tetra- toluene, 1,2-trans

water, ethane, chloro- ethane, chlor~ chloro- chloro- dl-chloro- benzene,

whole, total ethane, water, benzene, ethane, propane, water, water,

total whole, total total total whole, ethylene,
total whole,

total total total recov-
erable

05-31-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.205-31-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <. 206-19-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2]11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2] 11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

1,2,3-trl- 1,2,4-trl- 1,3,5-trl-1,3-dl- _ methyl- Para- 2- 2,2-di-chloro- 1,2,4-tri- methy-
1,3-dl- chloro-

Date propane, chloro- benzsne, bellZMte, chloro- 1,4-dl- chloro- chloro-
water, benzene, water, ¢hloro- propane, toluene, chloro- ethyl- propane,
whole, total whole, benzene, water, water,

total mcov- total whole, whole, water, benzene, vinyl- water,
recov- whole, total ether, whole,

erable total
erable total total total

05-31-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 < 1.0 <0.205-31-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <I.0 <.206-19-92 <.2 <.2 <2 <.2 <.2 <.2 <.2 <.2 <I.0 <.206-t9-92 <.2 <.2 <.2 <-2 <.2 <.2 <.2 <.2 <1.0 <.2]11-21-92 <.2 <.2 .4 <.2 <.2 <.2 <.2 <.2 <1.0 <.2111-21-92 <.2 <.2 .2 <.2 <.2 <.2 <.2 <.2 < 1.0 <.2] 11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 < 1.0 <.2

SUPPLEMENTAL DATA 45



Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs-Continued

Acro- Acry- I~,,,,o- Ca~on- Chloro-
Date Time leln, Io- Ben- benzene, Bromo- tetra- Chloro- dl- Chloro- Chlorc

total nltrlle, zene, water, form, chlo- benzene, bromo- ethane, form.
total total whole, total dale, total . methane, total totaltotal total total

385240104493601. lkaco~ Street at Buchamm Street (Site 3)
06-05-92 1300 <20 <20 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.206-05-92 1310 <20 <20 <.2 <.2 <.2 <.2 <.2 <-2 <.2 <.206-19-92 1740 <20 <20 <.2 <-2 <.2 <.2 <.2 <-2 <-2 <.206-19-92 1800 <20 <20 <.2 <-2 <.2 <.2 <.2 <.2 <.2 <.206-19-92 1835 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <-2111-11-92 0805 <20 <20 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <. 2l 11- l 1-92 1020 <20 <20 <-2 <.2 <.2 <.2 <.2 <.2 <.2 <.2111- I 1-92 1245 <20 <20 <-2 <-2 <-2 <.2 <-2 <.2 <.2 <.2

DI-
bromo- DI-

CI~-I ~. CIa-1,3- chloro- bromo- DI- D~- Iso-
Methyl- dl- dl- pro- meth- chloro- chlor(P Hexa- propyl-

Date chlo- chloro- chloro- pane, erie, bromo- di- Ethyl- ben-
ride, ethene, pro- water, water, meth- fluoro- ben- chloro-

total water, pene, whole, whole, arm, meth- zene, buta- zene,

total total total- recov- total ane, total dlene, water,
total whole

recov- erable total recov-
erable erable

06-05-92 <0.2 <0.2 <0.2 <i.0 <0.2 <0.2 <0.2 <0.2 <0.2 <0.206-05-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2¯
06-]9-92 <.2 <.2 <.2 <1.0 <-2 <.2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <-2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2I11-11-92 <-2 <.2 <.2 <1.0 <.2 <-2 <-2 <-2 <.2 <.2111 -I 1-92 <-2 <.2 <.2 <1.0 <.2 <-2 <-2 <.2 <.2 <.2z 11 -11-92 <.2 <.2 <.2 <1.0 <.2 .2 <.2 <.2 <.2 <.2

N-butyl- N- Pqso- Sec.
Methyl- Methy- benzene, pmpyl- propyl- butyl-

Tetra-Date bromide, lene- water, benzene, Neph- toluene, benzene,
Styrene, chloro- Toluene,total chloride, whole, water, thalene, water, water,

total recov- whole, total whole, whole, total ethylene, total
ereble moor- recov- recov- total

erable el’able erable06-05-92 <0.2 <0.2 <0.2 <0.2 l.O <0.2 <0.2 <0.2 <0.2 <0.206-05-92 <.2 <.2 <.2 <.2 1.1 <.2 <.2 <-2 <-2 <.206-19-92 <.2 <-2 <-2 <-2 <-2 <.2 <-2 <.2 <.2 <.206-19-92 <-2 <.2 <.2 <.2 .3 <.2 <.2 <.2 <-2 <.206-19-92 <.2 <-2 <-2 <-2 .4 <-2 <.2 <.2 <.2 <.2111-11-92 <.2 <.2 <.2 <.2 .6 <.2 <.2 <.2 <-2 .2z 11 - l 1-92 <-2 <.2 <.2 <-2 <.2 <.2 <.2 <.2 <.2 <.2111-11-92 <-2 <.2 <.2 <.2 .3 <.2 <.2 <.2~ <.2 <:.2
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Table 18. Selected volatile organic c~mpounds for storm-runoff sites in Colorado Springs-Continued

Tert-
CIs-1,3- Trans- T~ butyl- Xylene, 1,1-di-

dl- 1,3-dl- Td- chloro- 1,1-dl- 1.1,1-
Date chloro- chloro- chloro- chloro- Vinyl- ben- water, 1,1-dl-

ethyl- fluoro- chlo- zene, whole, pro- chloro- chloro- tri-
meth- ride, wstar, total, pene,

ethane, ethyl- chloro-pro- pro-
erie, water, ene, ethane,pane, pene,
total ane, total whole, re�or- totaltotal total total recov- erable whole, total total

erable total

3852~010~93601 - Beacon Street at Buchanan StRet (Site 3)--Continued
06-05-92 <0.2 <0.2 <0.2 <0.2 <’0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
06-05-92 <.2 <-2 <.2 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2
06-19-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.206-19-92 <.2 <-2 <-2 <.2 <-2 <.2 <-2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2 <-2 <.2 <.2

I I 1 - 11-92 <-2 <.2 <.2 <.2 <.2 <.2 .3 <-2 <.2 <.2 <.2
]11-11-92 <.2 <-2 <-2 <.2 <.2 <.2 <-2 <-2 <.2 <.2 <.2
~ l l- i 1-92 <.2 <-2 <-2 <-2 <-2 <-2 ..5 <.2 <.2 <.2 <.2

1,1,1,2-
tetra- 1,1,2- 1,1,2,2- 1,2 dl- O- 1,2,3-tri-

chloro- tetra- tetra- bromo- 1,2 dl- 1,2 dl- 1,2 dl- chloro- 1,2.- chloro-
Date ethane, chloro- chloro- ethane, chloro- chloro- chloro- toluene, trans-dl- benzene,

water, ethane, ethane, water, benzene, ethane, propane, water, chloro- water,
whole, total total whole, total total total whole, ethylene, whole,
total total total total recov-

erable
06-05-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
06-05-92 <.2 <.2 <.2 <-2 <-2 <.2 <.2 <.2 <.2 <.206-19-92 <.2 <.2 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2
06-19-92 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2 <.2 <.206-19-92 <-2 <-2 <.2 <.2 <.2 <.2 <.2 <-2 <.2 <-2111-I 1-92 <.2 <.2 <.2 <.2 <.2 <-2 <.2 <.2 <.2 <-2111-11-92 <.2 <.2 <-2 <.2 <.2 <.2 <.2 <.2 <.2 <-2~11-11-92 <.2 <.2 <-2 <-2 <.2 <.2 <.2 <.2 <.2 <-2

1,2,3-tri- 1,2,4-trl- 1,3,5-tri-
chloro- 1,2,4-trl. methyl- 1,3-dl- 2,2-di-

pro- chloro- ben- 1,3-di- chloro- methyl- Para- 2
¢hloro- pro- ben- chlor~ 1,4-di- chloro-

Date pane, ben- zene,
ben- pane, zene, toluene, chloro- chloro-

water, water, water, ben-
ethyl- pro-

water, zene, z~ne, water, vinyl- pane,
whole, total whole,

total whole, whole, whole, zene, water,
total recov- recov- total total ether,

erable total total whole,
erable total

06-05-92 <0.2 <0.2 <0.2 <0.2 <12.2 <0.2 <0.2 <9.2 <1.0 <0.206-05-92 <.2 <.2 <.2 <-2 <.2 <.2 <.2 <.2 <I.0 <.206-1%92 <-2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <-206-19-92 <.2 <-2 <.2 <.2 <.2 <.2 <-2 <.2 <1.0 <.206-19-92 <.2 <-2 <.2 <.2 <.2 <.2 <.2 <.2 <l.O <.2q1-11-92 <.2 <.2 .2 <.2 <.2 <.2 <.2 <.2 <l.O <.2~11-11-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <l.O <.2_~11-11-92 <.2 <.2 <.2 <.2 <.2 .2 <.2 <.2 <I.0 <.2
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Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs--Continued

Bromo-
Acro- Acrylo- Ben- ben- Carbon- Chloro-

Date Time leln, nltrile, zene, zene, Bromo- tetra- Chloro- all-
total total total water, form, ohio- ben- bromo- Chloro- Chlo:

whole, total ride, zene, meth- ethane, forrT,

total total total ane, total tota
total

385Hat0448580!. Waksatch StRet at Cro~ ~ (Site 4)
06-12-92 1507 <20 <20 <0.2 <0.2 <0.2 <9.2 <0.2 <0.2 <0.2 <0.206-12-92 1540 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.20%25-92 1410 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.207-25-92 1430 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

¯ 07-25-92 1610 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2] 11-21-92 1230 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 ~111-21-92 1415 <20 <:20 .3 <.2 <’-] I 1-21-92 <.2 <.2 <..2 <.2 <.2 <.2
<.2 <.2

Dl-
C15-1,2- bromo- Dl-

Methyl- dl- CIs-1,3 chloro- bromo- DI- Dl- Iso-

Date chloride, chloro- dl- propane, meth- chloro- chloro- Hexa- propyl-

total ethene, chloro- water, ane, bromo- dl- Ethyl- . ben-

water, Propane, whole, water, meth- fluoro- ben- chloro-

total total total whole, ane, meth- zene, buta- zene,

total dlene, water,

recov- recov- total ane, total Whole,
erable erable total recov-

erable06-12-92 <0.2 <0.2 <0.2 <1.0 <0.2 <0.2 <0.2 0.2 <0.2 <0.206-12-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <I.0 <.2 <.2 <.2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <I.0 <.2 <.2 <.2 <.2 <.2 <.207-25-92 <.2 <.2 <.2 <I.0 <.2 <.2 <.2 <.2 <.2 <.2
]l 1-21-92 <.2 <.2 <.2 <l.O <.2 <.2 <.2 <.2 <.2 <.2] l 1-21-92 <.2 <.2 <.2 < 1.0 <.2 <.2 <.2 <.2]11-2]-92 <.2 <.2 <.2 <.2

<.2

Methyl- Methyl- ben- propyl- P-Iso- Sec-
ben- propyl- butyl-

Date bro- ene- zene, Naph- toluene, ben. Tetra-
mlde, chlo- water, zene,
total ride, whole, water, thalene, water, zene, Styrene, chloro-

total recov- whole, total whole, water, total ethyl- Toluene,
total

erable recov- recov- whole, ene,

orable erable recov, total
erable~ <0.2 <0.2 <0.2 <0.2 0.3 0.2 <0.-’---"-~ <0.2 <0.2 0.5

06-12-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 .6
07-25-92 <22 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 .3
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

l I 1-21-92
<.2 <.2 <.2 <.2 .2 <.2 <.2 <.2 <.2 1.2

J l I-21-92 <.2 <.2 <.2 <.2

R0024130
48 Water Quality of Storm Runoff and Comparison of Procedures for Estimating Storm-Runoff Loads, Volume, Event-

~ Mean Concentratk:m.s, and the Mean Load for a Storm for Selected Properties and Constituents for Colorado Springs,~ Southeastern Colorado, 1992



Table 18. Selected volatile organic compounds for storm-runoff sites in Colorado Springs-Continued

Tert-
Cis-l,3- Trans- Trl- butyl- Xylene, 1,1-dl-

chloro- chloro- Vinyl- ben- water, 1,1-dl- tri-
Date chloro- chloro- fluoro- chlo- zene, whole, pro- chloro- chloro-

pro- pro- ethyl- meth- ride, water, total pene, ethane,
ethyl-    chlorO-eth.

ene, water, ene,pene, pene, lotal ene, total w~ok~, r~cov- whole, total ane,
total total total recov- erable total

erable total total

385118104.~5~0l - Vv’ah~atch Strut at Cross Lane (Site 4)--~ontinued

06-I2-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 1.5 <0.2 <0.2 <0.2 <0.2
06-12-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <,2 <.2 <.2 <,2 <,2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 .3 <.2 <.2 <.2 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <,2 <.2
111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 .7 <.2 <.2 <.2 <.2
~11-21-92 <.2 <.2 <.2 <.2 <.2 <.2 .3 <.2 <.2 <.2 <.2

1,1,1,2- 1,2,3-tri-
tetra- 1,1,2,2- 1,2-dl- O- 1,2- chloro-

chloro- 1,1,2-trl- tetra- bromo- 1,2-dl- l~-dl-
chloro- chloro- 1,2-dl- 1,2-dl- chloro- trans-di- ben-

ethane, chloro- chloro- ethane, ben- ben- chloro- chloro- toluene, chloro- zene,
water, ethane, water, ethane, propane, water, ethyl- water,
whole, total ethane, zene, zene,

total whole, total total total total whole, erie, whole,
total total total total recov-

erable
06- t 2-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
06-1.-9. <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

’ 07-25-92 <.2 <.2 <-2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
" "~ " <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.20~-.._-9. <.2

07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
~11-21-92 <.2 <.2 <.2 <.2 <.2 <,2 <.2 <.2 <.2 <.2
111-21-92 <.2 <.2 <.2 <,2 <.2 <.2 <.2 <.2 <.2 <.2
~1 t-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2

1,2,3-trl- 1,2,4-trb 1,3,5-trl-
chloro- 1,2,4-trl- methyl- 1,3-dl- methyl- Para- 2- 2-2-di-

pro- chloro- ben-
1,3-dl- 1,4-dl-
chloro- chloro- ben- chloro- chloro- chloro-chloro-Date pane, ben- zene, ben- propane, zene, toluene, ben- ethyl- propane,

water, water, water, water, vinyl- water,water, zene,
whole, zerm,

"whole, whole, "whole, z~ne,
ether, whole,whole, total total total

total recov- total m~ov- total total total
erable erable

06-12-92 <0.2 <0.2 0.9 <0.2 <0.2 0.3 <0.2 <0.2 <1.0 <0.2
06-12-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <I.0 <.2
07-25-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
111-21-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
111-21-92 <.2 <.2 .3 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
]11-21-92 <.2 <.2 .2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
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Table 18. Selected volatile organic compounds for storm-runoff sites in Co/orado Springs--Continued

il Bromo-
. Acro- Acrylo- Ben- ben- Carbon- Chlor~

Bromo- tet~- Chlom- dl-Date T~me leln. nltrlle, zene. z~ne, ben- bromo- Chloro- Chlortotal total total water, form, chlo-
whole, total ride, z~ne, meth- ethane, form

total total total ene, total total

07-]7-92 02~5 <20 <20 384935~
total

<0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 2.07-17o92 0325 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 .907-17-92 0415 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 2.0
08-03-92 1719 <20 <20 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 1733 <20 <20 <.2 <.208-03-92 1750 <20 <20 < o ^

<.2 <.2 <.2 <.2 <.2 <.2
112"06"92 1120 <70 ..~n -~-

<.Z <.2 <.2 <.2 < 2¯ --v ~u <.Z < 2 ~ .~ " --- -..2
J 2-06--92 1240 <20 <20 3 -"~ "~ <.2 <.2 <.2 <.2 <
q2-06-92 1400 ~n _.~,~ ._

-..z <.2 <.2 ~ <.2 < 7 / -~ ".~--v -~u <.z <.2 <.2 < 2 < ^ "-¯ ¯ .z <.2 <.2 1.1

" DI-bromo- DI.C15-1,2. C15-1,3- ehloro- bromo- Dl- Dl- leo-Methyl- dl- dl- propane, meth- ¢hloro- ohloro- Hexa. propyl-Date ohio- chloro- ehloro- water, ane, bromo- dl- Ethyl- ben-ride, ethene, pro- whole, water, meth- fluoro- ben. chloro-
total water, pene, total whole, ene, meth- zene, buta- zene,

total total recov- recov- total ane, total dlene, water,
total whole,

erable er~ble total recov-07-17-~’2 <0.2 -- 0.2 <0.2 <l.0 <0.2 <0.2 ~ erable
<0.2 <0.2 <0.2 <0.2

07-17-92 <.2 <.2 <.2 <1.0 <.2 "<.2 <.2 <.2 <.2 <.2
07-17-92 <.2 <.2 <.2 <l.O <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 ,<.2
08-03-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <I.0 <.2 <.2 <.2 <.2 <.2 <.2
112-06-92 <.2 <.2 <.2 <1.0 <.2 <.2 <.2 <.2 <.2 <.2
I12-06-92 <.2 <.2 <.2 <1.0 <.2 <.2112-06-92 <.2 <.2 <.2

Methyl- Methyl- ben- propyl- P-leo- Sec-

Date bromide, ene, zene, ben- propyl- bull-

total chloride, water, zene, Naph- toluene, ben- Tetra-

total whole, water, thalene, water, zene, Styrene, chloro-

recov- whole, total whole, water, total ethyl- Toluene,

erable recov- recov- whole, ene, total

erable erable recov- total
erable

07-17-92 <0.2 <0.2 <0.2 <0.2 0.2 <0.2 <0.2 <0.2 <0.2 0.2
07-/7-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
07-17-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 .2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 .2 <.2 <.2 <.2 <.2 .3
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
l 12-06-92

<.2 <.2 <.2 <-.2 4.7 <.2 <.2 <.2 <.2 ~
i 12-06-92

<.2 <.2 .4 ,3 1.6 <.2 <.2 "112"06-92 <.2 <.2 <.2 <.2 <.2
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Table 18. Selected volatile organic compounds for ston’n-runoff sites in Colorado Springs-Continued _

Tert- 1,1-dFCis-1,3- Trans- Trl- Xylene,
dl- 1,3-dl- Trl- butyl- chloro- 1,2-di- 1,1,1-

chloro- chloro- Vinyk water, 1,1-dl-
chloro, chloro- fluoro, chlo- benzene, whole, pro- chloro, chloro- tri-

Date pro- pro- ethyl-erie,meth- ride, whole,     water,total water,              pene,ethane, ethyl-               ene,
ethane,Chl°ro.pene, pene, total ane, total recov- total

total total total recov- erable whole, total total
erable total

384935104501501 - Walmart at Eighth Strut (Site b’)--Continued

07-17-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

07-17-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 .7
07-17-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 .3
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 .2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
; 12-06-92 <.2 <.2 <.2 <.2 <.2 <.2 .4 <.2 <.2 <.2 <.2
l 12-06-92 <.2 <.2 <.2 <.2 <.2 <.2 4.4 <.2 <.2 <.2 <.2
112-06-92 <.2 <.2 <.2 <.2 <.2 <.2 .4 <.2 <.2 <.2 <.2

1,1,1,2- 1,2,3-tri-
1,2-dl- O- 1,2- chloro-tetra- 1,1,2,2- 1,2-dl- 1,2-dl-

chloro. 1,1,2-trl- tetra- bromo- chloro- 1,2-dl- chloro- chloro, trans-dl- ben-
ethane, chlor~ toluene, chloro, zene,Date ethane, chloro- chloro- water, ben- pro.

ethane, pane, water, ethyl- water,water, ethane, ethane, whole, zene, total whole, ene, whole,whole, total total total totaltotal total total recov-total erable

07-17-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
07-17-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
07-17-92 <.2 <.2 <.2 <2 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
q2-06-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
112-06-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2
12-06-92 <.2 <.2 <.2 <.2 <.2 "<.2 <.2 <.2 <.2 <.2

1,2,3-trl- 1,2,4-trl- 1,3-di- 1,3,5-trl- 2,2-di-
chloro- 1,2,4-t~. methyl- 1,3<11- chloro- methyl- Pare-

1,4<11- 2- chloro-ben- ben- chloro- chloro-pro- chloro- chloro- pro- zene, toluene, chloro, ethyl- pro.
Date pane, ben- zene, ben- pane, ben- pane,water, water, water, vinyl-water, zene, whole, zene, water, whole, whole,

zene,
ether, water,

whole, total total whole, total whole,
total recov-

total recov- total total totalerablo orable
07-17-92 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <1.0 <0.2
07-17-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
07-17-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
08-03-92 <.2 <.2 <,2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
08-03-92 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
112-06-92 <.2 <.2 .3 <.2 <.2 <.2 <.2 <.2 <1.0 <.2
112-06-92 <.2 <.2 2.8 <.2 <.2 .9 <.2 <.2 <1.0 <.2
q2-06-92 <.2 <.2 .3 <.2 <.2 <.2 <.2 <.2 <1.0 <.2

;Snowmelt-rurmoff sample.
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Table 19, Chemical oxygen demand, 5-day biochemical oxygen demand, specific conductance, alkalinity, dissolved solids,
suspended solids, major ions, nutrients, and total-recoverable metals for storm-runoff sites in Colorado Spdngs

[nag/L, milligrams per liter;, I.tS/cm. microsienaens per centimeter at 25 degrees Celsius; ggiL micrograms per liter;, hb, laboratory; dashes indicate no data:
<, less than]

OxYgen Oxygen
de- de- Spe-

mend, mand, ciflc Alka- Solids, Solids, Ca6 Magne- Potas- So-Date Time them- blo- con- Ilnity, dis- sus- clum, slum, slum, dium,Ical, them- duct- lab solved pended dis- dis- dis- dis-high Ical, ance (mg/L) (rag/L) (mg/L) solved solved solved solvedlevel 5-day ~S/cm) (mg/L) (mg/L) (mg/L) (mg/L)(mg/L) (mg/L)

384918104454201. Sixteenth Hole, Valley-Hi Go//Cour~ (Site 1)
06-03-92 1410 1130 _ 114 - 63 321 _06-23-92 2030 170 53 147 _ 107 121 _ -- ....06-26-92 1453 140 24 " 107 _ 71 372 - - - --07-02-92 1459 210 47 _ - - --202       136       _        _        __07-25-92 1423 310 29 105 37 75 242 9.9 2.4 1.2 5.208-10-92 0840 180 19 133 53 93 524 13 2.9] 1-2!-92 0930 270 1.9 5.4

Nitro-
Nitro- gen, Nitro-
gen, amino- Nitro- gen, Phos- Phos-

Chlo- Sul. amino- nla gen nitrate pho- pho-
ride, fate, nla, plus nitrite, plus rus, rus, Anti. Beryl-

Date dis- dis- total, organ- total, nitrite, total, dis- mony, Arse- lium,
solved solved as Ic, as total, as solved, total- nic, total-
(mg/L) (mg/L) nitro- total, nitro- as phoa- as recovo total recov-

gen as gen nitro- phoru$ phos- erable (pg/L) erable
(rag/L) nitro- (mg/L) gen (mg/L) phorus ~g/L)

gen (mg/L) (rag/L)
~ {mgiL)

06-03-92 __ - 0.98 1.’-"’-~ 0.03 0.80 0.1406-23-92 __ 0.08       __ _.- .88 2.2 .08 1.00 .29 ""06-26-92 ._ ¯ 15- .28 1.6 .03 .52 .33 __07-02-92 __ .08
.73     2.4      ¯ 11      .97     .36     .28     -      ._      ._

07-25-92 1.0 21 .28 1.5 .02 .40 .29 .12 <10 2 <I008-10-92 .1 2.2 .67 2.1 .04 .98 .45 .14 <I0 3 <101 !-21-92 32 27 .41 .9 .07 .46 ¯ 12 .08 <I0 1 <lO
Cad- Chro- Cop- Mer-mlum, mlum, per, Lead, Nickel, Sliver, Zinc, Car-Date total- total- total- total- cury, Sele- Thal-

recov- re�or- recov, recov- total- total- total- total- bon,
erable erable erable erable recov- recov, nlum, Ilum,

0Jg/L) 01g/L) ~g/L) (JJ.g/L) erable erable total recov- recov- organic,

(pg/L) ~g/L) (.u.g/L) erable total
~ug/L) (.ug/L) el’able total

(~g/L) (mg/L)06-03-92 <1 _ 10 140 _
06-~-92 <I - 9 23 _ - - 180 __
06-26-92 <1 _ 15 60 _ - - 140 _
07-02-92 <1 - 13 30 _ - - 190 ..     ,~.

- -- 190 -.07-25-92 <1 43 12 170 0.1 5 <1 <1 <5 180 3208-10-92 1 20 12 77 <.1 11
300 36
250 29 t~

52 Water Quality of Storm Runoff and Comparison of Procedures for Estimating Storm-Runoff Loads, Volume, Event-Mean Concentrations, and the Mean Load for a Storm for Selected Properties end Constituents for Colorado SDrinas.
Southeastern Colorado, 1992



Table 19. Chemical oxygen demand, 5-day biochemical oxygen demand, specific conductance, alkalinity, dissolved solids,
suspended solids, major ions, nutrients, and total-recoverable metals for storm-runoff sites in Colorado Springs--Continued

Oxygen Oxygen
de- de- Spe-

Cal- Magne- Potas- So-mend, mar.I, ciflc Alka- Solids, Solids, clum, slum, slum, dium,
Date Time chem- blo- con- linity, dis- sus- dis- dis- dis- dis-Ical chem- duct- lab solved pended

(high ical, ance (mg/t.) (mg~1.) (mg/L) solved solved solved solved
level) 5 day (p.S/cm) (rag/L) (mg/L) (rag/L) (mgJL)

(mg/L) (mg~q)

38534710450~1 - Chestnut Strut at DougLas Cr~k (Site 2)
05-31-92 1255 230 14 385 80 68 396 .....
06-05-92 1230 420 39 63 -- 63 1280 .....
06-19-92 1724 280 80 - 65 121 764 14 1.1 3.1 3.3
06-27-92 1705 310 - 70 - 55 198 .....
07-29-92 1350 150 34 85 - 34 832 .....
08-03-92 2050 I00 28 77 -- 60 234 ......
11-21-92 0910 190 22 497 57 " 256 464 13 0.95 1.8 77

Nitro-

Nitro- gen, Nitro-
gen, ammo- Nitro- gen, Phos- Pho$-

nla gen nitrate phorus, Anti- Beryl-Chlo- smmo- phorus,
ride, Sulfate, nla, plus nitrite, plus dis- mony, Arsp lium,

Date dis- dis- total, organ- total, nitrite, total, solved, total- nlc, totalassolved Ic, as total, as recov- total recov-solved as phos-
(mg/L) (mg/L) nitro- total, nitro- as phorus phos- erable (rag/L) erable

gen as gen nitro- phorus (mg/L) (mg/L)
(mg~L) nitro- (mg/L) gen (mg/L) (mg/L)

gen (mg/L)
(mg/L)

05-31-92 2.9 6.4 0.43 l.O 0.04 0.93 0.12 - <10 5 <lO
06-05-92 -- - .24 2.4 .03 .61 .72 0.12 ....
06-19-92 2.1 6.6 1.10 2.3 .03 1.10 .25 .21 <10 8 <10
06-27-92 -- - .49 1.3 .06 1.10 .20 .07 ....
07-29-92 .... .23 .90 .03 .57 .16 .10 ....
08-03-92 -- - .56 1.1 .04 .87 .09 .08 ....
11-21-92 130 4.2 .36 1.1 .08 .45 .17 .06 <10 <1 <10

,,~Cad- Chro- Cop- Lead, Mer-
mium, mlum, per,

total- cury, Nickel, Sllve;, Zinc, Car-

Date total- total- total- total- total- Sele- Thal-
nlum, total-

llum, total- bon,
recov- recov- recov- recov- recov- recov- recover organic,
erable erable erable erable recov- total total

erable erable erable able total
(gg/L) 04g/L) 04g/L) 04g/L)

04g/I.)
(pg/L) 04g/L) 04g/L) 04g/L) 04g/L)

05-31-92 l 27 19 150 <0.1 8 <2 <l <lO 700 48
06-05-92 2 - 99 350 ..... 1400 --
06-19-92 2 51 74 290 .1 22 <2 <1     <lO 1400 52
06-27-92 < 1 - 12 47 ..... 290 --
07-29-92 2 - 37 290 ..... 550 --
08-03-92 < 1 -- 18 86 ..... 570 --
11-21-92 1 28 17 110 <.I 8 <2 <1 <10 230 32
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Table 19. Chemical oxygen demand, 5-day biochemical oxygen demand, specific conductance, alkalinity, dissolved solids,
suspended solids, major ions, nutrients, and total-recoverable metals for storm-runoff’ sites in Colorado Springs-Continued

Oxygen Oxygen
de- de- Spe-

mand, mend, ciflc AIka- Solids, Solids, Cal- Magne- Pores- So-
Date Time chem- blo- con- Ilnity, dis- sul- clum, slum, slum, dium,

Ical chem- duct- lab solved pended dis- dis- dis- dis-
(high ical, ance (mg/1.) (mg/].) (rag/L) solved solved solved solved
level) 5 day ~S/cm) (mg/L) (mg/L) (mg/L) (mg/l.)
(mg/L) (rag/I)

-~-~-’t40104493601 - Beacon Street at Buchanan Street (Site 3)
06-05-92 1240 170 33 92 40 74 330 13 0.86 2.2 2.906-19-92 1735 300 66 101 44 103 340 13 .91 3.1 2.906-23-92 2044 200 42 110 - 87 101 .....
06-27-92 1712 160 51 99 - 77 162 - _ _
08-02-92 1845 270 74 "133 - 168 220 .....
08-03-92 2055 120 26 59 - 54 272 ......
11-11-92 0759 260 62 238 41 137 116 13 1.0 2.6 25

Nitro-
Nitro- gen, Nitro-
gen, amino. Nitro- gen, Phos-

Chlo. ammo- nla gen nitrate Phos-

ride, Sulfate, plus nitrite, plus phorus, phorus, Anti- Beryl-

Date dis- dis- nla, total, dis- mony, Arse.. Itum,

solved solved total, organ- total, nitrite, solved, total- nlc, total
as Ic, as total, as

phos- as recov- total recov-(rag/L) (rag/L)
nitro- total, nitro- as phos- arable (mg/l.) arable
gen as gen nitro- phorue

phorus (mg/L) (rag/L)
(rag/L) nitro- (mg/L) gen (rag/L)

(mg/L)gen (mg/L)
(mg/L)

06-05-92 3.4 8.5 0.76 2.9 .04 0.84 0.30 O. 13 <20 I < 1006-19-92 2.9 6.4 1.30 3.5 .04 1.00 .58 .51 <10 <1 <1006-23-92 - - .99 2.7 .07 1.I0 .27 .17 - _06-27-92 - - 1.50 3.7 .06 1.00 .46 .20 - _08-02-92 - - 1.50 4.0 .04 1.40 .44 .30 ....08-03-92 - _ .48 1.6 .03 .66 . 16 . 10 -11-11-92 42 5.3 .57 1.8 .07 .68 .33 .18 <10 1 <10

Cad- Chro- Cop- Mer-mium, mium, per, Lead, Nickel, Sliver, Zinc, Car-Date total- total- total- total- cury, Sele- Thai-
recov- recov- recov- recov- total- total- total- total- bon,
arable arable arable arable recov, recov- nlum, Iium,

arable total recov- recov- organic,
arable total

arable (~g/L) (.ug/L) arable total(~tg/L) (~g/L) ~tg/l.) (p.g/L)
(~g/L) ~g/L) (~g/L) ~tg/L) (mg!L.)

06-05-92 2 18 17 85 <13.1 12 <2      <1 <5 280 6806-19-92 2 27 24 83 <.I 17 <2 I <I0 350 8306-23-92 <1 -- 13 23 ..... !60 ._06-27-92 <1 - 13 42 _ _ _ - - 150 -.08-02-92 2 - 22 53 ..... 400 ._08-03-92 2 - 12 97 -
.... 340 .-11-11-92 1 8 14 55 <.1 6 <2 <I     <10 200 52

54 Water aua,ty of Storm Runoff and Comparison of Procedures for Estimating Storm-Runoff Loads, Volume, Event-
Mean Concentrations, and the Mean Load for a Storm for Selected Propertlea end Constituents for Colorado Springs,
Southeastern Colorado, 1992
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Table 19. Chemical oxygen demand, 5-day biochemical oxygen demand, specific conductance, alkalinity, dissolved solids,
suspended solids, major ions, nutrients, and total-recoverable metals for storm-runoff sites in Colorado Springs-Continued

Oxygen Oxygen
de- de- Spa-

mend, mend, clflc Alka- Solids, Solids, Cal- Magne- Pores- So-
�lum. slum, slum, dlum,

Date Time chem- bio- con- IinitT, dis- sus- dis- dis- dis- dis-Ical chem- duct- lab solved pended
(high ical, ante (rag/L) (rag/L) (rag/L) solved solved solved solved
level) 5 day ~S~crn) (rag/L) (rag/L) (mg/L) (rag/L)
(mgn.) (mg~)

385118]04485~0! - Wabsatcb Str~.,,et at Cross La~e (Site 4)
05-26-92 194.5 2~0 .... ! ] 6 .....
06-03-92 1405 230 - 84 - 74 754 ......
06-12-92 1504 500 86 - 84 132 660 20 1.3 5.6 3.3
06-26-92 1619 360 72 84 - 60 848 ......
0J-,5-92 1408 330 140 82 54 106 266 11 1.1 5.3 2.2
07-29-92 1401 340 92 110 - 93 512 ......
11-21-92 1010 190 29 1740 40 "    908 148 20     1.6     3.7 300

Nitro-

Nitro- gen, Nitro-

gen, ammo- Nitro- gen,
Phos- Phos-

nla gen nitrate phons, Anti- Beryl.Chlo- emmo- phons,
ride, Sulfate,

nla, plus nitrite, plus dis- mony, Arse- [ium,
Date dis- dis- organ- total, nitrite, total, solved, total- nic, totaltotal, as

solved solved
as Ic, as total, phos- as recov- total recov-

(moiL) (rag/L) nitro- total, nitro- as phos- erable (mg]L) erable
gen as gen nitro- phons phons (mg/L) (mg]L)

(rag/L) nitro- (mg/L) gen (mg/L) (rag/L)
gen (mg/L)

(mgn.)
05-26-92 - - 1.00 5,0 0.0_5 0.38 ] .20 ......
06-03-92 -- - ,53 4.9 .06 .88 .47 0.2,6 ....
06-12-92 3.0 6.5 .72 5_3 .07 .83 L]0 .38 <]0 .5 <10
06-26-92 - - .27 3.8 .04 .47 .95 .:28 - - -
07-25-92 2.1 5.6 .16 3.1 .03 -37 .72 .27 <10 3 <10
07-29-92 - - -35 2.8 .04 .83 .60 ....
11-21-92 470 4.5 .39 1.6 .08 -36 .22 .11 <10 <1 <10

Cad- Chro- Cop-
Lead. Mer-

mlum, mium, per, total- cury, Nickel, Silver, Zinc, Car-

Date total- total- total- total- total- Sele- Thai-
nlum, total-

Ilum, total- bon,
recur- recov- recov- recur- r~�ov- recov- recov- organic,
arable arable arable arable recov- total total

arable arable arable arable total
(~g/L) 0~g/L) ~g/L) (pg/L) (Jig/L) (p.g/L)    0tg/L) 0,tg/L)

0J.g/L) ~g/L) (mg/L)
05-26-92 <1 -- 9 4] ..... 1]0 -
06-03-92 1 - 12 120 ..... 220 -
06-12-92 2 18 22 130 <0.1 11 <2 <1 <10 300 100
06-26-92 1 - 15 130 ..... 310 -
0%25-92 <1 8 11 57 <.1 4 <1 <1 <5 140 10<3
07-29- 92 1 17 110 .... - 240 --
11-21-92 <1 7 " 8 32 <.I 4 <2 <1 <10 110 18
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Table 19. Chemical oxygen demand, 5-day biochemical oxygen demand, specific conductance, alkalinity, dissolved solids,
suspended solids, major ions, nutrients, and total-recoverable metals for storm-runoff sites in Colorado Springs-Continued

Oxygen Oxygen
de- de- ape-

mend, mend, clfic Alks- Solids, Solids, Cal. Magne- Potas- So-Date Time them- blo- con- Ilnlty, dis- sus- clum, slum, slum, dium,ical chern- duct- lab solved pended dis- dis- dis- dis-(high ical, ance (mg/L) (rag/L) (rag/L) solved solved solved solvedlevel) 5 day 0~S/cm) (mg4.) (ms/L) (mg/L)(mg/L) (mgn)

06-10-92        1625            160              67
93     1400       _       _06-26-92 1712 310 260 132 -- 127 388 _ - -07-17-92 0250 200 35 100 51 70 662 10 1. l 2.2 6.2

08-03-92 1717 390 38 122 64 138 872 14 1.4 2.708-04-92 1729 260 71 142 _ 4.9
08-05-92 1700 200 29 9

- 516 _ _
12-06-92 1115 8*,~ . .^ . 1 - 67 826 _ _ - ""

Nitro-
Nitro- gen, Nitro.

Chlo- gen, amino- Nitro- gen, Pho$.n|e Phos-
ride, Sulfate, ammo- gen nitrate phorue, Anti-

Date dis- did- nla, plu,, nitrite, plua phorua, Beryl-

aolved solved total, organ- total, nitrite, total, did- mony, Arse- lium,

(rag/L) (mg/L) es Ic, as total, aa solved, total- nic, total
nitro- total, nitro- as phos- aa recov- total recov-
gen as gen nitro- phorus phos- erable (mg/L) erable

(mg/l.) nitro- (mg/L) gen (mg/L) phorus (mg/L) (mg/l.)
gen (mg/t.)

(mg/L)

-06-10-92    ..                   (mg]L)
0.58

06-26-92 _ 1.2 0.06    1.0 0.21- .52 1.8 .I0 .71 .41 34 _ _. ..07-17-92 6.9 9.2 .41 2.2 .03 - .69 .59 .19 <10 5 <10
08-03-92 6.7 15 1.00 2.3 .04 1.20 .35 .24 <10 7 <10
08.04-92 _. - 1.70 4.2 .08 1.8008-05-92 _ .63 -- 1.00 3.8 .04 1.20 1.00 .15 - -" ""] 2 -06-92 2000 190 3.90 7.4

Cad- Chro- Cop-
mium, mlum, per, Lead, Mer-

Date total- total- total- total- cury, Nickel, Silver, Zinc, Car-
recov, recov, mcov. recov- total- total- eels- Thal-

erable erable erable erable recov- moor. alum, total- total- bon,

~g/L) ~g/L) (#g/L) (,ug/L) erable erable total mcov- Iium.

(~g/L) (#g/L) (~g/L) erable total recov- organic,

04g/L) (JJg/L) erable total
~ -- ]8 34O ~

Oag/L) (rag/L)
06-26-92 1 _ 18 85 _ - - 500 "-----------

- - 210 ..
07-17-92 2 35 15 200 0.1 16 <2 <l <5 330 69
08.03-92 21 52 26 300 .2 21 2 <1 <5 630
08-04-92 1 _ 17 120 _ 7708-05-92 2 _ 30 180 _ _ _

- - 340 _.
12-06-92 4 88 70 350 .1 33 <2 - -

330 _.
<1 <5 730 240

56 Water Quality of Storm Runoff and Comparison of Procedures for Estimating Storm-Runoff Loads, Volume, Event-Mean Concentrations, and the Mean Load for ¯ Storm for Selected Properties end Constituents for Colorado Springs,
Southeastern Colorado, 1992
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- -Ie 20. Selected ecld-base/neulral organic compounds for storm-runoff sit’ ~ Colorado Springs

[P,~I ¢oncentralions in micrograms per liter; <, less than]

Benzo- Ben-
e-an- zogh-I- BIs (2- BIs (2-Ace- Ace- thra- Benzo- peryl- Benzo- Benzo-k- ethyl- BIs 2- chloro-

Date Time napho naph- Anthra- Benzl- canal, 2- a-py- anal, 12- b- fluor- fluor- hexyl) chloro- ethoxy)thylene, thane, cane, dine, ethyl-
total total total total benz- rene, benzo- anthene, anthene, phthal- ether, meth-

anthre- total peryl- total total ate, total ane,
cane, ene, total total
total total

384918104454201 - Sixteenth Ilole, Valley-Ill Golf Course (Site 1)
07-25-92 1423 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 <10.0 !0.0 <10.0 14.0 <5.0 <5.0
08-10-92 0840 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 I1.0 I1.0 <10.0 11.0 <5.0 <5.0
I i-21-91 0930 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 <10.0 <10.0 <10.0 30.0 <5.0 ,~5 0

chloro-lso- Dl-ethyl- DI-methyl- Dl-n-octyl- DI-n-butyl- Fluor- Hexe- He~a-Chryaene, Fluorene, chloro- chloro-buta-Date propyl) total phthalate, phthalate, phthalate, phthalate, anthene,
ether, total total total total total total benzene, diane,
total total total

07-25-92 <5.0 11.0 <5.0 <5.0 <l 0.0 5.0 21.0 <5.0 <5.0 <5.0
08-10-92 <5.0 12.0 <5.0 <5.0 <10.0 6.0 ~5.0 <5.0 <5.0 <5.0
i !-21-92 <5.0 <10.0 <5.0 <5.0 <10.0 15.0 i 1.0 <5.0 <5.0 <50

Hexe- Indeno N-butyl N-nitro- N-nitro- N-nitro- Pare-

Date chloro- (1,2,3-cd) Iso- Naph- , benzyl Nitro- sodl-n- sodl- sodl- chloro- Penta- Phenan-
ethane, pyrene, phorone, thalene, phthal- benzene, propyl- methyl- phenyl- mete- chloro-

total total total total ate, total amine, amine, amine, cresol, phenol, threne,

total total total total total total total

0%25-92 <5.0 < l 0.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 ! 4.0
08-10-92 <5.0 13.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 14.0
I !-21-92 <5.0 <10.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 7.0



Table 20. Selected acid-base/neutral organic compounds for storm-runoff sites in Colorado Springs--Continued

1,2-dl-      Ben-Benzene- Ben- Ben- Benzene,
o-chloro- phenyl- zene,

Date Phenol, Pyrene, water, hydra* 1,2,4-trl- zone, 1,2- zone, 1,3- 1,4-all-

total total unfll- zlne, chloro- dl-chloro- dl-chloro- chiefs- 1,2,5,6-dl-

tared, water, benzene, water, water, water, benz- 2-chloro-

racer- total- until- until- until- unfll- anthra- naphtha- 2-chforo- 2-nitro-

arable racer- tared, tared, tared, tared, cane, lena, phenol, phenol,

arable recov- racer- racer, racer- total total total total

arable arable arable arable

384918104454201. Sixteenth llole, Valley-Hi Golf Cours~ (Site l)--Continued07-25-92 __ 17.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <I0.0 <5.0 <5.0 <5.0
08-I0-92 .. 19.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <I0.0 <5.0 <5.0 <5.0
I 1-21-92 <5.0 8.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <I0.0 <5.0 <5.0 <5.0

2,4-dl- 2,4-dl- 2,4-dl- 2,4,6-trl- 2,4-dl- 2,6-dl- 3,3-dl- 4-bromo- 4-chiefs- 4,6-dl-Date chloro- methyl- nitro- chloro- nitro- nitro- chloro- phenyl, phenyl- 4-nitro- nitro-phenol, phenol, phenol, phenol, toluene, toluene,    benzldlne, phenol, phenol, phenol, ortho-total total total total total total total ether, ether, total cresol,
total        total                    total07-25-92       <5.0        <5.0        <20.0       <20.0        <5.0        <5.0       <20.0

08-10-92        <5.0                                                                                     <5.0        <5.0        <30.0       <30.0<5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0
I 1-21-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0

Benzo- Ben-
e-an-                zogh-l-Ace-      Ace-                                                                                                 Bla (2-

Date Time naph- naph- Anthra- Benzl- thra- Benzo- peryl- Benzo- Benzo- BIs (2- BIo 2-
thylene, thane, cone, dine, cenel, 2- a-py- enel, 12- b- fluor- k- ethyl- chlo-ro- chiefs-

total total total total ben/am ren., be=o- .nthen., fluor- h.xyl) .thyl- .thoxy)
thre- total peryl- total enthene, phthal- ether, math-
cone, total ate, total total one,erie,
total total total

05-31-92 ! 255 <5.0
385347]04500601. (~hestnut Strut at Douglas Cr~’ek (Site 2)

<5.0 6.0 <40.0 18.0 22.0 <lO.O 31.0 25.0 9.0 <5.0 <5.0
06-19-92       1724      <5.0 <5.0       i 0.0 <40.0 37.0 46.0 i 4.0 73.0 90.0 24.0 <5.0 <5.0
1 i-21-92 0910 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 <i0.0 <10.0 <10.0 24.0 <5.0 <5.0



TaP ~O. Selecled ac|d-base/neulral organic con~pounds for storm-runoff siles i~- qorado Springs--ContintJed

Bla (2-
chloro-lso- DI-ethyl- DI-methyl- DI-n-octyl- Dl-n-butyl- Fluor- Hexa- Hexa-Chrysene, Fluorene, chloro- chloro-buta-Date propyl) total phthalate, phthalate, phthalate, phthalate, anthene,

ether, total total total total total total benzene, diane,
total total total

385347104500601 - Chestnut Street at Douglas C~k (Site 2)--Continued
05-3 i -92 <5.0 34.0 <5.0 <5.0 < I 0.0 <5.0 69.0 <5.0 <5.0 <5.006-19-92 <5.0 61.0 <5.0 <5.0 < ! 0.0 <5.0 120 <5.0 <5.0 <5.01 i-21-92 <5.0 < 10.0 <5,0 <5.0 < 10.0 <5 0 8.0 <5.0 <5.0 <5.0

Hexa- Indeno N-butyl N-nltro- N-nitro- N-nltro- Pare
Date chloro- (1 ~,3-¢d) leo- Neph- benzyl Nitro- sodl-n- sodl- sodl- chloro- Penta-

ethane, pyrene, phorone, lhalene, phthal- benzene, propyl- methyl- phenyl- meta- chloro- Phenan-
throne,

total total total total ate, total amine, amine, amine, cresol, phenol,
totaltotal total total total total total

05-31-92 <5.0 12.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 40.006-19-92 <5.0 19.0 <5.0 <5.0 <5.0 <5.0 <5,0 <5.0 <5.0 <30.0 <30.0 67.0I 1-21-92 <5.0 <10.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 <5.0

Benzene- 1,2-all- Benzene, Benzene, Benzene, Benzene,
o-chloro- phenyl- 1,2,4-trl- 1,2-di- 1,3-dl- 1,4-all-

Date Phenol, Pyrene, water hydra- chloro- chloro- ch!oro- chloro- 1,2,5,6-dl-

unfllt- zlne, benzene, water, water, water, benz- 2-chloro-
naphtha- 2-chloro- 2-nltro-

total total areal, water, unfll- unfll- until- until- anthra-
lone, phenol, phenol,

recov- total- tared, tared, tared, tared, cane, total total

arable mcov- recov- recov- recov- recov- total total

arable amble arable arable arable
05-31-92 -- 52.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <10.0 <5.0 <5.0 <5.006- i 9-92 -- 94.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <10.0 <5.0 <5.0 <5.0i 1-21-92 <5.0 6.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <10.0 <.5.0 <5.0 <5.0

2,4-dl- 2,4-dl- 2,4-dl- 2,4,6-trl- 2,4-dl- 2,6-dl- 3,3-dl- 4-bromo- 4-chloro- 4,6-dl.
Date chloro- methyl- nitro- chloro- nitro- nitro- chloro- phenyl- phenyl- 4-nitro- nitro-

phenol, phenol, phenol, phenol, toluene, toluene, benzl- phenol, phenol, phenol, ortho-
total total total total total total dine, ether, ether, total cresol,

total total total tolal
05-31-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.006-! 9-92 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0

<5.0
I 1-21-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30,0 <30.0



~ Table 20. Selected acid-base/neutral organic compounds for storm-runoff sites in Colorado Springs--Continued

Benzo- Ben-
Ace- Ace- a-an- zogh-I-

Date Time naph. naph- Anthra- Benzl- thra- Benzo- peryl- Benzo. Benzo- BIs (2-
thylene, thene, cane, dine, cenel, 2- a- enel, 12- b- fluor- k- ethyl. BIs 2- BI$ (2-

total total total total benz- pyrene, benzo- anthene, fluor- hexyl) chlo-ro- chloro.
anthra- total peryl- total anthene, phthal- ethyl- ethoxy)
cone, one, total ate, ether, methane,
total total total total total

385Z401044~3601. Beacon Stree~at Buchanan Street06-05-92 1240

<5.0
<5 0 5.0 <40.0 <!0.0 12.0 31.0      17 0 14 0 14 0

06-19-92 1735 <5 0 <5.0 <5.0 <40.0 lO.O 15.0 <10.0 26.0 30.0 14 0
< <i0 0

9’OBla (2- <5.0

Date propyl) Chqcsene,
DI-ethyl- DI-methyl-

DI-n-octyl. DI-n-butyl- Flu~r- Hexe- Hexa-ether, total phthalate, phthalate, phthalata, phthalate, anlhene, Fluorene, chloro, chloro.total total total total total total total benzene, butadlene,
total total~<5.0 22.0 <5.0 <5.0 <10.006-19-92 <5.0 <5.0 45.0 <5,0 <5.0 <5.0

23.0 <5.0 <5.0 <i0.0 <5.0<5.0 <5.0 <i0.0 <5 0 <",
<5.0 <5.0 <5.0¯ .,.o <5.0 <5.0 <5.0

Hexa- Indeno
chloro. (1,2,3-cd) Iso. N-butyl N-nitro.. N-nitro.Date Naph- N-nitro. Pare-ethane, pyrene, phorone, thalene, benzyl Nitro- aodl-n- aodl- aodl- chloro- Pente-
total total total total phthalate, benzene, propyl, methyl- phenyl- mete- chloro- Phenan-

total total amine, amine, amine, creaol, phenol, throne,
total total total total total total06-05-92 <5.0 38.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0. <30.0 <30.0

06-19-92 <.5.0 < 10.0 <5.0 <5.0 <5.0 <5.0 31.011 - 11-92 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 25.0
<!0.0 <5.0 <5.0 <5.0 ,, <5.0 <5.0 <5.0 <5.0~ ~__ <30.0 <30.0 <5.0

Benzene- 1,2-dl- Benzene, Benzene, Benzene, Benzene,phenyl- 1,2,4-trl-
Date Phenol, Pyrene, water hydra- chloro, chloro- chloro- chloro- 1,2,5,6-all-

total total unfllt, zinc, benzene, Water, water, water, benz- 2-chloro.
water, naphtha- 2-chloro- 2-nltro-ered, until- until- until- until- anthra-total- tared, lena, phenol, phenol,recov- tared, feted, ter.ed, cone,

arable racer- racer- recov- recov- recov- total total total total
06 05-92 -. arable arable arable arable arable32.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <10.0 <5.0 <5.0 <5.0

06-19-92 32.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 < I 0.0 <5.0 <5.0 <5.0

I 1 - I 1-92 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 < 10.0 <5.0 <5.0 <5.0



2,4<11- 2,4<11- 2,4-di- 2,4,6-tri- 2,4<11- 2,6-di- 3,3-di- 4-bromo- 4-chloro- 4,6-dl-
chloro- phenyl- phenyl- 4-nltro- nltro.Date         chloro-      methyl-       nltro-       chloro-       nitro-        nitro- benzl-      phenol,      phenol,      phenol,      ortho-phenol, phenol, phenol, phenol, toluene, toluene,

total total total total total total dlne, ether, ether, total cresol,
total total total total

385240104493601 - Beacon Street at Buchanan Street (Site 3)-Continued
06-05-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0
06-19-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0
I 1-11-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <3(|.0 <30.0

Benzo. Ben-
s-an- zogh-I- RIs (2- Bla (2-Ace- Ace- thra- Benzo. Benzo. Benzo. Bla 2-

Data Time naph- naph- Anthre- Benzl- Pep/I-
k- ethyl- chloro.

thylene, thane, cane, dine, canal, 2- a- anal, 12- b- fluor-
fluoran- hexyl) chloro.ethyl, ethoxy)

total total total total hertz- pyrene, benzo, anthene, phthal meth-
anthra- total pep/I- total thane, ether,

total ate, total ane,
cene, ene, total total
total total

385118104485801 - Wahsatch Street at (~ross Lane (Site 4)
06-12-92 1504 <5.0 <5.0 <5.0 <40.0 <10.0 I1.0 <i0.0 15.0 14.0 13.0 <5.0 <5.0
07-25-92 1408 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 <10.0 <10.0 <10.0 7.0 <5.0 <5.0
11-21-92 1010 <5.0 <5.0 <5.0 <40.0 <10.0 <!0.0 <10.0 <10.0 <10.0 13.0 <5.0 <5.0

BIs (2-
chloro-lao- Dl-ethyl- DI-methyl- DI-n-octyl- Dl-n-butyl- Fluor- Hexs- Haxs-Chrysene, Fluorene, chloro- chloro.Data propyl)

total phthalete, phthalate, phthalata, phthalate, snthene,
ether, total to~l total total total total benzene, butadlene,
total total total

06-12-92 <5.0 17.0 <5.0 <5.0 < I 0.0 <5.0 32.0 <5.0 <5.0 <5.0
07 - 25 -92 <5.0 < 10.0 <5.0 <5.0 < 10.0 <5.0 I 1.0 <5.0 <5.0 <5.0
I 1-21-92 <5.0 <10.0 <5.0 <5.0 < I 0.0 <5.0 <5.0 <5.0 <5.0 <5.0

Hexa- Indeno N-butyl N-nitro. N-nitro- N-nitro. Pare
o~ chloro. (1,2,3-cd) leo- Naph- benzyl Nitro- sodl-n- sodl- aodl- chloro- Pants-

Phenan-chloro-(::: Date phorone, thalene, phthal- benzene, propyl- methyl- phenyl- mete- throne,"o ethane, pyrene, phenol,r-’ll total total total total ate, total amine, amine, amine, cresol, totalm total tatar total total total total

>~
06-12-92 <5.0 < i0.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 23.0

r- 07-25-92 <5.0 < I 0.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.11 <5.0 <30.0 <30.0 7.0~1 ~ 11-21-92 <5.0 <!0.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <3(I.0 <5.0



"Fable 20. Selecled acid-base/neutral organic compounds for storm-runoff sites in Colorado Springs--Continued

Benzene- 1,2-di- Benzene, Benzene, Ben- Benzene,
o-chloro- phenyl- 1,2,4-trl- 1,2-dl- zene, 1,3- 1,4-dl-hydra- chloro- chloro- dl-chloro- chloro- 2-chloro-Date Phenol, Pyrene, water 1,2,5,6-all-

total total unfllt- zlne, benzene, water, water, water, benz- 2-chloro- 2-nltro-
ered, water, until- until- unfll- until- anthra- naphtha-

recov- total- tared, tared, tared, tared, cane, lena, phenol, phenol,

arable re<:ov- recov- recov- total total total total
recov-erable arable arable arable arable

recov-

385118104485801 - Wahsatch Stre~ and Cross Lane (Site 4)--Continued
(k5-12-92          --        24.0       <5.0       <5.0       <5.0

<5.0 <5.0 <5.0 <10.0 <5.0 <5.0 <5.007-25-92     11-21-92

<5.0          ""<5.0          9.0<5.0       <5.0<5.0       <5.0
<5.0 <5.0 <5.0 <5.0 <10.0 <5.0 <5.0 <5.0<5.0 <5.0 <5.0 <5.0 <10.0 <5.0 <5.0 <5.0

2,4-di. 2,4-di- 2,4-di- 2,4,6-tri- 2,4-di- 4-bromo- 4-chloro-2,6-dl- 3,3-dl- 4,6-dl-Date chloro- methyl- nitro- chloro- nitro- nitro- chloro- phenyl- phenyl- 4-nitro- nitro-phenol, phenol, phenol, phenol, toluene, toluene, benzl-dlne, phenol, phenol, phenol, ortho-total total total total total total total ether, ether, total creaol,total        total                    total06-12-92 <5.0        <5.0        <20.0        <20.0        <5.0         <5.0        <20.0        <5.0         <5.0        <30.0
07-25-92 <5.0        <5.0                                                                                                        <30.0<20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.011-21-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0

Benzo-a- Ben-
Ace- Ace. anthra- zogh-I- BII (2- SIs (2-naph- Anthra- Benzl.. canal, 2- pep/I- Banzo-b. Benzo-k- Ble 2-Date Time naph- Benzo-e- ethyl- chloro-thylene, thane, cane, dine, benz- pyrene, anal, 12- fluor- fluor- hexyl) chlo-ro-

ethoxy)total total total total anthra- total benzo- anthene, anthene, phthal- ethyl-
cane, peryl- total total ate, ether, math-

total one, total total an.,
total total

384935104501501. Walmart at Eighth Street (Site 5)
07-17-92 0250 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 <10.0 <10.0 <10.0 18.0 <5.0 <5.008-03-92 1717 <5.0 <5.0 <5.0 <40.0 <10.0 <10.0 <10.0 <10.0 <10.0 41.0 <5.0 <5.012-06-92 1115 <5.0 <5.0 9.0 <40.0 <10.0 <10.0 <10.0 <10.0 <!0.0 100.0 <5.0 <5.0



Table 20. Selected acid-base/neutral organic compounds for storm-runoff sites in Colorado Springs--Continued

Bla (2-
chloro- Chryaene, Dl-ethyl- Dl-methyl- DI-n-octyl- DI-n-butyl- Fluor- Hexa- Hexa-

Data lao-propyl) total phthalate, phthalate, phthalate, phthalate, anthene, Fluorene, chloro- chloro-
ether, total total total total total total total benzene, butadiene,

total total
384935104501501 - Walmart at Eighth Street (Site 5)-Continued

07-17-92 <5.0 < 10.0 <5.0 <5.0 < ! 0,0 <5.0 10.0 <5.0 <5.0 <5.0
08-03-92 <5.0 <10.0 <5.0 <5.0 < I 0.0 7.0 14.0 <5.0 <5.0 <5.0
12-06-92 <5.0 <10.0 <5.0 <5.0 ! 1.0 6.0 11.0 <5.0 <5.0 <5.0

Hexa- Indeno N-butyl H-nitro- N-nitro- N-nitro- Pare

Date chloro- (1,2,3-cd) leo- Naph- benzyl Nitro- aodl-n- sodl- sodl- chloro- Penta-
chloro- Phenan-

ethane, pyrene, phorone, thelene, phthal- benzene, propyl- methyl- phenyl- mete- threne,
total total total total ate, total amine, amine, amine, cresol, phenol, tolaltotaltotal total total total total

0% 17-92 <5.0 < l 0.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 5 0
08-03 -92 <5.0 < I 0.0 <5.0 <5.0 6.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 9.0
12-06-92 <5.0 <i 0.0 <5.0 <5.0 I !.0 <5.0 <5.0 <5.0 <5.0 <30.0 <30.0 <5.0

Benzene- 1,2-all- Benzene, Benzene, Benzene, Benzene,
o-chloro- phenyl- 1,2,4-trl- 1,2-dl- 1,3<11- 1,4-all-

Date Phenol, Pyrene, water hydra- chloro- chloro- chforo- chloro- 1,2,5,6-dl- 2-chloro-

total total until- zlne, benzene, water, water, water, benz- 2-chloro- 2-nitro-

tared, water, until- unfll- until- until- anthra- naphtha-lena, phenol, phenol,

racer- total- tared, tared, tared, tared, cene,total total total total

arable racer- recov- racer- racer- recov-
erable arable arable arable arable

07-17-92 o- 8.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <lO.O <5.0 <5.0 <5.0
08-03-92 -- 12.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 < 10.0 <5.0 <5.0 <5.0
12-06-92 <.5.0 10.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <! 0.0 <5.0 <5.0 <5.0

2,4-dl- 2,4-dl- 2,4-dl- 2,4,6-trl- 2,4-dl- 2,6-dl- 3,3-dl- 4-bromo- 4-chloro- 4,6-dl-
Date chloro- methyl- nitro- chloro- nitro- nitro- chloro- phenyl- phenyl- 4-nitro- nitro-

phenol, phenol, phenol, phenol, toluene, toluene, benzl- phenol, phenol, phenol, ortho-
total total total total total total dine, total ether, total ether, total cresol,

total total
07-17-92 <5.0 <5.0 <20.0 <20.0 <5,0 <5,0 <20.0 <5.0 <5.0 <30.0 <30.0
08-03-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0
12-06-92 <5.0 <5.0 <20.0 <20.0 <5.0 <5.0 <20.0 <5.0 <5.0 <30.0 <30.0



Table 21. Selected pesticide compounds for storm-runoff sites in Colorado Spdngs

[All concen~adons in rrdcrograms per liter; <, less ~hanJ

Date Time Aldrln, BHC
total Alpha,                             Aroclor, PCB, total

total     1015     1221     1232     1242     1248

07-25-92 1423 <0.04 38491~

1254     1260

<0.03 <0.1 <I.0 <0.1 <0.1 <0.1 <0.I <0.1
08-10-92 0840 <.04 <.03 <.1 <1.0 <.1 <.I <.1I 1-21-92 0930 <.04 <.03 <. I

Beta. Chlor- Chlor-
benzene, dane, Delta, Endo-

Date hexa- cls, Chlor. dane, sultan I,
chloride, water, dane, trans, benzene, Di- Endo-

total whole, total water, hoxe- oldrJn, sulfan- Alpha, Endo-

whole, chloride, total beta, water, sulfan,
total total total total Whole, sulfate,

recov- total
07-25-92 <0.03 <0. l 0 <0.1 <0.10 erable
08-10-92 <.03 <.I0 <.1 <.lO <.09 <.02 <.04 " "11-21-92 <.03 <.10 <.1 <.10

Endrln
Endrin, water, Gamma,

Date       aide- unfllt. BHC, Hepta- Hepta-
hyde, ered, LJndane, chlor, chlor- Tox- p,p, p,p, P,P’total recov- total total epoxlde, aphene, DDD, DDE, DDT,

orable total total total total total
07-25-92 <0.20 <0.06 <0 03 <0 03 ~ <0 80 <2 <0.10 <0.04 <0.10
08-10-92 <.20      <.06       <.03       <.03       <.80       <2        <. I 0
11-21-92 <.20      <.06       <.03                                                 <.04
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Table 21. Selected pesticide compounds for storm-runoff sites in Colorado Springs-Continued

BHC Aroclot, PCB, total
Date Time Aldrin,

total Alpha,
total 1016 1221 1232 1242 124~ 1254 1260

585347104500601 - Chestnut Street at Douglas Creek (Site 2)

05-31-92 1255 <0.00 <0.03 <0.1 <1.0 <0.1 <0.1 <0.1 <13.1 <0.1
06-19-92 1,728 <.04 <.03 <.1 <1.0 <.1 <.1 <.1 <.1 <.l
11-21-92 0910 <.00 <.03 <.I <1.0 <.1 <.l <.1 <.1 <.1

Beta- Chlor- Chlor- Endo-

benzene, dane, cls, Chlor- dane, Delta, aulfan I,

Date hexe- water, dane, bans, benzene, DI- Endo- Alpha, Endo-
hexa- eldrln, sulfan-

water, sulfan,
chloride, whole, total water, beta, sulfate,

total total whole, chloride, total whole, total
total total total recov-

erable
05-31-92 <0.03 <0.10 <0.1 <0.10 <0.(Y) <0.02 <0.06 <0.10 <0.60
06-19-92 <.03 <.10 <.1 <.10 <.09 <.02 <04 <.10 <60
11-21-92 <.03 <.10 <.l <.lO <.09 <.02 <.04 <.10 <.60

Endrin
Endrin, water, Gamma, Hepta-
aide- until- BHC, Hepta-

chlor- Tox- p,p’ p,p" p,p"
Date hyde, tared, Undane, chlor, aphene, DDD, DDE, DDT,

total recov- total total epoxlda,
total total total total total

arable
05-31-92 <0.20 <0.06 <0.03 <0.03 <0.80 <2 <0.10 <0.00 <0. l 0
06-19-92 <.20 <.06 <.03 <.03 <.80 <2 <. 10 <.04 <. 10
I1-21-92 <.20 <.06 <.03 <.03 <.80 <2 <.10 <.00 <.10

SUPPLEMENTAL DATA 65
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Table 21. Selecte~l pesticide compounds for storm-runoff sites in Colorado Springs-Continued

Date Time Aldrln, BHC
total Alpha, ---------- Aroclor, PC8, total

total 1016 1221 1232 1242 1248 1254 1260
06-05-92 1240 <0.04 <0.03 <0.1 <1.0 <0.1 <19.1 <0.! <0.1 <O.l06-19-92 1735 <.04 <.03 <.1 <1.0 <.1 <.1 <.1 <.1 <.I11-11-92 0759 <.04 <.03

Beta- Chlor. Chlor- Endo-
benzene, dane, cls, Chlor- dane, Delta,

Date hexe- water, dane, trans, benzene, Dk Endo- sulfan I,

chloride, whole, total water, hexe- eldrln, sultan- Alpha, Endo-

total total whole, chloride, total beta, water, sulfan,

total total total whole, sulfate,
recov-      total
erable06-05-92 <0.03               <0.10              <0.1                 <0.10               <0.09

<0.020 <0.04 <0.10 <0.60
11-11-92 <.03 <.10 <.1 <.10 <.09 <.020 <.04 <.10 <.60

Endrin
EndHn, water, Gamma, Hepta-

Date aide- until- BHC, Hepta-
hyde, tered, Undane, chlor, chlor- Tox- p,p, p,p, P,P"

epoxide, aphene, DDD, DDE, DDT,total recov- total total total total
erable total total total

06--05-92 <0.20~
<0.06 <0.03 <0.03 <0.80 <2 <0. ! 0 <0.0406-19-92 <.20 <.06 <0.!0<.03 <.03 <.80 <2 <. 10 <.04 <. l 0-11-92 <.20 <.06 <.03 <.03



Table 21. Selected pesticide compounds for storm-runoff s~tes in Colorado Spdngso-Continued

BHC Aroclor, PCB, total
Date Time Alddn.

total
Alpha,
total 1016 1221 1232 1242 1248 1254 1260

385118104485801 - Wahsateh Street at Cross Lane (Site 4)
06-12-92 1504 <0.040 <0.03 <0.I <I.0 <0.I <9.1 <0.1 <9.1 <O.I
07-25-92 1408 <.040 <.03 <-1 <I.0 <.1 <-1 <.1 <.1 <.l
11-21-92 1005 <-040 <-03 <.1 <I.0 <.1 <-I <-1 <.1 <.!

Chlor-                                         Endo-Beta- Chlor- Delta, sulfan I,
benzene, dane, cls, Chlor- dane, benzene, DI- Endo- Alpha, Fndo-

Date hexa- water, dane, trans, hex~- eldrin, sulfan- water, sulfan,

chloride, whole, total water, chloride, total beta, total whole, sulfate,
total total whole, total recov- total

total erable
06-12-92 <0.03 <0.10 0.2 .<0.10 <0.09 <0.02 <0.04 <0.10 <0.60
07-25-92 <.03 <.10 <.1 <-10 <.09 <.02 <.134 <.10 <.60
11-21-92 <.03 <.10 <.l <.10 <.09 <.02 <.04 <.10 <.60

Endrtn
Endrln,      water,     Gamma,                 Hepta-

Hepta-                 Tox-        p,p’        p,p’        p,p’aide- until- BHC, chlor,      chloro     aphene,     DDD,       DDE,       DDT,Date hyde, term:l, Llndane, total epoxide, total total total totaltotal recov- total total
erable

06-12-92 <0.20 <0.06 <0.03 <0.03 <0.80 <2 <0.10 <0.04 <0.10
07-25-92 <.20 <.06 <.03 <.03 <.80 <2 <. 10 <.(34 <.. 10
11-21-92 <.20 <.06 <.03 <.03 <.80 <2 <. 10 <.(M. <. l 0
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Table 21. Selecte~ pesticide compounds for storm-nJnoff sites in Colorado Springs-Continued

Date Time Alddn, BHC
total Alpha,                               Aroclor, PCB, total

total     1016     1221     1232     1242     1248     1254     1260

384935104501501. W=,:~....-.~ a~ Eighth Street (Site $)
07-17-92 02.50 ~1~.04 <0.03 <0.1 <1.0 <0.1 <0.1 <0.1 <0.1 <0.]. 08-03-92 1717 <.04. <.03 <.l <1.0 <.1 <.1 <.1 <.1 <.l12-06-92 1115 <.04 <.03 <.l <1.0 <.1 <.I <.1 <.1 <.l

Beta- Chlor- Chlor- Endo-
benzene, dane, �le, Chlor- dane, Delta, sulfan I,

Date hexa- water, dane, trans, bertz~ne, DI- Endo- Endo-
chloride, whole, total water, hexa- eldrln, sulfan- Alpha,

total total whole, chloride, total beta, water, sulfan,

total total total whole, sulfate.
recov-         total
erable07-17-92 <0.20 <0.060 <0.030 <0.030 <0.80 <0.02 <0.10 <0.04 <0.1008-03-92 <.03 <.10 <.1 <.10 <.09 <.02 <.04 <.10 <.6012-06-92 <.03 <.10 <.I <.10 <.09 <02 <.o~ <.~o <60

Endrtn
Endrln, water, Gamma, Hepta-

Date alde- until- BHC, Hepta- Tox-
hyde, feted, Undane, chlor, chlor* P,P" p,p’ p,p"
total recov- total total el>OXide, aphene, DDD, DDE, DDT,

erable total total total total total

07-17-92 <0.20 <0.06 <0.03 <0.03 <0.80 <:2 <0. I 0 <0.04 <0.1008-03-92 <.20 <.06 <.03 <.03 <.80 <2 <.10 <.04 <.1012-06-92 <.20 <.06 <.03 <.03 <.80 <2 <. 10 <.04 <. ] 0
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqa/

Allegheny-Monongahela River contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey

Water Resources Division Water Resources Division
215 Limekiln Road 12201 Sunrise Valley Drive, M.S. 413

New Cumberland, PA 17070 Reston, VA 20192
e-mail: dc_pa@ usgs.gov http://water.usgs.gov/nawqa/
http:!/pa.water.usgs.gov/almn/

Other NAWQA summary reports

River Basin Assessments
Albemarle-Pamlico Drainage Basin (Circular 1157) Rio G rande Valley (Circular 1162)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) Sacramento River Basin (Circular 1215)
Central Arizona Basins (Circular 1213) San Joaquin-Tulare Basins (Circular 1159)
Central Columbia Plateau (Circular 1144) Santee River Basin and Coastal Drainages (Circular 1206)
Central Nebraska Basins (Circular 1163) South-Central Texas (Circular 1212)
Connecticut, Housatonic and Thames River Basins (Circular 1155) South Platte River Basin (Circular 1167)
Eastern Iowa Basins (Circular 1210) Southern Florida (Circular 1207)
Georgia-Florida Coastal Plain (Circular 1151) Trinity River Basin (Circular 1171 )
Hudson River Basin (Circular 1165) Upper Colorado River Basin (Circular 1214)
Kanawha-New River Basins (Circular 1204) Upper Mississippi River Basin (Circular 1211 )
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Upper Snake River Basin (Circular 1160)
Las Vegas Valley Area and the Carson and Truckee River Basins Upper Tennessee River Basin (Circular 1205)

(Circular 1170) Western Lake Michigan Drainages (Circular 1156)
Lower Illinois River Basin (Circular 1209) White River Basin (Circular 1150)
Long Island-New Jersey Coastal Drainages (Circular 1201) Willamette Basin (Circular 1161)
Lower Susquehanna River Basin (Circular 1168)
Mississippi Embayment (Circular 1208) National Assessments
Ozark Plateaus (Circular 1158) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)
Red River of the North Basin (Circular 1169)

Front cover." Areal view of confluence of the Allegheny and Monongahela Rivers forming the Ohio River at
Pittsburgh, Pennsylvania. (Photograph by Jim Schafer.)

Back cover: Left, The headwaters of the Allegheny River, Potter County, Pa. (photograph by Jim Schafer);
center, Whitewater rafting on the Cheat River, West Virginia (photograph by Randy Robinson); right, agricultural
fields and forest in the hills above the Allegheny River, Armstrong County, Pa. (photograph by Jim Schafer).
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 USGS
science for a changing world

News Release Address

U.S. Department of the Interior U.S. Geological Survey
U.S. Geological Survey 1000 Church Hill Road, Suite 200

Pittsburgh, PA 15205

Release Contact Phone Fax
May 29, 2001 Steve McAuley, Project Chief (412) 490-3801 (412) 490-3828

Robert Anderson, Biologist (412) 490-3810

Water quality in the Allegheny and Monongahela River Basins is generally good - with
some exceptions

Stream and groundwater quality in many areas of the Allegheny and Monongahela River Basins is
improving and is, in many respects, better than or comparable to what is found nationally,
according to the results of a 5-year investigation by the U.S. Geological Survey (USGS).

"The quality of rivers around Pittsburgh has really improved in the last 20 years, especially for
fish," said USGS biologist and principal author, Robert Anderson. "A lot of people still think of
these rivers as polluted as they were in the 1960’s, but if someone wanted to go fishing for bass or
walleye, they could do very well right in downtown Pittsburgh."

Compliance with regulations that control water discharged from active coal mines has been a
factor in the improvement. In addition, government agency and citizens groups have been very
active in focusing funding and energy on treatment of water from abandoned coal mines in
Pennsylvania, West Virginia, New York, and Maryland.

"Coal mining remains the largest single factor affecting water quality in a large part of the
Allegheny and Monongahela River Basins," said Steve McAuley, Project Chief. "We are not
seeing new sources of highly acidic discharges but the water leaving coal mines does differ from
water in unmined areas." Where treatment has not occurred, the water is generally acidic (low
pH), and contains elevated concentrations of metals and sulfate. Sulfate concentrations are five
times greater in streams draining mined areas than in streams draining unmined areas. In addition,
the diversity and abundance of aquatic organisms remain reduced in comparison to areas where
there has been no coal mining. These results are based on well and stream samples from more
than 180 sites in the coal-bearing region.

The region’s water quality is influenced by more than coal mining. Past pollution still lingers in the
form of PCBs, chlordane, and DDT. The use of these compounds has been prohibited for two
decades but they remain in fish tissue samples and in river sediments. For example, PCB’s were
detected in 43 percent of the total stream sediment and fish samples tested.

Mixtures of currently used pesticides were detected in some agricultural and urban streams and
well water. Concentrations of the individual compounds were usually lower than guidelines for
drinking water or protection of aquatic life. The potential risk, however, can only be partially
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addressed because standards and guidelines are not available for all measured compounds, and
they do not consider exposure to mixtures of chemicals.

"Some areas in the Allegheny and Monongahela River Basins appear to be of much better quality
than the national average. The amount and types of life living in some forested and agricultural
areas are among the most diverse in the Nation?’ said Anderson, "which is something to be proud
of."

Copies of the 38-page, color report, "Water Qualitv in the Allegheny and Monongahela River
Basins, 1996-98," by Robert M. Anderson, Kevin ~. Beer, Theodore F. Buckwalter, Mary E.
Clark, Steven D. McAuley, James I. Sams, III, and Donald R. Williams, published as USGS
Circular 1202, are available free of charge from the USGS Branch of Information Services, Box
25286, Denver Federal Center, Denver, CO 80225. (303) 202-4700 (fax request to (303) 202-
4693). The Circular may be viewed on the World Wide Web at http://water.usgs.gov/nawqa.

This assessment is part of the National Water Quality, Assessment (NAWQA) Program
conducted by USGS investigating water-quality conditions in more than 50 major fiver basins
and aquifers. This program is currently releasing results on surface and ground water in 15
additional major river basins. Access the individual basin reports on the NAWQA website, in
addition to other NAWQA publications and national data sets and maps.

Further detail on the effects of coal mining in the Allegheny and Monongahela River Basins can
be obtained ixa USGS W~.ter-Resources Investigations Report 99-4208, "Effects of Coal-Mine
Drainage on Stream Water Quality in the Allegheny and Monongahela River Basins - Sulfate
Transport and Trends," by James I. Sams, III, and Kevin M. Beer, and in Water-Resources
Investigations Report 98-4258, "Stream Water Quality in Coal Mined Areas of the Lower Cheat
River Basin, West Virginia and Pennsylvania, During Low-Flow Conditions, July 1997," by
Donald R. Williams, Mary E. Clark, and Julianne Brown.

Further detail regarding pesticides and nutrients can be obtained from Water-Resources
Investigations Report 00-4061, "Nutrients and Organic Compounds in Deer Creek and South
Branch Plum Creek in Southwestern Pennsylvania, April 1996 through September 1998," by
Donald R. Williams and Mary E. Clark. These reports are available on the web at
http://pa.water.usgs.gov/pa pubs.htmL A limited supply is available at the USGS office in New
Cumberland at 215 Limekiln Road, New Cumberland, Pennsylvania 17070; telephone (717) 730-
6916 and the USGS office in Pittsburgh at 1000 Church Hil! Road, Suite 200, Pittsburgh,
Pennsylvania 15205; telephone (412)490-3800.

As the nation’s largest water, earth, and biological science and civilian mapping agency, the
USGS works in cooperation with more than 2,000 organizations across the country to provide
reliable, impartial, scientific information to resource managers, planners, and other customers.
This information is gathered in every state by USGS scientists to minimize the loss of life and
property, from natural disasters, contribute to the sound conservation, economic and physical
development of the Nation’s naturai resources, and enhance the quality of life by monitoring
water, biological, energy, and mineral resources.
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Water Quality in the Allegheny
and Monongahela River Basins

Pennsylvania, West Virginia, New York, and Maryland, 1996-98

By Robert M. Anderson, Kevin M. Beer, Theodore F. Buckwalter, Mary E. Clark,
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarize~ major findings about aater quality in the Allegheny and Monongahela River Basins
that emerged from an assessment conducted between 1996 and 1998 by the U.S. Geological Survey (USGS)
National Water-Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional
issues and compared to conditions found in all 36 NAWQA study areas, called Study Units, assessed to date.
Findings are also explained in the context of selected national benchmarks, such as those for drinking-water quality,
and the protection of aquatic organisms. The NAWQA Program was not intended to assess the quality of the
Nation’s drinking water, such as by monitoring water from household taps. Rather, the assessments focus on the
quality of the resource itself, thereby complementing man5 ongoing Federal, State, and local drinking-water
monitoring programs. The comparisons made in this report to drinking-water standards and guidelines are only in
the context of the available untreated resource. Finally. this report includes information about the status of aquatic
communities and the condition of in-stream habitats as elements of a complete water-quality assessment.

Many topics covered in this rep,ort reflect the concerns of officials of State and Federal agencies, water-
resource managers, and members of stakeholder groups who provided advice and input during the Allegheny and
Monongahela River Basins assessment. Study-area residents who wish to know more about water quality in the
areas where they live will find this report informative as well.

Allegheny and Monongahela River Basins

NAWQA Study Units-
Assessment schedule

E~ 1991-95

~ 1994-98

~ 1997-2001

F--] Not yet scheduled

~ High Plains Re(~ional
Ground Water Study,
1999-2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities~ and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Allegheny and Monongahela River Basins are one of 51 water-quality assessments initiated since 1991,
when the U.S. Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map,
36 assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these
assessments cover about half of the land area of the United States and include water resources that are available to
more than 60 percent of the U.S. population.

~v National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Stream and River Highlights
Streams and rivers in the Allegheny and Mononga- 80° 78°

hela River Basins range from those of high quality that
support diverse aquatic life to those that are seriousl\ ,,,,.f,,
degraded and support few aquatic species and few
human uses of the water. Higher quality stream
reaches are generally in the northern one-third of the
study area and in mountainous areas in eastern sec-
tions. These areas are dominated by forest, low-inten-
sity agriculture, and rural communities. Urban
development and coal-mining activities through much
of the basins have had a significant influence on water EXPLANATION

m URBAN LANDquality and aquatic life. Industrial activity in small and ~ AGRICULTURAL LAND
large towns has resulted in contaminated streambed = FOREST
sediments and contaminated fish. Acid- and(or) min-
eral-laden mine drainage from abandoned coal mines
is one of the most serious and persistent water-quality
problems in the basins, limiting water use and aquatic .’
resources. ’

¯ Sulfate concentrations were 5 times greater in streams
draining mined areas than in streams draining
unmined areas. Sulfate concentration is closely related
to coal production in the sampled basins bui not as
clearly related to pH or dissolved metal concentration.
I See page 6.)

¯ Since 1980, treatment of drainage from active and
abandoned mines has generally resulted in improved
water quality’, with increased pH and lower metal and
sulfate concentrations, but diversity and abundance of
aquatic organisms remain reduced in comparison to
unmined areas. (See pages 7, 20, and 21 .)

40 MILES¯ Zinc in bed sediment exceeded aquatic-life guidelines
at 15 of 50 sites. (See page 9.) o 20 4o KILOMETERS

The Allegheny and Monongahela River Basins drain¯ Arsenic concentrations most often exceeded aquatic-
life guidelines in bed sediment in streams draining 19,145 square miles of Pennsylvania, West Virginia, New
northern, once glaciated areas, and high concentra- York, and Maryland. About 64 percent of the study area is
tions appear to be unrelated to human activity. {See forested; the remainder is a patchwork of land uses.
page l O.) Agriculture (30 percent) is commonly low intensity pasture,

dairy, and hay. Urban areas account for about 4 percent of¯ Streams in forested settings are among the most the area, but they include many forested ridges. Coal-mining
diverse nationally with respect to aquatic insects activities influence water quality in most of the study area butamong NAWQA sites sampled between 1996 and
1998. (See page 8.) are not visible on this surface land-use map. (Land-use

coverage is based on 199t, 1992, and 1993 land-use data.)
¯ A group of now-banned industrial chemicals, poly-

chlorinated biphenyls (PCBs), was detected in
43 percent of sediment and fish-tissue samples. Con-
sumption advisories are in place for several fish spe-
cies because of PCB and chlordane contamination in Major Influences on Streams and Rivers
some large river reaches. (See pages 11 and 12.) ¯ Surface. underground, reclaimed, and abandoned coal mines

¯ Some of the most degraded stream reaches have, since ¯ Impoundments and maintenance of navigation channels
the early 1900s. supported few aquatic organisms. Yet, ¯ Increased urban development
the quality of many reaches is now improving, and ¯ Reductions in agriculture, industrial activity,, and coal
abundant fish and invertebrate populations include production
sensitive species not seen here in decades. (See
page 11.)

Summary. of Major Findings 1
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¯ In sampled streams in basins dominated by urban or Selected Indicators of Stream-Water Quality

agricultural land, pesticides and volatile organic corn- Small Streams Major

pounds (VOCs) were commonly detected, although
Rivers

generally at concentrations meeting drinking-water Urban Agricul- Forested Mining Mixed

and aquatic-life standards and guidelines. (See pages tural Land

12--13 and 15-17.)
uses

¯ Pesticide concentrations in stream water exceeded Pest~c,des’ --

drinking-water guidelines in single samples from eachTotal
of two basins, one dominated by agriculture and the Phosphorus2
other dominated by urban land use. (See pages 12 and
l 3.) Nitrate3

G rou nd-Water Big hlig hts
Trace ~lelements 4

Although not regulated, the quality of water from Organo- X X
domestic wells--the predominant water source for res-cnlorinesS

idents of rural areas--meets Federal standards forVolatile
drin "king water for most substances analyzed in this organics 6

study. Ground-water supply generally meets or ~1 Percentage of samples with concentrations equal to or greater
exceeds expectations from wells in the highly perme- than a health-related national guideline tor drinking water,

able olaciofluvial deposits of the valley-fill aquifers in aquatic life, or water contact recreation: or above the USEPA
~-- goal for preventing excess plant growth in streams

the northwest. Ground-water supply often meets needs [] Percentage of samples with concentrations less than health-

but can be mea~er from wells tapping the water-filled related national guideline for drinking water, aquatic life, or
water-contact recreation; or below a national goal for

fractures of the fractured-rock aquifers present preventing excess algal growth
throughout much of the rest of the study area. [] Percentage of samples with no detection

¯ Compared to ground water in unmined areas of the -- Not assessed

coal-bearing rocks, water in shallow private domesticx settings with less than 4 samples are not shown

wells near reclaimed surface coal mines had higher
concentrations of sulfate, iron, and manganese, even Selected Indicators of Ground-Water Quality
after all mining and reclamation had been completed. Domestic Supply Wells
(See pages 9 and 21 .) Fractured- Fractured- Valley-

rock rock Fill
¯ Pesticides were detected more frequently in the valley- aquifer, aquifer aquifer

fill aquifers of the glacial sediments than in fractured- mined areas
rock aquifers. (See pages 13-15.)

Pesticides ~ --
¯ Overall, VOCs were detected at very low levels in the

95 ground-water samples analyzed. Gasoline-relatedNitrate3
compounds were detected slightly more frequently and
at slightly higher concentrations in ground water near
reclaimed surface coal mines than near unmined areas. Trace elements

-

(See pages 16 and 17.)

¯ Nitrate was detected in 62 percent of sampled wells,
although only one domestic-well sample exceeded the
drinking-water standard for nitrate. (See pages 17 and Volatile organics6
!8.)

¯ Percentage of samples with concentrations equal to or greater
¯ Radon was detected at levels exceeding the proposed than a health-related national guideline for drinking water

Federal drinking-water standard of 300 pCi/L (picocu-[] Percentage of samples with concentrations less than health-
rids per liter) in 56 percent of the ground-water sam- related national guideline for drinking water

pies. The proposed alternative standard (4,000 pCi/L)[] Percentage of samples with no detection
was exceeded in 2 percent of the samples. (See -- Not assessed
page 19.)

1 Insecticides. herbicides, and pesticide breakdown products,
sampled in water.

2Total phosphorus, sampled in water

Major Influences on Ground Water
3 Nitrate (as nitrogen), sampled in water.
4 Arsenic, mercury, and metals, sampled in sediment.

¯ Coal mining 5Organochlorine compounds including DDT and PCBs, sampled in
fish tissue.¯ Pesticide and fertilizer application 6 Solvents, refrigerants, fumigants, and gasoline compounds,

¯ Widespread use of gasoline and oxygenates sampled in water.
¯ Naturally occurring concentrations of radon
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INTRODUCTION TO THE ALLEGHENY AND MONONGAHELA
RIVER BASINS

The Allegheny and Monongahela 80° 78°

Rivers join at Pittsburgh. Pa.,
forming the Ohio River.
Historically. these rivers served as a
transportation COITidor to the West
and v~ eie of strategic military 42
significance. The Allegheny and
Monongahela River Basins were at
the focus of the industrial
rexolution in the United States. In
19~)0. approximately 4.2 million
people lixed in the area, and
although the land and water uses
haxe chan,,ed many times, the
legacy 4~t past actix ities is evident.
~odax~ stream qua ity reflects a
blend of past and present land uses
and ttne natural quality and quantity
ol the water in [l~ese basins.

Topography and Geology
The Allegheny and Monon-

gahela Rixer Basins {ALMN)lie
almost entirelx within the
Appalacl~ian Plateaus
Ph3 sio~raphic Province. The entire
~[tiOx ~lea i> underlain by

sedimentarx rocks lhat have been
fractured in many places by folding 39~
and faulting. These rocks carry
ground ~ater m much of ALMN
and a~-e referred to as fractured-rock
aquifers. The northwestern parts of
~he Allegheny River Basin were
glaciated. The glaciers deposited EXP~NATION 0 20 40 MIKES
s~md. gravel, silt. and ctav in the ..... BASIN OUTLIN~ ] ’’ ~ ’

0 20 40 KILOMETERS
valleys and eroded the hills, leaving
u ~erram of more consistent altitude Figure ~. The Allegheny and Monongahela River Basins lie
~Becher, 1999: McAulev, 199g) almost entirely within the Appalachian Plateaus DhysiograD~ic

Province. The eastern pa~s ol the basins are more
The glaciofluvial and alluvial mountainous, the west is characterized by "rolling hills." and
deposits ox erlymg the sedimentary no~hwes* has relatively low relie* as a result o{ ~e~ng covere0 by
r~cks a~� generally much more ~laciers in the last ice age.The topography affects land use,
permeable and comprise the valley- exposed geologic ~ormat~ons, an~ slream habital~all o*
I]]1 aquifers ¢Risser and Madden. in *urn. affec* l~e quality and uses o~ water.
1994). Glaciofluviul deposits peaks, ridges, and plateaus that are lie along rixer xallevs. Ridgetopsinclude sediments left by ~’ater deeply divided bx vallexs (fig. i}. are commonly forested, even in
i]oxving within, under, or out of Land use is limited by the rough otherwise urban settings.glaciers In contrast, the ten’ain and nutrient-poor soil in Ecologically. the streams ofAppalachian highlands to the east much of ALMN. both of which these basins present a di~ ersitv ofand southeast have steep, high

make large agricultural fields habitats. Mountainous areas are
impractical. Urban areas generally generally dominated by streams

Introduction to the Allegheny and Monongahela River Basins3
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that are very low in nutrients and ~ Mining Agriculture 5%
remain cold all year. These streams ~ ~ 0.3O/o ~
support trout and a few other cold- / \ Agriculture / / "

// "r~ ..... ~,,,~ \ 0.2% . I /water fish species but commonly / ...... ~,~, ...... \ n,ng / / Put
~ e,*-/o ~ 21% ~ [ ....

include diverse aquatic-inverte- "~ ~.ou.~- ~ ~ ~.~ ",
~% I WATER SOURCE[ _._~ ~ ~u, te popu ation . Str am / / /

the weste, side of ALMN are

~ ,/ ~,,~, :/:.? c~mmercia, 23% ~generally warm-water systems with
24% ,~ Domestic

~
Industrial / /

a much greater diversity of fish x~
~n::::::~c~/SURFACE.WATER ~

species. ~~
SOURCE 94 ~

Water Use Figure 2. In 1995, water withdrawn averaged 3,284 million gallons per
Most water (94 percent) used in day. In t~e Pittsburgh area, nearly all water used for public supply is

ALMN is drawn from surface- su#ace water. Ground water provides water for domestic use in most
rural areas.

water sources. In 1995, 82 percent
of water withdrawn in ALMN was length of the Monongahela River management of endangered
for industrial uses or thermoelectric and the lower 72 miles of the species.
power generation. Although Allegheny River are maintained for
ground-water withdrawals are navigation by dams. During d~ Hydrologic conditions
proportionally small, they are periods, low streamflows are Although streamflow roughly
important for public supply or augmented by reservoir releases to followed normal patterns during
domestic use, especially in rural dilute degraded water (Ohio River 1996-98, flows were substantially
areas (fig. 2). Basin Commission. 1980). higher or lower than normal for

Reservoirs have been in place in Nonconsumptive use of the short periods in response to
the study area for more than water resource also is extensive in weather extremes (fig. 4). Hence,
150 years for flood control (fig. 3), ALMN. Some streams are the ALMN water-quality data set
recreation, navigation, power managed for whitewater sports, includes responses to a wide range
generation, water quality, and boating, or fishing, and some high- of flows while still being largely
water supply. Nearly all major quality stream reaches are representative of normal
tributaries have reservoirs important for conservation and conditions.
constructed on them. The entire

Oil Creek at Rouseville, Pennsylvania
1,500

~ ~ ~.oo0

500

0

1996 1997 1998

Figure 3. One of the most devastating floods in United EXPLANATION
States histoq occurred in the Allegheny River Basin on I MONTHLY MEAN STREAMFLOW. WATER YEARS 199~98
May 31, 1889. A dam upstream from Jo~nstown, ~ HISTORICAL MEAN MONTHLY STREAMFLOW. 60+ YEARS
Pennsylvania, failed. Downstream, 2,209 people were
killed and thousands more were injured. (Photograph Figure 4. Streamflow was above average in 199~97
used with permission from the National Park Se~ice.) and below average in summer 1998.
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MAJOR FINDINGS

The quality of streams, ri\ dr,. began with almost no concern for
and ground water reflects complex the protection of the land surface Nearly all basins greater than

100 square miles within the coal-bear-interactions of natural and human- and water resources.Consequently, ing region of ALMN have been mined
induced conditions. Natural water- stream-water quality in much of at one time or another, many with sev-
shed scale factors such as climate, ALMN was severely degraded-- eral coal-extraction techniques.
geography, and topography influ- streams became virtually unusable
ence water chemistry and aquatic and supported few aquatic species, and in overburden rock. Pyrite is
biological communities. Broad- Mine-related influences have long the major source of acid mine
scale land uses, as well as localizedbeen recognized as among the most drainage (AMD) in the Eastern
human activities combine with serious and persistent water-quality United States (Rose and Cravotta,
background conditions to influence problems in Pennsylvania (Penn-1998). During or after mining,
overall water quality, sylvania Department of Environ- AMD can be formed by a series of

Within ALMN, the interaction of mental Protection, 1996) and West complex geochemical and bacterial
a diverse geography and an equally Virginia (West Virginia Depart- reactions that occur when pyrite is
diverse set of land uses influence merit of Environmental Protection, exposed to air and water (Pennsyl-
the quality of the water resource. 1998), as well as throughout Appa- vania Department of Environmen-
Surface-water sampling sites were lachia, extending from New York tal Protection, 1999) (fig. 5).
selected in a variety of land-use to Alabama (Biesecker and George, Through these reactions, some dis-
settings including forest, urban. 1966). solved ferrous iron will precipitate
agriculture, mining, and mixed Surface and underground coal out of solution in the form of insol-
land use. The study design for mining and coal-cleaning processesuble ferric hydroxide (fig. 6).
ground water focused on assessing expose many elements to weather-Secondary reactions of the acidic
the water-quality conditions of ing. Pyrite and marcasite (iron di- water can bring into solution other
major aquifers in ALMN, with sulfides also known as "fool’s constituents in the coal and the
emphasis on the quality of recently gold") are naturally occurring com- overburden rock, such as manga-
recharged ground water associated pounds commonly found in coal nese, aluminum, zinc, arsenic, bar-
with ongoing and recent human
activities (see page 22) (Gilliom Pyrite + Oxygen + Water = Ferrous iron + Sulfate + Acidity
and others, 1995). Specific findings
from particular land uses and geo-
graphic settings are presented in
the rest of this part of the report. ~" ....... "

Coal Mining Dominates
Water Quality - ’ n ~,,--~/~~

Although not easily represented
on land-use maps, mining has the
greatest influence on surface and
ground-water quality and aquatic
habitat of any single land use in
ALMN. The area of surface mined _
land is difficult to quantify because
of revegetation: deep-mine activity Note: Arrows denote a general

""I’~"/
EXPI-,6,NATION

leaves virtually no trace on the sur- direction of ground-water flow [] LAND SURFACE
[] ROCK

face.                                                                    [] ROCK AND GROUND WATER

Coal has been mined in ALMN Figure 5. Coal mines disrupt existing flow patterns of ground water andfor more than 200 years and has surface water. Oxygen dissolved in surface water is transported to rock
been central to the economy and strata containing pyrite. Sulfuric acid is produced, which may then
lifestyle of many communities, emerge in springs, seeps, and streams carrying large amounts of
Extensive commercial coal mining dissolved metals. (Figure adapted from Puente and Atkins, 1989.)
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Dissol\ ed trace ele- Table 1. Regional background concentrations of
merits are not generally constituents influenced by mine drainage were

reliable indicators of AMD
estimated by using the 90th percentile for each
constituent from streams unaffected by mining

or NAMD because they
[USEPA. U.S Enximnmental Protection A~enc} m~,’k.may notrenlanl in SOIL1- gram~ pm {iter: --. not caiC’Ldatcd: #giL. I~lc’(()~lall]~ peI

tion. Nullate. hinderer, is a USEPA Regional
reliable indicator of mine Secondary back-
drainage because sulfate is Selected mining Maximum ground~ constituents~

hi£hlv soluble and che~l]i- Contaminant concentra-
~ - Level tion

~ . .7 ~" call} stable a[ the pH lex el~
Dissolved solids 500 mg’L

normallx fotmd in natural pH 6.5-85 7 0
waters (Hem. 1985 ~. Sulfate 250 mg,L 20.8 mg/L

The U.S. SIlk irollmell- Iron 300 ug,L 129 ~g/L

:, tat Protection Agent} Manganese 50 ug.’L 81 pg/L
(USES&) has established a Aluminum 50-200 ag/L 23 pg/L

Secondary’ Maxinltlll] Coil- tOther coal-nliilillg-related collxtiltlOnt> include
Figure 6. Reddish-orange iron taminant Level f SMCL) of alkalinity and acidib
precipitate is commonly seen in 250 mg/L (milligrams per
streams affected by acid mine literl for sulfate. SMCLs are i ~
drainage, appl.ied to public water sup- ~ ~ON !

plies and are non,enforceable ~    4    ! MINED BASINS UNMINEDBAstNS

ium. cadmium, cobalt, copper, and levels for contaminants thai ~
si]ver. Some reach concentrations may affect the taste, odor. or
potentially dangerous to wildlife appearance of water. Higln
and may exceed drinking-water sulfate concentrations in
standards ~table 1). These constitu- water may cause diarrhea in
ents are fl~en subject to addimmal sensitive populations ~U.S. ~ ~a~ESE
reactions ~such as the formation of Environmental Protection ~

UNMINEDprecipitates }. are adsorbed onto Agency, 1999a). z 10 MINED BASINS BASINS
sediments, or are taken up in the The amomlt of a conMitu- z
[issue~ of oraanisms (bioconcen- ent canied out of a stream ~
trated), system is called the yield.

Sulfate yields ~ere, on aver-
Sulfate is an Indicator of a~e, 5 times gremer in~

~P 2.000~ ~/~ [~

~

~    [    ,

, ~    ,

~~1 ~BASINS~

Coal-Mining Activity stream basins where mining ~ ,
SULFATE

acidic or alkaline and can seriously unmined basins sampled ~ MINED BASINS
in

water supplies. AMD. in which the With one exception (St(my- 4
~ ~

ac’iditv exceeds alkalinity, typi- creek River,, yields of dis-

50@0, ’ I I I i        I ,,itally contains elevated concentra- solved iron and dissolved [,[ 1,~ ~,[ I, ,~ ~ V Vtions of sulfate, iron. manganese, manganese were similar in ~ g } } } ~ { ~ { {aluminum, and other dissolved mined and unmined basin~, z ~ ~ ¯ ~ { ~ ¯ ~ ~
material. In contrast, neutratizedor The Stonycreek River had ~ ~ ~ ~ ~ ~ ~ ~_ =~ e ~

alkaline mine drainage (NAMD) the highest sulfate yield of g e - - < e
has an alkaliniw, that exceeds acid- the 11 sampled streams and ~

~ ~ ~                  ~
itv: however, NAMD can still have is considered to be highly
elevated concentrations of sulfate, degraded by AMD, prima-
iron. manganese, and other constit-rily from abandoned mines. Figure 7. Sulfate is a more stable indicator of
uents, mine activity than dissolved iron or manganese.
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Currently, efforts are being m,,d~, ~,, The fi~,h community was sam- Few organisms can tolerate even
restore the water quality in th,- pied at 1 t ~ite, in ALMN, 7 of brief periods of acidic or mineral-
river, mainly’ through the construe-which receixed mine drainage. A or silt-laden water. Episodic events
tion of passive treatment systems todifference in fish abundance and or chronic conditions that result in
treat abandoned-mine discharges number of fi,,h species was evidentconcentrated AMD entering a
inventoried in 1992-95 (Williams between stream, in mined basinsstream are obvious and result in a
and others. 1996). Since !995, compared to tho,,e in unmined nearly complete loss of aquatic
about $3.5 million has been spentbasins. None of the streams sam- species, such as in Stonycreek
on mine-drainage remediation pied had a depressed pH !tess thanRiver. The effects are often more
projects throughout the Stonycreek6.5). In the Central Appalachian subtle in streams receiving NAMD,
River Basin, resulting in the Ecoregion, at Stonvcreek River. where species sensitive to sedimen-
removal of iron. aluminum, and only 2 species 12 individuals i weretation, trace-element concentration,
acidity from the Stonycreek River captured, whereas in Laurel Hillor hydrologic changes are affected
at a rate of 111,133. and 1,192 tonsCreek, a similar stream in a nearby(Letterman and Mitsch. 1978). In a
per year, respectively (D. Seibert, unmined area, 16 species 1384 indi-regional study between ALMN and
Natural Resources Conservation viduals) were captured. Where the Kanawha-New River Basin.
Service, oral commun., 2000). A basin sizes were comparable, the 61 sites were sampled for aquatic
similar study to identify mine dis-presence or absence of coal mininginvertebrates (insects, worms, crus-
charges was completed in a in a basin was evident in some taceans, and mollusks} and water
Monongahela River tributary, the aspects of the fish-community chemistry during a low-flow period
Cheat River (Williams and others, structure (fig. 9). in 1998. At sites where Sulfate con-
1909 ~.

Aquatic Communities are
Affected in Streams ~0, ~ Tad
Receiving Large Amounts of
Mine Drainage

EXPLANATION

Streams receiving mine drain- \ ) [] WESTERN ALLEGHENY PLATEAUage may range from supporting
~ [] CENTRAL APPALACHIANSdiverse communities of aquatic life

to being lethal to many organisms, ~ RIDGE AND VALLEY
depending on a variety of factors. [] NORTH-CENTRAL APPALACHIANS
The ecological setting of a stream ? ’~

[] ERIE/ONTARIO HILLScan affect the types and rates of AND LAKE PLAIN
water-quality changes in response [] NORTHERNAND UPLANDsAPPALACHIAN PLATEAU

to human influences. Ecoregions i/ SAMPLING SITES
and basin size are two factors that (’ . BED SEDIMENT AND

FISH TISSUE
relate to differences in aquatic ,~ INTENSIVE ECOLOGY
communities. Ecoregions are used ¯ INTENSIVE SYNOPTIC
to group areas that are ecologically BASIC

20 40 MILESsimilar and can be expected to have
similar aquatic communities, o 20 40 KILOMETERS
ALMN is divided into six eco-
regions (fig. 8), five of which were
included in the sampling design in
ALMN. Basin size affects species

Figure 8. Assessments of the health and condition of aquatic life anddiversity, because larger basins tend habitat focused on four of the six ecoregions represented on this map.
to have a greater variety of habitats Contaminants associated with bed sediment and tissue were analyzed at
available. 19 sites. (Ecoregions from Omernick, 1987)
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LARGE BASINS SMALL BASINS Figure 9. The centrations were greater than the
(More than 1,000 square m.es ,Less than 500 square rn les/ number of fish estimated background level.z~o 35 ; species and the~"’ 30 decreasing diversity was noted for

~ ~ 25 2 number of
~ ~- 2C q individual fish three groups of sensitive insect spe-
ZT 15

~

< ~ captured per 985- ties (mayflies, stoneflies, and cad-
~,"T 1C
,,, u. ~ feet stream reach disflies), although pH was 6.5 or
~ o 0 --- was greater at greater at all these sites. (See

a:,?, ~.4°°t 4 unmined sites than fi~. 23 on page 21.)
caDu.uJ rr ~ 1,200~- -~,, at mined sites of

~

D~_u_~ ~- u~ ~,000~_ J comparable size.
z < ~ 800~
<-rz o~ 600~-
a---~ 400~-
LU ~- O- 200~-

~~ ~ 0~_ --
MINED UNMINED MINED UNMINED

Aquatic life in stream systems where human intluence is minimal generally represents a more natural community than
in streams strongly influenced by human activity. These sites can be used to define background (reference) conditions
that are helpful in interpreting how various land uses change the types and numbers of organisms living downstream.
NAWQA examines fish, invertebrate, and algal communities and uses indices based on reference sites as part of as-
sessing water quality. For example, an invertebrate status index (T.E Cuffney, U.S. Geological Survey, written commun.,
2000) averaged 1 invertebrate-community measures (metrics) used to indicate various aspects of the life cycles of the
organisms assessed. This index can be used to make relative comparisons between sites sampled by NAWQA.

An ALMN site, East Hickory Creek near Queen, Pa., whose basin is more than 95-percent forested, had the best quality
(lowest invertebrate index score) nationally of 140 sites sampled between 1996 and 1998 (Appendix). In contrast,
streams in either urban or coal-mine settings ranked among the highest 25 percent of those sampled

A National Ranking of INVERTEBRATE STATUS in Streams

INDEX - Higher values
suggest a more degraded
stream site
Highest 25 percent
Middle 50 percent
Lowest 25 percent

8 Water Quality in the Allegheny and Monongahela River Basins
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Ground-Water Quality is manganese, and dissolved solids bearing rock (Ferguson and Gavis.
Affected Near Mined Areas can exceed SMCLs for drinking t972). Arsenic was detected at con-

water in unmined areas because of centrations above the estimated
During 1996-98, 45 domestic the geologic setting (mostly rocks background concentration ofwater-supply wells were sampled of Pennsylvanian age that can con- 5.9 p.g/g (micrograms per gram)in ALMN in the high-sulfur coal rain high concentrations of iron and (Canadian Council of Ministers ofregion of the Appalachian coal manganese). High concentrations the Environment. 1995) at all 50fields (Tully, 1996). Water samples    of sulfate in ~round water of the

bed-sediment sites sampledwere collected from 30 of the 45
wells within about 2,000 feet and

Appalachian coal fields, however, between 1996 and 1998 in ALMN.
usually indicates that coal has been The Probable Effect Level (PEL)hydrologically downgradient mined nearby or in a location for arsenic in bed sediment of(downhill in this area) from a

reclaimed surface coal mine. The hydrologically upgradient from the 17 gg/g (Canadian Council of Min-
sample location. Current regula-      isters of the Environment, 1995additional 15 wells are in areas
tions do not require treatment of was exceeded at 12 of 50 sites,believed to be unmined. mine-discharge water for sulfate, where concentrations ranged from

Analysis of ground-water data Discharge water is generally regu- 18 to 52 ggig.
indicates that surface coal mining lated and treated to reduce concen- Land use did not appear to be a
continues to affect ground-water trations of iron and manganese and factor in the arsenic concentrations
quality after all mining and recla- to maintain pH in the range of 6.5     observed in ALMN, although
mation has ceased. Several constit- to 8.5 units, atmospheric deposition cannot be
uents related to mine drainage ruled out. Each of the sites inexceeded the USEP~k SMCL more Concentrations of Trace ALMN where the PEL was
frequently in water sampled from Elements in Bed Sediment exceeded, with the exception of
wells downgradient from reclaimed Exceed Aquatic-Life Stonycreek River (a heavily mined
surface coal mines than in well Guidelines basin), were distributed in the
water from unmined areas. Trace elements typically are northern, once glaciated part of the

Sulfate concentrations exceeded present in surface-water systems in Allegheny River Basin. Glacial
the USEPA SMCL for sulfate small amounts. Local geologic action during the last ice age broke
(250 mg/L) at 20 percent of domes- conditions or land-use activities up and moved near-surface rock,
tic wells sampled in mined areas can increase the concentration of exposing this rock to weathering
but at no wells sampled in unmined some elements to levels that may and releasing some arsenic (Welch
areas. Iron concentrations at wells impair aquatic life or limit water and others, 1988).
near mined areas exceeded the use. Trace elements may be dis- In contrast, concentrations of
SMCL (300 gg/L [micrograms per solved in water, bound to sedi- some other trace elements in
liter]) in 60 percent of the wells, ments, or incorporated into the ALMN appear to be related to land
compared to 20 percent of wells in tissues of organisms, depending onuse. Concentrations of cadmium,
unmined areas. Similarly, manga- the chemical properties of each ele- copper, chromium, lead, mercury,
nese concentrations exceeded the ment. In ALMN, several trace ele- and zinc each exceeded the PEL
SMCL (50 gg/L) in 70 percent of ments in addition to zinc and aquatic-life guidelines in bed-sedi-
wells from mined areas compared chromium were detected at high ment samples at least once in sam-
to 47 percent of wells in unmined concentrations in bed sediment or pies from mined or mixed-land-use
areas. Finally, samples from tissues (Appendix). sites.
20 percent of the wells in mined Arsenic is a trace element that is Concentrations of cadmium in
areas exceeded the SMCL for total potentially damaging to both whole-fish samples, for which no
dissolved solids, whereas samples human health and aquatic life. guidelines exist, are among the
from only 7 percent of the wells in Increased arsenic concentrations highest sampled by NAWQA dur-
unmined areas exceeded the can result from human activity, ing 1995-98. Several trace ele-
SMCE. such as application of pesticides or ments {such as nickel) that also

Concentrations of mine-related the combustion of fossil fuel. or have no established guidelines for
constituents, such as sulfate, iron, from natural weathering of arsenic- either bed sediment or tissue are

Major Findings 9
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federally protected endangered
species (see page 12) and is an
important stream nationally for
the protection of aquatic spe-
cies (Masters and others,
1998). Whitewater rafting on

The acidity of some mine drainage may dissolve and subsequently transport large
amounts of trace elements from exposed rock. These trace elements, often found natu- the ¥oughiogheny and Cheat

rally in small amounts, can accumulate in streambed sediments. Trace elements, low Rivers is a thriving recre-
levels of which are required by organisms, can reach toxic concentrations when concert- ational industry.
trated in food, water, or sediments. The water quality in a river

Aquatic-life guidelines, used as a reference level, are based on Environment Canada’s that drains large areas into-
guideline (Canadian Council of Ministers of the Environment, 1995) and have no regu- grates water potentially influ-
latory force in the United States. Zinc and chromium were found at atl bed-sediment enced by a broad range of
sampling sites in ALMN, and at the 50 sites sampled, the aquatic-life Probable Effects natural and human factors. The
Level (PEL) for zinc (315 gg/g) and chromium (90.0 #g/g) was exceeded at 15 and at 5
sites, respectively (Appendix). Eleven bed-sediment samples from ALMN had zinc con- industrial and resource extrac-

centrations among the highest 10 percent nationally of samples analyzed by NAWQA tion land-use history in ALMN
since 1991. PELs were most often exceeded in areas subjected to industrial or mining previously resulted in poor
land use in ALMN. water quality in some rivers
Zinc, along with other trace elements that exceed aquatic-life guidelines, may contributeand streams. Early in the
to degradation of aquatic communities in streams. Some sites in ALMN were among the1900s, fish were rarely found
most degraded sites nationally for aquatic invertebrates (Appendix). in the lower Allegheny and

Monongahela Rivers and then
National indicators for invertebrate status (Appendix) with zinc and chromium only durin~ high flows, when
concentrations in bed sediment, in micrograms per gram of sediment ~ ~

river water was diluted by sur-

Stream name and location Predominant Invertebrate Zinc Chromium face runoff. Crayfish also were
land use status rare, and freshwater mussels

French Creek at Utica, Pa. Mixed 120 58 had been eliminated (Ortmann,
East Hickory Creek near Queen, Pa. Forested 190 63 1909). Ortmann described
South Branch Pium Creek at Five Points, Pa. Agriculture 130 82 lower reaches of Monongahela
Deer Creek near Dorseyville, Pa. Urban 170 88 River tributaries, the Cheat

Dunkard Creek at Shannopin, Pa. Mining 190 88 River and Youghiogheny
River, as degraded by mine

Youghiogheny River at Sutersville, Pa.          Mixed                    410       87 drainage. As recently as the
Stonycreek River at Ferndale, Pa. Mining ¯ 700 90 mid-1960s, fish surveys on the
Monongahela River at Braddock, Pa. Mixed ¯ 510 110 Monongahela River found
Allegheny River at New Kensington, Pa. Mixed ¯ 330 120 zero to four f’lsh species (U.S.

lowest 25 percent nationally (Least-degraded sites) Army Corps of Engineers,
middle 50 percent nationally 1976).

The Allegheny River and
¯ highest 25 percent nationally (Most-degraded sites)                                     Monongahela River sites sam-

pled in this study have been
elevated in mixed-land-use set- ronmental and esthetic qualities, as sampled comparably under various
tings (Appendix). well as sources for drinking water. USGS programs since the early

Sections of the upper Allegheny 1970s, permitting a general corn-
Water Quality of the Large River are designated federally as parison of water-quality conditions
Rivers of the Allegheny andScenic Rivers (Pennsylvania since that time.
Monongahela River Basins isDepartment of Conservation and A measure of the acidic and
Improving Natural Resources. 2000). French basic properties of natural waters is

The large rivers sampled in Creek, a tributary of the Allegheny pH. The pH of source water is use-
ALMN are important for their envi- River, supports several State and ful for determining water-treatment
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240[ , ,!.4_~rr The concentration nitrate may be partly the result of
~-mc A’EGHEhV ~VEa MO"ONGA"E~ R~VER of dissolved solids in a changes in the form of nitrogen in
oo-ZZ-~ _,20197s--~7 !.2E~z~. water body, can be the rivers, typically due to sewage-
<~-coC u {~1987-98 UJLu increased as a result of treatment-plant upgrades (U.S.=~o .~oo 1.o~-
~oFz3°" S~ industrial or municipal Geological Survey, 1999a).
~ ~s0 o~= wastes, drainage from The ~eneral improvement in
o.~ =~ mines or oil fields, or water quality described above in
z< 160 06~I},,<,~ drainage from agricul- sections of the Allegheny and~_ ZZ

~- tural land. Median Monongahela Rivers has been140 NITRATE DISSOLVED NITRATESOLIDS SOLIDS concentrations of dis- accompanied by an increase in the
,~otved solids have number and species diversity of

Figure 10. For the two 12-year periods examined, thedecreased at the fishes. A sample of the fish corn-
Allegheny and Monongahela Flivers improved in someAllegheny and munity at the Monongahela Riverwater-quality respects (MCL, Maximum Contaminant Monongahela River site in 1998 contained more thanLevel; SMCL, Secondary Maximum Contaminant
Level). sampling sites over 1,100 individual fish representing

the last 25 years. Dis- !2 species. This included many
solved-solids concen- sport fish such as smallmouth bass

options and evaluating the suitabil-trations have decreased by and sauger. Species richness was
ity for support of aquatic plants and 2 percent in the Allegheny River even greater in the Allegheny
animals. Natural factors, such as and by 6 percent in the Mononga- River. which had 21 species, again
rock types in a basin, can affect pH, hela River. Reductions in dis- including many sport fish as well
as can industrial discharges and sob, ed solids in the Monongahela as species sensitive to pollution,
mine drainage. As recently as the River have virtually eliminated the such as redhorse sucker. Signifi-
1960s, the Monongahela River was exceedences of the SMCL of candy, the silver chub, Macrhybop-
occasionally too acidic (low pH) to 500 mg/L (fig. 10 L sis storeriana, a minnow that had
support a diverse aquatic commu- Elevated nitrate concentrations not been seen in these rivers since
nity (Finni, 1988). Since the early, can result in increased plant and the late 1800s fCooper, 1983), was
1970s, the median pH at the algal growth (U.S. Geological Sur- captured in both 1997 and 1998.
NAWQA sampling sites increased vey, 1999a), which can, in turn, The recovery of rare species is a
from 7.0 in the period 1975 to 1987 alter the taste of water and affect further indication of the degree of
to 7.4 in the period 1987 to 1998 in other aquatic life. Nitrate increases improvement in water quality in
the Allegheny River. During the can be related to some of the same these river segments.
same periods, the median pH sources as dissolved solids, includ-
increased from 7.0 to 7.6 in the ing both point-source discharges, Persistent Pesticides and
Monongahela River. Although this such as industrial wastewater dis- PCBs were More Prevalent in
represents an overall increase in pH charges and sewage, or nonpoint Fish Tissue than in Sediment
for both sites, about 1 percent of sources, including atmospheric Numerous synthetic organic
the samples collected from these deposition and agricultural fertil- compounds have been manufac-
two sites had pH values that were izer use (U.S. Geological Survey. tured to fulfill various needs of
lower than the minimum aquatic- 1999a). In contrast to dissolved sol- society. These compounds have a
life water-quality guideline of 6.0 ids, however, median nitrate con- range of stability in the environ-
(Pennsylvania Department of Envi- centrations have increased by ment. Some break down rapidly,
ronmental Resources, 1984) dur- 3 percent in the Allegheny River whereas others can be highly stable
ing the period 1987 through 1998. and by 25 percent in the Mononga- and persistent. Some stable syn-
For organisms living in these riv- hela River. Nitrate. which contains thetic organic compounds are no
ers, occasional periods when the nitrogen, can be converted to other longer in use in the United States.
pH is either too high or too low can nitrogen-containing compounds Organochlorines in this group
be lethal for a particular species, relatively easily. Total nitrogen was are commonly soluble in fat or can

not routinely measured in early bond to particles in the water and
studies. The increase observed in settle out. Some bioconcentrate in
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DDT and chlordane use has been
Grass-roots efforts seek to protect water quality and aquatic life discontinued in the United States

Many of the water-quality issues rece~wng national attention arise from land- since the 1970s. DDT and its
scape-scale activities known as nonpomt sources. Managing nonpoint sources breakdown products were detected
often requires the cooperation of many people living in a nver basin, in fish at 15 of 16 sites and in sedi-

Watershed groups have been formed by citizens concerned with the condi- ment at 9 of 19 sites. Only at the
tions in local waterways. Nationally, as well as in ALMN, these groups are
increasingly important. Many include partnerships with conservation groups Alleghen.~ River at New Kensing-

and government agencies, ton, Pa., however, did the concert-
Many watershed organizations in ALMN are working to improve degraded tration of total DDT in fish samples

streams. In contrast, several local groups are actively working to keep their exceed the guideline of 200 mg/kg
resource in good condition. French Creek is an example of a stream that has
maintained high water quality and whose citizens are working to maintain this

(micrograms per kilogram) estab-

resource. This creek, and its lished to protect fish-eating wild-
associated ground water, life. Chlordane was detected in I 1
supply drinking water to of 16 whole-fish samples and in 4
many homes, municipalities, of 19 streambed-sediment sam-
and industries. French Creek ples. The guideline of 500 mg/kg
also boasts the greatest for total chlordane (which alsonumber and variety of fish,
invertebrates, and aquatic includes breakdown products) for
plants in ALMN. Many of protection of fish-eating wildlife
these species are catego- was exceeded in fish samples only
rized as endangered by State at the Monongahela River near
and Federal governments. Braddock. Pa.
Several are found nowhere
else in ALMN and at very few Public-health advisories are in

other places in the world (see place to restrict consumption or
photograph at right). These Northern riffleshelt is a globally endangered prohibit taking of several fish spe-
rare, sensitive species and species doing well in French Creek and cies from certain sections of the
the high overall species diver- sections of the Allegheny River. Two-thirds of
sity in French Creek are evi- related native North American freshwater Allegheny and Monongahela Riv-

dence of the high quality of mussels are now rare or endangered. These ers because of PCB and chlordane

the water and stream habitat animals are indicators of exceptional stream contamination (Pennsylvania Fish
in this basin, quality, and Boat Commission, 1999).

These compounds are relatively
fat. reaching higher concentrations centrations in fish tissue than in the stable, are apparently being cycled
in organisms than in the environ- sediment (Appendix). between aquatic life and bed sedi-

ment. The}, can accumulate in Although use of PCBs was dis- ment, and may persist in ALMN
predators that eat contaminated continued in the United States in for many more years.
organisms. In the tissues of ani- the 1970s, PCBs were detected in
reals, these compounds can have a whole-fish tissue samples at 10 ofLow Concentrations of
variety of effects including toxicity, 16 sites in 1997. This mixture of Numerous Pesticides were

reproductive impairment, or cancer, compounds was detected at only 4 Detected in an Agricultural
Whole fish from 16 sites in ALMN of 19 sites in streambed sediment. Stream and an Urban Stream
were analyzed for 28 organochlo- Those sites at which PCBs were Two basins of similar size were
rine compounds. Streambed sedi- below the detection level in fish tis- chosen to assess the occurrence and
ment was analyzed for sue were in basins dominated by distribution of a broad range of
32 compounds at these same agriculture or forest. Fish-tissue pesticides under different stream-
16 sites plus an additional 3 sites samples from eight sites with flow conditions. The Deer Creek
(fig. 8). At the sites where both fish mixed land use had total PCB con- Basin represented a predominantly
and bed sediment were sampled, centrations above the guideline forresidential/urban setting, and the
those compounds detected in both protection of fish-eating wildlife South Branch Plum Creek Basin
media were present at higher con- (Newell and others, 1987). represented a predominantly agri-
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cultural setting (Williams and
10 ..........

Clark, 2001). 1 ,- ATRAZINE )..
DEER CREEK _

~ :’ ", ................ SOUTH BRANCH
Of the 84 pesticides and pesti- ~ 1 ,- .............. PLUM CREEK

tide metabolites (breakdown prod- ~, 0 :~ ......................... .........
ucts) in this analysis, 25 were ~ 0

Method Detection Limitdetected at least once in Deer g. o 0cc: , , , , , , , , , ,
Creek and 20 were detected at least
once in South Branch Plum Creek. ~:

r2, SIMAZINE
Some pesticides show a seasonal o

pattern in water samples from both c2 ~ ~.... ............
"~ 00~- i -.

streams (fig. 11 ). _z .; ..............

All detectable pesticide concen-
d .............. ...7./.’"- ...... " ..........-.7.~- -

trations from both streams were <
less than drinking-water-quality z ~ ...........
euidelines or standards/table.’~). ~ ’,_ z METOLACHLOR ~ ~.0 i
However. the maximum measured o 01 ~ ! ~’’’’’

concentrations of diazinon in Deer i "
Creek 10 097 bt~/L! and South 00~ ......... ." "- .....................,: ...., -
Branch Plum Creek (0.094 big/L) i " .........
exceeded the water-quality guide- 0.00~ , , , , ~ , , , , ~ ,
Ime to protect aquatic life of

J F M A M J J A S O N D
!997

(L08-= " Figure 11. A distinct seasonal pattern is evident in the
Prometon is the most commonly concentrations of atrazine, simazine, and metolachlor. The

delecled herbicide in surface water peak concentrations of these three pesticides coincide with
and ground water in urban areas herbicide-application periods and increased spring rainfall.

(Concentrations below the method detection limit are
believed to be reliable detections but with greater than

A note on National biological average uncertainty in quantification.)
status scores

Although water-quality guide-
lines for the protection of aquatic (Capel and others, 1999}. It is used parks, and commercial areas.

life were exceeded for several of as a preemergent herbicide to con- Detections of diazinon from sam-
the pesticides detected in ALMN, trol vegetation on bare ground pies collected in Deer Creek in
there is no indication that the con- around buildings and fences, along 1997 showed no seasonal pattern:
centrations have been lethal to the rights-of-way, and in conjunction however, five of the seven detec-
organisms in these streams. with the application of asphalt, lions were in samples collectedNational invertebrate and algal
scores indicate that these biological Prometon was detected in 9(/per- shortly after a peak in streamflow
communities have not been cent of the samples collected in due to overland runoff.
degraded and are comparable to Deer Creek. The highest measured The aquatic-life water-quality
those at a forested site in ALMN concentration was 0.355 lag/L in the guideline for carbaryl of 0.2 btg/L
(Appendix). The national fish status first of five storm samples collected was exceeded in four of the fivescore, although indicating that the
urban and agricultural setting have on August 25-26. ! 998. That con- stormflow samples collected in

better quality fish communities than centration was more than 10 timesDeer Creek on August 25-26.
the forested site, places consider- the maximum measured concentra-1998.
able emphasis on non-native fish tion in 1997 but is still well below
species. The forested site is the drinking-water-quality guideline Pesticides are at Low
stocked with non-native trout to of 100 ~.g/L. No prometon £uide- Concentrations when
supplement sport fishing. Abundant ~ Detected in G rou nd Water
non-native fish populations are an lines have been established for the
indicator of human influence and protection of aquatic life. Ground-water samples from
may point to habitat or water-quality The insecticide diazinon is com- 58 shallow domestic wells through-
degradation in other situations, monly used in homes, gardens, out ALMN were analyzed for pes-
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Table 2. Many pesticides are in widespread use for the control of insects (insecticides) or plants (herbicides). Pesticides may be
sold under a variety of names, depending on the manufacturer (Table adapted from U.S. Geological Survey, 1999b)
[ggFL, micrograms per liter: NA, not available]

Drinking-water- Aquatic-life

Pesticide name Trade name Use
quality guidelines water-quality

or standards guideline
(~e’L) 6tga-)

Atrazine AAtrex, Atrex, Atred, Gesapnm Herbicide 3 ~ ] 1,8

Diazinon Basudin. Diazatol, Neocidol, Knox Out Insecticide .6 I .08

Dieldrin Panoram D-31, Octalox. Compound 497, Aldrin epoxideInsecticide .02 .056

Carba~,l Carbamine, Denapon. Sevin i Insecticide
700 .2

Metolachlor Dual, Pennant I Herbicide 70 7.8

Prometon Pramitol. Princep, Gesagram 50, Ontracic 80 i Herbicide 100 NA

Simazine Princep, Caliber 90, Gesatop, Simazat 1 Herbicide 41 ! 10

l Drinking wamr-quality standard (Maximum contaminant level ).

ticides. One to five pesticide sampled wells in the fractured-rock compounds in samples from valley-
compounds were detected in aquifers, fill aquifers were deethylatrazine,
34 percent of the samples. Nine Nine different pesticide corn- atrazine, metribuzin, and diazinon.
different compounds were detected pounds were detected in 12 san> Two or more pesticide compounds
at concentrations ranging from less    pies from the valley-fill aquifers were detected in 20 percent of the
than 0.001 to 0.17 ~tg/L. All detec- (fig. 12). The top four detected samples in the valley-fill aquifers.
tions were at or below the method-
detection limit. No compounds
were detected above drinking ~ FRACTURED ROCK

Atrazine ~ GLACIAL VALLEY FILL
water-quality guidelines or stan-
dards. The five most frequently _z
detected compounds were the agri- ~ ~ Deethylatrazine(o.145) ]
cultural herbicides atrazine, ~-"’
metribuzin, and metolachlor; the ~ -~ Metribuzin

(0.030)insecticide diazinon; and a break-
down product of atrazine, deethyla- o0 < Metolachlor
trazine, u~ iz (0.004)

ground-water samples ~~ __ SimazineOf the58
analyzed for pesticides, 30 samples a.t’u ~ (0.011)
were from wells in valley-fill aqui- ’"
fers and 28 samples were from E u’l Tebuthiuron

~ a_ (0.008)
fractured-rock aquifers (see page "’
"~~) Forty percent of the samples ~ Diazinon
-- "     ~ ~ (0.007)
from valley-fill, aquifers and
29 percent of the samples from ~ Carbofuran

(0.015)
fractured-rock aquifers contained
at least one pesticide compound.
Deethylatrazine was the only pesti- 0 6 12 18 24 30 38

FREQUENCY OF DETECTION, AS PERCENTAGE OF SAMPLES
cide detected in more than 30 per-
cent of all samples in the valley-fill Figure 12. With exception of diazinon, pesticide-detection
aquifers. No pesticides were frequencies in ground water were higher in the valley-fill aquifers
detected in more than 22 percent of than in the fractured-rock aquifers. (Not shown above is the

herbicide EPTC detected in a single sample---0.004 tag/L.)
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The most frequently detected mix-
ture of compounds was atrazine (or
the metabolite deethylatrazine) and
metribuzin, detected in 10 percent
of samples from the valley-fill
aquifers.

The commonly detected pesticides in South Branch Plum Creek. an agricultural
basin, and in Deer Creek, an urban basin, were similar to the 15 most commonly Five different pesticide corn-
detected pesticides in streams in NAWQA studies during 1992-96. The corn- pounds were detected in the sam-
pounds detected in ground water from wells set in both valley-fill aquifers and frac- ples from the fractured-rock
tured-rock aquifers are also among those most frequently detected in mixed land- aquifers (fig. 12). The four most
use aquifers nationwide, frequently detected compounds in

AGRICULTURAL SETTING samples from the fractured-rock
10o aquifers were diazinon, deethyla-NAWQA aqricullura

streams na"tionwide [razine, atrazine, and metribuzin.
80                  1992-96

Two or more pesticide compounds
60 South Branch were detected in 14 percent of the

Plum Creek,
. samples in the fractured-rock aqui-

4o fers. The most frequently detected
i mixture of compounds was

~ metribuzin and diazinon, found in
~ 0 7 percent of the samples from frac-
~ 100 URBAN SE’FI’ING tured-rock aquifers.
~ The higher detection frequency
z~80 of pesticides in the samples from

~" the valley-fill aquifers is most
~_ 6o
~ ~ likely a result of greater vulnerabil-

z"~40 ~ itv. to pesticide contamination due
o to permeability of aquifer material
~ 20 and contaminant availability (Lind-
o sey and Bickford, 1999). Both
8 o MIXED SETTING aquifers have similar contaminant-
z I ’, availability ratings; however, the
~ ’, valley-fill aquifers consist of,o,15 NAWQA ,, unconsolidated sediments and are,,~ ground water

nationwide, more permeable than the fractured-
~0

/
t99~-gs rock aquifers.

/ Volatile Organic Compounds
were Detected at Low
Concentrations in an Urban

"~ ~. :~ ~ -~~ ’~ ~ ~ ~.
~=

i5 ~
° o~ ~

Volatile organiccompounds
~ derived from substances commonly
~’ used in residential and urban areas.

AGRICULTURAL URBAN INSECTICIDESHERBICIDES HERBICIDES such as gasoline and cleaning sol-
vents, were detected in 24 of the

"Ground-water samples were not analyzed for the herbicides 2,4-D ana 25 samples collected from DeerDiuron in the Allegheny and Monongahela River Basins.

Creek (Pittsburgh metropolitan
area) in 1997-98. Of the 87 VOCs
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detectable in cold water than in
Benzene m warm water. Warm temperatures

Methylbenzene tend to cause VOCs to be driven
Acetone into the atmosphere. VOC concen-

Chloromethane trations ill water can increase by a
factor of about 3 to 7 when water

Carbon disulfide temperatures decrease from _. C
Methyl ten-bury! ether (gelsius) to 5 ~C I Lopes and

p-.Isopropyltoluene Bender. 1998 ).

1 3-1 4-Dimethylbenzene VOCs can accumulate on imper-
vious surfaces and can be flushed1,2,4-Trimethylbenzene m into the receiving stream during

Naphthalene m storms. Data from five storm san>
pies collected in Deer Creek on1,2-1Dimethylbenzene                    !          [          I          ’

~o 20 30 40 50 60 August 25-26, 1998, showed that
FREQUENCY OF VOC DETECTION, IN PERCENT the maximum measured concentra-

tions of acetone, carbon disulfide,
Figure 13. Of 87 VOCs analyzed for, 22 were detected in Deer Creek at benzene. 1,2.4-trimethylbenzene,
Dorseyville, Pa. The 1 1 most frequently detected VOCs are shown. and p-isopropyltoluene in a sample

were collected as streamflow’
analyzed for. 22 VOCs were evidence of seasonality in samples increased. The lowest concentra-
detected at least once. and 55 per- collected in 1997. All five corn- tions were observed in the last san>
cent of those detected were gaso- pounds were detected in samples pies collected as the stream
line-related compounds (fig. 13/. collected in February, November, receded. The concentration pattern
All measu,ed concentrations of and December, but were absent in demonstrates a flush-off effect as
VOCs were well below drinking- samples collected m July, August, rains washed VOCs from the land
water standards and guidelines, and September (fig. 14). Water surface to the stream (fig. 15 I.

The occurrence of benzene, temperature is a significant factor Fourteen VOCs detected in a
methylbenzene, methyl ten-butyl affecting the concentration and sample collected on December 10,
ether IMTBE), 1,3-1,4-dimethyl- detection of VOCs. VOCs are 1997, may have resulted from a
benzene, and naphthalene showed more likely’ to be stable and flush of accumulated VOCs from

0,8 ........... , impervious surfaces in addition to a
low water temperature (5.0°C)~0i: ’

~] Methyl tert-butyl ether r/~he ! 4 VOCs detected, 10 were
~ Benzene g~oline-related co~-//

~- ~ Methylbenzeneo z -. Low Levels of Volatile
8 ~D ~ [ZZ] 1,3-1,4-Dimethylbenzene
- ~- ~- Organic Compounds were
~: ~ ~ 0.4 ~ Napthalene~ < Detected in Most Domestic
5 ~ ~ Wells Sampled

~ ~ 0.2 Of the 95 domestic wells

z__ I ~
throughout ALMN from which
samples were collected for VOC

0/ ~ ~ ~ ~ ¯ ~ ’ ’ analysis, at least one compound
JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT NOV DEC was detected in each of 87 samples

1997
(92 percent). A total of 28 different

Figure 14. Volatile organic compounds were detected most often and at highest compounds were detected overall.

concentrations in surface-water samples in cool seasons (data from Deer Creek at Most samples (60 percent) con-

Dorseyville, Pennsylvania). tained two or more VOCs at detect-
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m 10.0T ¯ ¯ ¯ 1180~ by minin~ (unmined sites). Perhaps

~ ¯ 4,160D as a result of mine machiner~ use.

c 1 0 ~ 9,:0~ fuel spills, or adjacent land use,
cc " ~ ’ ~ ~asoline-related compounds (1.2,4-_c) :~o:a’:

~: STREAMFLOW
1                                                 120 ~,Z~

~
~ ~

[,~.~,,.~

¯ ACETONE trimethvlbenzene, benzene, meth-zuJ I ¯ CARBON DISULFIDE -1100z8 "

~-’~
0 1[- ¯

I.,.~.~i _ P-ISOPROPYLTQLUENE
180                  ~_~,vlbenzene- and ethvlbenzenel, were

- , o ~" detected more frequently’ and at
~, ~:~;- q~0 ~ g higher concentrations in the sam-

CO(D~z 001~:i
~ ~b" ~:~’a’~: :" i ~

~20-’~i

40 m ~ ’’<
wherePles collectedthese compoundsfr°m the minedwerc sites.

00011 ......./~:Z’~:" ":":>f~!::~:’ : :!:: 7’!~:. :, , ~: ; ’0 detected in 29 of 30 samples, con>
0900 t200 1500 1800 2100 2400 0300 0600 0903, "2,30 1500 pared to 9 detections in 15 samplesAugust 25. 1998 August 26 ~99e

from unmined sites.
Figure 15. At Deer Creek, some VOCs are rapidly transported to streams during

Nitrate is Common instorms. These tend to become most concentrated before the floodwaters peak
and decline before water returns to prestorm levels. Streams and Ground Water

Nitrate is a nutrient that can
affect water used either as a drink-

able le\.els, and one sample of the VOCs detected exceeded ing source or as a medium for
coutained seven different VOCs. established drinking-water stan- aquatic life. Nitrate is present natu-

All VOC detections were at low dards or guidelines, rail,,’ in surface water, but elevated
concenwations. Twelve VOCs were Thfitv of the water samples ana- concentrations can result in abun-
detected at concentrations at or lyzed for VOCs were from wells dant algal growth and toxicity to
above 0. l p,g/L, including the four downgradient from recenfl\ some aquatic organisms. In well
most frequently detected corn- reclaimed surface coal mines water, nitrate can be a significant
pounds (fig. 16). Of the 28 detected (mined sites), and 15 of the water health risk at high concentrations.
VOCs. drinking-water standards samples were flom wells m areas The use of commercial and organic
have been established for 20. None underlain by, coal but undisturbed fertilizers and the combustion of

fossil fuels has been linked to ele-
vated nitrate concentrations in

.... , ......... , ......... , ........., .... , .... streams and shallow ground water
1,2 4-Trimethylbenzene ~ nationwide (U.S. Geological Sur-

Trichloromelhane vey, 1999a).
Carbon disulfide In ALMN. 10 stream sites and

Chloromethane 95 domestic wells were sampled
for nitrate. Samples were collected

1 4-Epoxy butane monthly at the stream sites and
Benzene once at each well during the period

2-Butanone October 1995 through September
Dichlorodifluoromethane ¯ 1998. Nitrate was detected in all

surface-water samples and in
Methyl ten.butyl ether (MTBE) ]¯ 62 percent of ground-water san>

Tbchloroethylene ¯ pies. Among wells and streams.
cts-l,2-Dichloroethene only one sample exceeded the

4-Methyl-2-pentanone ~ USEPA MCL for nitrate in drink-
.............. ’ ................... in~ water. The sample was col-0 5     10    15    20    25    30    35    40    45    50 ~

FREQUENCY OF VOC DETECTION, IN PERCENT lected from a domestic well in an
agricultural setting. The highest

Figure 16. VOCs detected in ALMN ground water at concentrations greater than median concentration of nitrate in
0.1 microgram per liter, wells and streams was in a stream
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z ~ I 0 o GROUND WATER

. o_ ¯ STREAM WATER

0.8

--u~ 02

&~- ~- 0
~ FORESTED     M~XED AGRICULTURE    URBAN GROUNC

WATER

Figure 18. Median concentrations of nitrate in
streams were higher than those found in ground
water.

~ 70~-
E3 GROUND WATER

To

Figure 17. Livestock in South Branch Plum Creek, ~<_~ ~- 5o
<COLas in many agricultural basins, contribute nitrate to 4.O

the ecosystem, o z coL~ © _~ 2,0

Branch Plum Creek (fig. 17). ~~ ~ 0,
The role of land use on the ~- FORESTED NIXED AGRICULTURE URBAN GROUND

WATER

observed nitrate concentrations
was investigated by comparison

Figure 19. Streams in agricultural areas had the
highest percentage of samples that exceeded
national background levels for nitrate (0.6 milligrams

Why is nitrate important.’? per liter in streams and 2.0 milligrams per liter (U.S.
Nitrate is the primary form of Geological Survey, 1999a) in shallow ground water).

nitrogen dissolved in streams and
ground water. Nitrate forms natu- with a national background con- applications, animal waste, and
rally in soil from transformations of centration for nitrate. The back- sewage are common sources ofnitrogen, nitrogen-based fertilizers,
and manure, ground concentration was nitrate. Of the sampled streams in

Nitrate is the most widespread estimated from samples collected ALMN, 73 percent of samples
contaminant in ground water, in undeveloped areas (U.S. Geolog-from a stream draining an agricul-
Because most ground water eventu- ical Survey, 1999). tural area exceeded background
ally discharges to streams, the Nitrate concentrations in sur- nitrate concentrations. In more
nitrate in ground water can pose a
potential threat to surface-water face-water samples from forested populated areas (population density
quality. Surface runoff in areas areas in ALMN were less than greater than 150 people per square
where commercial fertilizers are national background concentra- mile), 54 percent of stream samples
used, as well as discharges from tion. Among other land uses with had nitrate concentrations that
wastewater treatment facilities, can potential nitrate sources, concentra-exceeded background concentra-
also contribute nitrate to streams. tions of nitrate often exceeded the tions.Human ingestion of water with
nitrate concentrations in excess of background level (figs. 18 and 19). Overall. streams in basins that
the MCL (10 mg/L as nitrogen) can Activities typical of agriculture integrate various land uses within
lead to methemoglobinemia, or and urban/residential land use can ALMN had lower concentrations
"blue-baby syndrome," a sometimes lead to an increase in nitrate con- of nutrients than those dominated
fatal blood disorder in infants, centrations. Seasonal fertilizer by either dense population or agri-
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culture. Areas with both hi£h 10,00of~ EXPLANATION
population density and signifi-

I ~.0. 1.5 30 NUMBER OF SAMPLES
cant agricultural acreage a:    ~ ....30 ........................... H2

LU ! It 3.0 ¯ RANGE OF RADON ACTIVITIESexceeded background nitrate
concentrations in 49 percent of 1,000 ~ ~ I -- MEDIANstream samples. ~ ~ ** H1 PROPOSED MCL, 1999

Ground-water samples ana- o -.= ....t ............. , H1H2PROPOSEDAMCL, 1999lyzed for nitrate were collected o° [] ~ ** $ g GLACIAL SEDIMENTS
from wells in areas of mixed ~- ] ~ f FRACTURED ROCK_z lO0 !land use. Consequently, no agri- z- [ ~

¯ * rn MINING GROUP (SAMPLED

cultural-urban comparisons ~o ¯ ¯ WELLS LOCATED DOWN-
GRADIENT FROM RECENTLY

< ~ RECLAIMED SURFACE COALcould be made for nitrate in ~. g f m
MINE)ground water.

r REFERENCE GROUP (SAMPLED
10~ WELLS LOCATED IN AREAS

Radon in Ground Water is AQUIFER MINING LAND- UNDERLAIN BY COAL

Common but Highly SURVEYS USE STUDY UNDISTURBED BY MINING)

Variable
Figure 20. Radon concentration in ground water varied considerably

Radon is a radioactive gas that within well groupings sampled in the Allegheny and Monongahela River
is produced naturally in rocks Basins.
and soils as an intermediate
product in the decay of uranium- (U.S. Environmental Protection entrapment in gronnd water after
238. Radon in ground water origi- Agency. 1999b). ground disturbance caused by sur-
hates from nearby soil and rock and Large variation in radon concen- face mining.
is a potential contributing source of tration was found in ground water
radon in indoor air. Exposure to from the two aquifer systems sam-
airborne radon has been identified pled. Samples from wells in the
by the U.S. Surgeon General as the valley-fill aquifers had a median
second leading cause of lung can- radon concentration of 665 pCi/L: Is radon a risk from your well’?.
cer in the United States. About the median for samples from wells

The only way to be sure of radon20.000 deaths per year in the in the fractured-rock aquifers was concentration in ground water fromUnited States are attributed to air- 350 pCi/L. The higher radon con- a specific well is to have it tested.
borne radon (U.S. Environmental centrations in water of the valley- The U.S. Surgeon General recom-
Protection Agency, 1999b). fill aquifers may be due to higher mends testing of indoor air radon

Radon concentrations in 56 per- uranium content of the valley-fill levels in all homes (and apartments
below the third floor). The USEPA-cent of the 95 ground-water sam-     deposits or may derive from the
recommended action level forples analyzed for radon were rock underlying these deposits, indoor air radon levels is 4 pCi/L.

greater than 300 pCi/L (picocuries Samples from wells downgradient The USEPA recommends testing
per liter), the USEPA proposed from recently re-claimed surface well water for radon in homes where
standard for drinking water. About coal mines had a median radon indoor air levels of radon are high.
19 percem of the 95 samples concentration of 236 pCi/L. Bv High concentrations of radon in well

water can significantly contribute toexceeded 1,000 pCi/L (fig. 20). comparison, water samples from airborne levels indoors. Although
Two percent of the 95 samples wells in areas underlain by coal few of the 95 wells that were tested
exceeded the proposed Alternative undisturbed by mining had a in ALMN had high concentrations of
Maximum Contaminant Level median radon concentration of radon, the results show consider-
(AMCLI standard of 4,000 pCi/L. 530 pCi/L. This difference may be able variability (fig. 20). Ground

water from each well should beTo comply with the AMCL, a State due to several factors, such as (1) checked if radon is a concern. If aor local water utility must develop replacement of high-radon content large part of the indoor radon is
indoor air radon-reduction pro- overburden with lower-radon con- from ground-water contribution, the
grams and reduce radon levels in tent backfill or (2) a greater release USEPA recommends water treat-
drinking water to 4.000 pCi/L of radon directly to the air and less ment to remove radon.
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REGIONAL STUDIES: Sulfate concentrations and biological communities in Appalachian coal
areas indicate mining-related disturbances despite a general water-quality improvement
between 1980 and 1998

5O
In a 1998 study to assess regional ~ ~) - ¯ MINED SITES --

water-quality effects of coal minin~o ~ ~n 40 El UNMINED SITES _

(Eychaner. 1999), samples represent- ~,’~ w -
w

ing the Northern Appalachian coal ~ ~ 30 - -

field were collected in the Allegheny owW x<~20                                                      -
and Monongahela River Basins *- <

(ALMN), where high-sulfur coal is ~ ~ 40 -
common and acid mine drainage was ~. -~ -
historically severe, and samples for 0

Iron Manganese Sulfate Aluminum

the Central Appalachian coal field
were collected in the Kanawha-New Figure 22. Stream water exceeded Secondary
River Basin (KANA), where acid Maximum Contaminant Levels at mined sites more
drainage is uncommon (fig. 21). often than at unmined sites.

Water chemistry in 178 wadeable
streams was analyzed once during and others, 1989), before imple- basins with no history of mining) in
low streamflow in July and August mentation of Surface Mine and more than 70 percent of samples.

1998. Drainage area for most streamsReclamation Control Act The highest sulfate concentra-
,,,,’as between 4 and 80 mi2. Most (SMCRA) Regulations began to tions were measured in basins with

(170) of these stream sites were alsoaffect regional water quality. At the greatest coal production. About
sampled during a 1979-81 study on61 sites, aquatic invertebrates one-fourth of all samples exceeded
the effects of coal mining (Britton (insects, worms, crustaceans, and 250 mg/L, the USEPA Secondary

molluskst also were col- Maximum Contaminant Level
lected. Ground water was (SMCL) for drinking water, and all
sampled from 58 wells near these exceedences were in mined

82° 8o° 78° coal surface mines and basins (fig. 22). When coal mining
25 wells in unmined areas, ceases within a basin, sulfate con-

centrations gradually decrease
Water-Quality (Sams and Beer, 2000).
Characteristics Targeted Manganese, aluminum, and iron

41o by SMCRA Improved in at stream sites in many mined
Streams, but Sulfate basins also exceeded regional back-

I and Metals Remain ground concentrations (table 1). In
High at Some Sites the 1998 samples from the northern

Median pH increased and coal field, median total iron was
39° median total iron and total about equal among mined and

manganese concentrations in unmined basins: but in the central
streams decreased among coal field, median total iron among
mined basins between 1979- mined basins was lower than
81 and 1998 in both coal among unmined basins. In both

37° fields, a reflection that these coal fields, median total manganese
water-quality characteristics among mined basins was about
are regulated in mine dis- double that among unmined basins.
charges. Concentrations of Exceedences of SMCLs for dis-

Base fl-om US GeoLogical Survey sulfate, which is not regu- solved iron and manganese were
1:2.000,000 and 1 : 100,000 Digital Data

lated in mine discharges, more common in mined basins than
exceeded regional back- in unmined basins, and the alumi-Figure 21. Coal-bearing rocks underlie

55 percent of the area sampled in the Northern ground levels at sites down- num SMCL was exceeded in mined
and Central Appalachian bituminous coal fields, stream from mining (average basins only.
(Coal-field locations from Tully, 1996) of about 21 mg/L sulfate in

20 Water Quality in the Allegheny and ’Monongahela River Basins
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¯ NORTHERN COAL FIELD rr 800
¯ NORTHERN COAL FIELDCENTRAL COAL FIELD &uJ 700 ~ ¯ CENTRAL COAL FIELDMEDIAN

:~ 600 -- DRINKING-WATER STANDARD
’ ’ ~ -- BACKGROUND LEVEL IN

SULFATE GREATER ~ a: 500 e UNMINED AREAS
THAN BACKGROUND "1" ,~o~"~, " ’ J

~ ~ 400" ¯

SULFATE LESS
THAN BACKGROUND

200~~"

I 2~
310 ~ ¯

10 0
NUMBER OF LARVAL MAYFLY,                       ~               ¯     ¯

STONEFLY, AND CADDISFLY TAXA                               500 1,0001,500 2,000 2,500 3,000
DISTANCE FROM MINEDAREA. IN FEET

Figure 23. Sulfate concentration in stream water, an
indicator of coal production in a basin, was inversely Figure 24. Sulfate concentrations in

related to the number of mayfly, stonefly, and ground water generally exceeded

caddisfly taxa found at water-quality sampling sites, regional background levels within about
1,000 feet from surface coal mines.

Invertebrate-Community in hydrology, siltation, or trace- tions of calcium and magnesium
Impairment Appears Related metal contamination, all of which are higher near mined sites because
to Amount of Mining can be caused by increased coal these elements are components of

Invertebrate communities tended production. The communities in minewater-treatment chemicals and

to be more impaired in mined basins affected by low to moderate of some of the rocks associated
coal production were similar to with coal seams. Ground waterbasins than in minimally altered
communities in basins affected by    near reclaimed surface minesbasins. Pollution-tolerant species
urbanization, agriculture, large exceeded SMCLs for iron, manga-were more likely to be present at

mined sites than at unmined sites, construction projects, flow alter- nese, sulfate, and aluminum more
ations, or wastewater effluents, frequently than ground water inwhereas pollution-sensitive taxa

unmined areas (fig. 25). Iron andwere few or absent in heavily Sulfate and Some Metal manganese occur naturally inmined basins. Both an increased Concentrations were Higher native coal-bearing rocks, some-sulfate concentration and a decline in Ground Water near times at high concentrations: how-in some aquatic-insect populations Surface Coal Mines
was related to coal production ever. nearly twice as many ground-

Sulfate concentrations in ground water samples at mined sites(fig. 23). At sites where sulfate
concentrations were above the esti- water generally were higher than exceeded SMCLs for iron corn-

mated background level (table 1), regional background concentra- pared to unmined sites. Wells
tions in shallow domestic water- where SMCLs for sulfate and man-the number of taxa of three groups

of sensitive insect species (may- supply wells within 1,000 feet of ganese were exceeded were most

flies, stoneflies, and caddisflies) reclaimed surface mines (fig. 24). commonly in the northern coal

was reduced, although the pH was Water from such wells in the north- field.
6.5 or greater at all these sites, ern coal field contained more

At the concentrations measured, sulfate and calcium than did
c~ ~ 80

the sulfate ion is relativelv non- wells in unmined areas in the ,,,~ ~_~o7o ¯ MINED AREAStoxic to aquatic organisms and may same region, or at any of the
~ ~ 60 El UNMINEDAREAS "!

not represent the cause of the sites in the central coal field.

decline in mayflies, stoneflies, and Iron. manganese, aluminum,
~ Uo,,x, 40

caddisflies observed. Sulfate is, magnesium, turbidity, and ~< ~ 3o
however, related to the total coal specific conductance also

production from a basin (Sams and were higher than regional ~ ~ ~o
Beer, 2000). Invertebrate commu- background concentrations

~ ~ 0 Iron Manganese Sulfate Aluminum

nities may also have been impaired within about 2,000 feet of Figure 25. Ground water exceeded Secondary
by other large-scale landscape dis- reclaimed surface mines in Maximum Contaminant Levels in mined areas
turbances--for example, changes both coal fields. Concentra- more often than in unmined areas.
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STUDY UNIT DESIGN

Stream Chemistry and Basic and ,nlensive
~.~.~M4.~.-~>.Ecology sites were sampled 80D.a-~Jam_e.~!ew~ ¯ ~" ~ 78~

Surface-water assessments monthly for chemistry

included water, bed sediment, and
and annuall~ for eco- ~{~ ~"

fish tissue chemist~; fish, inve~e-
logical condimm. One

brate, and algal communities; and urban site and one agri-

across ~he study area for spatial intensively sampled

coverage and distribution in the during storm~ to assess
the influence or stormmajor aquatic ecological settings

)PiR~b~gh
within the Allegheny and Monon- runoff on stream con- "Jo town

[eminent concentra-gahe]a River Basins (fig. 26). tions. Eighty-nine

~~
additional synoptic site> ._~ENNS~J~__~     ~ Coarse- and flne-gra~ned

80~ ~ Jame 78~ Mo~ nJOW -- comprise valley-fill aqu,fers
4,>~ ~1 " NEWYORK~

were sampled once to
. ~ ~ p u Princtp .....I-b .....g rocks

"7 ....
>~Z~]K~

assess the influence of
~ . , ~

Valley-fiN aqulf ..... piing site

~[ "" " ." -,1 . coal minin~ on water ¯
I * Fractured*roCksampling siteaqUifer

::’" " "’~,’ ~)

~~~

:                                                                LocationSamplingofSltereferenced°Wngradientsite
"" ~ ~-~ quality across the study 39~

from recialmed coal mine~ ... . .~,
area.

~-e~ " &a
Chemistry Figure 27, Ground water was sampled from two

~j~sburgh ,% Two reconnaissance- major aquifer systems, valley-fill aquifers of the
/7~ ¯ ¯ " ,~ no~hern Allegheny River Basin, and fractured-rock

~
’" "8

, 5~Jo~stown type studies were done. aquifers in the Pi~sburgh Series rocks that contain
" . . " / The firs[ £ocused on the the largest quantities of commercially minable

~Y~AN~ ~ fractured-rock aquifers bituminous coal in the ALMN.
Z Y.Z~~AND of the coal-bearin~

~ W~ST’) ({~ STRe~-C.e~ST~.~ Pittsburgh Series rocks
~.W~6~.~A(. "~ ~eUaT~C-~CO~O~S~r~s of middle and late~ ~ -1 BASIC

~ ~ .3,.T~.S~W Pennsylvanian age. The second were near surface coal mines where

~/~
S~SOPT,C was set in the coarse- and fine- mining and reclamation efforts

grained glaciofluvial deposits of have been completed. The quality
the valley-fill aquifers in the no~h- of these samples was compared to
em area of the Allegheny River that of water from 15 wells sam-Figure 26. In addition to intensive water-Basin (fig. 27).                     pied in unmined areas of the samequality sampling at a few sites, one-time

sampling at many sites across the study An additional study that focused aquifers.
area provided data related to specific on mining land use involved sam-
land uses. The Cheat River Basin pling of wells that drew water from
(shaded pink) was similarly sampled, the fractured-rock aquit~rs and that

Basin area Site number Basin areaSite(fig. number 26)
Site name Site type

(square miles) (fig. 26) Site name Site type
(square miles’

1 East Hickory Creek near Forested 20.3 6 Allegheny River at New Mixed 1,500
Queen. Pa. Kensington. Pa.

2 French Creek at Utica, Pa. Mixed 1,028 7 Monongahela River at I Mixed 7,337
Braddock. Pa.

3 South Branch Plum Creek Agriculture 33.3 8 Youghiogheny River at I Mixed 1.715
at Five Points. Pa. Sutersville. Pa.

4 Deer Creek near Urban 27.0 9 Dunkard Creek at Mining [ 4.440
Dorseyville, Pa, Shannopin, Pa.

5 Stonycreek River at Mining 45 [ 10 Cheat River near Mr. Nebo. Mixed 1.132
Ferndale, Pa. W. Va.
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SUMMARY OF DATA COLLECTION IN THE ALLEGHENYAND MONONGAHELA RIVER BASINS. 1996-98

Study What data were collected and why Types of sites sampled Number ! Sampling frequency
component of sites ~ and period

Stream Chemistry
B,>ic Sitc~,--Gen- Concentrations. seasonal variat~ou, and annual i~ad, Basic Fixed Sites: Represemame of 8 Monthly. April 1996-

eral ,aater che n-] Data inclt~ded stream.roy,, field net suremcnt,, m,*~, ,~ common land-use mixes, as wel! as Sept. 1998
lstr’~ I lens. numents, orgamc carbon, suspended ’,cdut/clll ba’~ul outflow sites.

I trace elements.
lnten’4’,e ,4tcs-- Concemrations and seasonal xarlatum> m pesticide, DalaBaqc Fixed Sites with intensi;e urban 2 1997. 19U8

Pesticide’, and included same constituenls as abm’c, plus 83 pesl~Calc,el agricultural land use.
VOC> I

¢dissolved} and 87 volatile orgamc compounds ~ \’{ )(, ;
(only’ 1 site!.

[ (7onu.ln]lliams tu Occurrence and distribution oI contaminants 111 bed ,,cch Dcposilionai zones el most stream           I 9 ! Monthly and more
I    bed sedimcnl~ ~    ment. Data include trace elements, organochlorine ~itcs sampled in other components i frequently

compounds, and volatile organic compnunds el studx
(7omammants m Occurrence and distribution of contaminants in biola 5.1oq slream sites sampled in other 17 ! Fish Tissue: Summer

fish tp~sue Data included total PCBs. 30 organochlorme pesticides components of study, where tissue i 1990 and Summer 1997
! in whole fish, and 24 trace elements in fish Ibers. could bc collected. { IDuplicate laxa at

Stream Ecology
I l-:colog~cal assess- iMacroinvertebrates ~benthic in,,ertebrates~, fish, algae. Basic Fixed Sites. 8 1996-97 (10 sitesl,

ments aquatic and riparian habitat , 1998 (6 sites~
Intertsive Sites. 2 One 3-reach site t996

Unmined basin to compare to mined basins The
and 1997

Synoptic studies same ]Synoptic Site. 1 Once in 1997
, data were collected at Basic Sites. .

Ground-Water Chemistry
Aquifer sur~,ey-- Assess quality across aquifer ement. Data include field Existing domestic wells chosen with a 30 Once in 1996

Pittsburgh measurements, major ions, trace metals, nutrients, Pes- statistically random selection pro- (July-August}
Series fractured ticides, VOCs, radon, dissolved organic carbon (DOC). cess. Well depth range 30 to
rock 250 feet.

Aquifer survey-- Assess quality across aquifer extent. Data include field Existing domestic wells chosen with a30 Once in 1996
Glaciofluvial measurements, major ions, nutrients, pesticides, VOCs, statistically random selection pro- (September-October)
deposits of the radon, dissolved organic carbon (DOC). cess. Well depth range 30 to
valley-fill aqui- 250 feet.
fers

Land-use effects-- Compare ground-water quality near reclaimed surface Existing domestic wells chosen with a 45 Once in 1997
Surface coal mines to that in unmined areas. Data include major statistically random selection pro- (August-October)
rmntng ions, trace metals, nutrients, VOCs, radon, trace ele- cess. Well depth range 30 to

merits, dissolved organic carbon (DOC), chlorofluoro- 250 feet.
carbons (CFCs). (Data from 10 fractured-rock sampling

sites were re-used as reference data
in the Land-use effects study.)

Special Studies
iLov~-t]ov, synoptic [To assess quality of surthce water relat ve to tvpe and a,,e Standard Site network. 89 Standard sites: Once in
I surve,, of of con mtnmg m the basins. Standard: Mine-drainage summer 1998

streams in the indicators, field measurements. I lntensive Site network. 32 Intensive sites: Once in
Appalachian Intensive: same as standard sites, plus: major ions, tracel, summer 1998

[ coal fields elements, macroinvertebrates, aquatic habitat.

Study Unit Design 23
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GLOSSARY

Aquifer--A water-bearing laver ot soil. sand, gravel, or acidity (pH less than 7) or alkalinity (pH greater than 7)
rock that will yield usable quantmes of water to a well. of a solution; a pH of 7 is neutral.

Background concentration-- A concentration of a sub- Polychlorinated biphenyls (PCBs)--A mixture of chlori-
stance in a particular environment that is indicative of hated derivatives of biphenyl, marketed under the trade
minimal influence by human (anthropogenicl sources, name Aroclor with a number designating the chlorine

Bed sediment-- The material that temporarily is stationary content (such as Aroclor 1260). PCBs were used in
in the bottom of a stream or other watercourse, transformers and capacitors for insulating purposes and

DDT--Dichloro-diphenyl-trichloroethane. An organochlo- in gas pipeline systems as a lubricant. Further sale for
rine insecticide no longer registered for use in the new use was banned by law in 1979.
United States. Secondary maximum contaminant level (SMCL)--The

Ground water--In general, any, water that exists beneath maximum contamination level in public water systems
the land surface, but more commonly applied to water that. in the judgment of the U.S. Environmental Protec-
in fully saturated soils and geologic formations, tion Agency (USEPA), is required to protect the public

Herbicide--A chemical or other agent applied for the put- welfare. SMCLs are secondary (nonenforceable) drink-
pose of killing undesirable plants. See also Pesticide. ing water regulations established by the USEPA for

Human health advisory--Guidance provided by U.S. Envi- contaminants that may adversely affect the odor or
ronmental Protection Agency, State agencies, or scien- appearance of such water.
tific organizations, in the absence of regulatory limits, Semivolatile organic compound (SVOC)--Operationally
to describe acceptable contaminant levels in drinking defined as a group of synthetic organic compounds that
water or edible fish. are solvent-extractable and can be determined by gas

Insecticide--A substance or mixture of substances intended chromatography/mass spectrometry.. SVOCs include
to destroy or repel insects. See also Pesticides. phenols, phthalates, and polycyclic aromatic hydrocar-

Maximum contaminant level (MCL)--Maximum petrols- bons (PAHs).
sine level of a contaminant in water that is delivered toSuspended sediment--Particles of rock, sand, soil, and
any user of a public water system. MCLs are enforce- organic detritus carried in suspension in the water col-
able standards established by the U.S. Environmental umn, in contrast to sediment that moves on or near the
Protection Agency’. streambed or rests on the bottom of the stream.

Method detection limit--The minimum concentration of aTrace element--An element found in only minor amounts
substance that can be accurately identified and mea- Iconcentrations less than 1.0 milligram per liter/in
sured with present laboratory technologies, water or sediment: includes arsenic, cadmium, chro-

Micrograms per liter (btg/L)--A unit expressing the con- mium, copper, lead, mercury, nickel, and zinc.
centration of constituents in solution as weight (micro-

Upgradient--Of or pertaining to the place(s) from which
gramsl of solute per unit volume (liter) of water:

ground water originated or traveled through beforeequivalent to one part per billion in most stream water
and ground water. One thousand micrograms per liter reaching a given point in an aquifer.

equals 1 milligram per liter. Volatile organic compounds (VOCs)--Organic chemicals
that have a high vapor pressure relative to their waterMilligrams per liter {mg/L)--A unit expressing the con-

centration of chemical constituents in solution as solubility. VOCs include components of gasoline, fuel
oils. and lubricants, as well as organic solvents, fumi-weight (milligrams) of solute per unit volume (liter) of

water: equivalent to one part per million in most stream gants, some inert ingredients in pesticides, and some

water and ground water. One thousand micorgrams per byproducts of chlorine disinfection.

liter equals 1 mg/L. Water-quality guidelines--Specific levels of water quality
Organochlorine compound--Synthetic organic corn- which, if reached, may adversely affect human health or

pounds containing chlorine. As generally used, term aquatic life. These are nonenforceable guidelines issued

refers to compounds containing mostly or exclusively by a governmental agency or other institution.
carbon, hydrogen, and chlorine. Examples include orga-Water-quality standards--State-adopted and U.S. Envi-
nochlorine insecticides, polychlorinated biphenyls, and ronmental Protection Agency-approved ambient stan-
some solvents containing chlorine, darts for water bodies. Standards include the use of the

Pestieide--A chemical applied to crops, rights of way, water body and the water-quality criteria that must be
lawns, or residences to control weeds, insects, fungi, met to protect the designated use or uses.
nematodes, rodents, or other "’pests." Yield--The mass of material or constituent transported by a

pH--The logarithm of the reciprocal of the hydrogen ion river in a specified period of time divided by the drain-
concentration (activity) of a solution: a measure of the age area of the river basin.

24 Water Quality in the Allegheny and Monongahela River Basins
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APPENDIX--WATER-QUALITY DATA FROM THE ALLEGHENY AND
MONONGAHELA RIVER BASINS IN A NATIONAL CONTEXT
For a complete view of Allegheny an� M - " ;a’,e a ~ re, Basins data anc for aOdmonal information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqaJ. Also v~s~f tr. ’.~,’, ~.~ Data Warehouse tot access to NAWQA data sets at http://infotrek.er.usgs.gov/wdbctx/nawqa/nawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Allegheny and Study-unit frequency of detection, ~n percent
Monongahela River Basins. Selected results for this Study National frequency of detection, in percent Study-unit sample size
Unit are graphically compared to results from as many as I ’ ’ ’

__ _L Atramne (AAtrex, Atrex, Atred, Gesapnm                   ~136 NAWQA Study Units investigated from 1991 to 1998
and to national water-quality benchmarks for human
health, aquatic life, or fish-eating wildlife. The chemical and ¯.
biological indicators shown were selected on the basis of
frequent detection, detection at concentrations above a

Cyanazine (Bladex, Fortrol)
national benchmark, or regulatory or scientific importance.
The graphs illustrate how conditions associated with each
land use sampled in the Allegheny and Monongahela
River Basins compare to results from across the Nation,
and how conditions compare among the several land uses. 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
Graphs for chemicals show only detected concentrations
and, thus, care must be taken to evaluate detection ~ :~ ’ ’ o

frequencies in addition to concentrations when comparing
study-unit and national results. For example, metotachlor -
concentrations in the Allegheny and Monongahela River Deethylatrazine (Atrazine breakdown product) * **
Basins urban stream sampled were similar to the national ~00

58 62 III 26distribution, but the detection frequency was much higher 75 0
(96 percent compared to 64 percent).

CHEMICALS IN WATER Metolachlor (Dual, Pennant)
Concentrations and detection frequencies, Allegheny and
Monongahela River Basins, 1996-98---Detection sensitivity varies 9
among chemicals and, thus, frequencies are not directly comparable - -

among chemicals - ~.8              : . - ...................... o
¯ ¯                                                       38¯ Detected concentration in Study Unit

e 6 ~ 8 Frequenc=es of detection, in percent. Detection frequencies                        Prometon (Pramitol, Princep) "*
were not censored at any common reporting limit. The left- 17 4, ¯ ._L_.._ .~ 8

92 86 ,,: 26hand column is the study-unit frequency and the right-hand
column is the national frequency - - 12 .... =::~,:, ;’~- ................................ 0

-̄ Not measured or sample size less than two                             . 5
~ Study-unit sample size. For ground water, the number of

Simazine (Princep, Caliber 90)samples is equal to the number of wells sampled 67
50 77 - - -------- 26

National ranges of detected concentrations, by land use, in 36 - - 7 ~ o
NAWQA Study Units, 1991-98--Ranges include only samples - - 21 , - :: ...... 0
in which a chemical was detected - ~ 1 ~ .~.~...v~&~. ....... 0

¯ 58

~ Streams in agricultural areas I I l I I I I IStreams in urban areas 0.OOOl oo01 OOl 01 1 lO lOO 1 ,oo0
Streams and rivers draining mixed land uses

CONCENTRATION, IN MICROGRAMS PER LITER
Shallow ground water in agricultural areas

........... <-’~¢~..:.’.~ Shallow ground water in urban areas
Major aquifers Other herbicides detected

LOWeSt25 Middle50 Hlghes125 Acetochlor (Harness Plus, Surpass)
percent percenl percenl Acifluoden (Blazer, Tackle 2S) ""

Alachlor (Lasso, Bronco, Lariat, Bullet) "*
Natlonalwater-quality benchmarks Bentazon (Basagran, Bentazone) **
National benchmarks ~nclude standards and guidelines related to Bromoxynil (Buctril, Brominal}
drinking-water quality, criteria for protecting the health of aquatic life, and DC PA (Dacthal, chlorthal-dimethyl) * **

Dicamba (Banvel, Dianat, Scotts Proturf)a goat for preventing stream eutrophication due to phosphorus. Sources
Dichlorprop (2,4-DP, Se ritox 50, Lentemul) "include the U.S. Environmental Protection Agency and the Canadian
Diuron (Crisuron, Karmex. Diurex) **Council of Ministers of the Environment EPTC (Eptam, Farmarox, Alirox)
Fenuron (Fenulon, Fenidim)Drinking-water quality (applies to ground water and surface water)
MCPA (Rhomene, Rhonox, Chiptox)

Protection of aquatic life (applies to surface water only) Metribuzin (Lexone, Sencor)
Prevention of eutrophication in streams not flowing directly into Napropamide (Devrinol)
lakes or impoundments Neburon (Neburea, Neburyl, Noruben) * "*

Pendimethalin (Pre-M, Prowl, Stomp) *¯ No benchmark for drinking-water quality Propachlor (Ramrod, Satecid)
¯ * No benchmark for protection of aquatic life Tebuthiuron (Spike, Tebusan)

Terbacil (Sinbar) **
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Herbicides not detected Volatile organic compounds (VOCs) in ground water
Benfluralin (Balan, Benefin, Bonalan) " "* These grapt~s represent data from 16 Study Units, sampled from 1996 to 1998
Bromacil (Hyvar ×, Urox B, Bromax)
Butylate (Sutan +, Genate Ptus, Butilate) "" Sludy-unit frequency of detection, it1 percent
Chloramben (Amiben, Amilon-WP, Vegiben) *" I National frequency of detection in percent Study-umt sample s~ze
Clopyralid (Stinger, Lontrel, Transline) " ""
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * *" ~_ Methyl tert-butyl ether (MTBE)
Dacthal mono-acid (Dacthal breakdown product)
2,6-Diethylaniline (Alachlor breakdown product) * **
Dinoseb (Dinosebe)

**
Ethalfluralin (Sonalan, Curbit) *
Fluometuron (FIo-Met, Cotoran) *"
Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) *
MCPB (Thistrol) " *" I I I I I I I
Molinate (Ordram) * ** cool o Ol o 1 1 to ~oo t ooo ~o ooo

Norflurazon (Evital, Predict, Solicam, Zorial) * ** CONCENTRATION, IN MICROGRAMS PER LITER
Oryzalin (Surflan. Dirimal) *
Pebulate (Tillam, PEBC)
Picloram (Grazon, Tordon)
Pronamide (Kerb, Propyzamid) "* Other VOCs detected
Propanii (Stam, Stampede, Wham) " "" Benzene
Propham (Tuberite) ** Bromodichloromethane (Dichlorobromomethane)
2,4,5-T ** 2-Butanone (Methyl ethyl ketone (MEK))
2,4,5-TP (Silvex. Fenoprop)
Thiobencarb (Bolero, Saturn, Benthiocarb) *
Triallate (Far-Go, Avadex BW, Tri-allate) * Chlorobenzene (Monochlorobenzene)
Triclopyr (Garlon, Grandstand, Redeem, Remedy) * *" Chlorodibromomethane (Dibromochloromethane)
Trifluralin (Treflan, Gowan, Tri-4, Trific) Chloromethane (Methyl chloride)

Dichlorodifluoromethane (CFC 12, Freon 12)
cfs-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)

Pesticides in water--Insecticides Dichloromethane (Methylene chloride)
1,2-Dimethylbenzene (o-Xylene)

Stuqy-unit frequency of detection, in percent 1,4-Eboxy butane (Tetrahydrofuran, Diethylene oxide)
, --I     National frequency of qetection, in percent Study-unit sample s~ze__ Ethenylbenzene (Styrene)
, |r , , i , , ~ ~| Ethylbenzene (Phenylethane)

~1 __     Azinptnos-methyl (Guthion, Gusathion M) * -]- Iodomethane (Methyl iodide) *
6 3 : 8 Tetrachloroethene (Perchloroethene)0 1
- 2 0 Tetrachloromethane (Carbon tetrachtoride)

- : o Tribromomethane (Bromoform)
1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113)
1,1,1 -Trichloroethane (Methylchloroform)
Trichloroethene (TCE)Diazinon (Basudin, Diazato!, Neocidol, Knox Out) Trichloromethane (Chloroform)li !~ . =~’~lll~=~l~- .;8 1,2,3-Trimethylbenzene (Hemimellitene)*31 70 2639 ~| 0 1,2,4-Trimethylbenzene (Pseudocumene)

1
~ ~

2 . sf~ .... 0 VOCs not detected
2 ~.~.~,*

58 tert-Amylmethylether (tert-amyl methyl ether (TAME))
Bromobenzene (Phenyl bromide) *~ I I I I t I I Bromochloromethane (Methylene chlorobromide)o OOOl oool O.Ol 0.1 1 lO too 1,ooo Bromoethene (Vinyl bromide) *

CONCENTRATION IN MICROGRAMS PER LITER Bromomethane (Methyl bromide)
n-Butylbenzene (1-Phenylbutane) *
tert-Butylbenzene *

Other insecticides detected 3-Chloro-l-propene (3-Chloropropene) *
Carbaryl (Carbamine. Denapon, Sevin) 1-Chloro-2-methylbenzene (o-Cblorotoluene)
Carbofuran (Furadan, Curaterr, Yaltox) 1 -Chtoro-4-methylbenzene (p-Chlorotoluene)
Chlorpyrifos (Brodan, Dursban, Lorsban) Chloroethane (Ethyl chloride)
Fonofos (Dyfonate, Capfos, Cudgel, Tycap) ** Chloroethene (Vinyl chloride)

1,2-Dibromo-3-chloropropane (DBCP, Nemagon)
Insecticides not detected 1,2-Dibromoethane (Ethylene dibromide, EDB)
Aldicarb (Temik, Ambush, Pounce) Dibromomethane (Methylene dibromide)
Aldicarb sulfone (Standak~ aldoxycarb) trans-1.4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) *
Aldicarb sulfoxide (Aldicarb breakdown product) 1,2-Dichlorobenzene (o-Dichlorobenzene)
p,p’-DDE 1,3-Dichlorobenzene (rrvDichlorobenzene)
Dieldrin (Panoram D-31, Octalox, Compound 497) 1,4-Dichlorobenzene (p-Dichlorobenzene)
Disulfoton (Disyston, Di-Syston) ** 1,2-Dicllloroethane (Ethylene dichloride)
Ethoprop (Mocap, Ethoprophos)
alpha-HCH (alpha-BHC, alpha-lindane) ** 1,1-Dichloroethene (Vinylidene chloride)
gamma-HCH (Lindane, gamma-BHC) trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)
3-Hydroxycarbofuran (Carbofuran breakdown product) " *° 1,2-Dichloropropane (Propylene dichloride)
Malathion (Malathion) 2,2-Dicnloropropane
Methiocarb (Slug-Geta, Grandslam, Mesurol) *
Methomyl (Lanox, Lannate, Acinate) ** trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)
Methyl parathion (Penncap-M. FolidoI-M) ** cis-!,3-Dichloropropene ((Z)-1,3-Dichloropropene)
Oxamyl (Vydate L, Pratt) ** 1,1-Dichloropropene
Parathion (RoethyI-P, Alkron, Panthion, Phoskil)
cis-Permethrin (Ambush, Astro, Pounce) * *" Diisopropyl ether (Diisopropylether (DIPE))*
Phorate (Thimet, Granutox, Geomet, Rampart) * ** 1,3 & 1,4-Dimethylbenzene (m-&p-Xylene)
Propargite (Comite, Omite, Ornamite)
Propoxur (Baygon, Blattanex, Unden, Proprotox) *
Terbufos (Contraven, Counter, Pilarfox)
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1-Ethyl-2-methylbenzene (2-Ethyltoluene) ° Dissolved solids in water
Hexachlorobutadiene
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane) Sludy-unit frequency of detection in percent
2-Hexanone (Methyl butyl ketone (MBK)) " National frequency of detection, in percent Study-unit sample size
Isopropylbenzene (Cumene)°

I .........p-lsopropyltoluene (p-Cymene) * ~ _L Dissolved solids " **
Methyl acrylonitrile * 100 10o
Methyl-2-methacrylate (Methyl methacrylate) * 100 ; o o --

]00 i00
4-Methyl-2-pentanone (Methyl isobutyl ketone (M[BK)) * ---
Methyl-2-propenoate (Methyl acrylate) " ! o0

- io0 ............. , ............ uMethylbenzene (Toluene) i0o :0o
Naphthalene
2-Propanone (Acetone) * I I I I I I
2-Propenenitrile (Acrylonitrile) o.ool ool o~ t !o loo tooo toooo too.coo
n-Propylbenzene (tsocumene) * CONCENTRATION IN MILLIGRAMS PER LITER
1,1.2.2-Tetrachloroethane *
1,1 1.2-Tetrachloroethane
1.2.3.4-Tetramethylbenzene (Prehnitene) "
1,2.3,5-Tetramethytbenzene (Isodurene) * Trace elements in ground water
1.2.4-mrichlorobenzene Trace-element data are only from the fractured rock aquifer survey.
1.2.3-Trichlorobenzene * no trace element data were collected from tt~e glacial sediments aquifer
1. t .2-Trichtoroethane (Vinyl trichloride) Sludy-un~I frequency of detection, in percent
Trichlorofluoromethane (CFC 11, Freon 11 )

I ~Nallonal frequency of detection, in percent Sludy-unit sample s,ze
1,2,3-Trichtoropropane (Altyltrichloride) i ~ ~ ~ ~ ~ ~ i |
1.3.5-Trimethylbenzene (Mesitylene) " _L ~ Arsenic

Nutrients in water
Study-uni~ frequency of detection, in percent 50

. Natio naff requency of detect ion. in p ...... S tudy-uni .... p leslze

’ ’
~

’ ’
~

’ ’ ~i

Chromium
Ammonia, as N " **

39 86 i 3686 75 -- ,, 220 ~ 0

Dissolved ammonia plus organic nitrogen, as N
~9 78               ~~ 35
6a 62 ~ ~ 239 28 0

D~ssolved nilrite plus nitrate, as N ""                                                     CONGEN?RATION IN ~ICROGRAMS PER LITER
89 97

!00 91 220

~ 7174
.

600 / N, a ti, onall re quen, cy of detecti, .....
p ......

, , , Study-unit, samples,, z~

Orthophosphate, as P * **                                                  Radon-222
29 79 ~~~
30 7a 220

52 .~ o 98 97 ~ 60

Total phosphorus, as P " *" o,o~ oJ i ~o ~oo L~o 1o,ooo IOO,OOO
63 92 . -
58 90 I J I ~5 CONCENTRATION IN PICOCURIES PER LITER
58 88 .... z : 220

Other trace elements detected
Lead
Selenium

Cadmium
Uranium
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Study-unit frequency of detection in percent

CHEMICALS IN FISH TISSUE . N, ahona, frequency of cletecti p t ..... ..... Study-un,t sample s,ze

AND BED SEDIMENT p,p’-DDE * **
Concentrations and detection frequencies, Allegheny and --

Monongahela River Baains, 1986-98--Detection sensitivity varies
among chemicals and, thus, frequencies are not directly comparable
among chemicals. Study-unit frequencies of detection are based on
small sample sizes; the applicable sample size is specified in each
graph o,p+p,p’-DDE (sum of o,p’-DDE and p,p’-DDE) *

¯ Detected concentration in Study Unit .

~ ~ Frequencies of detection, in percent. Detection frequencies
were not censored at any common reporting limit. The left-
hand column is the study-unit frequency and the right-hand
column is the national frequency

Total DDT (sum of 6 DDTs)Not measured or sample size less than two

~ Study-unit sample raze

Nationel rangee of ¢oncentratlone detected, by land use, in 36
NAWQA Study Units, 1991-98.--Ranges include only samples
in which a chemical was detected                                                 Dieldrin (Panoram D-31, Octalox)

Fish tissue from streams in agricultural areas
Fish tissue from streams in urban areas
Fish tissue from streams draining mixed land uses            - -

Sediment from streams in agricultural areas
....... -.4.~:~: .-;~ ........ Sediment from streams in urban areas

Sediment from streams draining mixed land uses                   Total PCB

-- 81

National benchmarks for fish tissue and bed sediment
National benchmarks include standards and guidelines related to
criteria for protection of the health of fish-eating wildlife and aquatic
organisms. Sources include the U.S. Environmental Protection Agency, o.~ t ~o ~oo t,ooo tO.Odd too ooo

other Federal and State agencies, and the Canadian Council of CONCENTRATION. iN MICROGRAMS PER KILOGRAM
Ministers of the Environment (Fish tissue is wet weight: bed sediment is dry weight)

I Protection of fish-eating wildlife (applies to fish tissue) ~ The national detection frequencies lot total PCB in sechment ate b~ased low because

I Protection of aquatic life (applies to bed sediment) See nttp://water.usgsgovlnaw~al for additional inlormat~on

No benchmark for protection of fish-eating wildlife

¯ - No benchmark for protection of aquatic life Other organochlorines detected
o,p’+p,p’-DDT (sum of o,p’-DDT and p,p’-DDT) *
Dieldrin+aldrin (sum of dieldrin and aldrin)
Hexachlorobenzene (HCB)

Organochlorines in fish tissue (whole body) o,p’-Methoxychlor**"
Pentachloroanisote (PCA) *

and bed sediment c/s-Permethrin (Ambush, Astro, Pounce) * *°
trans-Permethrin (Ambush, Astro, Pounce) " **

Study-unit frequency of detection, in percent Organochlorines not detectedi National frequency of ~etection in percent Study-unit sample size Chloroneb (Chloronebe, Demosan)

Total Chlordane (sum of 5 chlordanes)                                 Endosulfan
38
75 j Endrin (Endrine)

~ 56 - - - J ~’ gamma-HCH (Lindane, gamma-BHC, Gammexane) *
- - ~

_~.._..t..=~

j TotaI-HCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and delta-HCH)
57 ~
i i                                                      1 ~         Heptachlor+heptachlor epoxide (sum of heptachlor and heptachlor epoxide)

o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) "                          Isodrin (Isodrine, Compound 711 ) *
. ,9 i

69 ,l~
~ 50 ~ 3 Toxaphene (Camphechlor, Hercules 3956) * **

27
~-,

1

CONCENTRATION. IN MICROGRAMS PER KILOGRAM
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Semivolatile organic compounds (SVOCs)
in bed sediment

Sludy-unit frequency of defection in percent Study-unit frequency of detection, in percent
/’ National frequency of detection, in p ..... t Study-umt sampl .....-- " Nationel frequency of detection, trip ...... StuOy-unit sample s=ze

Anthraquinone ** ~- Naphthalene

Benz[a]anthracene Phenanthrene

9H-Oarbazole ** Phenol

Dibenzothiophene "" ~ ~ I ~ I ~
o 1 t lo loo todd 1 o,ooo    lOO,OOO

CONCENTRATION, IN MICROGRAMS PER KILOGRAM DRY WEIGHT

Other SVOCs detected
1,4-Dichlorobenzene (p-Dichlorobenzene) ** Acenaphthene

Acenaphthylene
Acridine **
C8-Alkylphenol **

- ~ 6 ...,~:~< ~:~: Anthracene
7 . i ~ Benzo[a]pyrene

Benzo[b]fluoranthene **2,6-Dimethylnaphthatene "* Benzo[ghiJperytene "*
Benzo[k]fluoranthene ""
Butylbenzylphthalate ""
Chrysene

1 p-Cresol ""
i0(] 77 ,~,~I,,~ .... . 12 Di-n-butylphthalate *"

Di-n-octytphthalate **
bis(2-Ethylhexyl)phthalate ** Diethylphthalate **

1,2-Dimethylnaphthalene ""
1,6-Dimethytnaphthalene *"

- 9~. ! 3,5-Dimethylphenol **

z;0 95 ~’ t’~ ~" 12 2-Ethylnaphthatene **
Indeno{1,2,3-colpyrene **Fluoranthene Isoquinoline "*
1-Methyl-gH-fluorene **
2-Methylanthracene *"

- 66 ~ / ~ 4,5-Methylenephenanthrene ""
97 ................... ~’~’~::~;~: ........ 1 1-Methylphenanthrene *"1i~(~ ~8                          ~ ¯ ~ ’~’*’*                  12         1-Methylpyrene **

Phenanthridine **9H-Fluorene (Fluorene)
Quinoline **
2,3,6-Trimethytnaphthate ne *"

- - 22 t ; SVOCs not detected
"i "~’~’~ ~ ....... 1 Azobenzene12 Benzo[c]cinnoline **

t I        I        I        I        I I 2,2-Biquinoline **
o.t 1 lO lOO 1,o00 10,ooo 1dO,Odd 4-Bromophenyl-phenylether **

CONCENTRATION, IN MICROGRAMS PER KILOGRAM. DRY WEIGHT 4÷Chloro-3-methylphenol **
bis(2-C hloroethoxy)methane **

R0024189

Water-Quality Data in a National Context 31



2-Chloronaphthalene ** Study-urn1 frequency of detection, in percent

2-Chlorophenol ** / National frequency of detection, in percent Study-unit sample s~ze
4-Chlorophenyl-phenylether **

_~_ _~_                                                                   ~1,2-Dichlorobenzene (o-Dichlorobenzene) *" Zinc *
1,3-Dichlorobenzene (m-Dichlorobenzene) "* - 100

ioo
2,4.Dinitrotoluene *" I ~ ~ 100
Isophorone ** .. ;00
Nitrobenzene "" g g
N-Nitrosodi-n-propylamine ** :~ 100
N-Nitrosodiphenylamine ** I I
Pentachloronitrobenzene "" oo~ o 1 1 lo loo 1,ooo lO.OOO
1,2,4-Trichlorobenzene ** CONCENTRATION IN MICROGRAMS PER GRAM

Trace elements in fish tissue (livers) and
bed sediment

BIOLOGICAL INDICATORS
Study-unit frequency of detection, in percent

~_Nat,onal frequency of detection, ,n percent Study-unit sample s,ze Higher national scores suggest habitat disturbance, water-quality

! [
~ ~ ~ ~ ~

~_L_
degradation, or naturally harsh conditions. The status of algae.

,l Arsenic * invertebrates (insects, worms, and clams), and fish provides a
- 56 U ~’ record of water-quality and stream conditions that water-

,~ 78 ~ j3. chemistry indicators may not reveal. Algal status focuses on the

9998 ~.F ,,~i ....
~ changes in the percentage of certain algae in response to

¯
~

i =ncreasing siltation, and it often correlates with higher nutrient
~7 ~ concentrations in some regions. Invertebrate status averages 11

metrics that summarize changes in richness, tolerance, trophic
Cadmium "                                                          conditions, and dominance associated with water-quality

72 ~ ~ degradation. Fieh atatus sums the scores of four fish metncs
1 ~ 0 95 ..... = ~ (percent tolerant, omnivorous, non-native individual& and percent

- - g 8 ""~’~7~"-"~ L. : individuals with external anomalies) that increase in association
100 9~ e~ ~ p i3. w;th water-quality degradation

Chromium * Biological indicator value, Allegheny and Monongahela River
- 62 l Basins, by land use, 1996-98

~ :,, ~. ~ 3. ~, Biological status assessed at a site

- - g g J National ranges of biological indicators, in 16 NAWQA Study
~.oo lOO ~ 13. Units, 1994-98

Copper * ~ Streams in undeveloped areas
~ - ~oo ~ ~ Streams in agricultural areas-- I00

loo loo . . -TI]- . ~ 13. ~ Streams in urban areas
-- 100 "~| 1 ~ Streams in mixed-land-use areas

1~){~ 109~ ~F :} -- 75th percentile

Lead *
- - - 25th percentile

Algal stat~s indicator-- i00 ~ 1
-- i00

~
1 Undeveloped

I00 98 13" Agricultural

Mercury" Urban
i Mixed-- 71 --

- - 82 --- I 1 Invertebrate status indicator
97

~
1 Undeveloped

1[~(~ 93 23. Agricultural

Nickel " "" Urban
¯ - "2 ~ l Mixed

-- I00
-- 1O0 ~ j O 10 20 30 40 50 60 70 80 90 100

!00 i00 ~e~.mm~ I3

Selenium "
-- 99 -- J ’
-- i00 ~ i ’Fish status indicator

i00 98 __ 13. Undeveloped
-- 100 .~-~.~- 1 Agricultura~

i00 i00 ~ I ~3 Urban
I I I f I I I Mixed

ooi o,I i 1o 1oo I,OOO I0,OOO

(Fish tissue is wet weight, Deal sediment is dry weight)
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POINTS OF CONTACT AND ADDITIONAL INFORMATION
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Lake Erie-Lake Saint Clair Drainages: National NAWQA Program:

USGS State Representative Chief, NAWQA Program

U.S. Geological Survey-Water Resources Division U.S. Geological Survey-Water

6480 Doubletree Avenue Resources Division

Columbus, Ohio 43229-1111 12201 Sunrise Valley Drive, M.S. 413

e-mail: shindall@usgs.gov Reston, VA 20192

http://oh.waterousgs.gov/nawqa/ http://water.usgs.gov/nawqa/
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Mississippi Embayment (Circular 1208)
Ozark Plateaus (Circular 1158)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)
Red River of the North Basin (Circular 1169)

Front cover: Marblehead Lighthouse, a symbol of Lake Erie, located on the Marblehead Peninsula, near Sandusky,
Ohio. (Photograph from Ohio Lake Erie Commission, Toledo, Ohio).

Back cover: left, waterways such as the harbor of the Ashtabula River, Ohio, are used for industry, commerce, and
recreation; right, country roads and small farms are still common in some areas.
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Lake Erie-Lake Saint Clair Drainages that
emerged from an assessment conducted between 1996 and 1998 by the U.S. Geological Survey (USGS) National
Water-Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and
compared to conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are also
explained in the context of selected national benchmarks, such as those for drinking-water quality and the protection
of aquatic organisms. The NAWQA Program was not intended to assess the quality of the Nation’s drinking water,
such as by monitoring water from household taps. Rather, the assessments focus on the quality of the resource itself,
thereby complementing many ongoing Federal, State, and local drinking-water monitoring programs. The compar-
isons made in this report to drinking-water standards and guidelines are only in the context of the available untreated
resource. Finally, this report includes information about the status of aquatic communities and the condition of in-
stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concems of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Lake Erie-Lake Saint Clair
Drainages assessment. Residents who wish to know more about water quality where they live will find this report
informative as well.

Lake Erie-Lake Saint Clair Drainages

NAWQA Study Units
Assessment schedule

m 1991-95

~-~ 1994-98

m 1997-2001

~ Not yet scheduled

i ¯ ’" - \, ~ High Plains Regional
¯ \, G round Water Study,

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major fiver basins and ground-water systems. Better understanding facilitates effective resource management, ac-
curate identification of water-quality priorities, and successful development of strategies that protect and restore wa-
ter quality. Guided by a nationally consistent study design and shaped by ongoing communication with local, State,
and Federal agencies, NAWQA assessments support the investigation of local issues and trends while providing a
firm foundation for understanding water quality at regional and national scales. The ability to integrate local and
national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Lake Erie-Lake Saint Clair Drainages is one of 51 water-quality assessments initiated since 1991, when the
U.S. Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36 assess-
ments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments cover
about one-half of the land area of the United States and include water resources that are available to more than 60
percent of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Stream and River Highlights
Water quality in the Lake Eric-

Lake Saint Clair Drainages is greatly
influenced by land use and human ,oo
activities. A major pathway for con-
taminant transfer from the land sur-

_f. ~-~
face to streams is storm runoff from :-~
urban and agricultural areas. ~.~.. ....

As a result of herbicides in runoff, EXPLANATION
concentrations in streams were in the .~. -, " -. ~970,s t.~ND USE UPDATED..2 ,{..i. ""- . ¯ WfTH 1990 POPULATION DATA
top 25 percent of streams nationwide
and man)’ public-water supplies must.t._~,~ ~z,~    ¯ FIND& ,,_:, ~ Urban

.. zd,~ o , ,s. ~ Recent residentialtreat stream water to reduce herbicide ? "-I ’ .~I~M,~_ ¯ ~.~:) ~ Forest
concentrations. As a result of nutri- "-,.: .... ’~" ~ ~ i " " 0 20 40 60 M~LES ~2 Open water

~ ~ " ~’ ~ Wetlands
ents in runoff, concentrations of total ~ ~,,~ 0 20 40 60 KILOMETERS

Land use in the Lake Erie-Lake Saint Clair Drainages was predominantly agricul-
phosphorus and nitrate in some small tural and urban. This level of human activity has had substantial effects on water
streams in agricultural areas and in quality in the region.

major rivers were in the top 25 percent of streams
Indicators of Stream Quality nationwide. Concentrations of nitrate, although ele-

Small streams Major rivers rated relative to many other streams in the Nation,
Pasture/ were infrequently greater than the drinking-water stan-Urban Row crop forest      Mixed

dard of 10 milligrams per liter.
Pesticides’

~ @ @ Contamination of the bed sediments of small
streams and major rivers by persistent and bioaccumu-

Total
~ ~ O~ lative contaminants was prevalent. The highest con-phosphorus ~

centrations of PCBs (polychlorinated biphenyls) and
Nitrate3

~c ~ ~ ~ mercu~ were detected in streams draining highly pop-
ulated urban and mixed land-use areas. Detections of

Arsenic"
O ~ ~ contaminants in fish tissues indicate bioaccumulation;

in fact, bioaccumulation of PCBs and DDT in some
Other trace
elements~ ~ ~ @ ~ fish species presents a health risk to fish-eating wild-

life.

hydrocarbonss ° The pesticides detected most frequently were among those
Poiychiorinsted (~

(~ (~ ~
applied in the greatest quantities to agricultural and mixed

biphenylss land-use areas. The herbicides atrazine, acetochlor, cyana-
zine, metolachlor, and simazine were detected in 50 to 100

~ Percentage of samples with concentrations equal to or percent of samples. (p. 6)
greater than a health-related national guideline for
drinking water, aquatic life, or above a national goal for
preventing excess algal growth (a Percentage is 1 or ¯ Several heavily used herbicides and insecticides were de-
less and may not be clearly visible.) tected in spring and summer at or above a standard for drink-

~ Percentage of samples with concentrations leas than a ing water or a guideline for aquatic life. Elevated pesticide
health-related national guideline for drinking water, concentrations in streams persisted for 4 to 6 weeks after ap-
aquatic life. or below a national goal for preventing plications in agricultural and mixed-land-use areas. (p. 8)
excess algal growth
(b Percentage is 1 or less and may not be clearly
visible.) ° Annual average concentrations of total phosphorus were

[----] Percentage of samples with no detection greater than the U.S. Environmental Protection Agency rec-
(c Percentage is 1 or less and may not be ctearly ommended level for control of nutrient enrichment at 8 of 10visible.)

sites sampled in small streams and major rivers draining ag-
2 Total p~ospnorus, sampled in water, ricultural and mixed-use land. Streams draining row-crops
3 Nitrate (as nitrogen), sampled in water and mixed-use land are major pathways of phosphorus to
5 Industnal chemicals, combustion byproducts, and polychlorinated Lake Erie. (p. 10)

biphenyls sam#led in sediment

Summary of Major Findings 1
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¯ Contaminants detected most often in the bed sediments of most other agricultural areas of the Nation. This observation
small streams and major rivers were arsemc, cadmium, cop- partially supports the belief that till or tile drains protect the
per, lead, mercury, zinc, PCBs, and PAHs (poiycyclic aromat- aquifer from contamination. Nevertheless, the ground water
ic hydrocarbons). The concentrations of arsenic, mercury, is still vulnerable to contamination; almost 60 percent of sha!-
PCBs, and PAHs were equal to or greater than sediment low ground water contained herbicides or elevated concen-
guidelines, indicating probable adverse effects on aquatic trations of nitrate. Herbicides were predominantly detected as
life, in about 11 to 30 percent of samples. (p. 13) breakdown products. (p. 20)

¯ The most frequently detected contaminants in fish were ¯ In residential and agricultural areas, samples from domestic
highly persistent contaminants--DDT, chlordane, dieldrin~ wells met health-related drinking-water standards. However,
PCBs, and mercury. Except for mercury, use of these corn- ground water affected by human activities was detected at
pounds in industry and agriculture in the United States was depths below 25 feet, the minimum required depth for wells
discontinued 15 to 25 years ago. (p. 14) in Ohio and Michigan. (p. 19)

¯ Agricultural land use appears to be affecting fish communi- Major Influences on Ground-Water Quality
ties in streams draining areas of row-crops. As the amount of
row-crops increased relative to forested land, the number of ¯ Septic systems, roads, and lawns in residential areas
pollution-intolerant fish species decreased. It appears that ¯ Herbicides and fertilizer in agricultural areas

pollution-intolerant fish can live where agriculture is the pri- ¯ Geology, especially deposits at land surface
mary land use when streams are protected by natural cover. ¯ Well depth and ground-water age
(p. 17)

Trends in Ground-Water Quality
Major Influences on Surface-Water Quality and A significant change in ground-water quality is
Aquatic Biota linked to recent residential development near Detroit.
¯ Storm runoff Ground water recharged before 1953 (which predates
¯ Land use and chemical releases suburbanization) has concentrations of chemical con-- Bioaccumulative and persistent contaminants

stituents typical of natural water. In contrast, ground
water recharged after 1953 has significantly higherTrends in Surface-Water Quality
concentrations of constituents derived from human

Suspended-sediment discharges from the Maumee activities.
River Basin decreased by 11.2 percent over the period
1970-98 and corresponded to increased use of conser-
vation tillage to control soil erosion. Indicators of Ground-Weter Quality

Shallow ground water Domestic-supply
wells

Ground Water Highlights Urban Agricultural
The glacial aquifer is the major source of drinking

water in the northwestern part of the study area. In this Pestloiaes’ ~)
~ ~

area, ground-water quality is affected by a combina- Nitrated (~
(~ ~tion of human and natural factors. Land use deter-

mines which chemicals are used; how readily these Volatile ~ -- ~
chemicals are transported to the ground water is °rganics3

affected by geology. I Percentage of samples with concentrations equal to
or greater than a health-related national guideline for
drinking water.

¯ In residential areas underlain by sand and gravel, more ~ Percentage of samples with concentrations lees than
than 75 percent of ground water recharged since 1953 health-related national guideline for drinking water.

shows evidence of human activities in the form of nitrate, 7--] Percentage of samples with no detection.
chloride, or volatile organic compounds (VOCs). Probable -- Not assessed.
sources are (1) septic systems containing human waste and ’ Insecticides, herbicides, and herbicide metabolites, sampled
household chemicals, (2) road salt and gasoline residue in water.

~ Nitrate (as nitrogen), sampled in waterfrom paved surfaces, (3) waste from water softeners, or (4) 3 Solvents, refngerants, fumigants, and gasoline compounds,lawn fertilizer. Pesticides were rarely detected. (p. 18) sampled in water.

¯ In the agricultural study area, which is underlain by till, ni-
trate and herbicides were detected less frequently than in

2 Water Quality in the Lake Erie-Lake Saint Clair Drainages
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INTRODUCTION TO THE LAKE ERIE-LAKE SAINT CLAIR DRAINAGES

Major water-quality issues land area is in agriculture, 11 per-Erie, Pa.; and Buffalo, N.Y., were
cent is urban land, 11 percent is historically significant contribu-

Streams and aquifers in the Lakeforest, and 3 percent is open watertots to industrial America through
Erie-Lake Saint Clair Drainages

or wetlands. (See land-use map inthe production of automobiles, rub-
stud?’ area provide water for 10.6 summary section.)                   bet, steel, petroleum, and chemi-
million people. The major water- Corn, soybeans, and wheat are cals. These cities remain important
quality issues in the study area are
similar to those Ihcing the rest of

grown predominantly in the west- industrial and manufacturing cen-

the Nation. Natural-resource man-
enl part of the basin (fig. I). Otherters. Major urban centers rely on

agers are interested in the effects of
agricultural land uses include pas-abundant supplies of water for

urban and agricultural land use on
ture and tbrage crops, grown pre- shipping, electric power genera-

the quality of surface water and
dominantly in the eastern part o{" tion, industry, domestic consump-
the basin (fig. 2). Orchards and tion, and waste assimilation.

ground water, specifically: vineyards, located mainly along the Forest and wetlands, once com-

- pesticide and nutrient contamination shores of Lake Erie and in parts ofmon throughout the basin, have

of stream water used for public sup- Michigan, is the least widespreadbeen greatly reduced since the mid-
ply type of agricultural land use. I S00s. The greatest percentage of

¯ nutrient enrichment and sedimentation Urban land is an important com-forested land today is in Pennsylva-
in streams and subsequent effects on ponent of land use in the basin (fig. nia and New’ York. Metropolitan
aquatic biota

¯ impairment of aquatic life from bioac- 3). Detroit and Pontiac, Mich.; parks also support substantial

cumulation of organochlorine corn- Akron, Cleveland, Lima, and urban forests. Wetlands lie prima-

pounds and mercury Toledo, Ohio; Fort Wayne, Ind.; rily along Lake Erie and Lake Saint
¯ consumption advisories for certain fish

due to bioaccumulation of PCBs and     ,
mercury

¯ degradation of ground water used for
domestic supply in areas of new resi- Figure 1. Agriculture is a major in-
dentiai development and areas of dustry in the western part of the ba-
row-crops sin, where corn and soybeans are

grown. (Photograph from Natural
Environmental setting and Resources Conservation Service.)
hydrologic conditions

Lake Erie is the l lth-largest
t’reshx~ ater lake in the world. About
two-thirds of the Lake Erie water-
shed is in the United States, and is
referred to as the Lake Erie-Lake
Saint Clair Drainages. (For sin> Figure 2. Pasture and forage crops ..... .:~.~,. _:=.., ~ :_.~

are found in the eastern part of theplicity, this area will be referred to
basin.

as the "’basin.") This 22,300-
square-mile area includes sections
of Michigan, Indiana. Ohio, Penn- a
sylvania, and New York. The land
surface is gently. rolling to nearly
fiat lying. Eight major rivers, all Figure 3. The port of Toledo, Ohio,
with drainage areas greater than on the Maumee River exports large
500 square miles, flow into the svs- amounts of grain from Midwestern

" farms. Toledo is an industrial center
ten1. for automobile manufacturing, (Pho-

tograph from Ohio Lake Erie Corn-
Land use mission.)

In the Lake Erie-Lake Saint Clair
Drainages, about 75 percent of the

Introduction to the Lake Erie-Lake Saint Clair Drainages3
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for 71 percent of the water use.
Public and domestic supply
account for 17 percent, and indus-
try and mining account for 10 per-
cent of the total use. Normal
precipitation is generally adequate
for agriculture, so irrigation
accounts for less than 1 percent of
water use.

FXPLANAr~ON Of the more than 1.8 billion gal-
/ SURFICIAL GEOLOGY Ions per day used for public and

~1~ Sand and gravel
~, mm Clay and silt domestic supply, about 88 percent

~ Till is from surface-water sources.41’-’/. ~ water, exposed bedrock.other Mostof the major cities are near’~. o ~o 4o ~0M~LES
L_~,~-. o ~o 40 eo ~oM~e~s Lake Erie and Lake Saint Clair and

Figure 4. Glacial deposits throughout the basin influence the quality and flow of therefore derive their water from

surface water and ground water, the lakes or their co~ecting chan-
nels (fig. 6). Major rivers are an

Clair ~om Detroit, Mich., to of gain sizes. Tills in the Lake impo~nt source of drinking water
Sandus~, Ohio. Erie-Lake Saint Clair Drainages for inland cities such as Fo~

contain a high
Geology content of clay,

A layer of glacial deposits from which slows infil-

20 to 200 feet thick mantles the tration of rainfall ~., Su~ace Water

entire basin and overlies limestone,into the ~ound.

sandstone, or shale bedrock. The
glacial sediments consist of sand Water use

and ~avel, till, and fine-~ained More than 10.6
sediments composed of fine sands, billion gallons of ~ ..... ~-~_.~ ~" ~ ~ r~

- ~ ""o ~ ~ EXP~NATIONsilts, ~d clay (fig. 4). Sand and water is used each ~ ~    ¯ . ~ ~ ¯ "~; POPU~TION SERVED
~avel are present as discontinuousday in the basin ~ ,~ ,      . ...... ¯. ,~. o~ .       ~,,,,,,,a~.
deposits in river valleys and in the (fig. 5). Cooling ~’ ; " ¯ ~ "~-~ ¯ ~o,~-~,~
western pa~ of the basin.The most during power gen-
widespread deposit is till, a mix~e eration accounts

~ ~ Ground Water

~ Sunace water
% of to~l withdrawals

m O 17"/. ~ ~) ~" ~~-. ,- m ? " EXP~NATION
~ ~ 10% LB~ ~an L.~. ¯

,.. ~, ~ a
, ~ ~ POPU~TION SERVED

Figure 6. Many public-water supplies with surface-water
sources are near Lake Erie or major rivers, whereas public-

Figure 5. Water withdrawals in the basin are water supplies with ground-water sources generally are some
dominated by thermoelectric power production, distance from the lake and major rivers.

4 Water Quality in the Lake Erie-Lake Saint Clair Drainages
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,~ others, 1997). During low stream-
~ ~ flow, ground water typically con-

83.~

s ~ tributes most of the flow.
,3.) ~" Mean monthly streamflows for

~-, 81- , the Maumee River at Waterville,

s ...."
. ., ¯ Ohio, at the west end of the basin,

--. f./~ 82" / /--j ~ L. ~ exceeded the long-term averages

¯/ ~._ _ ~ .vg.~.~.~.~ o~¢,
by a factor of 2 or more for some

,.,~.~ ,,!’,,"--------~i ?~,~ /;-" months in 1997-98 (fig. 8). Over-+.. /" ’.,. ,., ..~" ~ ’
8s))-. .........o.,o ~ )~-~..x_ / f .~" EXPLANATION all, the mean annual streamflow in

¯ ~’~:: ~    ~ / dEPARTUrES ~OM the Maumee River was 25 percent
r ~ " ’" ~ ~ ,, ~ a0-¥~A~ ~EA~

above average during the sampling~ j ~ ANNUAL, IN INCHES
?~ d,’,¢ ~¥~ ÷ 13, :-~ ..... r-,r’..’~ t ,+ period. For Cattaraugus Creek at
,,~r-" ~ :~. z - Gowanda, N.Y., at the east end of
~" ’% ~!i’: .... "~ ’-.--~,    ¯ .... the basin, mean monthly stream-

’’""-,.d: .f"}..... -~ flow during 1996-98 closely fol-
lowed the long-term average (fig.

Fioure 7. Departures from 30-year mean annual precipitation patterns for water8). In most areas of the basin,years 1996-98, based on data from 133 weather stations. higher than average streamflows
were obser~,ed in water years

Wayne, Ind., and Akron and Lima, received slightly less than the mean 1996-98.
Ohio. (fig. 7). Increased streamflow tends to

About 12 percent of water for The highest streamfiows are typ- carry higher concentrations of
human consumption comes from ically in February, March, and materials associated with land-
ground water. The cities that use April, as a result of increased pro- surface runoff. Low streamflow
ground water as their major source cipitation, cold temperatures and conditions tend to increase concen-
of drinking water are generally little vegetative growth. The lowest trations of materials associated
inland (fig. 6). The most productive streamflows are in August, Sop- with industrial and municipal dis-
aquifers are in glacial deposits and tember, and October (Casey and charges or ground water.
limestone and sandstone bedrock.

Hydrologic conditions

Average annual precipitation
across the basin ranges from 28 to
47 inches. Precipitation is highest
in the northeast because of lake
effect, whereby cool, dry air picks
up moisture as it travels over

lake water and then pro- ~ 2,44~f Cattaraugus Creek at Gowanda, N.Y.warmer
duces rain or snow as it reaches
land. The lowest amounts of pro- q
cipitation are in the northwestern
part of the basin in Michigan. Dur-
ing the study, annual precipitation ,~ o o N imd F M A M J J A S 0 N D J F M A M J J A S 0 N D J F M A M J J A S

was 4 to 5 inches above the 30-year
~ Mean monthly streamflow, water years 1996-98

mean annual. Some areas received -- Long-term mean monthly streamflow, 50+ years
13 inches of precipitation above the
mean, and a few isolated areas

Fi0ure 8. Mean monthly streamflows during water years 1996-98 greatly
exceeded long-term averages in some months.
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MAJOR FINDINGS

The quality of streams and
ground water in the Lake Eric-Lake 2.500,000
Saint Clair Drainages is affected by 2.000,000
a complex combination of natural ~ ~.500,000
factors (precipitation, streamflow, u~ 1.000.000

geology) and human factors (land ,,, 5oo.0oo
o

were targeted tbr investigation ~ e ~" -because they have pa~icular corn- ~ <
binations of natural and human lSc- ~ ~ 8.ooo
tors. (See Appendix for details.) A ~ INSECTICIDES~ ~ 6.000
primau factor that was found to z 4,000
influence water qualiu was land 0
use, and this factor is emphasized ~ 2,0o0

throughoutthe repot.

Pesticides were detected in o~e~ o
evew stream sample

Between March 1996 and Febm-
aW 1998,305 samples were col- Figure 9. A total of nearly 8.~ million pounds ot pesticides ~ ¯

leered from 10 streams in the basin, was applied in the agricuitural areas of the Lake Erie-Lake
Saint Clair Drainages during 1994-95. (Data from Brody

Eve~ sample contained at least and others, 1997.)
one pesticide, and most contained
mixtures of several pesticides. Mere pesticides were deteded streams and rivers that drain areas
Some samples contained a mixture in large streams than small of mixed land use (urban and agri-
of 18 pesticide compounds, which streams. Overall, 30 different pes- cultural) than in smaller streams
is among the highest number of ticides were detected within the that drain basins dominated by a
pesticides detected in a sample basin. The number of pesticides single land use.
nationally, detected was greater in large

EXPLANATION
Atrazine Row-crop

Deethylatrazine herbicides
Cyanazine .,. I Urban and
Acetochlor agricultural

Alachlor herbicides

M etribuzin I~ Insecticides

Unuron
Simazine

DCPA I I ¯ I
Prometon

2,4-D ~ ~
Tebuthiuron I ¯

Diazinon I I
Chlorpyrifos I I ¯ I

Carbar,]l I, I , I , I , I ,    I I , I , I , I I , I , I , I ~ I , I , I ,
0 20 40 60 80 1000 20 40 60 80 100    20 40 60 80 1000 20 40 60 80 100

RowCrop                  Urban                 Pasture/forest                Mixed
PERCENTAGE OF DETECTIONS

Figure 10. Metolachlor, atrazine, deethylatrazine, cyanazine, and simazine were the most frequently detected
herbicides. Diazinon, chlorpyrifos, and carbaryl were the most frequently detected insecticides.

6 Water Quality in the Lake Erie-Lake Saint Clair Drainages
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The pesticides most
frequently detected in

40 K J ATRAZlNEstreams were generally those z rr Maximum 85 #g/I
most heavily applied o

Pesticide applications to crops in ~ ~
~ IX,

the Lake Erie-Lake Saint Clair o
Drainages are among the highest
nationwide. The five most heavily

~ ~O 0.3 --~" Auglaize River (row-crop basin) DIAZINONapplied agricultural pesti- _
cides--metolachlor, atrazine, m~ .~ ~ ~ Clinton River (urban basin)

alachlor--were also among the 0.1
most frequently detected (figs. 9 0 ’-----
and 10). atrazine was detected in

M’-A M~J J A"~J

every stream-water sample col- ..
1996 1997

lected during 1996-98 (fig. 10).
Metolachlor was detected in 99 Figure 11. The concentration of atrazine was higher in streams

draining row-crops, whereas the concentration of diazinon was
percent of samples, and simazine higher in streams draining urban-land use.
was detected in greater than 80 per-
cent of samples, regardless of land .............................................
use (fig. 10). Two pesticides that st. Joseph River near Newvilte, Indiana

3                                                                    6,000are heavilv used in the basin were
not analyzed for in this study: (1)
glyphosate, an herbicide used in
agricultural and urban areas, and
(2) endosulfan, an organochlorine
insecticide, which was analyzed for
in streambed sediment but not in
water,                                   g _z                                                 _z

oPesticides detected more fre- A M a a A S O N D J g U A
quently in urban than in agricul- 1997 1998

tural areas include the herbicide Figure 12. Metabolite concentrations for alachlor, as well as acetochlor
prometon and the insecticides diaz- and metolachlor (not shown), were greater than parent compounds for
inon and chlorpyrifos (figs. 10 and much of the year.
11 ). Chlorpyrifos (Dursban), which
was detected in 22 percent of the nearly 35 percent of all streambed
samples, was recently restricted for sediment samples (fig. 19, p. 13). triazine and acetanilide herbicides

and their metabolites were inten-residential and commercial use by Pesticide metabolites were sively sampled for at one site, thethe U.S. Environmental Protection
Agency (USEPA). frequently detected St. Joseph River near Newville,

Historical-use pesticides are Little is known about pesticide Ind. Here, the metabolites oftriaz-
seldom detected in water. Aldrin metabolites (breakdown products) ine compounds, like atrazine,
and DDT are organochlorine insec- on a watershed level. After applica- showed the same seasonal pattern
ticides banned in the mid-1970s, tion, most pesticides adsorb to soil,and relative concentrations as par-
Their metabolites (dieldrin and infiltrate to ground water, volatil- ent compounds. In contrast, con-
DDE) were each detected in about ize, or break down to a metabolite centrations of the acetanilide parent
1 percent of stream samples. In (Larson and others, 1999). Deethy- compounds--alachlor, acetochlor,
contrast, total DDT was detected in latrazine, a metabolite of atrazine, and metolachlor--were lower than

was detected in every sample col- those of their metabolites for most
lected during 1996-98. Additional of the year (fig. 12).

Major Findings 7
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No benchmarks for metabolites "
have been set to protect human 251 ~ : ’ , ; , , i I , , , I , , , I , ’ [ I , i [ ~ [ i , [ 10,000
health or aquatic life, but some z ~- ~ ~, ~ STREAMFLOW
metabolites are believed to be as o "’ 2oI

! ....
¯ .... ArR~Z,NE 8.000

toxic as parent compounds (Day, "~ ~ ’
1991). Because rrietabolites may ,,z, ~ 15 . 8.000 o
account for a significant amount of z~ ~ : -~-~ "’

o<               ’the total pesticides in the environ-

_~ ~ 10

i 4,000
ment, they are considered a water- ~ _
quality concern. ~ c~

_~rr’ ~ 5 Level 2,000
z

Pesticide concentrations in -
streams are related to land 0 MAMJ J ASOND J FMAMJ J ASOND J FMAMJ J AS’0

use, rainfall, runoff, and 1996 1997 1998

season
Figure 13. Pesticides such as atrazine show a seasonal trend with streamflow, as

Herbicide concentrations were shown for the St. Joseph River near Newville, Ind. Differences in the amount and
highest in streams draining row- timing of precipitation affect the concentrations, as illustrated by the differences
crops followed by streams draining between the wet years of 1996-97 and the dry year of t998.

mixed-use and urban ]and, and
were lowest in streams draining tochlor--were detected tbr Table 1. Annual and seasonal time-weighted
pasture!forested land. Atrazine was 4 to 6 weeks after rainfa]] average concentrations of atrazine at I 0

and runoff in the spring      stream sites in the Lake Erie-Lake Saintdetected at the highest concentra-
and early summer (fig. 13, Clair Drainages, 1996-98tions, as high as 85 lag/L (micro-

grams per liter), in streams table 1 ). Pesticides used

draining row crops and at much mostly in urban areas, such

lower concentrations in streams as prometon and diazinon, Concentrations of
atrazine

draining urban land (fig. 11). are typically applied in late

Rainfall and runoff affected the summer, and this is when Site and primary Annual May- July
average average

concentrations of atrazine in the the highest concentrations land use (lab/L) (lag/L)
wet years of 1996-97 compared to were detected in streams ROW-CROP LAND USE

the dry year of 1998 in the St. (fig. 11). River Raisin, Mich. 0.04 0.09

Joseph River near Newville, Ind. Pesticide
auglaize River, OhioI 2.4 8.9
Black River, Mich. 0.91 3.0(fig. 13). In 1996, streamflow was concentrations in
St. Joseph River, lnd! 1.6 5.5330 to 340 percent above average streams have public-

in May and June; in 1997, stream- health and economic PASTURE/FOREST LAND USE
flow was 103 to 129 percent above consequences Cattaraugus Creek, N.Y. 0.04 0.1 1

average in May and June; and in Grand River, Ohio 0.53 1.3
When concentrations of URBAN LAND USE1998, streamflow was only 36 to

78 percent of the average. The a contaminant in stream Clinton River, Mich. 0.04 0.08

median atrazine concentration water are greater than a MIXED LAND USE

detected in the stream was 0.40 Maximum Contaminant Cuyahoga River, Ohio 0.10 0.24

gg/L in 1996, 0.45 gg/L in 1997, Level (MCL), treatment Maumee River, Ind! 2.8 10.1

and 0.14 gg/L in 1998. might be needed to reduce Maumee River, OhioI 2.6 9.3

Herbicide concentrations in the concentration (Box 1 ). Bold indicates concentranon ~s greater than the
The time-weighted aver- USEPA’s aquatic-life gmdeline for atrazine of 1.8streams are typically highest

after application and steadily age annual concentrations micrograms per liter.
of atrazine were not greater I Stream is used as a source of drinking waterdecrease thereafter. Elevated con-

centrations of the most heavily than the drinking-water ,~,,,.t~.~.~ ........._ :~. .......:.~,..~_~.

used herbicides--metolachlor, standard, or MCL, of 3

atrazine, cyanazine, and ace- gg/L at any of the 10

8 Water Quality in the Lake Erie-Lake Saint Clair Drainages                       R0024206



Box 1--What concentrations of pesticides are considered safe in drinking water?
The USEPA sets drinking-water standards, or Maximum Contaminant Levels (MCLs), and health advisory-lifetime quide-
lines (HALs) for drinking water, to protect human health. The MCL is the maximum permissible concentration of a con-
taminant in water delivered to any user of public water systems. MCLs are enforceable standards and are based on an
average annual concentration taken from quarterly samples of finished drinking water. HA (Health Advisories) are nonen-
forceable, risk-based guidelines. Health advisories indicate contaminant exposures below which no short- or long-term
adverse human-health effects are expected, based on drinking a specific amount of water for a specific period of time. Risk
of illness increases with exposure time and concentration. This report lists only HALs, which are based on a lifetime of 70
years. Standards and guidelines to evaluate the potential adverse effects of pesticides have limitations: (1) Few standards
and guidelines have been set for pesticides; of the 88 pesticides analyzed in this study, only 14 MCLs and 38 HALs have
been established. (2) Drinking-water standards are based on toxicity tests on a single pesticide and do not evaluate the addi-
tive or synergistic effects of multiple pesticides. (3) The standards and guidelines do not address possible effects of pesti-
cides on endocrine systems of humans (Nowell and Resek. 1994; Larson and others, 1999).

stream sites sampled during 1996-during 1996-98 ..........
98 (table 1). The values from May-(Kelleher, 1999).
July, however, were greater than zo

PRIMARY ~NO USE

the MCL at five stream sites (table Another <~ m Pasture/forest --

1),indicatinganeedforsource_ consequenceof ~2°-urban

water treatment during that period heavy pesticide x~
~

l-~ Row crop

to remove the pesticides, use is the ~ 10 ~ Mixed
Many large water-treatment potential effect ,,=,

facilities that withdraw surface on aquatic life .~ 1-]
water (other than Lake Erie) use Of the 10 streams z~ 0 ~ ¯ "

~.~ .# .# .# .# ,~,..# ,o.~ .,~activated-carbon filtration during sampled, 8 had pes-
the spring to meet drinking-water ticide concentra-
standards. In areas of heavy pesti- ions, in single o
cide use, specialized treatment maysamples, in excess
be necessary year round. For exam-of one or more

Figure 14. The greatest number of concentrations ofpie, the Fort Wayne Water-Fittra- aquatic-life guide- pesticides affecting aquatic life were detected in streams
tion Plant uses activated carbon all lines (fig. 14) (Frey, draining row crops and mixed-use land.
year. The annual cost of the treat- in press). Concen-
ment chemicals at Fort Wayne is trations in excess of

most frequently greater than guide-
approximately $210,000, about 40aquatic-life guidelines were

lines. The time-weighted averagepercent of this amount being spent detected for the herbicides atrazine, concentration of atrazine, forfrom April to July (Doug Pooler, metolachlor, cyanazine, and
Fort Wayne Water Filtration Plant, metribuzin, and for the insecti-

example, was in excess of the 1.8-
gg/L guideline at 3 of 10 sitesoral commun., 1999). Even with cides chlorpyrifos, carbaryl, and
annually and at 5 of 10 sites duringcarbon treatment, some treated diazinon. Heavily used corn-

drinking-water samples tested for pounds--metolachlor, atrazine,
May-July (table 1).

atrazine were in excess of the MCL cyanazine, and metribuzin--were
the compounds with concentrations

Box 2--What concentrations of pesticides are considered safe for aquatic life?
Several agencies, including the USEPA, Environment Canada, and the [JC (International Joint Commission), have set guide-
lines to protect aquatic life. These guidelines are designed to prevent adverse short-term (acute) and long-term (chronic) ef-
fects on aquatic life. The aquatic-life guidelines or benchmarks developed by USEPA are based on 4-day average
concentrations, are intended to protect 95 percent of the aquatic species, and should not be exceeded more than once in 3
years. The Canadian and IJC aquatic-life guidelines, which are more stringent than those of the USEPA, indicate a single
maximum concentration that should never be exceeded. Aquatic-life guidelines have been developed for only 18 pesticides.

Major Findings 9
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Because the amounts of fertilizers and herbicides applied to agricultural areas are among the highest in the Na-
tion, concentrations of nutrients and herbicides in stream water also are comparatively high at 8 of 10 streams
sampled during 1996-98. In eight streams draining agricultural and mixed-use land, average annual concen-
trations of total phosphorus were in excess of the 0.1-mg/L (milligram per liter) guideline recommended by
USEPA to reduce stream eutrophication (fig. 15). In four streams, phosphorus concentrations were in the upper
25 percent of all streams sampled nationwide by NAWQA, as were nitrate concentrations in six streams. In two
streams that serve as source waters for public supply, nitrate concentrations in a few samples were detected in
excess of the drinking-water standard. Although total phosphorus concentrations appear to be relatively highl
the work of other investigators has shown that concentrations of total phosphorus were 40 percent lower in
1995 than in 1976 (Baker and others, 1998). In two of the streams where nutrient concentrations were in the
upper 25 percent range on a national basis, average annual concentrations of herbicides were in the upper 25
percent as well. Mixtures of pesticide compounds were found in every stream sample and a total of 30 different
pesticides were detected. In one sample, 18 different pesticides were detected. This sample contained more pes-
ticide compounds than 98.5 percent of all the samples collected at 343 sites across the Nation during 1993-98.

Runoff from agricultural land decay on the bottom water of the to reduce phosphorus inputs to the
to streams is an important lake (Herdendorf, 1986). By 197!, lake. Actions taken to reduce phos-
pathway of phosphorus to it was well known that the major phorus included a limit on the
Lake Erie sources of phosphorus to the lakephosphorus content of detergents, a

were sewage, laundry detergents,limit of 1.0 mg/L in dischargesIn the 1960s, Lake Erie was con-
sidered "dead" from the excessiveand fertilizers. The Great Lakes from sewage-treatment plants, and
growth and decay of algae and theWater-Quality Agreement (Interna-a total load limit for Lake Erie of
oxygen-depleting effects of this tional Joint Commission, 1994) set11,000 metric tons per year (Inter-

goals for United States and Canadanational Joint Commission, 1994).
Having achieved the point-source
reductions over the period 1968-92EXPLANATION

STREAMTYPE . (Litke, 1999), the focus shifted to
B Urban land use , B~ ,L~,,, ~i reducing nonpoint sources of phos-
~ Mixed land use %__ ...~.,.~ ,o.,. ~. phorus.

._-, .~- .-~ ,~o,~2..,~ A sustained focus on reducing

-LN ,, .. ..... ----"k~. .... /( a nonpoint sources of phosphorus to
.~ ~ .o~.,’~~ °: -’~- Lake Erie has continued because

.~ ~.~ ,~,~o~g,’~.. ~*,~’~"~ /~" [.. ~: AVERAGE ANNUAL CONCENTRATION oxygen depletion in the bottom
,q-----~=E’C% =,~_../" / G,~ .2L: OFTOTAL PHOSPHORUS-

." [~ ~ ~ ~_" CL~Vet.~O ~ "~" in milligrams par filer water in some areas occurs inter-
¯ ~: s~,.~o.. ,~ /-.- = "~-a Upper 25 percent (greater than 0.27)

t us
t ~ ~.,~¢~ ,’~ ¯ MiddlaS0pereent(0.0filo0.27) mittently (Bertram, 1993; Litke,

’ "~’d’ "-:~’"’~* ~
® L .... as p .....i (,e~s than 0.0S) 1999). One reason may be that in,,,~ ~.i ~ . ~ / ......,. .... ,~o~..;,
BACKGROUND CONCENTRAnON years with above-average runoff,

I 4- ..... ~../" graater than USEPA desired goal of 0.1 annual phosphorus loads to the lake
. milligram per litar for prevention ofZ..,~-- n=.,.~ ,~ant gro~ ~n,o~,ng*ater. exceed 11,000 metric tons (Dolan,not discharging dir~:tfy to lakes and,rnpoundments                 1993). The excess phosphorus in

wet years is thought to come fromFigure 15. Median concentrations of total phosohorus at 8 of !0 sites in the Lake
Erie-Lake Saint Glair Drainages were in excess of 0.1 millioram per liter, the USEPA nonpoint sources (Dolan, 1993).
guideline to control eutrophication in streams.
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Fertilizers appear to be the !fig. 16). A conclu-
major nonpoint sources of phos- sion is that agricul- 1,~00
phorus to Lake Erie. Greater rural runof]" is all Phosphorus inputs/outputs /

amounts of phosphorus were important non- t600 LAND USE
1 Urban

applied as fertilizers to each square    point source of
1,400 ~ Row crop

kilometer of agricultural and phosphorus to ’" 1 Pa,,uro, ores,
o 1200mixed-use land than to urban-resi- small streams and

dential land in 1996-98 (fig. 16). major rivers and
Phosphorus yields, or the amount that major rivers.

~ ~ ~,000of phosphorus discharged from a like the Maumee
-’r rr BOOstream per unit area of its basin, River, provide a

ranged from 8.2 to 293 kg/km2 direct pathway to 60~
(kilograms per square kilometer). Lake Erie. Durin,~ ~-~
The phosphorus yield from only 1 1996-98, the
of 10 streams sampled during Maumee River

z_ 2001996-98 was in the lower range of contributed an
yields typical of streams flowing average of 24 per- 0
through undeveloped land (Clark cent per year to the .~" .~�~ ~ .~ .~ £~-~ ,~,~" ~ :,~ .~
and others, 2000). Phosphorus l l,000-metric-ton
yields in eight streams were similar limit.
to or slightly higher than the yields In the last few
typical of strea~ns flowing through years, phosphorus
agricultural and mixed-use lands concentrations in
(Gibson and others, 2000). Lake Erie appear

Phosphorus concentrations were to be increasing Figure 16. Unit-area phosphorus inputs to the land surface
highest in the same streams where above levels rec- from fertilizer and manure and unit-area phosphorus out-

yields were highest. Therefore, ornmended in the puts from 10 streams in the Lake Erie-Lake Saint Clair
Drainages, 1996-98.

streams receiving runoff from agri- Great Lakes Water-
cultural and mixed-use lands con- Quality Agree-
tributed greater concentrations and ment (Scott Painter, Environment Lake Erie appears to be warranted
amounts of phosphorus to Lake Canada, written commun., Oct. (Box 3).
Erie than did streams receiving 2000). Continued emphasis on
runoff from urban-residential land managing levels of phosphorus in

Box 3---Recent changes in the food web of Lake Erie-the role of phosphorus and zebra mussels

Concerns about recent declines in some important fish species and the proliferation of zebra mussels, an exotic species, have
prompted a renewed interest in the role of phosphorus in Lake Erie. Zebra mussels (shown in the photograph) were introduced
into Lake Saint Clair in the mid-1980s and quickly became established in Lake Erie. Because of their filter-feeding behavior,
zebra mussels may be affecting fish production in Lake Erie by consuming large amounts of small invertebrates and algae, or
plankton, that are the food for small fish, which in turn are the food of larger game fish like yellow perch and walleye. Recent
decreases in sport- and commercial-fish harvests, proliferation of zebra mussels, and
reductions in phosphorus concentrations in Lake Erie have prompted a renewed inter-
est in how factors such as phosphorus and zebra mussels may be affecting sustainable
fish harvests. Adding more phosphorus to the lake to stimulate algal productivity has
been suggested, but this could result in increased eutrophication of tributary streams
and a return to excessive oxygen depletion in the bottom water of the lake. Further-
more, uncertainties about the response of the lake to phosphorus additions in light of
its changing food web have held back plans to apply such a solution. One thing about
which everyone can agree is the remarkable ability of exotic species to cause unexpect-
ed consequences in ecosystems (U.S. Environmental Protection Agency and Environ- Photograph from Ohio Lake Ede Commission.
merit Canada, 2000).
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Decreases in the amounts of
010

suspended sediment carried
by rivers correspond to ~

m Conservation tillage
Suspended-sediment

increases in farmers’ use of ~$ 005     trendline
conservation tillage

Cropland in the Maumee River
Basin is the largest contributor to
soil erosion and sediment in the
Maumee River (U.S. Department
of Agriculture, 1998), and the river

~_ ~ -oos

is the largest tributary source of .
suspended sediments to Lake Erie

-010
(Myers and others, 2000). Exces- ~970    1975 1980 1985 1990 1995

sire amounts of sediment dis-
charged from the Maumee River to River Basin and elsewhere in northwestern Ohio correspond
Lake Erie diminishes the aquatic to decreases in the amount of suspended-sediment carried
habitats of fish and other organ- by the Maumee River at Waterville, Ohio.
isms. Maintenance of navigation goal of reducing the amount of sed- the amount of suspended sediment.
requires the dredging of approxi- iment dredged from the lower river carried by the Maumee River was
mately 800,000 tons of sediment andits harbor by 15 percent, detected at Waterville, Ohio, near
each year from ~he Maumee River Conservation tillage (fig. 17) is a the mouth (fig. 18), and a 49.8-per-
and Lake Erie at an average annual reduced-cultivation method that is cent decrease was detected in the
cost of about $2.2 million. In being used to decrease soil erosion amount carried by the Auglaize
response to these problems, the and thereby the amount of sus- River near Fort Jennings, Ohio, a
Ohio Lake Erie Commission has pended sediment carried by the tributary stream (Myers and others,
set a goal of reducing suspended Maumee River and its tributaries. 2000). During 1970-98, no trends
sediment in Lake Erie tributaries By maintaining a layer of crop resi- in streamflow at these two sites
by 67 percent (,Ohio Lake Erie due from the past year’s crop on 30 were detected. If conditions lead-
Commission, 1998), and the U.S. percent or more of the soil surface, ing to the downward trends remain
Army Corps of Engineers has set a conservation tillage protects the the same, then the estimated time

soil from the forces of water ero- necessary to achieve the 15 and 67
sign. During 1993-98, about 53 percent reduction goals are 30.1
percent of all crop fields iv the and 205 years, respectively, from
Maumee River Basin and about 50 the reference condition in 1992.
percent of the crop fields in north- One reason for the smaller
western Ohio were planted using downward trend in the Maumee
conservation tillage methods (fig. River compared to that found in its
18). tributary may be related to drain-

Significant decreases in the age-basin size. In the large drain-
amounts of suspended sediment age basin of the Maumee River,
carried by the Maumee and sediment is deposited in small

~_~ Auglaize Rivers over time corre- drainage ditches and streams.
;~2~ spond to increases in conserva- These stored sediments are avail-

tion tillage. Data from previous able for resuspension and transport
studies and new data collected at in subsequent storms.This process,
two sites in the Maumee River as described by Trimble ( 1975,Figure 17. Conservation tillage protects

the soil. (Photograph by Steven Davis,Basin during 1996-98 support this 1999), creates a lag in the response
Natural Resources Conservation Set-conclusion (Myers and others, of rivers to conservation tillage on
vice). 2000). An 11.2-percent decrease in the land.
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Contamination of bed Box 4---How are contaminated sediments evaluated?
sediments may be causing
adverse effects on aquatic Effect levels are screening values used to indicate when contaminant concentra-

life tions in the bed sediments are likely to be associated with adverse effects on
aquatic life. The Threshold Effect Level (TEL) is an estimate of the concentra-

Bed sediments of small streams tion of a contaminant in bed sediment below which adverse biological effects
and major rivers pi-ovide habitat rarely occur and, if so, only in very sensitive species. The Probable Effect Level
for many aquatic organisms but (PEL) is an estimate of the concentration of a contaminant in bed sediment
also ser’¢e as a repository for per- above which adverse biological effects frequently occur. These guidelines were
sistent and toxic chemical contami-developed for the Great Lakes sediments and are used for national assessment in
nants that have been released intothis report. For anthracene and total PAHs, no guideline was available from
the environment or that occur natu-Smith and others (1996), so guidelines developed by Ingersoll and others (1996)
rally. Sediments, once contami- for the Great Lakes were used.
hated, can provide a pathway for
bioaccumulation. Activities such
as dredging of sediments can
release contaminants to the sur-
rounding water.

tOO
Evidence from laboratory tests

90
shows that contaminated bed sedi- [] Percentage of samples in which contaminant

80 was detected
merits can be toxic to aquatic

70 [] Percentage probability of being
invertebrates (worms, clams, and greater than a Probable Effect Level

insect larvae) that are of recre-
ational, commercial, or ecological ~ so
importance. Contaminated sedi- ~ 4o

~ 30ments also can affect the food
20supply required to sustain fish pop-

ulations (U.S. Environmental Pro-
tection Agency. 1997). o

Data collected by the U.S. Geo-
logical Survey (USGS) and other ~,~
public-sector agencies at more than
800 locations from 1990 to 1997 CONTAMINANT

were aggregated and analyzed to
assess bed-sediment contamina- Figur~:l-~.

tions being greater than a Probable Effect Level in bed sediments of smal! streams,
tion. These data show that zinc, major rivers, and lakes, Lake Erie-Lake Saint Clair Drainages, 1990-97.
lead, copper, arsenic, cadmium,
mercury, PAHs (polycyclic aro-
matic hydrocarbons), PCBs
(total polychlorinated biphe-
nyls), DDT, and its breakdown

lines established for the protection in the bed sediments of someproducts are prevalent in bed
sediments, being detected in 30 to of aquatic life (Box 4). Contamina- smaller streams. Samples with

100 percent of samples (Rheaume tion of bed sediments with mercury detection limits higher than

and others, in press) (fig. 19). and PCBs was greatest in nearshore Threshold Effect Levels (TELs)

Concentrations of mercury and areas of Lake Erie, in Lake Saint (open circles, figs. 20 and 21) were

PCBs (figs. 20 and 21) exceeded Clair, and in major rivers that flow not useful for assessment purposes.

Probable Effect Levels (PELs) in through urban areas with industry Lower detection limits would have

11.8 and 22.4 percent of samples, and populations over 100,000. made these data’more useful.

respectively. PELs are the guide- Concentrations of arsenic, DDT,
and chlordane also exceeded PELs

Major Findings    13
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~ Total Mercur~
t’.k *quet,c e.,~, ~S,.,th end o,~or,, t9961 Unlike organochlorine com-

3 ~"~ TEL. ~,.o~ ~,~ ~ ~0. ~ ~, ~,~    __ pounds, mercu~ has more than
. ~EL" P’°ab" E"om L~’(0"6 m~:7~~’- ~ 2,000 uses in industu, medicine,

cuw also is released to the atmo-
sphere as a by-product of coal

Ex~O~              combustion and waste incineration
~2~1£~S, r~,LU~AMS (I~in and others, 1997). In 1996-

~~~}~o’~,i=,,~o.,,o 97, mercu~ was detected in all 15
t~~~~          ~ ,,~, r~ bed-sediment samples and in all l l

~~~0ual to or greater than TEL anO
k ~’~ ~ le,s t~an PEL fish-liver samples collected from

) ~ ~~al 1o o~reater than PEL andL ~’/~ ~ ~t,~o~ P~L streams, independent of land-use
~ - ’ y ~ ¯ E~* iOqr gre~r then ~0 t~mes PEL

and less lhan 100 times t~e PEL¯ Eoo~,~ o~ ~�.~ ~oo ~,~ PEL Upe. The highest concentrations of
Figure 20. Concentrations of total mercury in recently deposited lakebed and mercuw, however, were detected in
streambed sediments (Data {rom 199~97). bed sediments and fish collected

~Tota~ PCB from small streams and major riv-
Aquatic e~ects (Smit~ and others, ~ 996)

~ ~.i TEL-T~,*~O~O E"O¢~ L~*~ (0.0a~ ~�*~) . ers that flow t~ough urban and

;~]~ ~i~EL - Pro~able Effect Level (~0~~,
:

mixed-use lands. The magnitude of
mercuw contamination in bed sedi-

_ . ~ -~. ~ ments and fish appears to follow
~ ~.~, ...... patterns of use in co~erce and

,. industw. Mercu~ was detected ins v ra,,i, r nt s spec, stha,
~~~- ~ ~,-/~ v have different feeding habits and

~ ~~~~~, that occupy different positions in
~~~. ~’ "~’ ~:~ the food web. Mercu~ wasL V~/I]~~ ~ .~.;~, "~ ~~

- detected in ca~, which are bottom-
~ feeders, in no,hem suckers,hog

which eat insects, and in rock bass,Figure 21. Concentrations of total PCB in recently deposited lakebed and
streambed sediments (Data from 199&97). which eat smaller fish (fig. 22).

rence in urban and mixed-useLand use and chemical use
contribute to contamination areas.

The highest concentrations ofof sediments and fish
DDT, chlordane, dieldrin, and their

Most organochtorine pesticides breakdown products were detected
and PCBs have not been manufac- in bed sediments and fish collected
tured or used in the United States from small streams and major riv-
for at least 10-25 years; however, ers flowing through row,crop,
because of their chemical stability urban, and mixed-use lands. The
(persistence), they were detected in highest concentrations of PCBs,
bed sediments and fish collected in DDT, and chlordane were detected
1996-98. Aldrin, DDT, and chlor- in bed sediments and fish from
dane were the organochlorine streams flowing through urban and
insecticides used in the greatest mixed-use lands where historical

Figure 22. Total chlordane, total DDT,quantities in the Corn Belt and use was greatest. Organochlorine dieldrin, heptachlor epoxide, mercury,Great Lakes States in the 1970s. contamination was the lowest in and total PCBs were detected in theSimilarly, historical use of PCBs in fish and sediments collected from tissues of carp, rock bass, and north-
industry contributed to their occur- streams in pasture/forest settings, ern hog suckers collected in 1996-97.
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Bioaccumulative Table 2. Summary of contaminant concentrations in fish tissue in relation to guide-
contaminants in fish may lines for the protection of fish-eating wildlife [I.tg/kg, micrograms per kilogram;

pose a risk to fish-eating NYSDEC, New York State Department of Environmental Conservation]

wildlife
Where PCBs were detected in Number of

fish, they frequently posed a threat Number of NYSDEC whole-fish sites with
sites with Maximium quideline for the contamin-

to fish-eating wildlife because of detections detected protection of fish- ation in

their high concentrations. PCBs Compound found (11 sites concentra- eating wildlife excess of

were found in fish at 8 of l 1 sites, in fish tissue sampled) tion (~g/kg) (p.g/kg) NYSDEC
criteria

and concentrations in fish from 6 Chlordane, total 6 157 500 0
sites exceeded the New York State

DDT, total 10 450 200 2
guideline for the protection of fish-
eating wildlife (table 2). The maxi- Dieldnn 5 32.0 120 0

mum concentration of PCBs found Heptachlor epoxide 2 10.0 I00 0

in fish was 25 times higher than the PCBs. total 8 3,200 130 6
guideline set by the New York
State Department of Environmental
Conservation (NYSDEC) for the
protection of fish-eating wildlife widespread human consumption Environment Canada for cleanup

(Newell and others, 1987). These advisories for fish in the Lake Erie and elimination (Daher, 1999).

fish were collected from the Cuya- Basin, mercury and PCBs have
been identified as critical pollutantshoga River at Cleveland, Ohio, a

major river that flows through and targeted by the USEPA and

mixed-use land.
DDT was present in fish at 10 of

11 sites but concentrations in fish
from only 2 sites exceeded the 1. Contamimants are washed
NYSDEC guideline. The highest into water and build up in
concentrations of DDT were in the sediment
whole fish in streams flowing
through urban and mixed-use
land--the Clinton River at Sterling
Heights, Mich., and the Cuyahoga 3. Predator species like small
River at Cleveland, Ohio. Although mouth bass continue to
mercury, is a concern, no wildlife concentrate toxins by eating

the goby. Bass are thenconsumption guidelines have been consumed by humans
established.

Fish-consumption restrictions 2. Bottom-dwelling organisms
such as zebra mussels

for humans are based on contami- concentrate contaminants
nant concentrations in edible fish and are then eaten by goby

and other small fishfillets, which are typically lower
than those in whole fish. The con-
taminants of most concern in the
Lake Erie Basin for human con-
sumption of fish are mercury,
PCBs, DDT, chlordane, and dield-
rin. These are the same contami-
nants that are a concern for wildlife Figure 23. Contaminants can bioaccumulate upward through the food web and may
consumption (fig. 23). Because of affect the health of human and animal consumers of fish.

Major Findings 15
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Land use appears to affect - "
fish-community composition

1 co
Contaminants and nutrients in ~ EXPLANATION

water and bed sediments appear to ~ o 80 PRIMARY LAND USE

affect aquatic life, but human dis- ~u~X
~ ’ [- ¯ URBAN

-r r~ 60
turbance of physical stream habitat _~ [] Row CROP
also is thought to be one of the ,~ 40 i ¯ PASTURE/FOREST

I
most important causes of declines P< ’

20 -r [] MIXED

in certain fish species (Ohio Envi- o -- Scores at or above the
uJ line indicate the stream-ronmental Protection Agency, 0

channel habitat is rated
1995). To differentiate the effects ~- 160 B good to excellant

z
on fish of human disturbance from ~ ~) 140

-- Scoresline indicateat or theab°vefishthe

those of contaminants, sites consid- a ~ ~- 120 community is rated
ered to represent good to excellent ~ u. =-- 100 good to excellant

"~ O >-
x~-

stream habitat, as rated by the
Qualitative Habitat Evaluation ~_z~ ~ ~ 60 I|’
Index(QHEI) (Box5)

~,, 2o H I t
were

selected for assessment of fish.
Fish communities were assessed by g o 0 11 I /

means of the Index of Biotic Integ-
rity (Box 5).

In 1996-98, stream habitats were .,~.~.g,* °~ ~’%’~’~
rated good to excellent at 11 of 13
sites (fig. 24A), but fish communi- Fiour~ 24. Although most stream sites were rated good to excellent for habitat
ties were rated good to excellent at as measured by the Qualitative Habitat Evaluation Index (A), only five sites
only 5 sites (fig. 24B). This may be were rated good to excellent for fish community composition as measured by
an indication that the contaminants the Index of Biotic Integrity (B).

detected in water and bed sediments

Box 5--Index of Biotic Integrity and Qualitative Habitat Evaluation Index

Aquatic biological communities are sensitive indicators of stream quality. The biological condition of streams is
evaluated within water-quality assessment programs by comparing the type, number, and abundance of fish species
to those of streams known to be "least impacted" by human activities. The Index of Biotic Integrity (IBI), used by
the Ohio Environmental Protection Agency (Ohio Environmental Protection Agency, 1989), also was used in this
study to assess fish-community composition. IBI scores are derived by summing 12 individual metric scores from
separate factors that describe fish communities. Examples of such metrics are the number of taxa, the number of
insect-eating or omnivorous species, the number of pollution-tolerant and pollution-intolerant species, and the rela-
tive abundance offish in each of these categories. Scores for the IBI range from 12 to 60; with ratings of poor, fair,
good, and excellent quality assigned to numerical ranges. Higher scores indicate better overall fish-community
diversity and abundance. Because the minimum IBI score required for a "good" rating differs somewhat from one
ecological region to another, and there are five such regions in this study, each IBI score was reported as a percent-
age attainment of a "good" rating. A comparison of IBI scores computed independently for the same sites in the
same years by the Ohio Environmental Protection Agency and USGS show that results are comparable between the
two agencies as long as fish-collection methods are appropriate for the stream size (Covert, in press). A Qualitative
Habitat Evaluation Index (QHEI), also developed by the Ohio Environmental Protection Agency (1989), was
applied to data collected by USGS at the same stream sites where fish were assessed. The QHEI is composed of
seven metrics that describe the physical habitat of streams: width, depth, pools, riffles, grain size of streambed sub-
strates, and vegetation type and width along stream banks. Scores for the QHEI range from 0 to 100, with scores of
60 or better indicating excellent stream-channel habitat.
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communities because among streams draining row-crops
A                                    of runoff of pesti-       that may be related to the relative

60         ,
~ cides, nutrients, and amount of row crops compared to

50 ~lverRalsm ¯WestBranchSLJosepnRiver ~

~--,0, "¯ ¯ ¯8 .........
i sediments (figs.14- woodlands and forests. As the

~" ~ Fish Creek Augla~ze Rrcer¯ ! 16. 18-19). As the amount of row-crops increased, the
30 ~- East Branch St Joseph R~ver ~

~_~20~- ~ agriculture increased, species in streams also increased
~ %S, JosephR ....

amount of row-crop number of pollution-tolerant fish

~0~- ! IB1 scores at stream (fig. 25B). In contrast, more poilu-
0~ sites tended to tion-intolerant fish species were

i B decrease, although found in streams draining areas
z ! S .......hp .......g .......I:m ............ i not proportionately with lower percentages ofrow

~ = (fig. 25A). In con- crops and higher percentages of
¯ .... Crltek

]                        trast, as the amount of forested land in their basins,i ! East Branch A ¯ ¯Slack R,ver~8 ........R,v,. forested land in a especially when the forests were
~- 0 ~

I ¯St Joseph River [ Augl~lze River ¯ ~ ~

~ ~ ’ ~ . ~ ~ 4o basin increased, IBI along streams.
,.~o.~. scores tended to Although only a few sites were

increase. Forested examined, it appears that poilu-
lands, especially tion-intolerant fish can live in

Figure 25. As the percentage of row-crop land use in- along the banks of streams where agriculture is the
creased in a stream basin (A) scores for the Index of Bi- streams, have been primary land use under certainotic Integrity decreased and (B) the number of pollution-

shown to be effective conditions. This information cor-intolerant fish decreased.
in removing sedi- roborates the findings of others on

are affecting fish-community corn- ment, pesticides, and nutrients that the water-quality benefits provided
position, otherwise drain into streams with by undisturbed natural stream habi-

For example, agricultural run- runoff from the land surface tats and wooded riparian areas (figs.
off appears to be affecting fish (Sweeney, 1992; Lowrance and 26 and 27).
communities in streams drain- others, 1997).
ing row crops. Agricultural prac- Clear differences can be seen
rices can heavily stress fish in fish-community composition

Figure 26. High-quality stream habitat supports a variety of pollution- Figure 27. Poor-quality stream habitat sup-
intolerant fish species along the West Branch of the St. Joseph River. ports pollution-tolerant fish along the East

Branch of the St. Joseph River.
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Recent residential
development has had a
widespread effect on ground-
water quality

Two studies were done to assess
ground-water quality in areas west
of Detroit. where recent suburban
development overlies sand-and-
gravel deposits (Thomas, 2000a).
Recent suburban development typi-
cally consists of homes on large
residential/rural lots or in upper- ~~’~-" :
middle-class subdivisions (fig. 28).
Most homes have private wells,
septic systems, and water softeners.

Samples of shallow and deep Figure 28. Much of the recent development west of Detroit in the residential study
area consists of low- to medium-density subdivisions. Most homes have private

ground water were collected from wells, septic systems, and water softeners.
co-located wells (fig. 29). Shallow
ground water was sampled from 30

1953 ("young waters") (Plummer     chloride concentrations were lessmonitor wells (median depth of 25
and others, 1993). Water in about than 25 mg/L, the estimated back-feet). Deeper ground water was

sampled from 28 domestic wells one-third of domestic-wells was ground concentration based on a

(median depth of 93 feet). In most recharged before 1953, which is historical data set from the same

places, clay till of varied thickness prior to widespread residential area (Mozola, 1953).

separates the shallow and deep development in the study area. Old In contrast, more than 75

sand-and-gravel deposits (fig. 29). waters show no evidence of human percent of young waters show
activities. All nitrate concentra- evidence of human influence:Tritium concentrations were
tions were less than the estimated     ¯ Seventy-six percent of youngused to distinguish ground waters

recharged before 1953 ("old background value of 2 mg/L (U.S. waters had chloride concentrations

waters") from those recharged after Geological Survey, 1999), and all greater than background (fig. 30).
Probable sources of elevated chlo-
ride concentrations are road salt,
septic systems, and backwash from
water softeners.

]t. _ _ ] ...... ] ....... H- .Twenty-six percent of young
50

]
!

waters contained nitrate concentra-

~ EXPLANATION tions greater than background (fig.
~ [] Sand and 0ravel 30). Probable sources of elevated
z_ tOO [] Till nitrate concentrations in residen-
"1-~- .... Water table tial areas are septic systems, lawn
"’ 15o [ fertilizer, and pet waste.c3 30 monitor wells
"q, (median depth 25 feet) ¯ Trace concentrations of VOCs

200 [ 28 domestic wells were detected in 29 of the 30 sam-
(median depth 93 feet) pies from monitor wells. The most

frequently detected VOCs were
a5o BTEX compounds, which are com-

ponents of fuels and solvents.

Figure 29. Ground-water samples were collected from pairs of shallow monitor Samples that contained nitrate or
wells and deeper domestic wells. Sand-and-gravel deposits are at land surface VOCs also contained elevated
and at varied depths in the subsurface.
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Nitrate Chloride
o                               o                                       EXPLANATION

25 ~
,~ ~ 25 ~ , ~ ~, Monitor well

~ ~ z~E ~ ~ ~ o Domestic well
50 ~ 8 50~ o Mir~imurn Solid symbol: old water

~ =o oc ~ well-depth~ Open symbol: young waterI.- 75 - 75 - requ=rementw
w ~ ~ ocu_ 100 - ~ 100. co MOL: Maximum Contaminant Level--Z
-- I e drinking-water standard

~ 125 ¯ 125 ¯ based on health criteria

rTLIJ 150      o ~ 150 ~
SMCL: Secondary MCL--

. M C L o
S M C L drin king-water standard

._j 175- ~ ~75 c= based on aesthetic criteriaW
~ 200 2OO. Background concentration--

estimated maximum concentration
225 - c 225, o in ground water unaffected by

human activities
250 % 250~ ~ - Nitrate: 2 milligrams per liter¯ Background concentration ¯ Background concentration
275 275 ......... ~ ............

(USGS,1999)
0 5 10 15 20 0 250 500 750 900 Chloride: 25 milligrams per liter

(Mozola, 1953)
CONCENTRATION, IN MILLIGRAMS PER LITER

=gure 30. In the residential study area, concentrations of nitrate and chlodde greater tha5 backgr6un~oncen-
trations are the result of human activities. Elevated concentrations of chloride were detected far below 25 feet,
the minimum well depth required by State regulations.

chloride concentrations. The co- One monitor-well sample had a
occurrence of these compounds sug- nitrate concentration exceeding BOX 6--~hlotidelbromide
gests that ground water is affected health-related standards (fig. 30). ratios verify that elevated
by a mixture of sources, such as (1) The sample was from a well too chloride concentrations are
septic systems containing domestic shallow to be used as a source of due to human activities.
waste (nitrate and chloride), water- drinking water, but shallow ground In parts of eastern Michigan, elevat-
softener backwash (chloride), water can migrate to deeper parts of ed chloride concentrations in shal-
and/or household solvents such as ground-water system or discharge to low ground water have been

drain cleaners (VOCs), (2) infiltra- streams, lakes, and wetlands, attributed to upward movement of

tion of runoff from roads containing No health-related drinking-water brine from deep bedrock formations

road salt (chloride) and fuel residue standards were exceeded in samples(Mozola, 1953; Long and others,

(VOCs), and/or (3) fertilizer or pet from domestic wells; however, stan- 1988). In the study area, however,

waste (nitrate) from lawns, dards do not exist for all compounds CI/Br ratios indicate that elevated

Pesticides were detected infre- or for mixtures of compounds. Also, chloride concentrations were not
derived from brine, but from halitequently. Trace concentrations of      all possible constituents were not
(rock salt) (Davis and others, 1998).herbicides were detected in 2 of 30 tested; for example, septic systems

(7 percent) monitor-well samples, can contain bacteria, viruses, or Natural sources of halite are not

This value is low compared to simi- pharmaceuticals, present in near-surface bedrock or

sediments. However, halite is com-lar studies in 25 other urbardresiden- In Michigan, the minimum depth

tial areas, where the median required for domestic wells is 25 monly used as road salt, table salt,
and as a water-softener additive.

detection frequency of herbicides in feet. In the study area, the effects of The conclusion that elevated chlo-
shallow ground water was 44 per- human activities were detected far ride concentrations are due to re-
cent (Kolpin, 2000). In the study below this depth (fig. 30). A pro- cent human activities is consistent
area, most of the pesticides corn- posal to increase the required depth with the observations that (1) chlo-
monly used on lawns and roadways for private wells in subdivisions is ride concentrations are highest in
were analyzed for but were not under consideration by the Michi- young, shallow waters, and (2) all
detected in the shallow ground gan Department of Environmental old waters have concentrations that
water. Quality. are less than background values.
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II-"

u~LU [] Sand and gravel

z 50 .... Water table

~ O T~le drains
I- approx, deptt~ 3 feet

"’ ’ 30 monitor wells~ 100 (median depth 18 feet)

ILl
I 18 domestic wells ~~
I

(median depth 90 feet) ~

150                                                      ~

Figure 31. In the agricultural study ................ ......... "~-~ ....... ~"J~"~" ................... "~~~"~"-" ~"~;"°’
area, the predominant crops are corn, Figure 32. In the agricultural study area, clay-rich till occurs at land surface.
soybeans, and small grains. (Photo- Shallow tile drains are installed in low spots of farm fields to improve drainage.
graph from Ohio Department of Natural
Resources.)

region, clay-rich till is at the land median depth of 18 feet. Deeper

Ground water is vulnerable to surface, and the rate of water infil- ground water, from the glacial

contamination in agricultural tration is generally less than in the sand-and-gravel aquifer, was col-

areas underlain by till residential study area, where sand lected from 18 domestic wells with
and gravel are at the surface (corn- a median depth of 90 feet (fig. 32).

Ground-water quality was
assessed in agricultural areas in the pare figs. 29 and 32). Samples were analyzed for pesti-

northwestern part of the Lake Erie- Samples of shallow ground cides in the form of parent corn-
water were collected from 30 mort-    pounds (the original activeLake Saint Clair Drainages (Tho- itor wells installed in the till at a      ingredient) and metabolites (break-mas, 2000b) (fig. 31). In this

PESTICIDES APPLIED PESTICIDES DETECTED

27 monitor wells          18 domestic wells

METOLACHLOR ¯ o.I)1 EXPLANATION

METOLACNLOR J Metolachlor ESA ~ � 02 Analysis from the USGS
Organic Chemistry Lab

Metolachlor OA i 3 ;7 ¯ Analysis from the USGS
National Water-Quality Lab

ATRAZINE ¯ Oll Number to right of each bar
ATRAZINE [ represents the maximum

Deethylatrazine I~l 0 ~2 ~11 0oo9 concentration detected,
Detection frequencies are
based on varied reporting limits

CYANAZINE                            Cyanazme ami~e J o o5
Black letters: parent

Acetoch~or ESA I 3 53 compounds

~ Blue letters: metabolitesACETOCHLOR
Acetochlor OA m ~ 04 ESA: ethanesutfonic acid

OA: oxalic acid
Alachlor ESA ~ 1 52

ALACHLOR ~

Alachlor OA I oo7

1 BROMOXYNIL I 002OTHER

I I I I                       10 20 30 40     10 20 30 40
10     28     30

PERCENTAGE OF SAMPLES IN WHICH
PERCENT TOTAL PESTICIDE USE                                                     COMPOUND WAS DETECTED

,.L-,-, .......Figure 33. Pesticides detected n the sha ow ground water closely correspond to those             ~lied in
the Lake Erie-Lake Saint Clair Drainages (data from Brody and others, 1997). All are herbicides used on corn
and soybeans. Metabolites were detected more frequently, and at higher concentrations, than parent compounds.
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down products). Pesticides ~ere are nitrogen l~nilizers (which are be some truth to this idea because
detected in 41 percent of moni- heavily used in the study area), detections of nitrate and herbicides
tor-well samples. The six corn- manure, or septic systems. Nitrate are low relative to other agricul-
pounds detected closely correspond concentrations exceeded health-rural areas with similarly high
to those most heavily applied in the related drinking-water standards inapplication rates. At the same time,
basin--herbicides used on corn andtwo shallo\~ monitor wells (fig. this belief is a simplification that
soybeans (fig. 33). Metabolites 34). may be misleading because ground
were detected three times more fre- Pesticides and nitrate were water is still vulnerable to contami-
quently, and at higher concentra- detected much less frequently in nation, especially at shallow
tions, than were parent compounds, domestic wells than in monitor depths.
Concentrations did not exceed wells (fig. 34). About 6 percent Fifty-nine percent of monitor-
drinking-water standards, but stan- (1 of 18) of samples from domestic well samples showed evidence of
dards do not exist for 9 of the 11 wells contained a trace concentra- human activi~’--either an herbi-
compounds detected. In addition, tion of a pesticide metabolite, and 6 cide or an elevated nitrate concen-
many samples contained more than percent contained a nitrate concen-tration. Moreover, 83 percent of
one herbicide, and the health effect tration approximately equal to the waters from monitor wells were
of mixtures is unknown, background concentration of 2 recharged after 1953. These obser-

Nitrate concentrations indica- mg/L. vations indicate that till does not
tive of human influence were A common belief is that till prevent water at the land surface
detected in 37 percent of moni- protects the ground water from from moving to the shallow
tot-well samples. Probable sources contamination. There appears to groun0 water. In the study arem

EstimatedNitrate Pesticides
ground-water age

25 -~ ~ - - 25 25 ~ ~

~ ! Minimum

~ 50~ ~ 50 well-depth
50 ~

o
~ ~ requirement~ o{ 0

! t s o oO
~ ~ooe I~ ~oo � ~oo ¯ o
~ I MCL

e I ¯
~ 1251 I 125 i 125

Recharge~ R~hargeQ~5o. =Backgroun~ ~ ~50. ~50 ~etore ~953 a~erI . ~e Iconcentration
~ I

175 , ~ , I , I , ] , { , ~ , ~ , 175 j    ~    ~    ~    L ~ 175 ........ ~ ....
0 2 4 6 8 10 12 14 16 0 1 2 3 4 5 6 0.1 1 10 100 500

NITRATE CONCENTRATION, NUMBER OF PESTICIDES TRITIUM CONCENTRATION.
IN MILLIGRAMS PER LITER D~ECTED IN PICOCURIES PER LITER

EXP~NATION

~ Monitor well Solid symbol: old water MCL: Maximum Contaminant Level--
drinking-water standard

o Domestic well Open symbol: young water based on health criteria

figure ~. uete~iOns Of n~mt+~7¢+S-fi+iO+s h’g i6rauvgl~ihfe~u;nf ~t dgpt~+~[+P~h~’~5 feet; however,
deeper ground water is not completely isolated from the land su~ace because almost half of the waters be-
~een depths of 35 and 100 feet were recharged a~er 1953.
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till contains vertical fractures and detection frequencies of agrochem- Within the study area, the thick-
numerous stringers of sand and icals in the ground water. Till and ness and composition of the till are
gravel that are potential pathways till soils are generally rich in clay variable and not well defined in all
for movement of water from the and organic matter and therefore locations. Therefore, the degree to
surface. In areas with similar geol- are conducive to the sorption or which the till protects the ground
ogy to that in the agricultural study breakdown of pesticides. Most of water--by physical or geochemical
area, active ground-water flow the pesticides detected were metab- means--is probably also variable
occurs to depths of 35 feet, and olites that had already been par- and difficult to predict.
sometimes much deeper (Keller tially broken down (fig. 33). Low detections of agrochemicals
and others, 1991). Nitrate also can be transformed in ground water may be partly due

Similarly, till does not com- in the subsurface. In the presence to tile drains, which can divert con-
pletely prevent water at the land of organic matter, low dissolved- taminants from the shallow ground
surface from entering the deeper oxygen concentrations are condu- water to streams (Nolan and Stoner,
ground water. Eleven percent of cive to denitrification. Ground- 2000), but tile drains do not corn-
domestic-well samples contained water samples from 100 percent of pletely prevent contaminants from
either a pesticide or elevated nitrate the domestic wells and 50 percent reaching shallow ground water. Ni-
concentration. Moreover, almost of the monitor wells had dissolved- trate and pesticides were detected in
half of the waters from domestic oxygen concentrations less than 1 monitor wells 10 to 34 feet deep,
wells between depths of 35 to 100 mg/L. In addition, the till contains whereas tile drains are typically
feet were recharged after 1953 (fig. numerous fragments of black shale about 3 feet deep. Vertical fractures
34). rich in pyrite, a mineral that can in the till can provide a direct path-

Naturally occurring geochemi- also lead to denitrification (Robert- way from the land surface to the
eel processes may be partly son and others, 1996). water table.
responsible for the relatively low

NITRATES
Shallow ground water in agricultural areas In general, agrochemicals are most frequently detected where

.~- ........... ~ they are most heavily used; but exceptions to this pattern
. ~-~i~,~ ~(2-’~ ;-" have been fotmd (U.S. Geological Survey, 1999). For exam-

~’ ;.,2~., .....’~Po~~~" ’~ ": ple, in the agricultural study area, detections of nitrate and

~y_~~ ~"
herbicides in shallow ground water are among the lowest in
the Nation even though nitrogen inputs and herbicide use are
among the highest. In deeper ground water, nitrate and herbi-

~. _/. Q~_~_~ ~~ -.-. cide detections are also low relative to the Nation as a whole.

~~i~,_~_~

A similar phenomenon has been noted elsewhere. In parts

~ of the Midwest, the proposed explanations for low detections
of nitrate in ground water are that (1) till impedes movement

~ of contaminants from land surface, or (2) tile drains divert
EXPLANATION contaminants to streams (Fenelon, 1998; Nolan and Stoner,

Average annual total Median concentration
nitrogen input- of nitrate-- 2000). In an area of the Southeast Coastal Plain, biogeochem-
in pounds per acre, by count, for in milligrams per liter. Each circle
1995-98. Inputs are from fertilizer,represents a ground-water study ical processes are the proposed cause of the low detections
manure, and tt~e atmosphere ¯ H~ghest (greater than 5.1)~ Greater than 25 ~ U,~om I.~S to S.~I (Nolan and Stoner, 2000). In the study area, low detections of= 6 to 25 C Lowest (less thaR .4~) nitrate (and herbicides) are probably due to a combination of~ Less than 6 Background concentration

O Bold outline indicates meciian values    physical and geochemical processes.
greater than background concentration
(2 milligrams per liter)
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STUDY UNIT DESIGN

Stream Chemistry additional sites. Sediment samples reaches ranged from 200 to 500
were collected and sieved in the meters in length.

A network of 10 stream sites was
sampled for various chemical con- field. Whole fish were collected Fish surveys involved electro-

stituents and physical properties and analyzed for concentrations of fishing and seining. Macroinverte-

from March 1996 through February organochlorine compounds. Fish brates and algae were sampled

1998 (fig. 35, table 3). Sampling livers were analyzed for trace- from natural substrates. Habitats
element concentrations, were assessed by identifying and

was done over a range of stream- mapping riparian vegetation andflows. Sites were sampled 18-32 Stream Ecology measuring geomorphic features oftimes per year; intensive sites were
sampled more frequently than basic Sampling was done at least once stream channels. Samples of bed

sites (table 3).
at 10 sites where water samples and bank materials were collected

Assessments of contaminants in were collected. Multiple-year and and analyzed for grain size.

streambed sediments and fish tis- multiple-reach sampling was done

sue were made at the 10 fixed at three sites (table 3). Stream

streams sites and at one to five

EXPLANATION 2 Clinton River at Steding Heights, Mich.

/~.~//.~.,~_//j/,~ ~
3 River Raisin near Manchester, Mich.

GROUND-WATERSTUDIES 4 St. Joseph River near Newville. Ind.
¯ Co-located wells in residential areas ~_/~.,.~ I

Urban Land-Use Study ~ ~ ~ 5 Maumee River at New Haven, lnd.
Urban Drinking-Water Study Land-Use

’~ ~
6 Auglaize River near Ft. Jennings, Ohio

~ >~ 7 Maumee River at Wate~ille, OhioAgricultural Study
~ Subun,t Su~ey                    ~~" 8 Cuyahoga R~ver at L~ Steel, Cleveland,

~ ~
9 Grand River at Ha~ersfield, Ohio

~
~,

~ ~
10 Ca~araugus Creek at Gowanda, N.Y.

~ ~’~ ~ 7 ~’ ~ 11 Cedar Creek near Ceda~itle, Ind.
,~ 12 Huron River near Hamburg, Mich.

13 Clinton River near Dragon Plains, Mich.

~~
~ROIT 14 Paint Creek at Rochester, Mich.

15 Fish Creek near A~ic, Ind. _~--~
~ ’, 16 East Branch St. Joseph River, Ohio ~ ~. ".t..

17 West Branch St. Joseph River, Ohio
BUFF~,

~NN ARBOR

~KE ERIE    . ~

r~l ~ ~ ~ "" STNEAM WATEN AN~
~ ~LIMA ~ z’~..)

’ .-~. ~ ~’ "’~" ~ Basin indicator of agricultural land use
~.~,~’ ~ @asin indicator of urban land use

~ Basra indicator o� m~xe6 land use

~ FixeQ Site

-b~Q s~d~m~n~ anQ fisN ~lssue
~ Additional S~tes

-~d seQ~ment an6 tis~ t~ssue or fis~

F~gur~ ~5. Stream and ground-water sampling s~tes ~n the Lake Erie-Lake Saint Clair Drainages, Igg6-gs.
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TABLE 3. SUMMARY OF DATA COLLECTION IN THE LAKE ERIE-LAKE SAINT CLAIR DRAINAGES, 1996-98

Study    t What data were collected and why Types of sites sampled I Number of Sampling frequency

component~ , sites and period

Stream Chemistry
Contaminants. Streamflow, pH, specific conductance, temperature and con- Streams dralnin~ areas ranging in size from 6 Monthly, plus storms and

in stream- centrations of nitrogen and phosphorus compounds, i 132 square r~iles to 1,230 square miles low flows from March
~ 1996 to February 1908water-- major ions, organic carbon, suspended sediment, herbi- reflecting agricultural, urban, and mixed

basic sites cides, and E. coli were measured to determine occurrenceland uses.
and distribution of contarmnants and other constituents

Streams draining areas ranging from 310Contaminants; Physical properties and chemical and microbiologmai con- 4 Weekly to monthly, plus
square miles to 6,330 square miles storms and low flo~s

inwater__Stream-
stituents mentioned above plus insecticides and VOCs.

reflecting agricultural, urban, and mixed from October 1996 to

intensive sites and uses. September 1997.
I bracketed by monthl~

plus storms from
March 1996 to Febru-
~ 1998

Contaminants Concentrations as dry. weight of trace elements, semivolatileShallow depositional zones in a 300-meter 15 I One to three times m

in streambed organic compounds, organochlonne compounds, and reach at all 10 sites sampled for stream- June~)ctober. 1996-

sediment percent orgamc content. Determined to assess occurrence water chemistry, and at 5 additional sites 98
and distribution of contaminants.

Contarmnants Concentrations of trace elements in fish liver and orga- Resident fish such as carp, rock bass, and 15 One to three tunes in

in fish tissue nochlorine compounds, such as PCBs and organochlo- hog suckers at all sites sampled for June-October. 1996-
rine pesticides, in fish tissue were analyzed to deterrmne stream-water chemistry and at one 98
occurrence and distribution, additional site

Stream Ecoloqy
Aquatic biota ;at Communi~ composition of aquatic macroinvertebrates, Sites co-located with basic and intensive l 0

stream sites
effectsalgae’ fiShof waterand streamqualiryhabitaton aquaticWere biota.SUrveyed to deterrmne                  additionalStream-watersitesChemistry sites and at three

]

98June-Oct°ber in 1996-

Grot

Special Study
Urban drink- [ Same as for Subunit survey Domestic wells co-located with urban land- 28 Once. May-July 1997

ing-water I use wells in new residential areas near
study Detroit.

Ground-Water Chemistry land-use study was done by install- sampled fi)r a various constituents,

Four ground-water studies were ing and sampling 30 shallow moni-including pesticide metabolites.

done irt the northwestern part of the tor wells (table 3). A second study The subunit sur~.’ev involved

basin (fig. 35), where glacial involved sampling 28 domestic- sampling 28 domestic wells that

deposils greater than 1 O0 feet thick supply wells, each of which was produce aater from the glacial

ser~e as the major source of drink- co-located with a monitor well. aquifer in areas where it is overlain

ing water. The agricultural land-use study by till. Of the 28 ~ells. 18 were co-

Two of tlhe studies were done on was done in areas where corn and located with monitor wells m the

the tar outskirts of Detroit, where soybean row crops overlie clay- agricultural land-use study area

recent residential developments rich till. Thirty shallow monitor (fig. 35).

,overlie sand and gravel. An urban wells were installed in the till and
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GLOSSARY

Anthropogenic - A condition or occurrence that is the result Domestic well - A private home well, or a well that serves
of, or is influenced by, human activlt~’, less than 15 households or 25 individuals.

Aquifer - A water-bearing layer of soil. sand, gravel, or rockEndocrine system - The collection of glands in animals that
that will yield usable quantities of water to a well. secrete hormones, which influence growth, gender and

Background concentration - A concentration of a sub- sexual maturity.
stance in a particular environment that is indicative of Eutrophication - The process by which water becomes
minimal influence by human (anthropogenic) sources, enriched with plant nutrients, most commonly phospho-

Base flow - Sustained, low flow in a stream; ground-water         rus and nitrogen.
discharge is the source of base flow in most places.       Ground water - In general, any water that exists beneath the

Bed sediment - The material that temporarily is stationary, in land surface, but more commonly applied to water in
the bottom of a stream or other watercourse, fully saturated soils and geologic formations.

Benthic - Refers to plants or animals that live on the bottomHerbicide - A chemical or other agent applied for the put-
of lakes, streams, or oceans, pose of killing undesirable plants. See also Pesticide.

Bioaccumulation - The biological sequestering of a sub- Insecticide - A substance or mixture of substances intended
stance at a higher concentration than that at which it to destroy or repel insects.
occurs in the surrounding environment or medium. Intolerant organisms - Organisms that are not adaptable to
Also, the process whereby a substance enters organisms human alterations to the environment and thus decline
through the gills, epithelial tissues, dietary, or other in numbers where human alterations occur. See also
sources. Tolerant species.

Biota - Living organisms. Invertebrate - An animal having no backbone or spinal col-
Breakdown product - A compound derived by chemical, umn.

biological, or physical action upon a pesticide. The MCL (Maximum Contaminant Level) - Maximum per-
breakdown is a natural process which may result in a missible level of a contaminant in water that is deliv-
more toxic or a less toxic compeund and a more persis- ered to any user of a public water system. MCLs are
tent or less persistent compound, enforceable standards established by the U.S. Environ-

BTEX - Benzene, toluene, ethylbenzene, and xylene; vola-          mental Protection Agency.
tile organic compounds found in gasoline and solvents.    Median - The middle or central value in a distribution of

Chlordane - Octachloro-4,7-methanotetrahydroindane. An data ranked in order of magnitude. The median is also
organochlorine insecticide no longer registered for use known as the 50th percentile.
in the U.S. Technical chlordane is a mixture in which Metabolite - See breakdown product.
the primary components are cis- and trans-chlordane, Monitor well - A well designed for measuring water levels
cis- and trans-nonachlor, and heptachlor, and testing ground-water quality.

Community - In ecology, the species that interact in a corn-Nitrate - An ion consisting of nitrogen and oxygen
mon area. Nitrate is a plant nutrient and is very mobile in soils. In

Concentration - The amount or mass of a substance present this report, the term "nitrate" is used as shorthand for
in a given volume or mass of sample. Usually expressed "nitrate plus nitrite, reported as nitrogen."
as microgram per liter (water sample) or microgramsNutrient - Element or compound essential for animal and
per kilogram (sediment or tissue sample), plant growth. Common nutrients in fertilizer include

Denitrification - A process by which oxidized forms of nitrogen, phosphorus, and potassium.
nitrogen such as nitrate (NO3-) are reduced to form Organochlorine compound - Synthetic organic compound
nitrites, nitrogen oxides, ammonia, or free nitrogen: containing chlorine. As generally used, term refers to
commonly brought about by the action of denitrifying compounds containing mostly or exclusively carbon,
bacteria and usually resulting in the escape of nitrogen hydrogen, and chlorine. Examples include organochlo-
to the air. fine insecticides, polychlorinated biphenyls, and some

Detect - To determine the presence of a compound, solvents containing chlorine.
DDT - Dichloro-diphenyl-trichloroethane. An organochlo- Pesticide - A chemical applied to crops, rights of way,

rine insecticide no longer registered for use in the lawns, or residences to control weeds, insects, fungi,
United States. nematodes, rodents or other "pests."

Dieldrin - An organochlorine insecticide no longer regis- Phosphorus - A nutrient essential for growth that can play a
tered for use in the United States. Also a degradation key role in stimulating aquatic growth in lakes and
product of the insecticide aldrin, streams.

Discharge - Rate of fluid flow passing a given point at a Polychlorinated biphenyls (PCBs) - A mixture of chlori-
given moment in time, expressed as volume per unit of nated derivatives ofbiphenyt, marketed under the trade
time. name Aroclor with a number designating the chlorine
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content (such as Aroclor 12~,~ PCBs were used ~n Water table - The point below the land surface where
transformers and capacm,r, Ior insulating purposes and ground water is first encountered and below which the
in gas pipeline systems as a lubricant. Further sale for earth is saturated. Depth to the water table varies widely
new use was banned by law in 1979. across the country.

Polycyclic aromatic hydrocarbon (PAHJ - A class of Water year - The continuous 12-month period, October ]
organic compounds with a fused-ring aromatic strut- through September 30, in U.S. Geological Survey
ture. PAHs result from incomplete combustion of reports dealing with the surface-water supply. The
organic carbon (including wood), municipal solid water year is designated by the calendar year in which it
waste, and fossil fuels, as well as from natural or ends and which includes 9 of the 12 months. Thus. the
anthropogenic introduction of uncombusted coal and year ending September 30, 1980, is referred to as water
oil. PAHs include benzo[a]pyrene, fluoranthene, and year 1980.
pyrene.

Recharge - Water that infiltrates the ground and reaches the
saturated zone.

Runoff- Excess rainwater or snowmelt that is transported to
streams by overland flow, tile drains, or ground water.

SMCL (Secondary maximum contaminant level) - Non-
enforceable drinking-water standards established by the
U.S. Environmental Protection Agency for contami-
nants that may adversely affect the odor or appearance
of drinking water.

Sediment - Particles, derived from rocks or biological mate-
ria!s, that have been transported by a fluid or other natu-
ral process, suspended or settled in water.

Semivolatile organic compound (SVOC) - Operationally
defined as a group of synthetic organic compounds that
are solvent-extractable and can be determined by gas
chromatography/mass spectrometry. SVOCs include
phenols, phthalates, and polycyclic aromatic hydrocar-
bons (PAHs).

Streamflow - A type of channel flow, applied to that part of
surface runoff in a stream whether or not it is affected
by diversion or regulation.

Suspended sediment - Particles of rock, sand, soil, and
organic detritus carried in suspension in the water col-
umn, in contrast to sediment that moves on or near the
streambed.

Taxon (plural taxa) - Any identifiable group of taxonomi-
cally related organisms.

Tile drain - A buried perforated pipe designed to remove
excess water from soils.

Till - An unsorted glacial deposit characterized by low per-
meability.

Triazine herbicide - A class of herbicides containing a sym-
metrical triazine ring (a nitrogen-heterocyclic ring com-
posed of three nitrogens and three carbons in an
alternating sequence). Examples include atrazine, pro-
pazine, and simazine.

Volatile organic compounds (VOCs) - Organic chemicals
that have a high vapor pressure relative to their water
solubility. VOCs include components of gasoline, fuel
oils, and lubricants, as well as organic solvents, fumi-
gants, some inert ingredients in pesticides, and some
by-products of chlorine disinfection.
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APPENDIX--WATER-QUALITY DATA FROM THE LAKE ERIE-
LAKE SAINT CLAIR DRAINAGES IN A NATIONAL CONTEXT
For a complete view of Lake Erie-Lake Saint C~a~r Drmnages data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqa/. Also visit the NAWQA Data Warehouse tor access to NAWQA data sets at http://infotrek.er.usgs.gov/wdbctx/nawqaJnawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicidesand biological indicators assessed in the Lake Erie-Lake
Saint Clair Drainages. Selected results for this Study Unit stu~-o., lrequency of detection, in percent

are graphically compared to results from as many as 36 / NI ational frequency of detection, in p .....
t Study-unit samp ......

NAWQA Study Units investigated from 1991 to 1998 and _L_ __                 Acetochlor (Harness Plus, Surpass) * *° --
to national water-quality benchmarks for human health, %
aquatic life, or fish-eating wildlife. The chemical and 7o

biological indicators shown were selected on the basis of 0          0
frequent detection, detection at concentrations above a 0

national benchmark, or regulatory or scientific importance. Alachlor (Lasso, Bronco, Lariat, Bullet)
The graphs illustrate how conditions associated with each 3o 2o
land use sampled in the Lake Erie-Lake Saint Clair ~

Drainages compare to results from across the Nation, and ~ ,
0 1 ~ 2~

how conditions compare among the several land uses.
Graphs for chemicals show only detected concentrations Atrazine (AAtrex, Atrex. Atred, Gesaprim)
and, thus, care must be taken to evaluate detection ~.00 86 ,
frequencies in addition to concentrations when comparing
study-unit and national results. For example, in the Lake 0           ~
Erie-Lake Saint Clair Drainages acetochlor concentrations
in agricultural streams were similar to the national Cyanazine (Bladex, Fortrol)
distribution, but the detection frequency was much higher 30

82
(61 percent compared to 33 percent). 0

CHEMICALS IN WATER 2.4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
Concentrations and detection frequencies, Lake Erie-Lake Saint ~ 7
Clair Drainages, 1996--98~Detection sensitivity varies among ~
chemicals and, thus, frequencies are not directly comparable among
chemicals ~ ~1 ~

I

30

¯ Detected concentration in Study Unit
66 ~ Frequencies of detection, m percent. Detection frequencies Deethylatrazine (Atrazine breakdown product) " ""

were not censored at any common reporting limit. The left- 1~ ~ 6 2 ~ 3 7
hand column is the study-unit frequency and the right-hand 99 75 ...... 99
column is the national frequency 3 39

3 28 t 30
- Not measured or sample size less than two ,, 19 ,, ~ 28

~2 Study-unit sample size, For ground water, the number of
MCPA (Rhomene, Rhonox, Chiptox)samples is equal to the nunlber of wells sampled

~0                  0~
~’~National ranges of detected concentrations, by land use, in 36 0

NAWQA Study Units, 19g1-98--Ranges include only samples
in which a chemical was detected

Streams in agricultural areas
Streams in urban areas Metolachlor (Dual Pennant)

Streams and rivers draining mixed land uses 100
I00 83 -;- I 99

,~’-’~-’---~ Shallow ground water in agricultural areas 3 18 ~ i 30
Shallow ground water in urban areas 0

~ Major aquifers 0 5 ~ 28

25 50 25 Metribuzin (Lexone, Sencor)

National water-quality benchmarks                                       59 20                                  .                    99

National benchmarks include standards and guidelines related to 2 -- 30
drinking-water quality, criteria for protecting the health of aquatic life, and 0 1 ~ 28

a goal for preventing stream eutrophication due to phosphorus. Sources
Prometon (Pramitol, Princep) "*include the U.S. Environmental Protection Agency and the Canadian 66 .. ~

I/¯ ii unn~u
189

Council of Ministers of the Environment 98
92 60 un -- I 99

Drinking-water quality (applies to ground water and surface water) 0
0 21 30

Protection of aquatic life (applies to surface water only) 0 5 ___~

Prevention of eutrophication in streams not flowing directly into
lakes or impoundments

o.oo01 o.OOl o,01 01 1 lO lO0 1,0oo
No benchmark for drinking-water quality CONCENTRATION, IN MICROGRAMS PER LITER

*̄ No benchmark for protection of aquatic life
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Stucly-unit frequency of detection, in percent Study-unit frequency of detection, in percent
N etiona] frequency of d.tect, ..... p ...... S tudy-un,t sarnp ...... . N.tional frequeflcy of qetection, irl p ...... Study-unit sa.pl, siz~

Simazine (Princep, Caliber 90) Z Chlorpyrifos (Brodan, Dursban, Lorsban)

97 77
99          36 20~                                                          Q7

TebutNuron (Spike, Tebusan) p, pLDDE
-- !~9 2 8 189

~ ~ ’ ’’
~2 32 ~ ~ ~ ~ ~ 99 0 a 99

0 7 30 0

Diazinon (Basudin, Diazatol, Neoci~oL Knox Out)
00001 0.001 001 0.1 1 10 100 1.000 23 16 ~ ~ I 189

68 70CONCENTRATION IN MICROGRAMS PER LITER 70 39 L t~u ] [ . 99

Other herbicides detected
Acifluoffen (BLazer, Tackle 2S) "*
Benfluralin (Balan, Benefin, Bonalan) "
Bentazon (Basagran, Bentazone) "* 0 0oo~ 0.o01 0.Ol 01 ~ ~0 100 1.oo0
Bromoxynil (Buctril, Brominal) * CONCENTRATION, IN MICROGRAMS PER LfTER
Bu~late (Sutan +, Genate Plus, Butilate) "*
DCPA (Dacthal, chlorthal-dimethyl) *
Dicamba (Banvel, Dianat, Sco~s Protufl)
2,6-Diethylaniline (Alachlor breakdown product) * ** Other insecticides ~etected
Diuron (Cnsuron, Karmex, Diurex) ** Carbofuran (Furadan, Curaterr, Yaltox)
EPTC (Eptam, Farmarox, Alirox) * ** Dieldrin (Panoram D-31, Octalox, Compound 497)
Fenuron (Fenulon, Fenidim) *
Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) * alpha-HCH (alpha-BHC, alpha-lindane)
MCPB (Thistrol) * ** Malathion (Malathion)
Pendimethalin (Pre-M, Prowl, Stomp) " "* Methyl parathion (Penncap-M, FolidoI-M) "*
Picloram (Grazon, Tordon)
Propachlor (Ramrod, Satecid) ** Insecticides not detected

Terbacil (Sinbar) ** Aldicarb (Temik, Ambush, Pounce)

Triclopyr (Garlon, Grandstand, Redeem, Remedy) " "" Aldicarb sulfone (Standak, aldoxycarb)
Aldicarb sulfoxide (Aldica~ breakdown product)Trifluralin (Treflan, Gowan, Tri-4, Trific) Azinphos-methyl (Guthion, Gusathion M)
Disulfoton (Disyston, Di-Syston)

Herbicides not detected Ethoprop (Mocap, Ethoprophos) * **
Bromacil (Hyvar X. Urox B, Bromax) gamma-HCH (Lindane, gamma-BHC)
Chloramben (Amiben, Amilon-WP, Vegiben)
Clopyralid (Stinger. Lontrel, Transline) * ** Methioca~ (Slug-Geta, Grandslam, Mesurol) * **
2,4-DB (Bu~rac, Butoxone, Embutox Plus, Embutone)
Dacthal mono-acid (Dacthal breakdown product) * *" Oxamyl (Vydate L, PraY)
Dichlorprop (2,4-DE Seritox 50, Lentemul)
Dinoseb (Dinosebe) c~s-Permethrin (Ambush, Astro, Pounce)
Ethalfluralin (Sonalan, Cubit) * *" Phorate (Thimet, Granutox, Geomet, Rampart) " **
Fluometuron (Flo-Met, Cotoran) ** Propargite (Comite, Omite, Ornamite) * **
Molinate (Ordram) * ** Propoxur (Baygon, Bla~anex, Unden, Proprotox) * *"
Napropamide (Devrinol) *
Neburon (Neburea, Neburyl, Noruben) " *"
No#lurazon (Evital, Predict, Solicam, Zorial)
O~zalin (Sufllan, Dirimal) * *"
Pebulate (Titlam, PEBC) * "*
Pronamide (Kerb, Propyzamid) ** Volatile organic compounds (VOCs) in ground water
Propanil (stam, Stampede, Wham) * "" These graphs represent data from 16 Study Units. sampled from 1996 to 1998
Propham (Tuberite) **
2,4,5-T "* Sludy-unit frequency of det~tlon, in percent
2,4,5-TP (Silvex, Fenoprop) *" ~ Nabonal frequency of det~tion m ~rcem Stu~-unit sample s{ze
Thiobencarb (Bolero, Saturn, Benthiocarb) * **

~ ~      Carbon disulfide *

Pesticides in water~Insectioides
0

28

Carbaryl (Carbamine, Denapon, Sevin) ! ,3 & 1,4-Dimethy~benzene {~&~Xylene)

~7
27 16
0 < 1 ~ ~ 0 . - ~ ~ 0

........ ~ ........ 28 18    3 ";~ ........... 2~

I
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Study-unil frequency of detection, in percent Methyl-2-propenoate (Methyl acrylate) *

~_N, ational frequency of detection in percent St~,-un,t sample s,ze Naphthalene
~ ~ ~ ~ ~ , 2-Propenenitrile (Acrylonitrile)
Methylbenzene (Toluene) ~ n-Propytbenzene (Isocumene) *

1,1,2,2-Tetrachloroethane *
1,1,1,2-Tetrachioroethane

35 ~ ~ Tetrachloromethane (Carbon tetrachloride)
~ 30 ~ -- u ~ ~ ~ 3~" 1,2,3,4-Tetramethylbenzene (Prehnitene) *
, 1~_ ~ 28 1,2,3,5-Tetramethylbenzene (Isodurene) "

~ ~ ~ I I l ~ ~ Tribromomethane (Bromoform)
coot oD1 0.1 I lo 1co tooo lo,oo0 1,1,2-Trichloro-l,2,2-trifluoroethane (Freon 113) "

1,2,4-Trichlorobenzene
CONCENTRATION, IN MICROGRAMS PER LITER t ,2,3-Trichlorobenzene *

1.1,2-Trichloroethane (Vinyl trichloride)
Trichloroethene (TCE)

Other VOCs detected Trichlorofluoromethane (CFC 11, Freon 11 )
Benzene 1.2,3-Trichloropropane (Allyl trichloride)
Bromodichloromethane (Dichl~robromomethane) 1,2,3-Trimethylbenzene (Hemimetlitene) *
2-Butanone (Methyl ethyl ketone (MEK)) * 1.3,5-Trimethylbenzene (Mesitylene) *
Chlorodibromomethane (Dibromochloromethane)
1,4-Dichlorobenzene (p-Dichlorobenzene)
Dichlorodifiuoromethane (CFC 12, Freon 12)
Dichloromethane (Methylene chloride) Nutrients in water1,2-Dimethylbenzene (o-Xylene)
1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) " Study-unit frequency of detection, in percent
Ethenylbenzene (Styrene) I Nabonal frequency of detection, in percent Study-unit sample size
Ethylbenzene (Phenytethane) I | ~ ~ ~ ~ ~ = ~ ~
Iodomethane (Methyl iodide) * _L _L.     Ammonia, as N " *"
2-Propanone (Acetone) * 71 8, -- --- 219
Tetrachloroethene(Perchloroethene) 93 85 ~ ~i ~
1,1,1-Trichloroethane (Methylchloroform)
Trichloromethane (Chloroform) ~7 7~ ~

80 71 301,2,4-Trimethylbenzene (Pseudocumene) " 100 70

VOCs not detected Dissolved ammonia plus organic nitrogen, as N " ""tert-Amytmet,hylether (tert-amyl methyl ether (TAME)) " 90 78 = ~ --
Bromobenzene (Phenyl bromide) * !00 7, ~
Bromochloromethane (Methylene chlorobromide) 1 oo 62 ~
Bromoethene (Vinyl bromide) * 77 28 ~ 30

13 30 - -- 30Bromomethane (Methyl bromide) 82 2~ ~ 28
n-Butylbenzene (1-Phenylbutane) "
sec-Butylbenzene * Dissolved nitrite plus nitrate, as N "*
tert-Butylbenzene * 99 ~ 5 2 ~
3-Chloro-l-propene (3-Chloropropene) " 100 ~J7

I00 ~i1-Chloro-2-methylbenzene (o-Chlorotoluene)
1-Chloro-4-methytbenzene (p-Chlorotoluene) 67 81 :~ :: :: t " t 30

73 7.
~

30
Chlorobenzene (Monochlorobenzene) 1! 71 ~[~_o
Chloroethane (Ethyl chloride) *
Chloroethene (Vinyl chloride) Orthophosphate, as P * **
Chloromethane (Methyl chloride) 69 79

65 72 - ’ ¯1,2-Dibromo-3-chloropropane (DBCP, Nemagon) g 0 7 ~ ~ ~ t
1,2-Dibromoethane (Ethylene dibromide, EDB)

57 59

II

IDibromomethane (Methylene dibromide) " 17 52 I~_ 30
trans-l,4-Dichloro.2-butene ((Z)-l,4-Dichloro-2-butene) * 68 61
1,2-Dichtorobenzene (o-Dichlorobenzene)
1,3-Dichtorobenzene (rn-Dichlorobenzene) Total phosphorus, as P" "*
1,2-Dichloroethane (Ethylene dichloride) 87 92 I =

93 go
1,1-Dichloroethane (Ethylidene dichloride) * I00 88 , , ~
1,1-Dichloroethene (Vinylidene chloride)
trans-1,2-Dichtoroethene ((E)-1,2-Dichlorothene)
c/$-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)
1,2-Dichloropropane (Propylene dichloride) i I I I I I      I      !
2,2-Dichloropropane * oool OOl Ol 1 lO lOO 1,ooo lO,OOO 1oo,oo0
1,3-Dichloropropane (Trimethylene dichloride) " CONCENTRATION. IN MILLIGRAMS PER LITERtrans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)
cis-1,3-Dichloropropene ((Z)-1,3-Dichloropropene)
1,1-Dichloropropene ¯
Diethyl ether (Ethyl ether)" Dissolved solids in water
Diisopropyl ether (Diisopropylether (DIPE)) *
Ethyl methacrylate * Study-unit frequency of detection~ in percent
Ethyl ten-butyl ether (Ethyl-t-butyl ether (ETBE)) " ~ N, ational frequency of detection, in p ...... Study-unit sarnp .....
1-Ethyt-2-methylbenzene (2-Ethyltoluene) *

I l                                                  i
~ , ~ , i , ,

Hexachlorobutadiene Dissolved solids * *" -L
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)                              I 00 ~. 00                                  --~oo ~oo2-Hexanone (Methyl butyl ketone (MBK)) * I00 i00 __
Isopropylbenzene (Cumene) *

i00 i00 ---- 30p-lsopropyltoluene (p-Cymene) * 100 100 -- ~--~;. 30
Methyl acrylonitrile " 100 100 -- , - , 28
Methyl ten-butyl ether (MTBE) ! I I I I I I IMethyl-2-methacrylate (Methyl methacrylate) " o.ooi o.ol ol 1 to too t,ooo t0,0oo loo,ooo4-Methyl-2-pentanone (Methyl isobutyt ketone (MIBK)) *

CONCENTRATION. IN MILLIGRAMS PER LITER
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Trace elements in ground water CHEMICALS IN FISH TISSUE
S~udy-unit frequency of detection, in p ...... AND BED SEDIMENT
- National frequency of detection, in p ...... Study-unit samp ......~ ~ ~ ~ , ~ ~ i Concentrations and detection frequencies, Lake Erie-Lake Saint

Arsenic __ Clair Drainages, 1996-98~Detection sensitivity varies among
chemicals and. thus, frequencies are not directly comparable among
chemicals. Study-unit frequencies of detection are based on small

5 ~ .~-’:~ .... ........... .~ ~ sample sizes; the applicable sample size is specified in each graph

~ * Detected concentration in Study Unit

Chromium ~ ~ Frequencies of detection, in percent. Detection frequenc=es
were not censored at any common reporting limit. The left-
hand column is the study-unit frequency and the right-hand
column is the national frequency

i ~ 0 2 ~ Not measured or sample size less than two. J
~ Study-unit sample size

0Ol     0.1      1      10     10o    1,ooo 10,o00 100,o00
National ranges of concentrations detected, by land use, in 36

CONCENTRATION. IN MICROGRAMS PER LITER                       NAWQA Study Units, 1991-98---Ranges include only samples
~n which a chemical was detected

Radon-222 F~sh tissue from streams in agricultural areas
Fish tissue from streams in urban areas
Fish tissue from streams draining mixed land uses

0 ~-~i~L~-~. Sediment from streams in agricultural areas
i 00 9 7 -r--- 28 Sediment from streams in ufoan areas

] I , I I i I I "--""-"~"-"-~ Sediment from streams draining mixed land uses

CONCENTRATION, IN PICOCURIES PER UTER percent percent percent

Other trace elements detected National benchmarks for fish tissue and bed sediment

Lead National benchmarks include standards and guidelines related to
Selenium criteria for protection of the health of fish-eating wildlife and aquatic
Uramum organisms. Sources include the U.S. Environmental Protection Agency,
Zinc other Federal and State agencies, and the Canadian Council of

Ministers of the Environment
Trace elements not detected
Cadmium ! Protection of fish-eating wildlife (applies to fish tissue)

Protection of aquatic life (applies to bed sediment)
Organochlorines in fish tissue (whole body)
and bed sediment

No benchmark for protection of fish-eating wildlife
~̄ No benchmark for protection of aquatic life

Total Chlordane (sum of 5 chlordanes)
38 38 ~ 8
~0 56 ~ ~ 5

t40 57 l ~
J

5 " National frequency of detection. ,n p t ..... Study-unit samD’e s’ze33 11

o,p’+p,p’-DDD (sum of o,p’-DDD and p,p:DDD) * O,D’+D,P’-DDT (sum of o,p’-DDT and p,p’-DDT) "             _L_
38 49 8 0 31 8

100 69 2 100 53
~0 50 5 0 29 5

29 27 .~, 7 0 19 ~i 7
80 50 = ’~.. ~- !                         ~ 5 aO 38

~
5

I00 20 _ ~ 33 11

p,D:DDE " "* Total DDT (sum of 6 DDTs)
88 90 ~ ~ ~ 8 88 90 8100 9L ~ 2 100 9~ 2

100 92 ~ 5 100 93 5

80 62 ~ 5 80 66

o,p~D,D:DDE (sum of o,p’-DDE and p,p’-DDE) " Dieldrin (Panoram D-31, Octalox)
88 90 ~ ~ ~ 8 a3 53                                                                           7

i00 9~ ~ Z 0
100 92 ~ 5 80 38 5

67 39 ~ 3 67 9

CONCENTRATION, iN MICROGRAMS PER KILOGRAM CONCENTRATION, IN MICROGRAMS PER KILOGRAM
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Study-unit frequency of detection, in percenl Study-unit frequency of detection, in percent
I National frequency o1 detection, in p ...... Study-unit sampt ..... | Nationelf requency of detection, in p ..... t      Study-unit samples,ze

~1_1_ Dieldrin+atdrin (sum of dieldrin and aldnn) "° _L Anthraquinone **

80 38 I

0 29 5 80 83                                                                           ~
67 9 ~- ~-~=:~ -..~ 5 i00 39 ~ 5

Hexachlorobenzene (HOB) ** Benz[a]anthracene
25 8 e,,,,,,.e,,,,~,,--- 8

Total PCB ~ Benzo[a]pyrene
~0 3~ ~ ~100 81 == ~100 66 , = = ~

60 21 ~ --~ 5 i00 92

1 ~         I         I I I I 9H-Carbazole ""
o ~ 1 1o 10o 1,o0o 10,oo0 100000

CONCENTRATION, IN MICROGRAMS PER KILOGRAM

100 76 = 5

See http://water.usgs.govlnawq~J for additional information Chrysene

Other organochlorines detected i0~ 9~ ~ 5
Heptachlor epoxide (Heptachlor breakdown product) * 100 67
Heptachlor+heptachlor epoxide (sum of heptachlor and heptachlor epoxide)
Pentachtoroanisole (PCA) " ** Dibenz[a,h]anthracene

Organochlorines not detected
Chloroneb (Chloronebe, Demosan) * *"
DCPA (Dacthal, chlorthal-dimethyl) " **
Endosulfan I (alpha-Endosulfan, Thiodan) * ""
Endrin (Endrine)
gamma-HCH (Lindane, gamma-BHC, Gammexane) * Dibenzothiophene **
TotaI-HCH (sum of alpha-HCH, beta-HCH, gamrna-HCH, and delta-HCH)
Isodrin (Isodrine, Compound 711 ) * **
p,p’-Methoxychlor (Marlate, methoxychlore) * ** 29 z2 ¯ -
o,p’-Methoxychlor " "" 60
Mirex (Dechlorane) "* 100 3o . ¯

cis-Permethrin (Ambush, Astro, Pounce) * -
trans-Permethrin (Ambush, Astro, Pounce) " ** 1,4-Dichlorobenzene (p-Dichlorobenzene)

Toxaphene (Camphechlor, Hercules 3956) " **

20 6
67 7

Semivolatile organic compounds (SVOCs) 2,6-Dimethylnaphthalene

in bed sediment
100 65Study-unit lrequency of detection, in percent

~ N, ational fr~uency of det~tion, in percent Study-unit sample siz~

= ~ ~ ~ = ~
~~ bis(2-Ethylhexyl)phthalate **Acenaphthene

i00 66 ............86 37

~~,~

7 ,00 97 -"~’~ l ..... ~’]00 89 5 100 78 ,100 56 .~ .............. ~

I 1 I I i I I I I I I I         I
o I I 1o 1oo 1.ooo 1o,ooo IOO,OOO o.1 I ]o I~ tOdd    ~ o.ooo    ] oo.o~

CONCENTRATION. IN UICROGRA~S PER KILOGRAM DRY WEIGHT CONCENTRATION. IN ~CROGRA~S PEB KILOGRA~ DRY WEIGHT
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Study-unit frequency Of detection, in ~,ercent Trace elements in fish tissue (livers) and
N] ational frequency of detection, in P ...... Stu0y-un,t sampl .....~ , , , , , bed sediment

N-Nit rosodiphenylamine *"
Study-unit frequency of ~ete~lon, in percent

~ National fr~uency of ~etection, tn ~rcent Study-unit sample

0 ~o ~ ~ Arsenic*

ioo 38
Ph~aRthreRe

ioo 76

i00100100979899

ioo 5o
i00 93 . ..

*
5 Cadmium

100 66 3 100 77
100 72

Phenol "* 100 95

100 i00 Ii00 98 i * e,~

86 81 ~7 .......
leo 82 , ~ 5 Chromium
i00 80 -~ ~ 3 ~3 62

o 72
Pyrene                                                               25 5.

i00 I00
100
~oo zoo

ioo 6~ l!00 95 = 5 Copper
Z00 76 e    ~ % 100 10D

100 100                                         ~

0 1 1 ~0 10~ 1,~0 10,000     100,000 !00 1~0
CONCENTRATION, IN MICROGRAMS PER KtLOGRAM. DRY WEIGHT i ~ C ! ~ ~

Other SVOCs detected Lead
Acenaphthytene

1~ alAcridine ~* ~ a~
Benzo[~]fluoranthene "" i0~Benzo[cJcinnoline "" ~00 100
Benzo[gh~]perylene "" 100
Benzo[~]fluoranthene *"
2,2-Biquinoline "" Mercury
Butylbenzylphthalate *" lO0 71 ,

100 59~Cresol ** 1oo 8o
Di-~bu~lp~thalate "* 8~Di-~octylphthalate "" ;00 97
Diethylphthalate "" ;00 9s
1,2-Dimethylnaphthatene *"

Nickel1,6-Dimethylnaphthalene ""
o a23,5-Dimethylpheno~ ** 5o ~

Dimethylphthalate "" o 5o
2-Ethylnaphthalene ** ~oo lOO
9H-Fluorene (Fluorene) 100 100
Indeno[1,2,3-c~pyrene *" zo0 ;oo

Isophorone ** SeleniumIsoquinoline "* zoo 9~
1-Methyl-9H-fluorene *" :oo zoo
2-Methylanthracene "* :oo 99
4,5-aethylenephenanthrene ** : 0 o 10 O ~ ..... t"1-Methylphenanthrene *" :oc leo

100 10o
1 -Methylpyrene **
Naphthalene Zinc
Phenanthridine "* 100 100
2,3,6-Trimethylnaphthalene "* ~00~00zooZ°°
~MOC$ not detected ;0o zoo
C8-Alkylphenof "* 100 99
Azobenzene "*

lOO lO0

4-Bromophenyl-phenylether ** i
4-Chioro-3-methytphenol ** o Ol o~ ~ lO lOO ~ ooo ~o,~o
bis(2-Chloroethoxy)methane *" CONCENTRATION, IN MICROGRAMS PER GRAM2-Chloronaphthalene ** (Fish tissue is wet weight, bed sediment ~s ~ we~ght~
2-Chlorophenol "*
4-Chlorophenyl-phenylethe r **
1,2-Dichlorobenzene (~Dichlorobenzene) **
1,3-Dichlorobenzene (~Dichlorobenzene) **
2,4-Din~trotoluene *"
Nitrobenzene **
N-Nitrosodi- ~propylamine **
Pentachloronitrobenzene *"
Quinoline *"
1,2,4-Trichlorobenzene ""
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BIOLOGICAL INDICATORS
Higher nationa~ scores suggest habitat disturbance, water-quality
degradation, or naturally harsh conditions. The status of algae,
invertebrates (insects, worms, and clams), and fish proviqe a
record of water-quality and stream conditions that water-
chemist~ indicators may not reveal. Algal status focuses on the
changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate status averages ! 1
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality
degradation. Fish status sums the scores of four fish metrics
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase in association
with water-quality degradation

Biological indicator value, Lake Erie - Lake Saint Clair
Drainages, by land use, 1996-98

,~ Biological status assessed at a site

National ranges of biological indicators, in 16 NAWQA Study
Units, 1994-98

~ Streams in undeveloped areas
~ Streams in agricultural areas
~ Streams in urban areas
~ Streams in mixed-land-use areas
-- 75th percentile
- - - 25th percentile

Algal status indicator
Undeveloped

Agricultura}             i

Urban
Mixed             i

Invertebrate status indicator
U ndeveloped

Agricultural i I
Urban
Mixed                    i

’Fish status ind’icator                                 ’
Undeveloped

Agricultural
Urban
Mixed
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Lake Erie-Lake Saint Clair Drainages was integral to the
success of this water-quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies Other public and private organizations

U.S. Environmental Protection Agency Rouge River Program Office, Michigan
U.S Army Corps of Engineers The Nature Conservancy

U.S. Department of Agriculture Great Lakes Commission
Environment Canada, Great Lakes Division International Association of Great Lakes Researchers

Michigan State University
State Agencies University of Michigan, Dearborn
Ohio Environmental Protection Agency
Ohio Department of Natural Resources
Ohio Lake Erie Commission
Michigan Department of Agriculture
Michigan Department of Environmental Quality
Indiana Department of Natural Resources
New York Department of Environmental Conservation

Local Agencies
City of Fort Wayne
City of Toledo
Southeast Michigan Council of Governments
Washtenaw County, Michigan, Health Department
Oakland County, Michigan, Health Department
Allen County, Indiana, Soil and Water Conservation
District

We thank the following individuals for contributing to this effort.

Robert Pigg, Michigan Department of Agriculture
John Estenik, Ohio Environmental Protection Agency
Charles Staudt, Ohio Environmental Protection Agency
Terry Keiser, Ohio Northern University

Special thanks to U.S. Geological Survey employees for their contributions:
Kevin Metzker, lead technician, Erin Lynch, Bill Yost, Dennis Finnegan, Stephanie Brubeck, Alex Covert,
Rick Hubbell, Craig Oberst, David Eckhardt, George Casey, and Michael Wieczorek. Richard Frehs and
C. Michael Eberle for production of the report, including editing, layout, and illustrations.

Appreciation also is extended to those individuals and agencies that reviewed this report: Mark Ayers, Charles
Peters, and Patrick Phillips, and others at the U.S. Geological Survey; Tom Crane, Great Lakes Commission,
and Jeffrey Busch, Ohio Lake Erie Commission.
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqa/

Kanawha-New River Basin contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey

Water Resources Division Water Resources Division
11 Dunbar Street 12201 Sunrise Valley Drive, M.S. 413

Charleston, WV 25301 Reston, VA 20192
e-mail: dc_wv @ usgs.gov http://water.usgs.gov/nawqa/
http://wv.usgs.gov/nawqa/

Other NAWQA summary reports
River Basin Assessments Rio Grande Valley (Circular 1162)

Albemarle-Pamlico Drainage Basin (Circular 1157) Sacramento River Basin (Circular 1215)

Allegheny and Monongahela River Basins (Circular 1202) San Joaquin-Tulare Basins (Circular 1159)
Apalachicola-Chattahoochee-Fiint River Basin (Circular 1164) Santee River Basin and Coastal Drainages (Circular 1206)

Central Arizona Basins (Circular 1213) South-Central Texas (Circular 1212)

Central Cotumt)ia Plateau (Circular 1144) South Platte River Basin (Circular 1167)

Central Nebraska Basins (Circular ! 163) Southern Florida (Circular 1207)

Connecticut, Housatonic, and Thames River Basins (Circular 1155) Trinity River Basin (Circular 1171 )

Eastern Iowa Basins (Circular 1210) Upper Colorado River Basin (Circular 1214)

Georg=a-Florida Coastal Plain (Circular 1151 ) Upper Mississippi River Basin (Circular 1211 )

Hudson River Basin (Circular 1165) Upper Snake River Basin (Circular 1160)
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Upper Tennessee River Basin (Circular !205)

Las Vegas Valley Area and the Carson and TrucKee River Basins Western Lake Michigan Drainages (Circular 1156)

(Circular 1170) White River Basin (Circular 1150)
Lower Ilhnois River Basin (Circular 1209) Willamette Basin (Circular 1161)

Long Island-New Jersey Coastal Drainages (Circular 1201)
Lower Susquehanna River Basin (Circular 1168) National Assessments
Mississippi Embayment (Circular 1208) The Quality of Our Nation’s Waters--Nutrients ancl Pesticides (Circular 1225

Ozark Plateaus (Circular 1158)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)
Red River of the North Basin (Circular 1169)

Front cover: The Kanawha River at Kanawha Falls, West Virginia. (Photograph by David Fattaleh, West Virgima
Division of Tourism, and used by permission.)

Back cover. Left, Electrofishing on Sewell Creek at East Rainelle, West Virginia (photograph by Edward Vincent,
USGS); right, Mountaintop coal mine near Kayford, West Virginia (photograph by James H. Eychaner, USGS).
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Kanawha-New River Basin that emerged
from an assessment conducted between 1996 and 1998 by the U.S. Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and com-
pared to conditions found in all 36 NAWQA study areas, called Study Units. assessed to date. Findings also are
explained in the context of selected national benchmarks, such as those for drinking-water quality and the protec-
tion of aquatic organisms. The NAWQA Program was not intended to assess the quality of the Nation’s drinking
water, such as by monitoring water from household taps. Rather, NAWQA assessments focus on the quality of the
resource itself, thereby complementing many ongoing Federal, State, and local drinking-water monitoring pro-
grams. Comparisons made in this report to drinking-water standards and guidelines are only in the context of the
available untreated resource. Finally, this report includes information about the status of aquatic communities and
the condition of instream habitats as elements of a complete water-quality assessment.

Man5, topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during this water-quality
assessment. Residents of West Virginia, Virginia, and North Carolina who wish to know more about water quality
in the areas where they live will find this report informative as well.

Kanawha-New
River Basin

NAWQA Study Units--

" ~ ~ 1991-95

J ~ 1994-98

m 1997-2001

~ Not yet scheduled

" \"\,,\, ’\~~ ~ High Pla,ns Regiona,

ii
~,

Ground Water Study,
1999-2004

THE NAWQA PROGRAM of the USGS seeks to improve scientific and public understanding of water quality
in the Nation’s major river basins and ground-water systems. Better understanding facilitates effective resource
management, accurate identification of water-quality priorities, and successful development of strategies that pro-
tect and restore water quality. Guided by a nationally consistent study design and shaped by ongoing communica-
tion with local, State, and Federal agencies, NAWQA assessments support the investigation of local issues and
trends while providing a firm foundation for understanding water quality at regional and national scales. The ability
to integrate local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Pro-
gram.

The Kanawha-New River Basin is one of 51 water-quality assessments initiated since 1991. when the U.S. Con-
gress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36 assessments
have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments cover about
one-half of the land area of the United States and include water resources that are available to more than 60 percent
of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

¯ Streams draining basins that have been mined
82~ Appalachian since 1980 show increased dissolved sulfate,Plateaus

decreased median bed-sediment particle size, and
impaired benthic-invertebrate communities com-
pared to streams not mined since 1980. (p. 5-11 )

EXPLANATION ¯ In all basins studied where more than 100.000 tons
STREAM DATA-COLLECTION of coal per square mile have been mined, theSITE
¯ Water quality, ecology, stream benthic-invertebrate community is

bed sediment, and impaired in comparison to rural parts of the basin
fish tissue where less than 10,000 tons of coal per square

¯ Bed sediment and mile have been mined since 1980. Some basins in
fish tissue which the benthic-invertebrate community is

GROUND-WATER impaired, however, were not heavily mined.
STUDY AREA

Benthic invertebrates are sensitive indicators ofv-q Appalachian Plateaus       many types of disturbance and respond to impair-
Valley t~] Blue Ridge

and 37 ~ merit of either stream chemistry or physical
Ridge ~ ~

~..~.~,, ~’ ’-,
habitat. (p. 7-8)

Province
Blue

~%~,~ VA ~Ridge . ¯ Effects on stream benthic-invertebrate communi-
Province _~’~-:8:~----~k ties caused by coal mining were of similar magni-

~------N?y rude to the effects caused by urban development
and agriculture elsewhere in the Nation. (p. 1

0 50 MILES

I ~     I ¯ Kanawha Falls is the upstream limit for the range
0 50 KILOMETERS of several fish species. Non-native fish continue to

The Kanawha-New River Basin is generally mountainous, forested, expand their range in tributaries of the New and
humid, and rural. Agriculture is concentrated in the southern half of Gauley Rivers. (p. 12-14)
the basin; major products are cattle and hay. Seven percent of all coal
mined in the United States is produced from the Appalachian Plateaus¯ Escherichia coli (E. coli) bacteria concentrations
Physiographic Province within the basin, exceeded the national guideline for public swim-

ming areas in 26 percent of samples from major
Stream and River Highlights rivers and in 43 percent of samples from tributary streams,

The generally low population and intensity of agri- but no outbreak of waterborne disease was reported during

culture and urban land uses throughout the 1991-98. Inadequate sewage treatment and manure manage-
ment contribute to elevated E. coil concentrations.Kanawha-New River Basin are reflected in low con-

centrations of nutrients and pesticides in streams and
I p. 14-15)

rivers. ¯ Volatile organic compounds (VOCs) continue to be detected
Streams in the coal region of the Appalachian in the Kanawha River downstream from the Charleston met-

Plateaus Physiographic Province generally improved ropolitan area. (p. 16)
between about 1980 and 1998 with respect to pH,
total iron, total manganese, and sedimentation. Thesē Nickel, chromium, zinc, and certain toxic organic corn-

improvements were among the regulatory goals of pounds were found in bed sediment in concentrations that

the Surface Mining Control and Reclamation Act of could harm aquatic life. Elevated concentrations of cad-
mium, mercury, nickel, selenium, and zinc were measured in

1977 (SMCRA). Other unregulated factors, however, fish tissue at some sites. (p. 12)
show the effects of continued mining. Mine drainage
in the basin is rarely acidic but has high concentra-
tions of sulfate, which decrease slowly after mining Major Influences on Streams and Rivers
ends. Stream-bottom sedimentation in mined basins ¯Coal mining
remains greater than in undisturbed basins. .Improper disposal of human and animal wastes

P̄ast industrial activities

Summary. of Major Findings 1
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¯ Modem well construction can prevent fecal bacteria from
Selected Indicators of Stream-Water Quality reaching drinking water in most areas of the basin. Bacteria

Small Streams Major Rivers were frequently detected only at older wells. (p. 19)

Coal Agricul- Forest Mixed
Mining tural Land Uses ¯ Potentially explosive concentrations of methane were found

in water at 7 percent of wells in the coal region of the Appa-
Pesticides1 -- -- lachian Plateaus. (p. 17)

Nutrients2 ¯ Nutrients, pesticides, and VOCs were detected in low con-
centrations throughout the basin. In the Blue Ridge, how-

Bacteria3 ~i~ ~ ~P ¯ ever, water from more than 50 percent of wells contained
pesticides, an indication that the ground water is vulnerable

TraCeelements4
0 -- ~l~

to contamination. (p. 19)

¯ In the Appalachian Plateaus, iron and manganese concentra-
tions exceeded USEPA drinking-water guidelines in at least

m Percentage of samples with concentrations greater
than or equal to health-related national guidelines for 40 percent of the wells and in about 70 percent of wells near
drinking water, protection of aquatic life, or contact reclaimed surface coal mines. Elevated sulfate concentration
recreation" or above a nat ona goal for preventing and slightly acidic water were more common at wells within
excess algal growth 1.000 feet of reclaimed mines than elsewhere. (p. 10 and 17)
Percentage of samples with concentrations less than
health-related national guidelines for drinking water,
protection of aquatic life, or contact recreation; or Major Influences on Ground Water
below a national goal for preventing excess algal growth
Percentage of samples with no detection

¯ Composition of soils and bedrock
(" Detected ir~ 1 percent or less of samples) " Improper disposal of human and animal wastes

-- Not assessed ° Current and past mining practices
1 insecticides, herbicides, and pesticide metabolites, sampled in water ¯ Pesticide usage and other toxic chemical releases
2 Phosphorus and nitrogen, sampled in water.
3 Eschertchta co# (E coil) bacteria, sampled in water.
4 Nicke~, chromium, zinc, and lead, sampled in streambed sediment Selected Indicators of Ground-Water Quality

Ground-Water Highlights                                       Domestic Supply Wells

Ground water in the Appalachian Plateaus and Appalachian Appalachian    Blue
Blue Ridge Physiographic Provinces moves mostly Plateaus, Mining Plateaus Ridge

in a network of narrow fractures within a few hun- Pesticides~    --
dred feet of the land surface, and drains toward the
nearest stream. Wells normally tap only a few of the Radon ¯
many local fractures. The ridgetops bound each local
aquifer, which generally are affected only by local Volstii.e 2 --

contaminant sources. In small areas of the basin
orgamcs

where caves and solution cavities in limestone bed- Bacteria

rock are common, wells can have high yields but are
susceptible to contamination from fecal bacteria, pes- ~itrats

ticides, and other toxic chemicals.
m Percentage of samples with concentrations greater

¯ Radon concentrations in the Blue Ridge were among the than or equal to health-related national guidelines for

highest in the Nation. Almost 90 percent of wells
drinking water
Percentage of samples with concentrations less than

sampled there exceeded the proposed U. S. Environ- health-related national guidelines for drinking water
mental Protection Agency (USEPA) primary drinking- Percentage of samples with no detection
water standard of 300 picocuries per liter (pCi/L). One- -- Not assessed
third of these wells contained more than 4,000 pCi/L,
the proposed alternate drinking-water standard. Radon 1 Insecticides, hemicides, and pesticide metabolites, sampled )n water.
is a radioactive gas that forms during the decay of natu- ~ solvents, refrigerants, fumigants, gasoline, and gasohne addit,ves.

sampled in water.
ral uranium. (p. 18-19) ~ Fecal coliform bactena, sampled in water

2 Water Quality in the Kanawha-New River Basin
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INTRODUCTION TO THE KANAWHA-NEW RIVER BASIN

Population and Human Actlwtles metropolitan area. The total population has not
The Kanawha River and its major tributary, the N’c~ changed substantially since the 1950s, mostly because

River, drain 12,223 mi2 in North Carolina. Virginia. of emigration from rural parts of the basin to urban
and West Virginia (Messinger and Hughes, 2000). centers in the Midwest and the South.
Most of the total basin population of 870.000 (199~) The only major industrial area in the basin is along
data) live in rural areas, and industrial and residentia! the terrace of the Kanawha River, within about 20
areas cover less than 5 percent of the total area in the miles of Charleston (fig. 2). Chemical industry prac-

tices that profoundly polluted the Kanawha River dur-basin (fig. 1 ). Only about 30 percent of the population
live in towns larger than 10,000 people, including theing the 1950s and 1960s have changed, and discharge
25 percent who live in the Charleston, W. Va., of pollutants to streams has greatly decreased, although

bed sediment and fish remain
Downtown Charleston ~ .~U’~                                              contaminated with dioxin and

..... ter
~ other industrial chemicals

82

~                                                    (Henry,, 1981’ Kanetsky, 1988:
Land use /,,

West Virginia Division of Envi-
ronmental Protection. 2000).

|Falls of Hills Creek in thein 1992-94 I~Allegheny Highlands" In the Kanawha-New River
Appalachian Basin, most coal is mined in the

Plateaus
Urban Mining and other Appalachian Plateaus in West
12~,o/~ d~sturbed ~and Virginia (McColloch, 1998).

Aoriculture    ’T (1%),~SO,o~ - ~ About 7 percent of the coal
. mined in the United States
..... comes from the Kanawha-New

Fores~ la2°/ol .... River Basin (Fedorko and
W~aewat .... fters in the Blake, 1998; Messinger and~e* R~e~ Gorge

Hughes, 2000). Most coal mined
~,n,~ in the basin has a low sulfurValley and Ridge Urban d s urbe~ land~2O/o) ....(1O/o) content. Coal production hasAg nculture (15% I

’~      ,~ increased since passage of the
~) /,,

37 Clean Air Act amendments of
~orest i~%; ~-~_~- 1990, which mandated a reduc-

Valley and Ridge agriculture
tion of sulfate emissions to

Blue Ridge Mining anc~othe decrease acid precipitation.
disturbed land

Urban ( 1 e/,L) ,’
Agr,culture (31%).,: ~’x Physiography

The streams and rivers of the
¯ ~,~%~%%~ basin drain areas in three physi-

’\~-’~/Forest (67%1 %’~"" %‘ ’~’~b~"~
¯ ~ Chr, slmas tree f .....g in the ographic provinces: the Blue

0 50 MILES Blue Ridge
~ Ridge (17 percent), the Valley

0 50 KILOMETERS and Ridge (23 percent), and the
Appalachian Plateaus (60 per-

Figure 1. In the mountainous Kanawha-New River Basin, elevation ranges from over cent). In the Appalachian Pla-4,000 feet in the Allegheny Highlands of the Appalachian Plateaus Province and the
Blue Ridge Province to about 560 feet at the mouth of the river at Point Pleasant, teaus, little of the land is flat,
W. Va. Forest accounted for 81 percent of the land cover in 1993 (Multi-Resolution and most flat land is in the flood
Land Characteristics Interagency Consortium, 1997). Logging is a major industry

plains and terraces of streams.throughout the basin. The entire basin was logged by the early 20th century, and no
undisturbed areas remain (Clarkson, 1964). Coal mining is prevalent in the Appalachian
Plateaus. The Blue Ridge Province contains proportionally more agricultural land than
the Appalachian Plateaus and Valley and Ridge Provinces. Cattle, hay, and corn grown
as cattle feed are the primary agricultural products (National Agriculture Statistics
Service, 1999). Physiographic provinces from Fenneman, 1938.
* Photograph by Julie Archer, and used by permission.

Introduction to the Kanawha-New River Basin 3
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interval. No streams in the basin were in drought con-
ditions during the study.

Streamflow varies most through the year in the west-
ern Appalachian Plateaus, and it varies least through
the year in the Blue Ridge. On average, streamflow
throughout the basin is greatest in February and March
and least in September through October. Maximum
streamflow does not coincide with maximum precipita-
tion because summer vegetation uses a large fraction of
the precipitation.

The river system in the Kanawha-New River Basin
is regulated by four major flood-control dams, threeFigure 2. Coal and motor fuel commonly are transported by

barge on the Kanawha River, downstream from Kanawha Falls.navigation dams, and several smaller dams. The two
largest dams are on the Gauley River (Summersville
Dam) and Elk River (Sutton Dam). The other two

The Valley and Ridge is characterized by strongly major dams are on the New River. The navigable reach
folded ridges separated by relatively flat, broad valleys,of the Kanawha River is in backwater caused by the
These two regions are underlain by sedimentary rocks, navigation dams. In this reach, stream depth is greater
The Blue Ridge is characterized by igneous and meta-and velocity is less than in the undammed reaches of
morphic rocks that have been folded and faulted, the major rivers. All pools behind dams in the basin

collect sediment. Dams are also major barriers to fish

Water Use                                         movement.
In 1995, 61 percent of the basin’s population

depended on surface-water supplies for domestic needs
(Solley and others, 1998). Thirty percent relied on
domestic water wells. The remaining nine percent used
public-supply water wells. In 1995, total withdrawal of
water was about 1,130 Mgal/d (million gallons per
day); total consumptive use was about 118
Mgal/d.                                   c~ 10,000 .................................... I 30

zo
(D Precipitation
ua Streamflow -~ 25(/3 8,000 -- ,Hydrologic Conditions and Features ~-
nl ~ T
~-With some exceptions, mean streamflow ~- : g
I.~ 6,000durin~ the study was within about 10 percentua ~ _

of long-term mean flows at most gaging sta-o
tions (see records from a representative station~ 4,0oo

0
in fig. 3). Major flooding occurred throughout_z __
the Appalachian Plateaus in January 1996,g 2,000
seven months before sampling began, ando, 5

14_

streamflow at several gaging stations within
0                                                o

the Kanawha-New River Basin exceeded the
I-- J M M J S N J M M J S N J M M J S N

lO0-year flood flow (Ward and others, 1997). m 1996 "!997 i 1998
A thunderstorm in June 1998 caused flooding
in the northwestern part of the basin where Figure 3. After a major flood in January 1996, streamflow from Williams
flow on a few small streams exceeded the River at Dyer, W. Va., and precipitation from Richwood, W. Va., were

normal throughout the study period. The long-term average annual100-year recurrence interval (Ward and others.
streamflow at Williams River at Dyer, W. Va. is 336 cubic feet per second.

1999). With the exception of these floods, no Long-term average precipitation at the Richwood, W. Va. location is
other flows exceeded the 10-year recurrence48 inches per year.

4 Water Quality in the Kanawha-New River Basin
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MAJOR FINDINGS

Persistent Changes in Water Chemistry and Median concentrations of total iron and total manga-
Aquatic Biology are Evident in Coal-Mined nese were lower in 1998 than during 1979-81 in 33
Areas basins that had been mined both before and after

About 7 percent of all coal mined in the Nation SMCRA, but sulfate concentration and specific conduc-
comes from an area of 5,000 mi2 in the Appalachian tance were higher (table 1). In 1998. median total man-

Plateaus part of the Kanawha-New River Basin. Pro- ganese, specific conductance, sulfate, and pH were
duction of the mostly low-sulfur coal nearly doubled higher in 37 basins mined since 1980 than in 20 basins

from 1980 to 1998 as mining technology advanced, unmined since then: median total iron was lower in the
individual mines became larger, and employment mined basins, possibly reflecting aggressive treatment
decreased. Total production is about 90 million tons perof permitted discharges.
year. A coal seam 1 foot thick and 1 mile square weighs

Table 1. Medians of regulated constituents improved between
about I million tons. 1979-81 and 1998 in 33 mined basins

Most drainage basins within the coal region have
I~g/L. micrograms per liter; ~.Stcm, microsiemens per centimeter: mg/L.

been mined repeatedly as technology has advanced andmilligrams per liter]
economics have changed. Only three unmined basins
greater than I0 mi2 in the coal mining region were iden- Median value
tiffed in this study. Among mined basins, cumulative 1979-81 1998
coal production of less than l 0,000 ton/mi2 of coal dur-Regulated Constituents
ing 1980-95 is low. Cumulative production in many pH (standard units) 7.1 7.5
basins ranged from 100,000 to 1,000,000 ton/mi2. Total iron (pg/k) 455 150

Total manganese (/ag/L) 150 78Most water that drains from coal mines in the
Unregulated ConstituentsKanawha-New River Basin is naturally neutral or alka-
Specific conductance (/aS/cm) 360 446line rather than acidic.When iron pyrite in coal and Sulfate img/L) 91 150adjacent rocks is exposed to air and water during min-

ing. a series of chemical reactions produce dissolved At the time the SMCRA and subsequent regulations
iron and sulfuric acid (Rose and Cravotta, 1998). Natu-were established, acidification and subsequent increase
ral or applied limestone, lye, or anhydrous ammonia in metal concentrations, but not sulfate concentration.
can neutralize the acid (Skousen and others, 1998), butwere known to degrade stream quality. Regulations,
sulfate ions dissolved in water generally remain as evi-
dence of the reactions. Sulfate concentrations in
streams decrease slowly after mining ends (Sams and
Beer, 2000). lo,ooo

Since 1981, Total Iron and Manganese have
Decreased in Stream Basins where Coal ,q ~

¯
# Drinking-water guicleline = 250 mg/L

Mining has Continued, but Sulfate has
Increased z~: ¯

¯
Durin~ low flow in July 1998, water samples from 57 ~ Median = 59 mg/C

wadeable streams (drainage area less than 1 to 128 mi2),,,
were analyzed once. Samples were collected from
streams in the region of the Appalachian Plateaus
where coal has been mined. At least three analyses were _z
available for 51 of the sites for 1979-81, before the Sur- ~                   ’     ’     ’

O 1 2 3 4 5face Mining Control and Reclamation Act (SMCRA)
BASINWIDE COAL PRODUCTION (MILLIONS OFaffected regional water quality (Ehlke and others, TONS MINED PER SQUARE MILE, 1980-95)

1982). Each 1998 analysis was compared to the one
Figure 4. Sites with a low concentration of sulfate drainedearlier analysis with the closest corresponding stream- basins with little recent coal production. Sites with a high

flow. Results were interpreted with respect to cumula- concentration of sulfate drained basins with a wide range
tire mining history and other land uses in each basin, of recent coal production.

Major Findings 5
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_o ~ o,ooo I

EXPLANATION
~ ~

/
¯

~ uJ 1,000I ¯SULFATE IN STREAMS-- z ---
¯

In milligrams per liter O "~ I ¯
(Dr-t-

less than 59
~ ~

ee~1~ ¯ ¯

59-250 Lu co 100 ¯
¯ greater than 250 Z ~ Drinking-water guideline = 50 p.g/L

AVERAGE COAL PRODUCTION ~ rr~ Median = 32 pg/L
BY COUNTY (1980-95)-- ~; ~O

10 I~¯In thousands of tons per year
~o-5o
E:] 51 - 1,000 0--~ Z

I          ¯ ¯
’B !.001 - 10,000 co

~11 10,001 -20,000 ~ 0    1    2    3    4    5    6

COAL PRODUCTION (MILLIONS OF TONS
MINED PER SQUARE MILE, 1980-95)

Figure 6. Concentrations of manganese in about
Figure 5. Sulfate concentration in wadeable streams half of the streams draining heavily mined basins
was highest in counties with the highest coat production, were less than the study median.

therefore, were targeted at decreasing mining-related Lockwood and Clear Fork at Whitesville, specific con-
acidification and concentrations of iron and manga- ductance was correlated with sulfate concentration, and
nese, but were not designed to decrease sulfate concen-correlations were nearly as strong between specific
trations. Sulfate concentrations less than 59 mg/L conductance and dissolved calcium, magnesium,
Imilligrams per liter: study median) were measured sodium, and chloride. The same patterns were found in
only from basins where less than 142,000 ton/mi2 ofdata for the sites before the implementation of the
coal were produced during 1980-95 (figs. 4 and 5). InSMCRA.
contrast, manganese concentrations less than 32 ~g/L Streamflow, water temperature, pH, and specific
(micrograms per liter: study median) were measured atconductance were measured hourly at the two mined
several heavily mined basins (fig. 6). sites during the same two years. In the Coal River

Sulfate concentration in streams draining mined Basin at Clear Fork. sulfate concentration (estimated
areas does not correlate strongly with coal productionfrom the hourly specific conductance) exceeded the
because sulfate production depends on local geology,
mining practice, and possibly results from activities in~ 1,000

addition to mining. Sulfate concentration is higher than
background, however, in basins with the greatest coal _~

~ _Drinking-water guideline = 250 mg/L

production. Background sulfate concentration was less~ ~ - ~?: Clear Fork near ,
"J ~ ~ ~u ~hi~esvifle (mining).than 25 mg/L in 16 of 20 basins not mined since 1980._z ~, ~oo

In contrast, sulfate concentration was greater than 250z E -t--4~,
Peters Creek r~ea~ ~

mg/L in 8 of 15 mined basins drained by streams tribu-~ ~ Lockwood (mining)

tarv, to the Coal River. The USEPA guideline for sulfate ~                                                                              ~,-z
in drinking water is 250 mg/L. ~ ~ ~0 ~

For two years, water chemistry was analyzed z o,

monthly and at high flow at two streams in heavily (D Williams River at Dyer.
W (not recently mined)i.--mined basins, and at one stream where no coal had

been mined since 1980. At the mined sites, sulfate, sev-z to lOO 1.ooo lO.OOO
eral other ions. and specific conductance decreased as STREAMFLOW, IN CUBIC FEET PER SECOND
streamflow increased: at the unmined site, major-ion Figure 7. The concentration of sulfate, like other major ions,concentrations were low at all flows (fig. 7). Dissolved decreased with flow at two heavily mined sites but was
iron and manganese concentrations were virtually unre-consistently low at a site with no recent mining (~lear Fork
lated to flow at all three sites. At both Peters Creek near R~ = 0 90 Peters Cr Ra = 0.91, Wi ares River R = 0.11).

6 Water Quality of the Kanawha-New River Basin
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250-mg/L guideline about 25 percent of the time. Sul-
Epooms Oolophilodos

fate concentrations across a range of flow at Clear Fork
were at least 10 percent greater in 1998 than in 1979- (Mayfly nymph)* (Caddisfly larva)**

81.

Coal-mining methods in the Kanawha-New River
Basin

In the Kanawha-New River Basin, half of the coal
comes from underground mines and half from surface Rhyacophila

mines. Surface subsidence is expected above longwall (Caddisfly larva)***

mines, which remove about 90 percent of a coal seam,
but is less common above room-and-pillar mines that
may remove only 60 percent. Surface mines, both
smaller contour mines and larger mountaintop mines,

Figure 9. Invertebrates that are intolerant of finecan remove 100 percent of a series of seams. Surface- sediment were present at unmined sites and sites
mine operators working in steep-slope areas cannot with little coal production since 1980. (Photograph by
simply replace all waste-rock material within the * Jennifer Hiebert, University of Alberta; ** D.B. Chambers,
boundaries of the mine sites, because broken rock takes USGS, *** Arturo EIosegi, North American Benthological
more space than consolidated rock. The excess is Society. All photos reproduced with permission)

placed in valleys as fill material where the land is flat
enough to provide a stable foundation, but the valley the community is impaired drained areas that were not
fills greatly affect the stream environment (U.S. Envi- heavily mined.
ronmental Protection Agency, 2000). Invertebrate communities were sampled from riffles

at 29 wadeable streams in areas of the Appalachian
Plateaus where coal is or has been mined (.Chambers

Stream Benthic-Invertebrate Communities areand Messinger, 2001). The sites were separated into
Impaired at Mined Sites two groups by statistical comparison of species compo-

In all streams sampled that drain areas where large sition and abundance. Each group contained communi-
quantities of coal have been mined, the benthic- ties that were similar. The communities that included
invertebrate community is impaired in comparison to several insect taxa known for intolerance of fine sedi-
rural parts of the study area where little or no coal has ment were identified as the less impaired group of sites.
been mined since 1980 (fig. 8). Some streams in whichThese taxa include Epeorus mayflies and Dolophilodes

and Rhyacophila caddisflies (fig. 9). Epeorus is a genus

~ :, of relatively large mayflies that cling to the bottom of
’~- ° Higher MHBI (impaired invertebrate large, loosely embedded rocks. Fine sediment can fill
O~
~ ~ 6 - comrnun~ty) the openings in the stream bottom where they live.

~ s.~° ¯ ¯
¯ Caddisflies in the genus Dolophilodes spin finely

~ ~ °° ~ ~median ¯
meshed nets that can be clogged with silt. Rhyacophila

~ ~ -,----÷ ............................. are mobile predators typically found in clean, cool-
____¢t~ 4 1-- x water streams. These intolerant taxa were not present in
~ ~ the invertebrate communities at sites identified as
~, Lower MHBI (healthy invertebrate poorer. In addition, scores from the MHBI (Modified
C) community)
~ 2 ..... Hilsenhoff Biotic Index: see glossary) and proportions0    o.s ~.0 ~.s 2.o 2.5 3.o of pollution-tolerant taxa from the midge family were

BASINWIDE COAL PRODUCTION, IN MILLIONS
OF TONS MINED PER SQUARE MILE, 1980-95 significantly greater at the more impaired group of

sites. The MHBI and other biological metrics are math-Figure 8. Only sites with little recent coal production ematical summaries of characteristics that change pre-had healthy invertebrate communities as measured
by low (favorable) scores on the Modified Hilsenhoff dictably in response to environmental stress. They are
Biotic Index, although not all impaired sites were in used to measure ecological health of a system (Karr
areas of high coal production, and Chu, 1999).

Major Findings 7
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Creek near Hopewell, W. Va., which drains an area
Benthic invertebrates are gooo ,na~cators of overall with few relatively small fills, grouped with the less
stream-water quality impaired sites. Davis Creek at Trace Creek, W. Va.,
Benthic invertebrates are sensitive indicators of man\ drains several large fills at a shopping center and was in
types of stream disturbance (Barbour and others, the poorer group.
1999). Because most have a life span of about a year Instream habitat structure also differed significantly
and many remain in the same short section of stream between the two groups. Sites from the less impaired
during most of their lives, they are particularly well group had less sand and silt in the stream bottom.
suited for assessments of short-term, local disturbancesSmaller median sediment size correlated with
within a watershed. Fish, however, often move decreased number of taxa of mayflies, stoneflies, and
throughout a stream system, enabling them to seek ref-caddisflies (EPT taxa) and an increased (more
uge from such disturbances. An impaired invertebrate impaired) score on the Modified Hilsenhoff Biotic
community is more than a disruption in the aquatic Index (fig. 10; r2 = 0.46 and 0.43, respectively). Among
food web-- it indicates that stream chemistry and (or) the sites sampled, correlations between invertebrate
physical habitat are impaired. Stream-chemistry data metrics and coal production (or factors relating to coal
provide useful information about the stream’s quality mining) were weak, largely because some streams were
only for the time of sampling, but benthic-invertebrateimpaired by other land uses. Erosion and sediment dep-
communities can show the effects of short-term distur-osition in basins with active mines have decreased
bances that can easily be missed when stream-qualityoverall because of controls required under SMCRA,
assessments rely only on chemical measurements, but temporal comparisons are not possible. Sedimenta-

tion in 1998 remained generally greater, however, at
Differences in land use, stream habitat, and stream sites in basins with coal production since 1980 than in

chemistry between the groups of sites suggest possibleunmined basins.
causes for the different invertebrate communities. The The invertebrate-community degradation repre-
less impaired group of sites drained basins that were sented the cumulative effects of mining before and after
unmined, or where less than 10,000 ton/mi2 were SMCRA, deep mining and surface mining, mines in
mined during 1980-95. Most basins in the more and out of compliance with applicable regulations, and
impaired group of sites had been mined within the lastall other nonmining disturbances in the basins.
20 years by both surface and underground methods: Impaired sites from this region ranked near the middle
most contained abandoned mines that pre-dated of an index that ranked NAWQA sites representing dif-
SMCRA and produced 100,000 to 1,000,000 tonJmi2 offerent land uses throughout the United States. (See dis-
coal. Some of the basins in the more impaired group,cussion of effects on invertebrate communities
however, had not been mined since 1980. Coal produc-nationally, p. 11). Logging and ongoing construction
tion during 1980-95 is not an ideal indicator of the probably contribute to sedimentation, but their extent in
environmental disturbance caused by coal mining, buteach basin could not be quantified. Logging may con-
it related better to environmental measurements than tribute more sediment per disturbed volume of soil than
did production over a shorter interval, number of aban-mining.
doned mines, or mine discharge permits (Chambers
and Messinger, 2001). rr,

~ 35 .........
At the more impaired sites, the proportion of total ~ - ¯ I ,land area as strip mines, quarries, disturbed land, or=o ~ 6, ~ ~ 30    ¯-r

z~~_ _i ~ " " "_M_e_d’a_n_
gravel pits was significantly greater than at the less
impaired sites. In addition, sulfate concentration, spe- -v o . ,.. ~ ~ ~ isI    ,.
cific conductance, and alkalinity of stream water were
all higher. Stream pH did not differ significantly
between the two groups; pH is regulated in mine dis-      2                     ~ 040 80 120 160 = 1     10 100 1,000
charges. MEDIAN STREAMBED-PARTICLE z SULFATE CONCENTRATION,

Two basins that were not mined since 1980 con- SIZE, IN MILLIMETERS IN MILLIGRAMS PER LITER

tained valley fills similar to those constructed at large Fixture 10. Invertebrate-community metrics show generally better
surface mines. The invertebrate community in Mill conditions (lower MHBI) at sites with coarser streambeds and

lower sulfate concentrations, although correlations are weaR.
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Regional study: Sulfate concentrations and biological communities in
Appalachian coal fields indicated mining-related disturbances despite a
,general water-quality improvement between 1980 and 1998

In a 1998 study to assess 82 8o 78 history of coal mining. The
regional water-quality effects 40 KILOMETERS highest concentrations were
of coal mining (Eychaner, 42’ measured in basins with the
1999), samples representing 40 U~LES

greatest coal production. One-
the Northern Appalachian coal fourth of all samples exceeded
field were collected in the 250 rag/L, the USEPA drink-
Alleghen,v and Monongahela ing-water guideline.
River Basins (ALMN), where Total iron, total manganese,

41high-sulfur coal is common and total aluminum also
and acid mine drainage was exceeded regional background
historically severe, and sam- concentrations (129, 81, and
pies for the Central Appala- 23 gg/L. respectively) in manv
chian coal field were collected streams in mined basins. The
in the Kanawha-New River 39’ median concentrations of total
Basin (KANA). where acid VA iron in the northern coal region
drainage is uncommon were about equal between
(fig. 11). EXPLANATION mined and unmined basins, but

Water chemistry in 178 I---1 STUDVUN~T in the central re~ion, concert-
SULFUR CONTENT OF COAL,wadeable streams was ann- 37~ b .....,y,,op ....., trations of median total iron

lyzed once during low flow. in Greaterthan ]~ among mined basins were
July and August 1998. Drain- ~: ~oa~, lower than among unmined
age area for most streams was

~OUS~A*¥AP~"OX~MAT~rrW~Nbasins. In both regions, median
! APPALACHIAN COAL concentrations of total manga-between 4 and 80 mi2. Most NC [ ~,ELDS( i 70) of these sites were also -- MAJOR STREAMSnese among mined basins were

part of a study on the effects of Figure 1~. Coal seams in the Appalachian coal regionabout double that among
vary in sulfur content, and the fields are identifiedcoal mining that was con- primarily on the basis of this difference (Tully, 1996). unmined basins.

ducted during 1979-81 (Herb The Kanawha-New River Basin contains mostly lower Median pH increased, and
and others. 1981 a, 1981 b: sulfur coal,River BasinsWhile thecontain AlleghenYmostly higherandsulfurM°n°ngahelacoal,

median concentrations of total
1983: Ehlke and others, 1982), iron and total manganese
before regional water quality was affected by imple- decreased among mined basins between 1979-81 and
mentation of regulations from the Surface Mining Con-1998 in both regions, reflecting that regulations
trol and Reclamation Act (SMCRA). At 61 sites, restricting these constituents in mine drainage are
aquatic invertebrates (insects. WO1TnS, crustaceans, andeffective. Even so, stream sites downstream from mines
mollusks) also were collected. Ground water was sam-more commonly exceeded drinking-water guidelines
pled from 58 wells near coal surface mines and 25 for sulfate, irom manganese, and aluminum concentra-
wells in unmined areas. Wells sampled downgradient tions than streams in unmined basins (fig. 12).
from reclaimed surface coal mines reflect the local
effects of mining,                                      c~

~ 40 ~ MINED SITESUNMINED SITESConcentrations of Regulated Constituents ~ ~
Improved in Stream Base Flow From About ~ ~0
1980 to 1998 ~ .~

During low-flow conditions, sulfate in more than 70,,, ,,, ~opercent of samples from streams downstream from coal
~ ~ Imines in both coal regions exceeded the regional back- ~ 0 Iron Manganese Sulfate Aluminum

ground concentration. Background was calculated as
Fi~lure 12. Stream water more often exceededabout 21 mg/L sulfate from data for basins with no drinking-water 9uidelines at mined sites than at
unmined sites.

Major Findings 9
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8OO

F-UJ
¯ NORTHERN COAL FIELDS ¯ CENTRAL COAL F~ELDS

~ 700 ¯

- I MEDIANrr ~ -- Drinking-water guideline_,- GREATER rr 600
-- Background level inuja.

THAN J" "t~"~"’~ "J ~ unmined areas

~
21 ~ 500    ¯ ¯ Northerncoalregion

~=rr© LESS ~ J~"            ,     ~’ ~I)~~’OOt ¯ ¯j <= "                                                         ¯¯ Centralcoalregion
~ 400-~-- THAN[ ,

~ 21
2: 0 10 20 30 ~ 300

NUMBER OF LARVAL MAYFLY, STONEFLY,
2:_ ~¯

AND CADDISFLYTAXA ~ 200 %

Fixture 13. Sulfate concentration in stream water was inversely ~ loo ~ ° ¯ "
related to the number of mayfly, stonefly, and caddisfly taxa co ’
found at water-quality sampling sites, o ’" ~ -- ’ - -

500 1,000 1,500 2,000 2.500 3,000 3,500

Aquatic Benthic Invertebrate Communities are
DISTANCE FROM MINED AREA, IN FEET

Impaired in Mined Basins
Figure 14. Sulfate concentrations in ground water are
greater within 1,000 feet of reclaimed surface coal mines

Aquatic invertebrate communities tended to be more and in the northern coal region than at greater distance

impaired where there was more coal mining, when and in the central coal region.

compared to basins where there was little coal mining.
Pollution-tolerant species are more likely to be present    of urban development, agriculture, large construction
at mined sites than at unmined sites, whereas pollution-projects, flow alterations, or wastewater
sensitive taxa were fewer in number or non existent in effluent.
heavily mined basins. Increasing coal production corre-
lated with both an increased concentration of sulfate Sulfate, Iron, and Manganese Concentrations
and a decline in some aquatic insect populations (fig.were Elevated in Wells Near Reclaimed
13). Of the 61 sites where aquatic invertebrates were Surface Mines
collected, those sites with sulfate concentrations higher At mined sites in both coal regions, pH was lower
than the estimated background concentration had theand sulfate concentration was greater at mined sites
lower diversity of three groups of sensitive insect spe-than at unmined sites. Sulfate concentrations in ground
cies (mayflies. stoneflies, and caddisflies), even thoughwater were higher than background concentrations in
the pH of the water at all sites was greater than 6.5. shallow wells within 1,000 feet of reclaimed surface

At the concentrations measured, the sulfate ion is mines (fig. 14). Samples from wells in the northern
relatively non toxic to aquatic organisms and may notcoal region contained more sulfate than wells at
represent the cause of the decline observed in mayfliesunmined sites in the same region, or at any of the sites
and stoneflies. Sulfate concentration was, however, in the central coal region. Iron, manganese, and alumi-
positively correlated with the total coal production nut were higher than background con-
from a basin (Sams and centrations within about 2,000 feet of
Beer, 2000). Other land- ~, ~ a0 reclaimed surface mines (1,800,640, and
scape disturbances asso-~,a ..~70io_ "’ ,,, -,u,~s,~es l 1 gg/L, respectively).
ciated with coal ~ rn 5 ~o su,~,~s~s Water from most wells, except at

50mining---changes in ~ ~ ~ 40 unmined sites in the northern coal region,
streamflow, siltation, or -, ,~ ,~
trace metal contamina- ~ ~ ~. 30 exceeded guidelines for iron and manga-

z co e ~o nese. which make the water unpleasant to
don---could affect the ,- ,,, zo ~-~ ~o dnnk (fig. 15). The concentrations in
invertebrate community. ~ ~ _z

a. ~ Iron Manganese Sullate Alummum both regions were higher near reclaimed
Negative effects on corn- mines than at unmined sites.
munities caused by Tin- Figure 15. Ground-water samples more often
ing were of similar        exceeded drinking-water guidelines in mined

areas than in unmined areas.magnitude to the effects
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Invertebrate communities at two coal
x 0mining stream sites ranked near the middleuaN [

[~ ~

EXPLANATION

of more than 600 NAWQA sites sampled <~ Z 20 ’ " KANAWHA-NEW RIVER

nationwide during 1991_98. These sites hadmm ~
t i~

B~ ASIN SITES

NAWQA SITES NATIONWIDE
index scores better than national median
scores for urban sites, about the same as ~ ~ i 10th percentile

Z ~ 60 ~ 25th percentile
national median scores for agricultural d: -~ ! Median
sites, and worse than national median

-- .~ _L 75th percentilescores for undeveloped sites. The commu-~ ~ too
nitv at a forested and undeveloped site inz © 90th percentile

the Appalachian Plateaus was within the
best I 0 percent of NAWQA sites nationally
and within the best 25 percent of undeve!-Sites in undeveloped and agricultural basins in the Kanawha-New River
oped sites. Basin rank among the best sites nationally in the National Invertebrate

National]y, invertebrate communities at Community Status Index. More impaired sites in the Kanawha-New River
heavily agricultural sites were commonly Basin rank about the same or better than most sites that represent

highly impaired. In the Kanawha-New developed land uses nationally. (Low scores correspond to diverse
invertebrate communities.)River Basin, agriculture is usually of low

intensity and centers on pasturing sma!l herds of cattle and growing cattle feed. Invertebrate communities at two
agricultural sites, one in the Appalachian Plateaus and one in the Blue Ridge Physiographic Province, were within
the best 10 percent of all sites nationally.

Some Contaminants are Widespread and
Present at Potentially Harmful Concentrations Sediment Quality Guidelines
in Streambed Sediment and Fish Tissue NAWQA’s bed-sediment sampling protocol (Shelton

and Capel, 1994) is designed to maximize the chance
Ten Polycyclic Aromatic Hydrocarbons were Found in of detecting contaminants that have been transported in
Streambed Sediments in Concentrations that may a stream during the previous 1-3 years. The data from
Harm Aquatic Life this study were compared to final Canadian Sediment

Forty samples of streambed sediment from 36 sitesQuality Guidelines (SQGs) rather than the preliminary
in the Kanawha-New River Basin were analyzed for USEPA guidelines. SQGs have been issued by Envi-
polycyclic aromatic hydrocarbons (PAHs) during ronment Canada for 8 trace elements and 12 PAHs
1996-98. PAHs are components of wood smoke, diesel(Canadian Council of Ministers of the Environment,
exhaust, soot. petroleum, and coal. Their toxicity var- 1999). At concentrations below a Threshold Effect
ies, and some are carcinogenic to humans and other Level (TEL), contaminants are rarely expected to have
animals. Of the 12 PAHs for which guidelines were a toxic effect on aquatic life. At concentrations above a
available, 10 were detected at concentrations exceedingProbable Effect Level (PEL), toxic effects are expected
the Probable Effect Level (PEL; see information box frequently. Concentrations of substances that exceed
on sediment-quality guidelines), and all were detectedSQGs may imply, but not prove, that organisms in the
at concentrations exceeding the Threshold Effect Levelstreams of interest are at risk from those substances.
(TEL).

High concentrations of PAHs were present in each PAH concentrations measured in this study, were in the
physiographic setting in the basin except for the Blue Appalachian Plateaus. Some of the highest PAH con-
Ridge, although the only high concentrations in the centrations were measured at some of the most heavily
Valley and Ridge/Appalachian Plateaus transition zonemined sites in the basin, although the correlation
were in basins where coal has been mined. The highest between coal production and streambed PAH con-
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140 3001 800 I 50,centration was weak (r2 = 0.52, amon_o 20 = NICKEL i i CHROMIUM 7001Z NC i~ , , i ARSENIC
< 120 ¯ 1 25o~

i 600
wadeable stream sites within the coal

~- ~ -- PEL ¯ I 4oi
region). Coal samples from several corn- g ~ 100,-- TEL 200[
monly mined seams in West Virginia were,~~ ~- 8o i soo! , ,
between 20 and 85 percent PAH by mass E~ 6o, ~ ,so,

~ten co~aun., July 2000). Coalpa~icles are~ ~ ~o~ so; ~oo~. .
common in sediment from many streams ing : =
the coal fields. The PAHs from the coal par-

0 ~4~.E~ o~ o~

ticles, however, may not be bioavailable ,~ ~ ~ ~ ~ ~-~,~
(Chapman and others, 1996). Unlike other ~ ~ ~ #
NAWQA study areas, no co.elation was ~# #~4 ~#~# ~o

~E
found between most other land uses and ~ v~ ~
PAH concentration. Fi~uro ~ 6. ~ome trace elemont concontrat~ons in stream-be6 seOiment

oxceeOoO ~nvironm~nt CanaOa’s onects-~aseO criteria at several sites
Four Trace Elements were Present in tho basin. Probable o~cts Iovols (PEL) are those concentrations at
StroamboO SeOimont in Concentrations harmful o~octs to aquatic life aro thouoht to b~ likely, and were ~xc~6~6
That May Harm Aquatic Life most [roquently in the Allegheny HigNanOs an6 ot~r Appalachian Plateaus

streams. Threshold e~ects Iovols (TEL) were ~xc~6~6 at all sites by nickol
A total of 53 bed-sediment samples from an6 chromium. *Valley an0 RiOge sites incluO~ transition zones botwoen

47 sites in the Kanawha-New River Basin provinces.
were analyzed for trace elements during
1996-98. All eight of the trace elements for which cri-Nation. Determining the hu~nan health or ecological

teria were available were found at some sites in con- significance of these concentrations is problematic,

centrations exceeding their Threshold Effect Level (fig.because tissue samples were collected from many dif-

16: see information box on sediment-quality guide- ferent species and because fish-liver tissue is not nor-

lines). Nickel, chromium, zinc, and lead were detectedmally eaten by humans.

at concentrations exceeding their Probable Effect
Level. Nickel concentrations exceeded the Probable Fiah Communities Differ Consi6orably
Effect Level most frequently (in 47 of the 53 samples),Throughout the ~asin, but Non-native
based on the 1995 Sediment Quality Guidelines; a finalSpOCiOS Continue to Expand Their
SQG was not issued for nickel at the time that other
SQGs were finalized. Fish communities in the Kanawha-New River Basin

Trace-element concentrations also were dete~inedare complex and vary widely among streams of differ-

in livers of common ca~ or rock bass in 27 samples ent size, physiographic setting, and land use. Individual

from 18 sites in 1996 and 1997. Some samples con- species are distributed in patches, panicut~ly upstream
from Kanawha Falls (Jeans and Bur~ead, 1994).rained concentrations of arsenic, cadmium, lead, mer-

cury, nickel, selenium, and zinc that were among the This patchy distribution can confound compmsons

highest 25 percent of more than 900 NAWQA samplesamong streams (Strange, 1999). The quality of the

nationwide (1991-98). Concentrations of cadmium, regional fish community is generally good, although
the national NAWQA fish index seems to unde~atemercury, nickel, selenium, and zinc in fish-tissue sam-

ples from the Kanawha-New River Basin ranked that quality because it does not consider the patchy dis-
among the highest I0 percent of all NAWQA samples:tfibution.

six samples contained cadmium concentrations ran~ng
among the highest 10 percent of all NAWQA samples,Non-native 7ish Continue to ExoanO Their ~ange

and five samples contained selenium concentrations Tributaries of the New and Gauley Nivors

ranNng among the highest 10 percent of all NAWQA T~ee fish species were collected for the first time at
samples. One fish-tissue sample, from Kanawha Riveroften-sampled sites in tfibutmes of the New and
at Winfield, contained cadmium at a concentration Gauley Rivers (Cincotta and others, 1999). Margined
ran~ng in the highest 1 percent of all samples in the madtoms, a popular bait species, were collected for the

1.~ "~ Water Quality of the Kanawha-New River Basin
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first time from Second Creek no,it the ~ illage of Secondoverlooked by investigators rather than new range
Creek. Margined madton> ,it,’ name to some pans ofexpansions.
the New River and some of ~t,~ tributaries, but the\ hadIn some regions of the United States, the highest pro-
never before been collected from the Greenbrier Ri~ crportion of non-native fish are typically present in the
Subbasin. Telescope shiners (fig. 17), natives of themost impaired streams (Maret, 1997: Waite and Car-
Tennessee River Basin. have been collected in the Ne~penter, 2000). In these regions, unimpaired streams are
River since 1958, and they continue to expand theirtypically cold-water streams with complex physical
range. Telescope shiners were collected from anotherhabitat and low nutrient concentrations. In impaired
often-sampled site, Williams River at Dyer, in the streams where agricultural and urban land uses are
Gauley River Subbasin: this was their first collectioncommon, stream temperature and nutrient concentra-
upstream from Summersville Dam, a large impound-tions are high and physical habitat is degraded. Many,
ment. Telescope shiners also were collected for the firstnon-native fish tolerate these conditions better than
time from two Meadow River tributaries, also in the many native species do, enabling the non-natives to
Gauley River Subbasin. Least brook lamprey were col-displace the natives. No such relation was found in the
lected for the first time from Williams River at Dyer,Kanawha-New River Basin, where sedimentation and
their second collection from the Gauley River Subba- increased dissolved solids have impaired streams, but
sin. Populations of all these species were well estab-where temperature and nutrient concentrations have
lished, and the ongoing expansion of their ranges remained low (Messinger and Chambers, 2001, in
suggests that all were relatively recent bait-bucketpress). The proportion of introduced fish in the New
introductions to the New River system. Two of these River system was high, even though other measures did
reaches, and all of these streams, had been thoroughlynot indicate impairment.
sampled in the late 1970s (Hocutt and others. 1978,
1979). Fish Species Common Throughout the Ohio River

Basin are Not Native Upstream from Kanawha Falls
The New River system, which fisheries biologists

consider to include the Gauley River and its tributaries,
supports a different collection of fish species than the
downstream Kanawha River system, which is part of
the larger Ohio River system (Jenkins and Burkhead,

Figure 17. Example of a telescope shiner 1994). Kanawha Falls (see front cover), a 24-foot
(Notropis telescopus), a non-native species waterfall 2 miles downstream from the confluence of
in the Kanawha-New River Basin.

the New and Gauley Rivers, is the boundary between(Photograph from Jenkins and Burkhead,
1994; used by permission from the Virginia the New River and Kanawha River systems. This
Department of Game and Inland Fisheries) waterfall has been a barrier to upstream fish movement

since glaciers affected streams more than 1 million
Other fish collected for the first time in the basin years ago. The New River system lacks native species

were in tributaries of the Coal River. The new species diversity, and it has unfilled ecological niches. It has
in Coal River distribution records were from large trib-only 46 native fishes and the lowest ratio of native
utaries where few or no surveys had been made since fishes to drainage area of any river system in the East-
the 1930s. Mottled sculpin, bluebreast darter, river ern United States.
carpsucker, blacknose dace, and longnose dace all were The lack of native-species diversity allowed other
collected for the first time from Clear Fork near species to develop in the New River system, which has
Whitesville or Spruce Laurel Fork at Clothier, major the largest proportion of endemic species (found
tributaries to the Big or Little Coal Rivers, respectively,nowhere else in the world) in eastern North America (8
Several of these records represented the most upstreamof 46). Introduced fish species have prospered in the
collections in their respective forks of the Coal River, New River system: Jenkins and Burkhead (1994) cite
although all had been collected from the Coal River the New River system as having the largest number and
Subbasin. These new-species records most likely repre-proportion (42 of 89) of introduced freshwater species
sent undersampling of streams that have often been
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of all major eastern and central North American drain-in stream water varies widely, reflecting the changing

ages. balance between bacterial sources and many factors

Although many species have been introduced and that help or hinder bacteria transport. Because of the
become naturalized throughout the 19th and 20th cen-wide variability, comparisons between streams based

tunes, the New River fish fauna remain susceptible toon only a few samples can be misleading; a few gener-
invasion. In contrast, ! 18 fish species are reported fromalizations, however, can be made.
the Kanawha River system downstream from Kanawha First, streams contain more bacteria if the sources

Falls (Stauffer and others, 1995); none of these fish are close to the stream and the sampling site. Among

species are endemic to the Kanawha River system, andlarge rivers, median concentrations of E. coli were low-

only 15 are considered possible, probable, or known est in the New River Gorge at Thurmond. in a reach
introductions, distant from any large city (fig. 18). Concentrations

were highest in the Kanawha River downstream from
Fish Communities are Controlled By a Variety of the Charleston metropolitan area at Winfield. In the
Environmental Factors in the Kanawha-New River two tributary basins with the highest median concentra-
Basin tions, most homes are clustered close to the streams

In testing the possible effects of coal mining on fishbecause the land slopes steeply elsewhere. In contrast.

communities, results were less definitive than for four tributary streams in basins with more moderate

benthic invertebrates (p. 8-9). No common fish metricsslopes, where bacteria sources are more dispersed, had

(Karr and Chu, 1999; Barbour and others, 1999) corre-median E. coil concentrations less than half as high.

lated closely with mining intensity or its surrogate, sul-Regardless of slope, direct contamination of a stream

fate concentration. The study included sites both by sewage or manure can produce extremely high con-

upstream and downstream from Kanav, ha Falls, and centrations, as Gillies and others (1998) observed in the

differences in many metrics between the two groups Greenbrier River.

mask differences among land-use categories Second. bacteria concentrations exceeding guide-

(Messinger and Chambers, 2001, in press). However, lines are much more common when streamflow is

fish were collected at only 13 wadeable sites in the coalgreater than average, so streams generally contain more

retion, which did not represent a full gradient of min- bacteria in winter than in summer (fig. 19). E. coil con-
~ centrations exceeded guidelines in less than one-thirding intensity,

of summer samples from moderate-slope tributaries
High Concentrations of Fecal Bacteria and less than one-fifth from large rivers. In the three
Remain in Streams if Sources are Close

Concentrations of Tributary streams Large rivers

Escherichia coil (E. Steep Slopes Moderate slopes New River Kanawha River

Loll) exceeded the
national guideline for z__. t0,ooo ~ ¯ ¯

¯OH | ¯ | : ~ ¯ EXPLANATIONpublic swimming areas
O 0 ¯ ¯       ~ ~       ¯ ¯ ~ ~    ¯ MEASURED VALUEin 26 percent of sam-

z~ 1,oo0 ~,~ ¯
I ~- ! ¯ ¯. ~        ¯ ¯¯ 1/

~ MEDIAN VALUE
pies from major rivers ~___

O ~ ~ i _ ,~ ~ _~ ~ ~ ~~ _~        ,~ ~ ¯ ~ USEPA GUIDELINE
in the Kanawha-New Z o
River Basin and in 43 .~.100 j SWIMMING AREAS

percent of samples
from tributary streams
(fi~. 18); however, no ~o,

outbreak of water- ~ o l ¯ ~ ¯
borne disease was ~ ............
reported from the basin
dunng 1991-98 (Bar-
wick and others, 2000).
Bacteria concentration SAMPLING SITES

Figure 18. E. coil bacteria concentrations in streams vary widely.
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~,b~ar~,treams~,ge ~ve,s Nutrient and Organic-Chemical
s,oep,~0pesMo~,at~s~o~esN~. ~ ~ao~ ~.ve, Concentrations in Surface Water

~_[.t.i.o3 |S ..... (May-Oclober) are Low in Most of the Basin~_Otr
~ ~ ~-- 80

D Winter (Novernber-A~r,I)

-~ ~ ~ Nutrients were Detected at Low Concentrations in
<o~ ~0 -i ~ Streams of the Kanawha-New River Basin

o ~ ~ Mean concentrations of nutrients in the Kanawha-

~,,,0_~.a_ ~ ~] ~ JI New River Basin were at or below national background

ooo"’"’~z,,,~ ~o
~ i ~ i [

levels. Most concentrations, however, exceed those

~,,x,~ o ..... ! ’ | ’ measured at a stream-water-monitoring site at Williams

~ ~o ~ ~ .,,,,~ o~,~ ~ ~, ~o~ ~’~,~,~ River, which drains mostly National forest. The highest
~ c~.~ ..~ _ ~.~ e, ~,,. ~.~, mean nitrate concentration measured was 1.5 mg/L.

’~ +~ Flow-weighted mean ammonia concentrations ranged
Figure 19. Guidelines for E. coil are exceeded from less than 0.02 to 0.04 mg/L. Mean total phospho-
more often in winter than in summer for most
streams, rus concentration was less than 0.1 mg/L at nine sites;

the maximum was 0.15 mg/L. Nitrate and phosphorus
are typically increased by agricultural or urban land

tributary, basins with steeper slope, however, concentra-uses, and certain nutrients, such as ammonia, can accu-
tions were higher in summer than winter, mulate from natural sources.

Finally, streams contain more bacteria if the bacteria Differences in nutrient concentrations were found
sources are large. Williams River, the tributary basin among sites because of differences in land use/land
with the lowest median concentration of E. coli (fig. cover, and physiography. Generally, basins with more
18) is home to only 5 people per square mile, comparedagriculture produced more mean total nitrogen than did
to the average of 71 people per square mile throughoutforested basins. The lowest mean total nitrogen con-
the entire Kanawha-New River Basin. For twice the centration in streams. 0.71 mg/L was that for mostly
population density, median E. coli was about 300 per-forested tributary basins in the Appalachian Plateaus
cent higher among steep-slope tributaries. Among theproduced (fig. 20). The lowest mean concentration in
moderate-slope basins, however, including the Blue- the basin, or background concentration, was 0.45 mg/L,
stone River Basin with 201 people per square mile, at Williams River. Tributary streams with basins mostly
median E. coli was only about 10 percent higher for or wholly within the Valley and Ridge Physiographic
twice the population density. Neither the estimated Province had the highest mean total nitrogen, 1.04
number of cattle nor the percentage of agricultural landmg/L. One stream in the Blue Ridge had a mean total
use in the tributary basins showed a relation to the nitrogen concentration of 0.94 mgFL. The mean total
median bacteria concentrations, nitrogen concentration was not substantially different

between large rivers and smaller tributaries (0.83 and
Facts about E. coli 0.90 mg/L respectively).

Escherichia coli (E. coli) is a bacterium that grows in Four sites, draining forest mixed with agriculture or
the intestines of people, other mammals, and birds, coal mining, ranked among the best sites in the Nation
Most strains of E. coli do not cause disease, but they doin a national Algal Status Index. This index measures
indicate water contamination by feces, which could the proportion of algal samples that belong to species
contain other disease-causing organisms. The nationalthat are tolerant of high nutrient concentrations and
guideline for public swimming areas is less than 235 E.siltation.
coli colonies per 100 milliliters of water (col/100 mL)
in any single sample (U.S. Environmental Protection Pesticides were Detected at Low Concentrations in
Agency, 1986). That level is intended to allow no moreSurface Water
than 8 gastrointestinal illnesses per 1,000 swimmers. Pesticides were sampled for 9 to 25 times at four
For waters infrequently used for full-body-contact rec-sites in 1997. Two sites were on main-stem, large
reation, the guideline is 576 col/100 mL. streams. The other two sites on tributary streams

drained basins with more than 30 percent agricultural

Major Findings 15
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Figure 20. Because
much of the Kanawha-
New River Basin is
forested, surface water
and ground water
contain low
concentrations of
nutrients and few
pesticides.

land and some urban land. (See Study Unit Design, Winfield, downstream from Charleston, included
p. 20). Time of sampling covered the seasonal spec- chloroform, motor fuel and aromatic compounds such
trum of both climate and pesticide application. The as benzene, and industrial compounds such as ethers.
pesticides detected at all sites are routinely detected atIn contrast, only a single compound was detected in
agricultural sites across the Nation. one of two samples collected from the Kanawha River

Surface-water samples in the Kanawha-New River ups:ream at Kanawha Falls.
Basin contained only a few pesticides at low levels. In During 1987-96, one or more of 21 VOCs were
all, 23 of 83 pesticides analyzed for were detected detected in 50 percent of all daily samples collected for
(Ward and others, 1998). All pesticide detections werethe Ohio River Valley Water Sanitation Commission
less than 1 gg/L; concentrations detected did not (ORSANCO) from an industrial water intake at St.
exceed USEPA drinking-water standards or aquatic-lifeAlbans, downstream from Charleston (Lundgren and
criteria. The most commonly detected pesticides were Lopes, 1999). Benzene and toluene were the two most
atrazine, deethylatrazine (a breakdown product of atra-frequently detected compounds, and a maximum of 11
zine), metolachlor, prometon, simazine, and tebuthiu-compounds was detected in a single sample. Median
ton. Atrazine, deethylatrazine, metolachlor and concentrations ranged from 0.1 to 2.3 gg/L. Gasoline
simazine were detected in more than 90 percent of spills or leaks of as little as 10 gallons per day that
samples, reach the river could produce the concentrations mea-

Dioxin is a particularly toxic contaminant in certainsured at St. Albans.
herbicides formerly manufactured near Charleston and
is a known contaminant in the lower Kanawha River, Radon Concentrations and Bacterial
but it was not analyzed for this study. Dioxin in the Contamination are the Principal Ground-
lower Kanawha River is the target of ongoing regula- Water-Quality Concerns
tory investigations by USEPA and other agencies.

Physiographic Province, Geology, Well Construction,

Many VOCs Detected in the Lower Kanawha River and Land Use Affect the Quality of Water from
Domestic Wells

Numerous volatile organic compounds (VOCs) have
been detected routinely at low concentrations in the Ground water from private wells provides domestic

Kanawha River downstream from the Charleston met- supply for 30 percent of the people in the Kanawha-

ropolitan area (Tennant and others, 1992). In this study,New River Basin. High concentrations of radon are a

more than 20 VOCs were detected, at concentrations concern in the Blue Ridge (p. 18), and private wells can
be contaminated by fecal bacteria throughout the basinranging from 0.015 to 0.3 gg/L, in each of two samples

collected in late 1997 from the Kanawha River at Win-(p. 19), but the occurrence of other contaminants dif-
fers among the physiographic provinces.field. Each sample was analyzed for 85 compounds

(Ward and others, 1998). The compounds detected at

16 Water Quality of the Kanawha-Nev~ River Basin
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APPALACHIAN PLATEAUS PHYSIOGRAPHIC PROVINCE pie on a sodium-restricted diet. Arsenic in water from 7

In the layered sedimentary rocks of the Appalachian percent of the wells exceeded the 10-~gFL standard set
in January 2001, but none exceeded the previousPlateaus, ground water moves mostly in a network of

narrow fractures within a few hundred feet of the land 50-~tg/L standard. Concentrations of radon, sodium.

surface (Wyrick and Borchers, 1981; Harlow and and arsenic were lower in wells near reclaimed mines
than in wells remote from reclaimed mines. HomeLeCain. 1993). Individual fractures typically connect to

only a few others, and a well normally taps only a few water-treatment techniques can remove lead, copper.

of the many fractures nearby. Recharge comes from sodium, and arsenic from drinking water.

rain and melting snow. Ground water flows generally BLUE RIDGE PHYSIOGRAPHIC PROVINCE
toward the nearest stream, forming local aquifers

In the igneous and metamorphic bedrock of the Bluebounded by the ridgetops. Contamination of a local
aquifer and its stream is most likely to come from localRidge, as in the Appalachian Plateaus, ground water

sources, moves in a network of shallow fractures. Local aqui-

Water samples were collected from 30 newer domes-fers generally drain toward the nearest stream (Coble
and others, 1985).tic wells or similar-capacity public-supply wells

throughout the Appalachian Plateaus (Sheets and Water samples were collected from 30 newer domes-
tic wells or similar low-capacity public-supply wellsKozar, 2000) and from 28 generally older domestic

wells close to surface coal mines where reclamation throughout the Blue Ridge. Most of the wells were
between 100 and 350 feet deep, and most water levelswas completed between 1986 and 1996. Wells near

active mines were not sampled. Most of the wells werewere between 10 and 70 feet below land surface.

between 40 and 200 feet deep, and most water levels Ground water in the Blue Ridge is susceptible to

were between 10 and 90 feet below land surface, contamination. Chlorofluorocarbon concentrations

Concentrations of iron and manganese exceeded showed that the water in 89 percent of the wells had
been recharged within the previous 20 years, indicatingUSEPA drinking-water guidelines in 40 and 57 percent,
that contaminants could be transmitted readily into therespectively, of the wells throughout the Appalachian
fractured rock aquifers (Kozar and others, 2001).Plateaus and in about 70 percent of wells near

Chemical analyses of ground water samples col-reclaimed mines. Water that exceeds these guidelines is
unpleasant to drink and can stain laundry and plumbinglected as part of this study indicated that concentrations

fixtures, but it is not a health hazard, of radon were among the highest in the Nation (p. 18);
iron and manganese concentrations exceeded guide-Potentially hazardous concentrations of methane, an
lines at only 17 percent of the wells; sodium exceededodorless component of natural gas that is often associ-
20 mg/L at 3 percent of the wells; and arsenic did notated with coal seams, were detected in water at 7 per-

cent of the wells. At concentrations greater than aboutexceed 1 gg/L at any of the sites. Pesticides were

10 mg/L, methane can bubble out of water pumped detected at 57 percent of the wells. The presence of the
common agricultural herbicide atrazine in groundfrom a well. If enough gas collects in a confined space,

an explosion is possible. In the West Virginia coal water, even in low concentrations, shows that potential

fields, any well water that bubbles is a potential meth-contaminants could move quickly from the land surface

ane explosion hazard, into the drinking-water aquifer.

Other chemical analyses of ground water samples
collected as part of this study showed the following Valley and Ridge Physiographic Province ground-

water-quality characteristics and conditions. Water water conditions can be inferred from studies in similar

from 61 percent of the wells near reclaimed mines wassettings in the Potomac River Basin, which was one of

slightly acidic (pH less than 6.5) and could leach leadthe 1991 NAWQA study units. See Lindsey and Ator,
1996 and Ator and others, 1998 for more details.or copper from water pipes in homes. Only 23 percent

of other .Appalachian Plateaus wells produced acidic
water. Radon exceeded the proposed USEPA standard
at half the wells throughout the Appalachian Plateaus
(p. 18). Water from half the wells exceeded 20 mg/L of
sodium, the upper limit that USEPA suggests for peo-
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Allegheny and

Radon is a radioactive gas
R~ver Basin

.:.; that forms during the decay
" of natural uranium. Igneous

~.~~,.~_

and metamorphic rocks, like
Lower Susquehanna those in the Blue Ridge,

River Basin commonly contain more ura-I
:"~ 11 ~ Potomac River Basin nium than other rock types. I

EXPLANATION ~ Radon in the air in homes is/
STUDY UNITS WITH GROUND-WATER the second leading cause of ~
RADON CONCENTRATION EXCEEDING: Upper Tennessee
rn 1.000 picocuries per liter(pCi/L) in .~ ~_.�.,’-~ ~.._::-~ River Basin lung cancel: and radon

at least 25 percent of samples ~ causes 2-3 percent of all
r- 600 pCi!L in at least 25 percent of samples
[] 300 pCi/L in at least 25 percent of samples cancer deaths in the United
rm 300 pCi/L in fewer than 25 percent of samples States. Homes can be[] No ctata designed or remodeled to
remove radon from both drinking water and interior air. The only way to determine if an individual well or home
exceeds standards, however, is to have the water or air tested. Information on radon testing and removal is avail-
able at http://www.epa.gov/safewater/radon/qal.html and other Web sites.

Radon concentration exceeds 1,000 pCi/L (picocuries per liter) in at least 25 percent of ground-water samples
collected in man5, areas of the Eastern United States. In the Kanawha-New River Basin, 30 percent of samples
exceeded 1,000 pCi/L (Appendix, p. 27), making the basin comparable to the Potomac and Lower Susquehanna
River Basins to the northeast. Within the basin, however, radon in two-thirds of samples from wells in the Blue
Ridge exceeded 1,000 pCi/L, but only in 10 percent of samples from the Appalachian Plateaus. The northern part
of the basin, therefore, is more comparable to the adjacent Allegheny and Monongahela Rivers and Upper
Tennessee River Basins.

Ground-water Radon Concentrations were Highest in At 28 wells downgradient from recently reclaimed
the Blue Ridge surface coal mines, the median radon concentration

Radon concentrations were greater than 300 pCi/L, thewas just 115 pCi/L, and the maximum was 450 pCi/L.

proposed drinking-water standard (U.S. Environmen-
tal Protection Agency, 1999), in 87 percent of wells
sampled in the Blue Ridge (fig. 21). The maximum Appalachiar
concentration detected was 30,900 pCi/L (Kozar and Plateaus
Sheets, 1997). Of the 30 wells sampled, 10 contained Province

concentrations of radon greater than 4,000 pCi/L, the
alternate standard USEPA has proposed for regions EXPLANATION
where action is taken to decrease airborne radon. As SAMPLED WELLS Valley

and
water is used in a home, radon in the water can lead to o Subunit survey Ridge
an increase in radon in the air, which is the major [] Mining land-use survey Province

RADON CONCENTRATION--exposure path for people. In picocunes per liter
Radon concentrations exceeded 300 pCi/L at 50 per- o Less than 300

cent of wells sampled throughout the Appalachian Pla- ¯ ¯ 3oo-<0o0
¯ ¯ Greater than 4,000

teaus. The maximum in any sample was 2,500 pCi/L mue Ridge
(fig. 21). The area is underlain primarily by sandstone, Pro,,nce
shale, coal, and limestone sedimentary rocks, in which
uranium is less common than in igneous and meta-
morphic rocks. Figure 21. Radon concentrations vary greatly among

physiographic provinces.
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R0024259



In comparison, at 15 wells in the same geologic unitsVolatile Organic Compounds and Pesticides in Ground
but not near mines, the median concentration was 200Water were Found in Low Concentrations
pCi/L. Both volatile organic compounds (VOCs) and pesti-

cides were detected at low concentrations in the ground
Modern Well Construction Can Prevent Fecal Bacteriawater of the Kanawha-New River Basin (Appendix, p.from Reaching Drinking Water in Most Areas 27/. Thirteen percent of samples (9 of 60) contained

Escherichia coli (E. coli) and the broader fecal VOC concentrations greater than 0.1 btg/L. Of the
coliform group of bacteria indicate the possible pres- seven detected VOCs, however, only three have estab-
ence of disease-causing organisms. Standards for pub-lished drinking-water standards. None of the VOCs
lic drinking-water supplies do not permit the presenceidentified in samples exceeded these standards. Pesti-
of any of these bacteria at detectable levels. Septic sys-cides were found above a detection limit of 0.001 lag/L
terns or livestock near a well are the probable sources in 32 percent of samples (19 of 60). Of the 12 detected
of bacteria throughout the basin. Proper well construc-pesticides, 4 have established drinking-water standards.
tion can prevent bacteria from reaching the well water none of which was exceeded.
in some settings, and drinking water can be disinfected Pesticides were detected in 17 of 30 wells sampled in
with chemicals or ultraviolet light, the Blue Ridge, where 30 percent of the land was being

Water from wells less than 25 years old in the Appa-used for agriculture in 1993. The most commonly
lachian Plateaus and Blue Ridge was generally free detected pesticides, at one-third of the wells, were atra-
from fecal bacteria (table 2). The sampled wells were zinc and its breakdown product deethylatrazine. The
generally in good condition, with a section of solid pipemaximum concentration of all pesticides detected in a
at the top of the well sealed with concrete into the soil single sample was 0.14 lag/L. Two other pesticides.
and rock (Sheets and Kozar, 1997). A residential septicp,p’-DDE and simazine, were present in more than I0
system typically was nearby, but no heavy livestock usepercent of samples at a maximum concentration of
was within several hundred yards. Bacteria were found,0.025 lag/L in this province. In the largely non agricul-
however, at one fourth of the wells in a second study intural Appalachian Plateaus, however, pesticides were
the Appalachian Plateaus, which included some olderdetected only at two wells.
wells and some without seals. Near these wells, there
also may have been bacteria sources other than a septic Nutrient Concentrations in Ground Water were At or
system. Below National Background Levels

Nutrients were prevalent at relatively low concentra-
Table 2. E. coil or other fecal coliform bacteria were detected

in few modern wells tions in ground water of the Kanawha-New River
Basin. Nitrate concentration in 1 of 88 wells sampled in

Setting Percentage of wells where this study exceeded the USEPA drinking-water stan-
bacteria were detected ~

dard of I0 mg/L (as nitrogen). Most ground water con-Appalachian Plateaus:
Newer wells 3 rained less nitrate than does precipitation in the basin.
Older wells 26 Concentrations of other nutrients measured were at or

Blue Ridge (newer wells only’) 0 below national background levels. These findings are
consistent with national findings on nutrients in the
ground water of forested areas, and the Kanawha-New

Most wells in limestone aquifers in the basin, includ-River Basin is about 80 percent forested.
ing the Valley and Ridge, are at risk of contamination In the water of Appalachian Plateaus wells, the rela-
by bacteria (Boyer and Pasquarell, 1999), even if septictively high median ammonia concentration for a for-
systems or livestock wastes are not nearby (Mathes, ested region-0.16 rag/L- is probably a result of
2000). because ground water moves rapidly through mineralization of organic material. In contrast, ground
solution channels in the rock. The wide valleys that water in the Blue Ridge, where a greater percentage of
typically overlie limestone aquifers are heavily used forland is used for agriculture, had ground water with a
livestock and agriculture, higher median nitrate concentration (0.42 mg!L) and a

higher median dissolved-oxygen concentration/5.1
mg/L).
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STUDY UNIT DESIGN

Studies in the Kanawha-New River Basin were designed to describe the general quality of water and the aquatic
ecosystem and to relate these conditions to natural and human influences (Gilliom and others, 1995). The design
focused on the principal environmental settings--combinations of geohydrology, physiography, and land
use--throughout the basin. The studies supplement assessment work by State agencies (Virginia Department of
Environmental Quality, 1998: North Carolina Department of Environment and Natural Resources, 1999: West
Virginia Division .of Environmental Protection, 2000).

Stream Chemistry and Ecology Appalachia,

The sampling network was designed to characterize P~ateaus
Province

the effects of land use on stream quality at various
scales. Water chemistry, fish and invertebrate commu-
nities, habitat, and bed-sediment and fish-tissue chem- Valley
istry were used as indicators of stream quality. Fixed EXPLANATION and

RidgeSites were chosen on large rivers at the boundary SURFACE STREAM-WATER Province
between the Valley and Ridge and Appalachian Pla-S~TE LOCATION
teaus Physiographic Provinces, downstream from thē Pesticides
Greenbrier and Gauley Rivers, and near the mouth of̄ Coa!-mining synoptic study

~! Bed sediment and tissuethe Kanawha River. Fixed Sites also were chosen on
© Water quality and ecologytributaries to represent the effects of agriculture, coal

mining, forest, and a relatively large human population
in an otherwise rural setting.                                                         Blue Ridge

Province

Appalachian " ’ /4" Ground-Water Quality
Plateaus

.~ " ~-O~

The ground-water network was designed to broadlyProvince
" ~ characterize the resource. Little previous information

~ ~/~ ’~(j/ was available in the aquifer-survey areas. Aquifer sur-
EXPLANATION ~ J-’,-"~ ~t vaney veys examined more constituents than any previous

AQUIFER SURVEY WELLS -- / &~’~--’--,-.’* and study and included a random component in site selec-
© BLue Ridge / ~ ~’/’~f~,,~ Ridge tion that allows estimates to be made for the whole
t Appalachian Plateaus ~ ~_-.~,~ ~’e z-.--~_../ Province population of similar wells. The land-use study tar-
¯ MINING LAND-USE ..k, ._-* ’:" ~ geted current effects of mining reclamation standards

STUDY WELLS ~ that have developed since around 1980.

/-,~’%.)(-f ~ Blue Ridge

~ Province

20 Water Quality in the Kanawha-New River Basin

R0024261



Stud!/ Number Sampling
component What data were collected and why Types of sites sampled

of sites frequency
Type of s~te) and period

STREAM CHEMISTRY AND ECOLOGY

GROUND-WATER

Aq~fer Su~eys~ Gene~ w~r quality, to dete~ne the ~cu~n~ ~d
Blue ~dge ~d disunion of cont~ts. D~a ~clud~ major ion,
Appalachian Pla- nu~ents, bacmfia, og~c c~n, t9 ~ce elemenu,
teaus 47 ~sficid~, 86 vo~file o~c com~, ~ssolved Dom~fic and pubic supply wells 25 y~ old

~ Once m 1997.
oxygen, ~i~, pH, s~ifie conducmce, ~d tern- ~d young~, ~d in g~ con~on.
~m~. Smpl~ ~om ~e Blue ~dge we~ ~yz~
for ~ addifion~ 39 ~sfi~des.

Gene~ water qu~, ~ dete~e effec~ of p~sent       Domestic wells wi~ 3,1~ feet do~g~ent          28.
~d-use effect, ~cl~a~on ~u~menu. Dam includ~ the cons~m- ~m a hlly recl~ed s~ace co~

recl~med 5uff~e en~ ~m ~f~ su~eys, wi~out pesticides or volaole Recitation w~ complete ~een 2 ~d 12 comp~ed to
10 un~ed On~ in 1~8.

coal ~nes orgmc com~. C~r~ated wi~ a s~ study m yem ~fore s~p~ng. None of ~e sites were
¯ e Allegheny-Monong~ela Study U~t. ne~ "moun~top remove" ~es. ~cluded aquifer s~ey

sites.~ old ~d new we~s.
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GLOSSARY

Aquatic-life criteria--Water-quality guidelines for protec- body-contact recreation or for consumption. Their pres-
tion of aquatic life. Often relcrs to U.S. Environmental ence indicates contamination by the wastes of warm-
Protection Agency water-quality criteria for protection blooded animals and the possible presence of patho-
of aquatic organisms, genic (disease producing) organisms.

Aquifer-- A water-bearing layer of soil, sand. gravel, or       Intolerant organisms-- Organisms that are not adaptable to
rock that will yield usable quantities of water to a well.        human alterations to the environment and thus decline

Background concentration-- A concentration of a sub- in numbers where human alterations occur. See also
stance in a particular environment that is indicative of Tolerant species.
minimal influence by human (anthropogenic) sources. Major ions--Constituents commonly present in concentra-

Bed sediment-- The material that temporarily is stationary tions exceeding 1.0 milligram per liter. Dissolved cat-
in the bottom of a stream or other watercourse, ions generally are calcium, magnesium, sodium, and

Benthic-- Of, related to, or occurring on the bottom of a potassium: the major anions are sulfate, chloride, fluo-
water body. ride, nitrate, and those contributing to alkalinity, most

Community-- In ecology, the species that interact in a corn- generally bicarbonate and carbonate.
mon area. Maximum contaminant level (MCL)-- Maximum petrols-

Constituent- A chemical or biological substance in water, sine level of a contaminant in water that is delivered to
sediment, or biota that can be measured by an analytical any user of a public water system. MCLs are enforce-
method, able standards established by the U.S. Environmental

Criterion-- A standard rule or test on which a judgment or Protection Agency.
decision can be based. Plural, Criteria. Micrograms per liter (gg/L)-- A unit expressing the con-

Cubic foot per second fft3/s, or cfs)-- Rate of water dis- centration of constituents in solution as weight (micro-
charge representing a volume of 1 cubic foot passing a grams) of solute per unit volume (liter) of water:
given point during 1 second, equivalent to approxi- equivalent to one part per billion in most streamwater
mately 7.48 gallons per second, or 448.8 gallons per and ground water. One thousand micrograms per liter
minute, or 0.02832 cubic meter per second, equals 1 milligram per liter.

Detection limit-- The minimum concentration of a sub- Milligrams per liter (mg/L)-- A unit expressing the con-
stance that can be identified, measured, and reported centration of chemical constituents in solution as
within 99 percent confidence that the analyte concentra- weight (milligrams) of solute per unit volume (liter) of
tion is greater than zero; determined from analysis of a water; equivalent to one part per million in most stream-
sample in a given matrix containing the analyte, water and ground water.

Dissolved constituent-- Operationally defined as a constit-Minimum reporting level (MRL)-- The smallest measured
uent that passes through a 0.45-micrometer filter, concentration of a constituent that may be reliably

Dissolved solids-- Amount of minerals, such as salt, that are reported using a given analytical method. In many
dissolved in water; amount of dissolved solids is an cases, the MRL is used when documentation for the
indicator of salinity or hardness, detection limit is not available.

Downgradient-- At or toward a location farther from the Modified Hilsenhoff Biotic Index (MI-IBI)-- The Hilsen-
source of ground-water flow. hoff Biotic Index (HBI) is a benthic invertebrate corn-

Drainage basin-- The portion of the surface of the Earth munity index developed by W.L. Hilsenhoff. The HBI is
that contributes water to a stream through overland run- determined by assigning a pollution tolerance value for
off, including tributaries and impoundments, each family of benthic invertebrates, then computing

Drinking-water standard or guideline-- A threshold con- the average tolerance for a sample. In a modification of
centration in a public drinking-water supply, designed the HBI developed by R.W. Bode and M.A. Novak, pol-
to protect human health. As defined here, standards are lution tolerance values are assigned by genus, which
U.S. Environmental Protection Agency regulations that provides greater resolution in the average tolerance.
specify the maximum contaminate levels for public Nutrient-- In aquatic systems, a substance that contributes
water systems required to protect the public welfare: to algal growth. Nutrients of concern include nitrogen
guidelines have no regulatory status and are issued in an and phosphorus compounds, but not elemental nitrogen.
advisory capacity. Picocurie (pCi)-- One trillionth ( l 012) of the amount of

Escherichia coli--A common species of intestinal or fecal radioactivity represented by a curie (Ci). A curie is the
bacteria, amount of radioactivity that yields 3.7 x 1010 radioac-

Fecal bacteria-- Microscopic single-celled organisms (pri- tive disintegrations per second (dps). A picocurie yields
manly fecal coliforms and fecal streptococci) found in 2.22 disintegrations per minute (dpm), or 0.037 rips.
the wastes of warm-blooded animals. Their presence in
water is used to assess the sanitary quality of water for
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Polycyclic aromatic hydrocarlmn ~ P \ tt, -- A clas>
organic compounds with a :~, ,,.d rmc ,aromatic~
ture PAHs result from incomplete combustion of
organic carbon {including woodt, mumc~pal solid
waste, and fossil fuels, as well as from natural or
anthropogenic introduction of uncombusted coal and
oil. PAHs include benzo(a)pyrene, fluoranthene, and
pyrene.

Recharge-- Water that infiltrates the ground and reaches the
saturated zone.

Secondary maximum contaminant level (SMCLt--The
maximum contamination level in public water svsten>
that,, in the judgment of the U.S. Environmental Protec-
tion Agency IUSEPAI, is required to protect the public
~ eli"are. SMCLs are secondary (nonenforceable t drink-
ing water regulations established by the USEPA for
conlaminants that may, adversely affect the odor or
appearance of such water.

Sediment--. Particles, derived from rocks or biological
materials, that have been transported by a fluid or other
natural process, suspended or settled in water.

Specific conductance-- A measure of the ability of a liquid
to conduct an electrical current.

Suspendtd !as used in tables of chemical analysesl-- The
amount t concentration I of undissolved material in a
;~ater-sediment mixture. It is associated with the mate-
rial retained ~n a 0.45-micrometer filter.

Suspended sediment-- Particles of rock, sand. soil. and
c~rganic detrilus carried in suspension in the water col-
un3rt, in contrast [o sediment that moves on or near the
streambed.

Taxon-- An~ identifiable group of taxonomically related
organisms, such as a species or family. Plural. Taxa.

Tolerant species-- Those species that are adaptable to Itol-
erant oi~1 human alterations to the environment and
often increase in number when human alterations occur.

Trace element-- An element found in only minor amounts
/co~:~centrations less than 1.0 milligram per liter) in
water or sediment: includes arsenic, cadmium, chro-
mium. copper, lead. mercury, nickel, and zinc.

Upgradient-- At or toward a location nearer to the source
of ground-water flow.

Volatile organic compounds ~VOCst-- Organic chemicals
that have a high vapor pressure relative to their water Babcock Mill at Babcock State Park,
solubility. VOCs include components of gasoline, fuel Photograph by Douglas B. Chambers, USGS.
oih~. and lubricants, as well as organic solvents, fumi-
gants, some inert ingredients in pesticides, and some
by-products of chlorine disinfection,

Water-quality standards-- State-adopted and U.S. Envi-
ronrnental Protection Agency-approved ambient stan-
dards for water bodies. Standards include the use of the
water body and the water-quality criteria that must be
met to protect the designated use or uses.

Watershed-- See Drainage basin.
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APPENDIX--WATER-QUALITY DATA FROM THE
KANAWHA-NEW RIVER BASIN IN A NATIONAL CONTEXT
For a complete view of Kanawha-New River Bass tiara and for additional reformation about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqa/. Also visit the NAWQA Data Warehouse for access to NAWQA data sets at hftp://infotrek.er.usgs.gov/wdbctx/nawqa/nawqa.home.

This appendix is a summary of chemical concentrations Pesticides in watermHerbicides
and biological indicators assessed in the Kanawha-New SluOy-unit frequency of detection, in percent
River Basin. Selected results for this basin are graphically Nat,onal frequency of detection, In percent Study-umt sample

compared to results from as many as 36 NAWQA Study
__L.     Atrazine (AAtrex, Atrex, Atred, Gesaprim)Units investigated from 1991 to 1998 and to national

86water-quality benchmarks for human health, aquatic life, or
fish-eating wildlife. The chemical and biological indicators ..shown were selected on the basis of frequent detection, 2o
detection at concentrations above a national benchmark,

Deethylatrazine (Atrazine breakdown product) "or regulatory or scientific importance. The graphs illustrate        ~00
how conditions associated with each land use sampled in
the Kanawha-New River Basin compare to results from

28across the Nation, and how conditions compare among
the several land uses. Graphs for chemicals show only

Metolachlor (Dual, Pennant)detected concentrations and, thus, care must be taken to ~00
evaluate detection frequencies in addition to concentra- ~0
tions when comparing study-unit and national results. For ¯
example, simazine concentrations in Kanawha-New River
Basin agricultural streams were similar to the national Simazine (Princep, Caliber 90)
distribution, but the detection frequency was much higher
(94 percent compared to 61 percent).

- - 2

CHEMICALS IN WATER TebutNuron (Spike, Tebusan)
Concentrations and detection frequencies, Kanawha--New River
Basin, 1996-98---Detection sensitivity varies among chemicals and,
thus, frequencies are not directly comparable among chemicals - -

Detected concentration in Study Unit
~ ~ Frequencies of detection, in percent. Detection frequencies

were not censored at any common reporting limit. The left- 0 ooo! o.ool o 01 ol 1 10 lOO 1 ,oo0
hand column is the study-unit frequency and the right-hand CONCENTRATION, IN MICROGRAMS PER LITER
column is the nationat frequency

- - Not measured or sample size less than two
.]2 Study-unit sample size. For ground water, the number of

Other herbicides detectedsamples is equal to the number of wells sampled Acetochlor (Harness Plus, Surpass)
Alachlor (Lasso, Bronco, Lariat, Bullet) **National ranges of detected concentrations, by lend use, in 36
Benfluralin (Balan, Benefin, Bonalan)NAWQA Study Units, l~1--98~Ranges include only samples Cyanazine (Bladex, Fortrol)in which a chemical was detected DCPA (Dacthal, chlorthal-dimethyl) *

Streams in agricultural areas 2,6-Diethylaniline (Alachlor breakdown product)
Streams in urban areas Dinosab (Dinosebe)

Diuron (Crisuron, Karmex, Diurex) **Streams and rivers draining mixed land uses EPTC (Eptam, Farmarox, Alirox)
..... ~ ~:2~2. ..... Shallow ground water in agricultural areas Fenuron (Fenulon, Fenidim) * **

Shallow ground water in urban areas Molinate (Ordram) * *°
~ Major aquifers Napropamide (Devrinol) " *"

Lowest M~lle Highest Oryzalin (Surflan, Dirimal)
25 s~ 2s Prometon (Pramitol, Princep) *°percenl percenl percen~

Triatlate (Far-Go, Avadex BW, Tri-atlate)
Triclopyr (Garlon, Grandstand, Redeem, Remedy)National water-quality benchmarks
Trifluralin (Trefian, Gowan, Tri-4, Trific)

National benchmarks include standards and guidelines related to
drinking-water quality, criteda for protecting the health of aquatic life, and Herbicides not detected
a goal for preventing stream eutrophication due to phosphorus. Sources Acifluorfen (Blazer, Tackle 2S)
include the U. S, Environmental Protection Agency and the Canadian Bentazon (Basagran. Bentazone)
Council of Ministers of the Environment Bromacil (Hyvar X, Urox B, Bromax)

Bromoxynil (Buctril, Bromina0 *
I Drinking-water quality (applies to ground water and surface water) Butylate (Sutan ÷. Genate Plus, Butilate)

Chloramben (Amiben, Amiion-WF~ Vegiben)
I Protection of aquatic life (applies to surface water only) Clopyralid (Stinger, Lontrel Transline)
I Prevention of eutrophication in streams not flowing directly into 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)

lakes or impoundments 2,4-DB (Butyrac, Butoxone. Embutox Plus, Embutone)
Dacthal mono-acid (Dacthal breakdown product)¯ No benchmark for drinking-water quality Dicamba (Banvel, Dianat, Scotts Prcturf)

-- No benchmark for protection of aquatic life Dichlorprop (2,4-DE Seritox 50, Lentemul)
Ethalfluralin (Sonalan, Curbit)
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Fluometuron (FIo-Met, Cotorani "" Volatile organic compounds (VOCs) in ground water
Linuron (Lorox, Linex, Sarclex, Llnure~ A% - " These graphs represent data from 16 Study Units, sampled from 1996 to 1998
MCPA (Rhomene, Rhonox, Chipto×)
MCPB (Thistrol) * ** Study*unit frequency of detection, in percent
Metribuzin (Lexone, Sencor)

!
Nalional frequency of defection in percent Study-unit sample sizeNeburon (Neburea, Neburyl, Noruben) * **

Norflurazon (EvitaL Predict, Solicam, Zorial) * ** L i      i i ~

Pebulate (Tillam, PEBC) * ** ~_ Methyl tert-butyl ether (MTBEi

Pendimethalin (Pre-M, Prowl, Stomp) " ""
Picloram (Grazon, Tordon)
Pronamide (Kerb, Propyzamid) ** - ¯ ~ ~ .
Propachlor (Ramrod, Satecid) 7 6 ~. ~,Propanil (Stam. Stampede¯ Wham) * **
Propham (Tuberite) ** I I I
2,4.5-T ** OOOl O.Ol o.1 f lo lOO 1,ooo lO,OOO
2,4,5-TP (Silvex, Fenoprop) **
Terbacil (Sinbar) *° CONCENTRATION, IN MICROGRAMS PER LITER
Thiobencarb (Bolero, Saturn, Benthiocarb) * "*

Other VOCs detected

Bromodichloromethane (Dichlorobromomethane)Pesticides in water--Insecticides 2-Butanone (Methyl ethyl ketone (MEK)) *
StuOy-uniI frequency of detection, in percent Carbon disulfide *
i National frequency of detection, in percent Study-unit sample size Chlorodibromomethane (Dibromoohloromethane)

I _[_ ........ ~_

Chloromethane (Methyl chloride)

--L_ p,p’-DDE 1.4-Dichlorobenzene (p-Dichlorobenzene)
3 8 5~ Dichlorodifiuoromethane (CFC 12, Freon 12)

1,1 -Dichloroethane (Ethylidene dichloride) *
~ ~ 2~ 1,1-Dichloroethene (Vinylidene chloride)
- ~ ,~:~ ....... 0 cfs-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)- 2 ~ 0
7 2 ~ 60 Diisopropyl ether (Diisopropylether (DIPE)) *

1,2-Dimethylbenzene (o-Xylene)
i I       l       1       I       I       I ~ 1,3 & 1,4-Dimethylbenzene (rm&p-Xylene)

0.0001 0 001 001 01 1 10 tOO 1,000 1-4-Eooxy butane (Tetrahydrofuran, Diethylene oxide) *

CONCENTRATION IN MICROGRAMS PER LITER Etr’ylbenzene (Phenylethane)
Iodomethane (Methyl iodide) *
isopropylbenzene (Cumene) *
Methylbenzene (Toluene)

Other insecticides detected 2-Propanone (Acetone) *
Carbaryt (Carbamine, Denapon, Sevin) Tetrachloroethene (Perchloroethene)
Carbofuran (Furadan, Curaterr, Yaltox) Tribromomethane (Bromoform)
Chlorpyrifos (Brodan, Dursban, Lorsban) 1,2,4-Trichlorobenzene
Diazinon (Basudin, Diazatol, Neocidol, Knox Out) 1,1.1-Trichloroethane (Methylchloroform)
alpha-HCH (alpha-BHC, alDha-lindane) "* Trichioroethene (TCE)
gamma-HCH (Lindane, gamma-BHC) Trichtorofluoromethane (CFC 11, Freon 11)
Malathion (Malathion) Trichloromethane (Chloroform)

1,2,4-Trimethylbenzene (Pseudocumene)
Insecticides not detected
AIdicarb (Temik, Ambush, Pounce) VOCs not detected
Aldicarb sulfone (Standak, aldoxycarb) tert-Amylmethylether (tert-amyl methyl ether (TAME)) *
Aldicarb sulfoxide (AIdicarb breakdown product) Bromobenzene (Phenyl bromide) *
Azinphos-methyl (Guthion, Gusathion M) * Bromochloromethane (Methylene chlorobromide)
Dieldrin (Panoram D-31, Octalox, Compound 497) Bromoethene (Vinyl bromide) *
Disulfoton (Disyston, Di-Syston) ** Bromomethane (Methyl bromide)
Ethoprop (Mocap, Ethoprophos) * ** n-Butylbenzene (1-Phenylbutane)
Fonofos (Dyfonate, Capfos, Cudgel, Tycap) ** sec-Butylbenzene *
3-Hydroxycarbofuran (Carbofuran breakdown product) " ** tert-Butylbenzene *
Methiocarb (Slug-Get& Grandslam, Mesurol) * ** 3-Chtoro-l-propene (3-Chloropropene)
Methomyl (Lanox, Lannate, Acinate) *" 1-Chloro-2-methylbenzene (o-Chlorotoluene)
Methyl parathion (Penncap-M, FolidoI-M) ** 1-Chloro-4-methytbenzene (p-Chlorotoluene)
Oxamyl (Vydate L, Pratt) ** Chlorobenzene (Monochlorobenzene)
Parathion (RoethyI-E Alkron, Panthion, Phoskil) * Chloroethane (Ethyl chloride) "
cts-Permethrin (Ambush, Astro, Pounce) * ** Chloroethene (Vinyl chloride)
Phorate (Thimet, Granutox, Geomet, Rampart) * "* 1,2-Dibromo-3-chloropropane (DBCP, Nemagon)
Propargite (Comite, Omite, Ornamite) * *" 1,2-Dibromoethane (Ethylene dibromide, EDB)
Propoxur (Baygon, Blattanex, Unden, Proprotox) * ** Dibromomethane (Methylene dibromide)
Terbufos (Contraven, Counter, Pilarfox) "* trans-1,4-Dichtoro-2-butene ((Z)-l,4-Dichloro-2-butene)

1,2-Dichlorobenzene (o-Dichlorobenzene)
1,3-Dichlorobenzene (rn-Dichlorobenzene)
1.2-Dichloroethane (Ethylene dichloride)
trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)
Dichloromethane (Methylene chloride)
1,2-Dichloropropane (Propylene dichloride)
2,2-Dichloropropane *
1,3-Dichloropropane (Trimethylene dichloride) *
trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)
cis-1,3-Dichloropropene ((Z)-1.3-Dichloropropene)
1,1 -Dichloropropene *
Diethyl ether (Ethyl ether) *
Ethenylbenzene (Styrene)
Ethyl methacrylate *
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Ethyl ten.butyl ether (Ethyl-t-butyl ether (ETBE " Trace elements in ground water
1-Ethyl-2-methylbenzene (2-Ethyltoluene) "
Hexachlorobutadiene ~tudy-un=t frequency ol detection, in percent
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane) I National frequency of detection, tn percent Study-unit sample size
2-Hexanone (Methyl butyl ketone (MBK)) * | | ........
p-lsopropyltoluene (p-Cymene) * _L_ _!_                                                   Arsenic
Methyl acrylonitrile *
Methyl-2-methacrylate (Methyl methacrylate) *
4-Methyl-2-pentanone (Methyl isobutyi ketone (MIBK)) "
Methyl-2-propenoate (Methyl acrylate) " " ii ............. I .........Naphthalene J ~
2-Propenenitrile (Acrylonitrile)
n-Propylbenzene (Isocumene) * Chromium
1,1.2,2-Tetrachloroethane *
1.1,1.2-Tetrachloroethane
Tetrachloromethane (Carbon tetrachloride) - - 85
1.2.3.4-Tetramethytbenzene (Prehnitene) * ~0 ~1.2.3.5-Tetramethylbenzene (Isodurene) *
1,1.2-Trichloro-1,2,2-trifluoroethane (Freon 113) * Zinc1.2,3-Trichlorobenzene *
1,1,2-Trichloroethane (Vinyl trichloride)
1.2.3-Trichloropropane (AIlyl trichloride)
1,2.3-Trimethylbenzene (Hemimellitene) * ~i ~1,3,5-Trimethylbenzene (Mesitylene) * 55 66

Nutrients in water OOl o.1 1 lO ~oo    r,ooo tO,Odd lOO.OOO

Study-unit frequency of detection, in percent CONCENTRATION, iN MICROGRAMS PER LITER

National frequency of detection, in percent                       Study-unit sample size

___ Ammonia, as ** _1_
Study-unit freduency of detection, in percent

~ 7 8 z4 -- 99 National frequency of detection, in percent Study-unit sample s~ze

~ 75 ~J..~ 208 _J_     Radon-222 _

71 IIIII III

99
Dissolved nitrite plus nitrate, as N **                                  .- 100

lOO 95 99 87 97 ~~~,~ ~

~ -~ o

7~
1

o
62 71 ~t~,,~.~ .~ ...... 60 CONCENTRATION. IN PICOCURIES PER LITER

Orthophosphate. as P * **
59 79 -~ 99 Other trace elements detected
~ 7~ 208 Lead
- - 59 ,~. 0 Selenium
- 52 ~ 0 Uranium
~5 6i ~lllla~l~,- ~: ......... 60

Trace elements not detected
Total phosphorus, as P * *" Cadmium

39 92 - ~ - 99
~

~0 I o
88 , ~ . 208

~ I      1      l      I      f      I      I I
o.ool ool 0,1 ! 1o 1o(] 1,ooo 10,0o0 1oo,ooo

CONCENTRATION, IN MILLIGRAMS PER LITER

Nutrients not detected
Dissolved ammonia plus organic nitrogen as N *

Dissolved solids in water
Study*unit lrequency of detecPon, in percent

_ Dissolved solids " ""
ioo i0o -- 98

-- i00 -- 0i00 i00 ~ 208
i00 ~ 0- - i00 -- 0i00 i00 ~’~" 60

0001 0.01 0,1 1 10 100 1,000 10,000 100,000
CONCENTRATION, IN MILLIGRAMS PER LITER
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Study-unit frequency of detection, in percent

C HE M ICALS IN FISH TISSUE
AND BED SEDIMENT o,p’+p,p’*DDT (sum of o,p’-DDT and p,p’-DDT) "
Concentrations and detection frequencies, Kanawha-New River
Basin, 1996-98--Detection sensitivity varies among chemicals and, "
thus, frequencies are not directly comparable among chemicals. 0 19

of detection a re based on small sample sizes;Study-unit frequencieSthe applicable sample size is specified in each graph

Total DDT (sum of 6 DDTs)
¯ Detected concentration in Study Unit

65 ~8 Frequencies of detection, in percent. Detection frequencies
were not censored at any common reporting limit. The left- 0
hand column is the study-unit frequency and the right-hand o
column is the national frequency

-- Not measured or sample size less than two Dieldrin (Panoram D-31, Octalox) "
~.~ Study-unit sample size 5

0

National ranges o| concentrations detected, by land use, in 36
NAWQA Study Units, 1991-98--Ranges include only samples i ½ 39°

. ~°
in which a chemical was detected

Fish tissue from streams in agricultural areas Total PCB t
Fish t~ssue from streams in urban areas 3 ~. 3 ~ 6

81                                                 0
Fish tissue from streams draining mixed land uses

........... ~.~,~4~.~ ....... Sediment from streams in agricultural areas 0

Sediment from streams in urban areas
~--~~ Sediment from streams draining mixed land uses
Lowest

Ms~le
Highesl

25 25 0 1 1 10 100 1,000 10.000 100000
percent pement percent

CONCENTRATION IN MICROGRAMS PER KILOGRAM

National benchmarks for fish tissue and bed sedtmen[
(F;sh tissue ~s wet weight; bed sediment is dry weight)

National benchmarks include standards and guidelines related to 1 The nahonal detection frequencies for total PCB =n sediment are b~ased low because about
crite ria for protection of the health of fish-eating wildlife and aquatic 30 percent of samples nationally had elevateq detection levers compared to t~lS Study LJmtorganisms. Sources include the U.S. Environmental Protection Agency, See httb://waterusgs.gov/for addihonal reformation
other Federal and State agencies, and the Canadian Council of
Ministers of the Environment

Other organochlorines detected
I Protection of fish-eating wildlife (applies to fish tissue) o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) "
I Protection of aquatic life (applies to bed sediment) Dieldrin+aldrin (sum of dieldrin and aldrin)

Heptachlor epoxide (Heptachlor breakdown product)
No benchmark for protection of fish-eating wildlife Heptachlor+heptachlor epoxide (sum of hePtachlor and heptachlor epoxide)

** No benchmark for protection of aquatic life Organochlorines not detected
Chloroneb (Chloronebe, Demosan) * **
DCPA (Dacthal, ch~orthaFdimethyl) * **
Endosulfan I (alpha-Endosulfan, Thiodan)

Organochlorines in fish tissue (whole body) Endrin (Endrine)
gamma-HCH (Lindane, gamma-BHC, Gammexane) *and bed sediment                                              TotaFHCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and delta-HCH)
Hexachlorobenzene (HCB) **

Study-unit frequency of detection, m percent Isodrin (Isodrine, Compound 711 ) *
| N, atlona! Ire que ncy of detect ...... percent Study-unit sample slze~ p,p’-Meth oxychlor (Maria te, methoxychlore) * **

i ~ ~ i ~ i
~I

o,p’-Methoxychlor * **
Total Chlordane (sum of 5 chlordanes) Mirex (Dechlorane)

33 38 ,
75 0

~ 55 ~ ~ ~ ~ ~ ~ ~ cis-Permethrin (Ambush, Astro, Pounce)

0
51 ~T~

~
trans-Permethrin (Ambush, Astro, Pounce)’*"
Toxaphene (Camphechlor, Hercules 3956)

p,p’-DDE * *"
~7 90 ,, ~H~ 6 Semivolatile organic compounds (SVOCs)

9~ 0~ 92 . _ _ :: in bed sediment
0 ~8 -~ 5

- - 62 0 Study-unit frequency of detection. ~n percent
25 39 ..... . ..............

8
L N_hati°nal frequency °f detecti°n ir~ Po,p’+p,p’-DDE (sum of o,p’-DDE and p,p’-DDE) * ~Anthraquinone67 90

92

oi 1 10 1oo     1,ooo     lO,OOO 10o,oo0 I I I I I I i
Ol 1 10 lOO 1 ,oo0 lO,000 loo.ooo

CONCENTRATION, IN MICROGRAMS PER KILOGRAM
(Fish ssue is wet weight; bed sediment is dr’! weight) CONCENTRATION. IN M~CROGRAMS PER KILOGRAM, DRY WEIGHT
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Study-unit frequency of dete~tion, in percenI Study-unit freduency ol detection, ir~ percent

|Nati° flail re~l ue ncyof de feet ion, in p .....
t Study-unit samp ......

,~ / Nlat io hal freq ue ncy of detection, in p .....t

Study-unit sample si ze!

--L.-L     Benz[a]anthracene ~_ Phenanthrene

0 19 ...... : ~ -~___£ - 3 6(3 81 ~.,~t-->;-~*~-76 0 - - 82

Dibenz[a,h]anthracene                                                    ~        t        I        I        ~        ;
Ol           1           10          lo0        1,000       lO~0~      100000

CONCENTRATION. IN MICROGRAMS PER KILOGRAM DRY WEIGHT
0 8 368 0~ 2~

D~b~nzolh~oph~n~ "" Ac~n~phlh~n~
Ac~n~Dhlhyl@n~
Acnd~n~ -
CB-Al~ylph@nol ""

- - ~ ~_~ 0 Anthracene
75 30 ............ ~. ~ ~ ............... ~ Benzo[a}pyrene

Benzo[b]fluoranthene **
1.4-Dichlorobenzene (~Dichlorobenzene) ** Benzo[gh~]perylene *"

Benzo[k]fluoranthene **
Butylbenzylphthalate **
Chrysene

6 ~ 0 ~Cresol "*62 7 ~,~ ;-~~ ....... 8 Di-n-bu~lphthalate **
1.2-Dichlorobenzene (~Dichlorobenzene) **2,6-Dimethylnaphthalene ** Diethylphthalate **
1,2-Dimethylnaphthalene "*
1,6-Dimethylnaphthalene "*

~S 65 ...... ~’,~ ~ ............ 3 3,5-Dimethylphenol **
;" 0 Dimethylphthalate **

2,4-Dinitrotoluene ""
bis(2-Ethylhexyl)phthalate "" Indeno[1,2.3-c~pyrene *"

Isoquinol~ne **
1 -Methyl-9H-fluorene *"
2-Methylant~racene **] 0o 9] .... ~--,"~-., .......... 3 4,5-Methylenephenanthrene **99 0l~ 95 ........ ~.~ ...... ~ 1-Methylphenanthrene *"
1-Methytpyrene **

Fluoranthene Phenanthridine **
Pyrene
Quinoline **

10o 66 1,2,4-Trichlorobenzene "*

~ ~ .....
: : ........................1 ~

2,3,6-Trimethylnaphthalene ""

SVOC8 not detected
9H-Fluorene (Fluorene) Azobenzene **

Benzo[cjcinnoline **
2,2-Biquinoline **
4-Bromophenyl-phenylether "*

~ 6 0 4-Chloro-3-methylphenol *"
~ ,l ...... ~ ..... 8 bis(2-Chloroethoxy)methane *"

2-Chloronaphthalene *"
Naphthalene 2-Chlorophenol "*

4-C hlorophenyl-phenylethe r "*
Di-n-octylphthalate "*

20 ;: ~ ~ 5 1.3-Dichiorobenzene (m-Dic~lorobenzene) **
~8

,7
1

0 Isophorone "*
30 ’ ’-~":~ ~ ~ ~ Nitrobenzene **

N-Nitrosodip~enylamine "" N-Nitrosodi-n-oropylamine ""
Pentachloronitrobenzene **
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Trace elements in fish tissue (livers) and
bed sediment BIOLOGICAL INDICATORS

Higher national scores suggest habitat disturbance, water-quality
Study-unit frequency of detection, in percent degradation, or naturally harsh conditions. The status of algae,

National frequency of detection, in percent Stucly-unit sarnp~e s~ze invertebrates (insects, worms, and clams), and fish provide a

! ~ ~ ~ ~ ~ ~ I record of water-quality and stream conditions that water-
Arsenic ~ chemistry indicators may not reveal. Algal status focuses on the

3~ 56 ~ 6
38 ~ ~ changes in the percentage of certain algae in response to

~ ~ 75 ~ : : increasing siltation, and it often correlates with higher nutrient
i00 99 ~ ~ ......... 5 concentrations in some regions. Invertebrate status averages 11
i ~)0 ~ s metrics that summarize changes in richness, tolerance, trophic

conditions, and dominance associated with water-quality
Cadmium * degradation. Fish status sums the scores of four fish metrics

83 77 ...~,--.~.--~ 6 (percent tolerant, omnivorous, non-native individuals, and percent
].~ 9572 ,, .’20 individuals with external anomalies) that increase in association

1 oo 98 --~ - . -.I--~ ....... .~ with water-quality degradation

100 98 --,--~,~ ,- ~ - " ~’ Biological indicator value, Kanawha-New River Basin, by
land use, 1996-98

Chromium *                                                            ~, Biological status assessed at a site
67 62             ~                              6

72 ~ o
~ i 5, ~ ~ 2 National ranges of biological indicators, in 16 NAWQA Study

100100 ........ ~.,~- , ~ Units, 1994-98
99 0

i0(~ 100 .... ,~,,,~ .... 8 ~ Streams in undeveloped areas

Copper "                                                             ~ Streams in agricultural areas
lo0 i00 - - , -- 6 ~ Streams in urban areas

- - i00 ~ 0
i00 too ..... -- J2 ~ Streams in mixed-land-use areas

.~_ 0 --- 25th percentile

Lead *                                                                      ,                                               ,

a ] .=~,.===.-- o Algal status indicator~, ~ q i ~ 12 Undeveloped
100 100

~ 5 Agricultural- 100 0
i 0 [ 99 ............-.~----F-~ .- 8                      Urban

Mercury *                                                                                   Mixed             ]

59 0 invertebrate status indicator~ 80 , , , ._~ 12 Undeveloped

97 0 Agricultural
!~ 93 8 Urban

Nickel * ** Mixed I
67 a2 6
~ 50 ~2 0 ~0 20 30 40 so ~0 70 80 90 ~00

i00 i00 --     ~ 5- i00 ~ 0

Selenium * Fish status indicator
100 99 - ~ 6 Undeveloped

- I0O -- o ’,
1 ~ 0 99 ~ " " 12 Agricultural

i00 iO0 .~~ 5 Urban
- 100 0 ’,

Zinc *                                                                                                0               5              110              115              2~0
i00 I00                                           , ~~            6

I00 ~ 0

iO0 100 ~ 599 0

0Ol Ol 1 lO 100 !,0oo 10,000
CONCENTRATION, IN MICROGRAMS PER GRAM
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Kanawha-New River Basin was integral to the success of this
water-quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies Universities
National Park Service Marshall University
U.S. Army Corps of Engineers Virginia Polytechnic Institute and State University
U.S. Environmental Protection Agency West Virginia University
U.S. Fish and Wildlife Service
U.S. Office of Surface Mining Other public and private organizations
U.S. Department of Agriculture Cacapon Institute

Agricultural Research Service Canaan Valley Institute
Natural Resources Conservation Service Greenbrier River Watershed Association
Monongahela National Forest National Committee for the New River

New River Community Partners
State Agencies Ohio River Valley Water Sanitation Commission
North Carolina Division of Environmental Management West Virginia American Water Company
Virginia Department of Environmental Quality West Virginia Citizens Action Group
Virginia Department of Game and Inland Fisheries West Virginia Coal Association
Virginia Department of Health West Virginia Farm Bureau
Virginia Division of Mineral Resources West Virginia Highlands Conservancy
Virginia Division of Soil and Water Conservation West Virginia Manufacturers Association
West Virginia Bureau for Public Health West Virginia Mining and Reclamation Association
West Virginia Division of Environmental Protection West Virgini~ Rivers Coalition
West Virginia D=vision of Natural Resources West Virginia Rural Water Association
West Virginia Geological and Economic Survey
West Virginia Soil Conservation Agency

We gratefully acknowledge the cooperation of numerous property owners who provided access to sampling loca-
tions on their land. We also thank the following individuals for contributing data, knowledge, time, and expertise to
this effort.

Dennis Adams, Billy Barton, Steven Bolssen, Melody Bova, Freddie Brogan, Charlynn Sheets Buchanan, John
Buchanan, Daniel Cincotta, Matthew Cooke, Gary Crosby, David Eaton, Michael Eckenwiler, Ronald Evaldi, Carl
Faulkenburg, Patsy Francisco, Georganne Gillespie, Wesley Gladwell, Jeffrey Hajenga, Kristi Hanson, Harold
Henderlite, Curt Hughes, Donna Justus, Lisa Ham Lahti, Melvin Mathes, Kimberly Miller, Dawn Newell, Jesse Pur-
vis, Brian Rasmussen, Lary Rogers, Tom Rosier, Benjamin Simerl, Kimberly Smith, Stephen Sorenson, Janet
Steven, Joan Steven, Edward Vincent, Stephen Ward, David Wellman, Jeremy White, Matthew Wooten, Dennis
Wyatt, Humbert Zappia
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqa/

Upper Tennessee River Basin National NAWQA Program:
contact and Web site: Chief, NAWQA Program

District Chief U.S. Geological Survey
U.S. Geological Survey Water Resources Division
Water Resources Division 12201 Sunrise Valley Drive, M.S. 4!3
640 Grassmere Park Drive, Suite 100 Reston, VA 20192
Nashville, TN 37211 http://water.usgs.gov/nawqa/
e-mail: dc_tn @ usgs.gov
http://tn .water.usgs.gov/

Other NAWQA summary reports

River Basin Assessments
Albemarle-Pamlico Drainage Basin (Circular 1157) Red F~iver of the North Basin (Circular 1169)
Allegheny and Monongahela River Basins (Circular 1202) Rio Grande Valley (Circular 1162)
Apalachicola-Chattahooct~ee-Flint River Basin (Circular 1164) Sacramento River Basin (Circular 1215)
Central Arizona Basins (Circular 1213) San Joaquin-Tulare Basins (Circular 1159)
Central Columbia Plateau (Circular 1144) Santee River Basin and Coastal Drainages (Circular 1206)
Central Nebraska Basins (Circular 1163) South-Central Texas (Circular 1212)
Connecticut, Housatonic and Thames River Basins (Circular 1155) South Platte River Basin (Circular 1167)
Eastern Iowa Basins (Circular 1210) Southern Florida (Circular 1207)
Georgia-Florida Coastal Plain (Circular 1151 ) Trinity River Basin (Circular 1171 )
Hudson River Basin (Circular 1165) Upper Colorado River Basin (Circular 1214)
Kanawrla-New River Basins (Circular 1204) Upper Mississippi River Basin (Circular 1211 )
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Upper Snake River Basin (Circular 1160)
Las Vegas Valley Area and the Carson and Truckee River Basins Western Lake Micrligan Drainages (Circular 1156)

(Circular 1170) White River Basin (Circular 1150)
Lower Illinois River Basin (Circular 1209) Willamette Basin (Circular 1161 )
Long Island-New Jersey Coastal Drainages (Circular 1201 )
Lower Susquehanna River Basin (Circular 1168) National Assessments
Mississippi EmDayment (Circular 1208) The Quality of Our Nations’ Waters--Nutrients and Pesticides (Circular 1225)
Ozark Plateaus (Circular !158)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)

Front cover: Clear Creek, Tennessee (courtesy of National Park Service, Obed Wild and Scenic River).
Back cover: Tobacco in Cocke County, Tennessee (photograph by GC. Johnson, U.S. Geological Survey); center,
Whitewater rafting (photograph courtesy of National Park Service, Obed Wild and Scenic River); right, French
Broad River Valley, North Carolina (photograph by P.S. Hampson, U.S. Geological Survey).
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Upper Tennessee River Basin that emerged
from an assessment conducted between 1994 and 1998 by the U.S. Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and
compared to conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are also
explained in the context of selected national benchmarks, such as those for drinking-water quality and the
protection of aquatic organisms. The NAWQA Program was not intended to assess the quality of the Nation’s
drinking water, such as by monitoring water from household taps. Rather, the assessments focus on the quality of
the resource itself, thereby complementing many ongoing Federal, State, and local drinking-water monitoring
programs. The comparisons made in this report to drinking-water standards and guidelines are only in the context
of the available untreated resource, Finally, this report includes information about the status of aquatic
communities and the condition of in-stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Upper Tennessee River
Basin assessment. Basin residents who wish to know more about water quality in the areas where they live will find
this report informative as well.

Upper Tennessee River Basin

NAWQA Study Units--
Assessment schedule

m 1991-95

~ ~994-98
m 1997-2001

~ Notyet scheduled

[~ High P~sins Regional
Ground -Waler Sludy,
199~2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource managment,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Upper Tennessee River Basin Study Unit is one of 51 water-quality assessments initiated since 1991, when
the U.S. Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments
cover about one-half of the land area of the United States and include water resources that are available to more
than 60 percent of the U.S. population.

IV National Water-Quality Assessment Program

R0024281



SUMMARY OF MAJOR FINDINGS

° Herbicides and herbicide degradates were detected in 98
percent of the 428 total stream-water samples collected but

~) f-’~"i"iNC at levels within drinking-water standards and aquatic-life
~ .... guidelines. Insecticides used on agricultural fields, gar-

---~-~’~"-~’;~---~ ,\ sc ~ dens, and lawns were detected infrequently (less than 12

A percent of samples) and were at levels within drinking-~ GA ~ water standards. Concentrations exceeding aquatic-life
guidelines were observed, however, for carbaryl, diazinon,
and lindane.

¯ Contamination from previous industrial and mining activi-
ties persists in parts of the basin resulting in fish-consump-
tion advisories for PCB’s (polychlorinated biphenyls),
dioxin, and mercury in certain reservoirs and stream
reaches. SVOC (semivolatile organic compounds) sedi-
ment concentrations exceeding aquatic-life guidelines
were detected in some stream reaches draining coal min-

EXPLANATION ing areas.
PHYSIOGRAPHIC PROVINCES ¯ The Upper Tennessee River Basin is widely known for its

~’~ Cumberland Plateau aquatic diversity of fish and mussel species. While mussel
0, , ~01, 201] r 30140, 50 MILES I                                   Valleyand R~dge

populations are recovering in some parts of the basin,
o ~o 30 ~o r.n.OMrr~RS overall diversity is slowly declining.

I Blue Ridge
" Releases and spills resulting in fish and mussel kills have

occurred in many parts of the basin and pose a threat to
The Upper Tennessee River Basin encompasses about 21,390 isolated and endangered populations of aquatic species.
square miles and includes parts of four States: Tennessee, North
Carolina, Virginia, and Georgia. Three rnajor physiographic
provinces are represented in the basin: the Cumberland Plateau, Selected Indicators of Stream-Water Quality
Valley and Ridge, and Blue Ridge Provinces. Most of the
2.4 million people residing in the basin live in the four metropolitan Small Streams Major Rivers
areas of Knoxville and Chattanooga, Tennessee; Asheville, North Mixed Agricul- Mixed
Carolina; and the Tri-Cities area of Tennessee and Virginia. Land Use tural Forest Land Use

Surface-Water Highlights
Pesticldest O

The Upper Tennessee River Basin is characterized by an Phosphorus, O O ~11~
abundance of surface water that usually meets existing
guidelines for drinking-water supply, recreation, and the Trace
protection of aquatic life. Bacteria levels, however, fre- elements3

Organo-quently exceed State standards for contact recreation both chlorine
in agricultural and urban areas. In addition, mixtures of c°mp°unds4

Volatilepesticides were detected at 67 of the 74 stream sites sam- organic -- -- --
pied. No pesticide concentrations exceeded drinking-water c°mpoundss

standards, but standards have not been determined for 11 of Bacteria
O O O Othe 31 compounds detected.

Semivolatile
°rganic 0 0 0 0¯ Bacteria levels frequently exceeded State standards in compoundss

agricultural streams and streams in urban areas. Runoff
from pasture land and direct livestock access to streams~ Percentage ot samples with concentrations ~’~lual to or g~ater than a
contribute to elevated bacterial counts in agricultural health-related national guideline for drinking water, aquatic life, or water-
streams. Aging wastewater infrastructures are the most contact recreation; or below a national goal for preventing excess algal growth

likely cause of elevated bacteria counts in urban streams.Ill Percentage of samples with concentrations leas than a health-related national
guideline for drinking water, aquatic life, or water-contact recreation; or below a
national goal for preventing excess algal growth¯ Inputs from urban and agricultural ]and uses have

increased nutrient levels in streams. Yields of total nitro- Percentage of samples with no detection (a Percentage is 1 or less and may
gen in streams are correlated to agricultural inputs, such not be clearly visible
as animal waste and fertilizer applications, whereas-- Not assessed
yields of total phosphorus are correlated with wastewater~ Insecticides. harbicides, and pasticida metabolites, sampled in water

2 Total phosphorus, sampled in water.discharges. Tributary reservoirs serve as effective sinks s Arsenic, mercury, and metals, sampled in sediment.
for both nitrogen and phosphorus species in the basin.     " Organochlonne coml~ounds including DOT and PCBs, sampled in sediment.

5 Solvents, refrigerants, fumigants, and gasoline compounds, sampled in sediment.
6 Miscellaneous industrial chemicals and comnustion by-products, sampled in sediment.

Summary of Major Findings 1
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Trends in Stream-Water Quahty ¯ Pesticides were detected in 40 percent of the agricultural
wells, 43 percent of domestic water-supply wells, and 69

Because of water-treatment lmprovement~,, nitrogen and percent of the springs in relatively low concentrations. No
phosphorus levels for most of the streams in the Upper Tcn- pesticide concentrations exceeded drinking-water stan-
nessee River Basin remained unchanged or decreased from dards; however, 5 of the 18 compounds detected currently
1970 to !993. Nitrogen concentrations, however, increased do not have standards. The most frequently detected pesti-
significantly for many streams in the Blue Ridge physio- cides were atrazine and metalaxyl (tobacco-specific) in the
graphic province because of nonurban residential develop- agricultural wells and atrazine, tebuthiuron, and prometon
ment and aquaculture, in domestic wells and springs.

Trends in other water-quality constituents are difficult to
assess because of changes in data-collection methods over

¯ Volatile organic compounds were detected in 86 percent of

time and an overall lack of data. Persistent organochlorine
the springs and 67 percent of the domestic wells sampled.

compounds such as DDE, a breakdown product of DDT,
Trichloromethane was the most frequently detected corn-

which was discontinued in 1973, and chlordane, which was
pound of the 28 volatile organic compounds that were

discontinued in 1988, are still detected in fish tissues and
detected: but carbon disulfide, propanone, and methylben-

bottom sediments in various parts of the basin,
zene generally were detected in the highest concentrations.
None of the volatile organic compounds exceeded drink-
ing-water standards or guidelines, but only 12 of the 28

Major Influences on Surface Waters currently have standards.
¯ Runoff from agricultural and urban areas
¯ Effluent from wastewater-treatment facilities Major Influences on Ground Water
¯ Persistent sediment contamination ¯ Agricultural and urban land uses
¯ Episodic spills and toxic releases ¯ Permeability of soils and aquifer materials

¯ Bedrock fracture patterns and karst features

Ground-Water Highlights
Although ground-water use accounts for a little more than

3 percent of the total water use in the basin, over one-third of
the population relies upon ground-water sources for drinking Selected Indicators of Ground-Water Quality

water. In the Upper Tennessee River Basin, ground-water Agricultural
studies focused on the carbonate rock formations of the Val- Shallow Domestic

Icy and Ridge physiographic province, which compose the
Ground Water Supply Wells Springs

most prolific aquifers in the basin and are the most suscepti-
ble to contamination. These aquifers typically provide water Pesticides’

that meets all Federal and State drinking-water standards

with the exceptions of nitrate and bacteria. Nitrate concen- Nitrate2

trations in domestic wells and springs used as drinking-water
sources were within drinking-water standards and guide- Rad°na
lines. Levels of nitrate exceeding drinking-water standards Volatile
were detected only in shallow agricultural monitoring wells, organic

compounds4

Numerous pesticides and volatile organic compounds were
detected in wells and springs, but none exceeded drinking- Bacteria --

water standards.

¯ Bacteria levels exceeding finished drinking-water stan- ~ Percentage of samples with concentrations equal to or
dards were detected in 11 of 30 wells used for untreated greater than a health-related national guideline for drinking

domestic drinking-water supply and in all 35 springs sam-
water

pied. Bacteria levels in two springs exceeded State start- I Percentage of samples with concentrations less than

dards for recreation. Seventeen of the springs sampled are a health-related national guideline for drinking water

used for untreated drinking-water supplies. Percentage of samples with no detection

¯ Nitrate was present in all domestic wells and spnngs but -- NOt assessed
usually in concentrations well within the Federal dnnking- ~ Insecticides. herbicides, and pesticide metabotites, sam01ed ~n wamr
water standard. Five of 30 monitoring wells that were 2 Nitrate (as nitrogen), sampled in water.
installed adjacent to burley tobacco fields contained nitrate 3 Radon, sampled in water

4 Solvents, refrigerants, fumigants, and gasoline compounds, sampled in water.
concentrations exceeding the drinking-water standard.

2 Water Quality in the Upper Tennessee River Basin
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INTRODUCTION TO THE UPPER TENNESSEE RIVER BASIN

The Upper Tennessee River Basin just northeast of Asheville, North Forests cover more than 67 percent
Study Unit encompasses about 21,390 Carolina, and is the highest point in the of the Study Unit (fig. 1) and five
square miles and includes the entire Eastern United States. The Study Unit National Forests-Jefferson, Pisgah,
drainage area of the Tennessee River contains some of the most rugged ter- Cherokee, Nantahala, and Chatta-
and its tributaries upstream from the rain in the Eastern United States, hooche National Forests-wholly or
USGS gaging station at Chattanooga, including the Great Smoky Mountainspartially lie within the basin. Agricul-
Tennessee. The study area includes range. The crest of the Smoky Moun- tural land, predominantly pasture, is
parts of four States: Tennessee (11,500tains exceeds 5,000 feet for 34 miles the second most common land use and
square miles), North Carolina (5,480 along the Tennessee-North Carolina accounts for more than 26 percent of
square miles), Virginia (3,130 square State line, has 16 peaks that exceed the study area. Row crops account for
miles), and Georgia (1,280 square 6,000 feet, and is the most massive only about 2.6 percent of the study
miles). In 1990, the total population of mountain range east of the Mississippi area. Most of the agricultural land is
the study area was about 2.4 million, River. located in the stream valleys and gen-
of which about 1.6 million resided in The region generally has a temper- tly rolling parts of the Valley and
the four metropolitan statistical areas ate climate; temperatures and annualRidge physiographic province. The
of Chattanooga and Knoxville, Ten- precipitation totals largely are depen- crests of steep ridges and more rugged
nessee; Asheville, North Carolina; and dent on land-surface elevations. Aver- areas of the basin remain forested.
the Tri-Cities area of Kingsport and age annual temperatures in the area Less than 4.5 percent of the basin is
Johnson City, Tennessee, and Bristol, generally decrease by about 3 degreesdeveloped. Row crops and developed
Tennessee and Virginia. Fahrenheit for every 1,000-foot areas, however, generally affect water-

Parts of three physiographic prov- increase in elevation. Average annual quality conditions much more than
inces-the Cumberland Plateau, Valley precipitation ranges from about 40 their small percentages would indicate.
and Ridge, and Blue Ridge Provinces- inches in some low-lying, sheltered
compose the Upper Tennessee River areas in the Valley and Ridge province
Basin. Altitudes range from 621 feet to more than 90 inches at elevations
above sea level at Chattanooga to over 6,000 feet. Precipitation generally
6,684 feet at Mount Mitchell, which is is distributed evenly throughout the N

year with no distinct dry
and wet seasons.(1)

EXPLANATION
Forest

Pasture

Cropland

Developed

0 I0 20 30 40 50 MILES ~ Open Water

Forest is the predominant land use 0 l0 ~0 50 KILOMETERS
in the Upper Tennessee River Basin.

Urban and industrial land uses havePasture is the predominant agricultural    Row crops account for only 2.6 percent greater water-quality effects than their
land use in the Upper Tennessee Basin. of the Upper Tennessee River Basin. land-use percentages might indicate.

Figure 1. Water-quality conditions in the Upper Tennessee River Basin are influenced by land uses.

Introduction to the Upper Tennessee River Basin 3
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Surface-Water Features
Clinch River Basin

The most prominent surface-water 4olston
features of the Upper Tennessee River River

Basin
Basin are the tributary and main-stem
reservoirs constructed and maintained                                                                   N
by the Tennessee Valley Authority                                                                  A

(TVA) and sometimes referred to as
the "Great Lakes of the South." Four
main-stem reservoirs are primarily                                                                FrenchBroad
flow-through systems that provide Tennessee River

River                                                        Basin
power generation and maintain naviga- Basin
tional depths but provide little flood
storage. These four reservoirs have a Little Tennessee River Basin
combined capacityofabout3.1 million 0 i0 20 30 40 50 MILES

acre-feet. Seventeen tributary reser- ; 1’0" 3~ ’ ~’0 ’KIL~)METERS

voirs provide flood storage and power
Hiwassee River

generation. These tributary reservoirs Reservoir Reservoir nameReservoir type Surface area, Total capacity,

have a combined storage capacity of
number in acres in acre-feet

1 Norris Tributary storage 34,200 969,000

some 10 million acre-feet. An addi- 2 Cherokee Tributary storage 30,300 580,300

tional 17 privately owned and operated 3 Douglas Tributary storage 30,400 631,200

reservoirs also are located in the study 4 Fontana Tributary storage 10,640 476,900

5 Me~ton Hil~ Flow-through 5,960 16,100

area and have a combined storage 6 Fort London Flow through 14,600 120,000

capacity of about 0.6 million acre-feet. 7 Tellico Flow through 15,860 63,800
(2) 8 Watts Bar Flow through 39,000 191,000

Five major tributaries (fig. 2) 9 Chickamauga Flow through 35,000 175,000

account for about 86 percent of the Figure 2. Two types of major reservoirs are on five major tributaries of the Upper

annual mean discharge of 35,450 cubicTennessee River.

feet per second at the Tennessee RiverWashington State.(3) Average annual Total ground-water withdrawals in

at Chattanooga and over 87 percent of runoff totals have similar variationsthe basin for 1995 were about 138 mil-

the total area of the upper Tennessee and range from about 18 inches in the lion gallons per day and accounted for

River Basin. The Clinch (4,413 squareHolston River Basin to more than 34 about 10.5 percent of the total ugh-

miles), Holston (3,776 square miles), inches in the Little Tennessee River thermoelectric water use in the basin.

French Broad (5,124 square miles), Basin.(4) About 77 percent of the ground-water

Little Tennessee (2,627 square miles), withdrawals were for public and

and Hiwassee (2,700 square miles) Water Use domestic supply for over one-third of

Rivers each exhibit distinctive climatic the basin’s population.
In 1995, withdrawals of surface and

and runoff characteristics. Average
annual precipitation in these river

ground water in the Upper Tennessee

basins ranges from about 45 inches in
River Basin totaled about 4.8 billion

the Holston River Basin to almost 60
gallons per day. Surface-water with-

inches in the Little Tennessee River
drawals for once-through cooling at

Public and Domestic Supply
30.1%

Basin, which receives the highest rain-
thermoelectric plants accounted for Agricultural

fall in the continental United States
about 3.5 billion gallons per day, or 73 15.5%

outside of the Puget Sound area of
percent of this total. Other uses (fig. 3) Mining
were commercial and industrial, 702 0.8%

million gallons per day; public and
domestic supply, 394 million gallons
per day; agricultural, 203.3 million
gallons per day: and mining, 10.4 mil- Commercial and Industrial

lion gallons per day, all of which were 536%

predominantly surface-water with- Figure 3. Nonthermoelectric water use in

Large reservoirs are the most prominent
drawals.(5) A total of 897 facilities the Upper Tennessee River Basin, 1995.

surface water features of the Upper were permitted to discharge wastewa- (Thermoelectric water use accounted for
73 percent of the total water use.)

Tennessee Basin. ter in 1995 to area streams.

4 Water Quality in the Upper Tennessee River Basin
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Hydrologic Conditions ’" 8z"- : ~ : ;:.~::,. , : : .: .:

dons over time is necessary for assess- = -- 4
ing water-quality conditions as well as~ 3 li/ ~,,’.::-’,: :~:; : n. !
for providing a context with which to ~ _ , ,I .....: IIevaluate trends. Overall, rainfall dur- ~ 0 i1: ,~ .......
ing the data-collection period was 7 ~ -2 - :..about l0percentgreaterthanthelong-~.~ ~ , , , ,’, , , , , ,,~, , ~
term mean values. Most of the excess 5 ~ ~
rainfall occu~ed in the no,hem pa~ of ~ 9~
the basin, as the Knoxville and Tri- FiOure 4. Departures from mean monthly rainlall at three stations in the Upper
Cities weather stations both recorded TennesseeNiver Basin reflect hy6rolooic conditions 6urino the ~996-98 study perio6.
about 4 inches per year more than their (Data from National Weather Service, Mordstown, Tenn.)
long-term averages of 46.7 and 41.3 ~ ~ ~04
inches, respectively. Du~ng this same~ ~ .period, rainfall at Chattanooga aver- ~m ~
aged only about I inch per year more g m
than the long-te~ average of 53.3
inches.(6) z

Although precipitation usually is
distributed relatively evenly tDough-
out the year in the Upper Tennessee
River Basin with no pronounced dw or q~ q~
wet seasons, two relatively d~ periods ~@ ¢
occu~ed in the late summer and fall of FiOur~ 5. Mean monthly 6ischar9e [or the Clinch an6 Nolichucky Nivers reflect the
1997 and 1998. These periods are abnormally 6ry summers o~ ~997 and ~998.

reflected in the rainfall depa~ures in
Well yields depend upon interception 5 to 200 gallons per minute, but wellsfigure 4 and streamflow discharges in

figure 5. of water-bearing fracture systems and penetrating extensive solution features
usually range from 10 to 25 gallons of may yield as much as 2,000 gallons per

Ground-Water Nesources water per minute where available, minute.(7) Solution features, such as
The Valley and Ridge physiographic caves and sinkholes with their inherent

Ground water in the Upper Tennes- province is underlain by folded and permeability, make the Valley and
see River Basin occurs almost exclu- extensively faulted limestone, dolo- Ridge carbonate aquifers the most sus-
sively in unconfined water-table mite. shale, and sandstones that occur ceptible in the basin to coutamination.
conditions with no regional flow sys- in long subparallel belts trending
terns. Ground-water flow systems usu- southwest to northeast. The principal
ally are less than 10 square miles in water-bearing units are the carbonate-
areal extent and are largely controlled based dolomites and limestones, which
by the bedrock geology (fig. 6) and provide water for many cities and
thickness of overlying regolith, industries. Yields

The Cumberland Plateau is charac- generally range from
terized by h~d, relatively imperme-
able sandstone of Pennsylvanian age
generally overlain by thin soils. Well
yields generally range from 5 to 50
gallons per minute from fractures,
faults, and bedding-plane openings.
Over much of the province, however,
reliable ground-water supplies are not EXPEANATION
obtainable. Similarly, the Blue Ridge ~ Sandstone

~ Dolomitephysiographic province is character- ~ Umestoneized by fractured cwstalline igneous ~ Shale
and metamo~hic rock of low porosity 0 m 20 ~0 a0 5o ~mES~,.., . .. , ~ 19neousan~
and little storage capacity. 0 m 30 5o ~mO~EVERS MetamorCNc

Fioure 6. GrounO-water
the OCper Tennessee Niver Basin.

Introduction to the Upper Tennessee River Basin5
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Powell River

Biological Diversity                          Upper Clinch                             Upper Clinch R    ,

is noted nationally for its diversity of ~. ,
~ ~ ~ ~ ~freshwater fishes and mussels. The

basin provides habitat for 174 species ~ :i~ ~ ~ ~~’~ciEXPLANATION
¯ ~ ,Z~, ~y~.:~ { -{z ~:~ )Number of Speciesof fish, including 25 species that ~e TION / ~%C~-,.:;~ ~ " . ~ .. ~ ~ ~ o TO 5

,on-native. ~/’~,~~ ~ N~ otSp~c~s ~~ ~. ~
Of the 149 fish species native to the ~oU~ ~ ~q -~ ~ gg~i~

~ ~ ~1 ~2 ?~ U~       ~ 2~ 50 ~iLES MORE THAN 50Upper Tennessee River, 29 ~e found ~’~ s 91 TO 110
~5 50 ~es ~ MO~ErHAN ~0 :5 50 ~O~USe~s

only in the Tennessee and adjacent ~uo~e~as Figure 8. Freshwater mussel diversity isCumberland Nver Basins, and 15 ae -
found only in the Upper Tennessee Figure 7. Fish diversity is highest in the highest in the Valley and Ridge physio-

River. Fif{een fish species in the basin Lower Holston and Upper Clinch River graphic province.

are federally listed as endangered or
systems.

threatened and 50 species ~e listed impoundment, and 11 are now Powe~Riw
Upper Clinch River

under management categories used bY believed to be extinct. Of the 60 fresh-
the four States. water mussel species now found in the

Most of the fish diversity in the Upper Tennessee River Basin, 30 spe-
~ ~ " ,

basin is concentrated in ~e Valley and cies ~e under Federal protection ~d z: ~ % ~ EXP~NAT~ON
~dge physiographic province, which 52 species ~e listed by the States. Number of Species

~ LESS THAN 9includes 141 of the 149 native Upper As with fishes, most of the fresh- ~ ~:~23 ~ ~ ~-:Y M

Tennessee species, most notably in thewater mussel diversity is associated
~ ~0 TO ~4
~ 15 TO 2a

Upper Clinch and lower Holston River with the Valley and Ridge physio- 25 50 MILES
Basins (fig. 7). The Clinch River alone graphic province, especially the Clinch 0 2s s0~o~e~s
is home to 126 Upper Tennessee River ~ver system (fig. 8). The Clinch River Figure 9. The Upper Clinch and Powell
native species, 12 of which are feder- is now home to about 52 species of a Rivers have the highest numbers of fresh-

ally protected and 41 of which are previously recorded total of 79. Of the water fish and mussel species considered

State listed. Four previously recorded cu~ent total, 28 are federally listed andto be at risk.(8)

fish species are no longer found in the 38 are listed by the States. Study Unit Design Focuses on

Clinch River, the l~gest number of Home to more than 300 globally kand Use.
eliminated fish species for any Upper rare species, the Upper Clinch River Chemical and biological samples
Tennessee drainage, system, which includes the Powell were collected from selected dyers and

The Upper Tennessee River also River, has attracted attention from a streams draining different l~d-use
includes one of the most diverse fresh- number of environmental organize- ~eas to assess overall quality as well
water mussel fauna in the world with tions including the designation as one as the effects of specific land uses. The
85 different species having historically of the "Last Great Places" by the study focused on agdcultural land use
been recorded. Twenty-five of these Nature Conservancy. The Clinch and unregulated streams in the Valley
species are no longer found in the River system also is considered to be and Ridge physiographic province. At
basin, mostly because of habitat one of the more biologically threat- Basic Fixed Sites, water samples were
destruction associated with reservoir ened river systems in the country (fig. collected monthly and during sto~s to

9). Of the 178 freshwater fish and mus- assess mnoffconditions. Synoptic sites
sel species presently inhabiting the were sampled only once during pefi-
Clinch River Basin, more than one-
fou~h ~e considered to be at-dsk.(8) ods of average flow.

Springs, domestic wells, and specif-
ically installed agricultural monitoring
wells were sampled to assess overall
ground-water quality in the basin.
Ground-water studies focused on the
dolomite and limestone areas of the
Valley and Ridge province, which pro-

The Upper Tennessee River Basin vide the best aquifers and are the most
includes one of the world’s most susceptible areas in the basin to
diverse freshwater mussel faunas. The yellowfin madtom is one of the

(Photograph courtesy of Richard threatened fish species in the Upper ground-water contamination. (See

Neves, Virginia Polytechnic and Tennessee River Basin. (Photograph Study Unit Design, page 23, for

State University.) courtesy of the Tennessee Valley Authority.) details.)
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MAJOR FINDINGS

Bacteria in the Upper
Tennessee River Basin

Fecal indicator bacteria are the most
frequent and widespread water-quality i’4
standard exceedances involving poten- /~
tial adverse effects to human health in
the Upper Tennessee River Basin. The
indicator bacteria themselves usually
are harmless and easy to detect, but
they are indicators of the presence of
fecal material and have been shown to
be associated with some waterborne
disease-causing organisms. The pres-
ence of indicator bacteria, however, EXPLANATION
cannot be considered direct proof of UTEN Basic Fixed Sites UTEN Synoptic Sites

Percentage of monthly Colonies per 100 millilitersany threat to human health, and re- samples exceeding 200
search is underway to find better indi- colonies per 100 milliliters O Less than 200

¯ Greater than 50cators,                                               o IO 20 30 40 50 MILES
~ , ,, ,, , ,, , [] 30 to50 ¯ More than 200
0 I0 30 50 KILOMETERS

[] 1 to 30
Bacterial Counts Frequently [] Less than 1
Exceed Standards Figure 10. Fecal coliform bacteria frequently exceed standards in Upper

Tennessee River (UTEN) streams.
The State of Tennessee’s current wa-

ter-quality standards are based on a to- sources of bacterial contamination in
tal fecal coliform level of 200 colonies many urban streams. For example, all loo,oo0 ~ , ,
per 100 milliliters of water, as a meanof the urban streams draining the cen-_z g
value.(9) This value is commonly ex- tral Knoxville, Tennessee, area regular-~
ceeded m agricultural and urban ly exceed bacterial standards(l°) <~b ~ lo.o00 ,"

~ostreams in the Upper Tennessee River because of widespread leakage from= ~o ,
Basin (fig. 1 0). In agricultural areas, very old and deteriorating sewer sys- o ~ ,. ’

livestock waste is the most likely bacte- tems in the older parts of the city. Re-08 ~ 1.0oo ; ’

rial source both from allowing live- placement in 1998 of an obsolete < o ¯ ,,
stock direct access to streams and combined sewer overflow system for~- ~ , ; "
runoff flom animal-waste areas. Bacte-one city neighborhood, however, has 100 ~
rial counts generally increase during improved conditions for that neighbor- OISCNARGE. IN CUBIC FEET PER SECOND
higher streamflows associated with hood and adjacent parts of Fort Loudon Figure 11. Fecal coliform counts vary
runoff events in the agricultural areas Reservoir. These conditions highlight with streamflow at Big Limestone Creek
(fig. 11 ). the continuing need tbr infrastructure in Tennessee.

Deteriorated and leaky sewage sys- improvements, especially in older ur-
terns, faulty sewage treatment plants, ban areas.
urban runoff, and combined sewer
overflow systems are among the

In Upper Tennessee River Basin urban areas,
deteriorated sewerage systems and combined

Livestock are a major contributor to fecal sewer overflows produce elevated fecal coliform
coliform levels in area streams, levels.

Major Findings 7
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Bacteria Frequently Are Detected
in Domestic Wells and Springs

A common misconception is that un- N

treated ground water from wells and
springs generally is safe for consump-
tion because percolation through the
soil removes most contaminants. While
the soil can act as a natural filter, this
does not guarantee the absence of con-
taminants. In fact, about half of the
waterborne-disease outbreaks in the
United States since I900 have involved
contaminated ground water.(11)

EXPLANATION
Ground-water systems such as the

DOMESTIC WELLS SPRINGS SURFACE GEOLOGY
carbonate systems of the Upper Ten- Colonies per 100 milliliters ~ DOLOMITE
nessee River Basin are particularly SUN- 0 lO 20 30 40 50 MILES

O 0 ¯ 1 TO 200 !~ LIMESTONE

ceptible to contamination from surface ; 10" 3’~ ’ 5’0 KILOMETERS
~’ 1 TO 200 ¯ GREATER ~ SHALE

sources. Ground-water flow paths in                                       ¯ GREATER       THAN 200THAN 200 [] SANDSTONE

these systems usually are shallow, prin- [] IGNEOUS AND
METAMORPHIC

cipally involving the upper 10 to 20 Figure 13. Coliform bacteria are often detected in Upper Tennessee River Basin
feet of highly fractured and heavily ground water.
weathered rock. In addition, the com-
mon presence of bedrock outcrops, aT- the E. coli drinking-water standard (fig.
eas of thin overburden, and karst 13). The highest E. coli value detected
features such as sinkholes provide di- was 1,600 col/100 mL.
rect avenues for aquifer contamination Total coliform values for 35 springs
(fig. 12). Other potential sources for sampled in the Upper Tennessee River
bacterial contamination include faulty Basin ranged from 10 to 1,900 col/100
or poorly placed septic systems and mL and E. coli ranged from
poor well construction or sanitation 0 to 660 col/100 mL. All of the springs
practices, tested exceeded drinking-water stan-

For finished drinking water, the de- dards for total coliform bacteria, and 95Most of the rural population in the Upper

tection of as few as 4 coliform bacteria percent of the springs exceeded the E.Tennessee River Basin depend on

colonies per 100 milliliters (col/100 coli standard. Two springs exceeded
shallow domestic wells for water supply.

mL) or the detection of 1 col/100 mE ofthe E. coil body-contact standard of
fecal coliform bacteria, or E. coli, war-126 col/100 mL. Sixteen of the 35
rants concern for human health.(12) Ofsprings are used as domestic water sup-
30 domestic wells used as sources for plies and others are used for filling wa-
untreated drinking water, 11 (37 per- ter containers by the roadside with
cent) exceeded the total coliform drink-what usually is believed to be "’clean
ing-water standard and 9 (30 percent) mountain spring water."

Bedrock

Kn~Dolornite : Chickamauga Limestone Although much of the public
perceives them as clean sources

Figure 12. Upper Tennessee ground-water flow systems can be affected by a of drinking water, springs are very
number of potential contamination sources such as sinkholes, outcrops of bed- susceptible to contamination.
rock. and areas with thin overburden. (Not to scale)

8 Water Quality in the Upper Tennessee River Basin

R0024289



Nutrients in the Upper Nutrient Loadings and Yields Vary A combination of agricultural and

Tennessee River Basin among Upper Tennessee River urban runoff is probably responsible
Subbasins for conditions in the French Broad

Nutrients are nitrogen and phospho- River. In addition, the French Broad
ms compounds that are essential for Nutrient loadings in the Upper Ten-

River and its tributaries have a history,
plant growth. When found at elevated nessee River subbasins are primarily

of water-quality problems associated
concentrations, however, nutrients can influenced by land use and streamflow with industrial point-source discharges.
degrade water quality. The enrichment conditions. Loads were estimated by These basins also had the highest yields
of a water body with nutrients, called using a constituent transport model and loadings in the Upper Tennessee
eutrophication, can result in dense, and multiple regression to relate River Basin for total ammonia and or-
rapidly nmltiplying growths, or streamflow to the concentration of a ganic forms of nitrogen.
blooms, of algal species and other nui-    water-quality constituent to derive Nutrient loadings and yields gener-
sance aquatic plants. These can clog loads.{14) Twenty-three stations with

ally were lowest in those basins with
water intake pipes and filters and inter-    adequate streamflow and chemicalrelatively low percentages of agricul-
fere with recreational activities, such records were used for nitrogen calcula-tural land use and at sites directly
as fishing, sxvimming, and boating, tions and 20 for total phosphorus, downstream from tributary reservoirs.
Subsequent decay of algal blooms can The highest yields in the study areaThe fate of nutrients in the reservoirs
overload water bodies with oxidizable for both nutrient species were detected depends on the physical characteristics
debris and result in foul odors, bad in the French Broad River Basin, par-

of the reservoir (volume, surface area,
taste, and reduced dissolved oxygen ticularly the upstream portion that in- depth, and hydraulic retention time)
levels, which are harmful to other cludes Asheville, North Carolina (figs. and its trophic state.(17) The tributary
aquatic life.{ 1~) 14 and 15). The French Broad River, asreservoirs in the Upper Tennessee Riv-

Nutrients in the Upper Tennessee a whole, accounted for about 40 per- er Basin commonly function as sinks
River Basin originate from point and cent of the 138,000 pounds per day for nutrient species by providing a fa-
nonpoint sources. Point sources are (lb/d) average annual total nitrogen vorable environment for nitrogen trans-
typically piped discharges from waste- loaddS) and about 25 percent of the formation and by efficiently trapping
water-treatment lhcilities and large 13,500 lb!d average annual total phos- both dissolved and sediment-bound
urban and industrial stormwater sys- phorus load,{ 16) leaving the basin at phosphorus. Outflow loads of total
tems. Nonpoint sources include storm-    Chattanooga, Tennessee. The Holstonphosphorus below Norris Lake on the
waler runoff from urban and River Basin added another 22 percent Clinch River, for example, were 37 per-
agricultural areas. In the Upper Ten- of the total nitrogen load but only 8 per- cent of the inflow load from the Clinch
nessee River Basin, applications of cent of the total phosphorus load. and Powell River Basins. Load esti-
synthetic fertilizers and manure are mates for the Holston River upstream
major sources,

and downstream from

Cherokee Cherokee
Norris

Reservoir ReservoirNorris
Reservoir

Watts Bar
Reservoir

Chickamauga Chickamauga
Reservoir Reservoir

I
Douglas

Reservoir Reservoir

EXPLANATION EXPLANATION
NITROGEN YIELDS, IN

~HOSPHORUS YIELDS
POUNDS PER ACRE

IN POUNDS PER ACRE
PER YEAR

[] 2.1 to 3.0
[] 0 to 0.2

~ 3.1 to 4.0
[] 0.21 to 0.4

~ 4.1 to 5.0
0 25 50 MILES ~ i 0.41 to 0.8
] , I , , [] 5.0 tO 6.0 0 25 50 MILES

L~0 25 50 KILOMETERS I , ~ , ~ 0.81 to 1.0
[] 6.1 tO 7.0 0 25 50 KILOMETERS

[] Greater
Figure 14. Mean annual total nitrogen yields between 1973 and than 1.0
1993 were highest in the upper French Broad and upper Clinch Figure 15. Mean annual total phosphorus yields between 1973 and
River Basins. 1993 were highest in the upper French Broad River Basin.
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3.0
3.0]

,    ~
¯    ’    ’    ’    ~

~.     ~.~ A ~.~ B

O~ 2.0 2.0
Cherokee Reservoir similarly indicate ~ c ~
thatthe reservoir traps about 46 percent ~ ~ L5 L5 "

load of total phospho-Z    ~ ~ ~of the incoming
1.0

ms. In contrast, less trapping occurs in _< z~ -4
the main-stem reservoirs, which are ~ C ~ 0.5 ~""
predominantly flow-through systems
with limited storage capacity and rela- 0 0

0 10 20 30 40 50 60 70 80 90 0 5 I0 15 20 25 3//
tively short residence times. Outflow PERCENTAGE AGRICULTURAL LAND USE PERCENTAGE URBAN LAND USE

phosphorus loads downstream from Figure 16. Median total nitrogen concentrations can be related to (A) agricultural,
Chickamauga and Watts Bar Reser- and (B) urban land uses.
voirs significantly exceeded the inflow

0.9
loads from upstream drainages. The in-~

A :       °¯
creased loads can be attributed to low ~" o.~

rates of trapping as well as additional
=c z_. ~ 0.7

input from ungaged areas adjacent to ~, ~<
the reservoirs.(16) ~ ,~ o.4 "

Nutrient Concentrations and Yields
0.3

Vary with Land Use ~ ~o
02
0.1 l

0 iThe relation between total nitrogen 0
concentrations and land-use percent- 0 ~0 20 30 40 50 60 7o 80 90 0 5 ~0 ~5 2o 25 30 35

ages was investigated for 87 sites in PERCENTAGE AGRICULTURAL LAND USE PERCENTAGE URBAN LAND USE

the Upper Tennessee River Basin and Figure 17. Median total phosphorus concentrations can be related to
was found to be statistically signifi- (A) agricultural and (B) urban land uses.

cant. Stations in forested watersheds
had the lowest concentrations of total sites in the Upper Tennessee River Ba- animal waste, wastewater discharges,

nitrogen, whereas stations in agricul- sin. Although the relation was not quite and the atmosphere. Phosphorus yields

tural areas had the highest¯ Concentra-as clear as with nitrogen, statistically were found to strongly correlate with

tions of nitrogen in urban and mixed significant increases in total phospho- wastewater discharges but not with the

land-use areas were significantly ms concentrations also accompanied agriculturally related input categories.

greater than forested watersheds but increased development whether urban This suggests that wastewater dis-

were somewhat less than nitrogen con-or agricultural (fig. 17). As with total charges may account for most of the

ccntrations in agricultural watersheds, nitrogen, the lowest phosphorus con- total phosphorus load in basin streams

Total nitrogen concentrations tended to centrations were detected at sites in (J.F. Conncll, U.S. Geological Survey,

increase with increased development predominantly forested watersheds, written comun., October 20, 2000).

whether agricultural or urban whereas sites in urban and agricnltural Agriculturally applied phosphorus may

(fig. 16).(15) areas had the highest phosphorus con- be assimilated quickly by area soils
¯

ns (16) thereby reaching area streams slowly it"Nitrogen sources also were investi- centrat~o .

gated by using regression analysis be- Phosphorus sources also were inves- at all.

tween annual basin yields and total tigated by using calculated basin yields

annual inputs from fertilizer, animal and total annual inputs from fertilizer,

waste, wastewater discharges, and at-
mospheric deposition. For total nitro-
gen, basin yields significantly and
positively correlated with agricultural
inputs but only weakly correlated with
wastewater discharges and atmospheric
inputs. This tends to identify agricul-
tural land use as the major contributor
to annual instream nitrogen yields.(18) Wastewater discharges appear to

The relation between total phospho- account for most of the total
rus concentrations and land-use per- Agricultural land uses appear to account

for most of the total nitrogen loads to phosphorus in Upper Tennessee
centages also were investigated for 83    area streams. River Basin streams¯
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Although nutrient concentrations and loadings are a concernwere obtained for total phosphorus at Big Limestone Creek
in parts of the Upper Tennessee River Basin, concentrationsand the Nolichucky River. but the French Broad River
generally are low for most area subbasius when co~nparedflowing into Tennessee from North Carolina also exceeded
with natiomd averages. Mean total nitrogen concentrationsthe national median value. Although relatively low, mean
exceeded or equaled the national median values only for total phosphorus concentrations at most sites exceeded
three agricuhurat sites: Big Limestone Creek (83 percent the U.S. Environmental Protection Agency (USEPA) goal
agricultural), Copper Creek (51 percent agricultural), aud theof 0.05 mg~ total phosphorus l~r surface water entering
Nolichucky River (39 percent agricultural). Similar results reservoirs.
~ ~ 0.30
~ 3.0_ - 75 z ~ m

O~

~z~ 2.5 mm
~ ~ 0.20

~ -~ 0.15

~ o 0.05

oo                                                         ~ i    ~            ~ o 0.o0

Total nitrogen exceeded the national median value only Total phosphorus exceeded the national mean in two
at the two intensively sampled agricultural sites, heavily agricultural drainages and also in the French

Broad River below the Asheville, N.C. urban area.

Nitrogen Species Changed by
Wastewater Treatment <~ Mean Annual Discharge’

Prior to tile widespread ilnplemen-0 I Nitrate plus Nitrite Nitrogen Z
O o

tatiou of v~ astewater treatment, nitro-
oLLIgcn !oadings for most Upper o

Tennessee River Basin streams pri- o_ o

marily consisted of reduced species _z _
such as ammonia and various organic~ "~ 30 3o 7n oforms. These nim)gen species gener-~ ,~ z cn
ally are uudesirable in surface water o,

- rr 20 20 ~ (Dobecause of associated color changes z ,,.
and decreases in dissolved oxygen lev-

0 i0                                                                  ]C    Zels. In addition, under certain condi-    rr _
tions, ammonia nitrogen can be highly
toxic to aquatic life. Wastewater-treat- 0 ,~, o

ment facilities convert these undesir-
able forms tO the oxidized species, Figure 18. The predominant nitrogen species changed at the Tennessee River
nitrite and nitrate, at Chattanooga, Tennessee, between 1970 and 1998.

At the Tennessee River at Chattanooga, Tennessee, as the implementation of wastewater-treatment facilities. By
with most major streams in the Upper Tennessee River about 1983, the oxidized nitrogen species, nitrate and nitrite,
Basin, the ratio of reduced to oxidized nitrogen species became the predominant forms of nitrogen discharged from
began to change in the late 1970s (fig. 18), corresponding tothe basin, a trend which has continued to the present.
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Loading Trends Increase in Parts Similar trend analyses for 42 sites to showed significant decreases. These

of the Upper Tennessee Basin detect changes in total phosphorus sites are dominated for the most part

concentrations yielded only one site by pasture and forest; however, three
Trend analyses for 56 stations using with significant increases (fig. 20). sites are downstream from major

the seasonal Kendall statistical analysis West Chickamauga Creek, which wastewater discharges.(16) For sites in
test indicated significant increases in drains a major industrial and urban set-these more urbanized basins, improve-
total nitrogen at seven sites in the Up- ring, showed high concentrations for ments in wastewater-treatment pro-
per Tennessee River Basin and signifi- the entire period of record. Most (33) cesses are clearly responsible for the
cant decreases at eight sites (fig. 19). sites showed no trend, and eight sites downward phosphorus trends.
Sites showing decreases were all on
relatively major streams (average
drainage area, 2,600 square miles) or
below major impoundments. Of the
seven sites showing increases, six are
in the Blue Ridge physiographic prov- N
ince and six drain basins with forests /t
accounting for more than 75 percent of Athe total land use. The exception is
Beaver Creek, which drains the Bristol,
Tennessee and Virginia, urban area in
the Valley and Ridge Province. The av-
erage area of basins showing nitrogen
increases was only 276 square EXPLANATION
miles.(15)

Of the seven sites showing increas- ~
Downward Trends

es, five are in the Blue Ridge in North vQ~ No change
Carolina-two sites on the French Broad A
River and one each on the Little Ten- 0 lO 20 30 4050 MILES ~        Upward Trends

nessee River and tributaries to the Hi- ; 1’0" 30 ’ ~’0 KILOMETERS
wassee and Pigeon Rivers. Much of Figure 19. Total nitrogen increased in parts of the Upper Tennessee
this area is undergoing nonurban resi- River Basin between 1970 and 1993.
dential development in the form of va-
cation homes. Nitrogen loads are
probably increased by the sewage and
fertilizer use associated with this devel-
opment.

N

EXPLANATION

Downward Trends

~ No change
/

Nonurban residential development in o io 20 3o 40 50 MILES ~![1" Upward Trends

the Blue Ridge Mountains is most likely o io 30 50 KILOMETERS

the largest contributor to increasing Figure 20. Total phosphorus decreased or remained unchanged in
total nitrogen concentrations, the Upper Tennessee River Basin between 1970 and 1993.
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All of the nutrients measured in the Upper Tennessee cover only about 2 acres and are widely scattered across
River Basin ground water were relatively low, as is usu-the study area. The potential for nitrate contamination of
ally typical of ground water. Most nutrient species are re-drinking-water sources is, therefore, very low outside of
tained by soil particles or organic matter, taken up by the immediate vicinity of tobacco fields.
plants, or utilized by soil bacteria and never enter the
ground-water flow system. Exceptions are the nitrate and~

2.0 50
ammonia forms of nitrogen; however, only nitrate has a
drinking-water standard, which is 10 mgFL. Drinking E~- ~ t
water containing nitrate concentrations higher than the
standard can cause methemoglobinemia, a life-threaten-
ing illness in infants. ,,,

Nitrate was present in all wells and springs sampled in~c~ ~ 0.8
the Upper Tennessee River Basin but usually at concen-2 _ 25

z~; 0.4trations of 3 mg/L or less. This included all of the 30 do- _<
mestic wells used for drinking-water supply that were
sampled and the 35 springs sampled across the basin. ~ 0 Shallow agricultural

Domestic Springs
The median nitrate concentration for domestic wells was ground water wells

0.59 mg/L, slightly more than the 25th percentile valueMedian ground-water nitrate concentrations in the Upper
nationally; the median nitrate concentration for springs Tennessee River Basin were significantly lower than the
was 1.16 mg/L, which was significantly lower than the national median
national 50th percentile. The higher concentrations
detected in springs most likely reflect the predominance

[~.~,
UpperTennessee River Basin

of relatively short ground-water flow pathsassociated

with localized recharge and runoff. No nitrate concentra-.
tions in excess of the 10-mg/L standard were detected in

~-’- -any domestic wells or springs.
Nitrate concentrations in excess of the 10 mg/L standard
were detected in 5 of the 30 wells installed during the
study period to monitor shallow ground-water quality
under and adjacent to tobacco fields. Tobacco is the main
cash crop in the Upper Tennessee River Basin and is usu-
ally grown in small but intensively fertilized and culti-
vated plots. In general, fertilizer applications for tobacco
cultivation are much greater than for any other row-type EXPLANATION
crop raised in the Upper Tennessee River Basin. Median concentration of nitrate- Average annual total nitrogen

The median nitrate concentration in the shallow agri-in milligrams per liter, input-
cultural monitoring wells, however, was 0.68 mg/L-onlyEach circle represents a in pounds per acre, by county, for

ground-water study                1995-98. Inputs are from fertilizer,
slightly more than the median concentration for domestic̄ Highest (greater than 5.1) manure, and the atmosphere
wells and the national 25th percentile. Among the con-̄ Medium (0.48 to 5.1) [] Greater than 25 pounds per acre
centrations found nationally for agricultural and urban ~, Lowest (less than 0.48) [2 6 to 25 pounds per acre
land uses, this value falls in the lower end of the medium r2 Less than 6 pounds per acre

range as shown in the accompanying figure. Background concentration

The results indicate that nitrate contamination of ex- o Bold outline indicates median values
greater than background concentrationtensive areas of ground water in the Upper Tennessee (2 milligrams per liter)

River Basin is very unlikely. High nitrate concentrations
relative to the 10 mg/L drinking-water standard were de- Median nitrate concentrations in shallow ground water beneath

agricultural land use in the Upper Tennessee River Basin were
tected only in shallow ground water directly under heavi- in the medium range on a national basis.
ly fertilized tobacco plots. Tobacco fields typically
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Pesticides in the Upper simazine were detected in 62 and 40

Tennessee River Basin percent, respectively. Tebuthiuron and
prometon, which are used most com-

Pesticides are widely used in the Up- monly in noncrop areas, were also
per Tennessee River Basin to control among the most frequently detected
insects, fungi, weeds, and other unde- herbicides (in 58 and 31 percent of the
sirable organisms. These compounds samples collected, respectively). The
vary in their toxicity, persistence in the most frequently detected insecticides
environment, and transport characteris- were diazinon ( t2 percent), carbaryl
tics. Use of some of the more persisten~ (10 percent), and chlorpyrifos ( 10 per-
organochlorine compounds, such as cent), all of which are used on a variety
DDT, chlordane, dieldrin, and aldrin of crops to control pests. Pesticides are widely used in the Upper

has been discontinued in the United Detection frequencies for 27 pesti- Tennessee Basin for control of insects, fungi,
States, but their residues are still detect- cides detected at 3 intensively sampled weeds, and other undesirable organisms.
ed in the environment. Although pesti- agricultural sites in the Upper Tennes- including metolachlor, simazine,
cides usually are applied to specific see River Basin (fig. 21) generally il- prometon, and napropamide. Big
areas and directed at specific organ- lustrate the results obtained at all 13 Limestone Creek is a tributary to the
isms, these compounds often become Basic Fixed Sites from which surface- Nolichucky River, and both drain the
widely distributed and pose hazards to water samples were collected. Overall, same general agriculturally dominated
nontarget organisms. Of 18 sites sam- a total of 32 pesticides were detected, area. The Big Limestone Creek drain-
pled for organochlorine residues in bot- Chlorothalonil, alpha-BHC, and terba- age basin, however, contains more
tom material and biota in the Upper cil each were detected once and etho- dairy operations than other parts of the
Tennessee River Basin, chlordane was prop was detected twice. Nolichucky drainage basin, which may
detected at three sites and dieldrin and Some differences among the three account for some of the differences be-
DDT-related residues at two sites, sites are notable Bud probably reflect tween the two sites.

different agricultural practices and hy-
Pesticides were Frequently drologic conditions. For example, at B~g L,,,~t,,,~ Copper C,cek Nolichuck~,

Detected in Surface Water the Nolichucky River site, componnds
c,~k ,,ca, .... River

Pesticide use in the Upper Tennessee generally not found at other sites suchLindane_ ’1 :: 1: ....
Ri\er Basin is primarily for agricultural as cyanazine, alachlur, DCPA, cyanazine i,i:
purposes. Herbicides, includin~ atra- metribuzin, bromacil, and diazinou, p. p’- o~ ;~ ::

Trifluralin

zinc and its degradation product, deeth- were detected. Molinate, tril]uraliu, Mol~a~;- ,~ ~ ~, ~ :’~: :"
ylatrazine, had some of the highest and p,p’-DDE were detected only 2.4.5-~l : ; :i’{ i:’ :

application rates and were also mnong at the Copper Creek site, which DicNobeni~-

the most frequently detected pesticides also had a significantly higher fie-Pendimethalin-_
::: ::!1~ :; .~!

’ ~                                       ~:"

iu the basin. Herbicides were detected quency of detection for tebuthiuron,
klachlor

, : i
i~Malathion

in 98 percent of the 428 surface-water Pesticide detection frequencies at Acetochlo~

samples collected; atrazine was found Big Limestone Creek and the Noli- Uichlorprol~ "

in 91 percent and deethyl- chucky River were, as expected, Bromacil
DCPA~

atrazine in 86 percent. Metolachlor and similar for several compounds Oiuron: .
Table 1. Major pesticides used in the Upper Tennessee River Basin. listed m order of Carbofuran_

eslimated total pounds of active in£redient applied annually { 1991-941{1’~! Melribuzin_
~ Napropamide

Insecticides Herbicides Fun,~icides Diazinon

Oil ......................256,0001Atrazine ............116,000 Methyl bromide..423,000 Carbary~
Chlorpyrifos

Acephate ..............80,700 2-40 ..................55,600 1-30 .................342.000 Prometo~-

Chlorpyrifos ....... 71,500 Metolachlor ........46,300 Captan ...............108.000 Simazine
O 0

Metolachlo~-
Carbary] ................"7,_00 Alachlor ..............40,900 ~iram ..................69,500 Tebuthiuron-

Fenamiphos ........ 17,200 Pebulate .............. 31,400 Sui[ur. .................58,700 Deethylatrazine-

Carbofuran ............17.000 Pendimethalin ..... 25,200 Chloropicrin ........45,100 Atrazine
100 0 100 0 ~0o

Formetanate ..........16,300 Butylate ................4,800 Mancozeb ......... 40,400 SAMPLES WITH DETECTIONS, IN PERCENT
Azinphos-methyt..14.400 Simazine ...............23,800 Metalaxyl ............28,100 Figure 21. Pesticide detections at three
Phosmet ..................9.420 GIyphosate ............16, lO0 Manab .................21.500 agriculturally dominated sites followed similar

patterns.
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Mixtures of Pesticides Are pies from Big Limestone Creek, which have noted the existence of the peaks.

Common has a larger percentage of agricultural Because these streams are "’flashy"
land use and a greater variety of crops that peak discharges come and go very

Pesticides were seldom detected than the Copper Creek Basin in quickly, it is possible that even highe~
al~ me in ~,urface-water samples and Virginia. concentrations can occur for short per>
usually t~acurred as mixtures of several ~

ode of time. Seasonality also was
cempounds. Generally, the effects of Peak Pesticide Concentrations Are dent at sites net characterized or
pesticide mixture:; on biota or humans Seasonal directly influenced by intense agricuI
arc not included in water-quality critc- rural activities. Atrazinc and meto-
ria. which are ~nost commonly based on Pesticide concentrations were found lachlor concentrations a! Clear Creek
single-specie>,, single chemical toxici-     to be seasonal and closely related toLilly Bridge. a prcdommantt,~ forested
t\. tc~tb conducted under laboratory land use. The highest concenlratious watershed and part of the Obed Nation-
cunditions. As a result, potential ad- occurred in the more hourib agricul al Wild and Scenic River watershed,
verse effects on biota may be under- tural basins in late spring and early also showed a distinct seasonality but
estimated, summer, coinciding with crop applies- with much lower concentrations (fig.

Of the 163 samples collected at the tions. Results of weekly sampling re- 24). The seasonal pattern at this sile is
three iukmsive sites, only 2 samples at suits at the three intensively sampled more gradual, suggesting atmospheric
Copper Creek contained only one de- agricultural sites illustrate the seasonal- input inore than runoff from agricultur-
lcclable pesticidc compound, and only ity and short-lived nature of the peakal activity.
5 lolal >staple’s contained only lwo concentrations in streains draining ag-
compounds trig. 22). Among the inten- ricultural areas 0.~

si~ ely sampled sites, sample,~ from the (fig. 23). Peak con-
Nolichuck; River at Lo,,,4ands, Tcn- centrations coincided ~0.s --

ne,,,ce, generally contained more de- with the first substan- rr
tc<.table pesticide compounds than tial runoff event tol- c~
sample,’, lrom the other sites, but usual-lowin,.z a~ricultural    ~0 ~ --

1\ 4! 1o\\ cr concen!rations. This rellects applications in May c:: o
-

d~e larger drainage area of the Noli- 1996, after which con- ~o~ e

o!her inkmsive si~es (79 and 106 square near background lcv- z0a Is:’i’a:?~}:|~{~%~:g~"~ .. , ............... ’:c_:~ :~ .,~::!-2£;~~?

p~";ticidc’~ also wcrc delcctcd in sam- made it less likely tvt ,,,

!EXPLANATION
~ ~ s ............ : --=-

6
Bi~ Limestone Creek near Limestone. Tenn. r Figure 23. Atrazine concentrations were seasonal in the

a Upper Tennessee River Basin intensively sampled sites,
9 March 1996 - April 1997.

Figure 24. Atrazine and metolachlor concentrations were
Figure 22. Pesticides usually were detected as seasonal in monthly samples at Clear Creek at Lilly Bridge.
mixtures of different compounds. March 1997 - September 1998.
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Pesticide Concentrations Usually
Meet Guidelines Guest River near Millers Yard, Va.

July 23, 1996 - Diazinon - 0.59 #g/L
July 23, 1996 - Carbaryl - 0 72 #g/L

Although most of the water samples Ju~y 16. 1997- Carbar~l 0 20 b@/L
collected contained detectable concen- -Middle Fork Holston River

at Seven Mile Ford, Va
trations of one or more pesticides, no sept. 19 1996 - Dndane 0014 99’

concentrations exceeded any, drinking- N
water standards or guidelines. Only 20 /~
of the 3 1 pesticides detected, however,

~.~
Little Limestone Creek. Term

have established guidelines. Of the 15 ~y 1. 1997 u~o~ 0 01~ ~.’L

compounds that have aquatic-life
guidelines, foul- were detected at con- Nolichucky River at Lowlands, Tenn.

centrations hie.her than the ~uidelines.
Apr. 17, 1996 Lindane- 0 026 9g/L
May 29, 1996 - Alrazine - 2.0 [tgiL

Carbarvl concentrations in excess of                                                     Aug. 6, 1996-Carbaryt- 0.43 ~0JL
- Sepl. 25, 1996 - Carbaryl - 0.92 j~g~’L

the 0.20-btg/L (micrograms per liter) o m ~_0 30 ~0 50 ~ ES
aquatic--life criterion(19) were found in olo 30 50 KILOMETERS
four samples--two each from the Figure 25. Pesticide concentrations, in micrograms per liter (t.t0/L), infrequently

Gnest River near Millers Yard, Virgin- exceeded aquatic-life criteria in the Upper Tennessee River Basin, 1996-98.

ia, and the Nolichucky River at Low-
hinds, Tennessee (fig. 25). Lindane, anAn atrazine concentration higher than pesticide types. One sample collected
organochlorine used primarily for the the 0.18-btg/L criterion(2°/also was de- at the Guest River near Millers Yard,
protection of tobacco transplants, was tected in one sample taken at the Nell-Virginia, contained a diazinon concen-
above the 0.0 l-iag/L criterion in three chucky River at Lowlands, Tennessee, tration that was not only greater than
samples from three different sites, two in May 1996. This was the only criteri- the aquatic-life guideline of 0.08 gglL
of which were in the same subbasin - on exceedance noted for any herbicide but approached the USEPA lifetime
Little Limestone Creek and the Nell- even though herbicides were detected health advisory level of 0.60 btg/L for
chuckv River at Lowlands, Tennessee. much more frequently than the other drinking water.

Three herbicides consistently were detected more frequentlyBasin samples as opposed to an overall average of about

in lhc Upper Tennessee River Basin than in other basins across20 percent nationally. I)eteclion frequencies for most of the

the Nation. Atrazine and deethylatrazine were detected in 99other herbicides probably reflect different herbicide-use

and 98 percent, respectively of samples from agricultural panerns in the Upper Tennessee River Basin resuhing from

basins m Ihe Upper Tennessee River Basin and in 94 and 95particular crop patterns. The three most commonly detected

percent, respectively, of samples from mixed land-use basins -insecticides in the Upper Tennessee River Basin - diazinon,

significantly, more frequently’ than the natienal averages of carbaryl, and chlorpyrifl)s - were detected less frequently

aboul 8() and 60 percent, respectively. Tebuthiuron also wasthan the national averages in all land-use categories.

detected iu about 60 percent of the Upper Tennessee River Herbicides Insecticides
Herbicides Insecticides 1

x

AGRICULTURAL BASINS °e~ INTEGRATOR AND MIXED LAND-USE BASINS
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Pesticides Were Detected at Low
Levels in Ground Water

N
Pesticides were detected in Upper /~

Tennessee River Basin ground-water ~ ,

samples more often than not, but gener-
all}’ at concentrations less than 0.0l
,ugiL. Pesticide concentrations in
ground water did net exceed any drink-
ing-water standarcis or guidelines. Usu-
ally, however, pes:icides occur in
mixtures for which criteria are not
available. In addition, 5 of the 1 l pesti-
cides detected have no established EXPLANATION
guidelines or criteria. NUMBER OF

Pesticides were detected in springs PESTICIDES DOMESTIC AGRICULTURAL SURFACE GEOLOGY
DETECTED WELL WELL SPRING 1~ DOLOMITE

, " ’ more often and in more NONE [2? ~> ! LIMESTONEslgnltlCatltly
0 i0 20 30 40 50 MILES

pesticide detections per sample ~ ’ " " ’ " ~ ¯ * ¯ i~ S~ALEthan in
0 10 30 50 KILOMETERS

other ground-water sources sampled 2 ~ <> o !1 SA~STO~E
(fig. 26). This probably reflects the 3 [] ~ @ ~ IGNEOUS AND

MORE THAN 3    ¯        ¯        @         M~TAMORPHIC
greater vulnerability of springs to sur-
face contamination either from the i~n- Figure 26. Pesticides were detected at low concentrations in Upper Tennessee
mediate area or karst features in the River Basin ground water.
carbonate bedrocks. More frequent
detections also may reflect the larger Atrazine and its degradation

drainage areas frem which springs cap-" product, deethylatrazine, were the
lure ground water as opposed to wells, pesticides most commonly detect-
O! the 35 springs sampled, 24 (69 per-ed in all ground-water samples 2, 4.

cent) contained detectable pesticide but were detected twice as fie-
concentrations, and 12 (34 percent) quently in springs as in other 2, 4 - D

contained detectable quantities of three ground-water sources (fig. 27).
or more different componnds. Detec- Tebuthiuron, the third most fre-

p-p’ DDE

don frequencies in agricultural and do- quently detected pesticide, also Dieldrin
mestic wells, by’ contrasL were was detected more than twice as
significantl}, lower and similar to one frequently in springs as in domes- Alachlor
another: 12 of 30 (40 percent) agricul-tic wells. The different pesticide
rural wcHs and 13 of 30 (43 percent) mixtures typical of the agricul Simazine
domestic wells contained detectable tural wells sampled reflect the
pesticide concentrations. Of these focus on tobacco in this phase of Metolachlor
detections, only three ( 10 percent) sam-the study. In general, a different
pies froln agricultural wells had detec- suite of pesticides are used for Prometon
tions of three DE more pesticides. Eight tobacco than for most other crops.

(27 percent) domestic wells, however, For example, atrazine and other Tebuthiuron
had detections of three or more broadleaf herbicides are toxic to
conq)ounds, tobacco. Deethylatrazine

Alrazine

0         20        40        60
DETECTION FREQUENCY,

IN PERCENT

Figure 27. Pesticides were detected
more frequently in springs than in wells
in the Upper Tennessee River Basin.

Pesticides were detected more frequently in
Upper Tennessee River Basin springs than in
other sources of ground water.
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Volatile Organic Compounds
Were Frequently Detected in
Ground Water

Ground-water samples were col-
lected frolI1 30 domestic wells and 35
springs k~pping carbonate strata in the
Upper Tennessee River Basin. Volatile
organic compounds/VOCs) were
detected in most of the ground-water
samples (fig. 28) but geuerally at very ATION
1 ~w co ~centrations often in orders of ~ ~. SURFACE

reporting limit. Twentv-ei£ht different ~’~~ ~ ~ DOMESTIC

VOCs were detected during sampling. ~ ~~o~,~ 0 0 ~

dards. No measured concentrations, - 8 TO m R~ SANDSTONL

however, exceeded these standards. 0 10 2,0 I~1 40 s~)MII.ES tGNEOUS AND

VOCs were detected more frequent-Iv in springs (86 percent) than in do- Figure 28. Volatile organic compounds (VOCs) are often detected in Upper
Tennessee River Basin ground water.

mcsfic wells (67 percent) and
~zenerallv at sl{£h[lV hioher concentra-
lions. Of the 20 samples with one or
more concentrations greater than 0.1
ug/L 14 were taken from springs and
only 6 from wells. Similarly, of the 28
compounds detected, 22 were detected Detection frequencies in Upper commonly detected compound

~u spring samples and only 18 were Tennessee River Basin wells for the l0 nationally as ~ell as in the l]pper

detected in domestic wells, most commonly detected VOCs Tennessee River Basin htu t3 pic:

The mosl frequently detected
nationally were similar to national was detected at concentrations fur

VOCs were trichloromcthane (51 per- detection frequencies found tor ambient below drinking-water sLmdards.

cent), chloromethane (28 percent), ground water in all land-use settings. AllThe results arc consistent with

qyrene (23 percenth telrachloroet- compounds were assessed at a COlllnlOll
mixed urbau aud rural land uses

hanc { 18 percent), carbou disulfide { 11 detection level <4 0.1 >g/l~. surrouudiug m,)st Upper Tcnncswc

Trichloronlclhanc was lhc most Rix er Basin ground-waler
percent ), and lrichh, roethene (9 per- ~

14~ " " "~" ~’ "t-NAWQA=NationaI, Fre~uencies ~" .remainine 22 con]pounds were detect- ~ 12 ¯ X
cd iu lhrcc or fewer samples (less than

10b percent).
Other than the grea~er detection fre-

8qucncics for spring samples, no areal
or odler occurrence pattern5 could be ~

~ 6
found. As i~ the case nationally, the <
source for many of the mosl ColBnlon ~ 4
VOC~ detected in gronnd water, such
as trichloromethanc, is unclear. The ~ 2

greater occunence of detections in
springs as well as the widespread bm ~
random pattern of occurrence suggests
the possibiliW, of atmospheric origins. +~ ¢0~~ <~4" ~but no definite source can be identified <~,~ ~ ,,5 +4~
a[ prcsenl. > ~

Upper Tennessee Niver Basin detection frequencies were similar to national results
for the ~ 0 most commonly detected VOCs nationally. (Assessment level of 0.1
microoram per liter)
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North Fork Holston River

Water-Quality Influences of                                   atHayter’s Gap, Virginia
1.50 ~ag/g

Industry and Mining Mercury in Asiatic clam tissue 1.50 #g/g /
North Fork Holston River

Industrial and mining activities prior at Cloud Ford, Tennessee /
to the passage of the Clean Water Act in Mercury in Bed Sediment    1.20 #.g/g 3altville, Virgin~

/1972 have left a legacy of contaminat- Holston River /
ed sediment that continues to affect wa- at Surgoinsville. Tennessee /
ter quality in parts of the Upper Mercury in Bed Sediment 0.93 #g/g North Fork /
Tennessee River Basin. The most wide- Mercury in Asiatic clam tissue 0.00 lag/g Holston River /

/ Nspread contaminants are PCBs (poly- Cherokee
chlorinated biphenyls) and mercury,
mostly from industrial activities dating
from 1950 to1972. Sources for some of

Boone
the other contaminants, however, such _ ~ Reservoir
as those affecting the Pigeon and Ocoee
Rivers date back as far as 1908 and wa,s Bar
1843, respectively. River

Mercury in the North Fork Holston
Waterville

River is a result of the operation of a Parksville Reservoir
chlor-alkali plant on the banks of the Reservoir EXPLANATION
river from 1950 through 1971. An esti- !~ Oak Ridge Reservation
mated 75 pounds of mercury per day 0 25 5(i MILES Tellico

~ Ocoee Reservoir Sediment concentration numbers in
were discharged either directly to the 0 2~ 5~ KILOMETERS River excess of aquatic-life guidelines are

shown in red color
river or into unlined holding ponds
along the riverbank.(21) Although soils Location Contaminant Source Comment
at the site have been remediated, the N. Fk. Holston River Mercury Industrial point source Fish consumption advisory
site continues to discharge mercury. "" Boone Resevoir Pegs, Chlordane Not identified Fish consumption advisory
Bed-sediment and tissue samples taken Pigeon River Dioxin Industrial point source Fish consumption advisor,.,,

Waterville Reservoir Dioxin Industrial point source Fish consumption advisory
from the Holston River system (fig. 29) Melton Hill Reservoir PCBs, Chlordane Industrial point source Fish consumption advisory
were the only samples taken during the E. Fk. Poplar Creek PCBs, Mercury Industrial point source Fish consumption advisory

Watts Bar Reservoir PCBs, Mercury Industrial point source Fish consumption advisorystudy that were above the Canadian Ft. Loudon Reservoir PCBs Industrial point source Fish consumption advisory
guideline for aquatic-life protection Tellico Reservoir PCBs Not identified Fish consumption advisory

Parksville Reservoir Metals Abandoned mining area None(0.486 micrograms per gram total met- Ocoee River Metals Abandoned mining area None
cury). Although tissue smnples in the
main-stem Holston River site at Surgo- Figure 29. Mercury, in micrograms per gram, and organic contaminants persist in bed

insville were tree of mercury, the bed- sediments and biological tissues in parts of the Upper Tennessee River Basin.

sediment results suggest that mercury nents; and K-25, [’or uranium enrich- Bar Reservoir as a result ofbioaccumu-
may be migrating farther downstream ment by gaseous diffusion. As a result lation of mercury and PCBs in some
than previously thought and may even-of these operations, about 527 sites fish species.
tually reach Cherokee Reservoir. covering approximately 15 percent of A 1983 inventory estimated that

Mercury is also a major contaminant the total ORR area have been identified about 2 million pounds (1,088 metric
in the drainages downstream from the as contaminated with metals, including tons) of mercury was "lost’ from opera-
Department of Energy’s 35,585-acre mercury, radionuclides, a variety of tions related to thermonuclear bomb
Oak Ridge Reservation (ORR), such as VOCs, and nitrates.(2~) development on the ORR.(24) Most of
East Fork Poplar Creek, the White Oak Most of the contamination has re- this mercury is believed to have volatil-
Creek watershed, and the lower Clinch mained confined within the ORR, ized into the atmosphere, but much
River - Watts Bar Reservoir. The ORR, which was added in its entirety to remains within ORR facilities and in
established in 1942 as part of the Man- USEPA’s National Priorities List in Watts Bar Reservoir sediments. Analy-
hattan Project to develop the atotnic 1989. A number of contaminants, most ses of sediment cores indicate that the
bomb, encompasses three major facili- notably mercury, PCBs, and cesium- highest discharges of mercury and
ties X-10, originally for weapons 137, however, have migrated to down- cesium-137 occurred during the 1950s.
research but now Oak Ridge National stream areas. The State of Tennessee and that about 76 metric tons ofmercu-
Laboratory (ORNL); Y-I 2, for the lab- has posted a fish-consumption advisoryry has accumulated in Watts Bar sedi-
rication of nuclear weapons compo- for ORR drainages as wells as Watts ments. About 91 percent of the 335

Major Findings 19

R0024300



curies of cesium-137 released from theTennessee portion of the Pigeon River tive Canadian probable-effect levels of

ORR have also been retained by the are showing signs of recovery. Water- 391 big/ks (micrograms per kilogram)

lake sediments. The concentrations ville Lake, however, still retains tons of and 515 p.g/kg (fig. 30). The probable-

detected are not believed to pose an ira-contaminated sediments deposited effect levels define concentrations

minent human health risk, especially if since the dam became operational in above which adverse effects are ex-

the deep sediments are not dis- 1930, and these sediments remain a pected. A third compound, benzo(a)an-

turbed.(25) potential source of dioxin and other thracene, occurred in concentrations

Mining of the massive sulfide de- contaminants, very near its guideline of 385 ~tg/kg,

posits in the Copper Basin along the Polycyclic aromatic hydrocarbons and a number of compounds lacking

Ocoee River began in 1843. Copper (PAHs) commonly are detected as guidelines were found at concentra-

was the primary metal extracted, but pollutants in soils and sediments, occur tions of 1,000 btg/kg or greater.

iron, sulfur, zinc, and small amounts of naturally in crude oil and coal, and also The highest concentrations general-

gold and silver also were produced, can result from the incomplete combus- ly follow the results for naphthalene

Before 1900, Copper Basin was the tion of fossil fuels and forest fires.(28) and phenanthrene and occurred in the

largest metal-mining district in the In the upper Clinch River Basin, PAH major river sites nearest, on a relative

Southeast. The last mine was closed in concentrations reflect the presence of basis, to upstream mining activities.

1987.(26t coal fines from upstream mining activ- For example, concentrations at the

High concentrations of sulfur diox- ities. Powell River and Pendleton Island sites

ide produced by smelting operations Twenty-nine PAHs were found in exceeded those found at the Clinch

devastated the surrounding environ- upper Clinch River bed-sediment sam-River near Tazewell, which is farther

ment, resulting in a "moonscape" of ples and, with only a few exceptions, removed from active mining in terms

about 25 square miles. Erosion of the were not detected in the 12 samples of river miles. Higher gradients and

area resulted in high sediment and as- taken from other parts of the Upper water velocities in the tributaries to the

sociated metal loads to area streams. Tennessee Basin. Although PAHs are major streams prevent the accumula-

Although thousands of acres have been known to be toxic to fish, mussels, and tion of fine-grained sediment and coal

revegetated and the landscape is being aquatic insects, sediment-quality fines. The main river channels, howev-

slowly transformed back to forest, guidelines for the protection of aquatic er, contain large pools and backwater

relatively high metal concentrations re- life have been established for only 12 areas where fine-grained material and

main in the upper reaches of Parksville of the compounds detected. Of these, associated constituents are deposited.

Reservoir and the Ocoee River. only two compounds- naphthalene and

Discharge of essentially untreated phenanthrene - exceeded their respec-
paper-mill effluent to the Pigeon River Guest River at Millers Yard, Va.

Naphthalene t90 Ngikg
began in early 1908 and continued until Phenanthrene 370 lag/kg
plant improvements were instituted in Clinch River at Pendleton Island, Va.
the 1990s. Dioxins were first detected Naphthalene 400 tag/kg
in tish samples from the river in 1988 Phenanthrene 570 !~g/kg

(dioxin detection methods were not Powe~l River near Arthur, Tenn.
available until 1985) and became an Naphthalene 1600 ~g/kg

immediate priority with respect to hu-
Phenanthrene 1300 #g/ks

man health effects.(27) Dioxins have Emory River at Oakdale, Tenn.
.;opper Creek near Gate City, Va.

Naphthalene less than 50 pg/kg

not been detected in recent samples, in-
Naphthalene 610 lag/ks Phenanthrene 33 pg/kg
Phenanthrene 480 pgikg

cluding bed-sediment and tissue sam- Clinch River near Tazewell. Tenn.
pies taken during the Upper Tennessee Naphthalene 180 fag/kg

230 pg/kg
NAWQA study. The State of Tennes-

Phenanthrene
~"~

see, however, continues a precaution- 0 l0 20 ~l) 40 50 MILES

ary fish-consumption advisory for the
Tennessee portion of the river.

Even though discussions regarding EXPLANATION
the Pigeon River continue between the ¯ Bed-sediment sampling site
States of Tennessee and North Caroli- ,, Abandoned mine Bed-sediment concentration

na, all parties agree that conditions o Aclive mine numbers in excess of aquatic-life protection
guidelines shown in red color.

have improved significantly. Once
nearly devoid of aquatic life, benthic

Figure 30. Relatively high polycyclic aromatic hydrocarbon (PAH) concentrations,

invertebrate and fish populations in the
in micrograms per kilogram, are common in bed sediments in the upper Clinch
River Basin.
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6On-                   1~3 Clinch River

Freshwater Mussels in the ,~ Clinch River
Clinch and Powell Rivers

:= "’ iI~[],,, o
Virgi~                                                                      iria,Freshwate.r mussel species diversity

,,:Fu_c°~ ~ , ;i 9 sit ,~s
has been slowly declining in the Clincho .-I
and Powell Rivers of Tennessee anduacorr m nn,}ssee,

ca D , 7 N 5 sit, isVir,inia over the past 100 years. The ~ =

numbers of mussel species found in    z0
these rivers are shown in figure 31 for          Pre- 1963- 1972- 1978- 1988- 1999

1915 1971 1975 1983 1994
selected periods o[ time and illustrate Figure 31. Freshwater mussel species diversity

199~

the long-term trend in loss of species in the Clinch and Powell Rivers, Tennessee and o 20 4o
diversity. The numbers do not precisely Virginia, 1899-1999. Estimated mean mussel density,

in specimens per square meter
show numbers of ,.species lost but re- The greatest declines in mussel Powelt River
fleet difficulties in finding specimens abundance occurred during the record
as species decline and, in some cases, drought from 1983 to 1988 (fig. 32).
difficulty with basin access. For exam- Since that time, the Clinch River in 1982
pie, prior to 1915, the upper parts of the Tennessee has shown remarkable
river basins were inaccessible and re- recovery, both in mussel densities and 1988
mained unsurveyed, species numbers. The Virginia parts of

Although some forms were lost, sur- the Clinch and the Powell Rivers, how- 1994
vey results from 1963 to 1971 indicateever, have recovered to a only a little
that the fauna survived TVA impound- more than half the densities recorded in

1999

ment largely intact. Mussel declines 1979, mostly reflecting recovery of the 0 2    4 6 8
Estimated mean mussel density,became apparent, however, in the mid-three most abundant species. Most of in specimens per square meter

1970’s, and by that time many previ- the rare and more sensitive species con-Figure 32. Estimated mean densities of
ously common mussel species had be- tinue to decline in the Powell River and freshwater mussel specimens in the
come rare, extirpated, or extinct, in the Virginia part of the Clinch Clinch and Powell Rivers, Tennessee and

River.(29) Virginia, 1979-99. (29)

Three bioh)gical indicators, which typically respond to changes in stream Algal ststus indicator
degradation, illustrate the relation of Upper Tennessee River Basin sites toUndeveloped
Ihe overall range of NAWQA sites nationwide. For all indicators, higher

Agr,cultural ,<: ~’L. :.~ 2,:;~=~,a- ~,:~ i: : .....

values suggest a more degraded stream site. Urban
M~xed                            I

Algal status !:ocuses on the changes in the percentage of certain algae in
response to increasing siltation.Within the Upper Tennessee River Basin, lhe ~- ’ 2{~ ’ 40

only sites in the highest 25 percent nationally are Big Limestone Creek. Invertebrate ~tatus indicator

which drains predominantly a~ricultural land use, and the Pigeon River,
Undeveloped ,

which has been heavily affected by industrial wastes. Urba. _Invertebrate status is the average of 11 invertebrate (primarily insects, M~×e~ I _
worms, crayfish, clams) metrics that suminarize changes in richness, tolerance, ~ .............
trophic conditions, aud dominance commonly associated with water-quality 0 ~0 ~o

Fish status indicatordegradation. Among the Upper Tennessee River Basin sites, the two thatUnOevetoped
i      ’1rank highest on the index are the Pigeon and French Broad Rivers. The Agricultural , ,I, I

Pigeon River is recovering from decades of receiving industrial wastes. Theum~n
French Broad River is principally affected by urban developtnent in the Mixed i I
Asheville, North Carolina, area and agriculture in the lower pa~l of the basin. ~ ~0 ~0

Fish status is the sum of scores of four fish metrics (percentage of tolerant, EXPLANATION
omnivorous, non-native individuals, and percentage of individuals with external ....25th percentile ot sites m t 6 NAWQA

anomalies) that tend to increase in association with water-quality degradation. Study Units, 1994- 98.
75th percentile of sites in 16 NAWQA

The Holston River at Surgoinsville, Tennessee, which ranked highest on this --- Study Units. 1994 - 98
index, is characterized by relatively high concentrations of mercury and copper. Biological status assessed

~ at a site
in bed sediments, probably derived from upstream industrial activities.
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Toxic Spills and Releases
The NAWQA Program, like most

water-quality assessments, is designed
to gather information on general water-
quality conditions and analyze prob-
lems that tend to be chronic as opposed /~
to episodic. Even though the NAWQA
Program provides for sampling during
storm events in order to achieve a more
complete "picture" of water-quality E×PLANATION
conditions, detection of every instance
of water contamnation is clearly @ Site Number

beyond the program’s defined scope. In
general, this is true of every other on- 0 i0 20 30 40 50 MILES
going State or Federal water-qualit.y ; ~b" 3’o ’ ;’o KmO~IETERS

assessment.
In late May 1996, however, a toxic Number and Date Site name Spill source Contaminant

of incident
release was recorded at the Big Lime-
stone Creek site (fig. 33, number 8) that1 Apr 95 West Prong, Bird Creek. Tenn. Industrial Concrete

resulted in a fishkill over several miles
2 May 95 Second Creek, Tenn. Urban Raw sewage
3 Sept. 95 Crockett Creek, Tenn. Urban Unknown

in the lower end of the stream. The ap- 4 Sept. 95 Flat Creek, Tenn. Industrial Sulfuric acid, zinc
parent cause was excessive ammonia 5a Aug. 95 E. Fork Poplar Creek Industrial Styrene

concentrations that were traced to agri- 5b July 97 E. Fork Poplar Creek Industrial Sodium bisulfite
6a Nov 95 Clinch River, Va. Mining Coal fines

cultural activities upstream. If not for 6b Feb. 96 Clinch River, Va. Mining Coal fines
the sampling activity being conducted 6c Mar. 96 Clinch River, Va. Mining Coal fines

at the site, the kill most likely would 7a May 96 W. Prong, Little Pigeon River, Tenn. Urban Sodium hypochlorite

have gone unreported. Given the rela-
7b July 96 W. Prong, Little Pi’~eon River, Tenn. Urban Sodium hypochlorite

8 May 96 Big Limestone Creek, Tenn. Agriculture Ammonia
tive]y remote nature of many biologi- 9 June 96 Reems Creek, N.C. Urban Raw sewage
cally diverse stream reaches in the 10 July 96 Webb Creek, Tenn. Industrial Asphalt sealant

Upper Tennessee River Basin, it is pos- 11 July 96 Citico Creek, Tenn. Agricultural Concrete
12 Oct. 96 Powell River, Va. Mining Coal fines

sible that many similar episodes go un- 13 Mar. 97 North Indian Creek, Tenn. Urban Chlorine
reported as well. 14 July 97 North Fork Powell River, Va. Mining Coal fines

The number of relatively rare and 15 July 97 North Toe River, N.C. Urban Chlorine

threatened aquatic species in the Upper 16 Aug. 97 Straight Creek, Va. Mining Acid mine drainage

17 Aug. 97 French Broad River, N.C. Unknown Unknown
Tennessee River Basin make accidental18 Sept. 97 Stone Creek, Va. Mining Oil
spills and releases a particular concern 19 Feb. 98 Rogers Branch, Tenn. Urban Pesticide
in parts of the basin. Habitat modifica-20 Aug. 98 Clinch River, Va. Industrial Octocure 554

tions resulting from human activities, 21 Nov 98 Richland Creek, N.C. Other Oxygen demand
22 June 99 M. Fork Holston River, Va. Unknown Pesticide

such as impoundments and pollution, 23 Sept. 99 Swannanoa River, N.C. Urban Chlorine
have restricted lhe greatest numbers 24 Nov. 99 Smith Mill Creek, NC. Urban Unknown
and variety of aquatic fauna to only a
few tributariesJ32) In addition, im- Figure 33. Contaminant releases have resulted in fish and mussel kills in the

poundments have effectively separated Upper Tennessee River Basin, 1995-99.(30, 31)

once contiguous biological communi- fine spills from numerous active and cally required for populations to recov--
ties into smaller, more vulnerable sub- abandoned mining sites in their head- er. For example, data collected in 1971
units, waters. At least five coal-fine spills oc- following a very large 1967 fly-ash

The upper Clinch and Powell water- curred during the 1995-99 study period spill in the Clinch River found that fish
sheds are home to the most diverse fish (G Heffinger, U.S Fish and Wildlife and aquatic insects were reestablished
and mussel fauna in the Upper Tennes-Service, written commun.. April 17, relatively quickly. Mussels, however,
see River Basin. These two subbasins 2000). have yet to recolonize the 9- to 10-mile
are effectively separated from biologi- Mussel species generally are of the reach directly downstream from the
cal interaction, however, by Norris greatest concern because of their lack spill site.(33)
Lake and are very vulnerable to coal- of mobility and the longer times typi-
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STUDY UNIT DESIGN

Study designs for both ground-water and surface- Surface-water studies focused on the unregulated por-

water components focused principally on the Valley andtions of the Upper Tennessee River Basin principally in

Ridge province. The Valley and Ridge is home to the the Valley and Ridge province, which contains the most

majority of the Study Unit population and is the most intense agricultural activity in the basin. Thirteen basic

highly developed in terms of agriculture and urban landfixed stream-sampling sites were operated during the

uses. Ground-water studies focused on the carbonate- study to monitor water-quality conditions with time in

based dolomites and limestones of the Valley and various parts of the basin. Data-collection sites were

Ridge. These geologic units form the most prolific aqui-selected to cover the major subbasins of the Upper Ten-

fers in the Upper Tennessee River Basin and also are thenessee River and to encompass the major land uses. An

most susceptible to contamination because of their asso-additional 61 sites were sampled during the study as part

ciated karst and solution features. Ground-water of three synoptic networks designed to better describe

resources are very limited in the Blue Ridge and Cum-areal water-quality variations of the subbasins. In keep-

berland Plateau provinces because of the relatively ing with the NAWQA multiple lines of evidence

impermeable nature of the bedrock and the low water-approach to describe water-quality conditions,(34) data-

storage capacity of the thin soils that overlie the bed- collection activities included water-column chemistry
at all sites, bed-sediment and Asiatic clamrock. EXPLANATION tissue samples at Basic Fixed Sites, and

~ Sandstone [] Agricultural well
stream ecological sampling (fish communities,

[’~ Dolomite © Domestic well
benthic invertebrates, habitat, and

[~] Limestone ~7 Spring

[---I Shale
~ Igneous and

EXPLANATION
LAND USE

Forest
Pasture
Cropland
Developed

Open water
o io 20 30 4o 50 ,’4ruEs SAMPLING SITES
~-I~)" 30’ ~’0 KILOMETERS Basic/intensive Site

and Number
O 1996 Synoptic Site (Cumberland Plateau)
O 1997 Synoptic Site (French Broad River Basin)
O 1998 Synoptic Site (Holston River Basin)

Phvsio-
Site

Site name Site type graphic
Physio-

number province*
Sire Site name Site type graphic

1 Guest River near Millers Yard, Indicator, CP number province*
Virginia Mining

2 Middle Fork Hotston River at Indicator, VR 8 Nolichucky River at Indicator, BR

Seven-Mile Ford. Virginia Mixed Embreeville, Tennessee Mining

3 Copper Creek near Indicator, VR 9 Nolichucky River at Lowlands, Indicator, BR-VR

~Gate City, Virginia Agriculture Tennessee Mixed

4 Powel! River near Integrator CP-VR 10 French Broad River near Indicator, BR

Arthur, Tennessee Newport, Tennessee Agriculture

5 Clinch River at Integrator VR-CP 11 Pigeon River at Newport. Integrator BR-VR

razewell, Tennessee
Tennessee

6 Holston River at Integrator VR 12 Clear Creek at Lilly Bridge. Integrator CP

Surgoinsville, Tennessee
Tennessee

7 Big Limestone Creek near Indicator, VR 13 Tennessee River at Integrator CP-VR-BI~
Chattanooga, TennesseeLimestone, Tennessee Agriculture

* CP - Cumberland Plateau, BR - Blue Ridge. VR - Valley and Ridge

Study Unit Design 23
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SUMMARY OF DATA COLLECTION IN THE UPPER TENNESSEE RIVER BASIN, 1994-98

[ Number of Sampling frequency’Study , What data were collected and why Types of sites sampled
component ! sites

~ and per od

Stream Chemistry
Botto~n- Sediment in depositional zones was sampled for Selected rivers and streams. 15 Once
sediment pesticides, other synthetic organic com- (1995, I996, 1998)
survey pounds, and trace elements to determine the

presence of potentially toxic compounds.
Water-quality samples also were taken at each
site, including major ions, nutrients, organic
carbon, pesticides, bacteria, and suspended
sediment.

Water.- Water-chemistry data, including major ions, Sampling occurred near selected !3 Variable
chemistry nutrients, organic carbon, pesticides, bacteria, continuous streamflow sites. (1996-98)
sites and suspended sediment, were used to

describe concentrations and loads.                                                                    . .
Storm Water-chemistry data, including major ions, Samples were taken at water- variable Variable
sampling nutrients, organic carbon, pesticides, bacteria, chemistry sites during high- (1996-98)
program and suspended sediment, were used to flow conditions.

describe concentrations and loads.
Nutrient/ Water-chemistry data, including major ions, Surface-water sampling sites in 64 Variable
pesticide nutrients, organic carbon, pesticides, bacteria, the Cumberland Plateau, (I 996)
synoptic and suspended sediment, were used to French Broad River Basin, and (1997)
studies describe concentrations of selected constitu- the Valley and Ridge were (1998)

ents. . selected to describe conditions
across the Study Unit.

Intensive Pesticides, major ions, organic carbon, sus- Water-chemistry sites located in 3 Biweekly
pesticide pended sediment, bacteria, and nutrients wereintensive agricultural basins or (March-Nov., 1996)
sampling analyzed to determine seasonal variations in mixed land-use basins.

concentrations and loads.

Stream Ecoloqy
Contaminants Asiatic clams were sampled for pesticides, other Selected rivers and streams. 15 Once
in Asiatic synthetic organic compounds, and trace ele- (1995, 1996, 1998}
clams ments to determine the presence of potentially

toxic compounds.

Aquatic Biological communities and stream habitat were Biolo~cal communities and habi-13 fixed Once
biology assessed and fish, maeroinvertebrates, and tat at basic fixed water-chemis- sites, (1995-98)

algae were quantitatively sasnpled, try sites, and biological 63 synoptic
communities at synoptic sites, sites

Spring Macroinvertebrates were qualitatively sampled. Spring sites. 35 Once
synoptic (Aug. Nov.,1997)
study

Ground-Water

2.4 Water Quality in the Upper Tennessee River Basin
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GLOSSARY

Aquatic-life criteria--Water-quality guidelines for protection of Intensive Fixed Sites--Basic Fixed Sites with increased sampling

aquatic life. Often refers to U.S. Environmental Protection Agencyfrequency during selected seasonal periods and analysis of dis-

water-quality criteria for protection of aquatic organisms, solved pesticides for l year. Most NAWQA Study Units have one to

Aquifer--A water-bearing layer of soil, sand, gravel, or rock that two integrator Intensive Fixed Sites and one to four indicator Inten-

will yield usable quantities of water to a well. sive Fixed Sites.

Basic Fixed Sites--Sites on streams at which streamflow is mea-Karst--A type of topography that results from dissolution and col-

sured and samples are collected for temperatu:-e, salinity, suspendedlapse of carbonate rocks such as limestone and dolomite, and char-

sediment, major ions and metals, nutrients, and organic carbon toacterized by closed depressions or sinkholes, caves, and

assess the broad-scale spatial and temporal character and transportunderground drainage.

of inorganic constituents of stream water in relation to hydrologic Load--General term that refers to a material or constituent in solu-

conditions and environmental settings, lion, in suspension, or in transport: usually expressed in terms of

Bed sediment--The material that temporarily is stationary in the mass or volume.

bottom of a stream or other watercourse. Main stem--The principal course of a river or a stream.

Bed sediment and tissue studies--Assessment of concentrations Metamorphic rock--Rock that has formed in the solid state in

and distributions of trace elements and hydrophobic organic con- response to pronounced changes of temperature, pressure, and

taminants m streambed sediment and tissues of aquatic organismschemical environment.

to identify potential sources and to assess spatial distribution. Micrograms per liter (gg/L)--A unit expressing the concentra-

Benthic invertebrates--Insects, mollusks, crustaceans, worms, tion of constituents in solution as weight (micrograms) of solute per

and other organisms without a backbone that live in, on, or near theunit volume (liter) of water; equivalent to one part per billion in

bottom of lakes, streams, or oceans, most stream water and ground water. One thousand micrograms per

Constituent--A chemical or biological substance in water, sedi- liter equals 1 mg/L.

meat, or biota that can be measured by an analytical method. Milligrams per liter (mg/L)--A unit expressing the concentration

Contamination--Degradation of water quality compared to origi-of chemical constituents in solution as weight (milligrams) of solute

hal or natural conditions and due to human activity, per unit volume (liter) of water; equivalent to one part per million in

Cubic foot per second (ft3/s, or cfs)--Rate of water discharge rep- most stream water and ground water.

resenting a volume of 1 cubic foot passing a given point during I Nonpoint source--A pollution source that cannot be defined as

second, equivalent to approximately 7.48 gallons per second or originating from discrete points such as pipe discharge. Areas of

448.8 gallons per minute or 0.02832 cubic mete," per second, fertilizer and pesticide applications, atmospheric deposition,

Degradation products--Compounds resulting from transforma-
manure, and natural inputs from plants and trees are types of non-

tion of an organic substance through chemical, photochemical,
point source pollution.

and/or biochemical reactions.
Point source--A source at a discrete location such as a discharge

Detection limit--The minimum concentration of a substance that
pipe. drainage ditch, tuxmel, well, concentrated livestock operation,

can be identified, measured, and reported within 99 percent confi-
or floating crafL

deuce that the analyle concentration is ~reater than zero: deter-
Synoptic sites--Sites sampled during a short-term investigation of

mined from analysis of a sample in a given matrix containing thespecific water-quality conditions during selected seasonal or hydro-

analyte, logic conditions to provide improved spatial resolution for critical

Discharge--Rate of fluid flow passing a given point at a given water-quality conditions.

moment in tinle, expressed as volume per unit of time.
Tributary-- A river or stream flowiug into a larger river, stream,
or lake.

Drainage area---The drainage area of a stream at a specified loca-
tion is that area, measured in a horizontal plane, which is enclosed

Volatile nrganic compounds {VOCs)--Organic chemicals that
have a high vapor pressure relative to their water solubility. VOCs

by a drainage divide, include components of gasoline, fnel uils, and lubricants, as well as
Drioking-water standard or gnideline--A threshold concentra- organic solvents, fumigants, some inert ingredients m pesticides,
tion in a public drinking-water supply, designed to protect human and some by-products of chlorine disinfection.
heallh. As defined here, standards are U.S. Environmental Protec-
tion Agency regulations that specify the maximum contamination

Water-quality standards--State-adopted and U.S. Environmental

levels tier public water systems required to protect the public wcl-
Protection Agency-approved ambient standards fur water bodies.

fare: ~uidelines have no re~ulatorv status and are issued in an advi-
Standards iuclude the use of the water body and the water-quality

~ ~ " criteria that lUUSt be met to protect the designated use or uses.
sony capacity.
Indicator sites---Stream sampling sites located at outlets of drain-Water table--The point below the land surface where ground

water is first encountered and below which the earth is saturated.
age basins with relatively homogeneous land use and physiographic
conditions: most indicator-site basins have draina~oe areas ran~oin~

Depth to the water table x alies widely across the country.
Yield--The mass ’,)f material or constituent transported by, a river

from 20 to 200 square miles.
Integrator or Mixed-use site--Stream sampline site located at au in a specified period of time divided by the drainage area of the

river hasm
outlet of a drainage basin that contains multiple environmental set-
tings. Most integrator sites are on major streams with relatively
large drainage areas.
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APPENDIX--WATER-QUALITY DATA FROM THE UPPER TENNESSEE
RIVER BASIN IN A NATIONAL CONTEXT
For a complete view of Upper Tennessee River Basin data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqaL Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http://infotrek.er.usgs.gov/wdbctx!nawqainawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Upper Tennessee Study-unit frequency of detection, in percent
River Basin. Selected results for this Basin are graphically

I N~_ational frequency of detection, in p .....

t Study-unit sarnple s,zi
compared to results from as many as 36 NAWQA Study Atrazine (AAtrex, Atrex, Atred, Gesaprim)
Units investigated from 1991 to 1998 and to national             100 88          ,                , /                 i00

86
~

0
water-quality benchmarks for human health, aquatic life, or ,~ 87 , , i2:
fish-eating wildlife. The chemical and biological indicators         27 30                                                ]                             0
shown were selected on the basis of frequent detection,
detection at concentrations above a national benchmark, 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
or regulatory or scientific importance. The graphs illustrate 18                                                  0
how conditions associated with each land use sampled in
the Upper Tennessee River Basin compare to results from 3

~ ~ 0
across the Nation, and how conditions compare among -~ <~ ===~" I 35

the several land uses. Graphs for chemicals show only Deethylatrazine (Atrazine breakdown product) * **
detected concentrations and, thus, care must be taken to 62 0
evaluate detection frequencies in addition to concentra-
tions when comparing study-unit and national results. For 28 0
example, tebuthiuron concentrations in Upper Tennessee
River Basin major aquifers were similar to the national

Metolachlor (Dual, Pennant)
distribution, but the detection frequency was much higher         ~0 641 1                                                  0
(31 percent compared to 3 percent). ~ 83 .......... I 121

0 18 ~ I 30

CHEMICALS IN WATER Simazine (Princep, Caliber 90)
Concentrations and detection frequencies, UpperTennessee 20 61 --: i i

i00
77 0

River Basin, 1995-98~Detection sensitivity varies among chemicals ~ Z~ ~ ’ I I 121
and, thus, frequencies are not directly comparable among chemicals 0 2

’̄ Detected concentration in Study Unit
"

66 38 Frequencies of detection, in percent. Detection frequencies Tebuthiuron (Spike, Tebusan)
were not censored at any common reporting limit. The left- 0
hand column is the study-unit frequency and the right-hand
column is the national frequency 0

7
I

0-- Not measured or sample size less than two
12 Study-unit sample size. For ground water, the number of

samples is equal to the number of wells sar~pled ] I       I       I       I       I       I
o.oo01 0.001 00t 0t 1 10 100 ~,000

National ranges of detected concentrations, by land use, in 36 CONCENTRATION. IN MICROGRAMS PER LITER
NAWQA Study Units, 1991-98---Ranges include only samples
in which a chemical was detected

Other herbicides detected
Streams in agricultural areas Acetochlor (Harness Plus, Surpass) *
Streams in urban areas Alachtor (Lasso, Bronco, Lariat, Bullet) **
Streams and rivers draining mixed land uses Bromacil (Hyvar X, Urox B, Bromax)

Cyanazine (Btadex, Fortrol)
~1==1~------- Shallow ground water in agricultural areas DCPA (Dacthal, chlorthat-dimethyl) *

Shallow ground water in urban areas Dichlorprop (2,4-DP, Seritox 50, Lentemul) * **
-~ Major aquifers Diuron (Crisuron, Karmex, Diurex)
Lowest M~ddle Highest Metribuzin (Lexone, Sencor)25 50 25
percent percent percent Molinate (Ordram) * **

Napropamide (Devrinol) * **
National water-quality benchmarks Pendimethalin (Pre-M, Prowl, Stomp) *

Prometon (Pramitol, Princep) **National benchmarks include standards and guidelines related to 2,4,5-T * *drinking-water quality, criteria for protecting the health of aquatic life, and 2,4,5-TP (Silvex, Fenoprop) **
a goal for preventing stream eutrophication due to phosphorus. Sources Trifl u ralin (Treflan, Gowan, Trio4, Trific)include the U.S. Environmental Protection Agency and the Canadian
Council of Ministers of the Environment Herbicides not detected

Acifluorfen (Blazer, Tackle 2S) **
I Drinking-water quality (applies to ground water and surface water) Benfluralin (Balan, Benefin, Bonalan)
I Protection of aquatic life (applies to surface water only) Bentazon (Basagran, Bentazone)

Bromoxynil (Buctril, Brominal) *
I Prevention of eutrophication in streams not flowing directly into Butylate (Sutan +, Genate Plus, Butilate) **

lakes or impoundments Chloramben (Amiben, Amilon-WP, Vegiben) **
¯ No benchmark for drinking-water quality Clopyralid (Stinger, Lontrel, Transline) * **

2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * **
¯ * No benchmark for protection of aquatic life Dacthal mono-acid (Dacthal breakdown product) * **
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Dicamba (Banvel, Dianat, Scotts Proturf) Volatile organic compounds (VOCs) in ground water
2,6-Diethylaniline (Alachlor breakdown product) * ** These graphs represent data from 16 Study Units, sampled from 1996 to 1998
Dinoseb (Dinosebe)
EPTC (Eptam, Farmarox, Alirox) * ** Study-unit frequency of detection, in percent
E tha,flu ralin (Sonalan, Cu rbit) * ** . N. ational frequency of detect ion in p ..... t S ludy-unit samp,e siz~
Fenuron (Fenulon, Fenidim) * **

_!_Fluometuron (Flo-Met, Cotoran) ** Chloromethane (Methyl chloride)
Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) *
MCPA (Rhomene, Rhonox, Chiptox)
MCPB (Thistrol) * **
Neburon (Neburea, Neburyl, Noruben) * ** 7 2o

22 i.- 0
Norflurazon (Evital, Predict, Solicam, Zorial) * **
Oryzalin (Surftan, Dirimal) * **
Pebulate (Tillam, PEBC) * ** Methyl tert-butyl ether (MTBE)
Picloram (Grazon, Tordon)
Pronamide (Kerb, Propyzamid) **
Propachlor (Ramrod, Satecid) **
Propanil (Stam, Stampede, Wham) * ** O ,

~
300

Propham (Tuberite) *"
Terbacil (Sinbar) **
Thiobencarb (Bolero, Saturn, Benthiocarb) * ** Trichloromethane (Chloroform)
Triallate (Far-Go, Avadex BW, Tri-allate) *
Triclopyr (Garlon, Grandstand, Redeem, Remedy) * **

37 35 ~ I 50
51

I
0

Pesticides in water--Insecticides
0.001 0.01 0.1 1 10 100 1,000 10,000

Study-unit frequency of detection, in percent

~L
--[_

Study-unit sample

siz_.~

CONCENTRATION, IN MICROGRAMS PER LITERNational frequency of dete~tion, in percent

Carbaryl (Carbamine, Denapon, Sevin)

1646 ....                                                   ]2~°        Other VOCs detectedtert-Amylmethylether (tert-amyl methyl ether (TAME)) *
0 <1 -lllll- I 3~ Benzene

1 ~ I 35 Bromodichloromethane (Dichlorobromomethane)
2-Butanone (Methyl ethyl ketone (MEK)) *

p,p’-DDE n-Butylbenzene (1-Phenylbutane) *
1 8

, ] 2I Chlorobenzene (Monochlorobenzene)
Chloroethane (Ethyl chloride) *

o 4 ~ 30

~ ~
,ill.-.- 0 1,3-Oichlorobenzene (rn-Dichiorobenzene)
~ 35 1,4-Dichlorobenzene (p-Dichiorobenzene)

Dichiorodifluoromethane (CFC 12, Freon 12)
gamma-HCH (Lindane, gamma-BHC) 1,1-Dichloroethane (Ethylidene dichloride) *

o 1 ~1 ,oo 1,1-Dichloroethene (Vinylidene chloride)
~ ~ 2.~ cis-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)

0 < 1 ~ I 30 Diethyl ether (Ethyl ether) *
Diisopropyl ether (Diisopropylether (DIPE)) *

0 < 1 ~ { 35 1,2-Dimethylbenzene (o-Xylene)
I ~ I I ~ ! I I 1,3 & 1,4-Dimethylbenzene (m-&p-Xylene)

0 oo0t 0.oot 0.01 o.t t to too f,ooo Ethenylbenzene (Styrene)
1-Ethyl-2-methylbenzene (2-Ethyltoluene) *

CONCENTRATION, IN MICROGRAMS PER LITER Ethylbenzene (Phenylethane)
Iodomethane (Methyl iodide) *
Isopropylbenzene (Cumene) *

Other insecticides detected p-lsopropyltoluene (p~ymene) *
Carbofuran (Furadan, Curaterr, Yaltox) Methylbenzene (Toluene)
Chlorpyrifos (Brodan, Dursban, Lorsban) 2-Propanone (Acetone) *
Diazinon (Basudin, Diazatol, Neocidoi, Knox Out) n-Propylbenzene (Isocumene) *
Malathion (Malathion) Tetrachloroethene (Perchloroethene)

1,2,3,4-Tetramethylbenzene (Prehnitene) *
Insecticides not detected 1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) *
Aldicarb (Temik, Ambush, Pounce) 1,1,1-Trichloroethane (Methylchloroform)
Aidicarb sulfone (Standak, aldoxycarb) Trichloroethene (TCE)
Aldicarb sulfoxide (Aldicarb breakdown product) 1,2,3-Trimethylbenzene (Hemimellitene) *
Azinphos-methyl (Guthion, Gusathion M) * 1,2,4-Trimethylbenzene (Pseudocumene)
Dieldrin (Panoram D-31, Octalox, Compound 497) 1,3,5-Trimethytbenzene (Mesitylene)
Disulfoton (Disyston, Di-Syston) **
Ethoprop (Mocap, Ethoprophos) * ** VOCs not detected
Fonofos (Dyfonate, Capfos, Cudgel, Tycap) ** Bromobenzene (Phenyl bromide) *
alpha-HCH (alpha-BHC, aipha-lindane) ** Bromochloromethane (Methylene chlorobromide)
3-Hydroxycarbofuran (Carbofuran breakdown product) * ** Bromoethene (Vinyl bromide) *
Methiocarb (Slug-Geta, Grandslam, Mesurol) ° "* Bromomethane (Methyl bromide)
Methomyl (Lanox, Lannate, Acinate) ** sec-Butylbenzene *
Methyl parathion (Penncap-M, FolidoI-M) ** tert-Butylbenzene
Oxamyl (Vydate L, Pratt) ** 3-Chloro-l-propene (3-Chloropropene) *
Parathion (RoethyI-P, Alkron, Panthion, Phoskil) * 1-Chloro-2-methylbenzene (o-Chlorotoluene)
cis-Permethrin (Ambush, Astro, Pounce) * ** 1-Chloro-4-methylbenzene (p-Chlorotoluene)
Phorate (Thimet, Granutox, Geomet, Rampart) * ** Chtorodibromomethane (Dibromochloromethane)
Propargite (Comite, Omite, Ornamite) * ** Chloroethene (Vinyl chloride)
Propoxur (Baygon, Blattanex, Unden, Proprotox) " "" 1,2-Dibromo-3-chtoropropane (DBCP, Nemagon)
Terbufos (Contraven, Counter, Pilarfox) ** 1,2-Dibromoethane (Ethylene dibromide, EDB)
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Dibromomethane (Methylene dibromide) * Dissolved solids in water
trans-1, 4-Dichloro-2-butene ((Z)-1.4-Dichloro-2-butene)*
1.2-Dichlorobenzene (o-Dichlorobenzene) Study-unit frequency of detection, in percent

1,2-D i C hiD roethane (Ethylene dichloride) | Nlational lrequency of detection, in p .....t Study-unit samplesiz~

trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)
_[_Dichloromethane (Methylene chloride) Dissolved solids * **

1.2-Dichloropropane (Propylene dichloride) 100 100 ~ ~01
- - i00 -- 0

2.2-Dichloropropane* 100 100 ~n ~ I93
1.3-Dichloropropane (Trimethylene dichloride) * 1DO 100 i :-~ 50
trans-l.3-Dichloropropene ((E)-l.3-Dichloropropene) - 1DO 0
cis-1.3-Dichloropropene ((Z)-1.3-Dichloropropene) 100 100 :~ 35

1.1 -Dichloropropene * I I I I I I I } I
1-4-Epoxy butane (Tetrahydrofuran. Diethylene oxide) * ODD1 O,Ol Ol 1 lO lOO 1,ooo lO.Ooo lOO,OOO
Ethyl methacrylate *
Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE)) * CONCENTRATION. IN MILLIGRAMS PER LITER
Hexachlorobutadiene
1,1.1.2,2.2-Hexachloroethane (Hexachloroethane)
2-Hexanone (Methyl butyl ketone (MBK)) *
Methyl acrylonitrile
Methyl-2-methacrylate (Methyl methacrylate) * Trace elements in ground water
4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK)) * Study-unR frequency of detection, in percent
M ethyl-2-p ropeR o ate (Methyl acrylate)* | National freq ue ncy of detect ion, in p .....t S tudy-unitsa mple size?
Naphthalene
2-Propenenitrile (Acrylonitrile) Radon-222
1.1.2.2-Tetrachloroethane *
1.1,1.2-Tetrachloroethane
Tetrachloromethane (Carbon tetrachloride)
1.2.3.5-Tetramethylbenzene (Isodurene) * 100 99 28

-- 100 0
Tribromomethane (Bromoform) 94 97
1.2.4-Trichlorobenzene
1.2.3-Trichlorobenzene * I I I ] I I       I I

1,1,2-Trichloroethane (Vinyl trichloride) O.Ol o.1 1 lO lOO 1,ooo 10,ooo lOO,OOO

Trichlorofluoromethane (CFC 11. Freon 11 ) CONCENTRATION. IN PICOCURIES PER LITER
1.2.3-Trichloropropane (AIlyl trichloride)

Nutrients in water
Study-unit frequency of detection, in percent

l N~atilor~al frequency, of d e tel ctior~, in pl .....

I      I

I I      St udy-unit sample sizil
Ammonia. as N * "*

86 0

53 78 ~ 30
71 0

Dissolved nitrite plus nitrate, as N **
i00 95                                                                           95

97 0

7~
~

0

Orthophosphate, as P * **
72 0

33 59 ~ c : 30
52 0

Total phosphorus, as P * **

90 I o

I I        I        I        I        I        l        I
0001 001 0.1 1 10 100 1,ODD 10,000 100,000

CONCENTRATION, IN MILLIGRAMS PER LITER

Other nutrients detected
Dissolved ammonia plus organic nitrogen as N * **
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Other organochlorines detected
CHEMICALS IN FISH TISSUE o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) *

AND BED SEDIMENT p,p’-DDE***
o,p’+p,p’-DDE (sum of o,p’-DDE and p,p’-DDE) *

Concentrations and detection frequencies, Upper Tennessee o,p’+p,p’-DDT (sum of o,p’-DDT and p, pLDDT) *
River Basin, 1995-98--Detection sensitivity varies among chemicals
and, thus, frequencies are not directly comparable among chemicals. Organochlorines not detected

Study-unit frequencies of detection are based on small sample sizes; Chloroneb (Chloronebe, Demosan) * **
DCPA (Dacthal, chlorthal-dimethyl) * **the applicable sample size is specified in each graph Endosulfan I (alpha-Endosulfan, Thiodan) * **

~, Detected concentration in Study Unit Endrin (Endrine)
gamma-HCH (Lindane, gamma-BHC, Gammexane)

66 ~8 Frequencies of detection, in percent. Detection frequencies Heptachlor epoxide (Heptachlor breakdown product) *
were not censored at any commoq reporting limit. The left- Heptachlor+heptachlor epoxide (sum of heptachlor and heptachlor epoxide) **
hand column is the study-unit freqi~ency and the right-hand Hexachlorobenzene (HCB) **
column is the national frequency Isodrin (Isodrine, Compound 711 ) * **

p,p’-Methoxychlor (Marlate, methoxychlore)
-- Not measured or sample size less than two o,p’-Methoxychlor * **
i2 Study-unit sample size Mirex(Dechlorane) **

Total PCB
National ranges of concentrations detected, by land use, in 36 Pentachloroanisole (PCA) * **
NAWQA Study Units, 1991-98---Ranges include only samples cis-Permethrin (Ambush, Astro, Pounce) * **
in which a chemical was detected trans-Permethrin (Ambush, Astro, Pounce) * **

Toxaphene (Camphechlor, Hercules 3956) * **
Fish tissue from streams in agricultural areas
Fish tissue from streams in urban areas
Fish tissue from streams draining mixed land uses        Semivolatile organic compounds (SVOCs)

~ Sediment from streams in agricultural areas
Sediment from streams in urban areas in bed sediment

III Sediment from streams draining mixed land uses
Lowest Middle Highest Study-unit frequency of detection, in percent

25 50 25
percent percent percent

Anthraquinone **                                           -
National benchmarks for fish tissue and bed sediment
National benchmarks include standards and guidelines related to
criteria for protection of the health of fish-eating wildlife and aquatic

83 ~ zorganisms. Sources include the U.S. Environmental Protection Agency,
other Federal and State agencies, and the Canadian Council of
Ministers of the Environment 9 H-Carbazole **

I    Protection of fish-eating wildlife (applies to fish tissue)
I Protection of aquatic life (applies to bed sediment) 0

No benchmark for protection of fish-eating wildlife

¯ * No benchmark for protection of aquatic life Dibenzothiophene

0 12
6 i,

~5 30

Organochlorines in fish tissue (whole body) 2,6-Dimethylnaphthalene
and bed sediment

Study-unit frequency of detection, in percent 67 65

| N. a tional frequency of dot ......... p ......

S tudy-umt sample sizeI

8½27 . ,,,,.,,.,..~

1Total Chlordane (sum of 5 chlordanes) bis(2-Ethylhexyl)phthalate

0 9                                                                             J 99
6 5711 ii iO0 95 -- u ,

Total DDT (sum of 6 DDTs) ** Fluoranthene

3 I00 66 ~ ~ 3

66 11

(Fish tissue is wet weight; bed sediment is d~ weight)
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Study-unit frequency of detection, in percent Nitrobenzene **
| N~a tional frequency of det ect,on, in p ..... t

S tedy-unit sample sizeI

N-Nit rosodi-n-propylamine **
~ ~ I I I I I1 N-Nitrosodiphenylamine **
Naphthalene Pentachloronitrobenzene **

1,2,4-Trichlorobenzene **

0 ii / 5
~7

~
i

Trace elements in fish tissue (livers) and
Phenanthrene

bed sediment

Study-unit frequency of defection, in percent
£ ~ Z National frequency of detection, in percent Study-unit sample size

9heno~ --                                                           _     A~sen~c"

i00 99                            ~"~k~’~’’’*’-
67 81                       ~**~--#~&~=~--                                     3                    98~--~

~ !        I        I I I I Cadmium *
Ol 1 10 lOO 1,000 10,0oo lOO,OOO

CONCENTRATION, IN MICROGRAMS PER KILOGRAM, DRY WEIGHT
100 98

-- 100
~100 98

Other SVOCs detected
Acenaphthene Chromium *

Acenaphthylene
Acridine **
C8-Alkylphenol ** 100 1co

99Anthracene 1(3(~ ioo
Benz[a]anthracene
Benzo[a]pyrene Copper
Benzo[b]fluoranthene **
Benzo[gh[jperylene **
Benzo[k]fluoranthene *"
2,2-8iquinoline ** 100 1co ~l

99
~Butylbenzylphthalate ** 1~ 100

Chrysene
p-Cresol ** Lead "
Di-n-butylphthalate "*
Di-n-octylphthalate *"
Dibenz[a,h}anth racen eO,e,hy,ph,ha,a,e "* ,oo ,oo._ loo
1,2-Dimethylnaphthatene *" I0o 99
1,6-Dimethylnaphthalene **
Dimethylphthalate ** Mercury *
2-Ethylnaphthalene ""
9H-Fluorene (Fluorene)
Indeno[1,2,3-cd~pyrene **.̄ loo ~ ~"~-.,~-~ ......Iso~horone

t-Methyl-gH-fluorene ""
2-Methylanthracene ** Nickel * **
4,5-Methylenephenanthrene *"
1-Methylphenanthrene **
1-Methylpyrene ** 100 loo
Phenanthridine "* -- i00 ~
Pyrene ice [o0 ........
Quinoline **
2,3,6-Trimethylnaphthalene ** Selenium

SVOCs not detected
Azobenzene ** zoo
Benzo[c]cinnoline ** -- lOO
4-Bromophenyl-phenylether ** lo0 i00

4-Chloro-3-methyiphenol "*
bis(2-Chloroethoxy)methane ** Zinc *

bis(2-Chloroethyl)ether **
2-Chloronaphthalene **
2-Chtorophenol ** I00 19090
4-Chlorophenyl-phenylether ** i~ 100
1,2-Dichlorobenzene (o-Dichlorobenzene) "*
1,3-Oichlorobenzene (m-Oichlorobenzene) *" I I I I I I
1,4-Dichlorobenzene (p-Oichtorobenzene) ** oct o.1 1 lO lOO 11oo03,5-Dimethylphenol *"
2,4-Dinitrotoluene ** CONCENTRATION, IN MICROGRAMS PER GRAM

(Fish tissue is wet weight, bed sediment is dry weight)
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BIOLOGICAL INDICATORS
Higher national scores suggest habitat disturbance, water-quality
degradation, or naturally harsh conditions. The status of algae,
invertebrates (insects, worms, and clams), and fish provide a
record of water-quality and stream conditions that water-
chemistry indicators may not reveal. Algal status focuses on the
changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate status averages 11
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality
degradation. Fish status sums the scores of four fish metrics
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase in association
with water-quality degradation

Biological indicator value, UpperTennessee River Basin, by
land use, 1995-98

Biological status assessed at a site

National ranges of biological indicators, in 16 NAWQA Study
Units, 1994-98
~ Streams in undeveloped areas
~ Streams in agricultural areas
==== Streams in urban areas
¯ ~1 Streams in mixed-land-use areas
-- 75th percentile
- - - 25th percentile

Algal statps indicator
undeveloped

Agricultural
Urban                                                         I
Mixed

Invertebrate status indicator
Undeveloped

Agricultural
Urban
Mixed

’Fish status ind’icator
Undeve{oped

Agricultural
Urban
Mixed

0 10 15 20
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Upper Tennessee River Basin was integral to the success of
this water-quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies Local Agencies
Tennessee Valley Authority Knox County, Tennessee
U.S. Fish and Wildlife Service City of Johnson City, Tennessee
National Park Service
U.S. Department of Energy, Universities

Oak Ridge National Laboratory University of Tennessee
U.S. Environmental Protection Agency Virginia Polytechnic and State University
U.S. Forest Service Tennessee Technological University
U.S. Department of Agriculture,

Natural Resources Conservation Service Other public and private organizations
Southern Appalachian Man and the Biosphere

State Agencies Program
Tennessee Wildlife Resources Agency Nature Conservancy
Tennessee Department of Environment and

Conservation
Tennessee Department of Agriculture
North Carolina Department of Environment and

Natural Resources
North Carolina Wildlife Resources Commission
Virginia Department of Environmental Quality
Virginia Department of Game and Inland Fisheries
Virginia Department of Mines, Minerals, and Energy

We thank the following individuals for contributing to this effort.

Edward Oaksford, Ben McPherson, Michael Woodside, Rebecca Deckard, and Sandra Cooper (USGS), Roberta
Hylton (U.S. Fish and Wildlife Service), Karen Koehn and Celia Hampson (Knox County, Tennessee) for reviewing
the report.

Charles Saylor and Edward Scott (Tennessee Valley Authority) for assistance in site selection and data collection.

The numerous property owners that allowed the use of their property by the USGS for access to specific stream
reaches, the installation of monitoring wells, or the sampling of exisiting wells.
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA Study Unit summary reports:

http://water, usgs.gov/nawqa/

Santee River Basin and coastal drainages contact and Web site:

USGS State Representative
U.S. Geological Survey
Water Resources Division
Stephenson Center, Suite 129
720 Gracern Road
Columbia, SC 29210-7651
e-mail: msdavenp @ usgs.gov
http://sc.water.usgs.gov/nawqa/santhome.html

National NAWQA Program:

Chief, NAWQA Program
U.S. Geological Survey
Water Resources Division
12201 Sunrise Valley Drive, M.S. 413
Reston, VA 20192
http://water.usgs.gov/nawqa/

Other NAWQA summary reports

River Basin Assessments Red River of the North Basin (Circular 1169)
Albemarle-Pamlico Drainage Basin (Circular 1157) Rio Grands Valley (Circular 1162)
Atlegl~eny and Monongahela River Basins (Circular 1202) Sacramento River Basin (Circular 1215)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) San Joaquin-Tulare Basins (Circular 1159)
Central Arizona Basins (Circular 1213) South-Central Texas (Circular 1212)
Central Columbia Ptateau (Circular 1144) South Platte River Basin (Circular 1167)
Central Nebraska Basins (Circular 1163) Southern Florida (Circular 1207)
Connecticut, Housatonic and Thames River Basins (Circular 1155) Trinity River Basin (Circular 1171)
Eastern Iowa Basins (Circular 1210) Upper Colorado River Basin (Circular 1214)
Georgia-Florida Coastal Plain (Circular 1151) Upper Mississippi River Basin (Circular 1211 )

Hudson River Basin (Circular 1165) Upper Snake River Basin (Circular 1160)
Kanawha-New River Basins (Circular 1204) Upper Tennessee River Basin (Circular 1205)
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Western Lake Michigan Drainages (Circular 1156)
Las Vegas Valley Area and the Carson and Truckee River Basins White River Basin (Circular 1150)

(Circular 1170) Wiliamette Basin (Circular 1161 )
Lower Illinois River Basin (Circular 1209)
Long Island-New Jersey Coastal Drainages (Circular 1201 ) National Asaessments
Lower Susquehanna River Basin (Circular 1168) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Mississippi Embayment (Circular 1208)
Ozark Plateaus (Circular 1158)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)

Front cover: Edisto River near Givhans, South Carolina.
Back cover: Left--Surface-water sampling, Indian Creek, North Carolina; Middle--Fish identification, Jacob Fork
River, North Carolina.

All photographs in this report were taken by members of the Santee River Basin and coastal drainages Study Unit,
U.S. Geological Survey.
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Errata Sheet
U.S. Geological Survey Circular 1206
Subsequent to publication of U.S. Geological Survey Circular 1206, "’Water Quality in the Santee River Basin and Coastal Drainages,
North and South Carolina, 1995-98," errors were found on pages 15 and 20.

On page 15, the unit of measurement used in figure 15 to express the median concentration of trace elements in bed sediment and tissue
should have been micrograms per gram, rather than micrograms per kilogram. A correct figure 15 is below.

On page 20, the label on the left side of the top graph of figure 18 for the unit of measurement used to express the median concentration
of atrazine erroneously included ammonia. The label for the unit of measurement used to express the median concentration of ammonia
should have been on the right side of the top graph. A correct figure 18 is below.

We apologize for any inconvenience these errors may have caused.

z                    Arsenic

~ Cadmium

_c° ~ 0.05 50
~ Z ATRAZINE

< rr ~ 0.04 AMMONIA 40 ~ ~:

~ 80 ~ ~ ~

~~ ~o ~ ~ 0.03 30
~ ~0 Ghromium Gopper ~ <

N~ < - 0.0~ ~0 ~g

~ ~ ao 0~ O Lead~ ~ 25 Selenium Forested Agricultural Urban Mixedo~

~ Nickel
5 ~0 zinc ~ ~ ~ 20

15

& 10~o~

Forested Agricultural U~an Mixed

Figure 15. Cadmium, copper, selenium, and zinc were Figure 18. Compared to forested sites, urban and agricultural
detected at higher concentrations in clam and fish sites have higher concentrations of atrazine and ammonia
tissue than in sediment, suggesting that they accumu- as well as lower numbers of fish and inve~ebrates that are
late in the tissues. Conversely, arsenic, chromium, lead, intolerant of contamination.
and nickel were detected in lower concentrations in
tissues than in sediment, indicating that these metals
do not accumulate in the tissues.
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Santee River Basin and coastal drainages
that emerged from an assessment conducted between 1995 and 1998 by the U.S. Geological Survey (USGS)
National Water-Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional
issues and compared to conditions found in all 36 NAWQA study areas, called Study Units, assessed to date.
Findings are also explained in the context of selected national benchmarks, such as those for drinking-water quality
and the protection of aquatic organisms. The NAWQA program was not intended to assess the quality of the
Nation’s drinking water, such as by monitoring water from household taps. Rather, the assessments focus on the
quality of the resource itself, thereby complementing many ongoing Federal, State, and local drinking-water
monitoring programs. The comparisons made in this report to drinking-water standards and guidelines are only in
the context of the available untreated resource. Finally, this report includes information about the status of aquatic
communities and the condition of in-stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Santee River Basin and
coastal drainages assessment. Basin residents who wish to know more about water quality in the areas where they
live will find this report informative as well.

NAWQA Study Units--
Assessment schedule

m 1991-95

~ 1994-98

m 1997-2001

[--] Not yet scheduled

~ High Plains Regional
Ground Water Study,
1999-2004

Santee River Basin
and coastal drainages

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Santee River Basin and coastal drainages is one of 51 water-quality assessments initiated since 1991, when
the U.S. Congress appopriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments
cover about one-half of the land area of the United States and include water resources that are available to more
than 60 percent of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Stream and River Highlights 8.~o      8,° EXPLANATION
Surface water sampled in the Santee River ~36°I - _ .~- L. 36~ WATER-QUALITY SAMPLING IN

j4:~ ~_~.j~ ,~

THE SANTEE RIVER BASINBasin and coastal drainages generally meets AND COASTAL DRAINAGES
existing Federal and State guidelines for

,= STREAM-WATER SAMPLING SITE
drirddng-water quality and protection of GROUND-WATER SAMPUNG AREAS
aquatic life. However, urban and agricultural - Cha,o,e

land uses have affected water quality, as ~ Sandhills aquifers

Greenvill,~~~

~ Agricu~tura~ study and Floridan aquiferindicated by elevated concentrations of Spartanb,Jr ¯-- Columbia urban study
bacteria, pesticides, and nutrients in basins o Cow Castle Creek flow-path study

dominated by these land uses.
~"~ ~ ~ 80°

¯ The herbicides atrazine, simazine, and tebuthiu- _~4,~~’~I~ /~-~ L-34o ~_~
ron were detected in almost every stream in the L,o.

Santee Basin, including those in forested areas, at
levels below aquatic-life and drinking-water ’~OUTH

guidelines. Four insecticides--malathion, diazi- ~/CAROLINA
non, chlorpyrifos, and parathion--exceeded ~3~- ~. Coastal ,

aquatic-life guidelines. No pesticides exceeded
drinking-water standards, though 7 of the 30 ~,>~ har~eston
compounds detected do not have drinking-water

~ ~

~°°

standards and 13 do not have aquatic guidelines. , ~ o so ~.~s

Pesticide concentrations had seasonal patterns,
The Santee River Basin and coastal drainages (the "SanteeSelected Indicators of Stream-Water Quality
Basin") is an approximately 24,000-square-mile area in North and

Small Streams         Major Rivers South Carolina that encompasses the Blue Ridge Mountains, the
Agricul- Undeveloped/ Mixed

Urban tural Forest Land Uses Piedmont, and the Coastal Plain (Fenneman, 1946). Most of the
3.5 million people in the Santee Basin live in urban areas. Eighty-

Pesticides~ -.~II’~, ~ " .’ six percent of the water used in homes and for industry is treated
surface water withdrawn from rivers or reservoirs. Ground water is

:,4~!., ...... i;~5 ..... - the main water source for rural households.
Trace ~.

elements~ ~ ~ ~’;~:’ ,’~,O: with the highest concentrations measured in the spring fol-

Organo- ~ ._’~lli )!~ ,, ~
lowing application.

chlorines4 ~.~-~ ,~:, ,. .
..... Nitrate concentrations did not exceed drinking-water

Volatile,;~.:’~ ~,          ~         ~              ~                                         standards in any streams sampled. Average total phosphorus
°rganicsS

~: concentrations in four streams were above the U.S.
Bacteria6 ~.~o

,,~L~’~ ~,
.,_~ ~v,::"~ Environmental Protection Agency (USEPA)recommended

goal to prevent nuisance aquatic growth. The South ForkSemivolatile 2’~I~ "~ ~: Catawba River had an average total phosphorus concentrationorganics 7 ~ ~ ,. ~.,

that was four times higher than the USEPA goal and is a

~ Percentage of samples with concentrations equal to or greater than a significant source of phosphorus to downstream lakes.
health-related national guideline for drinking water.aquatic life. or
contact recreation; or above a national goal for preventing excess Wastewater discharge and agricultural runoff are major
algal growth sources of nitrogen and phosphorus.

° Percentage of samples with concentrations less than a health-related
national guideline for ddnking water, aquatic life. or water-contact
recreation; or below a national goal for preventing excess algal growth ¯ Trace metals were detected frequently in bed sediment and
Percentage of samples with no detection tissue, mostly at concentrations within aquatic-life guidelines.

~ NOt assessed ~ Insufficient data Arsenic, chromium, and lead exceeded guidelines in a few
Insecticides. herbicides, and pesticide metabolites, sampled in water.
Total phosphorus and ntrate (as nitrogen) sampled in water samples. Although concentrations were not high in sediment
Arsenic mercury and metals sampled in sediment samples, data suggest that mercury is accumulating in fish
Organochlonne compounds nc uding DDT and PCB’s sampled in sediment

and clams in concentrations that are harmful to humans orSolvents. refrigerants, fumigants, and (]asoline compounds, sampled in water.
Fecat. col form bactena.      , sampled in wa~’er, animals that eat them. Sampling by State agencies hasM~scellaneous ~ndustrial chemicals and combustion by-products, sampled in sediment.

Summary of Major Findings 1
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resulted in fish-consumption ad~ ~,,,rw, for mercury m 49 rivers̄ Nitrate is the only nutrient that was detected in
and reservoirs in South Carol,n, significant concentrations in ground water, and it

¯ Organochlorine pesticides were detected lrequently in bed exceeded drinking-water standards in almost one-half

sediment and tissue. Most of these compounds have been of the shallow monitoring wells in agricultural areas.

discontinued for use for many years but continue to be detected Although this finding indicates significant

because they are persistent in the environment. A derivative of contamination of shallow ground water, most

DDT was detected at concentrations exceeding aquatic-life drinking-water wells are located in deeper aquifers.

standards in sediment at three agricultural sites. Nitrate in the Piedmont and Sandhills aquifers was
elevated above natural concentrations but exceeded

¯ Volatile organic compounds (VOCs) known to occur in the aqui-standards in only two wells. The Floridan aquifer,
fer adjacent to Gills Creek, an urban stream in Columbia. S.C..which is protected for the most part by confining units
were frequently detected in the creek as well. Although no exist- in the study area, had relatively low concentrations of
ing Federal or State drinking-water standards or aquatic guide- nitrate.
lines were exceeded, this finding is consistent with the

¯ Radon, a naturally occurring radioactive gas, wasimportant influence of ground-water quality on stream-water
quality, detected in almost all wells sampled in drinking-water

aquifers. Over one-half of the wells had
¯ Bacteria levels frequently exceeded South Carolina standards forconcentrations that exceeded proposed Federal

contact recreation in streams in forested, urban, and agricultural drinking-water standards. Most of the wells with
areas. Standards were exceeded more frequently in small radon concentrations that exceeded the proposed
streams than in large rivers, standard are located in the Piedmont aquifer.

¯ Biological communities in urban and agricultural streams had ¯ VOCs were detected in 27 of 30 monitoring wells in
fewer species of fish and invertebrates that can tolerate contami-an urban setting. Most compounds were detected at
nation than forested and mixed land-use streams. This suggests extremely low levels: however, the concentrations of
that contaminants resulting from these land uses affect the natu- trichloroethylene, a solvent, and methyl tert-butyl
ral communities that live in these areas, although factors such as ether, a gasoline additive, were above a drinking-
habitat alteration can cause similar changes in biological com- water standard and an advisory level, respectively, in
munities, one well each. Thirteen of the 35 compounds detected

do not have drinking-water standards. VOCs in
Ground-Water Highlights drinking-water supply aquifers were detected

Ground water in the Santee Basin generally meets exist- throughout the Santee Basin, but no concentrations
exceeded drinking-water standards.ing Federal and State standards for drinking water except

with respect to nitrate, which failed to meet the drinking- Selected Indicators of Ground-Water Quality
water standard in almost one-half of the shallow monitoring
wells sampled in agricultural areas, and radon, which did Shallow Ground Water Water-Supply Aquifer

not meet proposed standards in about one-half the drinking- Urban Agricultural Piedmont Sandhills Floridan

water wells sampled basinwide. Pesticides were detected Pesticides .....
frequently in urban, agricultural, and drinking-water supply
wells, but only two samples exceeded drinking-water stan- Nitrate2
dards. Many wells contained low concentrations of numer-
ous synthetic chemicals related to industry, household use, Rad°n~

and motor vehicles, and a few of these chemicals were at Volatile
levels above drinking-water standards, organics’

¯ Pesticides were detected in 17 of 90 wells sampled in drinking- ~ Percentage of samples with concentrations equal to orgreater than health-related nationa~ guidelines for drinking water

water supply aquifers. Of the 34 detected, only 2 pesticides Percentage of samples with concentrations less than
health-related national guidelines for drinl~ing water

exceeded drinking-water standards, but 11 of the detected
Percentage of samples with no detection

pesticides do not have standards. Most wells in agricultural and
urban areas contained at least one pesticide, but only two wells -- Not assessed

Insecticides. herbicides, and pestm=de me abol~tes, sampled ~n wa erin urban areas had concentrations that exceeded drinking-water
2Nitrate (as nitrogen), sampled in water.standards, a Rapon, sampled in water.

4 Solvents, refrigerants, fumigants, and gasoline compounds, sampled in water

2 Water Quality in the Santee River Basin and Coastal Drainages
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INTRODUCTION TO THE SANTEE RIVER BASIN AND COASTAL
DRAINAGES

The Santee River Basin and Most of the Coastal Plain is charac- Land Use and Water Quality
coastal drainages includes about terized by slow-moving, low-gradi- The Santee Basin has a rapidly
24,000 square miles in North and ent streams that commonly are growing population of about 3.5South Carolina. The Santee River bordered by extensive swamps million people. Most of the people
has the second largest drainage (Smock and Gilinsky, 1992). The live in the urban areas of Charlotte,
area in the Eastern United States, combination of slow-moving water N.C., and Greenville-Spartanburg,and its basin makes up 70 percent and large quantities of organic mat-

Columbia, and Charleston, S.C.of the study area. The basins of the ter in the swamps results in a char- (fig. I). The most common types ofCooper, Edisto, and numerous acteristically dark-colored water urban development are commercialsmaller rivers make up the remain- called "blackwater.’" Under natural and residential.tier of the study area.Throughout conditions, blackwater streams As urban areas develop,this report, the study area, includ- have low pH and contain low con- increased use of pesticides and fet-ing these smaller river basins, will centrations of dissolved oxygen, tilizers on lawns and landscapedbe collectively referred to as the These conditions can make the areas can lead to increased concen-"Santee Basin." stream particularly susceptible to trations of these chemicals in
water-quality degradation by the      ground and surface waters. Corn-

Physiography and Water contribution of oxygen-consuming mercial and residential use of sol-Quality chemicals in wastewater discharge vents and fuel products can resultThe rugged mountains of the or nonpoint contamination, in their introduction to ground andBlue Ridge physiographic province
are sparsely populated. Land-use
effects on water quality are mini-
mal because the area is largely
undeveloped. Consequently, the 3~,,~ ~3~,,
Blue Ridge has more pristine water

EXPLANATIONquality and intact stream ecosys-
~ URBAN OR BUILT-UPterns than other parts of the study AGRICULTURAL

area. ~:.’.) RANGELAND
The rolling hills and abundant ~ FORESTED

water resources of the Piedmont -~:" ::2.~’:~’~.’~, WATER
have attracted industrial develop- ~ WETLAND
Tent and human population ~ STUDY UNIT BOUNDARY
growth. Many of the areas experi-
encing urban growth are in the
Piedmont, near the headwaters of
rivers that supply drinking water 34°q ~-34"
and also receive treated waste
water. Since flows in these head-
water streams are smaller than they
are farther along the stream
courses, they have a limited capac-
ity to assimilate large quantities of ~3~-
wastewater and nonpoint-source

:HARLESTONinputs from the urban areas.
The flat-lying topography and

fertile soils of the Coastal Plain are
ideal for agricultural use. Develop- o 5o lOO MILES

Tent for shipping, industry, and ~,o 0 50 100 KILOMETERS

tourism is mostly limited to land Figure 1. Land use in the Santee Basin includes about 60 percent forested, 30

within a few miles of the coast, percent agricultural, and 6 percent urban lands.

Introduction to the Santee River Basin and Coastal Drainages 3
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surface water through accldc,’~:.?~ increased I]o~ s also can help to
spills or leaking storage tank, Ba,-dilute concentrations of chemicals
teria and nutrients can enter water in ground ~ a~er and surface water.
through leaking sewer lines, real- The distribution of rainfall in the

EXPLANATION
functioning septic tanks, and from Santee Basin is fairly uniform -~0- ~EO~u~
runoffof pet and waterfowl wastes, except for \er\. hi~h~ precipitation ~v~,a~ ~~C~T~O~

Although thoroughly regulated, in the Blue Ridge (South Carolina
discharges from wastewater treat- Water Resources Commission.
ment plants increase as population 1983: fig. 2/.
grows, increasing the loading of Seasonal variability of rainfall
nutrients to streams, also is important. Generally the

Agriculture is an important eco- highest concentrations of pesticides
nomic activity throughout the San- in streams occur when rainfall
tee Basin. Row crop agriculture is immediately follows pesticide Figure 2. Precipitation affects water
most common in the Coastal Plain, applications. Rainfall is highest in quality by producing runoff to streams

where corn, soybeans, and cotton spring and summer, typically when and infiltration to aquifers.

are the most common crops (South agricultural and residential lawn Water UseCarolina Agricultural Statistics pesticides are applied.
Service, 1999). Pasture for hay and Rainfall also is important Most of the 7 billion gallons of
for grazing cattle is typical of agri- because it contains nutrients and water used each day in the Santee
cultural land in the Piedmont. metals that contribute to concentra- Basin is surface water. (fig. 3).
These agricultural activines can tions of these compounds in sur- About 85 percent of this water is
result in elevated nutrient and pes- face water. Atmospheric deposition used in the production of electric-
ticide levels in streams and ground accounts for the majority of ammo- ity, and the remainder is used for
water from runoff or infiltration of nia and nitrate nitrogen in streams public water supplies, commercial
manure, fertilizer, or pesticides. (Maluk and others, 1998). A study and industrial uses, i~xigation of

Most of the land in the Santee also has suggested that mercury crops, and watering livestock.
Basin is forested. Forests range contamination in the Santee Basin Ground water accounts for only
from largely unaltered hardwoods results from atmospheric deposi- about 14 percent of total water use
in the Blue Ridge and mixed pine tion (Krabbenhoft and others, but is a very important resource.
and hardwood stands in the Pied- 1999). Private domestic wells are the only
mont to intensively managed pine
plantations and forested wetlands
in the Piedmont and Coastal Plain. EXPLANATION
Trees are commercially harvested ~ DOMESTIC SUPPLY
in all of these areas~ producing var- [---1 THERMOELECTRIC
iOUS levels of soil disturbance, ero- PUBLIC SUPPLY
sion, and increased sediment loads COMMERCIAL AND INDUSTRIAL
in the streams. IRRIGATION AND LIVESTOCK

Climate Conditions and
Water Quality

The major climatic factors
affecting water quality are seasonal
and areal distributions of precipita-
tion. The amount of rainfall affects (86 percent) (!4 percent)

water quality because areas with SURFACE-WATER USE IN 1995 GROUND-WATER USE IN 1995

higher rainfall generally have Figure 3. Most water used in the Santee Basin is supplied by surface water. Ground
greater runoff and more infiltration water is important because it is the major source of domestic water supply in rural
to ground water. However areas. Relative size of pie charts represents relative percentage water use.

4 Water Quality in the Santee River Basin and Coastal Drainages
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viable sources of water in areas not nutrient enriched, and cause algal Sandy soils typically are present in
served by public water supplies blooms. Occasionally. fishkills parts of the Coastal Plain and to a

result when the artificially large lesser degree in the Piedmont.
Flow Regulation, Impound- algal population dies and the dis- Deep aquifers also can be
ments, and Surface-Water solved oxygen, which is necessary susceptible to contamination.
Quality for fish survix el, is consumed dur- depending on their degree of

The regulation of flow in the ing the decaying process. Of 11 connection to the surface. The
Santee Basin has altered the histor- major lakes in the study area, 9 Piedmont, Sandhills, and Floridan
ical seasonal flow patterns in the contained areas with "excessive aquifers supply most of the ground
rivers. High peak flows and nutrients, extremely high produc- water in the Santee Basin (fig. 4).
extreme low flows downstream tivity" and were "susceptible to Ground water in the Piedmont
from major reservoirs generally are nuisance macrophyte ,growth and aquifer occurs in tYactures or
less common than they were prior algal blooms" ( Stecker and cracks in the hard crystalline
to construction of the reservoirs. Crocker, 1991 ). bedrock. In most areas, the bedrock
The alteration of flow primarily is overlain by clay soils of variable
affects the physical habitat of the Aquifer Characteristics and thickness. Sandhills aquifers are
rivers and also can affect stream Ground-Water Quality unconfined; that is, they have no
temperature. Populations of aquatic Shallow ground water (generally clay layer above them to inhibit the
organisms are altered due to less than 50 feet below land downward movement of
changed conditions in the streams surface) is vulnerable to contaminants to the aquifer. The
downstream from reservoirs. For contamination in much of the Floridan aquifer is confined toward
example, cold water discharged Santee Basin. Fertilizers, the coast but is uncenfined farther
from the bottom of Lake Murray pesticides, and spills or leaks of inland. Of the three aquifers, the
makes it possible for trout to sur- chemicals at or near the land Sandhills aquifer is the most
rive nearly 100 miles beyond their surface can move rapidly to the susceptible to contamination
normal range, water table. Areas with sandy soils because of its sandy soils and lack

Reservoirs are especially are particularly susceptible to of confinement. The Floridan
affected by stream chemistry contamination because these aquifer, near the coast, is the least
because they trap sediment and the coarse-grained soils allow rapid susceptible because it is confined.
phosphorus that attaches to the sed-transport and provide little
iment. This trapping process can opportunity for filtration or
cause lakes to become eutrophic, or    degradation of contaminants.

A

_ . , ./ . , ¯ " : ~ ¯ Sandhills a~uifers
, Piedmont aquifer -

EXPLANATION

~11 CONFINING UNIT

NOt to SCale

Figure 4. Aquifers sampled in the Santee Basin include the sudicial, Piedmont, Sandhills, and Floridan aquifers (modified from
Aucott and others, 1987). The Black Creek, Middendorf, and Cape Fear aquifers are not used much in the study area because of
the cost of drilling deep wells and poor water quality.
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MAJOR FINDINGS

Pesticides Commonly Were
Detected in Santee Basin
Streams ~.~., :

Thirty pesticides, including 22
herbicides and 8 insecticides, were
detected in streams in the Santee
Basin (Maluk and Kelley, 1998).
Of the 161 surface-water samples
collected. 141 contained at least
one pesticide. At least one pesti-
cide was detected at all of the sites,
including forested sites that have
little influence from humans. Insecticides were detected most frequently in urban streams,

Although detections were fre- such as Gills Creek in Columbia, S.C.

quent, concentrations tended to be
low, with no herbicides and only Urban Streams Contain More Insecticides were detected about
four insecticides and one metabo- Pesticides than Other Streams four times more frequently at urban
lite exceeding aquatic-life criteria. Pesticides were detected more stream sites than at agricultural
None of the pesticide concentra- frequently in urban streams than in stream sites, and aquatic-life crite-
tions exceeded drinking-water agricultural streams (fig. 5). The ria were exceeded in nine samples
standards. Thirteen of the 30 pesti- most commonly detected herbi- collected at urban sites and in three
cides detected do not have aquatic cides--simazine, prometon, atra- samples collected at agricultural
criteria and 7 do not have drinking- zine, and tebuthiuron--were sites. The insecticide diazinon was
water standards (U.S. Environmen- detected nearly twice as frequently detected only in urban streams,
tel Protection Agency, 1996). in water samples collected at urban whereas chlorpyrifos was detected

Herbicides were the most corn- sites than at agricultural sites. Con- frequently in both urban and agri-
monlv detected pesticides in versely, some herbicides such as cultural streams. This agrees with
streams. Atrazine, an herbicide metolachlor and alachlor were national findings in which insecti-
used on corn as well as turfgrasses detected almost exclusively at agri- cides were detected more fre-
and golf courses, was detected at cultural sites, quently in urban than in
the most sites, occurring at 11 of
the 13 sampling sites. Other fre-
quently detected herbicides were URBAN AGRICULTURAL10osimazine, metolachlor, and prome-
ton.Tebuthiuron, an herbicide that          ~

~ 80generally is used to control weeds           ~
on highway and railroad rights-of-          ~

~ 60 EXPLANATIONway, also was detected frequently. ~
Insecticides were detected much ~-~ I INSECTICIDES

less frequently than herbicides, 8 40 [!~ HERBICIDES
accounting for less than one-third #,
of the pesticides detected. Most ,,z,~ 20
insecticides detected are used on ~
agricultural and ornamental crops, o
lawns, livestock, and in homes and ~,~.4’~%0~" ~ ~ -+
gardens. Those most commonly ~£"~
detected included chlorpyrifos,
diazinon, malathion, and carbaryl. Figure 5. Pesticides, particularly insecticides, were detected more frequently in

urban streams than in agricultural streams.

6 Water Quality in the Santee River Basin and Coastal Drainages
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agricultural streams (U.S. Geologi-were observed during storms that 0.a0, .
cal Survey, 1999). followed applications.

These findings indicate that Understanding these patterns of
while agricultural activities con- occurrence is important because z
tribute pesticides to surface water,sampling programs need to be
concentrations are rarely high designed so that critical periods of
enough to affect aquatic life. Thehigh pesticide concentrations are
consequences of urban and subur-monitored. This information also
ban use of pesticides is much morecan be used by environmental man-
significant, with concentrations ofagers to assess risk associated with F ~ A ~ ~’ J A S O N DJ F
insecticides frequently at levels thatagricultural chemical use.
can affect aquatic life. Figure 6. Herbicide concentrations

Few Pesticides Were             generally peaked following spring
Pesticides Showed Seasonal Detected in Drinking-Water applications in Gills Creek, an urban

Patterns in Streams Supply Aquifers stream.

Some herbicides showed pat- Of the 90 drinking-water, indus- the other aquifers, as is illustrated
terns of occurrence that can be trial, and irrigation supply wells by the larger number of pesticides
related to seasonal applications andsampled in the Floridan, Piedmont, ¯detected and the higher detection
weather patterns. At Gills Creek, and Sandhills aquifers, 17 had frequency in the Sandhills aquifers
an urban stream, concentrations ofdetectable concentrations of pesti-than in the Piedmont and Floridan
herbicides, such as atrazine, cides: of those, only two wells hadaquifers (fig.7). In addition, the two
simazine, and tebuthiuron, peakedpesticide concentrations that wells that had pesticide concentra-
in the spring following applicationexceeded USEPA drinking-water tions exceeding USEPA drinking-
and gradually decreased over the standards (U.S. Environmental Pro-water standards were located in the
summer (fig. 6). Atrazine and tection Agency, 1996). Eleven of Sandhills aquifers. Drinking water
simazine followed a similar pat- the 34 pesticides detected in drink-obtained from the Piedmont and
tern at Cow Castle Creek. an agri- ing-water supply aquifers did not Floridan aquifers is probably
cultural stream, with the additionhave water-quality standards, unlikely to contain pesticides at
of a second peak in early fall. The The Sandhills aquifers are moreharmful levels: however, the high
highest concentrations at all sitessusceptible to contamination thanrate of detection and large number

of pesticides detected in the San-
dhills aquifers are a cause for con-
CelTl.

,~, 30[

m 20

~ ~5

m 5 2
~ i    NONE i

DETECTEDz 0

Flonclan Piedmont    Sandhills

AQUIFERS SAMPLED

Figure 7. The large number of pesti-

Ground-water samples are pumped directly into a mobile laboratory for process- cides detected in the Sandhills aquifers
ing samples and conducting field analyses, illustrates its relatively high susceptibili-

ty to contamination.
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The differences in the rate and Pesticides were detected in
number of detections in the aqm- ground water in urban areas about
fers may be related to differences twice as frequently as in agricul-
in aquifer properties. The Sandhills tural areas (fig. 8). Some pesticides ~_4o
are largely composed of layers of detected in urban and agricultural

ua ~u 30t-coarse and fine sand with various ground water were the same,
quantities of clay. No continuous although insecticides were detected
confining unit or soil layer overlies more frequently in urban ground ~ ~ |

the aquifer to impede the move- water. This was similar to national
ment of contaminants into ground NAWQA findings. The insecticide~ URBAN AGRICULTURAL

water. At the other extreme, the most frequently detected at urban Figure 8. Pesticides were detected
Floridan aquifer has an overlying sites was dieldrin. Although its more frequently at urban ground-water
clay confining layer that impedes agricultural use was canceled in the sites than at agricultural sites.

vertical movement of contami- mid-1970s, dieldrin (and aldrin, Organochlorine Pesticides
nants throughout much of its extent which breaks down to dieldrin) was Were Detected in Bed
(Aucott and others, 1987). The used for termite control until the Sediment and Tissues
Piedmont aquifer has an overlying mid-1980s and is a persistent corn-
layer of weathered bedrock that pound (Barbash and Resek, 1996). Fourteen pesticides were
contains abundant clay. The thick- Dieldrin was also the most corn- detected in streambed-sediment

ness of this unit is highly variable, inertly detected pesticide in urban samples, and 21 of 24 sites sam-
but generally it impedes rapid verti- ground water nationally (U.S. Gee- pled had at least one detectable
cal movement of contaminants logical Survey, 1999). pesticide. All of the pesticides
from land surface to ground water, detected in sediment were

organochlorine insecticides, such
Pesticides Were Common in as chlordane, dieldrin, mirex, and
Shallow Ground Water in DDT and its derivatives. Many of
Urban and Agricultural Areas these compounds had their agricul-

Pesticides were detected in 24 of rural uses cancelled more than 20
30 shallow wells in urban areas and years ago, yet they still appear in
in 22 of 30 wells in agricultural sediment samples. The reason for
areas (Reuber, 1999). Dieldrin con- this is because the compounds are
centrations exceeded drinking- persistent, or are highly resistant to
water standards in four urban chemical breakdown.
wells: however, the wells sampled Of the compounds detected, only
were installed for monitoring pur- DDE, a breakdown product of
poses only and are not drinking- DDT, exceeded guidelines for the
water supply wells. Dieldrin also protection of aquatic life. The
exceeded aquatic-life standards in guidelines were exceeded at three
these four urban wells, and tebuthi- sites, all of which are in basins with
uron concentrations exceeded a high percentage of agricultural
aquatic-life standards in one agri- land. In addition, DDT concentra-
cultural well. Generally, ground- tions were only slightly below the
water concentrations are not com- aquatic guidelines at several sites.
pared to aquatic-life standards; Comparisons of land use to con-
however, these concentrations can centrations of organochlorine pesti-
be of concern because shallow cides generally did not show strong
ground water can discharge to Shallow wells for the urban ground-water relations, primarily because these
streams, elevating the pesticide study were installed by the U.S. Geologi- insecticides were used in both
concentrations in surface water, cal Survey with assistance from the urban and agricultural settings

South Carolina Geological Survey. (fig. 9). The only prominent rela-
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’,°, ~ 25 ~-

,~o=~5~ ~ ’ 0 ~ The most common pesticides detected in the Santee Basin included atrazine,
o
~ ~ ~o ~ 8 simazine, tebuth~uron, prometon, and metolachlor. These pesticides were among

~ ¯ the top 1 t pest,ciOes detected nationally. Consistent with national findings,~- ¯ O~
~ ~ ¯ ¯ ¯ ~ herbicides were the most common type of pesticide detected in streams and
~ -= ....... o u .... ,g.oo, .........o aquifers in agncultural areas in the Santee Basin, whereas insecticides were

LAND-USE SETTING IN STREAM BASINS more prevalent ~n urban areas. Overall, streams and aquifers that integrate
Figure 9. Bed sediment in forested set- different land uses had lower concentrations of pesticides than those that are
tings has significantly lower total orga- dominated by either agricultural or urban land uses. Detections of pesticides in
nochlorine pesticide concentrations mixed land-use streams in the Santee Basin overall were much less frequent
than bed sediment in other land-use than national detections. The most striking differences between nationat and
settings. Santee Basin findings are the more frequent detections of alachlor, diazinon, and

metolachlor in agricultural streams, simazine in agricultural and urban streams,
tion is the uniformly low levels of and tebuthiuron in all land-use settings in the Santee Basin. The greater detection
these pesticides detected at forested frequency does not appear to result from higher use of these compounds in the
sites where these chemicals were Santee Basin.
less likely to be used.

The same pesticides detected in ~oo USE
sediments were also in clam and 80 INSECTICIDES
fish tissues. Concentrations mea-
sured were generally much higher 60
in tissue than in sediment: however, EXPLANATION

40
a direct comparison of these con-

STREAMScentrations may’ not be valid 20
because of potential differences in ~_ ~ NATIONAL

z 0 ~ SANTEE BASINexposure rates of sediment and
~ ~0o

fish, differences in uptake by sedi- ~: URBAN LAND USE
ment organic carbon and tissue, o_

80 -INSECTICIDES HERBICIDES GROUND WATER
and partitioning in fish tissue. ~.- [~ NATIONAL

~ 60::. [] SANTEE BASIN
uJ

~ 40
uJ
CCLL 20Z
o
~- o
~ 100ua MIXED LAND USE

80 _INSECTICIDES HERBICIDES

DDT, can be found in streambed ’J O" " ’~ v 0~ ~..2.x.O~ q-,
sediment and can accumulate in .,x’,~ /.,,<,, ~,~,-

,,.,-v
tissues of fish, such as this carp.
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Phosphorus Concentrations streams that do not directly dis-
in Streams Frequently charge to reservoirs (U.S. Environ-
Exceeded USEPA Goals mental Protection Agency, 1986).

The purpose of this goal is to pre-Nutrients measured in streams in vent excessive plant growth in
the Santee Basin, such as ammonia,streams. Indian Creek, N.C., Con-
nitrite, nitrate, phosphate, and
orthophosphate, were elevated garee River. and Brushy Creek do

above background concentrations
not meet this goal based on mean

in areas affected by agricultural
annual concentrations (fig. 10).

and urban runoff. Of these nutri- Only two of the streams sampled The Congaree River is one of several
did not have at least one sample      rivers in the Santee Basin that exceed-ents, the only one governed by a above the goal. These were Jacob     ed the U.S. Environmental Protectiondrinking-water standard is nitrite- Fork River and McTier Creek, both    Agency goal for phosphorus.

plus-nitrate nitrogen (hereinafter of which drain forested watersheds.
referred to as nitrate) because it is The remaining streams had per- Although 34 of the 90 sites showed
the only nutrient that directly
affects human health. None of the centages of individual samples that decreasing trends in phosphorus

surface-water samples had concen- exceeded the goal, ranging from 4 concentrations, 53 showed no

trations of nitrate that were above to 96 percent, trend, and 3 had increasing trends.

the drinking-water standard of An analysis of nutrient data col-

10 milligrams per liter (rag/L) lected by State monitoring agenciesAgricultura! Runoff and Industrial .

(U.S. Environmental Protection during 1973-93 (Maluk and others, Discharges are Sources of

Agency, 1996). 1998) shcwed that all but 3 of 90 Nutrients in Surface Water

Phosphorus concentrations were stream and lake sites exceeded the For all the streams in the stud},

above the USEPA goal in several applicable phosphorus goal at leastunit, except in the South Fork

rivers in the Santee Basin. For once, and 23 sites had median con-Catawba River, there is a strong
centrations that exceeded the goal.    relation between orthophosphateexample, the flow-weighted mean

annual concentration of total phos-
phorus in the South Fork Catawba
River is about four times higher ~< o.35o
than the USEPA goal for streams
entering a reservoir (U.S. Environ- zO ~_cu0.30 -

O.-~mental Protection Agency, 1986) _ ~:
(fig. 10). This is important because ~: a. o.2s -

I--co
many of the reservoirs in the San- z 2N u.s. Environmental Protection Agency

tee Basin are eutrophic: that is, ~ n’< Phosph .... Goal For Waters Entering --

they have high levels of nutrients ~ ~j
0.20 -- Rese .....

that can result in excessive growth g ~ 0,15 -- U.S Enviro ....lal Protection Agency    --
/Phosphorus Goal For Waters Not Enteringof algae (Stecker and Crocker,

~ ~ /~eser~o,r~
1991). Much of the phosphorus and ~_ ~: 0.~0

O
nitrogen that feeds the algae is car- ~ ~
ried into the reservoirs by major ~: ~ 0.05 - -
rivers. The South Fork Catawba ~ o_
River flows into Lake Wylie ~_ o -- ~ ~ ~,,~o --directly downstream of the sam-
piing site and is the only stream
sampled that enters directly into a
reservoir.

Figure 10. Three streams in the Santee Basin frequently exceeded the O.S. Environ-
The USEPA also has a goal of mental Protection Agency goal for phosphorus in surface waters not entering reser-

0. l mg/L total phosphorus for voirs, and one exceeded the goal for waters entering reservoirs.
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(the predominant form of dissolved o o8--- centrations of nitrate than wells in
phosphorus in streams) ~ 007 so ....o.~/" agricultural lands and were lower

; =_ oo8- than the national NAWQA medianconcentrations and the percentage_-- _-
= O05-of agricultural land in the basins ~ = ¯ for urban land use.

sampled (fig. 11). This relation ~ 0o~.-
= ~ Nitrate concentrations measured
g ~ 003 - ¯

most likely results from the runoff ~ -- 0.02          ¯ in the three drinking-water supply
of phosphate-containing chemical ~ ~ 001¯ ¯ " aquifers sampled in the Santee
fertilizer and manure from ~           {0~ 10 ~0 ao ae ~0 80 ~0 ~0Basin were variable. The Pied-
agricultural lands. The relation PERCENTAGE ©g AGRIC .........NC ’N STREAM BASIN mont had the highest nitrate con-
generally is not influenced by Figure 11. The concentration of ortho- centrations, followed by the
municipal waste-water dischargesphosphate in streams is directly related Sandhills and Floridan aquifers
because phosphate-containing

to the percentage of agricultural land in
the stream basin except for the South (fig. 13). Only two wells exceeded

deter£ents~ have been banned for Fork Catawba River. the drinkino-watere standard for
domestic use in the Santee Basin nitrate, one each in the Piedmont
since the late 1990s (Litke, 1999).wells that exceeded the standard and Sandhills aquifers. With the

The South Fork Catawba River were located in the shallow aquifer exception of these two wells, most
has much higher concentrations of beneath agricultural land in the concentrations measured were well
orthophosphate than would be pre- Coastal Plain. In fact, wells in the within the standard. One of the
dicted from the amount of agricul- agricultural land-use study had the wells with a concentration above
rural land in the basin (fig. 11). highest concentrations of nitrate the standard was an irrigation well
This may result from a lack of a overall, with concentrations up to located in the middle of a corn and
phosphorus ban on industrial users. 23 mg/L and a median concentra- soybean field: the other was adja-
The South Fork Catawba River tion about double the national cent to a golf course. These results
Basin contains a large concentra- NAWQA median for agricultural suggest that most wells in these
tion of industries that use phos- land use (fig. 12). Although the three aquifers are safe from high
phate detergents, which are a shallow aquifer generally is not levels of nitrate, but some concern
potential source for the high ortho- used for drinking-water supplies, is justified for wells located near
phosphate levels in the South Fork the potential for movement of areas with high fertilizer use.
Catawba River (Lindsey and nitrate-enriched water to deeper The higher nitrate concentrations
Lewis, 1994). aquifers used for water supply is a in the Piedmont and Sandhills aqui-

cause for concern. Wells beneath fers are related to the lack of con-Water-Supply Aquifers urban land had lower median con-
Rarely Exceeded Drinking-
Water Standards for Nitrate ~ 6,

With the exception of nitrate,
~ ~ 5 -’most nutrient concentrations in

ground water in the Santee Basin
~ ~ ¯ SANTEE BASIN

were low. This is fairly typical of ~ ~ 4 -
ground water in which most forms o ~ ¯ NATIONAL

Z~O...aof nitrogen and phosphorus are o ~ 3 -
negligible (Nolan and Stoner. ~ -Z
2000).

Nitrate concentrations exceeded
the USEPA (1996) drinking-water _
standard of 10 mg/L in 14 of the
150 wells sampled. Drinking water ~ =o

o
containin~ concentrations of nitrate

~ AGRICULTURAL URBAN LAND MAJOR
~ LAND USE USE AQUIFERS

above the standard can result in
methemoglobinemia, a life-threat- Figure 12. Nitrate concentrations in shallow ground water in

agricultural areas were higher than those in urban areas and inening illness. All but two of the major aquifers.
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~ o.8, Nitrate in Ground Water Can Affect all locations where ground water
~.~ -: 0~’ - Nitrate Concentrations in Streams discharges to Cow Castle Creek.
,q ~ 06; ! Local conditions can strongly This is evidenced by the high con-

~ o.6- J affect the nitrogen concentrations centrations of nitrate measured in
z° 9, 0.4 ~ in ground water and how much Cow Castle Creek during low flow
~ ~ 0.3 ~ , nitrate discharges from ground when most streamflow is attributed
z-z
<__~ 02-
~ ,7 water to surface water. A study of to ground-water discharge.
~_ ~= o ~ ~ , the transport of nitrate in groundz o

,--,~- ,,+’i;~- ,,~,o~,~, ,~,÷
water was conducted at an agricul-

~,,,o~,¢\~÷~.,~,~"~o,~" ÷~L~o" tural site adjacent to Cow Castle
Creek, S.C. (fig. 14). At this site,

Figure ~3. The Piedmont and Sandhillsground water beneath a corn field
aquiters had higher median nitrate con-had concentrations of nitrate more
centrations than the gloridan aquifer, than 28 mg!L, nearly three times

finement for these aquifers, which the drinking-water standard. Along

readily allows the downward the ground-water flow path, nitrate
movement of surficial contami- concentrations decreased to less

nants. Water in these aquifers often than 5 mg/L.

has high dissolved oxygen concen- Directly below the streambed,
trations, which prevents denitrifi- nitrate concentrations were above

cation (the removal of nitrate by 4 mg/L. However, as ground water
conversion to nitrogen gas). By moves upward to the stream, it

comparison, the Floridan aquifer passes through an organic-rich
has the lowest nitrate concentra- zone containing little dissolved

tions because it is confined, mean- oxygen. Denitrification occurring Water levels were measured simulta-
neously in Cow Castle Creek and at

ing little water moves vertically in this zone results in water with a multiple depths in the aquifer below
into the aquifer, and it has little dis-nitrate concentration of only the creek. Under most streamflow
solved oxygen, a condition which 0.4 mg/L. conditions, water from the aquifer was

can promote denitrification. Denitrification may not always moving upward into the creek.
be effective in removing nitrate at

Corn field

150                              Hay field        Pines                                          150

~ 140
140~ Cow Castle/

z ~ Creek
-- 130 \ 130

£ ~20                                                              ~20

110                                                               ~110
Santee Limestone        Datum i$ sea level

100 I                                                                      ve,~i~a~ .~.le ,~ ~,.~,~ e~a~g~,~o i 100

o 2oo 4~ ~oo a~ ~.ooo~eE~
EXP~NATION ’ ’ , ’ ’ .’

100 2~0 300 METERS0

~.4WELL; NUMBERS INDICATE ~ NITRATE CONCENTRATION LESS
~ ~ NITRATE CONCENTRATIONS, ~’~ THAN 10 MILLIGRAMS PER LITERo 7 IN MILLIGRAMS PER LITER - NITRATE CONCENTRATION GREATER

.-- THAN 10 MILLIGRAMS PER LITER
~ DIRECTION OF GROUND-

WATER FLOW

Figure 14. Concentrations of nitrate are reduced through denitrification as ground water flows to Cow Castle Creek. Typical wells
used for water supply in this area are greater than 100 feet deep. Nitrate concentrations at that depth generally are not above
drinking-water standards.
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Six of the 12 streams sampled in the Santee Basin TOTAL PHOSPHORUS IN STREAMS
had average concentrations of total phosphorus that

~
Agricultural Areas

were within the medium concentration range of all
streams sampled in the NAWQA Program. The
exceptions were an agricultural area drained by
Indian Creek in North Carolina, which ranked high ~ .~, "
nationally, and two mixed land-use streams, which
were in the lowest category for phosphorus.
Nationally, higher concentrations of phosphorus
corresponded to areas of the Midwest that also had -
high inputs of phosphorus from fertilizer and manure
that were applied to agricultural lands. Phosphorus
inputs from agriculture in the Santee Basin were .... J~,=’, . ~_ -~-’~ .....~’~
typically in the low to middle range. The two mixed _
land-use sites that had the lowest phosphorus
concentrations compared to national results were
located on the Saluda and Edisto Rivers. The ,~ ;~

Urban Areas

Saluda River site is located downstream from a ’~

major reservoir that traps much of the phosphorus ...- ~:. . ~ -~. ,
carried into the system. The Edisto River is located
in the Coastal Plain and mostly drains forested and
agricultural lands. Extensive wetlands border the
Edisto River and may act as local traps for
phosphorus attached to sediment.

EXPLANATION

AVERAGE ANNUAL CONCENTRATION
OF TOTAL PHOSPHORUS-IN
MILLIGRAMS PER LITER
¯ Highest (greater than 0.27) ,.~t~ ~.. Mixed Land-Use Areas
¯ Medium (0.05 to 0.27)
- Lowest (less than 0.05)

BACKGROUND CONCENTRATIONS ¯
o Bold outline indicates median values greater than ~.~

USEPA desired goal of 0.1 milligrams per liter for
prevention of nuisance plant growth in flowing waters ~.~ ~-- ’
not discharging directly to lakes and impoundments ¯

AVERAGE ANNUALTOTAL PHOSPHORUS INPUT-
IN POUNDS PER ACRE, BY COUNTY, FOR 1995-98. ~,~!’~-~-%-~ SANTEE BASININPUTS ARE FROM FERTILIZER AND MANURE
~ Greater than 5 pounds per acre ~ ~,¯ ’

Less than 2 pounds per acre
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Bed Sediment Had Low
Concentrations of Trace
Elements

Trace elements in bed sediment
were detected frequently but
mostly at concentrations below Mercury is a w~despread and extremely toxic contaminant that affects the Nation’s

those expected to affect aquatic life aquatic ecosystems. Approximately 80 percent of the fish consumption advisories
in the Nation were ~ssued as a result of contamination by mercury (U.S. Environ-

(Canadian Council of Ministers of mental Protection Agency, 1998). Methylmercury is the form of mercury that is
the Environment, 1995). Arsenic easily accumulated in the tissues of organisms. As part of the NAWQA Program, a
and lead exceeded aquatic stan- nationwide investigation of methylmercury in water, sediment, and fish tissues was
dards in one sample each. and conducted (Krabbenhoft and others, 1999). Analysis of samples collected in the
chromium exceeded standards in Santee Basin indicated that they had the greatest methylation efficiency (the ratio
four samples. The samples with of methylmercury to total mercury) in the Nation. In other words, conditions at the
elevated chromium concentrations sites sampled in the Santee Basin are such that a relatively small amount of ele-
were not associated with any par- mental mercury in water can result in high concentrations of methylmercury being
ticular land use; however, most of available for accumulation in fish tissue. The types of sites sampled were primarily

these samples were collected at blackwater streams, which typically have large amounts of dissolved organic car-

sites in the Piedmont. This suggestsbon and low dissolved oxygen concentrations. The bacteria that convert elemental

that the elevated concentrations mercury to methylmercury thrive under these conditions. Many of the streams that
are covered by State fish-consumption advisories are blackwater streams¯may be naturally occurring as a

result of geologic conditions in the
Piedmont.

Regional differences in bed sedi- NAWQA STUDY AREAS SAMPLED FOR THE NATIONAL PILOT
ment trace-metal concentrations STUDY OF MERCURY CONTAMINATION

were observed in the study area. In GREAT SALT LAKE BASINS
general, a decrease in the bed-sedi- LOWER TENNESSEE RIVER BASIN
inert concentrations of arsenic, OAHU ISLAND
chromium, copper, nickel, and zinc SACRAMENTO BASIN
occurs from the Blue Ridge south- TRINITY RIVER BASIN
eastward across the Piedmont to ALLEGHENY AND MONONGAHELA BASINS
the Coastal Plain. In the same MOBILE RIVER AND TRIBUTARIES

direction, an increase in the bed- NORTHERN ROCKIES INTERMONTANE BASINS "~

sediment concentrations of lead, NEVADA BASIN AND RANGE _~

mercury, and selenium occurs. COOK INLET BASIN
These differences are likely a result DELAWARE RIVER BASIN

of geologic differences among the GREAT AND LITTLE MIAMI RIVER BASINS

areas (Abrahamsen, 1999). UPPER COLORADO BASIN

A comparison of land use with YELLOWSTONE RIVER BASIN
ACADIA-PONTCHARTRAINbed sediment trace-element con-

centrations indicates that lead is SANTA ANA RIVER
LONG ISLAND AND NEW JERSEY COASTAL DRAINAGES

significantly higher in sediment
UPPER ILLINOIS RIVER BASIN

from urban streams than in sedi-
NEW ENGLAND COASTAL BASINS

ment from forested streams. SOUTH FLORIDA
Neither agricultural nor mixed SANTEE BASIN
land-use streams had significantly
higher concentrations of lead than

0    0.02 0.04 006 008 0.10 012forested streams (Abrahamsen,¯ AVERAGE METHYLMERCURY TO TOTAL1999). MERCURY RATIO FOR WATER AND SEDIMENT
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Trace Elements Accumulated health risk. Consumption adviso- because of high levels of mercury.
in Clam Tissue and Fish ries generally are not applied to in 49 rivers and reservoirs in the
Livers clams because few humans con- Santee Basin, including the Edisto

Trace metals are naturally sume them. The South Carolina River.

occurring and were detected in all Department of Health and Environ-

fish liver and clam tissue samples mental Control !2000) has issued

collected. Nine trace elements fish-consumplion advisories

(arsenic. cadmium, chromium.
copper, lead, mercury, nickel, sele-
nium. and zinc) have been classi- _z Arsenic 4
fied as priority pollutants because ~ 4

C) 3 Cadmium
they are toxic to aquatic organisms 03 3
in low concentrations (Code of V-- 2 2
Federal Regulations, 1996). Of z
these nine metals, concentrations

z o oof cadmium, copper, selenium, and ,,,
zinc were higher in clams and fish
liver tissue than those measured in

150sediment. Carp liver tissue con- ~ ~ 50 Chromium Copper
rained significantly higher concen-

Z ~ 40 100
trations of these metals than those 03 o 30~--_Jin clams and bed sediment, indica[- z E 5o,,,
ing that the metals accumulate in
fish livers. Concentrations of ~ a_ ’ , 0
arsenic, chromium, lead, and ,,, :~ 4o

10[O ~ 35nickel were significantly lower in rr¢D 30tissues than in sediment, suggest- ~ O Leadu_ rr" 25
ing that these metals do not accu- o _. 6[ Selenium
mulate in tissues (fig. 15). _o 4
Concentrations of mercury were

2higher in clam tissue than in sedi- ~: s
ment and fish livers. Although data ’"O o 0

30suggest that some metals accumu- o
late in tissues, most metals do not 0 25 50o
have criteria for assessing risk to < Nickel

~ 20 400 Zinc
human health or aquatic wildlife

300associated with fish consumption.
Concentrations of mercury in 10 ao0

clams and fish liver tissue from the loo
Edisto River were 24 and 8 times 0
greater, respectively, than the
South Carolina action level for
issuance of a fish-consumption ,,,-

advisory. Data collected in the
NAWQA Program cannot be used
to assess potential risk to human Figure 15. Cadmium, copper, selenium, and zinc were detected at higher concentrations
health because fish livers were in clam and fish tissue than in sediment, suggesting that they accumulate in the tissues.

Conversely, arsenic, chromium, lead, and nickel were detected in lower concentrations in
used for analyses, whereas ~sb fi]- tissues than in sediment, indicating that these metals do not accumulate in the tissues.lets are needed to assess human-
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Radon Exceeded Proposed
Standards in Many Wells ’~" EXPLANAT,ON

Ninety-six percent of the 90 AQUIFERS

wells sampled in drinking-water
~ Blue R,dge

supply aquifers of the Santee Basin
:. P,e~mont

contained measurable quantities of F~or,dao
radon, a colorless, odorless gas that
can cause cancer in humans. The

~ ......
n~,.,~ -_ ~2" ,@’k_". _

RADON CONCENTRATION

gas results from the radioactive " .... ~_-.~ /~ . --~
~

oerLeSSmerthan 300 c cocur es
¯ ~"          ~ Greater than 300 PUt lessdecay of uranium in rocks and soil -a ~ , .... 4000 ...............ter

and can enter homes directly from ~, ~’:~ :’ ~ ..... - ¯
" -’2"~’i;~"~r~ " C ~ ~b~" ~

¯ Greater than 4.000

the soil or in drinkin~ water sup .... ~,    ,,,~,., o ul~’" ..
p .................

plied by, wells. Radon is a health .,, ~     i~%
risk through direct inhalation of the ~          ,.~. - _ -
gas and from drinking water con- ~ _ ¯
taminated with radon.

Of the 90 wells sampled, radon
exceeded the USEPA’s (1999) pro- ¯
posed maximum contaminant level *
(MCL) of 300 picocuries per liter
(pCi/L) ¯ ...... 0    ~o~sin 100.47. and 17 percent ’~ ........... o~s
of the wells in the Piedmont.
Sandhills. and Floridan aquifers.
respectively (fig. 16). For wells not Figure 16. Radon concentrations were highest in the Piedmont and

Sandhills aquifers, resulting from naturally high levels of uranium inmeeting the MCL. the USEPA has near-surface rocks and sediment.
proposed an Alternative Maximum
Contaminant Level (AMCL) of AMCL, the State or local water
4.000 pCi/L. To comply with the utility must develop indoor air

radon-reduction programs and
reduce radon levels in drinking
water to 4,000 pCi/L. Of the wells
that were sampled in the Piedmont,
Sandhills, and Floridan aquifers. 20

Radon concentrations in the Santee Basin were among the highest measured in percent, zero percent, and less than
the Nation. These high concentrations result from radioactive decay of naturally 1 percent, respectively, exceeded
occurring minerals in the soil and rock that underlie the study area and composethe proposed AMCL.
the aquifer in the Piedmont pan of the study area. The Piedmont metamorphic Wells in the Piedmont had much
rocks are present in many eastern coastal States and probably account for the hi~her concentrations of radon, onhigh radon concentrations observed in Study Units located in those States.

average, than wells sampled in the

~ Sandhills and Floridan aquifers
~ ~<-~ (fig. 16). This results from the

greater relative abundance of min-

~7,~, "\’ r,~
" EXPLANATION erals containing uranium in the

",~’~’~
~ ....

"@~) RADON--222 IN GROUND WATER metamorphic rocks that compose
Z~ Z~" ex¢eed,ng: the Piedmont aquifer. The same

; ’-. ~oo ~c~/~ ,~ at ,east ~S ~er~eo, a~ samp~e~bedrock underlies the S andhills and~ ~ .~ ( / ao0 pc~ ,n a,,east ~S ~ .....t o~ sa~,p,e~
N~ ~’~ 300 pCi/L in less than 25 percent of samples Ploridan aquifers, but generally, at

?---~ depths ranging from several hun-

~̄ dred to several thousand feet.
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Volatile Organic Compounds tion in one well exceeded a drink- makes it difficult to attribute

Were Common in Urban ing-water advisory, detected compounds to particular

Ground Water Some of the most frequently homes or businesses, posing a
detected compounds included problem for scientists who seek to

All but 3 of 30 monitoring wells trichloromethane, chloromethane,    establish the relative importance ofinstalled in commercial and resi-
and bromodichloromethane. These    these sources and for regulatorsdential areas of Columbia, S.C.,

contained a variety of volatile compounds can result from the who seek to educate the public or

organic compounds (VOCs), a chlorination of drinking water and control the release of toxic sub-
can enter ground water by infiltra-    stances.group of chemicals that includes
tion from irrigation systems orgasoline additives, solvents, and from leaky water-supply lines.       Volatile Organic Compounds indisinfection by-products (Reuber,
Other VOCs that were detected       Streams Can Result from Ground-1999). Thirty-five such corn-
were solvents, such as TCE, tetra- Water Discharge and Urban Runoff

pounds were detected. Most wells
contained three or more VOCs, and chloroethene, and acetone. These Ten VOCs were detected in

one well contained 15 different compounds have commercial and seven monthly stream-water sam-

VOCs. industrial uses as degreasers and pies that were collected from Gills

Most of the VOC detections dry-cleaning solvents, but they are Creek, an urban stream in the

were at extremely low levels. The often used in households for simi- Columbia metropolitan area.

five VOCs detected with the high- lar purposes. The gasoline addi- MTBE, chloromethane, methyl-

est concentrations were methyl tives MTBE and TAME and the benzene, chlorobenzene, and ace-

tert-butyl ether (MTBE), trichloro- gasoline component benzene also tone were detected most frequently.
were detected in Columbia’s None of the VOCs detected in Gillsethene (TCE), acetone, tert-amyl

methyl ether (TAME), and trichlo- ground water. These compounds Creek were at concentrations
romethane. Of the 35 detected can enter ground water from leak- exceeding drinking-water or
VOCs, 21 have established drink- ing gasoline storage tanks, spills, aquatic-life standards. Six of the

and potentially through atmo- VOCs detected do not have stan-ing-water standards; of these, only
TCE exceeded the standard. Cur- spheric deposition (Lopes, 1998). dards.
rently there is no standard for The diffuse, nonpoint nature of VOCs have many sources,

MTBE. but the MTBE concentra- sources of VOCs in ground water including contaminated precipita-
tion, surface-water runoff, and
ground-water discharge. Though
the sources are diffuse and hard to
measure directly, inferences can be
made about the likely sources. For
example, samples collected in Gills
Creek while the water level was ris-
ing during a rainstorm indicate that
as streamflow increased, the con-
centration of acetone increased.
This suggests that the source of
acetone in the samples was from
contaminated precipitation or
stormwater runoff (Lopes and
others, 2000). If the acetone
resulted from continuously dis-
charging ground water, the concen-
tration would be expected to
decrease as dilution by, rainfall andShallow ground water in the Columbia, S.C., metropolitan area contains a

variety of volatile organic compounds, but mostly at low concentrations, runoff increased.
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Drinking-Water Aquifers Had about twice as many wells in the
Low Concentrations of Sandhills aquifers contain VOCs as
Volatile Organic Compounds those in the Floridan and Piedmont

Of the 90 wells sampled in the aquifers. The more frequent occur-
rence of VOCs in the SandhillsPiedmont. Sandhills, and Floridan

aquifers, 62 contained detectable aquifers probably relates to their
I~;~’!~]~-o concentrations of VOCs. All of the greater susceptibility to contamina-

~ ~ 28 compounds detected met tion.
--- ~ ;--’- ~ USEPA drinking-water standards; Data on VOCs in drinking-water

however, 19 of the compounds did aquifers indicate that although
these compounds are widespread,not have standards. The VOCs concentrations are sufficiently low

measured had widely ranging
that human health is not immedi-detection limits, making compari-

sons among compounds and aqui- ately at risk. However. the fact that
detections were so frequent sug-fers difficult. A subset of the

compounds having detection limits    gests that aquifers are susceptible
of 0.05 microgram per liter (gg/L)    to contamination and should be

carefully monitored.or lower was used to make compar-
isons. This comparison shows that

Stormwater samples for volatile organ-
ic compounds were collected by using
special samplers developed for the
NAWQA Program.                  Ground water affects the quality of surface water

Presently, surface water is used for most public water supplies in the
During the summer of 1996, 20 Columbia metropolitan area. However, the quality of these supplies is largely

different VOCs were detected at controlled by ground-water quality, especially during summer months. In
low concentrations in individual areas of the basin with sandy soils, such as the Sandhills, flow in streams is
samples collected at 16 surface- contributed mostly by discharge from ground water. Discharging ground
water sites scattered throughout the water transports contaminants, including VOCs, that can result in water-
Gills Creek Basin. The compounds quality problems in streams and lakes. Consequently, the health of aquatic
detected in the highest concentra- organisms and surface-water drinking supplies can be affected by the
tions included MTBE, 1,1-dichlo- chemical quality of shallow ground water discharged to streams and
roethene, trichloroethene, reservoirs. Several streams in the metropolitan area, including Penn Branch
methylbenzene, and 1,2-dibromo- and Jackson Creek, have high concentrations of nutrients and pesticides that
3-ch]oropropane--a]] solvents evidence suggests result from ground-water discharge (Maluk, 1999).
except for MTBE, which is a gaso-
line additive. Fifteen of the com-
pounds detected in surface water
also were present in the Columbia Flow
ground-water samples. This result direction
is not surprising because the sam-
ples were collected during low
streamflow conditions when the
ground-water contribution to Gills ~
Creek is greatest; consequently, Water tableVOCs from contaminated ground
water most likely would be ~
detected in stream samples. Shallow aquifer
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Urban and Agricultural The highcq bacterial concentra-
Streams Had High nons measured were at agricultural
Concentrations of Bactena sites, such a~ Co~v Castle Creek

and Indian Creek. N.C., which hadThirteen of 17 streams sampled
concentrations of 21.600 andfor fecal coliform bacteria had at

least one sample that exceeded the 12,000 col/l()() mE, respectively.
The highest concentrationsSouth Carolina single-sample

standard of 400 colonies per 100 observed in urban streams were

milliliters (cols/100 mE; South much lower--around 2,000 col/100

Carolina Department of Health and mL. Forested streams generally had Bacterial cultures were prepared and

Environmental Control, 1992). the lowest peak concentrations, counted in a mobile field laboratory
and in the USGS South Carolina Dis-

This standard was implemented to ranging from about 500 to 1,000 trict laboratory.
reduce the risk of gastrointestinal col/100 mL. Samples were col-

disorders that are associated with lected under all flow conditions, mi2. Because major rivers and
and higher concentrations as well small streams have similar sourcesrecreational contact with water

containing elevated levels of as standard exceedances tended to of bacteria, the most likely reason

bacteria. All concentrations occur at higher streamflows, for the differences in bacterial lev-

measured in this report were els is dilution by the larger flows in
Stream Size is Important the major rivers.compared to South Carolina

standards for ~onsistency: North All of the regularly monitored
Carolina does not recognize a small streams exceeded the South Sources of Bacteria

single-sample standard. Carolina single-sample standard A comparison of bacterial con-
Urban and agricultural streams for bacteria. Most large rivers did centrations to the physical and

had more concentrations of bacte- not exceed the standard during the chemical parameters of the water
ria that exceeded standards than period sampled, including the indicate that surface-water runoff
forested and mixed land-use Wateree, Saluda. Congaree. and accounts for much of the elevated
streams (fig. 17). Several creeks Edisto Rivers. The median bacte- fecal coliform concentrations
repeatedly had high concentrationsrial concentrations in streams with (Wilhelm and Maluk, 1998). Bacte-
of bacteria. For example, one of the drainage areas larger than 100 rial concentrations increased as
urban streams sampled, Brushy square miles (m~-) were signifi- streamflow, organic nitrogen,
Creek, exceeded the standard in 60cantly lower than those in streams organic carbon, phosphorus, and
percent of the samples collected, with drainage areas less than 100 suspended-sediment concentrations

increased. Because increases in

~ 5o [ these parameters usually result
~ from surface-water runoff, the
z~ mm 40 implication is that the increase in

~ z~ bacteria also resulted from runoff.

~ ~ 3o In agricultural areas, bacteria in
~ -~ runoff may result from applications

of manure to fields and from ani-
ta~ 20 mal holding and feeding areas.

~ ~ Urban sources include runoff from
z 10 lawns containing pet wastes, leak-
~ ing or failed septic tanks and sewer

0 lines~ and municipal or industrial
Forested Urban Agricullural MixeO discharges. Bacterial contamina-

LAND USE IN BASIN tion in forested areas most likely
Figure 17. Urban and agricultural streams had more concentrations results from fecal contamination by
of bacteria that exceeded South Carolina State standards than wildlife.
forested and mixed land-use streams.
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Biological Communities ~ o.o5z
Reflected Land-Use < rr ATRAZINE
Differences

Biological communities that                 z° ~ 0.04        AMMONIA                      -
inhabit streams in Santee Basin
agricultural and urban areas were ~ ~< 0.03_©
indicative of degraded water qual-
ity compared to those that inhabit Ez~ 0.02-
streams that drain forested areas. ~ _z

Fish that have a low tolerance for
contamination make up a smaller ~z ~ 0.01
percentage of the fish community
at agricultural and urban sites than 5 0

Forested Agricultural Urban Mixedat forested sites (fig. 18). This can
result because fish such as darters ~-4 w 35
and shiners that are sensitive to
contaminants do not thrive at ~0~’w30 ¯ EPT TAXA

curtdegraded sites. Other species such g- g 25 ¯ CONTAMINANT-INTOLERANT
as catfish, redbreast sunfish, and F~SH SPECIES
some minnows that are relatively ,,, < <- ~-<~ 20nxunaffected by’ contaminants will
take the place of the more sensitive ~ < ~: 15
fish. a-a-<z 10

Urban and agricultural streams ,,, o z
also had lower numbers of inverte- o

brate species that are intolerant of
contaminants than forested and ~ < ~_ 0
mixed land-use streams. This is Forested Agricultural Urban Mixed

evidenced by the lower numbers of Figure 18. Compared to forested sites, urban and agricultural sites
Ephemeroptera, Plecoptera, and have higher concentrations of atrazine and ammonia as well as lower
Trichoptera (EPT) taxa, a group of numbers of fish and invertebrates that are intolerant of contamination.

aquatic insects that are relatively
uses the presence or absence of aquatic habitats, can affect aquaticintolerant of contamination, at
EPT taxa as an indicator of aquatic community health in ways that areurban and agricultural sites. The

USEPA (Plafkin and others, 1989) community health, similar to those that result from
Water-quality constituents and changes in water quality. In addi-

contaminant-intolerant species are tion, sample sites were located in
related (fig. 18). Median concentra- several different physiographic
tions of ammonia, a nutrient asso- provinces, including the Blue
ciated with wastewater discharges. Ridge, Piedmont, and Coastal
and atrazine, an agricultural and Plain. Differences in species distri-
turfgrass herbicide, are highest at butions and habitat in these differ-
urban and agricultura! sites, corre- ent settings can make comparisons
sponding to low numbers of con- difficult to interpret. Most likely, a
taminant-intolerant fish and combination of water quality and
invertebrate species. This suggests habitat disturbance associated with
that these water-quality constitu- agricultural and urban land uses

Over 85 fish species were identified ents have an effect on the aquatic results in the observed differences
during ecological sampling in the community:however, other factors, in biological communities.Santee Basin. primarily those associated with
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Algal Siltation Index
Algal data collected in each of the

" NAWQA Study Units were combined
- -_ - "- ancl compareG to snow differences in

~ Z~-7 "-~ the percentage of species that are able
--~---------~’ ~,~ "~ ~ ~-~ to avoid burial by sediment ,Bahls and

-~--~_ .... others 1992~ High percentages of
these mobile algae are indicative of
siltation of benthic habitats. Two sites ~n

’---~-~- " " .~---    4"~--~-~ the Santee Basin were in the highest
~

,~r~,~ ~ 25-percent category. One of these sites
~ ~ ¯ -----~" ~ is the Edisto River. a ~31ackwater river

....
~

~--’~ ¯ "" that has low light penetration.The mgh
~"~--- ~ "~, Basin ranking at this site may result from IOW-

~,LG’~L SILTATION INDEX __ ~-~-~-" ~ light conditions that favor mobile algal
¯ ~nesl 25 oercenl" . _ _.,~

species. Other variables that can lower

¯ M~ddle 50 13ercenl ~1~ light levels in streams can affect this
~’ index. ~nctua~ng turbidity and forest

*H~gher values suggest a more degraded stream slte canopy closure.

Invertebrate Status Index
A multimetric index was developed to
compare invertebrate populations
nationally. The index is an average of
11 metrics that summarize changes in
richness, tolerance, trophic condition,
and dominance associated with water-
quality degradation. Only one site in the
Santee Basin, an urban stream, was
placed in the highest 25-percent
category. The remaining Santee Basin
sites were in the middle category,
except for Jacob Fork River and McTier
Creek, which were in the lowest
category. Both of these sites represent
the least degraded water quality in the
study area and were located in areas
with the least effects of human activity.
Nationally, urban and agricultural sites
tended to have the most degraded -" Middle 50 percenl

invertebrate communities according to kowesl 25 percem

this index. "Higher values suggest a more degraded stream s~te
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STUDY UNIT DESIGN

STREAM CHEMISTRY AND BIOLOGY

Fixed sites were sampled to examine differences in streamwater
quality due to the environmental setting, a combination of land use, EXPLANATION
geology, physiography, and climate. Intensive fixed sites were a ¯ FIXED SITE
subset of fixed sites that were sampled more frequently to deter- ¯INTENSlVE FIXED

SITE
mine the occurrence and seasonal variability of pesticides. Aquatic ¯ BED SEDIMENT AND
community structure, including algae, fish, and macroinvertebrates, TISSUE SITES

was studied at each fixed site to quantify the effects of water quality
on stream biota. Synoptic studies focused on low streamflow condi-
tions ill an urban setting in Gills Creek, S.C., and a mixed land-use
setting in the South Fork Catawba River Basin, N.C. Streambed
sediments and fish and clam tissues were sampled to determine the
occurrence and distribution of trace elements and organic corn- --~ .
pounds..... ’.

EXPLANATION                                      0      50 KILOMETERS

AQUIFERS
m Blue Ridge
¯ a,,,~ Piedmont

Sandhills
Ftoridan
SUBUNIT SURVEY
WELLS

¯ URBAN[AND-USE GROUND-WATER CHEMISTRYWELLS
¯ AGRICULTURALusE WELLS LAND-Subunit surveys were conducted in three drinking-water
~’ FLOW-PATH STUDY supply aquifers to assess overall water quality. Land-useSITE

studies in urban and agricultural settings evaluated the
effects of these land uses on shallow ground water. An
agricultural flow-path study examined the transport and
fate of nutrients and pesticides in shallow ground water.

50 MILES
~o K,~dME~ERS

EXPLANATION

¯ FORESTED WETLAND
INITIATIVE

¯ CONGAREE SWAMP
NATIONAL MONUMENT

¯ EDISTO RIVER

SPECIAL STUDIES MERCURY STUDY

The effects of a forested wetland on nutrient concentrations in
stream water were studied as part of the Forested Wetland Initiative,
a joint research project with the U.S. Forest Service. Baseline data
on water quality and aquatic communities were collected in cooper-
ation with the National Park Service at Congaree Swamp National
Monument (Maluk and Abrahamsen, 1999). A study to determine
the accumulation of mercury in fish tissues was conducted in the
Edisto River Basin. ~,~,.~

~ 50 MILES
0 50 KILOMETERS
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SUMMARY OF DATA COLLECTION IN THE SANTEE RIVER BASIN AND COASTAL DRAINAGES, 1995-98

Study Number of Sampling frequency
component

What data were collected and why Types of sites sampled
sites and period

Stream Chemistry and Biology
Fixed sites      Streamflow was measured continuously and samples were Streams draining basins ranging in size                    Monthly, plus 3-6 storms

collected monthly for major ions, numents, orgamc car- from 14 to 7,850 square miles and repre- 13 (October 1995-Septem-
bon, suspended sediment, bacteria, pesnmdes, and phys,- senting forested, agricultural, urban, and ber 1997)
cal properties to describe concentration, seasonal mixed land uses. Pesticides (February, May,
variabili~, and loads. August 1996)

Intensive fixed In addinon to the above constituents, samples were aria- A subset of fixed sites draining agncul- Weekly during growing
sites lyzed for dissolved pesticides to describe concentration rural, urban, and mixed land uses. 3 season (February 1996-

and seasonal variability. October 1997)
Urban synoptic: Streamflow, major ions, nutriems, organic carbon, sus- Urban streams draining basins ranging in
study pended sediment, bacteria, pesticides, volatile orgamc size from 05 to 59.4 square miles. 16 September 1996

compounds, and physical properties were deterrmned
under low-flow conditions to describe concentrations and
spatial distributions.

South Fork Streamfiow, major ions, nutrients, orgamc carbon, sus- Mixed land use streams draining basins
Catawba River pended sediment, bacteria, and physical properties were ranging in size from 5 to 350 square 20 October 1997
synoptic smd3~ detemtined under low-flow conditions to describe con- miles.

centrations and spatial distributions.

i Streambed sed-Streambed sediments were analyzed for trace elements and Sediment depositional zones at all fixed Summer 1995
i iments hydrophobic pesticides and other organic compounds to sites and other selected sites~ 20

determine occurrence and spatial distribution.

Aquatic bmta Clams and fish livers were analyzed for trace metals, and All fixed sites and other selected sites. Summers 1995, 1996
clams and whole fish were analyzed for orgamc com- 20
pounds to determine occurrence and spatial distribution.

Fixed site reach Fish, benthic invertebrates, algae, and aquatic and riparian Stream reaches located at or near fixed Once in 1996 or 1997;
assessment habitats were sampled and described to assess aquatic sites. Sites represent the variety of land 13 Multiyear sites, once dur-

biological community structure in different land uses and uses, geology, and physiography within ing 1996-98
; associated habitats, the Santee Basin

I
Ground-Water Chemistry

Study trait sur- Major.ions, nutrients, pesticides; volatile organic corn- Randomly chosen existing pubic supply, :: Sendlaills .--.-Summer 1996
vey. ’ ............ potmds;"dis~lVed organic carblm, u’ace metals~ radon private domestic, irrigation, and indus- - -90"(30~.i:’~~:":2No~i~ining-1999

and physical paramet~r~aaalyzed,in three major drink- trial supply wells in the Piedmont, ¯ . "-. :~-. aquifes)’ ’~:L!"r:Pi0,dmont’-’F~lr2000" " "

Urban land-use Major ions, nulriestts, pesticides, voli~.til~ organiccorn- Wells installed at randomly chosen corn- ~ -~ ’~ !.~:,:~ ,~:’:.~2S~996~,: ’ -

Flow-path ~:°5: Maj°mions;~ultiems,~sticides;~diss°ived:°rgatfic carbon, i Multidepthwells installed~along aground- ~ i’ Novemb~r~-L997;,Apfiland
.... study. =- .- !!f.and~pIi~:,~_~:p .a~,..mrs;analyzed~todetm-minefat~and waterflowpathi~theJowerCoastal .~ .... .:~34.-, ~ ;~;:.;~:;deAugus~1998~? ~,,~-~t,,~.:

Special Studies
Forested Wet- Major ~ons, nutrients, and organic carbon analyzed Coosawhatchie River in the lower Coastal Approxra’nately quarterly,
land Initiative upstream and downstream from a forested wetland to Plain. 2 1996-97

compare changes in concentrations.
Cong Streamflow, major ions, nutrients, organic carbon, sus- Streams draining basins ranging in size
Swamp pended sediment, bacteria, pesticides, and physical prop- from 32 to 70 square miles with agncul- 4 Quarterly 1996-98
National Mon- erties to describe concentrations and seasonal variability, tural, urban, and forested land uses that
ument Fish, benthic invertebrates, algae, and aquatic habitat drain into Congaree Swamp.

described to assess aquatic biological communi .ty struc-
ture.

Edisto mercury Sediment. stream water, aquatic tnsects, and vegetation, and Blackwater streams in the Edisto River
study I whole fish analyzed for elemental and methyl mercury to Basin and a reference site in the Pied- 5 Once in 1998

examine bioaccumulation of mercury, mont
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GLOSSARY

Ammonia--A compound of mtr~*cct .:,, t~x d~ ,c~.r~ : N}la~ that ~, .~ .ore Intolerant organisms--Organisms that are not adaptable to human alter-
mon by-product of animal v,a,i~ \’~.::~.,r:~a fro&ix conxer~, t,, m~ralc ations to the environment and thus decline in numbers where human
in soils and streams, alterations occur.

Aquatic-life criteria--Water-quality gmdehne, lot protecuon ot aquat~, Invertebrate--An animal having no backbone or spinal column
life. Often refers to U.S. Environmental Protc,m~n Agency w atc~ Major ions---Constituents commonly present in concentrations exceeding
quality criteria for protection of aquatic orgam~m~ 1.0 milligram per liter. Dissolved cations generally are calcium, mag-

Aquifer--A water-bearing layer of soil, sand, gravel, or rock that wtll ? ~cld nesium, sodium, and potassium; the major anions are sulfate, chlo-
usable quantities of water to a well. ride. fluoride, nitrate, and those contributing to alkalinity, most

Atmospheric deposition~The transfer of substances from the air to the generally assumed to be bicarbonate and carbonate.
surface of the Earth. either in wet form Irain, tog, snow. dew. fr~,t. Maximum contaminant level (MCL)--Maximum permissible level of a
hail) or in dry form (gases. aerosols, particles), contaminant in water that is delivered to any user of a public water

Bedrock--General term for consolidated (solid) rock that underlies soil, t,r system, MCLs are enforceable standards established by the U.S.
other unconsolidated material. Environmental Protection Agency.

Bed sediment--The material that temporarily is stationary, in the bottom ol      Median--The middle or central value in a distribution of data ranked in
a stream or other watercourse,                                              order of magnitude. The median is also known as the 50th percentile

Concentration--The amount or mass of a substance present in a given xol- Metamorphic rock--Rock that has formed in the solid state in response to
ume or mass of sample. Usually expressed as microgram per liter pronounced changes of temperature, pressure, and chemical envtron-
(water sample l or micrograms per kilogram (sediment or tissue sam- mont.
pie 1. Method detection limit--The rmnimum concentration of a substance that

Confined aquifer (artesian aquifer)--An aquifer that is completely filled can be accurately identified and measured with present laboratory
with water under pressure and that is overlain by material that technologies.
restricts the movement of water. Micrograms per liter (gg/L)--A unit expressing the concentration of con-

Confining layer--A layer of sediment or lithologic unit of low permeabil- stituents in solution as weight (micrograms) of solute per unit volume
iLv that bounds an aquifer, (liter) of water: equivalent to one part per billion in most streamwater

Contamination--Degradation of water quality compared to original or nat-          and ground water. One thousand micrograms per liter equals I mgFL
ural conditions due to human activity.                                Milligrams per liter (mg/L)--A unit expressing the concentration of

Degradation products--Compounds resulting from transformation of an chemical constituents in solution as weight (milligramsi of solute per
organic substance through chemical, photochemical, and/or biochem- unit volume (liter) of water: equivalent to one part pe? million in most
icai reactions, st;eamwater and ground water. One thousand microgralns per liter

Denitriflcation--A process by which oxidized forms of nitrogen such as equals I mg/L.
nitrate (NO?-) are reduced to form nitrites, nitrogen oxides, ammonia, Minimum reporting level (MRL)--The smallest measured concentration
or free nitrogen: commonly brought about by the action of denitrify- of a constituent that may be reliably reported using a given analytical
ing bacteria and usually resulting in the escape of nitrogen to the air. method. In many cases, the MRL is used when documentation for the

Detect--To determine the presence of a compound, method detection limit is not available.
DDT--Dichloro-diphenyl-trichloroethane. An organochlorine insecticide Monitoring well--A well designed for measuring water levels and testing

no longer registered for use in the United States.                              ground-water quality.
Drainage area--The drainage area of a stream at a specified location is that     Nitrate--An ion consisting of nitrogen and oxygen I NO3-). Nitrate is a

area. measured in a horizontal plane, which is enclosed by a drainage plant nutrient and is very mobile in soils.
divide. Nutrient--Element or compound essential for animal and plant growth.

Drinking-water standard or gnideline--A threshold concentration in a Common nutrients in fertilizer include nitrogen, phosphorus, and
public drinking-water supply, designed to protect human health. As potassium.
defined here, standards are U.S. Environmental Protection Agency Pesticide--A chemical applied to crops, rights of way. lawns, or residences
regulations that specify the maximum contamination levels for public to control weeds, insects, fungi, nematodes, rodents or other "pests."
water systems required to protect the public welfare; guidelines have Phosphorus--A nutrient essential for growth that can play a key rote in
no regulatory status and are issued in an advisory capacity, stimulating aquatic growth in lakes and streams.

Eutrophication--The process by which water becomes ennched with plant     Study Unit--A major hydrologic system of the United States in which
nutrients, most commonly phosphorus and nitrogen.                         NAWQA studies are focused. Study Units are geographically defined

Fecal bacteria--Microscopic single-celled orgamsms (primarily fecal by a combination of ground- and surface-water features and generally
coliforms and fecal streptococci) found in the wastes of warm- encompass more than 4,000 square miles of land area.
blooded animals. Their presence in water is used to assess the sanitary Trace element--An element found in only minor amounts (concentrations
quality of water for body-contact recreation or for consumption. Their less than 1.0 milligram per liter) in water or sediment: includes
presence indicates contamination by the wastes of warm-blooded ani- arsenic, cadmium, chromium, copper, lead. mercury, nickel, and zinc,
reals and the possible presence of pathogenic (disease producing) Unconfined aquifer--An aquifer whose upper surface is a water table: an
organisms, aquifer containing unconfined ground water.

Flow path--An underground route for ground-water movement, extending Volatile organic compounds (VOCs)--Organic chemicals that have a high
from a recharge (intake) zone to a discharge (output) zone such as a vapor pressure relative to their water solubility. VOCs include corn-
shallow stream, ponents of gasoline, fuel oils. and lubricants, as well as organic sol-

Ground water--In general, any water that exists beneath the land surface, vents, fumigants, some inert ingredients in pesticides, and some by-
but more commonly applied to water in fully saturated soils and geo- products of chlorine disinfection.
logic formations. Water table---The point below the land surface where ground water is first

Herbicide---A chermcal or other agent applied for the purpose of killing encountered and below which the earth is saturated. Depth to the
undesirable plants. See also Pesticide. water table vanes widely across the country.

lnsecticide---A substance or rmxture of substances intended to destroy or
repel insects.
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APPENDIX--WATER-QUALITY DATA FROM THE SANTEE RIVER
BASIN AND COASTAL DRAINAGES IN A NATIONAL CONTEXT
For a complete view of Santee River Basin anO coasta! drainages data and for additional information about specific benchmarks used. visit our Web site at
http://water.usgs.gov/nawqaL Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http:!/infotrek.er.usgs,gov/wdbctx/nawqaJnawqa.home,

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Santee River stu~y-un, frequency of detection in percent
Basin and coastal drainages. Selected results for this /]    National frequency of Qetection in percent Study-unit sample s~ze

Study Unit are graphically compared to results from as 2 I ........__ Alachlor (Lasso, Bronco, Lariat, Bullet) "*
many as 36 NAWQA Study Units investigated from 1991 to 5~ , I i
1998 and to national water-quality benchmarks for human :71",5 -
health, aquatic life, or fish-eating wildlife. The chemical and ~ 3 ~
biological indicators shown were selected on the basis of

0 ~ -.,---,,ms-2 -- ~ 88

frequent detection, detection at concentrations above a Atrazine (AAtrex, Atrex, Atred, Gesaprim)
national benchmark, or regulatory or scientific importance. ~ ~
The graphs illustrate how conditions associated with each ~ ~
land use sampled in the Santee River Basin and coastal .~ ~0"° ~,drainages compare to results from across the Nation, and ~_0~ , ~---- ,, , I
how conditions compare among the several land uses. 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
Graphs for chemicals show only detected concentrations "~.-8:5 _ ’
and, thus, care must be taken to evaluate detection 0 :: I I
frequencies in addition to concentrations when comparing ~ ~ ~

0 ~ ~ 28
study-unit and national results. For example, tebuthiuron o , ~ ~

concentrations in Santee River Basin and coastal Deethylatrazine (Atrazine breakdown product) *
drainages agricultural streams were similar to the national 7~ 7~ __ g5

distribution, but the detection frequency was much higher ,~ ~- , , ,,,
(66 percent compared to 22 percent). ~ ~9 5o

28 . . 28

CHEMICALS IN WATER                                          Dinoseb (Dinosebe)
a .~                 "’P"=-         I               :’8Concentrations and detection frequencies, Ssntee River Basin

and coastal drainages, t995-98---Detection sensitivity varies
among chemicals and, thus, frequencies are not directly comparable 0 ~ ~1

"̄ Detected concentration in Study Unit 2 , i I ~ 8

66 ~ Frequencies of detection, in percent. Detection frequencies Metolachlor (Dual, Pennant)
were not censored at any common reporting limit. The left- 9 ~81 - ~ ~ !! ~ ~

28 6~ -
hand column is the study-unit frequency and the right-hand 67 83 ---
column is the national frequency 17 ] 8 I 50

-- Not measured or sample size less than two 02 59 ~- ..... ~ I 8828
:z Study-unit sample size. For ground water, the number of Prometon (Pramitol, Princep) **samples is equal to the number of wells sampled 57 ,, ~ 53

95 86
National ranges of detected concentrations, by land use, in 36 3 3 ~ 0 ~.
NAWQA Study Units, 1991-98---Ranges include only samples ~ : 2 I 30

7 21
I

28in which a chemical was detected i 5 88

Streams in agricultural areas Simazine (Princap, Caliber 90)Streams in urban areas 8~ 6~
Streams and rivers draining mixed land uses

~ ~ 7"77 18"
Shallow ground water in agricultural areas 7 21 ,~ I 3o
Shallow ground water in urban areas 39 ~8 ~ IIII I II

IIIIIII Major aquifers
3 5 ~ -- 88

Lowest Middle H~ghest Tebuthiuron (Spike, Tebusan)

98 39
9~ 32 ~ _ 18

Nstlonal wstar-qusllty l~nchmsrk$
7 ~. ~I ~ ~

National benchmarks include standards and guil~elines related to 11 7 = t = 28
drinking-water quality, crfteda for protecting the health of aquatic life, and 5 3 ~ - 8
a goal for preventing stream eutrophication due to phosphorus. Sources I I [ I ,
include the U.S. Environmental Protection Agency and the Canadian o.oom o.om o.ol o~ ~ to ~oo 1.0oo
Council of Ministers of the Environment

CONCENTRATION, IN MfCROGRAMS PER LITER

I Drinking-water quality (applies to ground water and surface water)
I Protection of aquatic life (applies to surface water only) Other herbicides detected
I Prevention of eutrophication in streams not flowing directly into Acifluorfen (Blazer, Tackle 2S) **

lakes or impoundments Benfluralin (Balan, Benefin, Bonalan) * *"
No benchmark for drinking-water quality Bentazon (Basagran, Bentazone) **

Bromacil (Hyvar X, Urox B, Bromax)
.̄ No benchmark for protection of aquatic life But/late (Sutan +, Genate Plus, Butilate) **
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Cyanazine (Bladex, Fortrol) Study-unit frequency of detection, in percent

DCPA (Dacthal, chlorthal-dimethyl) " -- =Nati°nal frequency of detection, in percent Study-unff sample size

2,6-Diethylaniline (Alachlor breakdown product)" "" / ........
.̄ ___L_     Diazinon (Basudin, Diazatol, Neocidol. Knox Out)Diuron (Crisuron, Karmex, Diurex)

EPTC (Eptam, Farmarox, Alirox) * **
Ethalfluralin (Sonalan, Curbit) * ** 0 39

Fenuron (Fenulon, Fenidim) * **
Fluometuron (Flo-Met, Cotoran)** 22

~_     ’
I 8828

Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) *
Metribuzin (Lexone, Sencor) Dieldrin (Panoram D-3t, Octalox, Compound 497)

Molinate (Ordram) * **
Neburon (Neburea, Neburyl, Noruben) * *"
Norflurazon (Evital, Predict, Solicam, Zorial) * *" 3
Oryzalin (Surflan, Dirimal) * **

25

Pendimethatin (Pre-M, Prowl, Stomp) * **
.̄ Malathion (Malathion)Pronamide (Kerb, Propyzamid)

9Propham (Tuberite) **
Terbacil (Sinbar)**
Trifluralin (Treflan, Gowan, Tri-4, Trific) 0
Herbicides not detected
Acetochlor (Harness Plus, Surpass) * ** Parathion (RoethyI-P, Alkron, Panthion, Phoskil) "
Bromoxynil (Buctril, Brominal) *
Chtoramben (Amiben, Amiton-WP, Vegiben) **
Clopyralid (Stinger, Lontrel, Transline) * **
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * **
Dacthal mono-acid (Dacthal breakdown product) * **
Dicamba (Banvel, Dianat, Scotts Proturf)
Dichlorprop (2,4-DP, Seritox 50, Lentemul) * ** o.ooof o.oot OOl o.t t to lOO 1,ooo
MCPA (Rhomene, Rhonox, Chiptox)

CONCENTRATION, IN MICROGRAMS PER LITER
MCPB (Thistrol) * **
Napropamide (Devrinol) * *"
Pebulate (Tillam, PEBC) * **
Picloram (Grazon, Tordon) Other insecticides detected
Propachlor (Ramrod, Satecid) ** Aldicarb (Temik, Ambush, Pounce)
Propanil (Stam, Stampede, Wham) * ** Aldicarb sulfone (Standak, aldoxycarb)
2,4,5-T *" Carbofuran (Furadan, Curaterr, Yaltox)
2,4,5-TP (Silvex, Fenoprop) ** Fonofos (Dyfonate, Capfos, Cudgel, Tycap) **
Thiobencarb (Bolero, Saturn, Banthiocarb) * ** 3-Hydroxycarbofuran (Carbofuran breakdown product) *
Triallate (Far-Go, Avadex BW, Tri-allate) * Methiocarb (Slug-Geta, Grandslam, Mesurol) * **
Triclopyr (Garlon, Grandstand, Redeem, Remedy) * ** Methomyl (Lanox, Lannate, Acinate) **

Oxamyl (Vydate L, Pratt) **
cis-Permethrin (Ambush, Astro, Pounce) * **Pesticides in water--Insecticides Propoxur (Baygon, Blattanex, Unden, Proprotox) * **

Study-unit frequency of detection, in percent Insecticides not detected

’ ’ ’ ’ ’ ’ ’ ’1
Disulfoton (Disyston, Di-Syston) **Aldicarb sulfoxide (Aldicarb breakdown product) Ethoprop (Mocap, Ethoprophos) * **3 1 ~ 29
alpha-HCH (alpha-BHC, alpha-lindane) *"
gamma-HCH (Lindane, gamma-BHC)

0 ’ ~ ~ 30 Methyl parathion (Penncap-M, Folidol-M) **
1 z ~ ~ Phorate (Thimet, Granutox, Geomet, Rampart) * **

Propargite (Comite, Omite, Ornamite) *
9 9 Carbaryl (Carbamine, Denapon, Sevin) Terbufos (Contraven, Counter, Pilarfox) **

51 U6
0 16 18
0 1 ~ I 30

i~ 2 ~
I

281 ---- 88
Volatile organic compounds (VOCs) in ground water

60 i 8 Chlorpyrifos.(,Brodan, D, ursban, Lorsban) These graphs represent data from 16 Study Units, sampied from 1996 to 1998
37 Hii -- [-~7 ~
2 0 -- , 1 8 Study-unit frequency of defection, in percent

Carbon disulficie
p,p’-DDE

2 8 1
~ 2 43

30 -~x- 0
o
o ~ ~ 30 2~ 2~ 90
2 2 ~ 88 I I

0001 0.01    0.1 1 10    100 hOO0 10,OOO

0.0001 0.O01 0.01 01 1 10 100 1,O00 CONCENTRATION, IN MICROGRAMS PER LITER

CONCENTRATION, IN MICROGRAMS PER LITER
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Study-unit frequency of detection, in percenl 1,1,1 -Trichloroethane (Methylchloroform)

/ NlationallreduencY Of detecti ....
pe ..... Study ........p ...... Trichloroftuoromethane (CFC 11, Freon 11)

Chloromethane (Methyl chloncle) ~ ~_~ VOC$ not dete~ted
Bromobenzene (Phenyl bromide) *
Bromochloromethane (Methylene chlorobromide)

-’-’--~-, I Bromoethene (Vinyl bromide)
~ ~         ---

I
~ n-Butylbenzene (1-Phenylbutane) *

2 15 ~ ~
3-Chloro-l-propene (3-Chloropropene) *

Methyl tert-butyl ether (MTBE) t-Chloro-2-methylbenzene (o-Chlorotoluene)
1-Chloro-4-methylbenzene (p-Chlorotoluene)
1,2-Dibromo-3-chloropropane (DBCP, Nemagon)

~-’~ ........ I o 1,2-Dibromoethane (Ethylene dibromide, EDB)
~i ~i ’!----" ’ I

, ~ gibromomethane (Methylene dibromide)*
.... trans-1,4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) *

Trichloroethene (TCE)                                          2,2-Dichloropropane *
1,3-Dichloropropane (Trimethylene dichloride)
trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)
cis-1,3-Dichloropropene ((Z)-1,3-Dichloropropene)

~ 1,1 -Dichloropropene
~ 5 ~0 Diisopropyl ether (Diisopropylether (DIPE)) *

Trichloromethane (Chloroform) t Ethenylbenzene (Styrene)
Ethyl methacrylate *
Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE)) *
1-Ethyl-2-methylbenzene (2-Ethyltoluene)

~ 5’. ..... 30 Hexachlorobutadiene
4 ~ 30 ,~L ----=_ ~ "- "- ~ ~0 1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)

i ~ ~ I I ~ i i 2-Hexanone (Methyl butyl ketone (MBK)) *
0o0~ o.o~ ot ~ to too <ooo to,ooo Methyl acrylonitrile *

Methyl-2-methacrylate (Methyl methacrylate) *
CONCENTRATION, IN MICROGRAMS PER LITER                   4-Methyt-2-pentanone (Methyl isobutyl ketone (MIBK)) *

~ Many of the samples m this study were diluted prior to laboratory analyms and therefore the Methyl-2-propenoate (Methyl acrylate) *
actual detection frequency may be larger than the value listed Naphthalene

2-Propenenitrile (Acrylonitrile)
n-Propylbenzene (lsocumene) *

Other VOCs detected 1,1,1,2-Tetrachloroethane
tert-Amylmethylether (tert-amyt methyl ether (TAME)) * 1,2,3,4-Tetramethylbenzene (Prehnitene) *
Benzene 1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) *
Bromodichloromethane (Dichlorobromomethane) 1,2,4-Trichlorobenzene
Bromomethane (Methyl bromide) 1,2,3-Trichlorobenzene *
2-Butanone (Methyl ethyl ketone (MEK)) * 1,1,2-Trichloroethane (Vinyl trichtoride)
sec-Butylbenzene * 1,2,3-Trichloropropane (Allyt trichloride)
tert-Butylbenzene * 1,2,3-Trimethylbenzene (Hemimellitene) *
Chlorobenzene (Monochlorobenzene) 1,2,4-Trimethylbenzene (Pseudocumene) *
Chlorodibromomethane (Dibromochloromethane) 1,3,5-Trimethylbenzene (Mesitylene)
Chloroethane (Ethyl chloride) "
Chloroethene (Vinyl chloride)
1,2-Dichlorobenzene (o-Dichlorobenzene)
1,3-Dichlorobenzene (m-Dichlorobenzene) Nutrients in water
1,4-Dichlorobenzene (p-Dichlorobenzene) stuW-unit frequency of detection, in percent
D ichlorodifluoromethane (CFC 12, Freon 12) | National frequency ol detect ion. in p .....t Study-unit sample s,ze
1,2-Dichloroethane (Ethylene dichloride)

i1,1-Dichloroethane (Ethylidene dichloride) * Ammonia, as N * "*
1,1 -Dichloroethene (Vinylidene chloride) 76

86 86 ! ~02trans.l,2-Dichloroethene ((E)-l,2-Dichlorothene) 6. 75 , ,, -~- 28i
ci$-1,2-Dichloroethene ((Z)-l,2-Dichloroethene) 27 78 ~ 30
Dichloromethane (Methylene chloride) 73 71 3064 70 891,2-Dichloropropane (Propylene dichloride)
Diethyl ether (Ethyl ether) * Dissolved ammonia plus organic nitrogen, as N * **
1,2-Dimethylbenzene (o-Xylene)                                       5 2 7

1,3 & 1,4-Dimethylbenzene (rm&p-Xylene) 6~77627q ~ :81~02
1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) * 7 28
Ethylbenzene (Phenylethane) ~7 30

25 2~ ~ 89lodomethane (Methyl iodide) *
Isopropylbenzene (Cumene) * Dissolved nitrite plus nitrate, as N
p-lsopropyltoluene (p-Cymene) * 100 95
Methylbenzene (Toluene) ~
2-Propanone (Acetone) * ~7
1,1,2,2-Tetrachloroethane * ~7 7
Tetrachloroethene (Perchloroethene) ~o

Tetrachloromethane (Carbon tetrachloride)
1,2,3,5-Tetramethylbenzene (Isodurene) * o.oot o.ot o.t ~ to ~oo <ooo to,ooo too,coo
Tribromomethane (Bromoform) CONCENTRATION~ IN MILLIGRAMS PER LITER
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Study-unit frequency of detec,on, in percenl Other trace elements detected
, N. ational frequency ol detection, in p ’ ..... % ......... p ....... Selenium

Orthophosphate, as P * ** -- Uranium

86 79 = ----~ ¯ --- Trace elements not detected
26 72 ~

i0 52 ~69 6z -"" = ~ CHEMICALS IN FISHTISSUE
Total phosphorus, as P" - AND BED SEDIMENT

91 9 o +. J o: Concentrations and detection frequencies, Santee River Basin
9 7 8 8 ~ = I ~; and coastal drainages, 1995-98--Detection sensitivity varies among

chemicals and, thus, frequencies are not directly comparable among
chemicals. Study-unit frequencies of detection are based on small
sample sizes; the applicable sample size is specified in each graph

I J I l I I I I I
odor dot o.1 1 lo too tOdd lo.ooo loo.00o ¯ Detected concentration in Study Unit

CONCENTRATION. IN MILLIGRAMS PER LITER ~ ~ 3~ Frequencies of detection, in percent. Detection frequencies
were not censored at any common reporting limit. The left-

Dissolved solids in water hand column is the study-unit frequency and the fight-hand
column is the national frequency
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1~ Study-unit sample size
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~
.~ 2 J National ranges of concentrations detected, by land use, in 36
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Study-unit frequency of detection, i~ percent
| National frequency of ~,etecti ..... p ...... Study ........ p .....
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/
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- - !00 . .... 7
-- i00 ~ J

i00 i00 ~ "

1O0 10O ~ [ ~
i00 99 .............. ~’~ .........
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CONCENTRATION. IN MICROGRAMS PER GRAM

BIOLOGICAL INDICATORS
Higher national scores suggest habitat disturbance, water-quality
degradation, or naturally harsh conditions. The status of algae,
invertebrates (insects, worms, and clams), and fish provide a
record of water-quality and stream conditions that water-
chemistry indicators may not reveal. Algal statue focuses on the
changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions, Invertebrate status averages 11
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality
degradation. Fish status sums the scores of four fish metrics
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase in association
with water-quality degradation

Biological indicator value, Santee River Basin and coastal
drainages, by land use, 1995-98

¯ Biological status assessed at a site

National ranges of biological indicators, in 16 NAWQA Study
Units, 1994-98

m Streams in undeveloped areas
~m=m Streams in agricultural areas
~ Streams in urban areas
~ Streams in mixed-land-use areas
-- 75th percentile

25th percentile

Algal statgs indicator
Undeveloped

Agricultural i
Urban
Mixed             i

Invertebrate status indicator
Undeveloped

Agricultural i
Urban
Mixed                    i

’Fish status indlcator                               ’
U ndevetoped

Agricultural
Urban
Mixed
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Santee River Basin and coastal drainages was integral to the
success of this water-quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies Gaston County Cooperative Extension Service
National Park Service, Congaree Swamp National Greenville County Soil and Water Conservation

Monument District
Natural Resources Conservation Service Western Piedmont Council of Governments
U.S. Army Corps of Engineers
U.S. Fish and Wildlife Service Universities
U.S. Forest Service Columbia College

South Carolina State University
State Agencies University of North Carolina at Charlotte
North Carolina Department of Environment and University of South Carolina

Natural Resources
Ocean and Coastal Resource Management Other public and private organizations
South Carolina Department of Health and Environ- Catawba Nation

mental Control Clean Water Fund of North Carolina
South Carolina Department of Natural Resources Duke Energy
South Carolina Forestry Commission National Audubon Society
South Carolina Geological Survey South Carolina Electric and Gas Company
South Carolina Sea Grant Consortium South Carolina Rural Water Association
South Carolina Water Resources Research Institute

Local Agencies
Catawba Regional Planning Council
Charlotte-Mecklenburg Utility Department

We thank the following individuals for contributing to this effort.

Barbara Kleiss, Ted Campbell, and Sandra Cooper (USGS); Barry Beasley (South Carolina Department of Natural
Resources); and Oscar Penegar (Environmental Advocate) for reviewing the report.

Jeannie Eidson (South Carolina Department of Environmental Control) for providing support and data for geo-
graphic information systems.

Larry Bradham (South Carolina Well Drillers Association) for assisting in locating wells for sampling.

Gary Taylor and Ralph Willoughby (South Carolina Geological Survey) for assisting in drilling wells.

The numerous property owners who allowed the USGS to install monitoring wells or sample existing wells on their
property.

Ben Abercrombie, Boyce Blanks, Wade Bryant, Kristen Hein, Cliff Hupp, Robert Kelley, Donald Leary, Krystal Lynn,
Brent Means, Larry Puckett, Whitney Stringfield, Robert Thorn, and Carlton Wood for providing invaluable techni-
cal and field support for the study.

Dick Christie (South Carolina Department of Natural Resources), Ginny Lindsey (North Carolina Clean Water
Fund), and Charlie Zemp (South Carolina Department of Natural Resources) for providing guided tours of parts of
the Santee Basin.

This report is dedicated to the memory of Don Leary; his quiet strength, hard work, and good humor helped make
this study a success.
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water, usgs.gov/nawqa/

Southern Florida contact and Web site: National NAWQA Program:

USGS State Representative: Carl Goodwin Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
227 N. Bronough St., Suite 3015 12201 Sunrise Valley Drive, M.S. 413
Tallahassee, FL 32301 Reston, VA 20192
state rep fl @ usgs.gov http://water.usgs.gov/nawqa/
http://water.usgs.gov/pubs/nawqa!

Other NAWQA summary reports

River Basin Assessments
Albemarle-Pamlico Drainage Basin (Circular 1157) Puget Sound Basin (Circular 1216)
Allegheny and Monongahela River Basins (Circular 1202) Red River of the North Basin (Circular 1169)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) Rio Grande Valley (Circular 1162)
Central Arizona Basins (Circular 1213) Sacramento River Basin (Circular 1215)
Central Columbia Plateau (Circular 1144) San Joaquin-Tulare Basins (Circular 1159)
Central Nebraska Basins (Circular 1163) Santee River Basin and Coastal Drainages (Circular 1206)
Connecticut, Housatonic and Thames River Basins (Circular 1155) South-Central Texas (Circular 1212)
Eastern Iowa Basins (Circular 1210) South Platte River Basin (Circular 1167)
Georgia-Florida Coastal Plain (Circular 1151) Trinity River Basin (Circular 1171 )
Hudson River Basin (Circular 1165) Upper Colorado River Basin (Circular 1214)
Kanawha-New River Basin (Circular 1204) Upper Mississippi River Basin (Circular 1211)
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Upper Snake River Basin (Circular 1160)
Las Vegas Valley Area and the Carson and Truckee River Basins Upper Tennessee River Basin (Circular 1205)

(Circular 1170) Western Lake Michigan Drainages (Circular 1156)
Lower Illinois River Basin (Circular 1209) White River Basin (Circular 1150)
Long Island-New Jersey Coastal Drainages (Circular 1201) Willamette Basin (Circular 1161 )
Lower Susquehanna River Basin (Circular 1168)
Mississippi Embayment (Circular 1208) National Assessments
Ozark Plateaus (Circular 1158) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Potomac River Basin (Circular 1166)

Front cover: Everglades National Park (photograph by Benjamin F. McPherson).

Back cover." Left, Southern Everglades C-111 agricultural basin, irrigation of crops; center, Northern Everglades,
slough and tree islands; right, areal view of Miami (photographs by Benjamin F. McPherson).
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States Department of the Interior

I. S. GEOLO~I(..’.,L SURVEY

\~ a,’rER RES()I. Rt’ES DIVISION
22?N. BRONOLGH STREET, SUITE 3015

T:-XI.LAHASSEE. FI.()RII)A 32301

TELEPHONE
FAX: {>5~,

Janua~ 18,2001

Dear Sir or Madame:

We are pleased to enclose "Water Quality in Southern Florida, 1996-98," a publication from the
U.S. Geological Survey Circular series which addresses water-quality issues of regional and national
concern. This series is designed to present results on surface- and ground-water in major river basins
across the Nation. The report presents significant findings on multiple nutrients and pesticides in surface
and ground water from agricultural and urban areas. The conditions in south Florida were documented
during 1996-98 for the Southern Florida study of the National Water Quality Assessment Program
(NAWQA). Results indicate that the Everglades ecosystem has been altered by human activities.

We hope that the report will be useful to you and provide new insights on existing water-resource
conditions in south Florida. If you or your organization would like additional copies of the report, or if
you would like to discuss a particular aspect of the report or the NAWQA Program, please contact
Ben McPherson, Chief of the Southern Florida NAWQA Program, by telephone at (813) 884-9336, by
mail at U.S. Geological Survey, 4710 Eisenhower Blvd., Suite B-5, Tampa, FL, 33634, or by e-mail at
bmcphers@usgs.~ov.

We also encourage you to visit the NAWQA home page on the World Wide Web (http:llwater.usqs.govl
nawq.~) to take advantage of other NAWQA products, including other publications, data sets, and maps of
chemical use and occurrence. The site not only provides direct access to our national studies, but also to
our individual assessments in more than 50 major river basins and aquifer systems across the Nation.

Thank you for your continued commitment to our Nation’s water-resource needs.

Carl R. Goodwin
USGS State Representative, Florida

Enclosure: °~/ater Quality in Southern Florida, Florida, 1996-98" by Benjamin F. McPherson,
Ronald L. Miller, Kim H. Haag, and Anne Bradne~. U.S. Geological Survey Circular 1207.
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the southern Florida area studied by the U.S.
Geological Survey (USGS) National Water-Quality Assessment (NAWQA) Program between 1996 and 1998.
Water quality is discussed in terms of local and regional issues and compared to conditions found in all 36
NAWQA study areas, called Study Units, assessed to date. Findings also are explained in the context of selected
national benchmarks, such as those for drinking-water quality and the protection of aquatic organisms. The
NAWQA Program was not intended to assess the quality of the Nation’s drinking water, such as by monitoring
water from household taps. Rather, the assessments focus on the quality of the resource itself, thereby
complementing many ongoing Federal, State, and local drinking-water monitoring programs. The comparisons
made in this report to drinking-water standards and guidelines are only in the context of the available untreated
resource. Finally, this report includes information about the status of aquatic communities and the condition of
stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Southern Florida
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

NAWQA Study Units
Assessment Schedule

~ 1991-95

r~ 1994-98

~ 1997-2001

I---q Not Yet
Scheduled

Southern Flodda ~ High Plains Regional
Ground Water Study,NAWQA Study Unit
1999- 2004

TI-IE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The southern Florida area is one of 51 water-quality assessments initiated since 1991, when the U.S. Congress
appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36 assessments have
been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments cover about one-
half of the land area of the United States and include water resources that are available to more than 60 percent of
the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Surface-Water Highlights pesticides and their degradation products, which
were common in the samples.The environment in southern Florida ~s being ¯ Organochlorine pesticides, such as DDT and its

degraded by human activities. Native Nota have been degradation products, are still prevalent in bottom
reduced greatly in abundance and diversity by drain- sediment and fish tissue at the SOFL sites, even
age, development, alteration of water flows, degrad- though most uses of these compounds have been
ation of water quality, and by continuing invasions of discontinued in recent decades. The mobilization of
exotic species.The Everglades ecosystem, which is these pesticides by the reflooding of Everglades
adapted to water that has an extremely low phosphorus farm lands could lead to food-web contamination.
concentration, is being altered by agricultural activities¯ Of 21 NAWQA basins nationwide, the Everglades
that produce high levels of phosphorus in water. Nutri- has the second highest ratio of methylmercury to
ent loading in the major rivers is contributing to over- mercury in sediment.This enrichment in methyl-
enrichment of Lake Okeechobee and estuaries such as mercury enhances mercury uptake by the biota.
Charlotte Harbor. Mercury has accumulated in Ever- ¯ The frequency of external anomalies (lesions,
glades game fish, and consumption of the fish poses a ulcers, and tumors) on fish collected at two SOFL
potential human health risk. Mercury has accumulated agricultural canal sites was in the top 25 percent of

in the Everglades food web because natural 8~, 82o sto 80°
conditions and human influences enhance
methylation of mercury to its organic form and
because high atmospheric mercury deposition
rates (among the highest in the Nation) sustain
mercury methylation.

Federal and State agencies and environmen-
tal groups agree that parts of southern Florida
should be restored to predevelopment condi-
tions. Restoration will require massive changes
in the water-management system to restore pre- StUDY-UNit
development drainage pattems, improve water % BOUNDARY, St.RiverLUCiO
quality, and protect native biota.

Major findings on water quality and biology27°
from this study: o
¯ Concentrations of total phosphorus (TP) at the

Southern Florida (SOFL) National Water- ~or
Quality Assessment (NAWQA) Program sites �o~were above Everglades background levels and ~x~.~Ar~o~    M~s
exceeded the U.S. Environmental Protection ~ ~
Agency’s (USEPA) Everglades water-quality ~° I
standard of 0.01 milligram per liter (mg/L). A ~ .,-~v~ ~,c~
major source of the high TP is fertilizer from ~agriculture. ~u~,c ~N~S

¯ Concentrations of dissolved organic carbon ~.~,.0..~ ......,
(DOC) in southern Florida water were rela- ~ ~c,o~,,,~ ......,~
tively high compared with those in other ~ o .............
waters of the Nation. High DOC concentra- 2~o wcA wKrE, CONS~VAT,OS Am~* FIor~cl~ Bay

~.0~.,

lions provide food for bacteria to grow, ~
~.,, o~

reduce light penetration in the water, and ~%~c~-~v~o~ ,._.~, ~.~. ¯
enhance transport and cycling of pesticides ’~ s’~’;~;~’~ i ~ ~ ,    ~o ....and trace elements such as mercury. ~ ~.~

¯ Pesticides were detected in almost all SOFL ~ , ~ ,
samples. Most concentrations were below ,~ ~,~.,,, ~,
aquatic-life criteria; however, the criteria do Urban, agricultural, Native American, public lands and other
not address potential effects of mixtures of important features in the Southern Florida NAWQA Study Unit

(McPherson and Halley, 1996).

Summary of Major Findings 1
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144 NAWQA sites sampled nation~ide. Anomalies (Biscayne and other surfical aquifers), except for
can be indications that fish are stressed by contami- two shallow wells in the unnamed surficial aquifer
nation, of the citrus area.

¯ Exotic animals and plants are a threat to native ¯ Pesticides were detected in more than 85 percent of
biota. Ten of the 54 exotic fish species established the SOFL wells and beneath every type of land use
in the region were collected at the SOFL sites, studied, but no concentrations exceeded any USEPA
Several herbicides used to control exotic plants or State of Florida drinking-water standard.
were detected in surface water. ¯ Pesticides detected in shallow ~ound water were

associated with specific land uses. For example, the
Major Influences on Surface Water herbicides bromacil and norflurazon were detected
and Ecology almost exclusively in citrus areas. Metolachlor and

simazine were common in mixed agricultural areas¯ Drainage modifications and wetland destruction, near the southern Everglades.¯ Runoff from agricultural and urban areas. ¯ Volatile organic carbon compounds (VOCs) corn-¯ High concentrations of DOC and its effects on the monly were detected in water from shallow andtransport of mercury and the attenuation of light, deep wells in the Biscayne aquifer. Concentrations¯ Deliberate or accidental release of exotic species, of one industrial VOC, vinyl chloride, exceeded the
Ground-Water Highlights USEPA maximum contaminant level (MCL) of

2 micrograms per liter (gg/L) for drinking water in
In much of the SOFL region, ground water in the two samples.

surficial aquifers, such as the Biscayne aquifer, is of ¯ Radon-222 radioactivity exceeded the proposed
good quality and usually meets Federal and State drink- MCL (300 picocuries per liter ([pCi/L]) in the maj-
ing-water quality standards. Contaminants are usually ority of samples from the Biscayne aquifer, includ-
in low concentrations, presumably because of rapid ing untreated water from the public-supply wells.
flushing and recharge as a result of high annual rainfall
(about 55 inches) and shallow aquifers and porous lime-Major Influences on Ground Water
stone that allow the easy interchange of surface and ¯ Porous, shallow limestone aquifers overlain by thinground water. However, because of the shallow aquifers layers of sandy, permeable soils.and porous limestone, ground water is vulnerable to ¯ Water-management practices involving canals,
surface contamination and to saltwater intrusion.

Major findings on ground-water quality from this pumps, gates, locks, and saltwater-control structures.

study include the following:
¯ Agricultural and urban land-use practices and

¯ Nitrate concentrations were below the drinking- aquatic-weed control.

water standard (10 mg/L) in 108 SOFL wells
Selected Stream-Quality Indicators Selected Ground-Water Quality Indicators

Small Streams Major Rivers Shallow Ground Water Supply Wells
Agricultural Pasture/ Mixed Urban Agricultural Public

Forest Land Uses a . a.t~ a,~

Pesticides 1 ,~ b
Pesticides 1 ..... ~-’ ~:

Nutrients2
~b ~l~b ,i~b

Nitrate3 ~

Organo-
~Dchlorines 4 .,

Volatile r
organics s , ..

m Percentage of samples with concentrations equal to or greater than a health-related national guideline for drinking water, aquatic life, or water-contact
recreation; or above a national goal for preventing excess algal growth (a Percentage is 1 or less and may not be clearly visible)

~ Percentage of samples with concentrations less than a health-related national guideline for drinking water, aquatic life, or water-contact recreation:
or below a national goal for preventing excess algal growth

~ Percentage of samples with no detection (b Percentage is 1 or less and may not be clearly visible)

-- Not assessed
1 Insectm~Oes. herbicides, and pesticide metabolites, sampled m water
2 Total phosphorus (TP) sampled in water. Aquatic-life guidelines based on USEPA Everglades standard of 0.01 mg!L TP for small Everglades streams

and on USEPA national goal of 0.1 mgiL TP for major nvars.
3 Nitrate {as rlltrogen), sampled in water

40rganochlorine compounds including DDT and PCBs, sampled m fish tissue
5 Solvents. refrigerants, fumigants, and gasoline compounds, sampJed in water.

2 Water Quality in Southern Florida, 1996-98
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INTRODUCTION TO THE SOUTHERN FLORIDA NAWQA STUDY UNIT

St. Lucre
River

oIn the mid-1800s southern Flor- sheetflow in
ida was a lush, subtropical wilder- marshes, sloughs.
hess of pine forest, hardwood and cypress
hammocks, swamps, marshes, estu-strands. Numerous
aries, and bays. Wetlands domi- small streams and
hated the landscape. The region rivers near the
contained one of the largest wet- coast, such as the
lands in the continental United Miami River, COASTAL GLADES
Slates, the Everglades, which was drained into man-
part of a larger watershed--the grove forests and
Kissimmee-Okeechobee-Ever- tidal waters and
#lades -which extended more than provided the fresh-
half the length of the Florida penin- water that sustained
sula (fig. 1 ). Wetlands of the Ever- the highly produc--
glades, Big Cypress Swamp, and rive and abundant Figure 1. Physiographic provinces of southern Florida.
Mangrove and Coastal Glades coastal fisheries (Modified from Davis, 1943; Parker and others, 1955.)
stretched continuously across much around the southern
of the southern part of the penin- end of the peninsula/Mclvor and reasons. Loss of lives as a result of
sula south of l.ake Okeechobee others, t994), hun-icane flooding in the 1920s
(lig. 1). To lhc north, much of the
Flatwoods physiographic province The wetlands of southern Florida accelerated drainage projects.

also was wetlands; upland habitats made much of the region inhospita-Today, many of the region’s original

were primarily on the uarrow Lake ble for human habitation. Settlers wetlands have been drained. Water

Wales and Atlantic Coastal Ridges. and developers in the late 1800s in the region is now intensively

Freshwater in the Everglades and and early 1900s began to drain the managed, with more that 1,400

other wetlands generally moved as wetlands lk~r commercial and safety miles of primary canals and more

The Southern Florida (SOFL) National Water-Quality Assessment study encompasses about 19,500
square miles. It is part of a regional ecosystem that includes coastal waters between Charlotte Harbor on
thz Gulf of Mexico and the St. Lucie River on the Atlantic Ocean and the lands that drain into these
waters. The elevation in the study area ranges from about 300 feet above sea level to sea level along the
coast. It includes a large and rapidly growing urban population (about 5 million people) along the Atlan-
tic coast and a less rapidly growing population (over a million people) along the gulf coast, areas of
intense agricultural development around Lake Okeechobee and along the southeastern edge of the
Everglades, and vast regions of wetlands, including the Everglades National Park (ENP), Big Cypress
National Preserve, and other parks, preserves, and conservation areas that are mostly in public owner-
ship. Ground water from the shallow, highly porous Biscayne aquifer is the source of most of the drink-
ing water for the densely populated southeast coast.

Introduction to the Southern Florida NAWQA Study Unit 3
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MAJOR FINDINGS

Nutrient enrichment is prevalent in surface NUMBER OF SAMPLES
28 29 24 51 47 36 36 24 20 21 25water 0.25 , ,g& ,

-0-- 1.2
Water quality has been degraded in large parts of cc o

.III -1.1
osouthern Florida by human activities that result in high m_ ~ 0.20 o      8 : 1.o                    _

nutrient concentrations and over-enrichment. Nutrient
orr ~

8- o.8°9
concentrations at the SOFL NAWQA sites are elevated ~’~

O_ 0.15 o ~ 0.7when compared with Everglades background concentra- m .~ ~
tions (see box below). The high nutrient concentrations, O o - 0.~ 8 z

I ~< 0.10 °~ ~--o.~ ,, o "’t, dmarilv froin agricultural runoff, have contributed to.                                              ,~      cu       a-,~              F_~ i-
overenrichment of surface water, including Lake    ~ ! ~: ~_~, ~~!-°~ o

Okeechobee, estuaries such as Charlotte Harbor, and the       O ~ 0.05       ~
northern Everglades. The high phosphorus concentra- _z ~ ~ -
tions in agricultural runoff entering the northern Ever- o - ’- - "- - ’- -} --&-- -4/= -~- -:�--
glades are a significant cause of ecosystem degradation. ~\4%_~v., 8,~, ,,’0 ~,~ ~,~

xv" ,,o ~ ,__, c.~,-~,,,-, "< "< x x
The USEPA recently (May 26, 1999) approved a new         e~ ~,~..v.,~, ~-,.~o~ ~,-’x<~"

water-quality standard of 0.01 mg/L or less for phos-              ~4. ,~ ~ ,.,~
EXPLANATIONphorus in the Miccosukee Federal Indian reservation            .v ~    -,    ,a- ¯ ,~

f~ ~?J;O~ ’,,* ~’~ -- MEDIAN VALUE
lands of the Everglades. The State of Florida is review- ~e~so\4~q~ O" ~,,,,¢: USEPA
i ng additional scientific information and plans to adopto~°~ ~’5~ "~ National Recommended Goal
a numerical phosphorus standard for other parts of the .....Everglades Water-Quality

Standard
Everglades. Figure 4. Concentrations of total phosphorus (TP) at SOFL

NAWQA sites during 1996-98 frequently exceeded the
USEPA recommended goal of 0.1 mg/L and Everglades
standard of 0.01 mg/L. Concentrations of TP at Everglades
National Park reference sites were near or below 0.01 mg/L.

Nutrient concentrations of the national NAWQA and the SOFL NAWQA
study areas, national background, and Everglades background sites in mg/l_
[SW, surface water;, GW, shallow ground water;, <, less than; --, no data]

Total phosphorus (SW) I 0.12 0.006-0.79 ! 0.1 <0.004
Total nitrogen (SW) [ 1.3 0.7-2.6 i 1.0 [ 1.1
Nitrite plus nitrate (SW) i 0.71 0.006-0_~9 0.6 1 0.005
Ammonia (SW) 0.046 0,017-0~.5 0.1 1<0.015
Ammonia (GVO I 0.02 0.24-0.438 [ ..

~2- .......
2.0Nitrite plus nitrate (GV4) i 1.85 I <0.05-0." i ~ -"Orthophosphate (CW) ! 0.11 l 0.01:~.-0.0~ i 0.02 i -

*U~. Geological Survey, 1999.
2Flow-weighted concentrations.
3Mediaus for routinely sampled (BFS) sites (SW) and for land-use categories (GW).
4Everglades National Park, site P-34, medians; data from South Florida Water
Management District (1992).
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and flows. Generally, concentra- 1996-98 sampling period, and
: ’": i~ tions were below 0.02 milligram effects of seasonal low water levels

per liter (rag/L) at the Big Cypress on nutrients were not evident.
" ’ Swamp reference site (Br 105) dur- The dominant source of phos-

ing 1996-98, but increased to more photos loading in southern Florida
than 0.10 mg/L as water flows and is fertilizer (fig. 6). Manure and
levels declined during the dry sea- atmospheric sources are also
son (fig. 5). The increase in phos- important in some subbasins.
phorus concentrations occurs when Annual phosphorus loads estimated
fish, wading birds, and other for selected canals and rivers were
aquatic organisms congregate in highest in the Peace River and low.-

Ground-water sampling, eastern
Everglades C-1 11 agricultural basin, ponded waters and their wastes est in the eastern Big Cypress

contribute nutrients to the remain- Swamp. Much more phosphorus
ing inundated areas. The relatively has been transported seaward from

All routinely sampled SOFL greater ground-water contributions the northern Everglades and
to surface water during the dry sea- Okeechobee basins by the Caloosa.-

sites (BFS sites, see Glossary) had son also may increase nutrient con-hatchee River, St. Lucie Canal, and
phosphorus concentrations that centrations. The background marsh    major canals of Palm Beach
exceeded the USEPA Everglades sites in the ENP had very low con- County than is transported seaward
standard of 0.01 rag/L, but the two centrations of phosphorus (less       in the southern Everglades (Haag
southern sites, Canal C- 111 and than 0.01 rag/L) throughout the       and others, 1996).Tamiami Canal at bridge 105, had
median concentrations near the MYAKKA RIVER and

PEACE RIVER KISSIMMEE RIVER ST LUCIE RIVER
0.01-mg/L Everglades standard 1~.390.000 kg/yr 12,370,000 kg/yr 5,339,000 kg/yr

(fig. 4). The ENP reference sites
had median phosphorus concentra-
tions below 0.01 mg/L and are
characteristic of pristine Ever-
glades water.

CALOOSAHATCHEE
RIVER OKEECHOBEE

Seasonal changes in total phos- 3773.000 kg/yr 241.000 kg!yr

phorus concentrations often are
related to changes in water levels

0 12                                                       3,000
EVERGLADES

~ NATIONAL PRESERVE AGRICULTURAL AREA

-LUIT 0.10 2,500                                                                          l..IJ"          oZ5.831,000 kg/yr 12,860,000 kg/yr

O uj 0.08 2,000 ~ U~

© ~; 0.o6 1,5o0 ~’I-- ~-

61 I"f"
LU I1 EVERGLADES ~ EAST COAST

~1~
-.J ~

~
3,508,000 k

PHO CES

Z 0.02
500 ~ (D I~ MANURE

-- ~ [~] ATMOSPHERIC DEPOSITION
r-~ SE~,,c TAN~S

0 M j j ASONC j FMAMJ j ASONF j FMAMJ j AS0 ]-~-] MAJOR CANALS AND RIVERS
~ WASTEWATER TREATMENT ~/

~ 996 ~ 997 1998 ~AC~U’RES
[k~yr, ~i~o~rarns ~er yoarl

Figure 5. To~al ~hos~horus concentrations increase6 as F~ure 6. ffst~mate6 ~hos~horus Ioa6~n~ from ~oint an6
0ischar~e and water levels decline6 at Tamiami Canal at non~oint sources in su~ace-water basins m southern
Bri6~e ] 05, Bi~ Cg~ress National Prese~e. Florida (Naa~ an6 others, ~ 996).

8 Water Quality in Southern Florida, 1996-98

R0024371



R0024.~2



R0024373



EXPLANATION SOUTHERN FLORIDA SURFACE WATER NATION- SOUTHERN FLORI DA GROUND WATER " NATION-
~ HERBICIDE Canal C-111 U.S. Sugar WIDE .... -.,’~- :; i~WIDE-,
I INSECTICIDE at S-177 Hillsboro OQtfall Sixty-two Agricultural Urban Study Unit" ~,~i. -all .

(mixed Canal at S-6 Canal agricultural land land survey (public- _ NAWQA :
agriculture) (sugarcane) (citrus) streams 1 use (citrus) use supply wells) ~:’ wells2

Atrazine -- ~ i ~ I~1

Metolachtor I ~ I !
Deethylatrazine ~ ~ I I []

Tebuthiuron m I ! | I
Endosutfan I m I nd nd nd nd nd

EPTC I
Simazine i ~ I [] I

Chlor~rffos I
Malathion m I ~
Carbaryl I I

Methomyl w I ~ * nd

Ethoprop ¯ /
Cyanazine ~

~

[]
Alachtor []

Norflurazon ~ I * I nd
Diuron " I I* I I I

~Bromacil ~ I * I nd
Prometon ’ [] I I

Fenuron -- ~ * I I
Carbofuran ’ I

Different patterns of pesticide detections were evident, in surface and ground;~ate~:
southern Flo-ridal Forexample, norflurazon and bromacilfrequently wer~te~ed
detected in other agricultural.and urban areas. Dete~tibns of’prometonia~d fe0~0ii were~aOgely .hig~in;~.it?ublic%
supply wells Of the Biscayne aquifer but were much lower iii other areasT’l~)i~ybf the~ S~~stici~les~grg;detfi~ted in
surface and ground water nationwide, but afew such as alachlor, cyanazine;, aiia earb~fUr~ixi- ~e~ ~n~g~i}.c~i~en(in
southern Florida. The most commonly detected pesticides, such as atrazine,, simazine,:i~nd n~d~lildhlor, w~ more com-
mon in surface water than in ground water in both southern Florida and the Nation. Concentrations’of selected herbicides
at SOFL sites are plotted against corresponding national herbicide ranges for different land uses inAppendix A,

Concentrations of pesticides in [ U ~ Sugar Outfa}, Canal Ic,tru8

water were seasonal and related to
land use. Concentrations of atrazine
peaked at all three sites m late winter
and spring (fig. 7). Concentrations
were highest at the S-6 site, where ~’ ~ L GanalC-l,1 atS-177(m,xedvegela~,es}somesampleshadatrazineconcen- ~ f<
trations that exceeded the Canadian
aquatic-life criterion of 2 ~tg/L and ~o 0s
the USgPA MCL of 3 gg/L. Concen-

_ztrations at the other two sites were ~ 0 .......,,-~---~ I1.., .............~.U ~
significantly lower, with maximum ~ i ~,,,~0o~o i:~lll ~, ~_~ i~o~’ 11,t
values less than 1 pg/L.

<~ ~0 Figure 7. Concentrations
A pesticide of particular concern, of atrazine at the Intensive

endosulfan, was detected mainly at ~ Fixed Sites, August 1996-
~he Canal C-I 1 1 site (fig. 8). I similarseasonalDecember 1998, showing

I,,, occurrence
Endosulfan was detected by the 0 ........... .........~ so, o .~ ~ ,u ~ ~, so. o, ~,u’,’~’~’s’o’~’; patterns but different
South Florida Water Management !996 1997 1998 concentrations.

Major Findings    1 1
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Canal C--111 at S-t 77 (mixed vegetables)
rr 0.06

z ~ 0.05
.r,r"

z uJ 0.04

0 ,"r"
zo
LU~ 0.01

0
ASOND JFMAM J JASOND FMAM J JASOND

1996 1997 1998

Figure 8. Concentrations of endosulfan at Canal C-111 at
S-177, August 1996-September 1998.

Residential land near Fort Lauderdale.

District (SFrvVMD) over a number (see figure on page 13). The effects exceeded USEPA or State of Flor-
of years in the C-111 basin at levels of pesticide mixtures on biota or ida drinking-water standards or
considered to be a threat to aquatic humans are not included in criteria, health advisories.
life in the basin and in nearby which are based on the results of VOCs commonly were detected
Florida Bay (Miles and Pfeuffer, single-species, single-chemical in water from shallow, residential
1997). During the intensive sam- toxicity tests conducted in the labo-land-use wells and deeper public-
pling period of the SOFL study ratory. As a result, analyses of indi- supply (study-unit survey) wells in
(1996-98), endosulfan concentra- vidual pesticides may under- the Biscayne aquifer (fig. 9). Vinyl
tions were 0.05 ~g/L or less estimate potential adverse effects chloride, trichloroethylene, tetra-

(fig. 8), which is just below the of contaminants on biota (Nowell chloroethylene, cis- 1,2-dichloro-

F!orida Department of Environ- and others, 1999). ethene, and methyl tert-butyl ether
mental Protection criterion (MTBE) were detected more com-
(0.056 mg/L) for Class III (recre- Regional patterns of monly in the older residential and

ation, propagation and mainte- pesticides, VOCs, and trace industrial areas and in public-supply
nance of a healthy, well-balanced elements are evident in wells near mixed agricultural lands.

Toluene, p-isopropyltoluene, andpopulation of fish and wildlife) ground waterfreshwater. Detections of endosul- 1,2,4-trimethyl-benzene corn-

fan were frequent in t996 but Pesticides were detected in monly were detected in the newer

became less frequent in the follow- ground water from more than residential areas and in public-sup-

ing 2 years, as the use of this pesti- 85 percent of the 108 SOFL wells ply wells near mixed agricultural

tide was discouraged and an and beneath every type of land use lands. Two samples from public-

alternate, imidacloprid, was intro- studied. No pesticide concentration supply wells in more industrial-

duced.
rr"

Mixtures of pesticides were u_m,,, 40
oz~

common in samples from SOFL ,,,o,,, 30 ~- ~ Urban land-use survey - Biscayne aquifer
(D~_n. ~_ ~ Agriculture land-use surveys - Biscayne and

and other national NAWQA sites

OO-J~720~m~ 10[-[~ ~1 I I unnamediur~ic’alaquifermnnnn nnnnn
u-IO = 0-The NAWQA Program uses a.>~

Federal drinking-water standards
and guidelines to assess the
quality of drinking water in
potential surface- or ground-water
sources prior to treatment and
distribution. This complements
many ongoing Federal, State, and Figure 9. Percentages of common volatile organic carbons
local monitoring programs that (VOCs) detected in water from shallow urban (residential)
assess drinking water after treat- and agricultural wells and from deeper public-supply wells
merit and distribution. (see Study Unit Design on page 22 for locations).

12 Water Quality in Southern Florida, 1996-98
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ized areas had vinyl chloride con- Arsenic has been implicated as elements that are potential carcino-
centrations (4.68 and 3.18 gg/L) causing several cancers. Because of gens, exceeded drinking-water
slightly above the USEPA MCL of this health concern, the USEPA is standards in some shallow ground
2 btg/L, considering lowering the MCL for water in the SOFL Study Unit.

Urban and agricultural activities arsenic from 50 to about 5 gg/L. Uranium exceeded the MCL in 5 of
are sources of trace-element con- Concentrations of arsenic in shal- 116 samples. Radon-222, a gaseous
tamination in ground water, low ground water exceeded 5 gg/L radionuclide that, when released to
Arsenic and copper are used as in some of the urban and citrus the air and inhaled is a significant
fungicides in citrus groves. Arsenic land-use SOFL wells. Concentra- cause of lung cancer, exceeded the

(in the herbicide monosodium tions of copper in the SOFL ground proposed MCL of 300 picocuries
meth-anearsonate) is used in turf- -water samples reached 19 gg/L, per liter (piC/L) in more than
grass maintenance on golf courses, which is well below the drinking- 75 percent of the samples from the
and concentrations of arsenic in water MCL of 1,300 gg/L. Biscayne aquifer.
shallow ground water are some- Uranium and radon-222, two
times elevated (Swancar, 1996). naturally occurring radioactive

1 Atrazme+DEA+Metolachlor+Prometon+Simazine+Alachlor

I Atrazme+DEA+Metolachlor+Prometon+Simaz~ne
I Atrazine+DEA+Metolachlor+Prometon
Atrazine+D EA+Metolachlor

ha~,
thafi’ is fofindin: grbiin’d:water in &he~:.~e~g; 0f’th~ G R O U N D WAT E R
Nation. NoNurazon and bromaciliw~re found

.,_~.,,~,~ .,.~;v;,;-as-~’ the SOFL =I~At ......
DEA~-Metolachlor+P ....tou+S ........

as .togethermostfrequently
Study Unit; these pesticides commonly are used on
citrus crops..:_ .              -./..--:. :

Nodlurazon+Bromacit+Diuron+S~maz~ne

mixtures in-
03

GROUND WATER

:7C) ~.-- Isi ...... Ptoe ....

nafi0"nwide: The
ound, water:,dflthe.~61JthernFloridalurbanstudy!:~..i~,,:i. (~:,~ ~,

,~t ......
Atrazine+DEA+Yebuthiuron+DiuronOEA+Tebuthi .....

D ......F ......

arLamay,15:rigin’aiefi’~ ]0cal:reside~fialq~w~ihei:2:i::: ~m ~ Atrazine+DEA+rebult~ .....
$3 ~ Atrazmo+DEA

,’ .,~’~-., "
b]c~de app]i~0ns Orlmaybe!tran:sporte~:fi’om..

a--c:; ’"gn tumra~ l"",i:’e:’:"o-’’?~anas e m r.mr ug~me atmo-      0 5 10 15 20 25 30 35 40nearby, PERCENTAGE OF SAMPLES IN WHICH
sphere or in Canals. Canals that ~~cultural co MBINATIONS OF PESTICIDES OCCUR TOGETHER
lands rechar-:-.::hal[o’~’L--~LLh:’~’~’~t:~-a--’s:~’~’ang~ ~ w ~utmu,.wau= m_u~ tuu AT OR ABOVE 0.01 MICROGRAM PER LITER

¯ ,. . ~ 3EA is deethylatrazme.
National data from U.S. Geologlca Survey, 1999.
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Transport of Herbicides and their Breakdown Products

To evaluate the geochemical transport of herbicides, water and bed-sediment san]pies were collected in
May 1997 and February 1998 from six SOFL sites (fig. 10) representing different land uses. The samples
were analyzed after the methods of Thurman and others (1990) and Meyer and others (1993) for a suite of
herbicides and breakdown products. Low levels (0.05 to 2.5 ~g/L) of one or more herbicides were detected in
water at all sites, including atrazine at every site. Other herbicides detected include ametryn, prometryn,
and metolachlor at the sugarcane site, simazine and metolachlor at a mixed-agricultural (vegetable) site, and
ametryn, simazine, and terbutryn at a citrus site. Atrazine (at trace levels) and ametryn (exceeding 40
micrograms per kilogram (~tg/kg)) were detected in the sediment samples from the sugarcane site (S-6) in
both years. The only other herbicides detected in sediments were trace levels of ametryn and alachlor at the
mixe~l-agricultural (vegetable) site (Canal C-111). A breakdown product of alachlor, 2,6-diethylaniline, was
detected in water at the same site. At the sugarcane site, S-6, the ratio of sediment-to-water concentration for
ametryn was 240 (1997) and 580 (1998) and was zero for atrazine both years, which indicates that ametryn is
transported primarily in sediment and atrazine is transported primarily in water.

The ratio of the concentration of deethylatrazine to the parent herbicide atrazine (DAR) has been used as
an indicator of herbicide transport and surface- and ground-water interaction in the Midwestern States.
Generally, a ratio greater than 1.0 indicates slow unsaturated zone transport and ground-water contribu-
tions to surface water (Adams and Thurman, 1991; Thurman and others, 1991; 1992). An elevated ratio also
can be caused by photodecomposition of atrazine to deethylatrazine during atmospheric transport of herbi-
cides (Goolsby and others, 1997). A ratio less than 0.1 indicates rapid overland-flow transport to surface
water shortly after herbicide application. In southern Florida, DAR values were less than 0.1 at the sugar-
cane site (S-6), suggesting rapid transport of the herbicide into canal water shortly after herbicide applica-
tion. The DAR at three other sites was between 0.1 and 1.0, which suggests post-application runoff. The
DAR vahne of 1.0 at the background site (Br-105) presumably is from low-level atmospheric transport and
photodecomposition because this site is remote from any farm runoff or ground-water sources of atrazine.
The higher values above 1.0 at the citrus site (U.S. Sugar) and Canal C-111 at S-178 could indicate ground-
water contributions (as in the Midwest) or more rapid photodegradation of atrazine in southern Florida
I)ecause of higher temperatures, stronger sunlight, or greater soil organic carbon content and soil moisture
than in the Midwest.

~ ---- . OLD ATRAZINE : "-
N --

0
(Ground~water contributions to surface water?) --

<I~ 27’= , : : ~,: o o-=~ ~ ¯ ¯ =
© - ¯ _-

POST-APPLICATION ¯ --
(Runoff contributions to surfaoe water)

0__~ o.~ _--
¯

:< <Z     ¯            (Runoff contributions to sun’ace water}

_~ 0.01 --

SUGARCANE MIXED CROPS CITRUS

LAND USE

Figure 10. Ratio of deethylatrazine to atrazine (DAR) in surface water at selected sites, 1997-98 (M.T. Meyer. U.S. Geological
Survey, written commun., 1998).
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Pesticides, PCBs, other endosulfan, and other
organics, and trace elements semivolatile organic
have accumulated in bottom compounds, including
sediment and fish polycyclic aromatic

hydrocarbons (PAHs).
Many pesticides, other trace

organic compounds, and trace ele- The most frequently

ments are hydrophobic; that is, in detected pesticides in

aquatic environments they tend to fish at 15 SOFL sites

be associated with sediment pard- also were DDT and its

cles and biological tissues rather breakdown products.

than dissolved in water. For this rea- Largemouth bass and southernFiSh samplingFioridain NAwQABig CypreSSstudy.Swamp as part of the

son, sampling bottom sediment and (or) Florida gar were

fish is an effective way to assess the collected at each site,

occurrence of these contaminants in and one or more samples (5-8 Other organochlofine corn-

the aquatic environment, whole fish) were analyzed for pes- pounds and PCBs detected in the
ticides. DDT compounds were composite whole-fish samples

The most frequently detected
detected in 25 of the 27 composited    collected during 1995-96 include

pesticides in bottom sediment at
the SOFL sites during 1996-98

fish samples. Concentrations of polychlorinated biphenyls (PCBs)

were DDT and its breakdown prod-
total DDT ranged from less than and the pesticides dieldrin, mirex,
5 to 1,170 gg/kg in Florida gar and and various compounds of chlor-ucts DDE and DDD, ranging from

2.4 to 670 micrograms per kilo-
from less than 5 to 610 gg/kg in dane (cis-chlordane, oxy-chlor-

gram (~lg/kg). DDE exceeded the
largemouth bass. The most com- dane, trans-chlordane, trans-

Canadian sediment quality guide- monly detected and abundant DDT. nonachlor, and cis-nonachlor).

lines probable effects level (PEL) product was p,p’-DDE. Total DDT Maximum concentrations of pesti-

of 6.75 gg/kg (Environment Can- concentrations exceeded the 200- cides occurred primarily in fish

ada, 1999) at four of the btg/kg guidelines (Newell and collected in Hillsboro Canal at S-6.

seven fixed sites, including the others, 1987) for the protection of PCBs were detected in three sepa-

ttillsboro Canal at S-6 (308 gg/kg) fish-eating wildlife in 4 of 27 fish rate fish samples; the maximum

and the Kissimmee River at S-65E samples. Highest concentrations ofconcentration (140 btg/kg) was in

(670 btg/kg). More than 40 organic total DDT were in canals of the fish collected from Black Creek

compounds were detected in bed- northern Everglades near agricul- Canal. Dieldrin and toxaphene
sediment from the Hillsboro Canal tural lands. For comparison, during were two other pesticides com-
at S-6, including ametryn, chlor- 1970-73 concentrations of total monly detected in composite fish
dane, DDT compounds, dieldrin, DDT in 49 composite fish samples samples from the Everglades in the

from 12 sites in south- early 1970s. Concentrations of
ern Florida ranged from dieldrin in largemouth bass were as
6 to 800 gg/kg. In 1978, high as 130 btg/kg, and concentra-
total DDT concentra- tions of toxaphene were as high as
tions in 23 fish samples 5,000 btg/kg. In 1995, dieldrin con-
ranged from 3 to

centrations ranged from less than
1,650 btg/kg (Haag and

5 to 18 gg/kg, and 5 of 27 fish
McPherson, 1997). samples had detectable dieldrin.

Toxaphene was not detected in fish
collected during 1995-96, but the
analytical method was not very
sensitive for toxaphene (only levels
greater than 200 gg/kg could be

Row crops, C-111 basin, southern Florida.                                     detected).
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The types and amounts of pesti- plete combustion of fossil 83° 82° 81° 80°

cides used in Florida have changed fuels. Bottom-sediment
over the years because of new tech- samples were collected at
nology, land use, and State and 10 sites in a survey of the
Federal regulations. One of the Barron River Canal in 1998 to
most frequently detected herbi- evaluate the occurrence of
cides in bed sediment in southern PAHs and other semivolatile
Florida, ametryn, is used in rela- organic compounds in the
tively small amounts on sugarcane vicinity of the Big Cypress
crops (6 tons per year [tons/y]) National Preserve (Miller and
(Miles and Pfeuffer, 1997). By far, McPherson, U.S. Geological MERCURY
the greatest frequency of insecti- Survey, in press). PAHs nor-

(~/g)
cide detection was the organochlo- malized to organic carbon had ~ 0.s to 1.s
rine insecticides, such as DDD, patterns of distribution that
DDE, DDT, dieldrin, and hep- indicated sources to be roads, 25 MEDIAN SULFATE

tachlor. DDT was banned for most vehicles, or an old creosote milligrams per liter

uses in the Nation in 1973. These wood-treatment facility. Con- and numbero
insecticides also are the most centrations of phthalate esters 2~°
frequently detected pesticides in and the trace elements arsenic,
bottom sediments (Shahane, 1994).cadmium, and zinc in the
Although most organochlorine Barton River Canal appear to FiOure ~ ~. Mercury concentrations in large-

mouth bass tissue equaled or exceeded
pesticides such as DDT and chlor- have a nonpoint source and to0.5 gg/g in an area in southern Florida.
dane are no longer sold in the be influenced by local bed- (kambou and others, 1991). Median sulfate
United States, they persist in the sediment properties, such as concentrations at SOFL sites, P-33 and P-34,

environment and continue to pose sediment particle size and in rag/L, 1996-98 (P-site data from South
Florida Water Management District).

potential threats to wildlife and organic content. At some
humans. Persistent organochlorine B arron River Canal sites, lead, fish from all other parts of the State

pesticides were detected beginning copper, and zinc, normalized to (Stober and others, 1995). The

in the late 1960s and early 1970s aluminum, exceeded background NAWQA Program specifies that

(Kolipinski and Higer, 1969; levels and may be enriched by trace elements (including mercury)

McPherson, 1973) in bottom sedi- human activities. Trace elements in be determined for fish livers. Thus,
ment and fish that are a part of the bottom-sediment samples from the the data are not directly compara-
food chain in the Everglades. Barron River Canal sites did not ble to data from studies analyzing
Reflooding of farm lands for Ever- exceed the Canadian PEL for fresh- fish fillets (the edible portion of the
glades restoration potentially couldwater sediment, fish). Mercury concentrations in
lead to mobilization of persistent composite samples of largemouth
organochlorine pesticides and Mercury is a contaminant in bass livers from the SOFL sites
foodweb contamination, as the Southern Florida Study ranged from 0.4 gg/g in Black
occurred in Lake Apoka just north Unit Creek Canal to 42 gg/g in Miami
of the study area. Many organo- Game fish in the Everglades Canal at S-8. Mercury concentra-
chlorine pesticides and PCBs also have concentrations of mercury tions in Florida gar livers ranged
have been linked to hormone dis- that exceed recommended levels

from 2.1 lag/g in the Caloosa-
ruption and reproductive problems (1.5 micrograms per gram, gg/g) for hatchee River at Alva to 190 gg/g
in aquatic animals (Colborn and human consumption (Ware and in the Miami Canal at S-8. Large-
others, 1993). others, 1990; fig. 11). The maxi- m~outh bass and gar are top preda-

Polynuclear aromatic hydrocar- mum concentrations of mercury tors; on average, mercury

bons (PAHs) are contaminants in found in edible portions of large- concentrations in gar livers were

soils and sediments and originate mouth bass (4.4 gg/g) collected about four times higher than
from such sources as crude oil and from the Everglades exceeded mercury concentrations in large-
tar and from forest fires and incom- mercury concentrations in game mouth bass livers.
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VOLATILIZATION (Hg°) BIOACCUMULATION TREEand
ISLAND

(Hg(l!), CH3Hg)

)IMENT RESUSF

Figure 12. High concentrations of mercury in Everglades fish, birds, and other organisms is a
result of food web bioaccumulation of methylmercury, which originates primarily at the sediment
and periphyton-water interface (modified from Krabbenhoft, 1996).

The high concentrations of tural fertilizers. Large inputs of demethylation rates in the water

mercury in fish result from food- sulfur in parts of the northern Ever- column do show a strong north to
web bioaccumulation of methyl- glades have stimulated sulfate south upward trend, ranging from
mercury, the most biologically reduction that would normally 2 to 15 percent per day, as a result
available form of mercury in the favor methylation, but very high of decreasing DOM in the water
environment (fig. 12). Buildup in levels of sulfide in the eutrophic column from north to south and
the Everglades food web begins areas have an inhibitory effect on

with high rates of bacterial mercury methylation rates. Lower levels of the resulting increase in light pen-

methylation at the sediment-water sulfur contamination in the central etration in the south (Krabbenhoft

interface and subsequent transport Everglades (fig. 11) have increased and others, 1999b).

of methylmercury from this inter- sulfate reduction and mercury Atmospheric sources supply
face into the water column. The methylation without the inhibitory mercury that sustains methylation
Everglades region had one of the effects of excess sulfide on meth- and food-web biomagnification in
highest methylmercury to mercury ylation rates (Benoit and others,

ratios in sediment of the 21 1999; Orem and others, 1999, the Everglades. The southern
Florida area has one of the highest

NAWQA basins sampled in 1998 p. 79). Concentrations of mercury

IKrabbenhoft and others, 1999a). are higher in fish and other organ- atmospheric mercury deposition

isms in the more remote and low- rates (25 micrograms per square
Mercury methylation rates in the nutrient waters of the central and meter per year, gg/m2/y) in the

Everglades are affected by complex southern Everglades than in the United States (Krabbenhoft and
physical-chemical-biological pro- high-nutrient waters of the northern others, 1999a). Atmospheric inputs
cesses that vary widely from day to Everglades (Cleckner and others, have local sources, such as medi-
night, from season to season, and 1998; Gilmour and others, 1998; cal, municipal, and industrial incin-
along spatial gradients. Two of the Hurley and others, 1998). erators, landfills, power plants, andmost important controls on met- Degradation of methylmercury other urban activities, and global
cury methylation are availability of also is a dynamic process that

sources. Local sources are consid-sulfur and bacterial cycling of sul- varies from day to night and spa-
fur. Sulfur inputs to the Everglades tially across the Everglades. ered by most investigators to be

have increased over background Microbial demethylation rates in primarily responsible for the rela-
levels during the 20th century as a the sediments do not show strong tively high atmospheric mercury
result of runoff containing agricul- spatial patterns, whereas photo- inputs in southern Florida.
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Biological communities are Florida, in particular the concentra- dissolved-oxygen concentrations.

influenced by water quality tions of sodium, chloride, and Fish and invertebrate communities

calcium, facilitates the invasion and are characterized by species that
The distribution of fish, inverte- occasional establishment of fishes prefer these conditions and by the

brates, and algae within a river or with broad salinity tolerance absence of related species that are

canal is influenced by natural con- (Loftus and Kushlan, 1987). No found only in cool, swiftly flowing.

ditions and human activities that fish species listed as threatened or well-oxygenated streams. The

affect water quality and available endangered in the United States or number of fish species collected at

habitat. Generally, a diverse aquatic Florida were collected in southern SOFL sites, or the species richness
community composed of a variety Florida during the NAWQA study, of the community, tended to

of species and dominated by no Florida rivers have smaller
increase with increasing mean

single species or group of species is annual dissolved-oxygen concen-
an indicator of favorable biotic

drainage basins and fewer fish trations. Some game-fish species,
species than rivers in the adjacent

conditions and an absence of con- such as bass, were absent at sites
taminants and other environmental

Southeastern United States (Swift with the lowest dissolved-oxygen
stresses. Although human activities and others, 1986). Natural condi- concentrations. One entire group of
have caused significant changes in tions, in this case the repeated rise

many southern Florida freshwater and fall of sea level over geologic
invertebrates (Plecoptera: stone-
flies), which prefer cool running

habitats, it is important to under-
time, have reduced the number of

stand how unique natural condi-
freshwater fish species in the

waters, usually are not found any-

tions in southern Florida influence
Florida peninsula. The present fish

where in the waters of southern

community represents the most Florida. Diptera (true flies) was the
the composition of aquatic commu- dominant insect group at all sitesrecent reinvasion following sea-
nities there, level withdrawal (Bass, 1990). The (fig. 13). Many of the Diptera were

Sixty-three species of fish in most important natural factors lira- species in the family Chironomidae

26 families were collected in the iting the diversity of the fish com- (midges), which are adapted to

seven canals and rivers sampled in munity are unsuitability of habitat aquatic environments with sandy

the SOFL Study Unit during 1996- and climate for temperate species
substrates and very low dissolved-

98. The fish community included (Loftus and Kushlan, 1987). oxygen concentrations, such as

43 native species and 10 exotic or those prevalent in southern Florida

non-native species. Additionally, The rivers in southern Florida surface waters. Species in this
10 species of tnarine fish that peri- have very low gradients, typically family are also tolerant of nutrient

odically inhabit portions of canals only a few inches per mile enrichment and contaminants..
and rivers in southern Florida also (McPherson and Halley, 1996), as

well as slow current velocities,were collected. The chemical com-
position of freshwater in southern high water temperatures, and low

~: MIXED MAD USE ’ ¯ AGRICULTURAL LAND USE UNDEVELOPED

Caloosahatchee Kissimmee Peace Canal Hillsboro U.S. Sugar Tamiami

River River River C-111 Canal Canal Canal

EXPLANATION

~ EPHEMEROPTERA (mayflies) ~ ODONATA (dragonflies / damselflies) ~ OTHER AQUATIC INVERTEBRATES

~ PLECOPTERA (stoneflies) ~ COLEOPTERA (beetles)

[~ TRICHOPTERA (caddisflies) ~ DIPTERA (true flies)

Figure 13. Diptera (true flies) dominated the insect community at the Southern Florida National Water-Quality Assessment
Study Unit Sites, 1996-98.
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In the canals and some of the riv- channelized, and the main channel sensitive insects, including caddis-

ers of southern Florida, habitat is connected to the flood plain flies, were present.

alteration is significant. The canal during periods of high water. The In many parts of the United
channels are rectangular in cross- flood plain provides a refuge for States, the abundance of a group of
section, and they have been chan- fish during high flow, perhaps invertebrate taxa referred to as the
nelized and are routinely dredged enhancing survival and reproduc- EPT taxa (Ephemeroptera, Plecop-
to facilitate navigation and the tion. Also, periodic flooding results tera, Trichoptera) is used to assess
movement of water. There are few in input of particulate organic mat- the biotic condition of streams and
areas of shallow water (littoral ter and dissolved organic carbon rivers. Species in these insect
zone) to provide sufficient light for from the flood plain, which groups generally thrive in condi-

attached algae (periphyton) and increases the productivity of the tions of flowing water, moderate to
suitable spawning areas for fish. fiver and increases its ability to high dissolved oxygen, and low
Moreover, aquatic vegetation is support a diverse fish community,suspended sediment and are intol-
periodically removed for water- erant of contaminants and habitat
management purposes, further The environmental conditions in disturbance. The relative abun-
reducing habitat for small fish and the Peace River also supported a dance of EPT taxa compared to the
invertebrates that serve as food for diverse aquatic insect community more tolerant Diptera taxa can be
fish. The species richness of fish compared to most other SOFL sites used to assess and compare sites.
and the total numbers of fish col- (fig. 13). For example, the Peace However, this metric must be used
lected generally were lowest in the River had the highest mean dis- with caution because Plecoptera
canals of southern Florida in basins solved-oxygen concentration of usually are not found in southern
with agricultural land use (fig. 14). any southern Florida site. Hard Florida. The Peace River had the
The canals and channelized rivers substrates, such as the woody snagshighest EPT/Diptera ratio com-
have little suitable habitat of any preferred by many aquatic insects, pared to the other SOFL sites. The
kind for many aquatic insects that were abundant. Seasonal input of Peace River also supported a
prefer hard substrate, such as cad- leaf debris (particulate organic diverse algae community with the

disflies (Trichoptera) and some matter) from the flood plain pro- greatest species richness (220 spe-
mayflies (Ephemeroptera); snags vides a valuable food source for cies) of all the SOFL sites. Total
(woody debris) are scarce because many aquatic invertebrates. In phosphorus and nitrogen concen-
bankside vegetation is usually contrast, Hillsboro Canal, a rela- trations were high in the Peace
cleared, and hard surfaces, such as tively degraded SOFL site, had River compared to other SOFL
rock, are limited to porous lime- insects from a number of different sites because of natural conditions
stone outcroppings, groups, but few of the pollution- and human activities. The avail-

Fish can be categorized ability of these essential

on the basis of their ability NUMBER OF FISH SPECIES COLLECTED nutrients, combined with

to tolerate a range of envi- 2,500 21    32 34 23 28 26 24 an unmodified habitat and
M~XED LAND USE more shallow-water areas,ronmental conditions. "r a

There were no intolerant m_ 2,000 may contribute to a more

fish species collected in ~ ~,soo diverse algal community.

any of the canals in south- rr The Tamiami Canal is
ern Florida (fig. 14). The ca ~,000

~ unique among the SOFL
presence of intolerant spe- z 5oo canal sites because land
cies in the Peace River within its basin is mostly
during the SOFL study, as 0

~ undeveloped, limiting the
well as in earlier studies ~.~ ~.-’~ q.~ co4"~ co~~’~ . co~# input of contaminants.
(Champeau, 1990), indi- ~ ~.~.    .~o ,~ However, the environmen-
cates favorable biotic con- ,~ 02, .~o ~,.~,8 .55"0" *.~ tal conditions are stressful
ditions. The Peace River is because the shallow canal
unique among the rivers SITE LOCATION has almost no flow, the
sampled in southern Flor- Figure 14. Environmentally tolerant fish are common in water is warm, and dis-
ida because it has not been southern Florida canals and rivers, solved-oxygen concentra-
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tions typically are very low. characterized by an abundance of percentages of fish with external
Nutrient concentrations were minnows and Florida gar. The anomalies were from the Hillsboro
among the lowest of the SOFL Tamiami Canal had the smallest (32 percent) and C- 111 Canals
sites. The insect community was proportion (5 percent) of fish with (22 percent). Anomalies at these
dominated by Diptera, although external anomalies. External two sites were primarily external
some Trichoptera that are adapted anomalies, such as eroded fins,
to still or slow-flowing conditions lesions, ulcers, tumors, and parasites, eroded fins, and anatonfi-

were collected. Bluegreen algae external parasites, can be an cal deforrnities. These two sites

were relatively abundant. The fish indication that fish are stressed by were in the top 25 percent of

community showed little similarity environmental conditions or 144 NAWQA sites sampled

to any of the other sites and was contaminants. The highest nationwide.

UNDEVELOPED

NAWQAsites .were comp~ed to inve~ebrate co~fies at’, ~lXaO, ’.,~z~ ~1 ¯
STUDY UNIT VALUE

NAWQA sites:nationwide by us~g a:mul~e~c index. ~e ~ :1’’~ "i "1 ~( ~ J "1’ i"l-["~ I, /[      75th PERCENTILE
~dex comb~es 11 me~cs, ~c]u~g ones ~at ~sess t~a rich- 0    20 40 60 80 100 : 25th PERCENTILE
~ess ~d ~ve~ity, ~a ~c~ess of mayfliesr sto~e~es; ,~d cad-

NVERTEBRATE STATUS INDEX

disflies, ~d v~ous me~es of env~men~ t01e~ce~ Us~g
&e ICSI, ~ seven of &e Sou&era ~o~da sites r~edabove ~e 75~ ~rcen~e, ~cafing ~at &ey ~e ~ong &e most deeded sites in
¯ e Na~o~. Use ofee zcs[ ~ sou~em ~o~ must;~e ~op~&ea ~ cau~o~ because backwood env~ome.~ ~on~ons prevalent
at ~ sites, ~clu~g slow wate~ vei~[fies ~d, lo~~olved:0~gen concen~afions, probably con~bute to ~e ~gh index v~ues ~d may
obsc~e ~erences in ~veAebrate �0~des ~ause 0f o&er factor, such ~ l~d use or c~ges ~ habi~t. ~e do~n~ce of Diptera
(~e ~es), ~sects ~&t ~e toler~t of de~aded en~o~t~ con~fions, ~d low ~versi~ of insec~ over~ con~bute to the ~ ICSI
scorns for Sou~em ~ofida. See pages 18=20 for how ~sect co~fies comp~e at sites wi~ ~e SO~ Study UNt.

AGRCULTURAL[~’,~;~,,         ~      , (, ~ ~ NATIONALRANGE

across ~e Nation were ~sifi~ b~ed on fo~ fish me~ ~er-          MIXED ...... "., :~~- - ~ .; .,( ~ STUDY UNIT VALUE¯ I I
,~

75th PERCENTILEce~ge of tole~ o~vorous, ~OB-~a~Ve ~vid~s, ~d ~E-
0 5 10 15 20 , 25th PERCENTILEcenmge of ~Nd~s wi& ~tem~~o~). Nation.de,

TOLERANT FISH SPECIES
~er v~ues sumatra more de~d~ s~ site. S~ of ~e ~N PERCENT
SO~ sites, ~clu~g &e reference si~. ~ ~ ~e ~ghest ~&
~rcen~e camego~ .for ~e N~on. ~v#omen~ con~fions menfion~ above for ~ve~bra~s ~se ~y con~bute to s~ss ~ ~e fish
co~ at si~s ~clu~g ~e ref~nce site. ~s en~men~ s~s ~ ]~ to do~ of tole~t risk ~vo~le con~fions for
exotic sp~ies. ~d ~ extem~ ~o~ ~ some sites ~ ~e SO~ Study U~k ]ea~g to ~gher ~ues comp~ed wi& o~er si~s
nation.de. S~ pages 18-20 for a ~sc~sion of how fish co~fies ~mp~ at sites M~n ~e SO~ Study U~t.
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Exotic species are a threat to dant in streams that have been 3503 AGRICULTURAL
native biota altered by human activity (Moyle, ~ 30 LAND USE

1986). Generally, the canal sites in ’"
Exotic or non-native species of southern Florida had more exotic

~ 25
t

fish, as well as other animals and species than the major rivers. The m_ 20:

plants, :represent a major threat to number of species of exotic fish at
native biota in southern Florida. SOFL sites ranked in the top one-
Exotic fish compete with native third of NAWQA sites nationwide, ca

~ 5
species for food and habitat. Exotic ~z
plants crowd out native species and The swamp eel (Monopterus o

can form dense monocultures that albus), recently introduced from

alter habitat for birds, fish, and Southeast Asia, is a potentially

other native biota. Ten exotic fish dangerous invader. The swamp eel

species were collected at the SOFL can breathe air for extended pert- SiTE LOCATION

sites during 1996-98 (fig. 15). ods of time, enabling it to inhabit

Cichlids were the most numerous stagnant water and even live out of Figure 15. Exotic fish species were
collected at all SOFL sites, 1996-98.

and widespread exotic species, water. This characteristic also

including the black acara, Mayan enhances its ability to disperse

cichlid, peacock cichlid, blue tila- widely. It is a voracious general (Langeland, 1998). Melaleuca, a
pia, spotted tilapia, and the oscar, predator, making it a threat to wetland tree, covers almost
The other exotic species collected native fishes, amphibians, and 400,000 acres in the State and is
(pike killifish, grass carp, walking aquatic invertebrates. The swamp particularly troublesome in the
catfish, and sailfin catfish) were all eel was not collected at any of the Water Conservation Areas
rare and found at on!y’ one or two SOFL sites during 1996-98. How- (Laroche, 1994). Brazilian pepper,
sites each. Fifty-four exotic fish ever, this species has affected a wetland shrub, has infested more
species have been recorded in regional water-management prac- than 100,000 acres in the ENP
southern Florida, and the total tiLes. Selected water-control struc- (Ferriter, 1997). Hydrilla, water
statewide exceeded 125 species by’ tures in the vicinity of established hyacinth, water milfoil, and water
1998 (Fuller and others, 1999). populations are not being opened tolettuce are the most abundant
Nearly’ all the exotic fish species prevent or at least retard dispersal, exotic aquatic plant species infest-
were originally imported for the particularly into waters of ENP. ing canals throughout southern
aquarium trade and either escaped In addition to fish, other exotic Florida. Efforts to control or eradi-
from fish farms or were released by species are of great concern in Late exotic plant species involve
individuals with home aquariums. Florida. At least 25 percent of all the use of mechanical, chemical,
Exotic fish usually are most abun- plant species in the State are exotic and biological control methods.

Numerous herbicides are applied,
~ .... ’: .........: .......... including 2,4-D, copper sulfate,

’ diquat, endothall, fluridone,
glyphosate, imazapyr, triclopyr,
and others. At least two of these
compounds (2,4-D and triclopyr)
have been detected in surface waler
at the SOFL sites.

The exotic sailfin catfish,
Pterygopfichthys disjunctivus, is a
South American invader.

The Asian swamp eel, Monopterus albus,
continues to spread.
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STUDY UNIT DESIGN

GROUND-WATER SAMPLINGI

~ EXPLANATION
~ ~." ~~    ~-

~ "’--’-’ " ~" Urban land-use

. ~ " ~\% USED TO ASSESS WATER
Biscayne QUALITY AND AQUATIC

aquifer and BIOLOGY IN THE!Study-Unit survey
(public supply) SOFL STUDY UNIT

¯ Water Consercation
Areas 1,2. and 3

~! Big Cypress National
Preserve

~ Everglades National Park

(B) Basic Fixed Site (BFS)

(B/I) Basic Fixed Site and
Intensive Fixed Site (IFS)

Agricultural ~[:~ Intensive pesticide
land-use survey " ’    sampling site

(unnamed surficial

4.
aquifer)

Mixed-agricultural 1~ ~ Cooperative sampling site

<"~.~ "~" ",. ~1~ ~ land-use survey,
~ ~...t,~,= o C-111 basin -~)~ Contaminants in fish bssue

sampling site

"~’ ." ~.’ .~,~;;J~’-- . ~ Water chemistry,

~’_ ~. .... ~Kissimmee ~ ~.--~’*~’ - " aquaticb°tt°m sedimentbiology,
~ - " . " River at S-65E \ sediment toxicity,

~

’ ’ - ~’8 - ’
storm sampling site

¯ Nutrient / pesl:~cide ,’

~]~" A~!~a~;aat Caloo.~a~a~ ,~ (B/I) algae syqcutic s,te

River at Alva -12
} (B) ~]~ (B) ~ U.S. Sugar ructures

(B/I) P-33
"~ ¢~ BR-105 C-11! at

. , S-177
,

*S-178
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Sampling HistoricalStudy Brief description and Number frequency datacomponent Objectives water-quality parameters of sites during water available(Type of site)                                                                                 year

SURFACE WATER                         ’

Bottom- Determine presence of potentially Sample the depositional zone for pesticides, 1 ...... I :" some
sediment toxic compounds in sediment at other synthetic organic compounds, and trace 7 (1996) "
snrvey (BFS) ;elected sites elements at water-chemistry sites .    . :

Water- 3escribe concentrations and loadsSample near-continuous streamflow sites for 2-6 in 1996 da~a at.some
chemistry of major ions and nutrients at major ions, nutrients, organic carbon, and 7 12-31 in 1997

, .sites
sites (BFS) ;elected sites suspended sediment t2 in 1998

Cooperative Assess the influence of Sample water-chemistry sites on the same day.. 2-6 in 1996

sampling sampling method and location as the SFWMD using both USGS methods 5 : 12-31 in 1997 none

program (BFS) on water-quality data ~ and SFWMD methods i , 12 in 1998

Assess effects of runoff during Sample water-chemistry sites during high- variable
Storm high-flow conditions on surface- flow conditions for major ions, nutrients, variable (1997 and some
sampling (BIAS) water quality organic carbon, and suspended sediment 1998)

Nutrient/ Determine the concentration of Sample sites along the Tamiami Trail Canal 3

pesticide nutrients and pesticides across during low flow (June) and high flow 30 "
’ (Aug. 1996. ’ i "limited

synoptic southern end of Study Unit during (August) for major ions, mercury, nutrients, June and August ,,,. ~..
studies high and low flow organic carbon, and pesticides , ’ , ,1997) :,~ ~ "

Describe processes controlling theDeploy and collect semipermeable membrane" . " ’ ’ ~ 4 i ’    undeter-Process degradation and biological devices at selected sites. Collect water and variable (1997-98) - .7 minedstudies availability of pesticides bottom-sediment samples ~

Intensive Determine seasonal variation in theSample water-chemistry sites that are located weekly/biweekly2 in 1996; "
pesticide occurrence and concentrations ofm specified agricultural land-use areas ’ 3 in 1997L " some

nutrients and pesticides at water- (citrus, sugarcane, and vegetables) for ....
sampling (IFS) chemistry sites nutrients and pesticides

" i’ ’ monthly~in 1998

GROUND WATER

Describe water quality in a residen-Sample monitoring wells for major ions,
Urban 1
land-use tial and light commercial land-usenutrients, organic carbon, pesticides, radio- 38 wells some

area in a shallow aquifer suscepti- nuclides, trace elements, and volatile organic                   (1997)survey
ble to contamination compounds (VOCs)
Determine which water-quality Sample shallow wells and surface-water sites7 wells;

Ground-water constituents are transported throughfor major ions, nutrients, pesticides, and 9 1-5
and surface-watershallow ground water into surfaceVOCs before and during a surface-water surface- (1997)

none

synoptic survey water in an agricultural land-use release in a canal that drains agricultural landwater sites
area

Agricultural Describe the effects of citrus land Sample new wells for major ions, nutrients, 1
land-use use on water quality in a shallowpesticides, radionuclides, and trace elements30 wells (1998)

some

survey aquifer.
r Study-unit Describe overall water quality in Sample existing wells for major ions, nutri- 1
survey (pubtic the Biscayne aquifer, which is usedents, organic carbon, pesticides, radio- 30 wells (1998)

some

supply) for drinMng-water supply nuclides, trace elements, and VOCs
AQUATIC BIOLOGY

Determine the presence of Collect largemouth bass and Florida gar at a
Contaminants contaminants that can large number of sites. Sample composites of 15

1 limited
in fish tissue accumulate in fish tissue whole fish for organic compounds and fish (1996)

livers for trace elements

Sediinent Evaluate potential toxicity of bed Collect bed-sediment samples and evaluate 1
toxicity sediment at the water-chemistry their potential toxicity by using ASTM meth- 7 (1996)

none

testing sites ods and Hyallela azteca
Assess biological communities andQuantitatively sample fish, macroinverte- 3

Aquatic stream habitat at the Basic Fixed brates, and algae near water-chemistry sites. 7 (1 per ye~ during limited
biology Sites Quantitatively describe stream habitat for 1996-98)

these organisms
Determine the influence of nutri- Collect algae using artificial substrate sam- , . 3 ,Algae ents on the algal community alongplers at sites across the Tamiami Trail Canal

synoptic 10-13 (June;August, ~none
studies a nutrient gradient in the southern November, 1997)

part of the basin
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GLOSSARY

Aquatic-life criteria - Water-quality guidelines for protec- Pesticide - A chemical applied to crops, rights of way,
tion of aquatic life. Often refers to U.S. Environmental lawns, or residences to control weeds, insects, fungi, hem-
Protection Agency water-quality criteria for protection of atodes, rodents or other "pests."
aquatic organisms. Phosphorus - A nutrient essential for growth that can play a

Aquifer - A water-bearing layer of soil, sand, gravel, or rock key role in stimulating aquatic growth in lakes and
that will yield usable quantities of water to a well. streams.

Basic Fixed Sites (BFS) - Sites on streams or canals at Phthalates - A class of organic compounds containing
which streamflow is measured and samples are routinely phthalic acid esters [C6H4(COOR)2] and derivatives.
collected for temperature, salinity, major ions, nutrients, Used as plasticizers in plastics. Also used in many otherand organic carbon. Samples may also be periodically col-

products (such as detergents, cosmetics) and industrial
lected for contaminants in bottom sediment, biota, storm
effects, or other constituents, processes (such as defoaming agents during paper and

Breakdown products - Compounds resulting from transfor- paperboard manufacture, and dielectrics in capacitors).

mation of an organic substance through chemical, photo-Polychlorinated biphenyls (PCBs) - A mixture of chlori-

chemical, and/or biochemical reactions, nated derivatives of biphenyl, marketed under the trade
DDT - Dichloro-diphenyl-wichloroethane. An organoch.lorine name Aroclor with a number designating the chlorine con-

insecticide no longer registered for use in the United States. tent (such as Aroclor 1260). PCB s were used in transform-

DDT degradation products include DDE and DDD. ers and capacitors for insulating purposes and in gas

Drinking-water standard or guideline - A threshold con- pipeline systems as a lubricant. Further sale for new use

centration in a public drinking-water supply, designed to was banned by law in 1979.

protect human health. Polycyclic aromatic hydrocarbon (PAH) - A class of
Ecosystem - The interacting populations of plants, animals, organic compounds with a fused-ring aromatic structure.

and microorganisms occupying an area, plus their physi- PAHs result from incomplete combustion of organic car-
cal environment, bon (including wood), municipal solid waste, and fossil

Intensive Fixed Sites (IFS) - Basic Fixed Sites with fuels, as well as from natural or anthropogenic introduc-

increased sampling frequency during selected seasonal tion of uncombusted coal and oil. PAHs include

periods and analysis of dissolved pesticides for 1 year. benzo(a)pyrene, fluoranthene, and pyrene.

Load - General term that refers to a material or constituent inRecharge - Water that infiltrates the ground and reaches the
solution, in suspension, or in transport; usually expressed saturated zone.
in terms of mass or volume. Reference site - A sampling site selected for its relatively

Maximum contaminant level (MCL) - Maximum permis- undisturbed conditions.
sible level of a contaminant in water that is delivered to Trace element - An element found in only minor amounts
any user of a public water system. MCLs are enforceable (concentrations less than 1.0 rag/L) in water or sediment;
standards established by the U.S. Environmental Protec- includes arsenic, cadmium, chromium, copper, lead, mer-
tion Agency. cury, nickel, and zinc.

Methylation - The addition of a methyl group (-CH3) to a
molecule or atom through a chemical reaction. Volatile organic compounds (VOCs) - Organic chemicals

that have a high vapor pressure relative to their water sol-Micrograms per liter (~tg/L) - A unit expressing the con-
centration of constituents in solution as weight (micro- ubility. VOCs include components of gasoline, fuel oils,

grams) of solute per unit volume (liter) of water; and lubricants, as well as organic solvents, fumigants,
some inert ingredients in pesticides, and some by-productsequivalent to one part per billion in most stream water and
of chlorine disinfection.ground water.

Nutrient - Element or compound essential for animal and Water-quality criteria - Specific levels of water quality

plant growth. Common nutrients in fertilizer include nitro- which, if reached, are expected to render a body of water

gen, phosphorus, and potassium, unsuitable for its designated use.

Organochlorine insecticide - A class of organic insecticidesWater-quality standards - State-adopted and U.S. Environ-
containing a high percentage of chlorine. Includes dichlo- mental Protection Agency-approved ambient standards
rodiphenylethanes (such as DDT), chlorinated cyclo- for water bodies. Standards include the use of the water
dienes (such as chlordane), and chlorinated benzenes body and the water-quality criteria that must be met to
(such as lindane), protect the designated use or uses.

Periphyton - Organisms that grow on underwater surfaces; Water year - The 12-month period October 1 through
periphyton include algae, bacteria, fungi, protozoa, and September 30, designated by the calendar year in which it
other organisms, ends.
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APPENDIX--WATER-QUALITY DATA FROM SOUTHERN FLORIDA IN
A NATIONAL CONTEXT
For a complete view of Southern Florida data ar<l tar addmonal ~nformat~on about specific benchmarks used, visit our Web site at http://water.usgs.gov/nawqa/.
Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http:,’/intotrek.er.usgs.gov/wdbctxinawqaJnawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
biological " indicators assessed in Southern Florida. s~udy-un, ~r~uency o,and

Selected results for this Study Unit are graphically I Nationa~ frequency of detection, in percent Stucly-unit sarnp~e size
compared to results from as many as 36 NAWQA Study .J_ ~ Atrazine (AAtrex, Atrex, Atred, Gesapnm) --L
Units investigated from 1991 to 1998 and to national 95 ~
water-quality benchmarks for human health, aquatic life, or : ~
fish-eating wildlife. The chemical and biological indicators ~ ,~
shown were selected on the basis of frequent detection, ~ z8
detection at concentrations above a national benchmark, Bromacil (Hyvar X, Urox B, Bromax)
or regulatory or scientific importance. The graphs illustrate ~

;how conditions associated with each land use sampled in i .~
Southern Florida compare to results from across the ~2 2 ,, - .....~-.~-

0 3 32
Nation. and how conditions compare among the several o ,z

land uses. Graphs for chemicals show only detected 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
concentrations and, thus, care must be taken to evaluate ~ ~ ,,,
detection frequencies in addition to concentrations when .- n
comparing study-unit and national results. For example, 0 ~ ~2
norflurazon concentrations in Southern Florida ground 0 ~
water in agricultural areas were similar to the national Deethylatrazine (Atrazine breakdown product) * *°
distribution, but the detection frequency was much higher ~ 75 ,~ II u 22:

62 I
(72 percent compared to 2 percent). 7s

10 39
50 28 ~ ! . ~- 32

CHEMICALS IN WATER Diuron (Crisuron, Karmex, Diurex) *"
Concentrations and detection frequencies, Southern Florida, 18. 2213

~
’       " I

i ~

1996--9e---Detection sensitivity varies among chemicals and, thus, . - 20 J
frequencies are not directly comparable among chemicals

12~ 8~ , ~
322

¯ Detected concentration in Study Unit                                    52 2

6e ~ Frequencies of detection, in percent. Detection frequencies Metolachlor (Dual, Pennant)
were not censored at any common reporting limit. The left- 63 81
hand column is the study-unit frequency and the right-hand - 83 !
column is the national frequency _~ 1_8

- - Not measured or sample size less than two 28 5 I L. 29
;Z Study-unit sample size. For ground water, the number of

samples is equal to the number of wells sampled                              Norflurazon (Evital, Predict, Solicam, Zorial) * **
~ -- J J825. <i I

National ranges of detected concentrations, by land use, in 36 - 3 ~
NAWQA Study Unite, 1991-98---Ranges include only samples 72 2 ~,,-~-~~-* 29
in which a chemical was detected 0 .1

3 < 1
Streams in agricultural areas
Streams in urban areas Simazine (Princep, Caliber 90)

64 61 ~I    LL 121Streams and rivers draining mixed land uses . 77
......... e~:~t.~ ....... Shallow ground water in agricultural areas 38 21Shallow ground water in urban areas 6 ~8

~5 so 25 Tebuthiuron (Spike, Tebusan)

- 39
-- 32 ~National water, quality benchmarks

National benchmarks include standards and guidelines related to :~ ~ ~
29drinking-water quality, criteria for protecting the health of aquatic life, and            7 6 3            ~ !     " "

a goal for preventing stream eutrophication due to phosphorus. Sou rces I I I i
include the U.S. Environmental Protection Agency and the Canadian 00001 oool OOl 0 1 1 10 lOO 1 ooo
Council of Ministers of the Environment

CONCENTRATION iN MICROGRAMS F~ER LITER
I Drinking-water quality (applies to ground water and surface water)

I Protection of aquatic life (applies to surface water only) Other herbicides detected
i Prevention of eutrophication in streams not flowing directly into Alachlor (Lasso, Bronco, Lariat, Bullet)

bakes or impoundments Benfluralin (Balan, Benefin, Bonalan) *
No benchmark for drinking-water quality Bentazon (Basagran, Bentazone) ""

Butylate (Sutan ÷, Genate Plus, Butilate)
°̄ No benchmark for protection of aquatic life Cyanazine (B~adex, Fortrol)

Water-Quality Data in a National Context27
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DCPA (Dacthal, chlorthal-dimethyl) ° °" Azinphos-methyl (Guthion, Gusathion M) *
Dicamba (Banvel, Dienat, Scotts Proturf) Diazinon (Basudin, Diazatol, Neocidol, Knox Out)
2,6-Diethylaniline (Alachlor breakdown product) " "" Disulfoton (Disyston, Di-Syston) **
EPTC (Eptam, Farmarox, Alirox) * ** Fonofos (Dyfonate, Capfos, Cudgel, Tycap) **
Fenuron (Fenulon, Fenidim) * "* alpha-HCH (alpha-BHC, alpha-lindane) -
Linuron (Lorox, Linex, Sarclex, Linurax, Afalon) " gamma-HCH (Lindane, gamma-BHC)
Metribuzin (Lexone, Sencor) 3-Hydroxycarbofuran (Carbofuran breakdown product) * **
Napropamide (Devrinol) * °* Methiocarb (Slug-Gets, Grandslam, Mesurol) " **
Prometon (Pramitol, Princep) ** Oxamyl (Vydate L, Pratt) *"
Pronamide (Kerb, Propyzamid) ** Parathion (Roethyl-P, Alkron, Panthion, Phoskil) "
Propanil (Stem, Stampede, Where) * ** cis-Permethrin (Ambush, Astro, Pounce) " *"
Terbacit (Sinbar) " Phorate (Thimet, Granutox, Geomet, Rampart) * *"
Triclopyr (Garlon, Grandstand, Redeem, Remedy) ° ** Propargite (Comite, Omite, Ornamite) * **

Terbufos (Contraven, Counter, Pilarfox) **
Herbicides not detected
Acetochlor (Harness Plus, Surpass) * ""
Acifluoden (Blazer, Tackle 2S) **
aromoxynil (auctril, Brominal) * Volatile organic compounds (VOCs) in ground water
Chloramben (Amiben. Amilon-WP. Vegiben) "* These graphs represent data from 16 Study Units, sampled from 1995 to 1998
Clopyralid (Stinger, Lontrel, Transline) * -
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * - Study-unit trequency of detection, in pement
D acthal mono-.cid( Oactha. bre.kd own product) " "* . Natiosal frequency ot detectJonin percent St udy-unlt samplesize
Dichlorprop (2,4-DP, Seritox 50, Lentemul) * **
Dinoseb (Dinosebe) i i i i i i =
Ethalfluralin (Sonalan, Curbit) ° °*

Chloroethene (Vinyl chloride) 1

Ftuometuron (FIo-Met, Cotoran) **
MCPA (Rhomene, Rhonox, Chiptox)
MCPB (Thistrol) * ** 0 ]. 3"2
Neburon (Neburaa, Nebu~l, Noruben) * °*
Oryzalin (Surflan, Dirimat) * "* Methyl ten-butyl ether (MTBE) !
Pebulate ~r311am, PEBC) * -
Pendimethalin (Pra-M, Prowl, Stomp) * **
Picloram (Grazon, Tordon)
Propachlor (Ramrod, Satecid)" ~

~
= / .~232Propham (Tubedte) "* 3~.

16

2,4,5-T **
2,4,5-TP (Silvex, Fenoprop) "* I I I I I I I
Thiobencarb (Bolero, Saturn, Benthiocarb) * *" o,ool o.ot o.1 1 lo 1dO 1,0oo to,odd
Triallate (Far-Go, Avadex BW~ Tri-allete) * CONCENTRATION, IN MICROGRAMS PER LITER
Trifluralin (Treflan, Gowan, Tri-4, Trific)

Pesticides in water--Insecticides Other VOCa detected
Study-unit frequency of detection, in percent tert-Amytmethylether (tert-arnyl methyl ether (TAME)) *

Study-unit Sample size Benzene
~ ~ ~ ~ ~ ~ ~ ~ Bromochloromethane (Methylene chlorobromide)
Carbaryl (Carbamine, Denapon, Sevin) Bromodichloromethane (Dichlombromomethane)

7 9
’ ’ I ’ I .Z2~

2-Butanone (Methyl ethyl ketone (MEK)) "
-- ~6 Carbon disulfide"- - ~.6 J J 0 1-Chloro-2-methylbenzene (o-Chlorotoluene)
~ <~ ~2.~ Chlorobe.zene (Monochlorobenzene)
0 ~. ~ 29 Chlorodibromomethene (Dibromochloromethane)

Chloromethane (Methyl chloride)
p,p’-DDE Dibromomethane (Methylene dibromide) *

2
~ 12~ 1,3-Dichlorobenzene (m-Dichlorobenzene)

- - " 0 1,4-Dichlorobenzene (p-Dichlorobenzene)

j Dichlorodifluoromethane (CFC 12, Freon 12)3
~ ~ 29

~ 52 1,1-Dichloroethane (Ethylidene dichloride) *
~ 2 ~ 29 1,1-Dichloroethene (Vinylidene chloride)

trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)I I I I I I I I cis.1,2-Dichloroethene ((Z)-1,2-Dichloroethene)o.oool 0.001 0.01 0.1 1 10 loo 1,0o0 Dichtoromethane (Methylene chloride)
CONCENTRATION. IN MICROGRAMS PER LITER 1,2-Dichloropropane (Propylene dichloride)

Diethyl ether (Ethyl ether) *
1,2-Dimethylbenzene (o-Xylene)

Other In=ectlcldes detected 1,3 & 1,4-Dimethylbenzene (rm&p -Xylene)
Carbofuran (Furadan, Curaterr, Yaltox) 1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) °
Chlorpyrif~s (Brodan, Dursban, Lorsban) Ethylbenzene (Phenylethane)
Dieldrin (Penoram D-31, Octalox, Compound 497) p-lsopropyltoluene (p-Cymene) "
Ethoprop (Mocap, Ethoprophos) * *" 4-Methyl-2-pentsnone (Methyl isobutyl ketone (MIBK)) *
Malathion (Malathion) Methylbenzsns (Toluene)
Methomyl (Lanox, Lannete, Acinate) "* Naphthalene
Methyl parathion (Penncap-M, FolidoI-M) "" 2-Propanone (Acetone) *
Propoxur (Baygon, Blattanex, Unden, Proprotox) * *" Tetrachloroethene (Perchloroethene)

Tribromomethans (Bromoform)In=ectlcldel not detected 1,1,2-Trichtoro-1,2,2-trifluoroethane (Freon 113) "Aldicarb (Temik, Ambush, Pounce) Trichloroethene (TCE)Aldicarb sulfone (Standak, aldoxycarb) Trichloromethane (Chloroform)Aldicarb sulfoxide (Aldicarb breakdown product) 1,2,4-Trimethylbenzene (Pseudocumene) "
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VOCa not detected Study.unit frequency of detection, in percent
B romobenzene (Phenylbromide)° , N, .tiona, frequency of detection, in pement Study-un~ samp,e size.
Bromoethene (Vinyl bromide) "

_LBromomethane (Methyl bromide) _ Orthophosphate, as P
n-Butylbenzene (1-Phenylbutane) " 76
sec~Butylbenzene"
tert-Butylbenzene "
3-Chloro-l-propene (3-Chloropropene) * 66 52
1-Chloro-4-methylbenzene (p-Chlorototuene) 97 61
Chloroethane (Ethyl chloride) *
1,2-Dibromo-3-chloropropene (DBCP, Nemagon) Total phosphorus, as P * **
1,2-Dibromoethane (Ethylene dibromide, EDB) 90 ~ 0
trans.l,4-Dichloro-2-butene ((Z)-l,4-Dichloro-2-butene) " 1(~) 88
1,2-Dichtorobenzene (o-Dichlorobenzene)
1,2-Dichloroethane (Ethylene dichloride)
2,2-Dichloropropane *
1,3-Dichloropropane (Trimethylene dichloride) " I ~ I I I I i [ I
trans-l,3-Dichloropropene ((E)-l,3-Dichloropropene) o.ool 0.Ol o,1 1 lO lO0 1,ooo 10,ooo lOO,OOO
cis-1,3-Dichloropropene ((Z)-1,3-Dichloropropene)
1,1 -Dichloropropene * CONCENTRATION, IN M~LLIGRAMS PER LITER

Diisopropyl ether (Diisopropylether (DIPE)) "
Ethenylbenzene (Styrene) Dissolved solids in waterEthyl methacrylate *
Ethyl ten.butyl ether (Ethyl-t-buty~ ether (ETBE)) *
1 -Ethyl-2-methytbenzene (2-Ethyttoluene)" Study-unit frequency of detection, in percent

H exachlorobutadiene , N, ationa, frequency of petection, in pe ..... St udy-unit sample siz~

1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)
2-Hexanone (Methyl butyl ketone (MBK)) ° Dissolved solids * **
Iodomethane (Methyl iodide) * -- lOO 0
Isopropylbenzene (Cumene)* 100 100 -- ~ 86
Methyl acrylonitrile * 100 100 ..... 29
Methyl-2-methacrylate (Methyl methacrylate) " t00 100
Methyl-2-propenoate (Methyl acrylate) "
2-Propenenitrile (Acrylonitrile)
n-Propylbenzene (Isocumene)* o.ool 0.Ol o.1 1 lO lO0 1.oo0 lO,OOo loo,oo0
1,1,2,2-Tetrachloroethane "
1,1,1,2-Tetrachloroethane CONCENTRATION, IN MILLIGRAMS PER LITER
Tetrachloromethane (Carbon tetrachloride)
1,2,3,4-Tetramethylbenzene (Prehnitene) *
1,2,3,5-Tetramethylbenzene (Isodurene) * Trace elements in ground water
1,2,4-Trichlorobenzene Study-unit frequency of detection, in percent
1,2,3-Trichlorobenzene * | National frequency Of Oetection. in percent Study-unit sample size
1,1,1 -Trichloroethane (Methylchloroform)
1,1,2-Trichloroethane (Vinyl trichloride) Arsenic
Trichlorofluoromethane (CFC 11, Freon 11 )
1,2,3-Trichloropropane (Allyl trichloride)
1,2,3-Trimethylbenzene (Hemimellitene) *
1,3,5-Trimethytbenzene (Mesitylene) * 77 5

69 36 32
45 37 ~,}~ 29

Chromium

Nutrients in water
i00 85                        --                                           31

Study-unR frequency of detection, in percent 9 ~ 79 ~ 32
! National frequency of detection, in percent S{udy-unit sample size 90 73 ,lllillli,~ 29

~ .........
i

Uranium
-- Ammonia, as N " "*

86 0

9q 71 - - 32 31 33 .......... 29
93 70 , �~m~, ememm~m- -~ 29

Dissolved ammonia plus organic nitrogen, as N ""*                             0.0~     0.1      1      10     100    1,000 10,000 100,000
100 78                                                       13I                           CONCENTRATION, IN MICROGRAMS PER LITER

i00 28 29
97 30 ~ 32

Dissolved nitrite plus nitrate, as N *" Radon-222
869795 ~ I    _~mm~m~

1320
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Other trace elements detected Study-unit frequency of detection, in percent
/e ad . N, ationa, fred uency of detection. ,n p ..... t Study-unit samp,e size,

Zinc                                                                          o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD)
50 ~9

Trace elements not detected "
Cadmium 100 27 P ~ "~ I 3

50
I I

0
-~) 20

p,p’-DDE " *"CHEMICALS IN FISH TISSUE
AND BED SEDIMENT
Concentrations and detection frequencies, Southern Florida,

62 01996-98--Detection sensitivity varies among chemicals and, thus,
frequencies are not directly comparable among chemicals. Study-unit
frequencies of detection are based on small sample sizes; the o,p’+p,p’-DDE (sum of o,p:DDE and p,p’-DDE)
applicable sample size is specified in each graph 92 90 ,94

Detected concentration in Study Unit
10066 38 Frequencies of detection, in percent. Detection frequencies

39 , I--I’~IVwere not censored at any common reporting limit.The left- ~ ~ 62 __ ~°

hand column is the study-unit frequency and the right-hand
Total DDT (sum of 6 DDTs) "*column is the national frequency 92 90

9Q 1Not measured or sample size less than two
i2 Study-unit sample size ~00 66                                                0

Netionel ran~ee of ¢onc~ntretlona detected, by land use, in 36
NAWQA Study Units, 1991-98---Ranges include only samples o,p’+p,p’-DDT (sum of o,p:DDT and D,p’-DDT)
in which a chemical was detected 33 31

53
Fish tissue from streams in agricultural areas
Fish tissue from streams in u~an areas 33
~ish tissue from streams dra}ning mixed land -uses

Sediment from streams in agricultural areas
Sediment from streams in urban areas                           Dieldrin (Panoram D-31, Octalox)~2 53                                                          if
Sediment from streams draming mixed land uses

National benchmarks for fish tiasue and bed sediment
Total PCBNational benchmarks include standards and guidelines related to i 7 38 ~ : 2

criteria for protection of the health of fish-eating wildlife and aquatic -
organisms. Sources include the U.S. Environmental Protection Agency. .
other Federal and state agencies, and the Canadian Council of 3
Ministersofthe Environment - ~

2~ ~ " z~0

I Protection of fish-eating wildlife (applies to fish tissue) i i i

I Protection of aquatic life (applies to bed sediment) o~ 1 10 ~oo tODD ~o:ooo lOO,OOO

No benchmark for protection of fish-eating wildlife (Fish tissue is wet weight: bed sedimenl is dry weight)
*. NO benchmark for protection of aquatic life

Organochlorines in fish tissue (whole body) Other organochlorines detected
Dieldrin+aldrin (sum of dieldrin and aldrin)

and bed sediment Endosutfan I (alpha-Endosulfan, Thiodan) *
Mirex (Dechtorane)

Study*unit lreQuency of detechon in percent Organochlorines not detected
I Nla[l°nal frequency of d el ecti ..... pe ..... Study-unit samples,z~ C hiD roneb (Chio ronebe, De m o san) * *"i , , i r

]I
DCPA (Dacthal, chlorthal-dimethyl) "

~ 38 Total Chlordane (sum of 5 chlordanes) Endrin (Endrine)J2
~ - i gamma-HCH (Lindane, gamma-BHC, Gammexane) *

tctaI-HCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and delta-HCH)
~ 5 9 5 Heptachlor epoxide (Heptachlor breakdown product) *
~ Li57 ~0 Heptachlor+heptachlor epoxide (sum of heptachlor and heptachlor epoxide) ""

Hexachlorobenzene (HCB)
I I I I i ’ Isodrin (Isodrine, Compound 711 ) " ""

ol 1 lO lOO 1.0oo lO.O0O ~oo,ooo p,p’-Methoxychlor (Marlate, methoxychlore) " ""

CONCENTRATION, IN MICROGRAMS PER KILOGRAM o,p’-Methoxychlor
(Fish tissue is wet weight: bed sediment is dry weight) Pentachloroanisole (PCA) * **

cls-Permethrin (Ambush, Astro, Pounce)
trans-Permethrin (Ambush. Astro, Pounce) *
Toxaphene (Camphechlor, Hercules 3956) " *"
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Semivolatile organic compounds (SVOCs) Indeno[1,2,3-cdJpyrene *°
in bed sediment 1-Methyl-9H-fluorene **

2-Methylanthracene *"
Study-unit frequency of detection, in percent 4,5-Methylenephenanthrene **

1-Methylphenanthrene -

I 1 I I I I 1-Methylpyrene **
_L _L_ Anthraquinone "* Naphthalene

~ Phenanthrene
Phenanthridine **
Pyrene

33 21 ~ , 2,3,6-Trimethylnaphthalene **

-- SVOCs not detected
C8-Alkylphenol **9H-Carbazole *" Azobenzene ""
Benzo[c]cinnoline **
2,2-Biquinoline **

57 :-g . ~- 3 4-Bromophenyl-phenylether **
~ 3376

,,, __11 0 4-Chloro-3.methylphenol °"
-- " b~s(2-Chloroethoxy)methane **

Dibenzothiophene ** 2-Chloronaphthalene *"
2-Chlorophenol **
4-Chiorophenyt-phenylether ""
1,2-Dichlorobenzene (o-Dichlorobenzene) **5 / 12 ..~,.~l!=..._~ 5 1,3-Dichlorobenzene (m-Dichlorobenzene) "*

½~ % __ 0 !,4-Dichlorobenzene (p-Dichlorobenzene) **
1,2-Dimethylnaphthalene **

2,6-Dimethylnaphthalene "" 3,5-Dimethylphenol **
2,4-Dinitrotoluene **
2-Ethylnaphthalene **
Isophorone *°100.

5S7, ~--’--~’~"~’1 03 Isoqulnoline "*
100 77 _~ H # Nitrobenzene **

N-Nit rosodi- n-propylamine **
bis(2-Ethylhexyl)phthalate ** N-Nit-osodiphenylamine -

Pentach=oromtrooenzene **
Quinoline **
1,2,4-Trichlorobenzene -i00 91 ~~~ 3

Fluoranthene
Trace elements in fish tissue (livers) and
bed sediment

100 65 : ~ .~ j

100 56

i00 ~1 ~ 3                                                                                            582 100 99 ~..~--.~,

Cadmium *

CONCENTRATION. IN MICROGRAMS PER K{LOGRAM, DRY WEIGHT ~ 6 9 S b

-- i00 3
0

33 98                                                                        3
Other ~VOC$ detected
Acenaphthene Chromium *
Acenaphthylene 29 62 ~ 772                    ~Acridine "" ~} 5~
Anthracene 5

Benz(a}anthracene
100 !~90 *’~’-~’---

0Benzo[a}pyrene I~ i00
~~

Benzo[b]fluoranthene *"
Benzo[ght]perylene "" Copper *
Benzo[kjfluoranthene "" lO0 100

Butylbenzylphthalate "" i00 I00 ~ 5Chrysene leo 1oo
"-’-~~-Cresol "" ~ 1~ ~Di-n-butylphthalate *"

Di-n-octylphthalate "* I i I IDibenz[a,h]anthracene ooi oi 3 to 100 3.000Oiethylphthalate "*
1,6-Dimethylnaphthalene ** CONCENTRATION, IN MICROGRAMS PER GRAM
Dimethylphthalate "" (Fish hssue ~s wet weight. De~ sediment ~s ~ry weight)
9H-Fluorene (Fluorene)
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Study-unit frequency of detection, in percent
, N. at~onal frequency o, detecri p ..... ...... Study-unil SamD ...... BIOLOGICAL INDICATORS

Lead ¯ ~ Higher national scores suggest habitat disturbance, water-quality
0 11 degradation, or naturally harsh conditions. The status of algae,

~ ~ ~ invertebrates (insects, worms, and clams), and fish provide a

100 i00 ~.~==~,.--.-~---- s
record of water-quality and stream conditions that water-

- - 100 -- l c chemistry indicators may not reveal. Algal status focuses on the
100 99 m=_~ J 3 changes in the percentage of certa n algae in response to

increasing siltation, and it often correlates with higher nutrient
Mercury * concentrations in some regions. Invertebrate status averages 11

1~)1° o~7 z ~ : : :: ~’ metrics that summarize changes in richness, tolerance, trophic
..... conditions, and dominance associated with water-quality

100 82 ~ i 3 degradation. Fish status sums the scores of four fish metrics
1~ 93 2 (percent tolerant, omnivorous, non-native individuals, and percent

individuals with external anomalies) that increase in association
Nickel * ** with water-quality degradation

29 42 7
" ~ ~ ~ Biological Indicator value, Southern Florida, by land use,60 50 - ~

1996-98I00 i00 - ~ 3- - 10 O -..-,11--,,-. 0 ~, Biological status assessed at a site
100 100 ;; "-

Selenium ¯ National ranges of biological Indicators, in 16 NAWQA Study
100 99 : ~: :: 7 Units, 1994-98

- - 100 ~loo g9 ..... 5 ~ Streams in undeveloped areas
- - ~oo ~ o mm Streams in agricultural areas
- - loo

~ I
o I Streams in urban areas-- i00 0

~ Streams in mixed-land-use areas
Zinc ¯ ~ 75th percentile

i00 i00 : ....
-- 100 ~ ~ --- 25thpercentile

i00 i00 --- 5
100 i00 : : :~,.~[ 3

O.Ol o.1 1 lO loo ~.ooo lo.ooo Algal status indicator
CONCENTRATION. IN MICROGRAMS PER GRAM Undeveloped

(Fish tissue is wet weight, boo sediment is dry weight) Agricultura~ I
Urban
Mixed

Invertebrate stat~s indicator
Undeveloped

Agricultural
Urban
Mixed

Fish status indicator
Undevelol~ed

Agricultural
Urban
Mixed
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A COORDINATED EFFORT

Coordination among agencies and organizations is an integral part of the NAWQA Program. We thank the follow-
ing agencies and organizations who contributed data used in this report or participated in the Study Unit liaison
committee.
Federal Organizations Native American

National Park Service Miccosukee Tribe of Indians of Florida
National Oceanic and Atmospheric Administration Seminole Tribe of Florida
U.S. Army Corps of Engineers
U.S. Department of Agriculture Universities
U.S. Environmental Protection Agency University of Miami
U.S. Fish and Wildlife Service University of Florida
National Marine Fisheries Service Florida International University

State Agencies
Florida Marine Research Institute Local Agencies
Florida Department of Agriculture and Consumer Services City of Naples
Florida Department of Environmental Protection Metropolitan Dade County
Florida Game and Freshwater Fish Commission Palm Beach County
Florida Geological Survey Broward County
Florida Park Service Collier County
South Florida Water Management District
Southwest Florida Water Management District

Private Organizations
Nature Conservancy

Special thanks to U.S. Geological Survey employees for their contributions:
Bruce Bernard. lead technician for SOFL, John Byrnes, Mark Zucker for data collection. Becky Deckard, Teresa Embry, Pat Mixson, and
Ron Spencer for production of the report, including editing, layout, and illustrations, Michael Meyers for his contribution on pesticide deg-
radation.
Appreciation also is extended to those individuals and agencies that reviewed this report: Edward Oaksford. U.S. Geological Survey,
Michael Thurman. U.S. Geological Survey, Richard Pfeuffer, South Florida Water Management District.
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://wate r. usgs.gov/nawqaJ

MISE contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program

U.S. Geological Survey U.S. Geological Survey

Water Resources Division Water Resources Division

308 South Airport Road 12201 Sunrise Valley Drive, M.S. 413

Pearl, MS 39208-6649 Reston, VA 20192

e-mail: dc ms @ usgs.gov http://water.usgs.gov/nawqa/

http:i/ms.water.usgs.gov/misenawqaJ

Other NAWQA summary reports

River Basin Assessments
Albemarle-Pamlico Drainage Basin (Circular 1157) Rio Grande Valley (Circular 1162)

Allegheny and Monongahela River Basins (Circular 1202) Sacramento River Basin (Circular 1215)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) San Joaquin-Tulare Basins (Circular 1159)

Central Arizona Basins (Circular 1213) Santee River Basin and Coastal Drainages (Circular 1206)

Central Columbia Plateau (Circular 1144) South-Central Texas (Circular 1212)

Central Nebraska Basins (Circular 1163) South Platte River Basin (Circular 1167)

Connecticut, Housatonic, and Thames River Basins (Circular 1155) Southern Florida (Circular 1207)

Eastern Iowa Basins (Circular 1210) Trinity River Basin (Circular 1171)

Georgia-Florida Coastal Plain (Circular 1151) Upper Colorado River Basin (Circular 1214)

Hudson River Basin (Circular 1165) Upper Mississippi River Basin (Circular 1211 )

Kanawha-New River Basins (Circular 1204) Upper Snake River Basin (Circular 1160)
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Upper Tennessee River Basin (Circular 1205)

Las Vegas Valley Area and the Carson and Truckee River Basins Western Lake Michigan Drainages (Circular 1156)

(Circular 1170) White River Basin (Circular 1150)
Lower Illinois River Basin (Circular 1209) Wiltamette Basin (Circular 1161 )
Long Island-New Jersey Coastal Drainages (Circular 1201)
Lower Susquehanna River Basin (Circular 1168) National Assessml~nts

Ozark Plateaus (Circular 1158) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)

Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 12!6)

Red River of the North Basin (Circular 1169)

Front cover: Photograph of the Black Swamp, Cache River Basin, near Gregory, Arkansas.

Back cover: Left, cotton grows on the banks of bayous in the Yazoo Basin; center, many of the rivers in the
bootheel of Missouri have been channelized; right, soybeans are a major crop in the Mississippi Embayment Study
Unit.

Photographs in this report were all taken by members of the MISE NAWQA Study Unit, U.S. Geological Survey.
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summartCt’, major findings abou~ water quality in the Mississippi Embayment that emerged from
an assessment conducted between 1995 and 1998 by the U.S. Geological Survey (USGS)National Water-Quality
Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and compared to
conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are also explained in
the context of selected national benchmarks, such as those for drinking-water quality and the protection of aquatic
organisms. The NAWQA Program was not intended to assess the quality of the Nation’s drinking water, such as by
monitoring water from household taps. Rather, the assessments focus on the quality of the resource itself, thereby
complementing many ongoing Federal, State, and local drinking-water monitoring programs. The comparisons
made in this report to drinking-water standards and guidelines are only in the context of the available untreated
resource. Finally, this report includes information about the status of aquatic communities and the condition of in-
stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Mississippi Embayment
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

NAWQA Study Units--
Assessment schedule

~1991-95

~ 1994- 98

m 1997 - 2001

~ Not yet scheduled

"° "~ I    ~’~-~ \\ [~ High Plains Regional
Mississippi Ground Water Study,

[
~~

\ Embayment 1999-2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major fiver basins and ground-water systems. Better understanding facilitates effective resource managment,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Mississippi Embayment is one of 51 water-quality assessments initiated since 1991, when the U.S. Congress
appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36 assessments have
been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments cover about one-
half of the land area of the United States and include water resources that are available to more than 60 percent of
the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Stream and River Highlights ,r~.: :’’, IL-~,~"~’’ ^
MO ~V

The climate, rainfall, soil type, and surficial geology
of the Mississippi Embayment (MISE) Study Unit
strongly influence land use in the basin and subse-

AR~, ~" ~ ~-oo’quently influence water quality. About 62 percent of
the Study Unit is used for agriculture. In areas of

AL
intensive row-crop production, as much as 90 percent1- ....

i~’~" ’ "
of the land is used for agriculture. This influence from
agricultural land use, with additional contributions
from urban areas, has mixturesresulted in streams thatandOften

i~have high turbidities, of pesticides, .
degraded riparian habitat. Biological communities in
the streams commonly are stressed. However, human
activities on the Earth’s surface seem to have a limited ..-’~:, .; " ~,-;i.. ,,.. . . .~- .~
effect on the ground-water resources, which supply the .,:.i :.)~ i:: ’~-::.

vast majority of the region’s drinking water.

¯ Herbicides frequently were detected in streams draining ’ . -,:. -: .. ¯
agricultural or mixed land-use basins; insecticides were

0 30 60 MILESdetected less often. Pesticides in over 60 percent of sam- 0 30 60 KILOMETERS ,~
pies collected from these streams exceeded aquatic-life EXPLANATION
guidelines. Insecticides frequently were detected in sam- Land use
pies from the urban stream: diazinon and chlorpyrifos ~ Surface water
were detected in every sample, usually in concentrations 1 Urban
above aquatic-life guidelines. ’ " ~1 Forest

Agricultural

¯ Nitrogen concentrations in the MISE generally were in -- MISE boundary
the middle range of the national data, whereas total phos-
phorus concentrations were in the 67th to 93d percentile.
The phosphorus concentrations in the Study Unit probablyThe Mississippi Embayment (MISE) Study Unit is an

approximately 40,800-square-mile area in the six States of
were related to many factors, such as rainfall amounts, Arkansas, Kentucky, Louisiana, Mississippi, Missouri, and
soils, and artificial drainage of agricultural fields. No sam- Tennessee. Land use in the MISE is principally agricultural.
pie exceeded the guidelines and standards for nitrate or Approximately 62 percent of the study area is agricultural, 33
ammonia, but most exceeded the U.S. Environmental Pro- percent is forested, and 5 percent represents other land uses. The
tection Agency’s (USEPA) goal of 0.1 mg/L (milligramland use in some of the smaller drainage basins sampled is
per liter) of phosphorus for the prevention of plant nui- greater than 90 percent agricultural.

sances in streams, communities in most of the streams were dominated by
¯ Although the sale of the organochlorine insecticide DDT fish tolerant of poor water quality conditions. The aquatic

was discontinued in ! 972, DDT and metabolites (chemi- insects and algal communities generally were tolerant of
cals resulting from the breakdown of DDT) were wide- turbid, silty conditions.
spread within the MISE. DDT, or one of its metabolites, ¯ Methyl parathiom a metabolite of DDT, and several other
was found in every fish tissue sample collected and was

pesticides were detected in air and rain samples collected
found in 67 percent of the streambed-sediment samples, in an agricultural area and in the urban area of Jackson.
Detectable levels of a metabolite of DDT were measured Mississippi.
in 14 percent of surface-water samples.

¯ Although volatile and semivolatile organic compounds Major Influences on Streams and Rivers
often were detected in urban stream water and in bed sedi-̄ Runoff from agricultural and urban areas
ment, they were rarely at levels of concern.

¯ Drainage modifications and channelization of
¯ Aquatic organisms present in the MISE streams were typi- streams

cal of those found in impacted or degraded streams. Fish ¯ Modification or elimination of riparian habitat

Summary of Major Findings 1
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Selected Stream-Quality Indicators Bentazon, molinate, and fluometuron were the pesticides

Small Streams Major Rivers most frequently detected in the alluvial aquifer. Atrazine

and dieldrin were detected one time each in shallowAgricul-                  Mixed
Urban tural Undeveloped Land Uses urban wells at levels above the drinking-water standards

and guidelines.

Pesticides’O ~ ~’
~o, ~:..’ ¯ Nutrient concentrations in the ground water in the MISE

Total
0 0 0

generally were low. All nitrate concentrations were
phosph°rus~

-- below the USEPA drinking-water standard of 10 mg/L.

-~’o
~

__ ,~ ¯ Radon is naturally occurring and was detected in almost
Nitrate~ :~ :’~ every well sampled. Concentrations above the USEPA-
Trace ~ ,-."L proposed drinking water standard of 300 picocuries per
elements’ -- ~i~,~:~ -- liter were found in water from only 16 of 109 wells.
Organo- -- ~ -- ~ These levels are low, relative to levels detected in other
chlorines~

NAWQA Study Units.
Volatile ,~ ¯ Volatile organic compounds (VOCs) weredetectedinorganics"

ground water throughout the Study Unit; however, con-
Semivolatite __

~ :"- " centrations were well within drinking-water standards.organics’ :! "
The most frequently detected VOCs were 1,2,4-tri-
methylbenzene and carbon disulfide.

~ Percentage of samples with concentrations equal to or
greater than a health-related national guideline for drinking Major Influences on Ground Waterwater, aquatic life, or water-contact recreation; or above a
national goal for preventing excess algal growth

° Ground water is commonly protected from surface
’~ Percentage of samples with concentrations less than a........ activities by thick, regional clay layers.health-related national guideline for drinking water, aquatic

life or water-contact recreation; or below a national goal
for preventing excess algal growth Selected Ground-Water Quality indicators

-- Not assessed Shallow Ground Water Supply Wells
1 Insecticides, herbicides, and pesticide metabolites, sampled in water.
2 Total phosphorus, sampled in water Urban Agnculturat Domestic Public
3 Nitrate {as nitrogen), sampled in water.

~ Arsenic, mercury, and metals sampled in sediment.s DDT and PCBs sampled in fish tissue.
6 Solvents, refrigerants, fumigants, and gasoline compounds sampled in water. Pesticides’ ~ "
7 By-products of fossil-fuel combustion; components of coal and crude oil sampled in

sediment.

Ground-Water Highlights Nitrate~

Ground-water quality in the Mississippi Embayment Radon
Study Unit generally is very good. Ground water in the
deep Tertiary aquifers, which supply most of the Volatile ~,
region’s drinking water, generally is isolated from sur- °rganics~ ~"~] *’:

face activities by thick "confining layers" of clays. Sur-
face activities influence ground water where shallow
deposits cover the hills in the eastern part of the Study

~ Percentage of samples with concentrations equal to or greater
than a health-related national guideline for drinking water,

Unit and in the Memphis shallow aquifers more than in aquatic life, or water-contact recreation; or above a national

the deeper aquifers. The abundant ground water in the
goat for preventing excess algal growth

alluvial aquifer of the Mississippi River valley is near ~ Percentage of samples with concentrations less than a
health-related national guideline for drinking water, aquatic

the land surface but is covered by dense clays, life or water-contact recreation: or above a national goal
for preventing excess algal growth

¯ Pesticides, such as atrazine, simazine, and metolach]or, Percentage of samples with no detection

were detected most frequently in the ground water in the -- Not assessed

shallow deposits that cover the hills in the eastern part of 1 Insecticides, tlerbicides, and pesticide metabolites, sampled in water.
2 Nitrate (as nitrogen), sampled in water.

the Study Unit and in ground water underlying urban areas, a Solvents, refrigerants, fumigants, and gasoline compounds sampled in water.

2 Water Quality in the Mississippi Embayment
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INTRODUCTION TO THE MISSISSIPPI EMBAYMENT

In 1821, while painting a pere-
grine falcon, John James Audubon
described the Yazoo River, the
largest river wholly contained
within the Mississippi Embayment
Study Unit, as "a beautiful stream
of transparent water, covered by
thousands of geese and ducks and
filled with fish" (Smith, !954).
Since that time, the bottomland ~ ’ ii~ ....
hardwood forests that covered the
Mississippi River Alluvial Plain ,,, .....
have been cleared for agricultural
use of the rich alluvial soils for the John James Audubon’s painting of the peregrine falcon that he
production of cotton, soybeans, worked on while visiting the Yazoo River area in 1821.
rice, and com. This clearing of the (Reprinted courtesy of the National Audubon Society.)
land has exposed the fine alluvial
soils to erosion. Over time, the the related ecoregions defined by the Gulf Coastal Plains physio-

Omemik in 1987 (fig. 1).            graphic province, which includesclays, along with nutrients and
About 57 percent of the MISE the area identified as the Missis-agricultural chemicals sorbed to the

clay surfaces, were washed into the Study Unit lies within the Missis- sippi Valley Loess Plains and

rivers and streams, thus greatly sippi Alluvial Plain physiographic Southeastern Plains ecoregions

changing the water quality of the province and ecoregion. This area (fig. 1). The Gulf Coastal Plains are
has been dominated by the flow separated from the eastern edge ofarea.
and flooding of the Mississippi the Mississippi Alluvial Plain by

Physiography and River during the past 2 million the Loess Hills, which extend most
Ecoregions years or more. The Mississippi of the length of the Study Unit.

Within the Mississippi Embay- Alluvial Plain is an area of little These hills are made ofwind-

ment (MISE) Study Unit, the surfi- topographic relief with an average blown silts, rise a few hundred feet

cial geology is the underlying slope of about 0.5 foot per mile above the Mississippi Alluvial

controlling factor for the physio- toward the Gulf of Mexico. One of Plain, and average about 15 miles
the distinct features of the alluvial in width. The remaining part of thegraphy, land use, biological com-

munities, and water quality of the plain is the formation of natural Gulf Coastal Plains uplands and

area. Therefore, the areas defined levees along the banks of the riv- Southeastern Plains ecoregion gen-

as physiographic regions (Fenne- ers, and the associated backswamp erally is rolling to hilly with low to

man, 1938) strongly correspond to deposits that are dominated by moderate topographic relief. The
dense alluvial clays and historically soils are composed, in part, of silts
have supported extensive wetland and are more permeable than the
areas. These clays have created low alluvial clays; there are indications
permeability soils, which limit the that this allows for the downward
ability of rainwater to infiltrate the infiltration of precipitation. This
ground surface and may cause run- may partly protect the streams and
off from agricultural fields to rap- rivers from compounds carried in
idly enter rivers and streams. These runoff but may make the ground
clays also seem to limit the suscep- water slightly more susceptible to
tibility of the ground water to sur- surface contamination. These
face activities in intense agricul- coarser soils on steeper slopes are

Much of the Mississippi Embayment
Study Unit was bottomland hardwood tural areas, more erodible than alluvial soils,
forests and wetlands well into the 20th Thirty-five percent of the and large amounts of soil from the
century, remainder of the Study Unit lies in Gulf Coastal Plains uplands have

Introduction to the Mississippi Embayment 3
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eroded into the Mississippi Allu- sippi Embayment, a geologic struc-ier (1994) suggested that the Prairie
vial Plain. tural trough in which the under- Complex was deposited between

In the west, the Study Unit abutslying crust of the Earth forms a about 120,000 years ago and the
small areas of the Ozark High- deep valley. Large rivers, such astime of the greatest extent of the
lands. Limited sampling was donethe Mississippi, Arkansas, and last glacier, about 18,000 years
in these areas during this project. Ohio Rivers, have flowed through ago. The Pleistocene valley trains

The land surface generally this region, carved the surface, and were mostly deposited during two
slopes toward the Mississippi Riverdeposited clay, silt, sand, and time periods, between about 60,000
from both the eastern and westerngravel, collectively called allu- and 25,000 years ago and during
sides of the Study Unit and to the vium. During the past 2 million the waning phase of the latest gla-
south toward the Gulf of Mexico. years, up to 300 feet of alluvium cial period between 18,000 and
Thus, nearly all of the activities inhas filled this valley. The alluvium10,000 years ago. Glacial outwash
this Study Unit that influence watercan be grouped into three major (melting) flowing from north to
quality ultimately influence the units: the Pleistocene Prairie Com-south provided enough energy to
water quality of the Mississippi plex, Pleistocene valley trains, andcause a braided stream depositional
River and the Gulf of Mexico. the Holocene alluvium (see fig. 7environment to form in the Lower

for map; Autin and others, 1991; Mississippi River Valley during
Geology Saucier, 1994). this time. By about 9,000 years

The Mississippi Alluvial Plain is The Prairie Complex is older ago, the rate of glacial outwash in
in the northern part of the Missis- than the Pleistocene valley trainsthe Lower Mississippi River Valley

and the Holocene alluvium. Sauc- declined, and valley train deposi-

Ozark .~. ~
Highlands "~.
Ecoregion Mississippi Vatley

Loess Plains

Physiographic
Province

Southeastern

During much of the growing season,
rice crops are flooded with water
withdrawn from the alluvial aquifer.

Ground water is used to maintainMississippi Alluvial
Cotton is still "king" in many areas of Plain Physiogra0hic Province more than 100,000 acres of catfish
the Mississippi Embayment. Cotton an~ Ecore~,on ponds in the MISE Study Unit.
requires extensive use of agricultural ,,
chemicals for successful cultivation.

Figure 1. Boundaries for Fenneman’s (1938) physiographic regions are very similar to Omernik’s Level III ecoregions (1987), at
least in part because the surficial geology is a controlling factor in the MISE Study Unit. The only major metropolitan area in the
Study Unit is Memphis, Tennessee. The area has many rivers, as well as several large river systems, including the Yazoo and
St. Francis Rivers and parts of the White and Arkansas Rivers. Major crops include soybeans, cotton, rice, and corn. Catfish
farms are a major component of the landscape as well as a principal user of ground water.

4 Water Quality in the Mississippi Embayment
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tion ceased. The braided stream
depositional process of the Ple,,-
tocene epoch was replaced b) the
lower energy meander stream de-
positional process of the Holocene
epoch near major rivers, such as
the Mississippi and Arkansas Riv-
ers. (See fig. 2 for more explana-
tion.) Autin and others (1991)
reported that the depositional tran-
sition from Pleistocene valley Figure 2. Although the photograph on the left was recently taken of a stream in the
trains (braided streams) to Western United States, its braided condition is representative of what streams in the
Holocene alluvium (meander Mississippi Valley may have looked like during the Pleistocene geologic period.
streams) started near Baton Rouge, These high-energy systems allow sand and gravel carried by the stream to be depos-

ited in the flood plain. The photograph on the right depicts a classic meanderingLouisiana. around 12,000 years ago
stream. Streams like this are low-energy systems and primarily deposit clay, silt, andand migrated northward to near fine sand in the flood plains adjacent to the streams. This depositional pattern is

Cairo, Illinois, by 9,000 years ago. present today and has been the dominant form of deposition in the Lower Mississippi
The Pleistocene valley train River Valley during the last 9,000 to 12,000 years. These differences in depositional

deposits generally have a coarser environments appear to influence the chemistry of the ground water, the bioaccumu-
grain size than the Holocene allu- lation of pesticides, and biological communities.

vium. Also, water well drillers’ The natural regional flow of in the deep Tertiary aquifers haslogs i~.dicate that the clay and silt
layer near the surface is thicker in ground water in the Mississippi caused recharge rates to increase in

the Holocene alluvium, whereas Embayment in the Tertiary aquifers the outcrop and production areas of
is from the outcrop areas in the the aquifer (Williamson and others,the underlying sand and gravel

layer (alluvial aquifer) is thicker in upper Gulf Coastal Plain, laterally 1990).

the Pleistocene valley train depos- along the aquifers toward the

its. embayment axis, and then upward Alluvial Aquifers
through overlying confining units

Hydrogeology and aquifers to the surface of the The Mississippi River confining

Two principal aquifer systems Mississippi Alluvial Plain (Grubb, unit is composed of the upper silt

provide drinking-water supplies in 1986; Ackerman, !989). Pumping and clay of the Quaternary allu-

the Mississippi Embayment--the w~s~ E~ST
Tertiary and the alluvial aquifers
(fig. 3).

Tertiary Aquifers

The geologic groups associated
with the deep Tertiary aquifers are
the Midway, Wilcox, Claiborne,
and the Jackson groups. The deep
Tertiary aquifers sampled in this
study are thick sand deposits within
the Wilcox and Claiborne groups.
The names of the aquifers, from
youngest to oldest, include the
Cockfield, Sparta, Winona-
Tallahatta, Memphis, Meridian- Figure 3. Generalized geohydrologic section of the Mississippi River alluvial aquifer
upper Wilcox, and Wilcox. and underlying Tertiary aquifers (from Arthur, 1994).

Introduction to the Mississippi Embayment 5
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summer, when the evapotranspira-
tion rate is higher than the precipi-
tation rate. These conditions also

20 result in streams which flood rap-
idly, remain at high levels for long

,,- flows in the fall (fig. 4).

~ .... ,i Water Use
5 ..... " ..... "-’ -- " ..... -- In general, about three times as

much ground water is used corn-

0 ........... I ........... ] ........ ’ pared to surface water in the MISE
’,’DIJ ~MAMJ~ASONDJ~U~SO"0~ ~U~U~JAS Study Unit (fig. 5). During the

summer months, both ground and
Figure 4. This hydrograph is representative of streams in the Mississippi Alluvial surface water are used for irrigating
Plain. Often streams in this Study Unit flood rapidly, remain at high levels for long crops. Most (in excess of 7 billion
periods, and have very low streamflows in the fall. During the years of this project,
1996 was drier than usual, and 1997 and 1998 were wetter than usual, gallons per day) of the irrigation

water is withdrawn from the allu-

vium, whereas the Mississippi frosts, which influences the typesvial aquifer. This aquifer is also
River alluvial aquifer is composed of crops that can be grown and the used for domestic drinking water,
of the lower sand and gravel of the amount of pesticides that generally aquaculture (primarily for catfish
Quaternary alluvium (Boswell and are applied. Mean annual precipita-ponds), power production, and
others, 1968; Ackerman, 1989). tion ranges from about 48 inches other commercial and industrial
Overlying silt and clay of the con- per year in the northern part of the needs. Ground water, primarily
fining unit impedes recharge into Study Unit to 56 inches per year in from the Tertiary aquifers, is used
the alluvial aquifer. Confining unit the southern part. Precipitation for public supply. The principal use
thickness generally ranges from 10 generally is greatest in April and of surface water is for power pro-
to 50 feet and generally increases least in October but is distributed duction where it is used for cooling
from north to south within the fairly evenly throughout the year. water for electric power genera-
MISE Study Unit. The thickness of This causes minor drought condi- tion. The second largest use of sur-
the alluvial aquifer ranges from 60 tions to occur frequently during the    face water is for irrigation.
to 140 feet. Wells screened in the
alluvial aquifer typically yield EXPLANATIONbetween 1,000 and 2,000 gallons ¯Aquaculture
per minute (Whitfield, 1975). Prior r~Publicsupply/Domestic
to development, ground-water flow nlrrigati°~

¯ Powf production*is believed to have been generally r~Conlmercial/industrial
from the older adjacent and under-
lying aquifers toward the alluvial
aquifer (Williamson and others,
1990).

445.42 j       596.51
Climat~                                                         926.2        ’~85.56

Climate in the MISE Study Unit
Ground-water use in the Surface-water use in the

varies from humid, temperate in MISE Study Unit in 1995 MISEStudyUnitin 1995
the northern part to humid, sub- {Vuluesgiveninmillionsofgullonsperday) (Valuesgivenin millionsofgallonsperday)
tropical in the southern part. This Figure 5. Ground-water use in the Mississippi Embayment (MISE) Study Unit is
warm climate results in a long dominated by irrigation usage. Surface water is also used for irrigation, but more is
growing season and few killing used for cooling water for electrical power production.

6 Water Quality in the Mississippi Embayment

R0024409



MAJOR FINDINGS

Nutrient Contributions to the
Mississippi River System

Although nitrogen and phospho-
rus, as well as silica and other
nutrients, are natural and impor-
tant parts of a healthy ecosystem,
severe water-quality problems can
arise if an ecosystem becomes
enriched, or overloaded, with nutri-
ents. In recent years, scientists have
become aware of a large area of
low dissolved oxygen that develops
off the coast of Louisiana and
Texas each summer. The extent and
duration of this area of low dis-
solved oxygen has been related to The Yazoo River, the river with the largest drainage area wholly contained in the

the amount of nutrients, especially Mississippi Embayment Study Unit, enters the Mississippi River just north of these

nitrogen, and freshwater flowing bridges at Vicksburg, Mississippi.

from the Mississippi River into the
Gulf of Mexico (Goolsby and oth- stream-sampling sites in the MISE streams located in the Gulf Plains

ers. 1999). The proximity of the Study Unit. Nitrate concentrations exceeded the recommended goal of

MISE Study Unit to the Gulf and never exceeded the drinking-water 0.1 mg/L or less total phosphorus

the use of nitrogen fertilizer in the standard of 10 mg[L in any sample, in less than 50 percent of the sam-

agricultural areas of the Study and ammonia concentrations did ples.

Unit, especially the Yazoo River not exceed aquatic-life guidelines.

Basin. have led to speculation that However, the USEPA goal of 0.1 Comparison of Nitrogen and

the surface waters of the Study mg/L or less total phosphorus for Phosphorus in Streams in the

Unit may be contributing a dispro- streams not entering reservoirs was Mississippi River Basin

exceeded in every sample from the The yield of nitrogen (mass perportionate amount of nitrogen and
phosphorus to the Mississippi urban stream and in more than 50 unit area), from streams in the

River and ultimately to the Gulf of    percent of the samples from five MISE Study Unit during 1995-96

Mexico. streams located in the Mississippi was compared to the average yield
Alluvial Plain. Samples from the during 1980-96 from streams inIn the MISE Study Unit investi-

gations have shown that concentra-
Table 1. Concentrations of nutrients near the mouth of the Yazoe River compared totions of nutrients (except total
the Mississippi River at Vicksburg, Mississippi.

phosphorus) are higher in the Mis-
sissippi River at Vicksburg, Missis-[Concentrations are in milligrams per liter]

sippi than near the mouth of the Constituent Site Year Maximum Minimum Mean
Yazoo River (table 1). The annual
load of nitrogen and phosphorus Total nitrogen YazooRiver 1996-97 3.3 0.57 1.3

from the Yazoo River for the 1996- Mississippi River 1984-93 3.8 1.i 2.3
97 calendar years, while signifi-
cant, was only a small percentage Nitrate as N YazooRiver 1996--97 1.2 0.16 0.45

of the load carded by the Missis- Mississippi River 1984-93 2.7 0.70 1.5
sippi River (Coupe, 1998).

Total phosphorus Yazoo River 1996-97 0.89 0.12 0.26

Water-Quality Standards Mississippi River 1984-93 0.38 0.04. 0.16

Concentrations of nitrogen and O~hophosphate as P YazooRiver 1996-97 0.10 0.01 0.043
phosphorus were measured from
weekly to at least monthly at nine Mississippi River 1984-93 0.13 0.02 0.058

Major Findings 7
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TOTAL NITROGEN IN STREAMS

Urban Areas ~ Nitrogen is a natural and important component of a
.,... healthy stream; however, too much nitrogen can lead to

" degraded stream-water quality, affecting both the aqua-
tic ecosystem and its use as a recreational or drinking-
water source for humans. The sources of nitrogen in
surface water are many and include atmospheric depo-
sition, municipal and industrial wastewater, and fixation
of nitrogen from the atmosphere by plants and some
species of algae.

By far, the biggest source of nitrogen in an agricultural
setting, such as the Mississippi Embayment (MISE)
Study Unit, is from the application of fertilizer to crops.

Mississippi For most of the Study Unit, the average annual total ni-
Embayment trogen input from fertilizer, manure, and the atmosphere

combined is greater than 25 pounds per acre. Most of
the agriculturally productive Midwest receives the same

Mixed Land-Use Areas

~.i ...... :_~ I- --"" ’~     amount.
.// The average annual concentration of total nitrogen from

i,~_..~ __ _~__ - ,.    agricultural and mixed land-use streams in the MISE

Study Unit is in the medium range, whereas nationally,
most streams that drain areas with greater than 25
pounds per acre of nitrogen input are in the high range.
The lower concentrations of total nitrogen in the MISE
Study Unit may be due to the milder climate that in-
creases microbial activity in the winter and to the in-
creased uptake of nitrogen by vegetation during the
longer growing season.

Nationally, the average annual total nitrogen concentra-
tions in urban streams, including the one urban site in
the Mississippi Embayment Study Unit, tend to fall into
the "medium" classification.

Agricultural Areas

annual concentration of total nitrogen-
in milligrams per liter
¯ Highest (greater than
~ Medium (0.64 to 2.9)
¯ Lowest (less than 0.64)

Average annual total nitrogen input --
in pounds per acre, by county, for 1995-98.
Inputs are from fertilizer, manure, and the atmosphere
I Greater than 25 pounds per acre
~ 6 to 25 pounds per acre
Z Less than 6 pounds per acre

8 Water Quality in the Mississippi Embayment
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the Mississippi River Basin. These the flow-weighted mean total phos- Unit is composed of fine, clay-
data indicate that the yield of nitro- phorus concentration generally was sized particles to which phosphorus
gen from the MISE Study Unit was quite high (671h to 93d). Again, the can sorb. Heavy rainfalls in the
less than the average yield from exception was the smallest mixed Study Unit increase the potential
streams in intensive agricultural land-use site. where the mean total for erosion and the movement of
areas of the Midwest, but more phosphorus concentration was near these fine clay-sized particles from
than from streams in the drier West the 40th percentile. These high agricultural fields into the streams.
or in the less agricultural Upper phosphorus yields were somewhat Additionally, because of the large
Mississippi River Basin. The flow- unexpected, as the soils in the amount of rain, the tight clays that
weighted mean total nitrogen con- MISE Study Unit. while fertile, do decrease infiltration of water, and
centrations for streams in the MISE not contain excessive amounts of the relatively flat terrain, much of
Study Unit were generally in the phosphorus. Also, phosphorus is the Study Unit has artificial drain-
50th to 60th percentile for all data used less as a fertilizer in the MISE age to expedite the movement of
collected in the national NAWQA Study Unit than in many parts of water. Most of this artificial drain-
Program (372 steam sites). The the Midwest (Battaglin and age is surface drainage, which has
exception was the mean nitrogen Goolsby, 1995), and due to the been shown to decrease nitrate con-
concentration at the smallest mixed rural nature of the MISE, there arecentrations but to increase total
land-use site which was near the few significant point sources. One phosphorus concentrations.
20th percentile, nationally, hypothesis for the high yields and

The Effects of Land Use andThe yields of total phosphorus concentrations of phosphorus in the
generally were higher in the MISE MISE involves a combination of Geology on Nutrient

Concen3rations and YieldsStudy Unit than from most other factors, such as soils, rainfall, and
areas in the Mississippi River agricultural drainage. The sedimentGenerally, total nitrogen and
Basin, and the percentile ranking of in the rivers of the MISE Study phosphorus concentrations and

yields were higher in streams with
predominantly agricultural land use
in the Mississippi Alluvial Plain.
but the highest nutrient concentra-
tions and yields were from the

09 urban stream. However, one stream
tu I ,, located in the Gulf Plains in an area. _. o.a +. ,r-~_~

~ ~. 0.7 ~ with no urban land use and only a

~ t

moderate amount of agricultural
o.a land use had comparatively high

total nitrogen and phosphorus
yields. The high yields in thisBasins

0.4
,~ ~ ¯ Mississippi Embayment stream are reflective of the steep
0 0 0.3 uUpper Mississippi topography of the area and chan-

u Mid Mississippi
nelization of the stream for flood-Z 0.2    aLower Mississippi

control purposes.
eOhio

More details on nutrients in the Yazoo
0 River can be found in the report:WATERSHEDS WITHIN MISSISSIPPI RIVER VALLEY BASINS

Coupe, R.H., 1998, Concentrations andPhosphorus yields from watersheds within the MISE Study Unit were the highest in loads of nitrogen and phosphorus in the
the Mississippi River Basin (represented by the dark green bars). These high Yazoo River, northwestern Mississippi,
phosphorus yields probably are related to several factors such as soils, amounts of 1996-97: U.S. Geological Survey Water-
rainfall, and artificial drainage of agricultural fields. In contrast, total nitrogen yields Resources Investigations Report 98-4219,
in streams in the Mississippi Embayment were less than those from the 17 p.
agriculturally productive Midwest, but more than those in the drier western part of
the basin or the cooler Upper Mississippi River Basin, and about the same as The report also can be downloaded at:

streams in the Ohio River Basin. (Data from Goolsby and others, 1999.) http:/ims.water.usgs.gov/misenawqaJ!
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Pesticides Commonly Found
in Mississippi Embayment
Surface Water

The occurrence and temporal
distribution of more than 80 pesti-
cides and pesticide metabolites
were determined at five stream-
sampling sites from 1996 to 1998
in the MISE Study Unit. More than
230 stream samples were collected
and analyzed. The five rivers sam-
pled included three rivers with
small, primarily agricultural water-
sheds: one river with a small, urban                                           -- ~;..; ....
watershed; and one large river (the
Yazoo River) with mixed land use

Water samples are filtered and processed in a mobile laboratory(row-crop agriculture, forest, pas- immediately after sample collection.
ture, and a small amount of urban).
Pesticides, usually herbicides, fre- showed distinct seasonal patterns rice) with later planting dates, or
quently were detected in water that corresponded to the type of herbicides that are used after the
samples from all five rivers sam- crops grown in the basin and the crop has emerged from the ground,pled. Aquatic-life guidelines were use of pesticides on those crops, such as fluometuron and molinate.frequently exceeded in the urban For instance, the highest concentra-were detected later in the growingstream and occasionally exceeded tion of the pre-emergent herbicide
in all of the rivers sampled in the atrazine frequently was found early

season (June-July). The concentra-

MISE Study Unit. in the growing season (April-May) tions of most of these herbicides

corresponding to its application were well below any acute toxicity;
Agricultural Streams prior to the planting of corn and however, the long-term effects of

The pesticides detected in the grain sorghum (fig. 6). The highest chronic exposure to low levels of
rivers that drain the agricultural concentrations of herbicides that multiple herbicides are not well
watersheds in the MISE Study Unit are used on other crops (cotton andknown.

60’ 60

IUrban Stream EXPLANATION
-- ~i~ Pesticide

- ~ ~ Other

~ !
Norflurazon

o 3( 30 ~- Molinate
>;

!
Metolachlor

~ ~ ~1 l
Fluometuron

2: m 2( Cyanazine
~O;u"

¯ , 20~, Atrazine
~ z : j 2,4-0

J F M A M J J A S 0 N D J F M A M J J A S 0
MONTH MONTH

Figure 6. Herbicides in agricultural streams in the Mississippi Embayment Study Unit had higher concentrations, showed clear
seasonal patterns, and contained different compounds than herbicides in urban streams. The urban stream samples were dom-
inated by simazine, a turf grass herbicide. Concentrations of herbicides in the urban stream remained fairly constant throughout
the year, whereas agricultural sites had concentrations that peaked in the spring shortly after application. Agricultural sites also
were dominated by different herbicides (in this case atrazine).
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Urban Stream

The type, amounts, and timing of
the occurrence of pesticides in the

I stream draining an urban watershed
100 Agricultural ~nd Use are much different from those in

¯ National Data the agricultur!l streams (fig. 6).
[] MiSE Data The herbicides most frequently

occurring in the urban stream such
I t as atrazine, 2,4-D, simazine, and

prometon, are those used in lawn
care and in the maintenance of

~ rights-of-way. The urban stream
P was also the only stream with fre-
~"’

] [
quent occurrences of insecticides:

~ Urban Land Use ~ chlorpyrifos and diazinon were

] 1
detected in every urban stream
sample collected and exceeded the
aquatic-life guidelines in 12 of 25
and 24 of 25 samples, respectively.

l

40
I Many pesticides are applied by aircraft

2o in the Study Unit.

0
DDT Metabolites in Surface Water

= Altho.gh DDT strongly sorbs to
’=- ~ ~

~ sediments rather than readily dis-
= solving in water, detectable levelsAGRICULTURAL URBAN

HERBICIDES HERBICIDES INSECTICIDES of DDE, a metabolite of DDT, were
found in 14 percent of the filtered

This diagram shows the top 15 pesticides most frequently detected in surface stream-water samples analyzed.
water at NAWQA Study Units throughout the United States and detections in
surface water of the Mississippi Embayment (MISE Study Unit). Three pesti- More details on pesticides in streams
cides used heavily in the Study Unit--fluometuron, methyl parathion, and mo-
linate---but not used extensively throughout the United States, also are in the MISE can be found in the report:

included for comparison. Few areas of the United States are as suited to ag- Coupe, R.H., 2000, Occurrence of
riculture as the Mississippi River Alluvial Plain in the MISE Study Unit. The pesticides in five rivers of the Mississippi
combination of rich alluvial soils; a long, hot, growing season; flat terrain; and Embayment Study Unit, 1996-98: U.S.
plentiful rainfall make agriculture the dominant economic force in the Study Geological Survey Water-Resources
Unit. These same conditions also increase the weed and insect pressure and investigations Report 99-4159, 69 p.
subsequently lead to an intensive use of pesticides to encourage profitable
farming. In general, the frequency of detection of pesticides in surface waters The report also can be downloaded at:
of the MISE Study Unit exceed the national average, http://ms.water.usgs.gov/misenawqaJ
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Tertiary Aquifers Have H~gh- range in depth from 208 to 1,460
Quality Drinking Water feet beloa the ground surface.

During the spring of 1996, ~’ater Sample Results
samples were collected from 30
public-supply wells in the deep Water from aells in the deep

Tertiary aquifers in the MISE Tertiary aquifers had low nutrient

Study Unit. The most significant concentrations. The highest nutri-
finding from this part of the study ent concentration measured in a

is that all of the samples analyzed sample was 3.8 mg/I, of nitrite plus

from these public-supply wells met nitrate nitrogen, which is less than
all existing drinking-water stan- half the drinking-water guideline of
dards and guidelines. Concentra- 10 mg/L. Pesticides were detected
tions of most of the constituents in water from only one of the wells.
measured that could adversely Water from the shallowest well
affect water quality, including sampled had a 0.16-g~/I. (micro- Ground-water sample preparation

occurred inside plastic enclosures in
nutrients, pesticides, radon, and gram per liter) concentration of the order to minimize sample
volatile organic compounds, were herbicide bromacil and a 0.004- contamination from chemicals in the
below drinking-water standards ~ag/L concentration of deethylatra- atmosphere.
and guidelines, zine, a metabolite of the herbicide

Few Pesticides Detected inatrazine. Volatile organic com-       Memphis Shallow Aquifers
The Deep Tertiary Aquifers pounds (VOCs) are compounds

The de, ep Tertiary aquifers that have a high vapor pressure rel- In addition to the Tertiary aqui-

underlie about 80 percent of the ative to their water solubility and fers, 32 shallow monitoring wells

MISE Study Unit. Much of the include such things as components (not public-supply, drinking-water

population in this part of the coun- of gasoline and organic solvents, wells) were sampled in the shallow’

try depends on these aquifers for VOCs were detected frequently in aquifers near Memphis, Tennes-

drinking water. Wells sampled the MISE, but concentrations were see. Results were similar to those

far below drinking-water guide- from the deep Tertiary aquifer
lines. Samples from 26 of the 30 study except that pesticides were

public-supply wells had at least one more frequently detected and radon

"~ VOC detection. The VOCs most concentrations were higher. An
T commonly detected were methyl- atrazine concentration of 3.14 ~g/L

ethylketone and 1,2.4-trimethyl- was measured in one well, which

benzene, detected in 23 and 7 narrowly exceeded the drinking-

percent of the wells, respectively, water guideline of 3.0 gg/L, and

Nutrients, pesticides, and VOCs dieldrin was measured above the

generally enter the ground water drinking-water guideline of 0.02

"" from surface contamination; how- lag/L in another well.

ever, public-supply wells were gen-
erally deep enough to avoid More details on ground-water quality
elevated levels of these corn- in the deep Tertian] aquifers can be
pounds, found in the report:

Radon in water from the public- Gonthier, G.J., 2000, Water quality in the

supply wells ranged from 54 to 270 deep Tertiary aquifers of the Mississippi
picocuries per liter; none exceeded Embayment, 1996: U.S. Geological Survey

Water-Resources Investigations Report

Ground-water samples commonly were
guidelines. Radon levels found in 99-4131,91 p.

collected from municipal drinking-water the ground water in the MISE were
facilities, such as the one pictured the second lowest of the 16 Study The report also can be downloaded at:
above. Units sampled during !996-98. http://ms.water.usgs.gov/misenawqa/
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Water-Quality Differences in ground water in the alluvial aqui-
Geological Subunits of the fer.
Al,uvial Aquifer

~i(Previous researchers have stud-
The Alluvial Aquifer

led the alluvial aquifer as a single The alluvial aquifer is a large,
Quaternary feature (Grubb, 1986; underground, water-bearing layer
Ackerman, 1989). However, during of sand and gravel in the Lower
this NAWQA investigation, the Mississippi River Valley (fig. 7).
results of the water-chemistry stud- Water use from the alluvial aquifer
ies were examined by dividing the is enormous: pumpage from the
area into different major geologic aquifer is about 7 billion gallons
units, two of which are the Pleis- per day (Mesko and others, 1990).
tocene valley trains and the Most of the water pumped from the
Holocene alluvium (Saucier, 1994). alluvial aquifer is used to irrigate Many of the water samples collected
The data collected suggest that the crops or to maintain aquaculture, from the alluvial aquifer were taken from
differences in the geology influ- but the ground water also is used irrigation wells in agricultural areas.
ence the chemical makeup of the for public supply and industry..

Water-Chemistry Analysis Results

Twenty-nine wells in the Pleis-
tocene valley trains and 25 wells in
the Holocene alluvium were sam-

. ¯ pied during the summer of 1998.
At least one pesticide was detected
in water from 19 of the 54 wells,

~.,,,, 2; but none of the concentrations were
¯ i---" above drinking-water standards or

, guidelines. The most frequently
¯

¯     ¯    . ~-~- rENNE$$EE EXPLANATION detected pesticide was bentazon, an

"̄ i ’~’~e~3 herbicide used to control weeds in¯ ~11 Prairie complex
. ¯ e, ~,~ "~,~"-- Pleistocene valley trains soybean fields. Other pesticides

Holocene alluvium detected in the alluvial aquifer in
..._.- Mississippi Embeyment very low concentrations were moll-

Study Unit Boundary
, o~:~ ~ ¯ Wells nate, fluometuron, 2,4-D, fenuron,

,:, ,~,:) 5~, MISSISSIPPI........ . atrazine, deethylatrazine, meto-
¯ ¯ "

lachlor, propanil, and p,p "DDE. At
least one VOC was detected in

Base modified trom o.g. Geologicalgurveydigita~data 1:2.000.000water from 25 of 46 wells; 1,2,4-~ ¯" fi’~’£[i Albers Equal-Area projection
Standard parallels 29" 30" and 45 30; central meridian 96 trimethylbenzene was detected

most frequently. However, all of
the VOC concentrations were well
below drinking-water standards or
guidelines.

Pleistocene Valley Trains and the
Figure 7. The colored part of this map depicts the areal extent of the three main Holocene Alluvium
geologic subunits of the alluvial aquifer and the location of the 54 wells that were

The two subunits of the alluvialsampled as part of this study. Statistically significant differences exist in the nutrient,
carbon, and metal chemistry of the water sampled in wells located in the aquifer, the Pleistocene valley
Pleistocene valley trains as compared to the Holocene alluvium, demonstrating the trains and the Holocene alluvium,
effect of geology on other components of the environment, have different ]ithological charac-
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teristics. The Pleistocene vatle\ vium. Examples of some of these enough to justify additional testing

trains generally have coarser grain differences are shown in figure 8. if proposals to lower the standards
sizes than the Holocene alluvium. Water in the Holocene alluvium are promulgated.

whereas the Holocene alluvium has tends to be older than water in the
a thicker clay and silt surficial unit. Pleistocene valley trains; that is, it

¯ ~1°’
These characteristics indicate that has been underground longer. This .~= ~8 ~ [] Pleistocene valley trains                    --
ground-water flow may be more increases possible contact with bur-~ ~ 6 [] Holocene alluvium ~_~
active in the Pleistocene valley led organics, resulting in less dis-
trains, solved oxygen, which could ~ z, ,~

Results of the ground-water" influence concentrations of other
chemistry showed that sulfate, pH, chemical constituents. 0
tritium, chloride, and radon-222 Ammonia Dissolved Iron

were present in higher concentra- Arsenic Concentrations
organic carbon

Figure 8. This graph shows some oftions in water from wells in the Arsenic. a compound that has the differences in chemistry in water
Pleistocene valley trains, whereas been implicated in causing several from the Pleistocene valley trains and
dissolved organic carbon, iron. cancers, was found at concentra- from the Holocene alluvium for a few
ammonia, fluoride, potassium, tions that exceeded current drink- selected constituents. Water from the
bicarbonate, magnesium, radium- ing-water guidelines in water from wells in the Holocene deposits tended

to be older and had lower oxygen lev-
226. barium, calcium, chromium,     only one irrigation well that els. Low dissolved-oxygen concentra-
and dissolved solids were present pumped water from the alluvial tions in ground water may be
in higher concentrations in water aquifer. However. concentrations at associated with the presence of ammo-
from wells in the Holocene allu- several other wells were high nia, dissolved organic carbon, and iron.

Radon is a colorless, odorless,
radioactive gas that forms naturally in
rocks and soils as an intermediate

~ ’~-     . ~’ii.product in the radioactive decay of

Environmental Protection Agency,
breathing radon in indoor air is the
second leading cause of lung cancer in
the United States. Radon can enter
homes from soil or bedrock through
cracks in basements or foundations, or
it can be released from water during              _
bathing, cooking, or showering.

Radon is highest in areas where there
are uranium-rich metamorphic and
igneous rocks. Because the MISE Radon-222 inground        water
Study Unit is located in an area of thick
alluvial soils that have few rocks, the NAWQA Study Units with radon concentrations exceeding:
radon levels in the ground water are _ 1,000 pmocuries per li’~er (pCi/L) in at least 25 percen’~ of samples

__ 600 pCi/L in a~ least 25 percent of samplessome of the lowest reported by the _
300 pCiiL in at least 25 percent of samplesNAWQA Program.                   --

__ 300 pCi/L in fewer than 25 percent of samples

__ No data
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Aquatic Communities Show Algae and avoid being buried under large
Environmental Stress As a result of the dominant agri- amounts of sediment, as an indica-

cultural land use, fine alluvial soils, tion of stream-water quality. Levels
A combination of natural and and limited vegetation in stream- of this index are high in agricul-

anthropogenic (human-related) fac- side or riparian areas, most of the rural areas of the MISE and moder-
tors results in stream conditions streams in the MISE Study Unit are ate in mixed land-use areas.
that stress aquatic communities in very turbid. Turbidity refers to the
the Mississippi Embayment Study reduced clarity, of surface water Aquatic Invertebrates
Unit. The streams have naturally due to particles (usually sediment) Aquatic invertebrates in the
low gradients that result in sluggish suspended in the water. Many of MISE are influenced by habitat
flows and slow rates of reaeration the streams within the M1SE also quantity and quality as well as by
(the ability of oxygen to enter the have moderately high phosphorus water chemistry. Often, the loss of
water). Also, the streams, in their levels, which encourage algal stream and riparian habitat in the
natural conditions, have an abun- growth. However, the algal growth MISE is associated with stream
dance of streamside vegetation and in the streams is often more limited channelization, where streams have
swamps, resulting in an abundanceby the inability of light to penetrate been cleared, ditched, and straight-
of organic material in the water, the turbid waters, than by lack of ened to facilitate the movement of
This organic material is a good nutrients. One indication of this floodwaters. These activities also
source of food for invertebrates can be seen in the Algal Siltation result in the loss of microhabitats
(aquatic insects, crayfish, and Index on page 17. This index uses that are essential to aquatic inverte-
freshwater shrimp) that inhabit the the relative abundance of diatom brates for food sources and refuge.
streams, but decay of the organic species, which are able to move Lower numbers of invertebrate
material and seasonally high water ~

~ ’>~ .~-,
taxa were tbund at sites that had

temperatures contribute to low dis- ~r
solved-oxygen concentrations. The
combination of low flow, high
organic concentrations, and high
temperatures results in a natural
environment in which the organ-
isms are often stressed by low dis-
solved-oxygen concentrations.

These natural conditions are
coupled with many anthropogenic Streams in the
conditions in the area. These Mississippi Embayment

Study Unit have smallinclude stream channelization, changes in elevation
which can eliminate riparian vege- from their headwaters to
tation and degrade stream habitat; the mouth of the stream.
agricultural runoff into streams, This makes them very
which adds sediments, pesticides, slow moving and
and fertilizers to the aquatic envi- generally contributes to

low oxygen concen-
ronment; and the decline in the trations in the streams.
base flow of the streams due to The natural streams
ground-water withdrawal, which commonly have swamps
reduces the quantity of water avail- adjacent to them,
able for organisms. This combina- resulting in water

stained with organics, ample habitat, and difficult sampling contritions, as showntion of natural and anthropogenic
above. The many channelized streams in the area (see upper left photograph) have

conditions affects each of the major commonly lost all of their riparian vegetation, and the streams have little habitat for
biotic communities differently, aquatic organisms.
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Some of the samples for both algae
and invertebrates were collected by
scraping organisms off submerged
sticks in the streams. These sticks are
commonly some of the best remaining
habitats in many streams and rivers in
the Mississippi Embayment Study Unit.

lower habitat quality (fig. 9). Other
factors, including turbidity, low ~_
dissolved-oxygen concentrations, A prime habitat for invertebrates in the Mississippi Embayment Study Unit is
and the introduction of contami- this "undercut bank" where insects and other organisms hide in the roots and
nants to the water, also affect inver- sticks. This habitat is removed or disturbed by channelization of streams and

tebrate communities, rivers or other habitat alterations.

When compared to samples col- and land-use activities. The best(sores, parasites and other abnor-
lected in other NAWQA Study quality fish communities occurred malities on the fish) and non-native
Units across the United States where instream variables such as fish found in the MISE than in
(p. 17), invertebrate communities turbidity, total ammonia, the aver- other locations. This resulted in an
in MISE agricultural areas have age number of herbicides detected, overall national fish ranking of
low numbers of species and high and total DDT in fish tissue wereMISE agricultural streams slightly
proportions of tolerant organisms, lowest. As shown in figure 10, the below the midpoint between the

number of bass, an important game most degraded and least degraded
Fish fish in the MISE, was highest at the streams in the NAWQA Program,

sites where the turbidity was low- whereas mixed land-use streams
The condition of the fish corn- est. The condition of the fish corn-    ranged from good to less than

munities in the MISE Study Unit munities also was correlated to average.was related to both water quality landscape-level variables such as

60 insecticide application rates and ~
~ 6o soil permeability. ~ 20r
,-~ 4o When compared to fish commu- o~ 16
~" ~ 30 nities collected at NAWQA Study ~ 12
~- ~ Units across the Nation (p. 1 7), the ~ 8
o 20
" MISE had more fish that are omni- ~
I~ 10 II~ 4
== vores (that is, fish that eat whatever ~ ,
:z 0 ¯ 0

Low Medium High is available and therefore are more == Low Medium High

INVERTEBRATE HABITAT QUALITY tolerant than fish that have more TURBIDITY (NTU) AT SAMPLING SITE

restrictive diets) and more fish that
Figure 9. The number of invertebrate Figure 10. The number of bass
taxa increased as the quality of the are considered tolerant of poor collected at a stream site was highest
invertebrate habitat increased in MISE water-quality conditions. How- in those streams where the turbidity
streams, ever, there were fewer anomolies was the lowest.
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Algal Siltation Index A National Ranking of ALGAL STATUS in Streams

Algae collected at the 8 MISE basic fixed ecolog.’, sites were con>
.’ I:i.

pared to algae at 140 other NAWQA sites by use of the Siltation Index
(Bahls and others. 1992). This index is the relative abundance of motile --’~’-~-~ -
diatoms, the species Navicula. Nitzschia. Cylindrotheca. and Surtrel/a In
a diatom count, These diatoms are able to move through silt particles and
are associated with fine sediments. Because the..,’ are able to avoid being
buried, they are considered more tolerant of sedimentation than other
diatoms. Generally. this index tends to be higher for streams in agricul- ,~
rural basins. Relative to this index, all of the MISE agricultural sites fall --- ~ ’ "
into the most-degraded category for streams along with one of the mixed
land-use sites, whereas the other two sites fall into the middle 50 percent. ALGAL SILTATION -.~ ;o;~.o .....~./. \

INDEX ’ "
Algol S[itQtion Index ¯ Highest 25 percent* "

~ National Range Middle 50 percent \ Mississippi
Agncul~ie

~
I

i

II I I I ¯ MISE Study Unfl Value * Lowest 25 percent Embayment
Mi×eO I ; -- 75th Percentile * Higher values suggest a more degraded stream site

...... 25th Percentile

A National Ranking of INVERTEBRATE STATUS in Streams    Invertebrate Community Status Index

" ~ -.~ To compare the invertebrate communities at MISE ecological basic
-,:-~- - -- ~-~, -" fixed sites to national sites, a multimetric index called the Invertebrate

~ -~’~’~--~----~---’ ’:~: :*’ ~ , Community Status Index was developed. The index combines 11 metrics,
including ones that address taxa richness and diversity, richness of may-
flies, stoneflies, and caddisflies, and tolerance metrics. Relative to this
index, MtSE agricultural streams are all ranked within the 25-percent

.,’" - -~ "
: I most-degraded category for streams, whereas the mixed land-use streams

¯ ! I .- ¯----~,- ..2~ ~ .~ ha,,e one site that falls into each category. Across the United States. both
~ "~,

~~
¯ I ~,~ / agricultural and urban sites tend to fall into the more degraded category.

INVERTEBRATE ’    ’ ’ .....
STATUS INDEX "---’~ ~’~ ~.~,,~.~5~- ~" "~ Inverl"et3rote Communily Stotus Index

¯ Highest 25 percent* ~._ ,~’°~.. === National Range
Middle 50 percent Agncultu~e! ~

iI. n

¯ MISEStu~yUnitValue
° Lowest 25 percent Mixed I i I I -- 75t1~ Percentile
¯ Higher values suggest a more degraded stream site o ~o 20 ~0 ,~O 50 60 70 a0 9e !OO ......

25th Percentile

Fish Community Index A National Ranking of FISH STATUS in Streams
Similar in concept to the invertebrates, a multimetric fish index was

developed to facilitate the comparison of fish communities across the . i~’-- - ..... ~ ~ .
United States. This index included four metrics: the percentage of toler- ~-2 "- ~-~’~- ~-- ~ ’!
ant individuals, the percentage of omnivorous individuals, the percentage .    _.~_~.~-~----~ o ’
ol non-native individuals, and the percentage of individuals with anoma-
lies. In all four metrics, a high percentage of individuals with the charac-
teristic is typical of degraded sites. Agricultural sites in the MISE Study
Unit generally fell at the boundary between the most-degraded category
and the middle 50 percent (four sites are represented by the symbol at the ’
O0-percent poinu. The rmxed land-use sites ranged from the least- *,f
degraded category, to the highly degraded category. -o ~ .....

,Cisn Inc~ex FISH INDEX -

1 National Range
¯ Highest 25 percent* -- o4    - .... .

Agrlcu~te I
1

¯ MISE Study Unit Value Middle 50 percent . ~.°
MIxOC~ " " " ~ ~ 75th Percentile " Lowest 25 percent " "

’ ...... 25th Percentile              * Higher values suggest a more degraded stream site
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Organochlorine Pesticides
Persist in Fish Tissue

During the 1950s and 1960s.
organochlorine pesticides were
heavily used in the MISE Study
Unit to control insects, particularly
those associated with the cultiva-
tion of cotton. One of the most 92"

widely’ used organochlorine insec-
ticides was DDT. In 1972, the sale
of DDT was discontinued, and the
use of most of the persistent orga-
nochlorine pesticides was discon- 35° --~
tinued during the 1970s. Nearly 30
years later, however, DDT or its
metabolites were detected in fish ....... _
tissue from all 4! sites sampled in ;
the Study Unit. Thirty of these sites
have total DDT levels in excess of <�-’: .l~o -_=        ~.~-~
the 0.2-mg/kg (milligram per kilo-
gram) or 200 ~/kg (micrograms .~ ~
per kilogram) criterion set by the - " " .~.~ il/ "27 ¯

" "---’# EXPLANATIONState of New York for the protec-
tion of fish-eating wildlife (Newell . ,~

" ;~/’-’~ MISE Boundary
, ~-..;~ Concentrauon of total DDTand others, 1987). {, (. - - . ~ n m,crowams per ~,logram

Although somewhat less preva-
lent and at lower concentrations,

~
~.:_

¯ 40- ~.oo0
~.oo~ - 5.000

other organochlorine compounds ~’~’ " ¯ Greater than 5,000
also were detected in fish, includ- .’:
ing chlordane tat 33 percent of the Figure 11. The concentrations of organochlorine pesticides were measured
sites), dieldrin (79 percent), hep- in fish tissue collected at 41 sites in the MISE Study Unit. Total DDT, an
tachlor (7 percent), mirex (29 per- insecticide that has not been sold in the United States since 1972, was
cent), and toxaphene (56 percent), detected at all sites and occurs in concentrations that are of possible human

health concern at some sites.

Of the 506 sites sampled thus far tissue samples from sites in the
in the National Water-Quality southern part of the Study Unit
Assessment Program, the highest (fig. 11) had much higher concen-
concentrations of total DDT and trations of total DDT. On a national
toxaphene were found in fish col- scale, Nowell and others, (1999)
lected in the Mississippi Embay- presented a positive correlation

t
ment Study Unit t see pages 33 and between median total DDT concen-

34 in Appendix A). trations in whole fish and agricul-
tural use of DDT in 1966. In the

¯ _~,..~"~ Distribution of Concentrations of MISE, however, there seem to be

Most of the rivers in the MISE Study DDT Within the Mississippi additional factors influencing the

Unit were too deep to wade, so boat- Embayment Study Unit persistence of DDT in fish tissue.

mounted electroshocking equipment Fish tissue data were compared to
was used to collect fish (usually Although DDT was detected in dozens of land-use and water-
common carp) for tissue analysis, fish tissue at every sampling site. chemistry variables. Good correla-
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tions can be made between total
DDT concentrations and dissolved
ammonia, nitrate, total phosphorus,
and turbidity. The correlations with
land-use variables, such as the per-
centage of the basin in agricultural
production or the percentage of the
basin in which cotton is grown, are EXPLANATION
much weaker, suggesting that fac- Concentrations, in

tors in addition to land use and I~es- micrograms per k~logram
wet weight

ticide use are contributing to the o Less than 150
distribution of DDT. © Greater than or e~lua to 150-1,000

O Greater than or equal to 1.000- 5,000
A relation exists between the ¯ Greater than 5.000

concentrations of DDT in fish tis-
sue and the geology of the area. Fish collected in 1995 during an interdisciplinary USGS study found that the

highest total DDT levels in the Mississippi River Valley were measured in the
Total DDT concentrations are MISE Study Unit. Information about study methods can be found in Schmitt
much higher at sites in the and Dethloff (2000).
Holocene alluvium than in the
Pleistocene valley trains (fig. 12).
The soils and geologic deposits in these particles. Once in the stream, Total DDT concentrations were
the Holocene alluvium are largely the cohesive nature of clay tends to detected in streambed sediments at
composed of dense clays that may prevent the material from moving all 15 sites measured. However, the
cause agricultural runoff from downstream. These combined concentrations in the sediments
these areas to enter the streams mechanisms may cause greater were many times lower than those
directly rather than infiltrate amounts of DDT to be in streams in fish tissue.
through the soils. Also, DDT tends and available to organisms in
to sorb onto clay particles and may Holocene areas than in streams in Human Health Considerations
be carried into streams attached to the Pleistocene valley trains.

Because the NAWQA sampling
8.000. ~ was designed to measure the occur-

~ ~ 7,000 .................... rence and distribution of com-
_O ~ pounds in the environment rather
,~ O, 6,000 ....... than address human health issues,
~- - - whole fish (usually common carp)z w 5,000ua ua rather than fish fillets or other edi-
z ~ 4,000 ..... ble fish parts were analyzed for0 ~ organochlorine compounds. How-~ ~ 3,000
~ ~ :, ever, the high concentrations of
~ O 2,000 . organochlorines that were detected
~ - ~    ~ at some of the sites in the MISE
~O ~ 1,000 ...... ~ " Study Unit suggest the need for~_ i ! ~ ~ further investigation. In the years

HOLOCENE ALLUVIUM PLEISTOCENE since the sale of DDT and tox-
VALLEY TRAINS aphene has been discontinued, con-

cerns have been raised about not
Figure 12. The concentration of total DDT in fish tissue is higher at Holocene
alluvium sampling sites than at sites in the Pleistocene valley trains. The mean only the toxicity of the pesticides

concentration for the Hoiocene sites is 2,895 micrograms per kilogram, while the but also the carcinogenic nature of

mean concentration for the Pleistocene sites is 522 micrograms per kilogram, organochlorine compounds.
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Pesticides in Air and Rain erosion of soil particles to which
Samples from Agricultural pesticides are attached, and direct
and Urban Sites spraying into the atmosphere dur-

ing pesticide application.During the 1995 growing sea- Seasonal distribution of pesd-son, weekly air and rain samples
were collected from two sites in cides at the agricultural site is

Mississippi and analyzed for 49 related to local application times of

pesticides and pesticide metabo- individual compounds. At the start
of the study in April, the herbicideslites. The two sites represented an pendimethalin and trifluralin were

agricultural area and an urban area.
Every air and rain sample had the pesticides found in the highest

concentrations in the air. In May,
detectable levels of multiple pesti- the two pesticides with the highest
cides: the pesticides detected and measured concentrations were the
the frequency of detection varied herbicides propanil and thioben-
between the two sites and were carb, which typically are used on
related to the types of pesticides rice. By August, the insecticide
used nearby. However, long-range methyl parathion was detected in
transport appears to have an effect, the highest concentration of any of The yellow polyurethane foam plugas some pesticides that are not reg- the pesticides in the air at the agri- was used to collect pesticides distribut-istered for use in an urban setting cultural site. ed into the gas phase of the atmo-
were found in air and rain samples In contrast, diazinon was sphere.
at the urban site. These findings detected in the highest concentra-
demonstrate that small amounts of tion in the air at the urban site. suggesting the long distance atmo-
pesticides can be transported Chlorpyrifos also was detected fre- spheric transport of this compound.
through the atmosphere and depos-quently, and carbaryl, methyl par-
ited into aquatic and terrestrial eco- athion, and trifluralin were found Pesticides in the Rain
systems at a substantial distance less often. Although most of these Once in the atmosphere, pesti-
from their point of use. compounds are used commonly in cides can be degraded, transported,

residential settings for such pur- and (or) redeposited. Deposition
Pesticides in the Air poses as termite control, methyl can be either wet, as with rain or

Pesticides can enter the atmo- parathion is used only for insect snow, or dry, as with gaseous sorp-
sphere through volatilization, wind control in agricultural settings, thus tion and particle fallout.

The urban atmospheric sampling site on the left is in a residential area in southern Jackson, Mississippi, a metropolitan area of
about 400,000 people. The site is more than 10 miles from the nearest agricultural field. The agricultural site on the right is
located in the center of a catfish pond complex in Sharkey County, Mississippi. This site was selected to measure pesticides in
the atmosphere in an area with minimal influence of direct application of pesticides to nearby fields. The nearest agricultural
field is about one-half mile away, and the major crops grown in this area are soybeans, cotton, corn, and rice.
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¯ Propanil
¯ Molinate
¯ Methyl Parathion

1

¯ Cyanazine

¯ Agriculture
n

¯ Urban

0

DATE OF SAMPLE COLLECTION

Figure 13. Pesticide concentrations in rainfall samples collected at an agricultural ,~ ~    ~’~ ~     ~-~-~
site in Mississippi during the 1995 growing season. In the spring, atrazine and
propanil were detected in higher concentrations, but by summer the dominant
pesticide measured was methyl parathion, d

The concentrations of selected Metabolites of DDT in the Air The air concentrations of p,p "-DDE, a
metabolite of DDT, were determinedpesticides detected in rainfall sam- In order to fully understand the at paired urban and agricultural sitespies from the agricultural site are fate, transport, and environmental in Mississippi, Iowa, and Minnesota

shown in figure 13. The pesticides effects of a pesticide, major metab- (Foreman and others, 2000). The ag-
detected in the highest concentra- elites of the pesticide commonly ricultural site in Mississippi and the
tions during the early part of the are included in the sampling pro- urban site in Iowa had detectable Icy-
growing season were the herbicides gram. One of the major metabolites els of p,p’-ODE in every sample. Ap-

atrazine, used on corn and grain of the organochlorine insecticide proximately 10 to 30 percent of the
samples collected at the other sites

sorghum, and propanil, used DDT is p,p "-DDE. In 197 l, Stanley had detectable levels of p,p "-DDE. It
mainly on rice. Later in the grow- and others (1971) detected p,p "- is likely that these concentrations of
ing season, the pesticide found in DDE in the air at an agricultural p,p "-DDE are from past local use of
the highest concentrations was the site near Stoneville, Miss. (about DDT. However, DDT is still being
insecticide methyl parathion. 60 miles north of the Sharkey used in other parts of the world, and it

County site) in concentrations is possible that some proportion of
this p,p’-DDE originated elsewhereThe pesticides detected in rain- ranging from 2.6 to 7. l ng/m3 (nan- and was transported in the atmo-fall samples from the urban site-- ograms per cubic meter). Twenty- sphere.atrazine, carbaryl, methyl par- four years later, the range ofp,p "-

athion, and propanil--were similar DDE in air samples from the agri-
to those found at the agricultural cultural site ranged from 0.13 to
site, but the concentrations were 1.1 ng/m3, lower than reported by More details on pesticides in the
much lower. Because methyl par- Stanley and others (1971) but still atmosphere can be found in the paper:
athion and propanil do not have significant considering that there is Coupe, FI.H., Manning, M.A., Foreman,
legal urban uses, it is assumed thatno current use of DDT in the area. W.T., Goolsby, D.A., and Majewski, M.S.,
these pesticides were transported in These results indicate that a persis- 2000, Occurrence of pesticides in urban

the atmosphere from their applica- tent metabolite of p,p "- DDT was and agricultural areas of Mississippi, April-
September 1995: Science of the Totaltion areas. Methyl parathion and still measurable in the air more Environment, v. 248, no. 2-3, p. 227.

propanil are the ftrst and sixth most than two decades after the sale of
heavily used agricultural pesti- DDT was discontinued in the The paper also can be downloaded at:
cides in Mississippi. United States. http://ms.water.usgs.gov/misenawqa/
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Integration of Biological. In the NAWQA Program, on many aspects of the environ-
Geological, and Chemical researchers often collect biological, ment.
Data Improves geological, and chemical informa-
Understanding of Aquatic tion from the same stream sites and DDT and Its Metabolites Are

Systems analyze land use from the corre- Present Throughout the

One of the most significant sponding drainage basins. This Environment

advances in the aquatic sciences information presents an opportu- Nearly 30 years after the sale of

during the last century is the grow- nity to examine biogeochemical DDT was discontinued, the pesti-
relations within the watersheds, cide and its metabolites wereing understanding that aquatic sys-

tems. such as lakes and rivers, are This interdisciplinary approach has detected in all parts of the MISE

profoundly influenced by the bio- yielded at least three broad findings Study Unit environment. While

logical, chemical, and physical in the MISE Study Unit. Three residual total DDT is found

aspects of the drainage basin in findings, which need to be exam- throughout the world, the concert-
which the water body is located ined in more detail to guide scien- trations in the MISE are among the

(Wetzel, 1983). Although the con- tific understanding and manage- highest in the United States. (See
ceptual framework for these ideas ment in this region, are: ( l ) DDT water, fish tissue, and bed sediment

is decades old, scientists are still and its metabolites remain detect- sections of the national comparison
developing the technologies and able in many parts of the environ- tables on pages 31, 33, and 34 for a
accumulating the data bases neces-ment; (2) numerous interrelations comparison of MISE results to

sary to more fully understand the exist between the biological, geo- other NAWQA Study Units in the
relations between a body of water, logical, and chemical components United States.) A metabolite of
the biotic components within it, of the MISE Study Unit: and (3) DDT, DDE persists in various con-
and the chemical and physical evidence exists that the geology of centrations in many different parts
influences of the drainage basin, the Study Unit exerts an influence of the MISE environment, includ-

ing the air, water, streambed sedi-
ment. and fish tissue, generating
interesting questions about its
transport, accumulation, and per-

~ o.14~ 12 ° ~,~, o.16, sistence.

o_~ ~=~ * Biological and Chemical Relations

=~ ~- .
** *°****~,’~*,     A * °~- o.oe

The MISE Study Unit has

..-. %* ¯ ¯ ¯ ~ o.o, numerous complex interrelations
~o

,                    , "          ~ i=°°’-                                                        o
.. . among stream biology, basin

0.5 ,.o ~.5 zo ~.5 ~o ~o ao ,o ~o eo ~o~o geology, stream chemistry andland
TOTAL AMMONIA, PERCENTAGE OF STREAM BUFFER

IN MILLIGRAMS PER LITER THAT IS FORESTED use. Some of these interrelations
C D are illustrated by a variety of linear

,o o ~-~ ~ ooo ¯ relations among biological,
~̄_- ~,ooo geological, and chemical compo-

~ ~5 ¯ ’,’ nents of 36 stream sites and their

S~ ~,ooo drainage basins in the MISE Study

~1o ~O~.ooo ° Unit (fig. 14). Figures 14A and

~ ..:*� ~\., ~_ o.,.~"~X." £~_,,0o0 - .~...., ,. , 14C illustrate how differences in
~o ,o ~o ~o loo o.~o., o.~ o.~ ~o ~.~ 1., 1.~ stream chemistry can affect

TURBIDITY, IN NEPHELOMETRIC NITRITE PLUS NITRATE,
TURBIDITY UNITS IN MILLIGRAMS PER LITER AS N biological communities in the

stream. Figure 14A shows that the
Figure 14. There are numerous interrelations among stream biology, basin geology, number of insectivore fish taxa

stream chemistry, and land use in the Mississippi Embayment Study Unit. The lines decreases as total anamonia
in these graphs represent linear relations between some of the variables, increases, whereas figure 14C
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A. Ammonia B. Herbicide detections C. DDT in fish tissue

EXPLANATION ~-~ ¯ ..~
¯ Prairie complex j/~,,., ¯:(" .....~ .
-- Pleistocene valley trains / /-’~--~..~ ~ y~ J

-- M~ss~ssippiEmbayment ~ ~? ~ ¯ ~ ~          ~      ~ ~ ¯ ~l 3Study On,, ouo0a  ........... ........
" High concentration ~~. ¯ @; ~ k~’~. ¯ ~
¯ Moderate concentration ~.~11 ~_~" ¯ (’ ~ ~ .~" ¯

Figure 15. Several variables in the MISE Study Unit vary spatially and correspond generally to the Quaternary geology of the
Mississippi Alluvial Plain. Soils formed from the Holocene alluvium tend to be dense, thick clays, whereas the Pleistocene fea-
tures tend to have soils that have more silts and sands. These soils influence permeability and runoff, which in turn, appear to
affect the amount and persistence of agricultural chemicals ir~ the streams.

shows that the number of black multidisciplinary studies in order to clustered in the Holocene alluvium
bass decreases as turbidity thoroughly understand the Missis- (fig. 15A), whereas similar clusters
increases. Figures 14B and 14D sippi Embayment Study Unit, and occurred for the number of herbi-
show how factors in the drainage discourages simplistic, one-dimen-cides detected in the water (fig.
area, but not in the stream, can sional management solutions. 15B) and the amount of total DDT
influence the stream. Figure 14B found in fish tissue (fig. 15C). In
shows that as the percentage of for- Geology Influences Many Variables turn, many biological metrics were
ested stream buffer (the area within Within the Mississippi Embay- lower at sites located in the
60 meters of the streams) increases, ment Study Unit, the geology of Holocene alluvium, and differences
concentrations of orthophosphate the land surface appears to exert an in ground-water chemistry were
in the stream decrease, indicating overarching influence on many detected (pages 13 and ]4).
the value of vegetated stream buff- components of the environment. This information reaffirms that a
ers in minimizing the amount of The dense, tight days of the better understanding of the under-
runoff entering streams and rivers. Ho]ocene alluvium dictate the lying geology of the Earth itself is
Finally, figure 14D illustrates that types of crops grown and cause needed to fully understand the
as the concentration of dissolved high runoff potential in the area. effects of human activities on the
nitrite plus nitrate increases, the These factors help to determine the environment.
amount of total DDT in fish tissue types of agricultural chemicals that
increases, suggesting that condi- are applied and the amounts of
tions that facilitate agricultural run- these chemicals that are transported
off affect nutrient levels in the into rivers and streams. Once in the
streams and the long-term bioaccu- streams, the clays tend to cause
mulation of organochlorine pesti- chemicals sorbed to sediments to
cides in fish tissue, remain locally in the bed sediment

The sum of these various rela- rather than to be washed down-
tions shows the complexity of the stream. Sites where high concen-
system, underscores the need for trations of ammonia were found are    Carp used for tissue analysis.
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STUDY UNIT DESIGN

Stream Chemistry
The stream-chemistry network was designed to measure the effects of : _

land use (primarily cropland) on stream quality and to integrate the effects
of multiple land uses and hydrogeologic settings on water quality. Data
from the Basic Fixed Sites were used to examine differences in water qual-
ity from one basin to another. Data from Intensive Fixed Sites, which were
sampled more often, were used to examine seasonal changes in stream
quality and to calculate fluxes from the basin. Also, detailed data on pesti-
cides dissolved in the water w~re collected at intensive sites. A synoptic
study was conducted to measure a selected set of constituents at 38 sites in
the Study Unit in order to better understand spatial differences among the
basins and to compare water chemistry to biological and landscape parame-
ters.

~

EXPLANATION
¯ Basic and Intensive ~xe~ Sites
¯ Basic Fixed, Intensive Fixed,

and Synoptic Sites
¯ Basic Fixed and Synop~c Sites

SynoDtic Sites

Stream Ecology
Ecological assessments were done annually at the basic and intensive

stream-chemistry sites. The objective of these studies was to investigate
biological, chemical, and physical data as multiple lines of evidence to
assess water quality. Some of the assessments examined multiple reaches
of a stream to determine spatial variations in the community structure of
the aquatic organisms. Synoptic studies were designed to examine spatial
variability in biological communities in the Study Unit and to relate this

V.XPt.~AT~ONvariability to stream chemistry and landscape variables. Early in the
¯ Eco~g~c= ~essment.project, bed sediment and fish tissue were sampled at a subset of sites; later

Synoptic, Bed Sediment,in the project, fish tissue was sampled for organochlorine concentrations at
and "~ssue Sites

¯ Synoptic, Bed Sediment, all of the synoptic sites.
and ~ssue Sites

¯ Synoptic and "tissue Sitss

-- Bed Sediment and "~ssue Sites

Ground-Water Chemistry
Three surveys examined the effects of land use on ground water in differ-

ent aquifer settings. The deep Tertiary aquifers are the deepest aquifers
studied and the ones that provide drinking water to the greatest number of
people in the Study Unit. The Memphis shallow aquifer survey was
designed to assess the ground-water quality in commercial and residential
areas. The alluvial aquifer survey examined ground-water quality from a
shallow aquifer that is heavily used for agriculture.

EXPLANATION
¯Dee~o Te~ary Aquiters
¯ Memphis Shallow A~uiter
; Altuvtal Aquiter
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SUMMARY OF DATA COLLECTION IN THE MISSISSIPPI EMBAYMENT STUDY UNIT, 1995-98

Study What data were collected and why Types of sites sampled Number of Sampling frequency
component sites and period

Stream Chemistry
Basic FLXed Continuous streamflow, nulrients, major ions, organic car-Sites were selected to represent the range 9 Samples were collected
Sites bun, suspended sediment, and physical parameters wereof ecoregions, physiographic regions, mondfly February 1996 -

measured to describe concentrations and seasonal varia-and land uses present in the Study Unit. January 1998.
tions.

Intensive Fixed In addition to the above list of data collected at the BasicThree of the sites.were located at streams 5 Sampling frequency
Sites Fixed Sites, information on 82 dissolved pesticides was that drained intensive agricultural areas ranged from biweekly dur-

collected to determine concentrat~ous, seasonal vana- but were dominated by different crop ing the growing season to
tions, and loads. Volatile organic compounds also weretypes. One site was a large fiver site with weekly throughout the
measured at the urban site. mixed land use. The ~emaining site was remainder of the period

located in a rapidly growing urban area. . Febn~m’y 1996 - January
1998.

Synoptic Sites-- Nu~ents, pesticides, and physical properties were mea-Synoptic sites were selected in an effor~ to 38 Samples were collected
Water ChemisuT sured to broaden the spatial coverage of water-quality sample streams that drained all major once during May, July, and

~informafion in the Study Unit. crop types grown in the St~ly Unit. August 1997.
Stream Ecology

Ecological Fish, macroinver[ebrate, algae, and habitat data were cot- Sites were selected to represent the range8 Samples were collected
Assessment lected to examine relations among the biological commu-of ecoregions, physiographic regions, once during low-flow con-
Sites nity and water chemis~’y, land use, and physical and land uses present in the Study Unit. ditions in the summers of

components of the landscape and drainage basin. 1996-98; at two sites,
three reaches were sam-
fled in 1996.

Synoptic Sites--- Fish, macroinvertebrate, habitat, and streamflow data wereSynoptic sites were selected in an effort to 38 Samples were collected
Ecology collected once at a larger number of sites to develop a sample slreams that drained all major July-September 1997 for

b~uvr understanding of the spatial aspects of aquatic crop types grown in the Study Unit. macroinvertebrates; July-
communities in the Study Unit. September 1998 for fish.

Contaminants in Total PCB’s, organochlorine pesticides, semivolatile Sites were selected to represent the range 15 Samples were collected
Bed Sediments organic compounds, and Wace elements were measured of ecoregions, physiographic regions, during August and

in order to determine the occurrence and distribution of and land uses present in the Study Unit. September 1995.
contaminants in stream sediments.

Contan~nams in OrganocMohne pesticides were measured in whole fish, and Sites were selected in an effort to sample 41 (pesticides) Samples were collected
Fish Tissue trace elements were measured in fish liver, s~reams that drained all major crop types15 (trac~ ele- during late summer low-

grown in the Study Unit. ments) flow conditions in 1995-
98.

Ground-Water Chemistry
Deep Tertiary. Nutrients, major ions, pesticides, volatile organic com- Public-supply wells screened in the deep 30 Samples were collected
Aquifers pounds, radioisotopes, stable isotopes, and physical Tertiary aquifers (Claiborne and Wilcox once dttring April and

parameters were measured to determine overall water Groups) were sampled. May 1996.
quality in a deep aquifer used for drinking water.

Memphis Nutrients, major ions, trace elements, pesticides, volatileTwenty-four monitoring wells screened in 32 Samples were collected
Shallow orgamc compounds, radioisotopes, stable isotopes, andthe shallow water-table aquifer and eight once during April and
Aquifers physical parameters were measured to determine overall monitoring wells screened in the upper May 1997.

water quality in shallow aquifers in a rapidly developingpart of the Memphis aquifer were sam-
urban area. pled.

Alluvial Aquifer Nutrients, major ions, trace elements, pesticides, volatileTwenty-five irrigation wells screened in the 54 Samples were collected
orgaaic compounds, radioisotopes, stable isotopes, andHolocene alluvium and 29 irrigation once during the summer of
physical parameters were measured to determine overall wells screened in the Pleistocene valley 1998.
water quality in an aquifer largely used for agricultural trains were sampled.
irrigation, but also for public supply and industry.

Special Studies
Pesticides in the Pesticides were measured in the air and in the rain. Two sites were sampled-one in an agncul- 2 Samples were collected
Atmosphere tural area in Sharkey County, Miss., and April-September 1995.

one in an urban area in Jackson, Miss.
Pesticides in Organochlorine pesticides in whole fish (common carp)Four sites were selected within an area 100 8 Samples were collected
Fish Tissue in were measured to determine if pesticides leaving the rmles upstream and another four sites once during November
the Mississippi Yazoo River Basin could be detected in fish in the Mis- were selected 100 miles downstream 1997.
River sissippi River. from the confluence of the Yazoo River

and the Mississippi River.
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GLOSSARY

Algae - Chlorophyll-bearing nonvascular, primarily aquatic Dissolved solids - Amount of minerals, such as salt, that are dis-

species that have no true roots, stems, or leaves; most solved in water; amount of dissolved solids is an indicator of

algae are microscopic, but some species can be as largesalinity or hardness.

as vascular plants. Drainage area - The drainage area of a stream at a specified loca-
tion is that area, measured in a horizontal plane, which is

Alluvial aquifer - A water-bearing deposit of unconsolidated mate- enclosed by a drainage divide.
rial (sand and gravel) left behind by a river or other flowing Drinking-water standard or guideline - A threshold concentra-
water, tion in a public drinking-water supply, designed to protect

Alluvium - Deposits of clay, silt, sand, gravel or other particulate human health. As defined here, standards are U.S. Environmen-
rock material left by a river in a streambed, on a flood plain, tal Protection Agency regulations that specify the maximum
delta, or at the base of a mountain: contamination levels for public water systems required to protect

Aquatic-life criteria - Water-quality guidelines for protection of the public welfare; guidelines have no regulatory, status and are
aquatic life. Often refers to U.S. Environmental Protection issued in an advisory capacity.
Agency water-quality criteria for protection of aquatic organ- Ecosystem - The interacting populations of plants, animals, and
isms. See also Water-quality guidelines, Water-quality criteria, rmcroorganisms occupying an area, plus their physical environ-
and Freshwater chronic criteria, ment.

Aquifer - A water-beanng layer of soil, sand, gravel, or rock that Eutrophication - The process by which water becomes enriched
will yield usable quantities of water to a well. with plant nutrients, most commonly phosphorus and nitrogen.

Atmospheric deposition - The transfer of substances from the air Fixed Sites - NAWQA’s most comprehensive monitoring sites. See

to the surface of the Earth, either in wet form (rain, fog, snow, also Basic Fixed Sites and Intensive Fixed Sites.
dew. frost, hail) or in dry form (gases, aerosols, particles). Ground water - In general, any water that exists beneath the land

Basic Fixed Sites - Sites on streams at which streamflow is mea- surface, but more commonly applied to water in fully saturated

sured and samples are collected for temperature, salinity, sus- soils and geologic formations.

pended sediment, major ions and metals, nutrients, and organicHabitat - The part of the physical environment where plants and

carbon to assess the broad-scale spatial and temporal character animals live.

and transport of inorganic constituents of streamwater in relationHerbicide - A chemical or other agent applied for the purpose of
to hydrologic conditions and environmental settings, killing undesirable plants. See also Pesticide.

Bed sediment - The material that temporarily is stationary in the Hoiocene - A subdivision of geologic time which began at the end

bouom of a stream or other watercourse, of the Pleistocene (approximately 9,000 to 11.000 years ago) and
extends to the present.

Bioaccumulation - The biologica! sequestering of a substance at aHuman health advisory - Guidance provided by U.S.
higher concentration than that at which it occurs in the surround- Environmental Protection Agency, State agencies or scientificing environment or medium. Also, the process whereby a sub-
stance enters organisms through the gills, epithelia tissues, organizations, in the absence of regulatory limits, to describe

acceptable contaminant levels in drinking water or edible fish.
dietary,, or other sources. Intensive Fixed Sites - Basic Fixed Sites with increased sampling

Biota - Living organisms, frequency during selected seasonal periods and analysis of dis-
Channelization - Modification of a stream, typically by straighten- solved pesticides for 1 year. Most NAWQA Study Units have

ing the channel, to provide more uniform flow; often done for one to two integrator Intensive Fixed Sites and one to four indi-
flood control or for improved agricultural drainage or irrigation, cator Intensive Fixed Sites~

Community - In ecology, the species that interact in a common Load - General term that refers to a material or constituent in solu-
area. tion, in suspension, or in transport; usually expressed in terms of

Concentration - The amount or mass of a substance present in a mass or volume.
given volume or mass of sample. Usually expressed as micro- Loess - Homogeneous, fine-grained sediment made up primarily of
gram per liter (water sample) or microgram per kilogram (sedi- silt and clay, and deposited over a wide area (probably by wind).
ment or tissue sample). Maximum contaminant level (MCL) - Maximum permissible

Criterion - A standard rule or test on which a judgment or decision level of a contaminant in water that is delivered to any user of a

can be based, public water system. MCLs are enforceable standards estab-

Degradation products - Compounds resulting from transformation lished by the U.S. Environmental Protection Agency.
Median - The middle or central value in a distribution of dataof an organic substance through chemical, photochemical, ranked in order of magnitude. The median is also known as the

and!or biochemical reactions. 50th percentile.
Detection limit - The minimum concentration of a substance that Metabolite- A compound derived by chemical, biological, or phys-

can be identified, measured, and reported within 99 percent con- ical action upon a pesticide. The breakdown is a natural process
fidence that the analyte concentration is greater than zero: deter- which may result in a more toxic or a less toxic compound and a
mined from analysis of a sample in a given matrix containing the more persistent or less persistent compound.
analyte. Method detection limit - The minimum concentration of a sub-

DDT - Dich]oro-diphenyt-trichloroethane. An organochlorine stance that can be accurately identified and measured with
insecticide no longer registered for use in the United States. present laboratory technologies.
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Micrograms per liter (lag/L) - A urn: expre,,m~: the concentrat~tm Study Unit - A major hydrologic system of the United States in
of constituents in solution as ~e~g~ rv,~crogram, ~ of solute per which NAWQA studies are focused. Study Units are geographi-
unit volume (~iter) of water; equ~v:,~¢.~t to one par~ per billior, m cally defined by a combination of ground- and surface-water fea-
most streamwater and ground water. One thousand microgram~ tures and generally encompass more than 4,000 square miles of
per liter equals 1 mg/L. land area.

Minimum reporting level (MRL) - The smallest measured con- Study-Unit Survey - Broad assessment of the water-quality condi-
centration of a constituent that may be reliably reported using a tions of the major aquifer systems of each Study Unit. The
given analytical method. In many cases, the MRL is used when Study-Unit Survey relies primarily on sampling existing wells
documentation for the method detection limit is not available, and, wherever possible, on existing data collected by other agen-

Nitrate - An ion consisting of nitrogen and oxygen (NO3-). Nitrate cies and programs. Typically, 20 to 30 wells are sampled in each
is a plant nutrient and is very mobile iri soils,                       of three to five aquifer subunits.

Nonpoint source - A pollution source that cannot be defined as       Synoptic sites - Sites sampled during a short-term investigation of
originating from discrete points such as pipe discharge. Areas of specific water-quality conditions during selected seasonal or
fertilizer and pesticide applications, atmospheric deposition, hydrologic conditions to provide improved spatial resolution for
manure, and natural inputs from plants and trees are types of critical water-quality conditions.
nonpoint source pollution. Taxon (plural taxa) - Any identifiable group of taxonomically

Nutrient - Element or compound essential for animal and plant related organisms.
growth. Common nutrients in fertilizer include nitrogen, phos- Total DDT - The sum of DDT and its metabolites (breakdown
phorus, and potassium, products), including DDD and DDE.

Organochlorine insecticide - A class of organic insecticides con- Trace element - An element found in only minor amounts (concen-
taining a high percentage of chlorine. Includes dichlorodiphe- trations less than 1.0 milligram per liter) in water or sediment:
nylethanes (such as DDT), chlorinated cyclodienes (such as includes arsenic, cadmium, chromium, copper, lead. mercury,,
chlordane), and chlorinated benzenes (such as lindane). Most nickel, and zinc.
organochlorine insecticides were banned because of their carci-Triazine herbicide - A class of herbicides containing a
nogenicity, tendency to bioaccumulate, and toxicity, to wildlife, symmetrical triazine ring (a nitrogen-heterocyclic ring com-

Periphyton - Organisms that grow on underwater surfaces: peri- posed of three nitrogens and three carbons in an alternating
phyton include algae, bacteria, fungi, protozoa, and other organ- sequence). Examples include atrazine, propazine, and simazine.
isms. Turbidity - Reduced clarity of surface water because of suspended

Phosphorus - A nutrient essential for growth that can play a key particles, usually sediment.
role in stimulating aquatic growth in lakes and streams. Volatile organic compounds (VOCs) - Organic chermcals that

Physiography - A description of the surface features of the Earth, have a high vapor pressure relative to their water solubility.
with an emphasis on the origin of landforms. VOCs include components of gasoline, fuel oils, and lubricants.

Pleistocene - A subdivision of geologic time which began about 2 as well as organic solvents, fumigants, some inert ingredients in
million years ago and ended at the beginning of the Holocene pesticides, and some by-products of chlonne disinfection.
epoch, approximately 9,000 to 11,000 years ago. Water-quality criteria - Specific levels of water quality which, if

Quaternary - A subdivision of geologic time which began about 2 reached, are expected to render a body of water unsuitable for its
million years ago and extends to the present. The Quaternary designated use. Commonly refers to water-quality criteria estab-
period is further divided into two epochs, the Pleistocene and the lished by the U.S. Environmental Protection Agency. Water-
Holocene. quality criteria are based on specific levels of pollutants that

Recharge - Water that infiltrates the ground and reaches the satu- would make the water harmful if used for drinking, swirnn-ung,
rated zone.                                                   farming, fish production, or industrial processes.

Sediment quality guideline - Threshold concentration above         Water-quality guidelines - Specific levels of water quality which,
which there is a high probability of adverse effects on aquatic if reached, may adversely affect human health or aquatic life.
life from sediment contamination, determined using modified These are nonenforceable guidelines issued by a governmental
USEPA (1996) procedures, agency or other institution.

Semivolatile organic compound (SVOC) - Operationally defined Water-quality standards - State-adopted and U.S. Environmental
as a group of synthetic organic compounds that are solvent- Protection Agency-approved ambient standards for water bodies.
extractable and can be determined by gas chromatography/mass Standards include the use of the water body and the water-qual-
spectrometry. SVOCs include phenols, phthalates, and polycy- ity criteria that must be met to protect the designated use or uses.
clic aromatic hydrocarbons (PAHs). Water year - The continuous 12-month period, October 1 through

Species diversity - An ecological concept that incorporates both September 30, in U.S. Geological Survey reports dealing with
the number of species in a particular sampling area and the even-the surface-water supply. The water year is designated by the
ness with which individuals are distributed among the various calendar year in which it ends and which includes 9 of the 12
species, months. Thus, the year ending September 30, 1980~ is referred to

Species (taxa) richness - The number of species (taxa) present in aas the water year 1980.
defined area or sampling unit. Wetlands - Ecosystems whose soil is saturated for long periods

Stream reach - A continuous part of a stream between two speci- seasonally or continuously, including marshes, swamps, and
fled points, ephemeral ponds.
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APPENDIX--WATER-QUALITY DATA FROM THE MISSISSIPPI
EMBAYMENT IN A NATIONAL CONTEXT
For a complete view of Mississippi Embaymen! data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqaJ. Also visit the NAWQA Data Warehouse for access to NAWQA ¢lata sets at http://infotrek.er.usgs.govlwdbctx/nawqaJnawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Mississippi s,u~-u., frequency of eetection, in percent

E mbayment. Selected results for this Study Unit are
~_ Nit ional fre(:luency of detection, in percent

Study-unit samole s~zi
graphically compared to results from as many as 36 ........

Alachlor (Lasso, Bronco, Lariat, Bullet) ""NAWQA Study Units investigated from 1991 to 1998 and
to national water-quality benchmarks for human health,
aquatic life, or fish-eating wildlife. The chemical and
biological indicators shown were s~lected on the basis of
frequent detection, detection at concentrations above a

Atrazine (AAtrex, Atrex, Atred, Gesaprim)
........... 172national benchmark, or regulatory or scientific importance.

The graphs illustrate how conditions associated with each
land use sampled in the Mississippi Embayment compare
to results from across the Nation, and how conditions 1 18 82
compare among the several land uses. Graphs for chem-
icals show only detected concentrations and, thus, care Cyanazine (Bladex, Fortrol)

83 ~ .......... I7~
must be taken to evaluate detection frequencies in addition ~2
to concentrations when comparing study-unit and national
results. For example, fluometuron concentrations in 0
Mississippi Embayment agricultural streams were similar
to the national distribution, but the detection frequency 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
was much higher (63 percent compared to 8 percent).

29 !5
52 18 "" 25

i "" , ,. 30

CHEMICALS IN WATER
Concentrations and detection frequencies, Mississippi Deethylatrazine (Atrazine breakdown product) * **
Embayment, 1995-98--Detection sensitivity varies among chemicals

92 62and, thus, frequencies are not directly comparable among chemicals 98 75

Detected concentration in Study Unit
66 38 Frequencies of detection, in percent. Detection frequencies

were not censored at any common reporting limit. The left-
hand column is the study-unit frequency and the right-hand Diuron (Crisuron, Karmex, Diurex)

16~
column is the national frequency ,8 22

81 20
Not measured or sample size less than two

12 Study-unit sample size. For ground water, the number of                  "
samples is equal to the number of wells sampled

Fluometuron (rio-Met, Cotoran) **National ranges of detected concentrations, by land use, in 36 63
NAWQA Study Units, 1991-98---Ranges include only samples
in which a chemical was detected 92 6 .......

-- <i ~ I o
< i ~

I
30Streams in agricultural areas

Streams in urban areas
Streams and rivers draining mixed land uses Metolachlor (Dual, Pennant)

i00 81                .    -                       =m~T                    172~ Shallow ground water in agricultural areas lOO 6~ ......... T 25
Shallow ground water in urban areas I00 83

--’~    - Maior aquifers
~i i~

__ 0

Metribuzin (Lexone, Sencor)

National benchmarks include standards and guidelines related to
drin king-water quality, criteria for protecting the health of aquatic life, and
a goal for preventing stream eutrophication due to phosphorus. Sources
include the U.S. Environmenta~ Protection Agency and the Canadian
Council of Ministers ofthe Environment Molinate (Ordram)

Drinking-water quality (applies to ground water and surface water)

Protection of aquatic life (applies to surface water only)                  -

Prevention of eutrophication in streams not flowing directly into
lakes or impoundments

No benchmark for drinking-water quality 0.ooo~ 0.oo~ o.o, o~ ~ lO ~oo ~,0oo
¯ * No benchmark for protection of aquatic life CONCENTRATION. IN MICROGRAMS PER LITER
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Pesticides in water--lnsecticides
Study-unil trequency of detection, in percenl Study-unit frequency of detection, in percent

L Niti°nal freqUency °f detection’ in p~       [       i ......
i       i StuOy-uni               I .... D~e s,zi       ,

._~ NitJonal frequency of cietection, in p 1                     I       i       i .....i       ,       i Stu0y-unit sample sizi       I       I
Pendimethalin (Pre-M, Prowl, Stomp) " "" Aldicarb sulfoxide (Aldicarb breakdown product)

2~ ~2 .... ~;; i <~ ~6~ 16 25
I~ 8 56

0 <1 ,~ 80

Prometon (Pramitol, Princep) "" Azinphos-methyl (Guthion, Gueathion M) *

60 86 ~ ~ ~ . 25 4 1 24
27 60 ~ 56 ~ 2 54

12 ~ 0 - - <1 0
" ~ 21 32

Sim~zine (Princap, Caliber 90) Carbaryl (Carbamina, Denapon, Sevin)
50 61 172 5 9                             I I I 172

100 77 25 72 ~6 ~ 25
9~ 7~ 56 2 16

0 5 ~r.r~-~,---,-.-~ 82 0 1 ~ 82

Carbofuran (Furadan, Curaterr, Yaltox)0.0001 0001 001 0.1 1 10 100 1,000 15 11 .... : :~- :T I i72
~ 3

I
25CONCENTRATION. IN MICROGRAMS PER LITER 20 10 " 55

2 ~ I 0

Other herbicides detected
Acetochtor (Harness Plus, Surpass) * ** Chtorpyrifos (Brodan, Dursban, Lorsban)
Acifluorfen (Blazer, Tackle 2S) "* 6 18 J 70100 37 25Benfluralin (Balan, Benefin, Bonalan) * "* 11 20 56
Bentazon (Basagran, Bentazone) **
Bromacil (Hyvar X, Urox B, Bromax) - ~} ~ ,I,~ I ~’20
Bromoxynil (Buctril, Brominal) " 0 <1 ~- ..... t 82
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) " "*
DCPA (Dacthal, chlorthal-dimethyl) * ** p,p’-DDE
Dacthal mono-acid (Dacthal breakdown product) """ i 7 8

~ 2 25
Dicamba (Banvel, Dianat, Scotts Proturf) 9 ~
Dichlorprop (2,4-DE Seritox 50, Lentemul) " ""
Oinoseb (Dinosebe) ~ ~ ,Ili-~ I ;2°
EPTC (Eptam, Farmarox, Alirox) * *" 1 2 ’~’~ I 82
Fenuron (Fenulon, Fenidim) * *"

Diazinon (Basudin, Diazatol, Neocidol, Knox Out)Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) * , 16 -" ; ..... IMCPA (Rhomene, Rhonox, Chiptox) 96 70
Napropamide (Devrinol) *’* 7 39 I I 56
Neburon (Neburea, Neburyl, Noruben) * ** 0
Norflurazon (Evital, Predict, Solicam, Zorial) "{~ z
Pebulate (Tillam, PEBC) * *"

0 2

Picloram (Grazon, Tordon) Dieldrin (Panoram D-31, Octalox, Compound 497)Pronamide (Kerb, Propyzamid) ** 1 6 J 72
Propachlor (Ramrod, Satecid) ** 0 2 25
Propanil (Stam, Stampede, Wham) * "" ~ 2
Tebuthiuron (Spike, Tebusan) 1

--~IIII~--,
0

Terbacil (Sinbar) ** "i ~6
~-~               ,

,

Thiobencarb (Bolero, Saturn, Benthiocarb) * "*
Triclopyr (Cation, Grandstand, Redeem, Remedy) * "" Malathion (Malathion)
Trifluralin (Treflan, Gowan, Tri-4, Trific) .~.~’ 172

2! " -"~ I
Herbicides not detected 36 6 ~ 56

Butylate (Sutan +, Genate Plus, Butilate) *" -~ ~ ’~ 0
32Chloramben (Amiben, Amilon-WP, Vegiben) ** 0 <Z ...... ;~ ’ 82

Clopyratid (Stinger, Lontrel, Transline) " **
2,6-Diethylaniline (Alachlor breakdown product) * ** I I I I I I I i
Ethalfluralin (Sonatan, Curbit) * ** o0001 o.ool 0.01 01 1 lO lO0 1,ooo
MCPB (Thistrol) * *" CONCENTRATION. IN MICROGRAMS PER LITER
Oryzalin (Surflan, Dirimal) * *"
Propham (Tuberite) **
2,4,5-T *" Other insecticides detected2,4,5-TP (Silvex, Fenoprop) "" Disulfoton (Disyston, Di-Syston) "*
0Triallate (Far-Go, Avadex BW, Tri-allate) * Methomyl (Lanox, Lannate, Acinate) **

Methyl parathion (Penncap-M, FolidoI-M) -
Propargite (Comite, Omite, Ornamite) * *"

Insecticides not detected
Aldicarb (Temik, Ambush, Pounce)
Aldicarb sulfone (Standak, atdoxycarb)
Ethoprop (Mocap, Ethoprophos) " *"
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Fonofos (Dyfonate, Capfos, Cudgel Tyca: 1,2-Dibromo-3-chloropropane (DBCP, Nemagon)
alpha-HCH (alpha-BHC, alpha-lindane "’ 1,2-Dibromoethane (Ethylene dibromide. EDB)
gamma-HCH (Lindane, gamma-BHC Dibromomethane (Methylene dibromide) *
3-Hydroxycarbofuran (Carbofuran brea~aow~, proa,Jc’, " "" trans-1,4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) *
Methiocarb (Slug-Geta, Grandslam, Mesurot) " "" 1,2-Dichlorobenzene (o-Dichlorobenzene)
Oxamyl (Vydate L, Pratt) ** 1,3-Dichlorobenzene (m-DichloroPenzene)
Parathion (RoethyI-P, Alkron, Panthion, Phoskil) * 1,2-Dichloropropane (Propylene dichloride)
cis-Permethrin (Ambush, Astro, Pounce) * *" 2,2-Dichloropropane *
Phorate (Thimet, Granutox, Geomet, Rampart) * ** 1,3-Dichloropropane (Tdmethylene dichloride) *
Propoxur (Baygon, Blattanex, Unden, Proprotox) * ** trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)
Terbufos (Contraven, Counter, Pilarfox) "* cis-1,3-Dichloropropene ((Z)-1,3-Dichloropropene)

1.1-Dichloropropene *
Ethyl methacrylate *

Volatile organic compounds.(VOCs) in ground water Ethyl ten-butyl ether (Ethyl-t-butyl ether (ETBE)) "

These graphs represent data from 16 Study Units. sampled from 1996 to 1998 Hexachlorobutadiene
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)
2-Hexanone (Methyl butyl ketone (MBK)) *Study-unit lrequency of detection, in percent

National frequency Of detection in percent                   Study-unit sample size               iodomethane (Methyl iodide) *
Isopropylbenzene (Cumene) *

1 I ........ i p-lsopropyltoluene (p-Cymene) *
~_ Methyl ten-butyl ether (MTBE) ~ Methyl acrylonitrile *

Methyl-2-methacrylate (Methyl methacrylate) *
Methyl-2-propenoate (Methyl acrylate) *

.. | 0 Naphthalenex 1~ ~ .... "
}..

32 2-Propenenitrile (Acrylonitrile)
n-Propylbenzene (Isocumene) *

I I      I      I J I      ~ I 1,1,2,2-Tetrachloroethane *
o.oof 0.Ol Ol 1 ~0 lOO 1,0o0 1 o,ooo 1,1,1,2-Tetrachloroethane

CONCENTRATION, IN MICROGRAMS PER LITER Tetrachloromethane (Carbon tetrachloride)
1,2.3,4-Tetramethylbenzene (Prehnitene) *
1,2.3,5-Tetramethylbenzene (Isodurene) *
Tribromomethane (Bromoform)

Other VOC$ detected 1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) "
tert-Amylmethylether (tert-amyt methyl ether (TAME)) * 1,2,4-Trichlorobenzene
Benzene 1 ,.~,3-Trichlorobenzene "
Brorr,odlchioromethane (Dichlorobromomethane) 1,1.2-Trichloroethane (Vinyl trichloride)
2-Butanone (Methyl ethyl ketone (MEK)) * 1.2,3-Trichloropropane (Allyl trichloride)
Carbon disulfide *
Chlorobenzene (Monochlorobenzene)
Chloroethane (Ethyl chloride) *
Chloromethane (Methyl chloride) Nutrients in water
1,4-Dichlorobenzene (p-Dichlorobenzene)
Dichlorodifiuoromethane (CFC 12, Freon 12) Study-unit frequency of detection~ in percent
1,2-Dichloroethane (Ethylene dichloride) i NI ational frequency gf Oetection. in percent Study-unit sample size
1,1-Dichloroethane (Ethylidene dichloride) *

__ _~_                                                  ~
~ , ~ ~ T ~ ~ ~

! ,1-Dichloroethene (Vinylidene chloride) Ammonia, as N * **
trans-1,2-Dichtoroethene ((E)-1,2-Dichlorothene) 8573868" ~          __ ~ ~H

223
cis-l.2-Dichloroethene ((Z)-l,2-Dichloroethene) r~9 75 ~ ~ ~ ~’08
Dichloromethane (Methylene chloride) 78 ~ 0
Diethyl ether (Ethyl ether) " ~ ~. 71 ~ ~ ~ 32
Diisopropyl ether (Diisopropylether (DIPE)) * 96 70 ......... ;
1,2-Dimethylbenzene (o-Xylene)

Dissolved ammonia plus organic nitrogen, as N * *°1,3 & 1,4-Dimethylbenzene (m-&p-Xylene) 8~ 78 ~ ~..~,~_ ~ 2271-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) * 98 74
Ethenylbenzene (Styrene) 76 62 ~                                ~0~
1-Ethyl-2-methylbenzene (2-Ethyltoluene)" 2 ~ ~ 0
Ethylbenzene (Phenylethane) i~ 30 - "---"
4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK)) *
Methylbenzene (Toluene) Dissolved nitrite plus nitrate, as N *"2-Propanone (Acetone) * 85 95 226
Tetrachloroethene (Perchloroethene) 98 97
1,1,1-Trichloroethane (Methylchloroform) 97 g1

0Trichloroethene (TCE)
½-~ ~ ~ "~~;~----Trichlorofluoromethane (CFC 11, Freon 11) 38 71 ~,~I~I~

Trichloromethane (Chloroform)
1,2,3-Trimethylbenzene (Hemimellitene) * Orthophosphate, as P " ""
1,2,4-Trimethylbenzene (Pseudocumene) * 92 79 227
1,3,5-Trimethylbenzene (Mesitylene) " 96 72 ~ ~

88 7L. ~
VOCs not detected -- 5 g ~
Bromobenzene (Phenyl bromide)" 52 ~2

61                             ~
BFomochloromethane (Methylene chlorobromide
Bromoethene (Vinyl bromide) " Total phosphorus, as P " ""
Bromomethane (Methyl bromide) 100 92 I eH

227
n-Butylbenzene (1-Phenylbutane) " 100 90
sec-Butylbenzene " 98 88 , ~ , ~0~
tert-Butytbenzene *
3-Chloro-l-propene (3-Chloropropene) *
1-Chloro-2-methylbenzene (o-Chlorotoluene)
1-Chloro-4-methylbenzene (p-Chlorotoluene) I I I      I      i      i      I      I
Chlorodibromomethane (Dibromochloromethane OOOl 0.01 0.1 1 lO 100 1,00o 10,000 loo,ooo
Chioroethene (Vinyl chloride) CONCENTRATION, IN MILLIGRAMS PER L~TEla
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Dissolved solids in water
CHEMICALS IN FISH TISSUE

Study’unit freqLlerlcy Of d.tection, irt D ..... t AND BED SEDIMENT
l National freauency of detection, in percent Stucly-umt samp ......

I r I , I , , ~ , Concentrations and detection frequencies, Mississippi
Dissolved solids * ** Embayment, 19~5-98-.-Detection sensitivit~ varies among chemicals

:00 100 --- 22---" and, thus, frequencies are not directly comparable among chemicals.
~.00 100 ~ : ~ Study-unit frequencies of detection are based on small sample sizes;

- - ~.oo ....... .~{~__.~ .......... : the applicable sample size is specified in each graph
ioo ioo
!00 i00 ...... ~ ........ s~ ¯ Detected concentration in Study Unit

I I I I I I      I I I 65 is Frequencies of detection, in percent. Detection frequencies
o.oo~ o.ot 0.1 1 io too 1,ooo lO,OOO ~oo,ooo were not censored at any common reporting limit. The left-

CONCENTRATION, IN MILLIGI~AMS PER LITER hand column is the study-unit frequency and the right-hand
column is the national frequency

Trace elements in ground water Not measured or sample size less than two

~z Study-unit sample size
Sludy-untt frequency of detection, in percent

National ranges of concentrations detected, by land use, in 36National frequency detection, percent Stu0y-unlt
!
I ’

~ ~
’ ’

~ ~
’ NAWQA Study Units, 1991-98---Ranges include only samples; Arsenic in which a chemical was detected

Fish tissue from streams in agncultural areas
58 ~t o F=sh tissue from streams in urban areas

: ~ ~ ~ .~Z Fish t~ssue from streams draining mixed land uses55 37
..... ~.~’~e-..~--..-~ Sediment from streams in agncultural areas

Chromium Sediment from streams in urban areas
........ a~.~x,~=.=,-.~. Sediment from streams draining mixed land uses
Lowest    Middle Higt~esl

25    50    25

National benchmarks for fish tissue and bed sediment
Zinc National benchmarks include standards and guidelines related tu

criteria for protection of the health offish-eating wildlife and aquatic
organisms. Sources include the U.S, Environmental Protection Agency,

~ 8 0 other Federal and State agencies, and the Canadian Council of~ ~ 2 ~ ~’~)=’===’==~*"~ / ~2 Ministers ofthe Environment

] I I I I a I J Protection of fish-eating wildlife (applies to fish tissue)o.ol o 1 1 lO lOO 1,ooo lO,OOO lOO,OOO
J Protection of aquatic life (applies to bed sediment)

CONCENTRATION, IN MICROGRAMS PER LITER
NO benchmark for protection of fish-eating wildlife

Radon-222 *. No benchmark for protection of aquatic life

99 ~ o
~oo ~7 ~ Organochlorines in fish tissue (whole body)

~ ’      ’      ’      ,      ~      ~ ~ and bed sediment
001 01 I 10 100 1,000 I0,000 IOO.000

CONCENTRATION, IN FICOCURIES PER LITER Study-unit fr~:luency of del~lion, in DetCenl

Other t~ce elements detected
~                                                       ~

~ ~
Selenium _ Total Chlordane (sum of 5 chlordanes)

Trace elements not deleted                                            ~6 5~              ,

o,p’+p,p~DDD (sum of o,p~DDD and p,p’-DDD) *

f19                                                                            0

58 27       =-~~.
0

I I I ] I ~ I

CONCENTRATION, IN MICROGRAMS PE~ KILOGRAM
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Study-unit frequency of detection, in p ...... Semivolatile organic compounds (SVOCs)

L National frequency of detection, in percem Sludy*unlt sample s~ze
[ , , , , , i I in bed sediment

_L_ o,p’+p,p’-DDE (sum of o,p’-DDE and p,p-DDE) " _L
100 90 :_- .:: =:: z, 2 Study-unitfrequencyofdelection, inpercent

Anthraquinone
ioo

Total DDT (sum of 6 DDTs) "*
100 90 ::::= =:co:=: ~Z 8 21 ~ 12

83 00
luu 93                             , ,, ,

66 o 9H-Carbazole ""

o,p’+p,p’-DDT (sum of o,p’-DDT and p,p’-ODT) "

53 ~ 0 - 76 O

}~ ~ .... . ~0
Dibenzothiophene "*

Dieldrin (Panoram D-31, Octatox) *
71 53 1 I I ~2 17 12 ~ 12

--- 6~ 0

8 13 ~- 12
-~ 30

~
0 2,6-Dimethylnaphthalene "*

9

Dieldrin+aldrin (sum of dieldrin and aldrin) ""
71 52 ~ ~ ~ 42 83 65 ~~

73 0

8 13 ~ 12
-~ 29 0 bis(2-Ethylhe~l)phthalate ""

9 ~3 ...... 5

Total PCB ~

o o

~ 21 ~ 3°
Fluoranthene

Toxaphene (Camphechlor, Hercules 3956) * **

o <I                                                  22
Phenol **

0 ! 1 10 100 1,000 10,000 100,000 92 81 ~ 12
82 0

CONCENTRATION, IN MICROGRAMS PER KILOGRAM 1 (~ ~ 80 ~-~-~2~ .......... 3

(Fish tissue is wet weight; bed sediment is dry weight) I I I I I i
0.1                      1                       10                     100                1,000              10.000            100,000I The national detection fredue~::ies for total PCB in sediment are biased low because about

30 percent of samples nat=onally had elevated detection levels compared to this Study Unit. CONCENTRATION. fN MICROGRAMS PER KILOGRAM, DRY WEIGHT
See htlp://waler.usgs.gov/nawqa# for additional information.

Other SVOCs detected
Other organochlorines detected Acenaphthene
TotaI-HCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and delta-HCH) ** Acenaphthylene
Heptachlor+heptachlor epoxide (sum of heptachtor and heptachlor epoxide) ** Acridine **
Hexachlorobenzene (HCB) ** Anthracene
Mirex (Dechlorane) "* Benz[a]anthracene
Pentachloroanisole (PCA) * *° Benzo[a]pyrene
Toxaphene (Camphechlor, Hercules 3956) * °* Benzo[b]fluoranthene **

Benzo[gh/]perylene **
Organochlorines not detected Benzo[k]fluoranthene **
Chloroneb (Chloronebe, Demosan) * "* 2,2-Bi~uinoline "*
DCPA (Dacthal, chlorthal-dimethyl) * ** Butytbenzylphthalate *"
Endosulfan I (atpha-Endosulfan, Thiodan) * ** Chrysene
Endrin (Endrine) p-Cresol *"
gamma-HCH (Lindane, gamma-BHC, Gammexane) * Di-n-butylphthalate **
Heptachtor epoxide (Heptachlor breakdown product) ° Di-n-octytphthalate ""
Isodrm (Isodrine, Compound 711) * ** Diethylphthalate "*
p,p’-Methoxycl~tor (Marlate, methoxychtore) * ** 1,6-Dimethylnaphthalene **
o,p’-Methoxychlor" *" Dimetl~ytphthalate *"
cm-Permethrin (Ambush, Astro, Pounce) * ** 9H-Fluorene (Fluorene)
trans-Permethrin (Ambush, Astro, Pounce) * °* Indeno[1,2,3-cd]pyrene **
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Isoquinoline "" Study-unit frequency of detection, in percenl
2-Met by I anthracene -- | N~tio hal freq ue ncy of detection, in p ..... t St udy-unif4,5-Methylenephenanthrene ""
1-Methy~phenanthrene ** ~

Lead *1-Methylpyrene *" !8 11Naphthalene
Phenanthrene ~,1

Pyrene 100 100
-- I00

~~SVOCs not detected lO0 99
C8-Alkylphenol **
Azobenzene *" Mercury
Benzo[c)cinnoline "* ].00 71

59
4-Bromophenyl-phenylether ** l[~(~ 80 __
4-Chloro-3-methylphenol *" 100

~bis(2-Chloroethoxy)methane ** 1[~[~ 932-Chloronaphthalene "°
2-Chlorophenol ** Nickel *4-Chlorophenyl-phenylether ** 82 q2

~Dibenz[a, h)ant h racene
~1,2-Dichlorobenzene (o-Dichlorobenzene)

1,3-Dichlorobenzene (rmOichlorobenzene) *" 100 100
1,4-Dichlorobenzene (p-Oichlorobenzene) I 00 100
1,2-Dimethylnaphthalene **
3,5-Dimethylphenol ** Selenium
2,4-Dinitrotoluene *" i00 99

.... iO0                             --2-Ethylnaphthalene
10o 99Isophorone **

1-Methyl-gH-fluorene *" 1O0 3_00
-- iO0Nitrobenzene "* lOO lO0

N- Nit rosodi-n-propylamine "*
N-Nit rosodiphenylamine *" Zinc
Pentachloronitrobenzene ** 100 100

*̄ -- i00Phenanthridine leo 100 IQuinoline **
1,2,4-Triohlorobenzene ** i00 I~

2,3.6-Trimethylnaphthalene "" 1(~ 100 .... ~ .............

o.ot ot ~ ~o foo     f,ooo
CONCENmAT~ON, ~N M~CROGRAMS ~Ea Ga*M

/livers1 and                                    (F~,h tissue is wet we,ght, bed sediment is 0ry weight)Trace elements in fish tissue
bed sediment

Study-unit frequency of detection, in percent
National frequency of OelectlOn, in percent                     Study-unit sample size

Arsenic"
i00 56             ~

38 ~ 0

i00 99

~--~-~11~,,~--~.~

10

Cadmium *

-- 72 ~ 0
i0o 95

i00
~4

0100 98 ~,~ 4,.-~ ~: ~ .... 3

Chromium "
36 62 ~~ ~ o

100 lOO ~99 ~ 0

Copper *
i00 I00                                               [

i00 -- 0~6 ~00 , ,
100 i00 ---~IIi~--~ I lO
1~ ~0%~ ..__---’~z~--_.._           .

o.ol ol 1 "to lOO 1.ooo lO,OOO
CONCENTRATION, IN MICROGRAMS PER GRAM

(Fish ssue is wet weight, bea sediment is dry weight)
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BIOLOGICAL INDICATORS
Higher national scores suggest habita~ cl~sturbance, water-quality
degradation, or naturally harsh conditions. The status of algae,
invertebrates (insects, worms, and clams), and fish provide a
record of water-quality and stream conditions that water-
chemistry indicators may not reveal. Algal status focuses on the
changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate status averages 11
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality
degradation. Fish status sums the scores of four fish metrics
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase in association
with water-quality degradation

Biological indicator value, Mississippi Embayment, by land
use, 1995-98

Biological status assessed at a site

National ranges of biological indicators, in 16 NAWQA Study
Units, 1994-98

m Streams in undeveloped areas
m Streams in agricultural areas
~ll Streams in urban areas
m Streams m mixed-land-use areas
-- 75th percentile

25th percentile

Algal status indicator
Undeveloped

Agricultural             i

Urban
Mixed             i

0 10 20 30 40 50 60 70 80 90 100

Invertebrate status indicator
Undeveloped

Agricultural                    i

Urban
Mixed                    i

’Fish status indlcator
Undeveloped

Agricultural
Urban
Mixed

~ ~ 110 115 210
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqa/

Lower Illinois River Basin contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
221 N. Broadway Ave., Urbana, IL 61801 12201 Sunrise Valley Drive, M.S. 413
e-mail: dc_il @ usgs.gov Reston, VA 20192
http://il .water.usgs.gov/proj/lirb http://water.usgs.gov/nawqa/

Other NAWQA summary reports

River Basin Assessments
Albemarle-Pamlico Drainage Basin (Circular 1157) Red River of the North Basin (Circular 1169)
Allegheny and Monongahela River Basins (Circular 1202) Rio Grande Valley (Circular 1162)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) Sacramento River Basin (Circular 1215)
Central Arizona Basins (Circular 1213) San Joaquin-Tulare Basins (Circular 1159)
Central Columbia Plateau (Circular 114-4) Santee River Basin and Coastal Drainages (Circular 1206)
Central Nebraska Basins (Circular 1163) South-Central Texas (Circular 1212)
Connecticut, Housatonic and Thames River Basins (Circular 1155) South Platte River Basin (Circular 1167)
Eastern Iowa Basins (Circular 1210) Southern Florida (Circular 1207)
Georgia-Florida Coastal Plain (Circular 1151) Trinity River Basin (Circular 1171 )
Hudson River Basin (Circular 1165) Upper Colorado River Basin (Circular 1214)
Kanawha - New River Basins (Circular 1204) Upper Mississippi River Basin (Circular 1211 )
Lake Erie - Lake Saint Clair Drainages (Circular 1203) Upper Snake River Basin (Circular 1160)
Las Vegas Valley Area and the Carson and Truckee River Basins Upper Tennessee River Basin (Circular 1205)

(Circular 1170) Western Lake Michigan Drainages (Circular 1156)
Long Island-New Jersey Coastal Drainages (Circular 1201) White River Basin (Circular 1150)
Lower Susquehanna River Basin (Circular 1168) Willamette Basin (Circular 1161 )
Mississippi Embayment (Circular 1208)
Ozark Plateaus (Circular 1158) National Aseeesments
Potomac River Basin (Circular 1166) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Puget Sound Basin (Circular 1216)

Front cover: Summer wildflowers at Indian Creek near Wyoming, II1. (photograph by David J. Fazio).

Back cover: Left, hydrologists collecting a water sample from Panther Creek near El Paso, Ill. (photograph by Paul
J. Terrio); right, biologists collecting invertebrate samples from the Illinois River at Valley City, II1. (photograph by
David J. Fazio).
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the lower Illinois River Basin that emerged
from an assessment conducted between 1995 and 1998 by the U.S. Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and
compared to conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are
also explained in the context of selected national benchmarks, such as those for drinking-water quality and the
protection of aquatic organisms. The NAWQA Program was not intended to assess the quality of the Nation’s
drinking water, such as by monitoring water from household taps. Rather, the assessments focus on the quality of
the resource itself, thereby complementing many ongoing Federal, State, and local drinking-water monitoring
programs. The comparisons made in this report to drinking-water standards and guidelines are only in the context
of the available untreated resource. Finally, this report includes information about the status of aquatic
communities and the condition of in-stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the lower Illinois River Basin
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

Lower Illinois River Basin

NAWQA Study Units---
Assessment schedule

~ 1994-98

m 1997-2001

~ Not yet scheduled

~ High Plains Regional
\

1~    :~ Ground-Water
Study,

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA program.

The lower Illinois River Basin is one of 51 water-quality assessments initiated since 1991, when the U.S.
Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments
cover about one-half of the land area of the United States and include water resources that are available to more
than 60 percent of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Stream and river highlights ~XP,A.A~O.
PHYSIOGRAPHY

During the past century, agricultural runoff, channel and [] Bloomington Ridged Plain Subsection
drainage modifications, urbanization, and other activities [] Galesburg Plain Subsection FAars~illes
have altered water quality, aquatic biological communities,

[] Springfield Plain Subsection

and aquatic habitat in the lower Illinois River Basin. The
-- COUNTY BOUNDARY
-- STREAM

water quality of large rivers, such as the Illinois and ¯ CITY
Sangamon Rivers, was more likely to meet drinking-water .
standards than water quality of small streams during 1995-
98. In spring, concentrations of nitr~te--especially in small
streams-~exceeded the Maximum Contaminant Level
(MCL) of 10 mg/L (milligrams per liter)for drinking water.
Some of these streams replenish drinking-water reservoirs.
In samples collected during runoff from spring and early
summer storms, concentrations of herbicides and a few
insecticides exceeded drinking-water standards or guide- ’2- --
lines, or guidelines to protect aquatic life. In a few samples
from small streams, concentrations of commonly used /.o,
agricultural pesticides were among the highest nationally.
Although most concentrations were low with respect to
existing drinking-water standards or guidelines, criteria
for the protection of human health or wildlife have not ~L NO

been established for more than one-half of the chemicals 0
detected. ~ 1’0’20 ~0 4,0 ~0 KILOMETERS

¯ Nitrogen and phosphorus concentrations were among The lower Illinois River Basin occupies approximately 18,000
the highest in the Nation. The highest concentrations in square miles in central and west-central Illinois. The basin lies
the basin were found in small streams in agricultural almost entirely within the Till Plains physiographic section. The
areas. The MCL for nitrate was exceeded in 15 percent glacial materials account for the flat prairie landscape and the
of samples from all streams and rivers. The concentration thick, rich soils. The three physiographic subsections influ-
of total phosphorus in most samples (79 percent) from ence water quality indirectly by influencing the type and inten-
all streams and rivers exceeded the 0. l-mg/L guideline sity of agricultural activities. [1 ]
recommended by U.S. Environmental Protection Agency
(USEPA) to prevent excess algal growth in streams. (See at higher concentrations and for a longer period of timepages 6-8.)                                             after application. (See pages 16-17.)

¯ Nitrate concentrations in the Illinois River at the
inflow to the basin (Ottawa) and outflow from the basin

¯ Organochlorine compounds (including insecticides no

(Valley City) were similar; however, approximately twice longer used) were detected in fish tissue and sediment,

the amount of nitrogen was transported out of the basin and polycyclic aromatic hydrocarbons were detected in

(124,000 tons per year) as was transported into the basin sediments at levels of concern. (See pages 17-22.)
(66,000 tons per year). (See page 6.) ¯ The biological communities of streams in the basin

¯ During August 1997, concentrations of nitrate in comprised many organisms that are tolerant of poor water
quality; however, some high-velocity streams had fairlystreams were lower in the basin than in other NAWQA

study-area streams of the upper Midwest. Algal commu- diverse invertebrate communities. (See pages 20-21 .)

nities may have incorporated much of the instream nitro-
gen, resulting in lower nitrate concentrations in the water Trends in stream-water quality
during late summer. (See pages 7-10.) For decades, fertilizers and many pesticides have been

¯ Three herbicides commonly used by farmers to applied to crops and land. The persistence of pesticides and
protect corn and soybean crops--atrazine, metolachlor, breakdown products in the soil, water, and sediment within
and cyanazine--were detected in every sample collecteda watershed is not well understood. Concentrations of the
during 1995-98. During periods of spring runoff, these herbicides alachlor and cyanazine, however, decreased fromherbicides exceeded drinking-water standards or guide-
lines or aquatic-life guidelines. Another herbicide, the 1991-92 period to the 1996-98 period in the Illinois
acetochlor, was detected in most samples (81 percent). River because of reduced application rates since the early,
(See pages 12-17.) 1990s. (See page 16.)

¯ Pesticide breakdown products were detected much
more frequently than the parent compound, and generally

Summaw of Major Findings 1

R0024448



Major influences on streams and rivers drinking-water standards or guidelines for pesticides.
(See page 17.)

¯ Subsurface (tile) drainage from agricultural area.~
¯ Agricultural and urban land-surface runoff

¯ Naturally occurring arsenic exceeded the current
MCL of 50 ~tg/L (micrograms per liter) in 2 of 30 wells

¯ Drainage modification to streams and channels sampled in the Mahomet aquifer, a major drinking-water
source. If the MCL is lowered to 5 lag/L, as proposed by

~lected Indicator~ of Stream Quality the USEPA, samples from 60 percent ( 18 of 30) of the
domestic (private household) and public-supply (publicly

Small streams Major rivers owned wells generally serving a community) wells sam-
Mixed Agri- pled would probably exceed the lower standard. (SeeAgricultural o lan¢ use cultural

page 22.)
Pesticides’

~ ~
-- ¯ Geologic materials underlying the basin indicate that

Ph°sph°rus2
"~ e ~ it is an area of potentially high radon concentrations in

ground water. In about one-half of the samples of shallow

.~
...~).," .~ ground water, radon exceeded the proposed MCL of

Nitratea :s-_~.~i ~ ~? :!!:~tJ,’-,-- 300 pCi!L (picocuries per liter). Only 2 of 30 samples
from the Mahomet aquifer exceeded the proposed radon

Arsenic~
MCL. (See pages 23-24.)

Other ..... ~
trace

,~
¯ Volatile organic compounds (VOCs) were detected in

elements’ -w: samples from 83 percent of shallow domestic and public-
Organo- ~ ’~-- ~ supply wells, but no samples exceeded drinking-water
chl°rinesS ~5" ,;@ :{ standards or guidelines. VOCs were detected in 80 per-
Semivolatile "~ ¯ , ~,~., ,~:.~ .._ cent of samples from the Mahomet aquifer but at concen-

:~::7 ~,-.<. trations near the method detection limit and well beloworganics6
2~.

drinking-water standards and guidelines. (See page 24.)
~ Percentaoe of samples with concentrations .-’-qua’. to or

greater than a health-related national guideline for
drinking water, aquatic life, or water-contact recreation;
or above a national goal for preventing excess algal Major influences on ground watergrowth.

v;:D Percentage of samples with concentrations less than a ¯ Agricultural and urban land uses
health-related national guideline for drinking water, ¯ Permeability of soil and aquifers
aquatic life. or water-contact recreation; or below a
national goal for preventing excess algal growth. ¯ Minerals in geological materials
Percentage of samples with no detection. (= Per-
centage is 1 or tess and may not be clearly visible) Selected Indicators of Ground-Water Quality

-- Not assessed Shallow Water-supply wells
ground water

Ground-water highlights Western and Mahomet
Agricultural southern (deep

In contrast to the water quality of streams and rivers in shallow aquifers aquifer)

the basin and the quality of ground water in other areas
across the Nation, agricultural chemicals in ground-water Pesticides~
samples from shallow monitoring wells (generally less Nitrate~ ,~,,.

than 100 feet deep) and drinking-water wells only rarely
exceeded the nitrate MCL. Except for radon and nitrate, Volatile
shallow ground water in the lower Illinois River Basin °rganicsr --
generally met drinking-water standards or guidelines. Radon
Except for radon and arsenic, the water quality in the
Mahomet aquifer ~greater than 200 feet deep) meets all Arsenic
drinking-water standards or guidelines.

¯ Major corn and soybean herbicides were not as fre- Other
trace

quently detected in ground-water samples as they were in elements ~.2’."? ~v.£~[.£" -~o-~.~o

stream-water samples. No ground-water sample exceeded
~ Percentage of samples with concentrations equal to or

greater than a health-related natmnal guideline for
drinking water

:.Total phosphorus, sampled in waler. [- Percentage of samples with concentrations less than a
¯ Nitrate (as mtrogenl, sampled in water health-related national guideline for drinking water

50rganochlonne compounds including DDT and PCBs. sampled in sediment. Percentage of samples with no detection

Solvents, refrigerants, fumigants, and gasoline compounds, sampled in water. -- Not assessed

2 Water Quality in the Lower Illinois River Basin

R0024449



INTRODUCTION TO THE LOWER ILLINOIS RIVER BASIN

The lower Illinois River Basin
(the basin) encompasses EXPLANATION
18,000 mi2 (square miles) of cen- LAND USE
tral and west-central Illinois ~ Urban
between the upper end at Ottawa 7--1 Agriculture 90°

~ Grassland
and the confluence of the Illinois ~ Forest
River with the Mississippi River ~ water
near Grafton. The basin includes ~ wetlanc~

all of 22 counties and parts of 19 ¯
counties. 9~ . .:>..: ,- ~- .......

As of 1990, 1.3 million people
lived in the basin. More than 50 +.7, .,.,~ ,~.
percent of the population lived in " "~’~ ¯
the counties of Macon, McLean, ¯ ~,, ¯ .....

-
Peoria, Sangamon, and Tazewell. -
The four most populated cities are
Peoria, Springfield, Decatur, and 40-

Bloomington. The basin population
decreased by 7 percent from 1980
to 1990 [2].

Land use

Agriculture is the predominant
land use--typically corn and soy-
bean row crops. Agriculture
accounts for 88 percent of the 39-- 0 50 MILES
overall land area, whereas forests 0 2’5 ~0 KILOMETERS
account for 7 percent and urban
areas account for about 2 percent
(fig. l). The remaining land use, Figure 1. Land use in the lower Illinois River Basin is predominantly
about 3 percent, is mostly grass- agriculture. Farming is most intensive in the part east of the Illinois River.

land, wetland, or water. Streambanks generally are steeper west of the Illinois River and are more

The small-stream basins that forested than streambanks east of the river.

were sampled during 1995-98 have
even higher percentages of land
devoted to farming; for example, EXPLANATION
the Panther Creek Basin is
99 percent agricultural land (fig. 2). [~3 AGRICULTURAL LAND

The lower Illinois River Basin has ~ FOREST LAND
some of the most highly productive U--1 URBAN OR BUILT-UP LAND
and intensively cultivated farm- ~ ALL OTHER
land in the world. As a result.
application rates of farm-related
chemicals are among the highest in
the country, in support of corn and
sovbeanproduction. Runofffrom o ~o ~o ao ,~o ~o ~o 70 ~o 9o ~oo

" PERCENTAGE OF TOTAL AREA
these vast, fiat farm areas carries
relatively high concentrations of

Figure 2. Proportion of land devoted to agriculture varies only slightly amongnutrients and pesticides into the basins--from 88 percent in the entire lower Illinois River Basin to 99 percent in
the Panther Creek Basin.

Introduction to the Lower Illinois River Basin 3

R0024450



small streams and major rivers of ~ ~
| ~LLINO~S~ ~ PRECIPITATION AT PEORIA,

the basin. ~    ’~
Animal farming is also a signifi- ~-~

i!

I ! I |! .|i1~
cant industry in the basin [2], and ~ ~
runoff from manure spreading is a      ,- z

2
contributor to some of the highest ~ 1

levels of nitrate and total nitrogen ~    0

thef°Undunitedin thestates.rivers and streams of
90.000 ~ ~ ....................

[ ........... ~80,000 Streamfiow ’
~ z~ 70,000 75th percentile

Study design in relation to =_ o° 60,0o0 Of flOW ! ~
land use ~ / ! ~

0 rr 50,000 ~
~ ~-- 40,000Chemical and biological samples~ ~-
uJ ~ 30,000 -were collected from a range of ~- ,_

river and stream sizes in different ~ a0.000

landscape types and from shallow
lo.oo0

,2~th, p~rqen,t ~ oI figw,, I00 N D J FM AMJ J ASOND J FMAMJ J A SION D J FMAMJ J AS
aquifers. A deep aquifer (Mahomet
aquifer) was sampled to assess the WATER YEAR !996 WATER YEAR 1997 WATER YEAR 1998

overall water quality. A group of Figure 4. Hydrologic conditions during the data-collection period were near normal.
the shallow large-bore wells used Some relatively dry periods resulted in below-normal flow. and several wet periods
for domestic (private household) resulted in above-normal flow on the Illinois River at Valley City.
supply was sampled, as well as
other shallow domestic wells, to Water use water, usually for domestic use~ is

assess overall water quality and In the lower Illinois River
from ground water. Rural residents

determine the occurrence of Basin, 48 percent of the public-
(about 25 percent of the popula-

human-induced contaminants and or municipal-supply water is drawn tiom generally are self-supplied

the extent of land-use effects on from ground-water sources and
from ground water [2]. In most
of the western and southern partsrecently recharged ground water. 52 percent from surface-water of the basin, homeowners rely onsources (fig. 3). All private-supply    cisterns or large-diameter dug or

bored wells [3]. These large-diame-
ter wells are highly susceptible to

ESTIMATED WATER
WITHDRAWALS IN 1995 contamination from surface-water

3.660 100% runoff and shallow ground water.
Irrigation, which is confined to

3,400    93%                               sandy soils near the center of the
3,160.~ basin, is entirely supplied by
3,150

250 GROUND WATER                     ground water.
SURFACE WATERFigure 3. Water 200

,,.o,~
~ Hydrologic conditions duringwithdrawals in the £ ~~. < the study periodlower Illinois River 15o Population o trc~Basin are dominated thousands
~ ~

Rainfall generally was near
by thermoelectric m0 / = normal during the data-collectionwithdrawals (cooling

/
=o,~" ~

water for power 50 ~ ~ period (fig. 4). Typically, the larg-
generation). Drinking est rainstorms are during April to
water is supplied o

"~ ~ 6 ~ July. The generally normal rainfall~
- ~ z z~ ~ ~ ~- had exceptions: in particular, watersurface-waterr°Ughly equally from~o~~-~’~ ~’~ -~ ~z=< ~z ~-uJ°z~’’’ year 1997 (October 1996-Septem-reservoirs and c~ ~ ~ ber 1997) was slightly drier thanground-water o ~.

supplies. _
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Figure 5. Ground-water conditions were 6o
near normal during 1989-98, including ~          -------] [---.-- PRECIPITATION AT PEORIA, ILLINOIS
the data-collection period. In 1993, the ~ so
observation-well water level shows the zeffect of the significant 1993 flood on the ___ Normal orec~D~tation
shallow ground water. (Data from K. ~ 3o
Hlinka, Illinois State Water Survey, and
National Weather Service.) 2o

normal, and spring 1996 had fewer
storms than normal.

0Ground-water levels reflected 2 GROUND-WATER LEVELS IN SOUTHERN PART OF BASIN
the near-normal rainfall conditions, ~~
particularly in the southern part of ~ 6
the basin (fig. 5). Shallow ground ~ s 4. ,

water typically is recharged in late ~ ~ 10 ,/

level falls during the summer grow- ~_ = v
ing season. Water level in a repre- ~" 18 ’ .<..__Period of data _
sentative well is shown in figure 5, 20 , �olle~ion "-’~-~

1989 i 1990 I ’991 {1992 I 1993 1199~ 1199~ I 1996 ! 1997 I 1998
along with 10 years of annual rain-
fall data collected near Peoria,
which lies near the center of the                    EXPLANATION                 /"~g9
basin. MEAN ANNUAL STREAMFLOW

~

(in cubic feet per second)

The lower Illinois River               2s,ooo
OTrAWA9o"

The Illinois River is a navigable ,
waterway that connects the Missis-
sippi River to Chicago and the -- COUNTY

BOUNDARY
Great Lakes. Barges carrying grain STREAM
and other commodities are a signif-
icant influence on suspended sedi-
ment and water quality. The mean
annual flow of the Illinois River
increases from about 12,600 ft3/s
(cubic feet per second) at Ottawa to
22.600 ft3/s at Valley City [2]. Five 40.,
major tributaries Vermilion
River. Spoon River. Mackinaw
River. La Moine River, and Sanga-
mon River--and many smaller
streams join the Illinois River

River(fig. 6). Flow gaging and sampling
~B~.~of the outflow from the basin is

~ILLINO[$/done at Valley City because the :9 ~ ~0 25 so U,LES ~water level of the Mississippi Z~A~ON 0 2’5 ~0 KILOMETED$River. at times, affects the flow of
the Illinois River downstream from Figure 6. The lower Illinois River has five major tributaries. The inflow
Valley City,. to the basin is at Ottawa, II1., where the Fox River joins the Illinois

River. Where the Illinois River leaves the basin and enters the
Mississippi River near Grafton, II1., the outflow is almost double that of
the inflow.

Introduction to the Lower Illinois River Basin5
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MAJOR FINDINGS

Nutrient concentrations in streams and rivers lo0,000 ...............
are a major concern z

© Illinois River at Valley City

Agriculture is the most important activity in the "’o~ 10,000 Illinois River at Ottawa Sangamon Riverlower Illinois River Basin from an economic and cc ¯,,, near Oakford
water-quality perspective (fig. 7). Application rates
of nitrogen and phosphorus in synthetic fertilizer and ’" Mackinaw River

uJ 1,000 near Green Valley-" La Moine River at Colmar ¯manure are among the highest in the Nation. The high~ ¯ ¯m Sangamon Riverapplication rates of agrichemicals in the basin were
o at Monticello

reflected by the kinds and amdunts of contaminants _z 100 Indian Creek
found in streams, rivers, and ground water. Neverthe- ~ near Wyoming ¯ ¯

I
Panther Creek

less, contaminants associated with urban or industrial~o near El Paso
ks_

activities also were detected in some streams, rivers,
and wells.                                              ’"

0     2     4     6     ~    1~0    1~2    14    16

MEAN NITRATE CONCENTRATION,
IN MILLIGRAMS PER LITER

Figure 8. Mean nitrate concentrations generally are lowest
in the Illinois River. Nitrate concentrations in the three largest
rivers show a downward trend with increasing streamflow
from the Sangamon River near Oakford to the Illinois River
at Ottawa and to the Illinois River at Valley City. The
La Moine River, which is the only river or stream sampled
that lies entirely within the Galesburg Plain physiographic
subsection, does not fit the general trend. The nitrate
concentrations are flow-weighted means.

Figure 7. Farming and related businesses are
major activities in the lower Illinois River Basin. directly related to the difference in streamflow (fig. 6).
Agriculture has a significant effect on water quality
and wildlife habitat. (Photograph by David J. Fazio, USGS.) The lower Illinois River Basin contributes roughly the

same amount of nutrients to the Mississippi River as
Flow-weighted concentrations of nitrate (nitrate as does the upper Illinois River Basin, which includes the

nitrogen) were generally highest in small streams in
intensive agricultural areas and east of the Illinois

140River (fig. 8). The lowest flow-weighted mean concen- ~ Nitrate
tration of nitrate was for the Illinois River at Valley < 7 120

O O Total phosphorusCity--the outflow from the basin. Concentrations
..a" 100of nutrients were similar at the basin inflow (Illinois < ©

River at Ottawa) and the basin outflow (Illinois River z,-, 80
ZZ

at Valley City). Urban sources, primarily wastewater <,,, m 60
effluent, however, were major contributors at the

40inflow [4], whereas agriculture provided most of the       ,,,
nutrient contribution to the water resources within the     ~>_z20
basin.

The nitrate load (amount of nitrate in water that 0 INFLOW OUTFLOW
moves past a location on the river) measured at the (illinois River at Ottawa}    (Illinois River at Valley City)

outflow from the basin, 124,000 toniyr (tons per year),
was nearly twice the load measured at the inflow, Figure 9. About twice as much nitrate and total phosphorus

66,000 toniyr (fig. 9). Flow-weighted mean concentra- leaves the lower Illinois River as enters it. The loads for the

tions of nitrate are similar between the two Illinois upper Illinois River Basin--the basin upstream from
Ottawa--are about one-half of the respective loads for the

River locations; therefore, the difference in loads is lower Illinois River Basin.

6 Water Quality in the Lower Illinois River Basin
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What Was Assessed? total organic nitrogen, ammonia Streamflow-Weighted
nitrogen, and phosphorus; the latter ConcentrationsThe NAWQA Program was nol two are indicators of urban waste-

intended to assess the quality of the water effluent 14]. The Sangamon
Drinking-water standards are gener-

Nation’s drinking water, such as by ally based on the yearly average of
monitoring water from household River near Oakford had the highest samples collected quarterly. This is a
taps. Rather, NAWQA assessments flow-weighted mean concentration legal definition of yearly average con-
focus on the quality of the resource of total organic nitrogen, ammonia centrations. Truly representative
itself, thereby complementing many nitrogen, and phosphorus. Sam- "average" water-quality conditions of
ongoing Federal, State, and local, pies from middle-sized La Moine a stream would require daily samples
drinking-water monitoring programs. River at Colmar generally had for some streams because of the vari-
Comparisons made in this report to higher flow-weighted mean con- ability in the concentration and in
drinking-water standards and guide- centrations of most nutrients com- streamflow from day to day--espe-
lines are made only in the context of pared with samples from the cially over a period of storm runoff.
the available untreated resource. Sangamon River at Monticello, During a storm, the levels of contami-

nants in a stream can vary 10 times orwhich also is middle sized but is at more from beginning to end. A methodChicago urban area and rural areas the eastern edge of the basin. Flow- is needed to address this variability
in Illinois, Indiana, and Wisconsin. weighted mean concentrations of and "weigh" the concentrations found

The annual nitrogen yield nitrate in samples from the Sanga- in individual "point" samples from a
(amount of nitrogen in water mon River at Monticello, however, stream, A process is used to estimate
that flows out of the watershed were greater than those in samples the daily load or amount of a chemical
divided by the area of the water- from the La Moine River at Col- that flows past a point. The daily loads
shed} measured at the river and mar. Panther Creek near E1 Paso, a are summed and then divided by the
stream locations ranged from 4.6 to small-basin site, generally had amount of streamflow to get an aver-
12 (ton/mi2)/yr (tons per square higher concentrations of most age for the period of interest. This flow
mile per year), the smallest yields nutrients than did Indian Creek weighting produces a more accurate

mean concentration of a specificbeing measured in the largest river near Wyoming, another small-basin
and the largest yields measured in site. chemical for a period such as a year or,

the smallest streams. The overall as for this report, for the 2-3 year

yield for the basin (Illinois River at Stream and river samples period when samples were collected.

Valley City) was 4.6 (ton/mi2)/yr often exceeded the nitrate
during 1995-98. drinking-water standard and phorus, and samples from Panther

Substantial differences among phosphorus guideline Creek near E1 Paso had the small-
est. Indian Creek near Wyomingnutrient concentrations in small         Flow-weighted mean concentra-
is downstream from a smallagricultural basins and the lower      tions of nitrate for five of the eight
wastewater-treatment plant, whichnutrient concentrations in large       sample locations in the basin,
is likely the reason for the higherrivers indicate that hydrological      including two locations on the
total phosphorus at this site.and biochemical processes reduce Sangamon River (used for public

the nitrate concentration as nitrate water supplies), were higher than Nitrate concentrations were
moves through the basin and into the Maximum Contaminant Level lower than in other areas of
the Mississippi River. Instanta- (MCL) of 10 mg/L nitrate as nitro- the Corn Belt during late
neous concentrations of nutrients gen established for drinking water, summervaried with season: nitrate concen- The concentration of total
trations were highest during the phosphorus in most samples During August 1997, concentra-

tions of dissolved nitrate and totalwinter and spring and lowest in (80 percent) from all streams
nitrogen were found to be lower

the late summer and fall. and rivers exceeded the 0.1 mg/L in streams and rivers of the lowerSites on the largest rivers--the guideline recommended by USEPA
Illinois River at Ottawa and Valley to prevent eutrophication in Illinois River Basin than in some
City and the Sangamon River near streams. Samples from Indian other areas of the Midwest. A syn-

optic study was done at 70 sitesOakt’ord--had the highest flow- Creek near Wyoming had the high-    with drainage areas between 100
weighted mean concentrations of est concentrations of total phos-

Major Findings 7
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and l,000 mi2 in illinois, lo~a. and Minnesota in 20 ~ ~ ~ ~ ~ ~ ~ i i ~ ~ i ~ ~ ~ ~ i ~ ~ ~ ~ ~ ]
-- Sangamon River at Monticello /August 1997, when streamflo~ had approximately 18 Sangamon River near Oakford

reached the annual minimum [5]. Median concentra-
tions of dissolved nitrate in streams generally 16

~t i

increased northwestward, from Illinois (0.52 my/L) to zTM
©,,, 14 Dri king-water standard

Iowa (1.5 mg/L) to Minnesota (3.5 my/L). No signifi- V---~.,.z

cant relations between nitrate concentrations and stre-      =:rrb-IaJ

ambank characteristics or soil permeability were z a_ [
identified. Streams that have formed on windblown < 8glacial materials, however, generally had lower con- ~__
centrations than streams formed on glacial till ~--~
(unsorted material left behind by continental glaciers).
The windblown materials typically have slightly

~ z_ a                                    /:1

higher permeability than the glacial till and are more 2
likely to allow rainwater to infiltrate rather than run off
to streams. %, ,~ ,-- ,-- ~ ~

In Illinois, rainfall and thus runoff to streams was ~ ~ ~ ~ m ~ m ~
low before and during synoptic sampling; therefore, ~

most streamflow was derived from ground-water DATE SAMPLE COLLECTED

seepage. Thus the low nutrient concentrations in Figure 10. Nitrate concentration in the Sangamon River is
ground water in the basin--much lower than those affected by reservoirs and other factors. Monticello lies
in streams and me,s--are a major reason why low upstream from several water-supply reservoirs and the cities
nitrate concentrations were detected in the streams of Springfield and Decatur. Oakford lies downstream from
during August .1997 in the basin, the reservoirs. The reservoirs are for water supply, and

Differences in moisture conditions and precipitation during spring they are replenished by river water that
exceeds the drinking-water standard for nitrate. Water

during the 3-month period before the August sampling leaving the reservoirs usually does not exceed the nitrate
(wettest in Minnesota and driest in Illinois) probably standard and has less variability in nitrate concentrations.
also contributed to the differences in concentrations
across the three-State region. The percentages of total The city of Decatur often must treat water for nitrate
nitrogen present as organic nitrogen and ammonia above the MCL during spring and early summer or
were higher in Illinois than in other parts of the study mix the high-nitrate surface water with ground water
area. Nitrogen incorporation in algae also was a factor to lower the nitrate concentration. Nitrate concentra-
in the distribution of dissolved nitrate. Algal commu- tions also were highest in the spring in the Sangamon
nities, particularly phytoplankton, were more stable River near Oakford, which is downstream from Lake
and productive in Illinois than in other parts of the Decatur and other water-supply reservoirs used by the
three-State synoptic study, and much of the nitrogen incity of Springfield. Concentrations in samples from
the aquatic system was incorporated into these plant the Sangamon River near Oakford, however, seldom
communities in the basin, exceeded the nitrate MCL.

Conversely, concentrations of nitrate usually wereNitrate concentrations differed upstream and less than 1 mg/L in the Sangamon River at Monticellodownstream from water-supply reservoirs from August through November, but typically
Dissolved nitrate concentrations in samples from remained higher than 1 mg/L at the Oakford site

the Sangamon River (at Monticello) were found to be during the same period. Data from Scribner and others
more variable upstream from several water-supply [6] indicate that nitrate concentrations of reservoirs in
reservoirs than downstream from the reservoirs corn- and soybean-producing areas of the Midwest
(fig. 10). From April through June, nitrate concentra- have nutrient concentrations and patterns similar to
tions were frequently above the MCL of 10 mg/L those in the Sangamon River near Oakford.
(highest concentration, 17 mg/L) in the Sangamon
River at Monticello, 29 mi upstream from Lake Deca-
tur, the dnnking-water source for the city of Decatur.

8 Water Quality in the Lower Illinois River Basin
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Organic enrichment resulting from
Despite similar land use throughout ~ excessive algal production in some

the Corn Belt region of the Midwest,
Minnesota midwestem streams may reduce

streams flowing through cropland ~’~"~*~,~", .~.~: dissolved oxygen concentrations and
differ considerably in their ecological ,a~

be detrimental to other requirements of
characteristics, in part because of :: ....... ~~o, aquatic organisms.

differences in riparian buffer zone~ (see UMIS ~.~" :
’-~ i ,; ,:~ Shading from tree cover in riparian

text boxes). This conclusion is based on .:o ~ Wisconsin : :#"
L. " ~ ~! %~. ,~

buffer zones may influence nutrient
an investigation of 70 streams and riv- ~.,.. ,,,-.&.~ .~

~ i~~ concentrations indirectly by reducing
ers within three NAWQA Study Units ~;’~2~ "~    ~- ~, the growth of phytoplankton. In

in the upper Midwest during August -~ ¯ " :,, ~ ~ streams where phytoplankton were
two ~ "- :2"~ ~ abundant (often where buffer zones

1997 (figure at right) [5; 71. Specifi- ,* . . , ~~" % Illinois :- ,,- ¯ ~ were thin or lacking), dissolved niu:ate
cally, increases in tree cover in buffer ,~FJWA; ~.~ _~’~-~ ~

\ " 9 J~ - ~.~~
concentrations were significantly lower

zones were associated with aquatic bit- ,,’~_a~ ". -. ":*~ (figure below)    The lower nutrient[91.
logical communities indicative of good

~QU~.~i ~
concentrations may result from uptake

stream quality, reduced nuisance algal ~, by the abundant phytoplankton. Thus,
growths, and maintenance of sufficient

~7,~, ,j~

assessments of eutrophication would

dissolved oxygen concentrations to benefit from consideration of biological

support diverse communities of aquatic communities and the riparian zone,
rather than being based solely on nutri-

organisms. For example, the number of ent concentrations in the water.
aquatic insects indicative of good
stream quality tended to increase with The influence 0f riparian buffer zones on the

qualiW of 70 midwestern streams and rivers was ~" 15 ~ I ~
increases in percentage of tree cover, evaluated in the Upper Mississippi River {UMIS), ~
especially in sites where strearnflow Eastern Iowa (EIWA), and lower Illinois River "~

and dissolved oxygen conditions were
Basins (LIRB). ~ 11~

favorable. Fish communities, sampled Streams with less tree cover, and +
at 24 sites in the UMIS Study Unit, also thus less shading, contained relatively.~ 5
indicated better’ overall conditions in large growths of phytoplankton (algae ~

strean~s with wooded riparian zones suspended in the water) at levels con- ~

than those with more open canopy [8].sidered indicative of eutrophication [9]. ~
~ Phytoplankton abundance

Chlorophyll-a (#g/L)

Dissolved nutrient concentrations decreased in
eutrophic streams with excessive algal productiv-
ity. Rates of nutrient uptake by the algae can
exceed rates at which nutrients are transported
by streams during low-flow conditions.

Resource agencies, including the U.S.
Department of Agriculture, encourage
maintenance of strips of trees or grass
between cropland and streams as a best
management practice. These "riparian
buffer zones" are thought to intercept
runoff of sediment and chemicals from
fields, promote bank stability,, and provide
shading and habitat for aquatic life [10].
Riparian buffer zones should be considered

Digital images derived from USGS topographic maps were used to estimate thealong with other important factors that
affect chemical and biological indicators

percentage of trees in a riparian buffer zone (a 100-meter width on each side of theof stream quality, such as soil drainage
stream) for 2- to 3-mile segments upstream from each sampling site, supplemented byproperties and stream hydrology [7].
vegetation surveys at the sampling site [5].

lO Water Quality in the Lower Illinois River Basin
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Soybeans/which are a:~na
River Basin; are ~r                               ’

s nitro

TOTAL NITROGEN IN STREAMS

AGRICULTURAL AREAS

LOWER LLIN©IS RIVER BASIN

MIXED LAND USE AREAS
t LOWER ILLINO S RIVER BASIN
¯

EXPLANATION

AVERAGE ANNUAL TOTAL NITROGEN INPUT. IN
POUNDS PER ACRE. BY COUNTY, FOR 1995-98

NPU~SARE FROM FERTILIZER MANURE AND
THE ATMOSPHERE

~ GREATER THAN 25 POUNDS PER ACRE

6 TO 25 POUNDS PER ACRE

LESS THAN 6 POUNDS PER ACRE

AVERAGE ANNUAL CONCENTRATION OF TOTAL
NITROGEN, IN MILLIGRAMS PER LITER

¯ HIGHEST (GREATER THAN 2.£)
¯ MEDIUM (0,64TO 2.9)
, LCWEST(LESS THAN 0.64)
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Nitrate concentrations in and their parent materials (fig. 12).

some shallow wells Artificial drainage short circuits
exceeded the drinking-water infiltrating water to streams
standard through the subsurface drains

rather than allowing the water to
The 117-well network sampled move downward to the water table

in the basin consisted of 57 shallow
monitoring wells installed for the or to deeper aquifers [15]. Subsur-

study (fig. 11) and 60 water-supply
face drainage also decreases the

wells of various types. Although
amount of potential runoff across

the concentrations of nitrate in
land surface to streams because the Figure 12. Subsurface drainage allows
soil is less saturated and ponding iswater with high concentrations of

none of the 30 samples from the
deep Mahomet aquifer exceeded

less likely [ 15]. Another factor that agrichemicals to be transported directly
helps prevent agrichemicals from to ditches and streams. The outlet pipe

the MCL (all concentrations were reaching wells is that the fine- from a subsurface drain at center of
below 0.10 mg/L), nitrate concen- photograph is draining into the stream.
trations in the shallow wells

grained materials may be condu- (Photograph by Kelly L. Warner, USGS.)
cive tO rapid breakdown of many of

exceeded the MCL in 7 percent (6 the chemicals, deethylatrazine) were the most
of 87) of the shallow-welt samples. One-half of the shallow wells frequently detected pesticide and
Concentrations above the MCL installed for monitoring recently related compounds in streams
ranged from 1 l to 77 mg/L. All
exceedances of the nitrate MCL

recharged ground water (28 of 57) throughout the basin and shallow

were in samples from wells less were installed in the geological ground water beneath cropland.
materials overlying the Mahomet Atrazine was detected in every

than 50 feet deep. aquifer. The shallow ground water stream sample collected from the
~, , ~-- in this area has a high potential for basin, even during winter. Prome-

/ eventually recharging the underly- ton, which is not used in apprecia-
ing Mahomet aquifer [2]. Sampling ble amounts on cropland but
results from these wells indicate commonly is applied for weed
the Mahomet aquifer is fairly well control in rights-of-way in the
protected from contamination at basin, was detected frequently in
land surface, streams (93 percent of samples)

and infrequently in shallow ground
Some pesticides were always water (7 percent of samples).
detected in streams and In samples collected at Illinois

Figure 11. Study-Unit staff installed 57 rivers River at Valley City (basin out-
wells to sample recently recharged
ground water. Assistance and Herbicides are applied during flow), 40 pesticides or pesticide

geological expertise was provided by spring planting to virtually all breakdown products were detected.

the Illinois State Geological Survey. corn and soybean crops in the Atrazine and metolachlor were
(Photograph by William S. Morrow, Jr., USGS.) basin. Insecticides are applied always present, and cyanazine

An important reason for fewer during the summer to about 10 was detected in 97 percent of the

detections and much lower concert- to 30 percent of the corn crop, samples.

trations of nitrate and other depending on weather conditions. Because the method detection

agrichemicals in ground water is , Approximately 6,000 to 6,700 tons limit varies widely from one

artificial drainage (where present) of agricultural pesticides were pesticide or related compound to

and the geological materials from applied annually in the lower another, a common reporting level
Illinois River Basin during 1996-     is used to compare detections of

which the soils developed. Most
98 (data from [116-18]). the pesticides and compounds on

farmland in Illinois is artificially
drained by ditches and subsurface

Atrazine, which is commonly an equal basis. In figure 13, the

drains (tile drains) because of the
applied to corn in the basin, and its frequency of detection of pesticides

poor natural drainage of the soils breakdown products (hydroxyatra- in stream and river samples and
zine, deisopropylatrazine, and ground-water samples is shown

12 Water Quality in the Lower Illinois River Basin
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at a common reporting level of DETECTION FREQUENCY, IN PERCENT EQUAL TO OR
0.05 p.g/L. Of the pesticides GREATER THAN 0.05 MICROGRAM PER LITER

detected in 1 percent or more of 10 8 6 4 2 0 10 20 30 40 50 60 70 80 90 100

samples, those shown in figure 1
only 2,4-D had a higher method -,~ Metolachlor

detection limit than 0.05 ~tg/L; Cyanazine

therefore the detection frequency ~ Bentazon

of 2,4-13 may be underestimated Acetochlor
Alachlorin figure 13. Even at the common

¯ 2,4-Dreporting level, atrazine was
Diuron    1detected in almost all stream and

Simazine
Fiver samples.

Pendimethalin 1

Pesticide concentrations in Metribuzin
streams periodically O~camba
exceeded drinking-water
standards Acifluorfen

Carbofuran l
Concentrations of atrazine and Diazinon ~, i Color indicates type ofcyanazine in some individual sam- Chlorpyrifos ¯ pesticide

Herbicidepies exceeded USEPA drinking- Propachlor Insecticidewater standards or guidelines. Carbaryl Prometon primarily is used
Annual average concentrations of Bromoxynil on nonagricultural land

each compound in streams and Triallate
Wells Rivers and streamsrivers, however, were below their Butylate

respective MCL (atrazine: 3 big/L) , , , , Tebuthiuron , , , , , , , , ,
or lifetime health advisory level
(HAL) (cyanazine: 1 lag/L). Carbo- Figure 13. Many commonly applied pesticides were frequently

furan, diazinon, chlorpyrifos, and detected in streams and rivers in the lower Illinois River Basin.
Detections in ground water were far fewer, and some of the pesti-carbaryl were the only insecticides cides frequently detected in surface water (such as cyanazine, ace-

detected. Diazinon concentration tochlor, and alachlor) were not detected in shallow ground water at
exceeded the Great Lakes water- or above the common reporting level of 0.05 micrograms per liter.
quality objective (0.08 pg!L) [19]
in one sample at Illinois River at metolachlor aquatic-life guideline (7.8 big!L) were concurrent with an
Valley City during August 1998. exceedance of the atrazine MCL. In contrast, diazinon concentrations twice

Some pesticide concentrations exceeded the Great Lakes water-quality objective and one chlorpyrifos
that exceeded human health concentration exceeded the aquatic-life guideline (0.041 gg/L) indepen-
standards or guidelines also were dent of all other pesticide exceedances.
potentially toxic to aquatic life. In samples from the La Moine River at Colmar and the Sangamon River
For example, an atrazine concentra-at Monticello, for every pesticide other than atrazine, concentrations
tion of 110 btg!L in a single sampleexceeded a drinking-water standard or guideline concurrent with an atra-
from the La Moine River at Colmar zine MCL exceedance. The lone exception was cyanazine, which exceeded
(fig. 14) exceeded not only the the HAL independent of all other standard or guideline exceedances.
USEPA MCL (3 lag/L) but also the Currently (2000), drinking-water standards or guidelines and aquatic life
Canadian guideline for the protec- guidelines have been established only for individual pesticides. Further-
tion of freshwater aquatic life more, USEPA drinking-water MCLs or HALs are established for only 25
(1.8 gg/L) t20]. In samples from of the 40 pesticides detected in the lower Illinois River Basin. Pesticides,
the Illinois River at Ottawa and at however, commonly are found in mixtures of as many as 2 ! compounds in
Valley City and the Sangamon surface water (fig. 15). Although most samples of shallow ground water
River at Oakford, all exceedances contained relatively few detectable concentrations of pesticides compared
of the cyanazine HAL and the to samples from streams and rivers, two or more pesticides were detected

Major Findings    13
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in all samples where any of pesticides were detected at 60
all. The health effects of such combinations of pesti-
cides in drinkin~ water, even in low concentrations, g 50
are not well understood, m< 40~-

Pesticide concentrations in streams have a
seasonal pattern

20
Herbicide concentrations in stream and river ,,z, |

samples are highest in late spring to early summer
(fig. 16), and insecticide concentrations typically peak ~-

0
in midsummer. The highest pesticide concentrations Less than 5 5 to 9 10 or more

NUMBER OF PESTICIDE COMPOUNDStypically occur during the first one or two periods DETECTED IN ONE SAMPLE
of storm runoff" alter pesticide application. During
seasonal peaks, concentrations of pesticides in Figure 15. Most samples from streams

and rivers contained multiple pesticidessamples of stream water exceeded drinking-water and related compounds. Five or more
standards or guidelines or aquatic-life guidelines. For compounds were detected in more than
example, for about 6 weeks after herbicide application 90 percent of samples. The maximum
in the spring, concentrations of atrazine at Illinois number of compounds detected at or
River at Valley City were greater than the MCL of above the method detection limit in one
3 btg/L. The annual mean atrazine concentration in the sample was 21.

Illinois River at Valley City for 1996 through 1998, Insecticides are often applied later in the growing
however, never exceeded the MCL. Peak concentra- season than herbicides.
lions of the insecticides diazinon and chlorpyrifos
were measured during July or August of 1997 or 1998.Many factors affect the presence and

concentration of pesticides in streams
The presence and concentration of pesticides in

z !o,00o ,1,000 streams in the lower Illinois River Basin are influenced
o I co
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1997 ~S                                                     0DATE SAMPLE COLLECTED
EXPLANATION

- - ATRAZINE MCL (3 MICROGRAMS PER L TE, R)
- - ACE TOCHLOR REGISTRATION LIMIT (2 MICROGRAMS PER LITER)
--- CYANAZINE HAL {1 MICROGRAM PER LITER)
..... METOLACHLOR ALC (I 8 MICROGRAMS PER LITER)

Figure 16. Pesticide concentrations vary seasonally.
Figure 14. During late spring and early summer, many The sum of pesticide concentrations in samples
pesticides exceeded drinking-water standards or guidelines peaks in late spring during runoff from rainstorms.
or aquatic-life guidelines. The graph shows concentrations of Often, runoff from spring rains supplies reservoirs on
selected pesticides in the La Moine River at Colmar during some rivers and streams with a substantial amount of
part of 1997. (Registration limit for acetochlor is from [21]; the water storage for the remainder of the year.
ALC, Aquatic-Life Criterion from [20]; HAL, Health Advisory Monthly mean totals are for all locations sampled for
Level.) pesticides during October 1996-September 1998.
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by land use and agricultural practices (fig. 17) such as
pesticide application rate, drainage of crop land, and
cropping methods. Natural factors, such as the size of 100 , , , ¯ , ,_- ,
the streams, type of terrain, and soil characteristics, ~-

~ 80 ¯also are important determinants. In addition, the distri- co
bution of individual pesticides in streams throughout a g_co
watershed depends on the physical and chemical prop- <o~Z 60 ¯

co--
erties of the pesticides that are in use--properties such ~- SOm
as sorption (the ability of a pesticide to stick to soil              ,,,~- a0
particles), transformation (the ease with which a pesti-
cide breaks down in the environment), and volatiliza- ,,, 20©

tion (the tendency of a pesticide to become gaseous
and rise into the atmosphere). 0 ,~ , ’ @’ ¯ ~ ’ ’ ’

Concentrations of agricultural chemicals
TONS OF PESTICIDE APPLIED PER YEARgenerally reflect application rates IN THE LOWER ILLINOIS RIVER BASIN

The most heavily applied pesticides (more than EXPLANATION
1 million pounds of active in~redient~ per year: METHoDDETECTIONSDETECTIoNIN WATERLEvELSAMPLESFoR EAcHAT ORcoMPOuNDABOVE THE

¯ STREAM OR RIVER SAMPLES

¯ GROUND-WATER SAMPLES

Figure 18. Detection rates in streams are
mainly affected by the amount of pesticide
applied in the basin. Detection rates in
ground water, even for those pesticides that
are heavily apptied, are much lower.

these water-quality indicators in the lower Illinois
River Basin.

The relatively infrequent detection of metolachlor in
well samples may be related to the following factors:
1. Metolachlor is applied after weeds sprout and emerge,

Figure 17. Pesticides are used to protect crops and it is taken up by plants and is converted to other
and increase production. Pesticides are often compounds.
sprayed directly on the plants in the field. Other 2. Soil microbes effectively degrade metolachlor.
pesticides are incorporated into the soil, partly to 3. Soils retain metolachlor instead of allowing it to run off
limit the amount of chemical that leaves the or seep downward to ground water.
field. (Photograph by Kelly L. Warner, USGS.) Stream size affects pesticide concentrations

acetochlor, atrazine, cyanazine, and metolachlor) In the lower Illinois River Basin, pesticide concen-

were generally the most frequently detected in streamstrations in small streams typically range from the

and shallow aquifers. Herbicides such as alachlor andhighest to the lowest observed concentrations, whereas

simazine, which are no longer applied as heavily as inconcentrations in large rivers are moderate and less

previous decades, still are detected at relatively highvariable. For example, during the period when most

rates. Bentazon is not applied as heavily as other her-pesticides are washed into streams (May through

bicides, yet it is frequently detected in stream and wellJuly) the maximum concentration of atrazine meN-

samples (fig. 18). sured in the Sangamon River at Monticello was about
twice as high as that measured in the Illinois River.Pesticide concentrations in water also were com-

monly related to drainage of water over and throughThe highest concentrations of several pesticides,

agricultural soils, pesticide uptake by plants and including atrazine (110 btg/L; May 1997), acetochlor

microbes, and attachment to soil particles. Pesticide( 12 gg/L; May 1998), cyanazine (16 btgiL: May 1997),

and nutrient persistence and regional differences inand 2,4-D (7.3 btg/L; May 1998) were detected in sarn-

soils, geology, and climate govern the distribution ofpies from the La Moine River at Colmar. In contrast,

Major Findings [5
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3.5 [in months other than May or June, 70 percent (35 of z- ’ ’ ’ ’ ’ ’ ’ ’ ’
50) of samples from San~amon River at Monticello -rr [ Sampled from April 1991

~ ~ ~ 3.0 Cyanzine
had total pesticide concentrations that were less than ~< ~_ / through March 1992

i.-. -~
1 btg/L, as compared with 79 percent (26 of 33) of the ~,,,z c:2.5

samples from Illinois River at Valley City. Samples for oa_zOU3 2.0
analysis of pesticides were not collected from the o :; SampledthroughfrOmsept.Oct.19981996

smallest streams monitored,
z~ t.5
~ (5 Detection limit
:s mO for 1991-92

Concentrations of alachlor and cyanazine in ~
t.0

the Illinois River decreased ~_= 0.5

Application rates of cyanazine decreased during the 0

1996-98 sampling period in anticipation of its use
being eliminated in 2003. Alachlor use has declined ___~_
since the early 1990s--in fact, no use of alachlor was ~ ~

1.4 Alachlor
/throughSampledMarchfr°m Aprit 19911992

reported for 1998 in the basin. The use of alachlor, by zrr~-5
1.2

voluntary agreement [21 ], is decreasing as acetochlor ~ ~ ~.0
replaces it (ti~. 19).~ 0 0.8

Cyanazine was detected in 97 percent of the river <:Z ~ Detection limit                        through Sept. 1998
m~ 0.6 for 1991-92and stream samples and alachlor was detected in ~cc samples
~¢O 0.474 percent of the samples during 1996-98. A -,-~

comparison of mean monthly concentrations of those :~ z 0.2
detections, however, shows a different story. Durin~~ 0
1991-92, samples that were comparable to those col- J g M A M J J A S O N D

lected as part of this NAWQA study were collected
MONTH SAMPLES COLLECTED

from the Illinois River at Valley City. The mean Figure 20. Monthly mean concentrations of cyanazine
monthly concentrations for the two periods, separated and alachlor declined substantially in water samples
by about 4-5 years or longer, indicate that concentra- collected from the Illinois River at Valley City.
tions of alachlor and cyanazine have substantially
decreased (fig. 20). Pesticide breakdown products were detected

more frequently than the parent compound

In stream and river samples (fig. 21) and ground-
water samples (fig. 22), pesticide breakdown products,

30 such as metolachlor ethanesulfonic acid (a breakdown
~

"~/’~",\, ~’/cetoc h Io
product of metolachlor) and deethylatrazine (a break-

o° ~5 c down product of atrazine) were detected more fre-U3 ,

z~~°

i 20 ,/\~ ~"~,~

quently at higher concentrations than their respective
_a_m-~’~ Cyanazinex’’ "~ / \,\ parent compounds. The toxicity of most of these
O~.. 15    ~ breakdown products generally is unknown. Also

un "known is the combined effect of parent compoundsi ~ ~0
and the breakdown products. Drinking-water stan-

~ dards or guidelines or aquatic-life guidelines have
a_ , been established for only a few pesticide breakdown

01 products.
......... Most of the residue of metolachlor detected in

YEAR ground water consisted of breakdown products

Figure 19. Use of herbicides on corn and (fig. 22). Metolachlor was frequently detected in

soybeans in Illinois changed during 1988-97. Use streams and rivers. Because primarily breakdown
of three common herbicides has declined from their products of metolachlor were found in ground water,
peak use, but the use of acetochlor has increased metolachlor must break down before it can reach
substantially. (Data from [22].) ground water.
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~0 | Standards for water, biota, and sediment quality

9 -¯ The USEPA [23-25] is responsible for setting drinking-water
standards and guidelines to protect human health. Maximum Con-~

8 taminant Level (MCL) is the maximum allowable concentration of a
~) contaminant in water delivered to any user of public water systems.

~
7

MCLs are enforceable standards based on an average annual concen-
~CC

i

! i tration taken from four quarterly samples of finished drinking water,

Z ~- Health Advisory Level (HAL) is a nonenforceable, risk-based guide-
line. HALs indicate contaminant exposures below which no short- or
long-term human-health effects are expected, based on drinking a’ ! ! specific amount of water for a specific period of time. Risk of illness

increases with exposure time and concentration. Of 88 pesticides
analyzed for in water, 14 have MCLs and 38 have HALs.

Guidelines to protect aquatic life have been set by several agen-
cies including the USEPA, Environment Canada [26, 20], and the
International Joint Commission (IJC) [ 19]. The aquatic-life guide-
lines developed by USEPA are based on 4-day average concentra-
tions, are intended to protect 95 percent of the aquatic species, and
should not be exceeded more than once in 3 years. The Canadian and

DATE SAMPLE COLLECTED IJC aquatic-life guidelines, which are more stringent than those of
the USEPA, indicate a single maximum concentration that should

EXPLANATION never be exceeded. Aquatic-life guidelines have been established for

~ METOLACHLOR ESA ALACHLOR only 18 pesticides.
Probable Effect Levels (PELs), are used to indicate contaminant

I METOLACHLOR           ~ ACETOCHLOR ESA concentrations in freshwater sediment associated with adverse effects
¯ 1~ ALACHLOR ESA ACETOCHLOR on aquatic life for the Great Lakes region. The PEL is an estimate of

the concentration above which adverse biological effects frequently
Figure 21. Breakdown products of common herbicides occur [19, 27]. PELs are established for 18 of the 43 organochlorine
account for most of the analyzed herbicide residue in river and semivolatile organic compounds and 8 of 29 trace elements ana-
water. Long after the parent compound drops below lyzed for this study.
detection, breakdown products can still be detected. Earlier in
the spring, acetochtor concentrations peaked at 9 micrograms
per liter at this location, Sangamon River at Monticello. (ESA, 50
ethanesulfonic acid)

< 45

Pesticides were not frequently detected in ~ 40
ground water 0 35

Pesticides are much less common in ground _z~ 30
water than in streams. Six compounds, all herbicides Zrr 25
(atrazine, metolachlor, prometon, bentazon, cyana- ,~ ck 20
zinc, and dicamba), were detected in monitoring and ~5
water-supply wells. No insecticides were detected in,,,z
ground-water samples. Only four of these pesticides        z

O 5
were detected more than once. The maximum numbero

of pesticides detected in a single well sample was four. 0
Concentrations of all pesticides detected were very ~ x.’-" x,’-" x;" >.>" ,..’~ x." ~"
low (less than 0.44 btg/L). In ground-water samples, --~# --~ "-~ "-~
no pesticide came close to exceeding an existing EXPLANATION

drinking-water standard or guideline. ¯ METOLACHLOR
METOLACHLOR OXANILIC ACID

Insecticides discontinued in the 1970s were ¯ METOLACHLOFI ETHANESULFONIC ACID
still detected in fish and sediment

Several or~anochlorine compounds (dieldrin, hep-
Figure 22. Breakdown products account for most of the

~ residue of metolachlor in ground water. In these 10 shallow
tachlor epoxide, chlordane, and DDT) were commonlywells, metolachlor or its residue was detected. Metolachlor
detected in tish tissue. Fish samples usually comprised never exceeded the HAL (70 p.g/L) in well samples; no
8 specimens of common carp, but at several locations drinking-water standards or guidelines have been

established for the breakdown products.
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white suckers were collected. These in the lower Illinois River Basin Heptachlor epoxide was detected

compounds are insecticides or (table 1). The highest dieldrin throughout the basin but at only

insecticide breakdown products, concentration in fish tissue in the one location in the Illinois River.

Most of the organochlorine insecti- NAWQA Program across the The concentration of heptachlor

cides are no longer used because Nation was detected in fish from the epoxide in all fish tissue samples

their registration was canceled by Sangamon River. Every concentra- from the lower Illinois River Basra

USEPA in the 1970s. Dieldrin, tion detected in the basin was in the in which the compound was

which was applied to corn and highest l0 percent of the national detected exceeded the concentra-

around buildings against termites, NAWQA results. Aquatic-life tion in more than 95 percent of all

is a transformation product of ald- guidelines were exceeded in NAWQA samples. Heptachlor

fin, another insecticide that was 30 percent of the samples, epoxide was not detected in any

applied to corn before use was dis- Heptachlor epoxide is a break- bed-sediment samples.

continued during the early 1970s down product of the insecticide Chlordane was found in every

[28]. heptachlor. The highest heptachlor tissue sample and in two bed-

Dieldrin was detected in every epoxide concentration in fish tissuesediment samples. No concentra-

tissue sample and one-third of the in the NAWQA Program nationally tions exceeded applicable guide-

bed-sediment samples collected was detected in the La Moine River. lines. Total chlordane, as defined
for this report, is the sum of five
individual components of technical

Table 1. Summary of total chlordane, total DDT, dieldrin, heptachlor epoxide, chlordane [28]. Among NAWQA
DDD, DDE, and total PCB concentrations in fish tissue (carp or white suckers) and bed
sediment. The detections are compared to guidelines for the protection of fish-eating studies nationwide, the highest
wildlife. DDD and DDE are breakdown products of DDT concentration of oxychlordane (a
[#g/kg, micrograms per kilogram (equivalent to parts per billion); NYSDEC, New York State Departmentbreakdown product of chlordane)
of Environmental Conservation [27]; PEL, Probable Effect Level [26]:-, not applicable] in fish tissue was found ill fish

Fish Tissue from the Sangamon River at Mon-
ticello.

NYSDEC
whole-fish non- DDT was once a widely used

carcinogenlccriterla insecticide in agricultural and
recommended Number of

for the sites with    urban areas of the United States.
Number of sites Minimum Maximum protection of concentrations Legal use of DDT ended ill 1972.

Compound with detections detected detected fish-eating in excess of

detected In fish (20 sites concentration concentration wildlife NYSDEC Adverse effects of DDT on fish
tissue sampled) (pgtkg) (pgtkg) (pg/kg) criteria and wildlife include growth

Dieldrin 20 24 300 120 6 impairment, reproductive failure,
Heptachlor 13 13 44 200 0 and inhibition of thyroid activity,

epoxide and recent studies have shown
Chlordane, total 20 20 310 500 l) DDT to be disruptive of reproduc-
DDT. total           20            1 |          550           200               1 tire cycles in animals [28].
PCBs, total 15 130 4,400 110 15

Breakdown products of DDT
Bed Sediment were detected iu every fish-tissue

Compound Number of sites Minimum Maximum sample and in almost one-half the
detected in with detections detected detected Canadian

stream (21 sites concentration concentration guidelines PEL Number of sites bed-sediment samples. The highest

sediments sampled) (pg/Kg) (pg/kg) (pg/kg) exceeding PEL total DDT concentrations in the
Dieldrin 7 1.4 5,5 6.7 0 basin in fish tissue and sediment
Heptachlor 0 - 2.7 0 were in samples from Illinois River

epoxide locations. Concentrations in fish
Chlordane, 2 2.6 3.4 8.9 0

total tissue also were high at two Sanga-

DDD 5 1.1 4.1 8.5 0 mort River locations (in Monticello
DDE 5 1.0 2.6 6.8 0 and downstream from Springfield]
DDT 0 _ - 4.8 0 compared to national NAWQA
PCBs. total 1 57 57 277 0 data. In bed sediment, excluding

18 Water Quality in the Lower Illinois River Basin, 1995-98.
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HERBICIDES
AGRICULTURAL STREAMS

:.,~’:~
LOWER ,LLiNOIS RIVER BAS’N b’~::’,

EXPLANATION     L~: ~_.:
HERBICIDE USE IN POUNDS PER

;~z 10 L~22ACRE OF AGRICULTURAL LAND
~’. ~

"~
~2, Highest {greater than 046)

C~ Medium (0.16~ 46)
L] Lowest (less than C.16)
E : No reposed use STREAMS WITH MIXED LAND USE AREAS

LOWER ILLINOIS RIVER BASIN

: ~-~.~ /

~,.<."

~f~. .

0’ HERBICIDES

,.. ~ . _~ ~.. SHALLOW GROUND WATER iN AGRICULTURAL AREAS

~ URBAN AREA

SUM OF RERBICIDE CONCENTRATIONS
~ "STH PERCEN~ILE. IN M}CROGRAMS PER L~TER’,

~ Middle 50 percent ~0 11 1 3]

~:QUATIC LIFE GUIDELINES

HERBICIDE USE, IN FOUNDS PER
ACRE OF AGRICULTURAL LAND         ".,
~ H~ghest (greater than 046}

~ Medium (0 6~ 46/
~ Lowest (less than 016)

~[ ~ No reposed use MAJOR AQUIFERS

~ LOWER ILLINOIS RIVER BASIN

EXPLANATION

HIGHEST DETECTION FREQUENCY
¯ Highest 25 percent (greater than 62)                                     -’

¯ Middle 50 percent

Lowest 25 percent (less than 19~

DRINKING-WATER STANDARDS OR GUIDELINES

~ Bold outline indic~es exceedance by one o~ more herbicides Number ~s
Dercen~ge of wells th~ exceeded a s~ndard or guideline
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Illinois River locations, DDT (3om men Table 2. Selected biological indicators of water
breakdown products were detected stream quality--comparison of lower Illinois River Basin sites to
only in a small stream in Decatur. animals national network sites!

indicate poor
Other organochlorine water-quality

~ Lowest 25 percent nadonally (least degraded locations)
compounds are persistent conditions

Middle 50 percent nationally
in sediments and fish ~ Highest 25 percent nationally (most degraded locations)

Degradation
Location sampled Fish Invertebrate Algal

Polychlorinated biphenyls of streams and status status status
(PCBs) are a mixture of orga-°

habitat is caused Panther Creek near El Paso ~nochlorine compounds used in by more than Indian Creek near Wyoming ~ ~industrial processes. Even though just chemical Sangamon River at Monticello ~production and use of PCBs was contamination. La Moine River at Colmar ~ ~banned in the United States in Biological Mackinaw River near Green Valley1979, PCBs commonly are found community
in fish and sediments because largemeasures are

Sangamon River near Oakford ~ ~ ~
amounts were produced, they used to assess lllinois River at Valley City ~ ~
degrade slowly, and they are trans- water quality i Represents 140 sites in the NAWQA national network that have algal,
ported in the atmosphere [28]. because invertebrate, and fish data.
PCBs were detected in 75 percent the living com-
of the fish-tissue samples in the ponents of stream ecosystems were used to assess water quality
basin, and these detections were reflect the physical, chemical, and as part of the NAWQA Program
geographically widespread. All biological attributes of a stream. [32]. The higher the index, the
detections in the basin exceeded Measures of the algal, benthic- more degraded the stream condi-
the water-quality guidelines for the macroinvertebrate (fig. 23), and tions. (See Appendix.) The algal
protection of fish-eating wildlife fish communities in streams each status index reflects the relative
developed by the New York State respond to different aspects of abundance of benthic algal
Department of Environmental Con- water quality over differing time species that are considered tolerant
servation [27]. The highest PCB periods and geographic areas, of poor water-quality conditions,
concentrations in fish tissue were Algal, benthic macroinverte- including high nutrient concentra-
in samples from Illinois River loca- brate, and fish indices (table 2) tions. In some regions, this index
tions, with concentrations decreas- correl~ttes with transport and depo-
ing with increasing downstream sition of silt.
distance from Chicago. PCBs were Eleven community characteris-
detected at only one location in the tics were used in the invertebrate
bed sediment, community status index to assess

In sufficiently high concentra- water quality. The fish status indi-
tions, most organochlorine com- cater is the sum of scores of four
pounds can be toxic to fish and fish-population characteristics
other animals. These compounds (percent tolerant species, percent
bioaccumulate in animal tissue and omnivorous fish, percent non-
may result in tumors, hom~onal and native fish, and individuals with

Figure 23. Freshwater mussels arebehavioral problems, immune’- andrelatively long-lived animals that are external anomalies) that increase in
respiratory-system suppression, indicators of long-term water quality, concert with water-quality degra-
and abnormal development. Avail- These mussels were from the North dation (fig. 24).
able evidence indicates that con- Fork Vermilion River in central Illinois. In relation to the rest of the
centrations or" these compounds Mussels bury themselves in the bottom Nation, the invertebrate status
have decreased over time and may where they filter organic matter from the index in the lower Illinois Riverwater. During the twentieth century,
be leveling off nationally [30, 28]. freshwater mussel populations declined Basin was intermediate at all sites

drastically in the lower Illinois River except one (table 2). Macroinverte-
Basin. (Photograpt~ by David J. Fazio. USGS.) brate communities of streams in

20 Water Quality in the Lower Illinois River Basin
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decrease dissolved-oxygen concentrations at night.
The highest proportions of sensitive macroinvertebrate
species were in streams with comparatively swift cur-
rents because increased water velocity can increase
rates of stream aeration and thus maintain higher dis-
solved-oxygen concentrations (fig. 25).

¯ . ,... Algae index values were either high or intermediate
’ .............. in relation to the entire Nation. The algal status index

indicates that general algal conditions (as an indicator
of water quality) in the Corn Belt are poor relative to
the rest of the country. (See pages 9-10.)Figure 24. Longnose gar from the Sangamon

One of the lowest fish-index scores in the countryRiver in central Illinois. In the basin, the
Longnose gar is the most common gar found in (indicating a healthy fish community) was at Panther
small rivers. Many fish were collected, Creek near E1 Paso. This small, shaded stream held a
measured, and released to determine the health variety of habitats and a diverse fish population. All
of the fish communities in the streams and rivers the biological index scores were high (degraded corn-
sampled. (Photograph by David J. Fazio, USGS.) munity) for the Sangamon River near Oakford. Little

habitat diversity was found at this site, and concentra-
tions of nutrients were high.

Highest concentrations ol polycyclic aromatic
hydrocarbons were in bed sediment near
urban areas

Polycyclic aromatic hydrocarbons (PAHs) were
detected in concentrations at or above a common
reporting level of 50 ltlg/kg in as much as 50 percent
of the bed-sediment samples (fig. 26). PAHs are by-
products of combustion: sources include fires, manu-

Figure 25. Basin streams with fast current had facturing, power generation, and vehicle emissions.
the most diverse macroinvertebrate communities. With sufficient exposure, many PAHs are carcino-
(Photograph by David J. Fazio, USGS.) genic, causing tumors in fish and other animals, and

many PAHs are toxic to some organisms [33]. in the
the basin are dominated by many species that are basin, the highest PAH concentrations were in the bed
widely distributed, most of which are tolerant of the sediment of the Illinois River at locations upstream
effects of excess nutrients. Excessive quantities of from Peoria. The highest PAH concentrations at other
nutrients in runoff to streams can be harmful to intol- sites in the basin were near urban areas: specifically, in
erant species by stimulating algal growth that may

1 -Methylpyrene*             I                          I
Samples above PELAcenaphthylene ~111~::, ..~!: ~’ /

Benz[a]anthracene
Benzo[a]pyrene Figure 26. Four polycyclic aromatic

Benzo[g,h,/]perylene" hydrocarbons (PAHs) were detected at
Benzo[k]fluoranthene* concentrations that may be detrimental
Benz°ib]fiu°ranthene" to wildlife that live in bed sediments.

Chrysene Many PAHs are prevalent in sediments
Dibenz[a.h]anthracene :.~,,.~,~. of the basin. Shown are percent

Fluoranthene detections at or above 50 micrograms
Indeno[1,2.3-c,d]pyrene" per kilogram in bed-sediment samples

Phenanthrene and percent detections that exceed
Pyrene Canadian guidelines for protection of

1’0 d0 ~0 4’0 50 aquatic life [26]. [*, no guideline
PERCENTAGE OF SAMPLES WITH DETECTIONS AT OR ABOVE 50

MICROGRAMS PER KILOGRAM available; PEL, Probable Effect Level]
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EXPLANATION
Coun es w~tn arsenic concentrations exceeolng 10
micrograms 13er tlter in 10 Dement or more of samples
]ountles w~n arsenic concentrations exceeding 5
micrograms per ter in 10 oercent or more of samoles
3ounnes with arsenic concentrations exceeoln9 3
micrograms per ter in 10 percent or more ol samples
Counties w~th fewer than 10 percent of samples exceeding
3 mmrograms oer ~lter, or areas of lowest concentration
Counties with insu~llclent oata lc make esnmates

EXPLANATIOb
MAHOMET

AQUIFER
WELLS
Arsenic concentration greater than or
equal to 5 micrograms per liter and
less than 50 micrograms per liter

:.~ in samples 0    5 10 15 20MILES¯ Arsenic concentration greater
than or equal to 50 m~crograms    0 5 10 15 20 KILOMETERS

a small stream in the city of Decatur, m the Vem~ilion exceeded the USEPA cu~ent MCL of 50 ~g/L. In

River near its confluence with the Illinois River 1999, the National Academy of Science [34] con-

(downstream from Streator and Pontiac), and in the eluded that this cu~ent standard does not sufficiently

Sangamon River downstream from Springfield. Four prolect public health. The USEPA has proposed lower-

detections of PAH compounds exceeded the Canadian ing the MCL to 5 ~g/L. If the arsenic MCL were low--

interim freshwater sediment-quality guidelines for the ered to 5 ~g~, then water from more than 60 percent

protection of aquatic life [26]. of the wells sampled ~18 of 30) would exceed the new
level.

Arsenic exceeded the drinking-water Within the lower Illinois River Basin, the percent-
standard in the Mahomet aquifer age of private-well samples with concentrations of

The Mahomet aquifer is overlain by more than arsenic above 50 Bg~ was approximately the same as

100 feet of clay-rich glacial material. Contamination that of samples from public-supply wells. Statewide

~f this aquifer by human activities is minimal [3 t]. data from the Illinois Environmental Protection

Although arsenic resulting from human activities can Agency [311, however, indicate the percentage of

contaminate ’water, high concentrations of arsenic in centrations above 5 ~g/L was different between the

the Mahomet aquifer are from natural sources. Arsenic public wells and private wells statewide.

concentrations in pa~s of the Mahomet aquifer

22 Water Quality in the Lower Illinois River Basin
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ILLINOIS RIVER: A history of degradation and recovery
In Illinois, 7 percent of the fish species have disap- common carp and goldfish dominated fish communi-

peared since about 1900, and many more species are ties in the main stem of the upper Illinois River. By
in decline [36]. Smith [37] listed eight conditions 1993, however, native species had returned to the
responsible for the loss of many fish populations in main stem, and the relative abundance of common
Illinois streams. Some of these conditions can be carp and goldfish had declined significantly [39]. In
found in the basin: siltation; drainage of natural lakes,contrast, fish life in the bottomland lakes along the

swamps, and prairie marshes; de.siccation during lower Illinois River has not increased to the degree
drought; species interactions, including competition anticipated from improvement in dissolved-oxygen
from non-native fish; industrial, domestic, and agricul-conditions [40, 41].
tural pollution other than siltation; dams and reset- Compared to urban areas upstream from the basin,

volts; and increased water temperature, streams in predominantly agricultural areas generally
One of the most notable effects of human activity on have higher biotic integrity and more diverse fish corn-

stream life occurred between 1900 and 1920 in the munities that commonly include various intolerant fish
Illinois River downstream from Chicago, after the species [42, 43, and 37].
Chicago Sanitary and Shipping Canal opened. The
biological repercussions of industrial and domestic
wastes being diverted to the Illinois River peaked in 4 .... The Illinois

about 1920, when plants, benthic organisms, and fish River
historically

practically were eliminated from the Illinois River was an
downstream from Chicago to a point downstream important
from Peoria [38]. Since the 1920s, water quality in ’ wildlife
this reach of the Illinois River has gradually improved.:ia::~:;;~: resource. It
because of the improved wastewater-treatment prac- is gradually

recovering
rices upstream. Monitoring by the Illinois Natural that status.
History Survey (INHS) has documented partial recovo
cry of fish communities. Between 1957 and 1992,

Radon exceeded the proposed drinking-
water standard in almost one-half of shallow
wells                                                               EXPLANATION

AQUIFERS
The bedrock underlying the glacial materials in the              __j Mahomet aquifer (deep sand and gravel)

lower Illinois River Basin and especially the ~lacial                 Western and southern~ shallow aquifers j
material itseff contain a high concentration of the ~ Area of second ground- ,m

- water study
~2 ÷source elements that decay into radon. As a result, the

WELLS           )       ÷
potential for high concentrations of radon in ground               ¯ Water-supply well 4r.j/    . 0

÷ Shallow monitor f
÷

water and soil gas in the basin is greater than the we,~,. ,f~.. ". . . ¯ "
national average (W.S. Morrow, Jr., U.S. Geological
Survey, written commun., 2000). " " " " ~ "    ÷

Radon was detected in all 30 water samples from "
the Mahomet aquifer (fig. 27). Concentrations of " " ......
radon ranged from 110 to 730 picocuries per liter ,0.~ . . . .
(pCi/L), and the mean concentration was 190 pCi/L.

Figure 27. Ground-water studies encompassed most of the area of the
lower Illinois River Basin. Two studies of water-supply wells and two
studies of shallow, recently recharged ground water were completed.
The first set of shallow monitor wells was drilled in the material overlying

3~~ ~ 2’5 ’ 5’0 KILOMETERSthe Mahomet aquifer. 39~ ~ - ~ 2’5 50 KILOMETERS
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The samples from the Mahomet aquifer, however, had of contamination by volatile organic compounds

the lowest average radon concentrations of the four (VOCs); 30 of the wells were in the Mahomet aquifer

groups of study wells. (See pages 25-26.) Concentra- and the other 30 were in the western and southern

tions in 7 percent of Mahomet aquifer samples (2 of shallow aquifers. Detections were similar in samples

30) exceeded the proposed USEPA radon MCL of from wells in the western and southern shallow aqui-

300 pCi/L. No sample concentrations exceeded the fers (83 percent) and in the Mahomet aquifer (80 per-

USEPA-proposed Alternative Maximum Contaminant cent). One sample from a well in the area of western

Level (AMCL) for radon of 4,000 pCi/L. The MCL is and southern shallow aquifers contained 0.57 btg/L of

proposed for drinking water where there is no other methyl tert-butyl ether (MTBE)--well below the HAL

indoor-air radon-mitigation strategy. The AMCL is for MTBE of 20 btg/L. The concentration of VOCs in

proposed for drinking water where a multimedia almost all of the samples was at or near the method

indoor-air mitigation strategy is used to reduce radon detection limit and was usually 10 to 100 times lower

exposure, than applicable standards or guidelines for drinking

Radon concentration was higher in samples from water. The source of these VOCs--especially those in

the 57 shallow monitoring wells and the 30 water- the Mahomet aquifer, which is largely protected from

supply wells in the western and southern shallow aqui-atmospheric or land-use contamination--is uncertain.

fers than in the Mahomet aquifer. In the samples from Fish and sediment in the Illinois River have
the western and southern shallow aquifers, 55 percent high concentrations of trace elements
(16 of 29) exceeded the proposed MCL, but none
exceeded the proposed higher AMCL. Radon was The Canadian interim freshwater sediment-quality

highest in the samples from shallow monitoring wells guidelines for the protection of aquatic life [26] were

in the glacial materials overlying the Mahomet aquifer exceeded at four locations for various trace elements.

(fig. 27). In the shallow monitoring wells, 38 percent Three of these locations were on the Illinois River

(22 of 57) of the samples exceeded the radon MCL, close to Chicago. In the Illinois River, bed-sediment

although no sample exceeded the AMCL. concentrations of seven metals (chromium, copper,
lead, mercury, nickel, selenium, and zinc) were high-

Volatile organic compounds were detected in est near Ottawa and decreased downstream [44]
ground water at low concentrations (fig. 28).

Samples were collected from 60 private and public In many samples of fish tissue collected in the lower

water-supply wells in the basin to determine the extent Illinois River Basin, cadmium concentrations were
high compared to those in all samples analyzed in the
rest of the Nation. (See Appendix.) Concentrations of

~ ~, trace elements were examined in carp liver collected at
@,@~’--"-~’~ THE FOX RIVER ENTERS THE ILLINOIS17 locations in the basin. The highest cadmium con-

RIVER AT OTTAWA160 i~ ....
1

centration in carp liver from across the Nation (52 mil-
~ ~- , ,, ligrams per kilogram dry weight) was detected in the
~ 120 Vermilion River near its confluence with the Illinois
~_= River. Concentrations of cadmium in 10 carp-liver
~o~ 80 samples from the basin were in the upper one-third of

~ ~_~: the concentrations in all carp-liver samples collected
zz in the Nation. Of those 10 samples, 6 were collected
uu LU 40
o~ from the Illinois River main stem. Fitzpatrick and oth-zN
OLUo~ , , , ers [45] found cadmium at higher than background

0250 200 150 100 50 concentrations in sediment or biota at urban and agri-
RIVER MILES UPSTREAM FROM

GRAFTON, ILLINOIS cultural locations in the upper Illinois River Basin.

Figure 28. Concentrations of three metals in Long-term chronic exposure to cadmium can cause
bed sediments decreased in the Illinois River kidney and bone damage in humans. Mining and activ-
from Ottawa, II1., to Kingston Mines. Ill. The ities related to mining are the main sources of cad-
concentrations of metals were highest near the mium in the environment from human activities, but
confluence of the Fox River and the Illinois other sources include waste incineration, sewage
River at Ottawa. sludge, fertilizers, batteries, tires, and many industrial

processes [231.
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STUDY UNIT DESIGN

Stream chemistry EXPLANATION
PHYSIOGRAPHY          Indian

’~ Bloomington Ridged Plain    Creek near                   Illinois River
The main objective of the stream-chemistry compo- ~ Galesburg/Springfield Plain Wyoming at Ottawa

nent of the study was to assess the relation between SITES 90’,
~ Basic Panther

Creek nearagricultural land use and basin size and chemical con- ~ Intensive (2 years pesticide El Paso
data)stituents of surface water. Stream and river sampling ~ Agr~cu,ure ~and use

locations were distributed among subbasins and on the ~ M~×ed ~and use
Illinois River. Sampling locations included Basic and
Intensive Fixed Sites--sampled at regular intervals for ,a Mo~ne

River at .
a period of 2 to 3 years--and Synoptic Sites that were Co,mar

Sangamonsampled during a 2-week period in August 1997. R~ .......
Oakford

40 -~

Sangamon
River al
Monticello

Illinois River Mackinaw River
EXPLANATION t9’ at Valley Ciiy near Green Valley

PHYSIOGRAPHY Indian Creek Illinois River[] Bloomington Ridged Plain near Wyoming at Ottawa
[] Galesburg/Springfield Plain 0 25 50 MILESPanther Creek

SITES near El Paso 0 2~ 50 KILOMETERS
~ Intensive assessment
~ Synoptic study

~ Bed sediment
~ Fish tissue Stream ecology

The main objective of the ecology component of the
La Mo~ne study was to assess surface-water quality by integrat-
Sang .... Rive ing the physical, chemical, and biological factors.
near Oakforc~ Ecology Sites were distributed at the basic fixed sites

and at smaller subbasins that are all predominantly
at Monticello agricultural land. Sites were classified as either inten-

Mackinaw River

Illinois River near G .... Valley sive or synoptic on the basis of the level and schedule
at Valley City of sampling effort.

EXPLANATION
0 25 50 MILES PHYSIOGRAPHY
0 2’5 5’0 KILOMETERS ~ Bloomington Ridged Plain - Mahomet bedrock valley ) 89’

[] Bloomington Ridged Plain - othe              y
~jr Bloomington Ridged Plain - no bedrock valley
[] Galesburg/Springfield Plain -

bedrock valley                  90"
~ Galesburg/Springfield Plain -

no bedrock valley
Ground-water chemistry WELLS 41’~

,’ Study-unit survey

One objective of the ground-water chemistry com- ¯ Land-use survey
91’

ponent of the study was to determine whether chemi-
cal constituents of ground water were related to
agricultural land uses (land-use surveys). Another
objective in two surveys of domestic (household) and
public-supply (municipal) wells (Study-Unit surveys) 40~-
was to assess the overall water quality in selected
drinking-water-source aquifers (Mahomet aquifer and
the western and southern shallow aquifers) and to
determine whether they are affected by land-use prac-
tices. The full extent of the Mahomet aquifer (in the
Mahomet bedrock valley) is not shown. Results for the o 25 S0 MILES
Mahomet aquifer are representative only for that part 0 2’5 5’0 KILOMETERS

shown.
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Summary of data collection in the lower Illinois River Basin, 1995-98
Number of Sampling frequency

Study ~ What data were collected and why ’~ Types of sites sampled sites and period
component

...... Stream Chemistr~

Ba~,ic ~’oncentrations, seasonal variation, and mmual loads. ~asic Fixed Sites: representative of 8 Monthly plus storms:

Silc~ --gcn- Data inclnded streamflow, nutrients, major ions. common land uses, as well as 2 ?,ears

,-ral water organic carbon, suspended sedimenl, water temper- major tributary and basin outflo’~

qnality ature, specific conductance, alkalinity, pH, and dis- sites.

solved oxygen.
Intensive Concentrations and seasonal variations in pesticides ,ubset of Basic Sites: Two watersheds 4 Weekly to monthly Jan.

S~tcs- pesti and breakdown products. Data included 75 pesti- with greater thtm 90 percent row- I996-Jane 1998

tides cides and 13 breakdown products of the most crop agriculture and the basin

heavily applied herbicides, inflow and outflow sites.
Synoptic Spatial distribution of nutrients, pesticides, and pesti- Basic Sites 4 Once in August 1997 dur-

Sites water cide breakdown products. Data included nutrients
ing minimum flow

chemistry and and 24 pesticides and pesticide breakdown products.
pesticides

Additional sites 17

Contaminams in Occurrence and distribution of contaminants in bed Depositional zones of Basic Fixed 21 Once: June~2)ctober In

bed sediments sediment. Data included total PCBs, 32 organochlo- Sites and some a~tdinonat sites. 1996-97

fine pesticides, 63 semivolatile organic compounds,
and 44 trace elements

] Contaminanls in Occurrence and distribution of contaminants in b~ota. Most stream sites also sampled for 20 Once: ~’une~October

fish Data included total PCBs. 30 organochlonne pesti- bed sediments. 1996-97

~ cides in whole fish. and trace elements in fish livers.

Stream Ecology

~-ntensive assess- ?.elations among biological communities and water Basic Fixed Sites 8 .

ments chemistry, physical habitat, and l~ind use. Includes ’ . ¯ " 1 reach.![ J_ year (1996)
i r~ach’,~3::years (1996-

spatial relations, along with spatial variation. Data 3 reaches,, i~.;yem" (1996
included algae, invertebrates, fish communities, and -’ "

I physical habitat.

Synoptic studies Better spatial assessment. Data collected were same as Synoptic Sites
above.

Ground-Water Chemistr
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GLOSSARY

Algae-~Chlorophyll-beanng nora a,, ui.tr pr~manl} aquauc specie,Organochiorine compound--Synthetic organic compounds con-
that have no true roots, stem~. ,,r ,t’a~ e~. mo~t algae are m~-ro- taining chlonne. As generally used, this term refers to com-
scopic, but some species can Ix. a, large a~, ~ascular plant~ pounds containing mostly or exclusively carbon, hydrogen.

Aquifer--A water-bearing layer of soil. sand. gra~ eI, or rock that and chlorine. Examples include organochlorine insecticides.
will yield usable quantities of water to a v, ell. polychlorinated biphenyls, and some solvents containing

Bed sediment--The material that temporarily is stationa~’ in the chlorine.
bottom of a stream or other watercourse.                      Periphyton--Organisms that grow on underwater surfaces: peri-

Benthic--Refers to plants or animals that live on the bottom of             phyton include algae, bacteria, fungi, protozoa, and other
lakes, streams, or oceans,                                       organisms.

Breakdown product--A compound derived by chemical, biologi-     Pesticide--A chemical applied to crops, rights-of-way, lawns, or
cal. or physical action upon a pesiicide. The breakdown is a residences to control weeds, insects, fungi, nematodes.
natural process that may result in a more toxic or a less toxic rodents or other "pests."
compound and a more persistent or less persistent compound.Phosphorus--A nutrient essential for growth that can play a key

Concentration--The amount or mass of a substance present in a role in stimulating aquatic growth in lakes and streams.
given volume or mass of sample. Usually expressed as micro-Phytoplankton--See Plankton.
gram per liter (water sample) or micrograms per kilogram Picocurie (pCi)--One trillionth ( 10-12) of the amount of radioac-
Isediment or tissue sample), tiv~ty represented by a curie (Ci). A curie is the amount of

Cubic foot per second (ft3/s, or cfs)--Rate of water discharge rep- radioactivity that yields 3.7 x 10~° radioactive disintegrations
resenting a volume of 1 cubic foot passing a given point dur- per second (dps). A picocurie yields 2.22 disintegrations per
ing 1 second, equivalent to approximately 7.48 gallons per minute (dpm) or 0.037 dps.
second or 448.8 gallons per minute or 0.02832 cubic meter Plankton--Floating or weakly swimming organisms at the mercy
per second, of the waves and currents. Animals of the group are called

Ground water--ln general, any water that exists beneath the land zooplankton, and the plants are called phytoplankton.
surface, but more commonly applied to water in fully satu- Point source--A source at a discrete location such as a discharge
rated soils and geologic formations, pipe, drainage ditch, tunnel, well. concentrated livestock oper-

Habitat--The part of the physical environment where plants and ation, or floating craft.
animals live.                                                Relative abundance~The number of organisms of a particular

Herbicide--A chemical or other agent applied for the purpose of           kind present in a sample relative to the total number of organ-
killing undesirable plants. See also Pesticide.                        isms in the sample.

Insecticide--A substance or mixture of substances intended to        Riparian--Areas adjacent to rivers and streams often with a high
destroy or repel insects. See also Pesticide. density, diversity, and productivity of plant and animal species

Intolerant species--Those species that are not adaptable to human relative to nearby uplands.
alterations to the environment and thus decline in numbers Semivolatile organic compound (SVOC)--Operationally defined
where human alterations occur. See also Tolerant species, as a group of synthetic organic compounds that are solvent-

Invertebrate--An animal having no backbone or spinal column, extractable and can be determined by gas chromatogra-
Load---General term that refers to a material or constituent in solu- phy/mass spectrometry. SVOCs include phenols, phthalates,

tion. in suspension, or in transport: usually expressed in terms and polycyclic aromatic hydrocarbons (PAHs).
of mass or volume. Sorption---General term for the interaction (binding or association)

Mean--The average of a set of observations, unless otherwise of a solute ion or molecule with a solid.
specified. Subsurface drain--A shallow drain installed in an irrigated field to

Median--The middle or central value in a distribution of data intercept the rising ground-water level and maintain the water
ranked in order of magnitude. The median is also known as table at an acceptable depth below the land surface.
the 50th percentile. Tolerant species--Those species that are adaptable to (tolerant of)

Method detection limit--The minimum concentration of a sub- human alterations to the environment and often increase in
stance that can be accurately identified and measured with number when human alterations occur.
present laboratory technologies. Trace element--An element found in only minor amounts (con-

Micrograms per liter (p.g/L)--A unit expressing the concentration centrations less than 1.0 milligram per liter) in water or sedi-
of constituents in solution as weight (micrograms) of solute ment: includes arsenic, cadmium, chromium, copper, lead,
per unit volume (liter) of water; equivalent to one part per bil- mercury, nickel, and zinc.
lion in most stream water and ground water. One thousand Volatile organic compounds (VOCs)--Organic chemicals that
micrograms per liter equals 1 milligram per liter, have a high vapor pressure relative to their water solubility.

Milligrams per liter (mg/L)--A unit expressing the concentration VOCs include components of gasoline, fuel oils, and lubri-
of chemical constituents in solution as weight (milligrams) of cants, as well as organic solvents, fumigants, some inert ingre-
solute per unit volume (liter) of water; equivalent to one part dients in pesticides, and some by-products of chlorine
per million in most stream water and ground water. One thou- disinfection.
sand micrograms per liter equals 1 milligram per liter. Yield--The mass of material or constituent transported by a river in

Nitrate---An ion consisting of nitrogen and oxygen (NO3-). Nitrate a specified period of time divided by the drainage area of the
is a plant nutrient and is very, mobile in soils, river basin.
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APPENDIXmWATER-QUALITY DATA FROM THE LOWER ILLINOIS
RIVER BASIN IN A NATIONAL CONTEXT
For a complete view of lower Illinois River Bass data and for additional information about specific benchmarks used, visit our Web site at
http:/iwater.usgs.gov/nawqa/. Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http://infotrek.er.usgs.gov/wdbctx/nawqainawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the lower Illinois
River Basin. Selected results for this basin are graphically

L Nitional frequency of detection, in p .....

t Study-unit sample s,zi
compared to results from as many as 36 NAWQA Study ’ ’ ’ ....

Acetochlor (Harness Plus, Surpass) " *"
Units investigated from 1991 to 1998 and to national 83 33 =: =~=: ~ : ~0
water-quality benchmarks for hun]an health, aquatic life, or
fish-eating wildlife. The chemical and biological indicators

<i ~ o
shown were selected on the basis of frequent detection,
detection at concentrations above a national benchmark, Alachlor (Lasso, Bronco, Lariat, Bullet) **
or regulatory or scientific importance. The graphs illustrate ~"20 "" ’ ’ ’ I

~00
how conditions associated with each land use sampled in
the lower Illinois River Basin compare to results from 0 <~3 .-.iml-~~ ,, ~o
across the Nation, and how conditions compare among 1 ,, 60

the several land uses. Graphs for chemicals show only Atrazine (AAtrex, Atrex, Atred, Gesaprim)
detected concentrations and, thus, care must be taken to
evaluate detection frequencies in addition to concentra-
tions when comparing study-unit and national results. For 30 0
example, acetochlor concentrations in lower Illinois River
Basin agricultural streams were similar to the national Bentazon (Basagran. Bentazone)
distribution, but the detection frequency was much higher
(83 percent compared to 33 percent).

CHEMICALS IN WATER Cyanazine (Bladex, Fortrol)
Concentrations and detection frequencies, lower Illinois River £8 ~ ~ ~ ..... ~ " : : ~0
Basin, 1995-98~Detection sensitivity varies among chemicals and,

~ ~ ] ,T z,50thus. frequencies are not directly comparable among chemicals
~ 1 } 56

,i, Detected concentration in Study Unit

6~ 3~ Frequencies of detection, in percent. Detection frequencies
were not censored at any common reporting limit. The left- 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
hand column is the study-unit frequency and the right-hand ~ : 18} 5

~ ~ ~ ~
I

J 2~0

column is the national frequency ~ ~ Ii ~ ~ i ~5

Not measured or sample size less than two ~ <: 1 : "~" I
55

~z Study-unit sample size. For ground water, the number of - ~ 1 ~ I 0

samples is equal to the number of wells sampled Deethytatrazine (Atrazine breakdown product)
i00 75 : =: !.~0

National ranges of detected concentrations, by land use, in 36
z~

6..2 o
NAWQA Study Unita, 1991-98---Ranges include only samples
in which a chemical was detected 30 39 ~ ¯ _ .-LLU _ 56

28 0
Streams in agricultural areas
Streams in urban areas Metolachlor (Dual, Pennant)
Streams and rivers draining mixed land uses 99 ~8~. ~ 30~

.-~t Shallow ground water in agricultural areas
Shallow ground water in urban areas 20

- 9 0~ Major aquifers 7 5

percent percent I:~rcent                                                                                Prometon (Pramitol, Princep)
92 a4 ~ t L ]30

86 0National water-quality benchmarks

National benchmarks include standards and guidelines related to
0dnnking-water quality, criteria for protecting the health of aquatic life, and - ~ 2 ~ ~ 0

a goal for preventing stream eutrophication due to phosphorus. Sources
include the U.S. Environmental Protection Agency and the Canadian Simazine (Princep, CaliPer 90)
Council of Ministers of the Environment 68

77 0
I Drinking-water quality (applies to ground water and surface water ~ ~’ 7, , ,_,_ , , ,5

O 21 1
56

l Protection of aquatic life (applies to surface water only) - 18 "~ 0
5 ~ 60

Prevention of eutrophication in streams not flowing directly into
lakes or impoundments I I I ’ I

¯ No benchmark for drinking-water quality o.oool 0.OOl o.01 Ol 1 lO lOO 1.ooo

*. No benchmark for protection of aquatic life                                                CONCENTRATION. IN MICROGRAMS PER LITER
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Stuffy-unit frequency of delection, in percent Stuo’y-unit frequency of detection, in ~ercent

i Nfti°nal frequency °f detecti°n’ in p’TebuthjUrOn’ (Spike.’ Tebusan)’

S luOy’unil sample s,zi~       , ~_ Nftiona, frequency of cJeteclion. ,n p t,p,p,.DDE,       , ....
~       ,       , Stu~-unitl sample size~

~ 3          ~ .                    ~0~ 2 ~

o.000t 0.00~ o.ot 01 1 10 too 1.00o Diazinon (Basudin, Diazatol, Neocidol, Knox Out)

CONCENTRATION, IN MICROGRAMS PER LITER
~ ~

70 039
0 ~ 1 ~ J 56

Other herbicides detected ~ 22 1 600
Acifluorfen (Blazer, Tackle 2S) "" I I I I I ~ IBenfluralin (Balan, Benefin, Bonalan) " **
Bromoxynil (Buctril, Brominal) * o 0ool 0,oo~ o,ot o,t ! ~o t00 1,0oo
Butylate (Sutan +, Genate Plus, Butiiate) "* CONCENTRATION, IN M)CROGRAMS PER LITER
DCPA (Dacthal, chlorthal-dimethyl) * **
Dacthal mono-acid (Dacthal breakdown product) " *"
Dicamba (Banvel, Dianat, Scotts Proturf) Other insecticides detected
2,6-Diethylani~ine (Alachlor breakdown product) " ** Carbaryl (Carbamine, Denapon, Sevin)
Diuron (Crisuron, Karmex, Diurex) ** Carbofuran (Furadan, Curaterr, Yaltox)
EPTC (Eptam, Farmarox, Alirox) " ** Dieldrin (Panoram D-31, Octalox, Compound 4971
Linuron (Lorox, Linex, Serclex, Linurex, Afalon) * Fonofos (Dyfonate, Capfos, Cudgel, Tycap) ""
MCPA (Rhornene, Rhonox, Chiptox) Malathion (Malathion)
Metribuzin (Lexone, Sencor) Methyl parathion (Penncap-M, FolidoI-M) "*
Molinate (Ordram) " *" Oxemyl (Vydate L, Pratt) **
Pendimethatin (Pre-M, Prowl, StomD) * "* Propargite (Comile, Omite, Ornamite) " **Propachlor (Ramrod, Satecid) ** Terbufos (Contraven, Counter, Pilarfox) "*
Terbacil (Sinbar) ""
Triallate (Far-Go, Avadex BW, Tri-allate) * insecticides not detected
Triclopyr (Garlon, Grandstand, Redeem, Remedy) ¯ ** Aidicarb (Temik, Ambush, Pounce)
Trifluralin/Treflan, Gowan, Tri-4, Trifle) Aldicarb sulfone !$tandak, atdoxycarb)

Aldicarb sulfoxide (Aldicarb breakdown product)
Herbicides not detected Azinphos-methyl (Guthion, Gusathion M) "
BromacH (Hyvar X, Urox B, Bromax) Disulfoton (Disyston, Di-Syston) "*
Chloramben (Amiben, Amilon-WP, Vegiben) *" Ethoprop (Mocap, Ethoprophos) * "*
CIopyratid (Stinger, Lontrel, Transline) " ** alpha-HCH (alpha-BHC, alpha-lindane) ""
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) " ** gamma-HCH (Lindane, gamma-BHC)
Dichlorprop (2,4-DP, Seritox 50, Lentemul) " "" 3-Hydroxycarbofuran (Carbofuran breakdown product) " ""
Dinoseb (Dinosebe) Methiocarb (Slug-Geta, Grandslam, Mesurol) * **
Ethalfluralin (Sonalan, Curbit) " ** Methomyl (Lanox, Lar~nate, Acinate) *"
Fenuron (Fenuton, Feniciim) " ** Parathion (RoethyI-P, A~kron, Panthion, Phoskil) "
Fluorneturon (FlooMet, Cotoran) ** Cis-Permethrin (Ambush, Astro, Pounce) * ""
MCPB (Thistrol) " "* Phorate (Thiner, Granutox, Geomet, Rampart) " ""
Napropamide (Devrinol! * "* Propoxur (Baygon, Blattanex, Unden, Proprotox) " ""
Neburon (Neburea, Neburyl, Noruben) * *"
Norflurazon (EvitaL Predict, Solicam, Zoriat) * *"
Oryzalin (Surflan, Dirimal) * ""
Pebulate (Tillam, PEBC) * "*
Picloram (Grazon, Tordon) Volatile organic compounds (VOCs) in ground water
Pronamide (Kerb, Propyzamid) ** These graphs represent data from 16 Study Units. sampled from 1996 to 1998
Propanil (Stem, Stampede, When) " "*
Propham (Tubedte) ** Stu~lyoun~t freqLlency o| detection, in percenl
2.4,5-T "*

~_ Nztional frequency of detection in p .....
t St udy-unit sample sizi2,4,5-TP (Silvex, Fenoprop) ** ~ ~ ~ ~ ~ ~ ~

Thiobencarb (Bolero, Saturn, Benthiocarb) " "* Methyl tert-butyl ether (MTBE)

Pesticides in water--Insecticides 0.001    0.01 0! 1 10 100    1,000 10.000

S1uoy-unit frel3uency of detection, in percent
CONCENTRATION, IN MICROGRAMS PER LITER

/ Nzti°nal frequency of detection, in p .....
t St ucly-unll samplesiz~_

~ ~ ’ ’ ~ ’ ~ = Other YOCs detected

;.~ 18 Chlorpyrifos (Brodan, Dursban, Lorsban) Bromodichloromethane (Dichlorobromomethane)
-- 37 ~ ~ ~ --- ] J2~                                                                           02-Butanone (Methyl ethyl ketone (MEK)) "
]4 2o - I ~ Carbon disulfide *

o i -.I-.,.. I 58 Chlorobenzene (Monochlorobenzene)
~ dl,

[
0 Chlorodibromornethane (Dibromochloromethane)- (~ < 1 ,.I---. 60 Chloroethane (Ethyl chloride) *

I I I I I l I r Chloromethane (Methyl chloride)
o.oool o.oo~ o.ol Ol 1 ~o too ~,ooo Dichlorodifluoromethane (CFC 12, Freon 12)

CONCENTRATION. IN MICROGRAMS PER LITER Dichloromethane (Methylene chloride)
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1,3 & 1,4-Dimethylbenzene (rm&p-Xy~e~-                                   Nutrients in water
1-4-Epoxy butane (Tetrahydrofuran, D~et",,e’~" o~,oe "
1-Ethyl-2-methylbenzene (2-Ethyltoluene "

Study-unit frequency of detection, in percent
Study-unit sample size

Hexachlorobutadiene . ~ NI ational[ frequencyi of detection. ~n percent
Iodomethane (Methyl iodide) ¯ Ammonia, as N " ** _L_
4.Methyl-2-pentanone (Methyl isobutyl ketone (MIBK~) 63Methylbenzene (Toluene)
2-Propanone (Acetone) "

~.

Tetrachloroethene (Perchloroethene)
Tetrachloromethane (Carbon tetrachloride)
1,2,3,4-Tetramethylbenzene (Prehnitene) *
1,2,3,5-Tetramethylbenzene (Isodurene) * Dissolved ammonia plus organic nitrogen, as N
Tribromomethane (Bromoform)
1,2,3-Trichlorobenzene
1,1,1 -Trichloroethane (Methylchloroform)
Trichloromethane (Chloroform)
1,2,3-Trimethylbenzene (Hemimellitene) *
1,2,4-Trimethylbenzene (Pseudocumene) "

Dissolved nitrite plus nitrate, as N "*
VOCs not detected
tert-Amylmethylether ( tert-amyl methyl ether (TAME) ) *
Benzene
Bromobenzene (Phenyl bromide)* 6281 ~=~.~1~,~--~ 55

Brornochloromethane (Methylene chlorobromide)
Bromoethene (Vinyl bromide) *
Bromomethane (Methyl bromide) Orthophosphate, as P * **

195n-Butylbenzene (1-Phenylbutane) ¯ 96 ~ I II ~ -=~ 0
sec-Butylbenzene "
tert.Butylbenzene * 56
3-Chloro-l-propene (3-Chloropropene) * 25 II
!-Chloro-2-methylbenzene (o-Chlorotoluene) ~ 51 . ~ 60

1-Chloro-4-methylbenzene (p-Chlorotoluene)
Chloroethene (Vinyl chloride) Total phosphorus, as P
1,2-Dibromo-3-chloropropane (DBCP, Nemagon)
1,2-Dibtomoethane (Ethylene dibromide, EDB)
Dibromomethane (,Methylene dibromide) *
tran$o1,4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) *
! ,2-Dichlorobenzene (o-Dichlorobenzene)
1,3-Dichlorobenzene (m-Dichlorobenzene)
1,4-Dichlorobenzene (p-Dichlorobenzene)
1,2-Oichloroethane (Ethylene dichloride) 0oo~ OOl ol ~ lO 10o 1,ooo ~o.o0o loo,ooo

1.1 -Dichloroethane (Ethylidene dichloride) * CONCENTF~ATION. IN MILLIGRAMS PER LITER
1,1 -Dichloroethene (Vinylidene chloride)
trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)
cis-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)
1,2-Dichtoropropane (Propylene dichloride)
2,2-Dichloropropane * Dissolved solids in water
1,3-Dichloropropane (Tr methylene dichloride) *
trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene) Study-unit frequency of detection, in ~:~ercent
CiS-l,3-Dichlo ropropene ((Z)-1,3-Dichloropro pen e)

Diethyl ether (Ethyl ether) * Dissolved solids *
Diisopropyl ether (Diisopropylether (DIPE)) " 100~.00100 ~ 2950
1,2-Dimethylbenzene (o-Xylene) Ioo ~ 00

~ 2o2
Ethenylbenzene (Styrene) 100 10O
Ethyl methacrylate * - - ~ oo IIIIII 0
Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE))
Ethylbenzene (Phenylethane)
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane) o.00~ 0.Ol 0.1 1 lo 10o 1,0oo lO,OOO 100,ooo
2-Hexanone (Methyl buWI ketone (MBK))
Isopropylbenzene (Cumene) * CONCENTRATION, IN MILLIGRAMS PER LITER
p-lsopropyltoluene (p-Cymene) *
Methyl acrytonitrile "
Methyl-2-methacrylate (Methyl methacrylate) *
Methyl-2-propenoate (Methyl acrylate) * Trace elements in ground water
Naphthalene
2-Propenenitrile (Acrytonitrile) Study-unit lrequency of detection, in percent
n-Propylbenzene (Isocumene) " | Nat,onal lrequency of det ection, in percent St udy-unit sample s,z~
1,1,2,2-Tetrachtoroethane *
1,1,1,2-Tetrachloroethane ~Arsenic
1, ! ,2-Trichloro-1.2,2-trifluoroethane (Freon 113)
1,2,4-Trichlorobenzene
1,1,2-Trichloroethane (Vinyl trichloride)
Trichloroethene (TCE) 35 58 ~

57
35                                                0

Trichlorofluoromethane (CFC 11, Freon 11) ½~ 37 ~ 60
1,2,3-Trichloropropane (AllyI tdchloride) I1,3,5-Trimethylbenzene (Mesi~lene) * o.0f o.~ ~ lO ~oo    1,ooo ~o,o0o f 0o.ooo

CONCENTRATION, IN MICROGRAMS PER LITER
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StuOy-unit frequenc~ of detection, in percenl
| National trequertcy of detection, inp ...... StuOy p ........ ...... CHEMICALS |a FiSH TISSUE

AND BED SEDIMENT
Chromium                                           ~

Concentrations and detection frequencies, lower lllinois River
Basin, 19~5--98---Detection sensitivit~ varies among chemicals and,

9 8 8 5 5" thus, frequencies are not directly comparable among chemicals.

79 o Study-unit frequencies of detection are based on small sample sizes;
73                                                  ~c           the applicable sample size is specified in each graph

Uranium
,~ Detected concentration in Study Unit

Frequencies of detection, in percent. Detection frequencies

51 5,
were not censored at any common reporting limit. The left-

0 hand column is the study-unit frequency and the right-hand
:~ ~ ~ ~ ................... "~’~’~":’*" .................4 60 column is the national frequency

Zinc - Not measured or sample size less than two

J2 Study-unit sample s~ze

29 o NAWOA Study Units, 1991-98--Ranges include only samples7~ 5~ ...... ~;0
in which a chemical was detected

I I I I I ~       I I Fish tissue from streams in agricultural areas
o.ol o.1 t 10 lOO t,ooo to,oct t oo,ooo

F~sh tissue from streams in urban areas
CONCENTRATION. IN MICROGRAMS PER LITER Fish tissue from streams draining mixed land uses

......... ~,eA,~.~.=-~ Sediment from streams in agncultural areas

Radon-222 Sediment from streams in urban areas
-~’-"--".&~---~’--’---- Sediment from streams draining mixed land uses

- i00 0
98 97 -~~ 59 National benchmarks forfish tissue and bed sediment

i r I I I I       I I National benchmarks include standards and guidelines related It
O.Ol 0 1 1 10 100 1,000 10,000 100,OO0 criteria for protectionof the health of fish-eatingwildlifeand aquatic

CONCENTRATION, IN PICOCURIES PER LITER organisms. Sources include the U.S. Environmental Protection Agency,
other Federal and State agencies, and the Canadian Council of
Ministers of the Environment

Other trace elements detected
Lead t Protection of fish-eating wildlife (applies to fish tissue)
Selenium

t Protection of aquatic life (applies to bed sediment)
Trace elements not detected

No benchmark for protection of fish-eating wildlife
Cadmium

oo No benchmark for protection of aquatic life

Organochlorines in fish tissue (whole body)
and bed sediment

Study-unit frequency of detection, in percent Study-unit frequency of detection, in percent

.~
Ni tlonal freql ue ncy of detectl ion, in p, .....

t         I
i

Stud y-unl it sample sil zZ

L
Nit lOl half req ue ncyt of detection, in 91 .....

t         [
I Study" unit sample slz_~[         ITotal Chlordane (sum of 5 chlordanes) o,p’+p,p’-DDE (sum of o,p;DDE and p,p’-DDE) *

100 38 = = ~ 7 i00 90 775 0 9~4 0

- 57
~,-,.--.~&1~L-i~

0 62
~~

0~ ii 12 ~ 39 12

o,~D,D’-DDD (sum of o,p’-DDD and Ap~DDD) " Total DDT (sum of 6 DDTs) ""
~3 a9 7 100 90                         =ll

50

12 27

[

~~ 8 12 e9 ~~ 8

p,p:DDE " *"                                                             Dieldrin (Panomm D-31, Octalox) *
100 90 7 ~00 5~ ~,~ ~9~ 0 a2 ~ ~

12 ~8 , 8 38 !3 ~ 862 0 30
~

0

~ ~           I           I I           ] I ~ i           ]           I I           I I
0] I I0 100 I.~0 10.000 I00,000 0 I I I0 I~ 1,0~ I0,~ I~.~0

CONCENTRATION. IN MICROGRAMS PER KILOGRAM CONCENTRATION, IN MICROGRAMS PER KILOGRAM
(Fish tissue ~s wet w~lg~; b~ sediment ,s d~ weight) (Fi$~ tissue ~s wet weight b~ sediment ~s d~ we,gbt)
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Study*unit freauency of detection, in percem Study*unit frequency of detection, in percent

Dieldrin+aldrin (sum of dieldnn and aldnn) ""
100 52 .

i00 58 " r

29 9~
~

Heptachlor e~oxide (Heptachlor breakdown product) "                           9H-Carbazole **
86    8

Hep{achlor+hep~achlor epoxide - bs(2-Chloroe~hoxy)melhane

Total PCB ~                                                              Di~enz[a,h]anthracene
29 38

9                                           T

Dibenzothiophene **
0 1        ]        I0       100     i .000     i0,0~    100,000

CONCENTRATION IN MICROGRAMS PER KILOGRAM

Seeh~p:/lwaterusgsgov/nawq~fora~ditionalinlormation 1,4-Dichlorobenzene (~Oichlorobenzene) *"

Other or~mnochlorin~$ d~t~¢t~d
DCPA (Dacthal, chto~hal-dimethyl) * "*
Hexachlorobenzene (HCB) **
Pentachloroanisole (PCA) * *" ~ 7 ~ .....

Or~anochlorin~m not d~t~mt~ 2,6-Dimethylnaphthalene **
Chloroneb (Chlorone0e, Demosan) " *"
o,p’~p,p~DDT (sum of o,p~DDT and p,p~DDT)
Endosulfan I (alpha-Endosulfan, Thiodan) * "*
Endrin (Enddne) 7~
gamma-HCH (Lindane, gamma-BHC, Gammexane)*
TotaI-HCH (sum of al~ha-HCH, beta-HCH, gamma-HCH, and delta-HCH) *"
Isodnn (Isodrine, Compound 711) " ** bis(2-Ethythexyl)phthalate
p,p~Methoxychlor (Marlate, methoxychlore)" **
o,p~Methoxychlor * **
Mirex (DecNorane) **
cis-Permethrin (Ambush, Astro, Pounce) * ** 99
trans-Permethrin (Ambush, Astro, Pounce) " **
Toxaphene (CamphecNor, Hercules 3956) * **

Fluoranthene

Semivolatile organic ¢ompound~ (~VOCs)
in bed sediment

Acenaphthylene

65                                      I                                    0

Anthraquinone "*

B3 0

01 I 10 100 I,~ I0,~    I~,000 CONCENTRATION, IN MICROGRAMS PER KILOGRAM, DRY WEIGHT

CONCENTRATION, IN MICROGRAMS PER KILOGRAM, DRY WEIGHT
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Study-unitfrequency of ~etect}on, in percent Trace elements in fish tissue (livers) and

N.j_ational frequency of detectk:)n,

inpercent Study-umt sample slzii , , , , , ~ bed sediment
Pyrene

Study-unit frequency of detection, in percent

N. ationa, lrequency of {:let ection, in p .... t      St udy-unit sample size.

95 | 0 Arsenic

o.1 1 lO 10o 1,ooo lO.OOO lOO,OOO 100 99                  ~.,~ ~,,,,.,=..=,~-                 8
98

~
0CONCENTRATION. IN MICROGRAMS PER KILOGRAM. DRY WEIGHT 10 ~ 97

Cadmium
Other SVOCs detected 577277 ~ 06
Acenaphthene 1~0 95 u HH ~ , !2
Acridine "" i00 98
Anthracene -- 100

=:"" :I
o

Benzo[a]pyrene 100 98

Benzo[b]fluoranthene *" Chromium *Benzo[ght]perylene "* ~ ~ 62Benzo[k]fluoranthene ** 72 .~,.=~= 0
Butylbenzylphthalate ** ~ ~ 5, ~ ~. 2
4-Chloro-3-methylphenol "" loo lOO

994-Chlorophenyt-phenylether "" 1~ 100
Chrysene
p-Cresol - Copper *
Di-n-butylphthalate ** 100 i00

.... i00 ~ 0Di- n-octytphthalate
100 foe --1,3-Dichlorobenzene (m-Dichlorobenzene) **

Diethylphthalate "* io0 ioo
1,2-Dimethylnaphthalene *" i~ 1~
1,6-Dimethylnaphthalene "*
3,5-Dimethylphenol ** Lead
Dimethylphthalate ** o ~ l
2-Ethylnaphthalene {~ ,1
9H-Fluorene (Fluorene)
Indeno[1,2,3-cd]pyrene ** I00 i00

-- i00 0]soquinoline "* 100 99 ~ - ,~ 1Z
1-Methyl-gH-fluorene **
2-Methylanthracene "* Mercury
4,5-Methylenephenant hrene "* 5o 71

.. 5g 01-Methylphenanthre~e ~½ 80 ~ --
1-Methylpyrene **

i00 82Naphthalene 97 I 0
Nitrobenzene "* i(~{~ 93
Phenanthrene
Phenanthridine - Nickel * **
1,2,4-Trichlorobenzene ** 0 42 I
2,3,6-Trimethylnaphthatene *" ~ 50 __

SVOCs not detected ioo I00
i00 ~-

8

C8-Alkylphenol "" 100 1O0 ~--~-~ ~ 12
Azobenzene **
Benzo{c]cinnoline "" Selenium
2,2-Biquinoline "" t00 99 : "--: 6-- i00 ~

04-Bromophenyl-phenylether "" ioo 99 ~--: 12
2-Chloronaphthalene ** 100 1002-Chlorophenol ** -- io0

~
o

1,2-Dichlorobenzene (o-Dichlorobenzene) "* 10 0 100 ~ 2
2,4-Dinitrotoluene **
tsophorone ** Zinc
N-Nitrosodi-n-propylamine "" 100 lOO 6
Pentachloronitrobenzene "° 100 100 ,. 12
Quinoline *" I00 190~
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BIOLOGICAL INDICATORS
Higher national scores suggest habitat d~sturbance, water-quality
degradation, or naturally harsh conditions. The status ot algae.
invertebrates (insects, worms, and clams), and fish provide a
record of water-quality and stream conditions that water-
chemistry indicators may not reveal. Algal status focuses on the
changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate atatus averages 11
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality
degradation, Fiah statue sums the scores of four fish metncs
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase m association
with water-quality degradation

Biological indicator value, lower Illinois River Basin, by land
use, 1995-98

~, Biological status assessed at a site

National ranges of biological indicators, 16 NAWQA Study
Units, 1994-98

m Streams in undeveloped areas
~ Streams in agricultural areas
~ Streams in urban areas
~ Streams in mixed-land-use areas
~ 75th percentile

25th percentile

r

Algal stat~s indicator
Undeveloped

Agricultural
Urban
Mixed

Invertebrate sta~s indicator
Undeveloped

Agricultural
Urban
Mixed

0 10 20 30 40 50 60 70 80 90 100

’Fish status indicator
Undeveloped

Agricultural
Urban

Mixed
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A COORDINATED EFFORT

Coordination with agencies and organizations in the lower Illinois River Basin was integral to the success of this
water-quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies Springfield City Water, Light, and Power
U.S. Environmental Protection Agency Mahomet Valley Water Authority
Natural Resources Conservation Service Peoria Health Department
U.S. Fish and Wildlife Service Sanitary District of Decatur

State Agencies Universities
Illinois Environmental Protection Agency University of Illinois
Illinois Natural History Survey Water Resources Center, University of Illinois
Illinois Department of Natural Resources Natural Resources and Environmental Sciences,
Illinois Sate Geological Survey University of Illinois
Illinois State Water Survey College of Agriculture, Consumer and Environmental
Illinois Department of Agriculture Sciences, University of Illinois
Illinois Hazardous Waste Research Center College of Engineering, University of Illinois
Illinois Abandoned Lands Council
Illinois Department of Public Health Other public and private organizations

Tri-County River Front Action Forum
Local Agencies The Nature Conservancy, Illinois Chapter
Bloomington and Normal Water Reclamation District Heartland Water Resources
Metropolitan Water Reclamation District of Greater

Chicago
Bloomington Water Department
Greater Peoria Sanitary District o
City of Bloomington

We thank the following individuals for contributing to this effort.

Steve Gough, Gough and Associates, for assisting the biology team: field-data collection

David J. Fazio, U.S. Geological Survey, for most maps in this report

Kymm Akers, U.S. Geological Survey, for drafting two maps used in this report

William S. Morrow, Jr., David H. Dupre, Debbie L. Adolphson, Tim A. Brown and David G. Frothingham,
U.S. Geological Survey, for data collection

Ken Hlinka, Illinois State Water Survey, for providing ground-water-level data

Sherry Reeves, U.S. Geological Survey, for editorial review and report layout

Jim Stark and Stephen Kalkhoff, U.S. Geological Survey, for review of manuscript

Matthew Short, Illinois Environmental Protection Agency, for review of manuscript

Gretchen Bonfert, McKnight Foundation, for review of manuscript

Michael Eberle, Leah Hout, and Joyce McClure, U.S. Geological Survey, for editorial review
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqa!

Eastern Iowa Basins contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U,S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
PO Box 1230 12201 Sunrise Valley Drive, M.S. 413
400 South Clinton St., Rm 269 Reston, VA 20192
Iowa City, IA 52244 http://water.usgs.gov/nawqa!
e-mail: dc_ia@ usgs.gov
http://iowa.usgs.gov/nawqa/index.html

Other NAWQA summary reports

River Basin Assessments
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Kanawha - New River Basins (Circular 1204) Upper Mississippi River Basin (Circular 1211)
Lake Erie - Lake Saint Clair Drainages (Circular 1203) Upper Snake River Basin (Circular 1160)
Las Vegas Valley Area and the Carson and Truckee River Basins Upper Tennessee River Basin (Circular 1205)

(Circular 1170) Western Lake Michigan Drainages (Circular 1156)
Lower Illinois River Basin (Circular 1209) White River Basin (Circular 1150)
Long Island - New Jersey Coastal Drainages (Circular 1201) Willamette Basin (Circular 1161 )
Lower Susquehanna River Basin (Circular 1168)
Mississippi Embayment (Circular 1208) National Assessments
Ozark Plateaus (Circular 1158) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)
Red River of the North Basin (Circular 1169)

Front cover." Aerial view of the Old Mans Creek basin showing pattern of wooded riparian buffers and cropland
typical of the Southern Iowa Drift Plain landform in Iowa (photograph by Doug Schnoebelen, USGS).

Back cover: Left, study unit biologist measuring water transparency (photo by Stephen Porter, USGS); center,
study unit staff collecting aquatic organisms from woody debris (photograph by Stephen Porter); right, scientists
measuring water temperature and dissolved oxygen in Old Mans Creek in preparation for sample collection
(photograph by Debra Sneck-Fahrer, USGS).
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Eastern Iowa Basins that emerged from
an assessment conducted between 1996 and 1998 by the U.S. Geological Survey (USGS) National Water-Quality
Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and compared to
conditions found in all 36 NAWQA study, areas, called Study Units, assessed to date. Findings also are explained in
the context of selected national benchmarks, such as those for drinking-water quality and the protection of aquatic
organisms. The NAWQA Program was not intended to assess the quality of the Nation’s drinking water, such as by
monitoring water from household taps. Rather, the assessments focus on the quality of the resource itself, thereby
complementing many ongoing Eederal, State, and local drinking-water monitoring programs. The comparisons
made in this report to drinking-water standards and guidelines are only in the context of the available untreated
resource. Finally, this report includes information about the status of aquatic communities and the condition of in-
stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Eastern Iowa Basins
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

Eastern Iowa Basins

~~ NAWQA Study Units--
Assessment schedule

~, ~11991-95

"~    ~ ~--~ ~g94-g8

L~.~...~ m 1997-2001

~ Not yet scheduled

~ High Plains Regional
Ground Water Study,
1999-2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the
Nation’s major river basins and ground-water systems. Better understanding facilitates effective resource manage-
ment, accurate identification of water-quality priorities, and successful development of strategies that protect and
restore water quality. Guided by a nationally consistent study design and shaped by ongoing communication with
local, State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Eastern Iowa Basins is one of 51 water-quality assessments initiated since 1991, when the U.S.
Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36 assess-
ments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments cover
about one-half of the land area of the United States and include water resources that are available to more than
60 percent of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS
EXPLANATION of the streams sampled are not currently used for drinking-water

supplies, the Cedar and Iowa Rivers are the direct or indirect
LAND COVER source for Cedar Rapids and Iowa City--two of the largest cities

Row crops in the study area.

~ Urban ¯ The highest nitrate concentrations occurred in medium-sized

~ Forest ~-.~_ streams draining basins with the most intensive row-crop agri-

~ Water and wetlands
~-~_~ culture and in a stream draining a basin with both intensive row-

MINNESOTA crop agriculture and dense concentrations of large-scale animal
feeding operations. Nitrate concentrations in these streams

-" LOCATION exceeded l 0 mg!L in almost 50 percent of the samples. Con-
) OF STUDY versely, nitrate concentrations were lowest in basins that had

~. : .,..,,_, , AREA
~:, 7__._~2,

greater percentages of pasture, grassland, and forest.

’i..,owQ ~ ¯ Total phosphorus concentrations frequently (75 percent of the
samples) exceeded the 0.1 -mg/L USEPA-recommended goal to

MasOr~city. "~-N~,g~~ minimize algal growth in rivers. Total phosphorus concentrations
,, were greatest in streams and rivers that drain basins with more

highly erodible soils and in large river basins that contain the
largest cities and towns in the Study Unit.

, ¯ The large amounts of nitrogen and phosphorus that are trans-
1’5~ ported to the Mississippi River from the Study Unit represent an

’, economic loss to farmers and a potential environmental threat to~ downstream waters. The estimated annual loss of 17 to 41 lb/acre
; ,~ ~- (pounds per acre) of nitrogen and 1.2 to 1.5 lb/acre of phospho-

~ - rus represents a potential loss in crop yield or the cost of addi-

~

;! Cedar Rapids tional fertilizer needed to compensate for that flushed from the
\ fields. Nutrients transported to the Mississippi River likely reach

~--" the Gulf of Mexico where they contribute to eutrophication and
hypoxia.

¯ Although the use of herbicides and insecticides in the Study Unit
is among the most intense nationwide, herbicide concentrations
in streams were not among the highest 25 percent nationally, and
insecticide concentrations were in the lowest 25 percent nation-City
ally. Breakdown compounds (degradates), whose widespread
occurrence has only recently been discovered and abont which
little is known of the human and environmental effects, generalb
accounted for the majority of the pesticide compounds present in
rivers and streams.

0 20    4.0 60 MILES
! , , . ,, ¯ The most commonly used herbicides were the most frequently
0 20 40 60 KILOMETERS detected and were generally present in the greatest concentra-

tions. Atrazine and metolachlor were detected in all stream sam-
The Eastern Iowa Basins Study Unit encompasses the Wapsipinicon. the pies. Concentrations generally ranged from 0.1 to 1.0 lag/LCedar. the Iowa. and the Skunk River Basins and covers about 19,500 mi2(microgram per liter). Atrazine concentrations exceeded thein eastern Iowa and southern Minnesota. In 1990. about 40 percent of the USEPA 3.0-lag/L drinking-water standard in about 10 percent ofmore than 1 million people in the Study Unit were concentrated in cities the samples; exceedances occurred mainly during late-springwith populations of greater than 20,000 people. Cedar Rapids is the only runoff.city with a population greater than 100.000. Ground water is the major
source for municipal, industrial, and domestic supplies. During the study.̄ Acetochlor, a conditionally registered herbicide that is intended
Iowa City was the largest municipal user of surface water. Over 90 percenttO replace several other commonly used herbicides, was fre-
of the land in the Study Unit is used for agricultural purposes. Forested quently detected, but concentrations were less than 0.1 lag/L in
areas account for only 4 percent of the land. Data from Eros Data Center. 75 percent of the samples. Mean annual acetochlor concentra-
1994. tions did not exceed the 2.0-lag/L USEPA registration require-

ment at any site, but concentrations did exceed that level in about
Stream And River Highlights 3 percent of the individual samples. The maximum concentration

measured during the study (10.6 lag!L) exceeded the level that
Nitrogen and phosphorus concentrations in streams in thewould require biweekly sampling by water-supply systems.

Eastern Iowa Basins Study Unit rank as some of the highest¯ Alachlor, metolachlor, and acetochlor degradates are present in
relatively high concentrations throughout the year, indicating

in the Corn Belt (see map, p. 8) as well as the Nation and that they are more persistent than their parent compounds.
were higher than the drinking-water standard in many sam-¯ Carbofuran and chlorpyrifos, insecticides that have been identi-
ples. These conditions reflect intensive use of the land for fled as posing a high risk to aquatic insects and mussels, were
growing crops and dense populations of livestock in some present in as much as 60 percent of the monthl,v samples during

basins, the summer when these insecticides are normally applied.
¯ Riparian buffer zones influence the quality of water m streams¯ Nitrate concentrations in 22 percent of the stream samples and rivers. Biological communities respond to tree density in

exceeded the U.S. Environmental Protection Agency riparian buffer zones. Invertebrate taxa indicative of good stream
(USEPAI drinking-water standard of 10 mg!L (milligrams per quality increased with increased numbers of trees. In contrast,
liter). The standard was most frequently exceeded during streams that were not shaded by trees contained large algal
June. soon after spring fertilizer application. Although many growths considered indicative of eutrophication.

Summary of Major Findings     1
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Selected Indicators of Stream-Water Quality
¯ Nutrients move from ground water to streams by natural drain-

age and tile lines. Nitrate concentrations in 24 of 25 medium-
Small Streams Major Rivers sized streams exceeded 10 mg/L during the sampling period in

Agricul- Mixed May 1998 when streamflow originated primarily from ground-
Urban turel Land Uses water discharge. Nitrate concentrations consistently exceeded 10

mg/L in water from a selected tile line draining to the Iowa
:̄ IP !~ River.Pesticides -- ¯ Pesticides were detected in alluvial aquifers underlying both

agricultural and urban areas, but shallow ground water in agri-Pesticide __
degradates cultural areas contained greater concentrations than urban areas.

Nitrate1 ~
!1~

A greater variety of pesticide compounds was detected in urban
-- : areas than agricultural areas, reflecting a more diverse usage.

¯ Pesticides most commonly detected in the alluvial aquifers
underlying urban areas were atrazine, prometon, and mete-Total

phosphorus1 -- ~;B W lachlor. Pesticide concentrations did not exceed established
drinking-water standards.

Trace ~ ¯ With the exception of atrazine and metolachlor and prometon in
elements2 : : urban areas, pesticides were infrequently detected in alluvial

aquifers. Pesticide degradates, generally were more commonlyOrgano- ~chlorines3 detected in the alluvial aquifers than their parent compounds.
The greater presence of degradates indicates that many pesticides

Semivolatile ...... : break down in the soil and that the resulting pesticide degradates
°rganics~ ~: are transported to the shallow aquifers.

¯ MTBE, a common gasoline additive used to increase the octane
content or ensure cleaner burning, was detected in 23 percent of

m Percentage of samples with concentrations greater
than or equal to health-related national guidelines for samples from alluvial aquifers in urban areas. Concentrations
drinking water, protection of aquatic life, or contact

exceeded the USEPA drinking-water advisory, in samples from
recreation 6 percent of the wells.
Percentage of samples with detected concentrations
less than health-related national guidelines for drinking Major influences on ground water
water, protection of aquatic life, or contact recreation ¯ Lawn, garden, and agricultural fertilizers
Percentage of samples with no detection ¯ Agricultural and urban pesticides

-- Not assessed ¯ Leaking underground fuel-storage tanks

Selected Indicators of Ground-Water Quality

Major influences on streams and rivers Shallow Ground Water    Supply Wells
Urban Agricultural Domestic Public

¯ Agricultural storm runoff
¯ Animal feeding operations Pesticides
¯ Tile-line drainage
¯ Urban areas Nitrate ~ ~ ~,~1~.,. 0

Ground-Water Highlights Radon

Compared to surface water, ground water in the Volatileorganics’

Eastern Iowa Basins had substantially lower nutrient
concentrations and less frequent detections. Land use,
however, had a substantial effect on the quality of ~m Percentage of samples with concentrations greater

than or equal to health-related national guidelines for
water in alluvial aquifers. Pesticide degradates were drinking water, protection of aquatic life, or contact

some of the most commonly detected constituents in recreation (**Detected in 1 percent or less of samples)

these aquifers. Nitrate and methyl tert-butyl ether ~ Percentage of samples with concentrations Isss than
health-related national guidelines for drinking water.

(MTBE) exceeded the USEPA standard or advisory in protection of aquatic life, or contact recreation
some of the samples. In contrast, bedrock aquifers, Percentage of samples with no detection (*Not

which are generally protected by clay and shale layers, detected in 1 percent or less of samples)

typically had low nitrate concentrations and low fre- -- ~ot asssssed
quency of pesticide detections. , Phosphorus and nitrogen, sampled in water.
¯ Nitrate concentrations generally decreased with depth in the ~ Arsenic, mercury, and metals, sampled in sediment, fish tissue, and water.

alluvial aquifers. Biological denitrification may result in 3 DDT and PCBs, sampled in sediment and fish tissue
decreased nitrate concentration with depth, but it is also possi- , solvents, refrigerants, fumigants, and gasoline compounds, sampled in water.
ble that the deeper water infiltrated during past years when

s By-products of fossil-fuel comOustion; components of coal and crude Oil, sa~pted in
sediment and fish tissue.

less fertilizer was used for crops.

2 Water Quality in the Eastern Iowa Basins
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INTRODUCTION TO THE EASTERN IOWA BASINS

The Eastern Iowa Basins Study the Iowa River. The Iowa River rial, and alluvium is present along

Unit encompasses the Wapsipini- originates in north-central Iowa. the streams. Poorly drained soils

con, the Cedar, the Iowa, and the The Iowa and the Cedar River have developed on the tills. The

Skunk River Basins and encom- Basins cover 12.640 mi2, more Iowan Surface has gently rolling

passes about 19,500 mi2 (square than 90 percent of which is in topography with long slopes, low

miles) in eastern Iowa and southern Iowa. The Skunk River originates relief, and a mature drainage pat-

Minnesota (fig. 1). The four major in central Iowa and drains about tern. The surficial material is pri-

rivers in the Study Unit generally 4.350 m]-. marily glacial drift with thin layers
flow in a southeasterly direction GeolooY of windblown loess on the ridges
and empty into the Mississippi and alluvium near the streams. A
River. The basins of these four Glaciers created a land surface subregion of the Iowan Surface
major rivers are relatively long and with three distinct regions in the (Iowan Karst) was defined for this
narrow. The Wapsipinicon River Eastern Iowa Basins Study Unit: study in an area where bedrock is
originates in southeastern Minne- the Des Moines Lobe, the Iowan close to the land surface. In the
sota and extends about 225 mi Surface, and the Southern Iowa Southern Iowa Drift Plain, streams
(miles) to its confluence with the Drift Plain (fig. 1). The Des

Mississippi River. The Wapsipini- Moines Lobe is characterized by have eroded deeply into the glacial

con River Basin has a drainage area low relief with some distinct ridges drift and loess mantle to produce a

of 2,540 rni2. The Cedar River near the eastern boundary and steeply rolling terrain with broad,

originates in southern Minnesota occasional depressions that form flat drainage divides. Moderately

and joins the Iowa River about lakes, ponds, and swamps. Glacial well-drained soils have developed

30 mi upstream from the mouth of till is the dominant surficial mate- on the loess.

The Des Moines Lobe is character-                                            ’~,,
ized by fiat topography and fertile
soils; conditions ideal for growing
corn and soybeans.

-~!
~/ ’~. % Gently rolling topography with

~ 91 ° long, gentle slopes characterize
the Iowan Surface. Wooded
buffers are present along many
streams,

CORALVILLI IOWA’,

The more steeply rolling terrain of

e~ensively farmed but has relatively
more forests, pastures, and
grassland than the other landform

Figure 1. Glacial deposits formed three major landforms with characteristic soils and topography in the Eastern Iowa
Basins.

Introduction to the Eastern Iowa Basins 3
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Climate human activmes may have a sub- the underlying bedrock formations

Water originates as rainfall ~n stantial effect on the quality of is used as a water supply for about
late spring through late fall arm a, ground and surface water. The pro- 94 percent of the population in the

snow during winter and early duction of row crops, such as corn, Eastern Iowa Basins Study Unit.

spring. Average annual precipita- and cover crops, such as alfalfa and Rivers and streams are the source

tion in the basins ranges from small grains, constitutes the major of public-water supplies for about 6
about 30 inches in the northwestern land use in the Study Unit. Land percent of the population (fig. 2).

part of the Study Unit to about near the streams and rivers has a
36 inches in the southeast. The combination of crops and forests.
greatest rainfall typically occur~ About 40 percent of the more than
during the growing season in 1 million people in the Study Unit ~-~
spring and summer. The mean are concentrated in cities with pop- c= ~ [] Ground waterUJnApril-to-October precipitation is ulations greater than 20,000.
about 25 inches. The most intense ~ ~ 100 [] Surface water

24-hour rainfall (5-year recurrence Water Use ~ (.9 50
interval) can be more than 4 inches, ua z
Snowfall has been recorded from Water used for household.

September to May. The greatest municipal, commercial, industrial,

24-hour snowfall seldom (less than and agriculture purposes originates ,,, z 0-
25 percent of the years) exceeds primarily from ground water. Sur- .~,~’~
10 inches. Yearly rainfall during face water, although an important

the study period ranged from below supply for several larger cities

average in 1996 to about average in including Cedar Rapids and Iowa Figure 2. An abundant ground-water

1997 and above average in 1998. City, is used primarily for cooling resource provides water to munici-
water in the generation of electric palities, homes, and industry. Ground

water is used by more than 90 percent
Land Use power, of the population in the Study Unit.

Water that infiltrates through the
Because water flows over the soil into underlying sand and

land surface or infiltrates the soil, gravel deposits and ultimately into

Bedrock "Till \Alluvial aquifer

Figure 3. In the Eastern Iowa Basins, water originating from precipitation flows overland or through loess, till, and
alluvial deposits to nearby streams. Areas with high water tables and poor natural drainage have commonly been
artificially drained with tile lines. (Graphic created by Suzanne Roberts, U.S. Geological Survey.)

4 Water Quality in the Eastern Iowa Basins
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Surface Water remove standing water from sur- ity clay or shale lies below the
face depressions and to lower the unconsolidated surficial materials,

Excess precipitation that does water table, water may move laterally to a
not infiltrate into the soil or evapo- Long-term yearly discharge from nearby stream.
rate runs off to the streams (fig. 3). the Eastern Iowa Basins Study Unit Alluvial material that has been
Generally, poorly permeable till averages about 9.2 million acre- deposited by rivers and streams
soils typical of the Des Moines feet. The overall increase in rainfall commonly consists of sand and
Lobe and steeper slopes typical of from 1996 to 1998 was reflected in gravel layers that store and transmit
the Southern Iowa Drift Plain gen- the substantial increase in yearly water readily. The alluvial aquifers
crate greater overland flow than the stream discharge (fig. 4). Yearly (fig. 5) are the most frequently
moderately well drained loess soils discharge from the Eastern Iowa used source of ground water in the
and gentle slopes typical of the Basins increased from about Eastern Iowa Basins because they
Iowa Surface. Overland flow to 8.6 million acre-feet in 1996 to are near land surface and can sup-
streams is slowed or reduced by almost 13.8 million acre-feet in ply large amounts of water. The
grass, perennials, shrubs, and trees1998. Yearly discharge was not same properties (shallow depth and
(riparian buffers) where present uniform in the major basins. Dis- permeable material) that make allu-
near streambanks. Runoff to charge from the Wapsipinicon and vial aquifers excellent sources of
streams averages about 25 percent Iowa River Basins increased in water also make the alluvial aqui-
of the annual precipitation and 1997 and 1998, and the discharge fers susceptible to contamination
ranges from less than 7 inches per from the Skunk River Basin from surface activities.
year in the northern part of the decreased from 1996 to 1998. Two additional surficial depos-
Study Unit to about 9 inches per its, not assessed during this study,
year in the southeastern part. Over- Ground Water provide water for domestic avd
land flow and ground-water dis- Water from rainfall infiltrates municipal supplies. Sand and
charge are the major sources of through the soil and, depending on gravel deposits in low-permeability
streamflow. However. tile lines whether permeable sand, gravel, glacial till generally yield small
may be an important source to and fractured bedrock are present, quantities of water that are used
streams during base flow in areas may continue to move to the deeper mostly for rural domestic and stock
where they have been installed to aquifers (fig. 3). If low-permeabil- supplies. Also. deep sand and

Iowa River at Wapello, Iowa (11 )

~ 100,000
ouJ 50,000

L9 uJ 20,000

< ~- 10,000

~ "’ 5,000

m 2,000
~ Figure 4. Stream discharge in the~ 1,000
z 1996 i 1997 : 1998 Eastern Iowa Basins ranged from

EXPLANATION below normal in 1996 to near normal

75th percentile in 1997 and above normal in 1998
-- Mean daily

I
Long-term (site number in parentheses; see site

discharge
¯

discharge
25th percentile map in "Study Unit Design" section).

Introduction to the Eastern Iowa Basins 5
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EXPLANATION
UNCONSOLIDATED AQUIFER

Alluvial aquifer

BEDROCK AQUIFER

~ Mississippian aquifer

Silurian-Devonian aquifer

~ Upper Carbonate aquifer

~ Cambrian-Ordovician
aquifer system

[~ Bedrock sudace

Approximate boundary
between the
Silurian-Devonian and
Upper Carbonate
aquifers (Olcott, 1992)

Figure 5. Several major bedrock and
unconsolidated aquifers are used as
sources of water for domestic,
municipal, and industrial supplies.
Only the most heavily used aquifers,
the Silurian-Devonian and Upper
Carbonate aquifers and the alluvial
aquifers, were sampled.

gravel deposited in bedrock valleys Iowan Karst, bedrock ~s exposed or dolomite with locally interbedded
before the last glacial advance is an is covered by very thin unconsoli- shale and evaporite beds. Bedrock
important source of water in parts dated deposits and is susceptible toaquifers that are used as a source of
of the Eastern Iowa Basins. contamination from urban and agri- water in the Study Unit but were

cultural land uses. not evaluated during this study areRock formations (bedrock) gen-
erally underlie the clay, silt, sand, The most extensively used the Mississippian aquifer and the

and gravel surficial materials and bedrock aquifers are the Silurian-Cambrian-Ordovician aquifer

can provide water for use. Bedrock Devonian and Upper Carbonate system.

aquifers are generally deep and are aquifers. The Silurian-Devonian
protected from surficial contamina- and Upper Carbonate aquifers
tion. However, in areas such as the consist mainly of limestone and

6 Water Quality in the Eastern Iowa Basins
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MAJOR FINDINGS

Nutrients in Ground Water Eastern Iowa Basins. Nitrogen, in water infiltration rates and limit the
and Streams the form of nitrate and ammonia, amount of nutrients at depth. Surfi-

and dissolved phosphorus were cial contamination most affectsTwo naturally occurring nutri-
ents, nitrogen and phosphorus, detected in more than 65 percent of water near the top of the alluvial

124 ground-water samples. Nitrate aquifers where the clay layer abovecommonly are applied in the form
of fertilizers and manure in agricul- concentrations were significantly the water table is thin or nonexist-

rural areas to increase the yield of higher in the shallow alluvial aqui- ent (see fig. 8, p. 8).
crops and as fertilizer in cities and fers, which have been identified as In the Silurian-Devonian and
towns to enhance the appearanc.e of being susceptible to contamination
residential lawns, city parks, and (Hoyer and Hallberg, 1991 ), than Upper Carbonate aquifers, ground-

golf courses. Nitrogen and phos- in the Silurian-Devonian and
water ages (determined by analysis
of tritium concentrations) were sig-

phorus also are commonly dis- Upper Carbonate bedrock aquifers
charged from wastewater-treatment (fig. 6). Nitrate concentrations in nificantly younger and nitrate con-

centrations were significantly
facilities. Nutrients that are not water samples from monitoring

higher in samples from areas whereused by plants or attached to soil wells screened near the water table
an overlying low-permeabilityparticles can move to shallow        in urban areas were higher than
shale layer was absent or whereground water or can be washed into concentrations in samples from

nearby streams during intense domestic wells, which generally less than 100 feet of unconsoli-

rains. Runoff from rainfall and are screened deeper in the aquifers,dated deposits overlies the aquifer
ground-water inflow can transport (Savoca and others, 1999). These
excess nutrients to streams, causing Human and natural factors two results indicate that longer
algal blooms that deplete oxygen affect movement of nutrients to flow paths (deeper sample depth
for fish and other aquatic organ- ground water. Downward move- and thicker clay layer) increase
isms. High concentrations of nitro- merit of water containing nitrogen opportunities for sorption, degrada-
gen in the form of nitrate may and phosphorus is slowed by fine- tion, and dispersion and may con-
make untreated water unsuitable grained materials overlying the tribute to decreases in nutrient
for human consumption. The aquifers. The presence of clay in concentrations with depth. Alterna-
USEPA has established a Maxi- the soil and in the shallow subsur- tively, water deeper in the aquifer
mum Contaminant Level (MCL) of face and low-permeability rocks, may have infiltrated in years when
10 mg/L (milligrams per liter) for such as shale, can slow ground- fertilizer use was not as prevalent.
nitrate as nitrogen in drinking
water (U.S. Environmenta! Protec-
tion Agency, 1996). High concen- Monitoring Domestic
trations of nitrogen in the form of z wells (alluvial) wells

UJO 10 300ammonia may kill fish and other ~ ~ 5aquatic organisms. To minimize ~-~----- 2algal growth in streams and reser- ~ ~ 1 200
voirs, a total phosphorus concen- z ~.
tration of 0.10 mg/L or less has 3 ~

0.5 d <,
"’ < 0.2 Detection limit

been recommended by the USEPA "~ ~9 0.1 100,~Z --
(1986). ~- "~.~ __. 0.05

z ~ 0.02 ~ ’"

Nutrients in Ground Water 5 - O.Ol o z~u Agricultural Urban Alluvial Silurian- -
Nitrogen and phosphorus are land use land use aquifer Devonian

and
prevalent in ground water. Nitro- Upper Carbonate
gen readily moves from the land EXPLANATION

aquifers

surface to ground water in the shal-
low alluvial aquifers but not as 1 Nitrate concentration ¯ Well depth

readily to most parts of the deeper Fixture 6. The shallowest ground water is most heavily affected by current land-
Silurian-Devonian and Upper Car- use practices. Agricultural practices result in higher levels of nitrate in ground
bonate bedrock aquifers in the water than urban activities.
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Concentrations of nitrate and total phosphorus in streams in Eastern Iowa
Basins rank among the highest in the Nation (fig. 7). The median discharge-
weighted nitrate concentrations also were significantly greater in Eastern
Iowa Basins streams than in streams sampled elsewhere in the Corn Belt and
Northern Great Plains ecoregion (Omernik, 2000)--an area of similar cli-
mate, topography, regional geology and soils, and broad land-use patterns.
Overall, total nitrogen concentrations were similar to the streams sampled in
Illinois and to an agricultural stream sampled in southern Minnesota. Nitrate
concentrations were in the upper 25th percentile nationally for 9 of 11 Basic
Fixed Sites. The defined reference site (Wapsipinicon River near Tripoli) and the site on the stream draining
the Iowan Karst landform (Flood Creek near Powersville) were within the middle 50 percent nationally. Con-
centrations of total phosphorus ranged from moderate to high in relation to other streams sampled in the United
States. Average discharge-weighted total phosphorus concentrations at two sites (Old Mans Creek near Iowa
City and Skunk River at Augusta) in the southern part of the Eastern Iowa Basins, where highly erodible loess
soils cover most of the basins, were in the upper fifth percentile nationally.

Although substantially lower than in
GROUND WATER RIVERS AND STREAMS surface water, nitrate concentrations in the

~5~~1~ [-~ll t] I 1alluvial aquifers in agricultural areas in

Agricutural Eastern Iowa Basins are greater than those
z rr 10 Urban

~ in ground water sampled elsewhere in the_ ~ Mixed
~ Corn Belt and the Nation. The alluvial"~ -~ 5

~
~ aquifer is a relatively susceptible aquifer in

o         ~-~
~- rid

contrast to aquifers within glacial till sam-

~< o.4 pied in Illinois; therefore, the ranking of

~Z~
7qAgricutural

l ~ m

c°ncentrati°ns may n°t be directly c°mpa"~:~
~_ .~ ¯ Urban ~ rable. However, nitrate concentrations in
~~ 0.2 [] Mixed

z ~ urban areas and in aquifers that serve as a
source of water supply for municipal and

~ ~ domestic use in the Eastern Iowa Basins
0 ~ --~ ~ are comparable to those from the rest of

Eastern Corn United Eastern Corn United
Iowa Belt States Iowa Belt States the Nation. Dissolved phosphorus concen-

tration in the alluvial aquifers in agricul-
Figure 7. Nitrate and phosphorus concentrations in Eastern iowa Basins rural areas of Eastern Iowa Basins was
streams and ground water are higher when compared with a wide variety greater than in ground water in the rest of
of land uses across the Nation and when compared to similar land use in the Nation. Increased susceptibility and
other parts of the Corn Belt. (Phosphorus in ground water as dissolved
orthophosphorus and phosphorus in streams as total phosphorus) greater fertilizer use may account for the

higher phosphorus concentrations.

Natural processes may remove formed and removed from the ment in the presence of organic
nitrogen from alluvial aquifers, alluvial aquifers. Nitrate remain- carbon. This process is called
The relation between nitrogen, dis- ing after water moves through or denitrification. Nitrate concentra-
solved oxygen, and organic carbonaround clay layers may be con- tions were significantly higher in
concentrations suggests that nitro- vetted to nitrogen gas in a low- alluvial ground water having dis-
gen is being biologically trans- oxygen or oxygen-free environ- solved oxygen concentrations
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aquifers in agricultural areas than areas than in agricultural areas.
rr Altuvial aquifer In urban areas. Nitrate was detected Microbial degradation of abundant
u~ 6
~- In 77 percent of samples at a organic matter would result in the
cc median concentration of 1.8 mg/L decrease in dissolved oxygen con-ku 4a. from urban areas (fig. 6). Nitrate centrations and in the increase of
~ 2 exceeded the USEPA MCL dissolved ammonia concentrations<
~" ( 10 mg/L as N ) in 39 percent of in shallow ground water.E 0
~ Less than Greater than samples from agricultural areas and Nutrients move from ground

1 foot or ec~ual toz 1 foot in none of the samples from urban water to streams by natural
z" CLAY THICKNESS, areas. Dissoh.’ed phosphorus con- drainage and tile lines. At times.O IN FEET,~ centrations tended to be higher in ground water contributes a substan-
~- samples from agricultural areas
z Silurian-Devonian and tial amount of nitrogen to streams
uJ Upper Carbonate aquifer (median of 0.03 m2/L) than urbano ~ in the Eastern Iowa Basins Study
~ 0.6 I_ ] areas (median of 0.01 mg/L); how- Unit. In most parts of the Studyo 0.5

’"
! J

ever, the difference was not statisti-
~ 0.4

catly significant. The higher0.3 Detection limit reliance on fertilizers in agricul- 6~ 0.2

<z 0.~ \ tural areas than in urban areas most 4.
,,,~0 likely contributed to the higher
~ Less than Greater than 2100 feet orequal to nitrate and phosphorus concentra-

f O0 feet tions. ~    o
UNCONSOLIDATED MATERIAL ~" 0.04-

THICKNESS, IN FEET
Ammonia is prevalem in sha]- -~o.w~ I

Ammsni~l

low urban ground water. Dis-            0.02
Figure 8. Overlying clay and other low- solved ammonia concentrations
permeability material hinder movement <
of nitrate to ground water, were significantly higher in sam-

ples from urban areas than in ~ 0.04

greater than 0.5 mg/L and were sig-(fig. 9). The median dissolved
nificantly lower in ground-water ammonia concentration in samples o_
samples havin~ increased dissolvedfrom shallow urban ground ~-~ 4°

[~ |

Oxygenorganic carbon concentrations water (0.025 mg/L) was more than ,,,
(Savoca and others, 2000). Denitri-twice the median concentration infication may be an important natu-
ral process that reduces nitrate samples from agricultural areas

concentrations before water moves (0.010 mg/L). Anhydrous ammonia ~ 0
2

to ground-water supplies or is dis- is used frequently as a nitrogen fur- ~ - Organic carbon [~__] 2~
charged to streams, tilizer for corn, but soil microbes

quickly convert ammonia to
The type of land use affects nitrate. - ~: 0 ,shallow ground-water quality.

Different uses, whether the land is Conditions in the alluvial aqui- m ¢o Soil carbon

used for agriculture, homes, busi- furs (fig. 9) indicate that ammonia o,,-~< <4
ness. or industry, are reflected in in shallow urban ground water

the nutrient concentrations in the originates, at least partly, from dug-
ground water. Animal feeding radation of organic matter most c: ~ 0

O :~ Agricultural Urban

operations can further affect water likely derived from human activi- - ~ND USE
quality in areas with intensive row- ties. Substantial amounts of organic
crop agriculture (fig. 9). Nitrate matter are available in the soil. silt, Figure 9. Agricultural and urban land

uses contribute nitrogen to shallow
was detected more frequently        and clay above the aquifer and dis-alluvial aquifers. Conditions are
(94 percent of samples) and in solved in water within the aquifer, suitable in urban areas for the
greater concentrations (median of Dissolved oxygen concentrations formation of ammonia in the organic-
5.1 mg/L) in shallow alluvial were significantly lower in urban enriched aquifers.
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Unit, water naturally flows from streambed and plant uptake as it of nitrogen and phosphorus into the
alluvial aquifers to streams through passes beneath riparian buffers, basin, alter the land surface and
the streambanks and streambeds. These results are similar to those of drainage patterns (which may
During high base flow in May previous studies (Cambardella and affect the amount and timing of
1998. nitrate concentrations in others, 1999: Soenksen, 1996) that rainfall runoff), and alter vegeta-
samples from 24 of 25 streams in documented the importance of tile- tion on the land and habitat in
the Eastern Iowa Basins were line discharge on stream-water streams and rivers, resulting in a
higher than 10 mg/L. In contrast, quality, more rapid flushing of nutrients
nitrate concentrations in these . Increased algal growth in late from the land and downstream in
streams ranged from less than 0.05 summer and early fall also can con- streams and rivers. Natural factors
to 8.3 mg/L during low base flow tribute to decreased nitrate concen- including the amount and timing of
in August 1997. The high concen- trations in streams (Porter, 2000). rainfall, soil types, and land-sur-
trations detected during the spring Tile-line drainage is an important face slope affect the amount of
may be due to the increased hydrologic factor that may serve to nitrogen and phosphorus washed
ground-water inflow after fertilizer protect shallow ground water by off fields into nearby streams.
was applied and was readily avail- removing contaminants before they Nitrogen and phosphorus areable for transport, move down into the aquifers; how- almost always present in streams

Shallow tile lines have been ever, tile lines also may enhance and rivers. Nitrate, the most corn-
installed to remove excess water the contamination of streams by mort form of nitrogen in streams
from the land and to lower the short circuiting natural processes and rivers in the Eastern Iowa
water table in many parts of the that remove nitrogen from ground Basins, was present in more than
Study’ Unit. These tile lines typi- water. 98 percent of the samples at con-
cally drain water from the upper centrations of 0.05 mg/L or greater
part of the water table, which gen- Nutrients in Streams and was most frequently (80 per-
erally contains the highest nitrate The concentrations of nutrients cent of the samples) present in the
concentrations to nearby streams, in a stream or river are the result of range of 1 to 10 mg/L (fig. 11).
During the summer, the water table the interaction of human activities Nitrate concentrations less than
may decline below the tile lines and natural factors in the basin, about 0.5 mg/L were generally
due to decreased rainfall and Human activities, agricultural and associated with low streamflow in
increased evapotranspiration. Tile- urban, generally increase the input late summer when nitrogen inputs
line flow and nutrient transport
then cease. For example, nitrate 20 3.o0o
concentrations were consistently -
higher than 10 mg/L in tile-line dis- ~ ~ z

charge from April until the end of ~ ~ ~ 3,,,

August when flow in this and other ,,,z
° 1olocal tile lines ceased (fig. 10). z

After tile flow ceased, nitrate con- m
centrations in the Iowa River
decreased. ~z_ ~ ~ ¯ z

When tile flow ceases, stream- 0 0
flow originates from natural J F M A M J J A S O N D

ground-water inflow, which 1997
EXPLANATIONtraverses deeper and longer flow

-- Stream discharge C) Tile-line nitrate concentrationpaths. Water that originates from ~ Tile-line flow ¯ Iowa River nitrate concentration
deep in the alluvial aquifers con-
tains low nitrate concentrations Figure 10. Tile lines can contribute substantial amounts of nitrate to streams
(see previous discussion) due to and rivers. Nitrate concentrations in the Iowa River near Rowan decreased as
transformation in the aquifer or tile-line discharge ceased.
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the nonchannelized river may
loo .............................. decrease streambank erosion and

~    _o enhance biological habitat.
~_~ ~ 80 -

m    60                                              -
ua O (.9 Z                                                             -                        Smaller streams      Large riverso draining basins with draining basin with

Q 40 one predominant mixed landforms
Z ~ ~O ~

) - 15                      landform or land use

and land use

~ :~ O 20 - Maximum
~ Contaminant Nitrate

~" ~ --
!~ ....... Level

0     , ,,1~                                     "~" ........ 10       \
.001     0.01      0.1       1       10      100

CONCENTRATION, IN MILLIGRAMS PER LITER
rr 5EXPLANATION ,,,

- Total phosphorus ~ Nitrate
recommended goal m 0

~ Nitrate Maximum ~ Total
Contaminant Level phosphorus ~ 0.4 Total phosphorus

Figure 11. Nitrate concentrations in streams were most often in the -q’ Recommendedrange of 1 to 10 mg/L and equaled or exceeded the Maximum ~ goal
Contaminant Level in 22 percent of the samples. In contrast, total _z 0.2phosphorus concentrations equaled or exceeded the O.l-mg/L goal for_ ’ ~-t~I~

minimization of algal growth in 75 percent of the samples.
I.-
Z
uJ

were low and algal uptake was among landform areas and with z~ 0
high. About 22 percent of the land use (fig. 12). Basins of the size o 300
samples (fig. 12) contained nitrate investigated during this study <z Sediment
concentrations at or above the where human activities are mini- ¯ ~ 200
USEPA’s drinking-water standard mal (background) are not present in
of 10 mg/L (U.S. Environmental eastern Iowa and southern Minne- 100Protection Agency, 1996). sota. The Wapsipinicon River near

Phosphorus, dissolved in the Tripoli was identified as a refer-
0

stream water and attached to ence site, however, because _
sediment particles or organic although agricultural land use con-
compounds transported in the stitutes more than 90 percent of the
stream, was present in all samples, basin, substantial areas of riparian
Total phosphorus concentrations forests and wetlands remain. Sam-
exceeded the USEPA goal of pies from the reference site gener-
0.1 mg/L (U.S. Environmental ally had the lowest median nutrient
Protection Agency, 1986) or less to concentrations of any stream site
minimize plant and algal growth studied. Median suspended-sedi-
about 75 percent of the time. ment concentrations also were the
Streams with large total phospho- lowest. Biological indicators of
rus concentrations generally con- water quality at the reference site Figure 12. Nitrate concentrations
tained large suspended-sediment were better than all other sites in generally were lower in large rivers than

in smaller streams. In contrast, total
concentrations, the Study Unit. Extensive flood- phosphorus concentrations were greater

Landform and land use affect plain vegetation may decrease in large rivers than in streams. (Site
nitrogen and phosphorus concen- direct transport of nutrients from number in parentheses; see site map in
trations. Nitrogen and phosphorus fields to the Wapsipinicon River, Study Unit Design section. AFO is

animal feeding operation.)concentrations in streams differed and extensively wooded banks on
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Median nitrate concentrations influence dissolved-oxygen condi-
were highest in samples from Wolf tions durin~ base-flow conditions is~ Maximum NitrateCreek, a stream draining an Iowan (Porter, 2000). Contaminant

Level \Surface basin that has more than        Intensive row-crop agricul-          10          ¯

and in samples from the South Fork nitrate concentration. The inten-
Iowa River, a stream draining a sitv, of row-crop a2riculture~ is a.~

IDes Moines Lobe basin that has partly responsible for the variabil- ~ 0 | -
concentrated animal-feeding opera- ity of nitrate concentrations in <
tions (AFO). The median nitrate streams. Typically, streams in ~ 0.4

~ Total phosphorusconcentration in samples from basins that have a higher percent-
RecommencledWolf Creek (10.2 mg/L) exceeded age of corn and soybeans and less _z , goal

the 10-mg/L USEPA MCL. Algal pasture, forest, and CRP (Conser- ~ 0.2
status and biomass in Wolf Creek vation Reserve Program) acres had ~
indicated degraded conditions higher total nitrogen concentrations ~-
(from a national perspective), and (fig. 13). However, large rivers in ~ 0 ~ ~ ¯fish and invertebrate communities basins that had a slightly lower per- o° 4o0were dominated by species tolerant centage of row crops and a slightly <z [Sediment]to nutrient and organic enrichment, larger proportion of urban areas
Wolf Creek flows into the upper typically had hi~her total phospho- = 2oo
end of a reach of the Cedar River rus concentrations. Large rivers
that has been listed on the 1998 generally contained higher sus-
USEPA Section 303(d) list (Iowa pended-sediment concentrations 0
Department of Natural Resources, than streams, and most large poten- -~2000) as an impaired water body. tial point-source phosphorus con-Wolf Creek may provide substan- tributors (large cites) are located on Figure 14. Nitrate concentrations thattial amounts of nitrogen that con- the large rivers, commonly increase to levels that
tribute to the degradation of the exceed the Maximum Contaminant
Cedar River between Waterloo and Increased availability results Level in June can decrease to levels
Cedar Rapids. in greater nutrient concentra- below detection in October. Total

Landform features affect phos- tions during the spring and early phosphorus concentrations were

phorus concentrations. Phospho- summer. Concentrations of nitro- rarely below the recommended goal

rus and suspended-sediment gen and phosphorus varied season- ior reduction o~ algal growth.

concentrations were typically ally in streams in eastern Iowa
nitrogen concentrations were high-

larger in streams that drain the (fig. 14). Median total dissolved
est in June (11.5 rag/L) when

Southern Iowa Drift Plain and the nitrogen is transported to streamsDes Moines Lobe than in other z and rivers by spring and early sum-streams. The Southern Iowa Drift ~ _z ~ ~5~ , ,
Plain typically has steeper slopes ~- z- ~

I

~ -r~o,~ mer runoff from rainfall. Nitrogen
I--0 ¯ Basin probably originates from thatthan the rest of the Study Unit and z, ~ 10 ~ accumulated in the soil followingcontains loess deposits that are eas-
~z ~ilv eroded (Schwarz and Alex- ~ ,,, _ ~..,,’~_ application of chemical fertilizers

ander. 1995). Manv Des Moines E o and manure during the sprin~ and
Lobe streams have been exten- ~ ~ 4o 6o a0 ~00 previous fall. Nitrate was the
sively channelized: to a great P~nC~N’rAaE O~ aAS~N IN predominant form of nitrogen

ROW-CROP AGRICULTURE
extent, the streambanks and flood detected during this period. Total
plains contain little riparian vegeta-FiOur~ ~3. Streams drainino basins thatdissolved nitrogen concentrations
tion. resulting in a greater domi- have higher percentages of pasture, in streams decreased through the
nance of phytoplankton than grassland, and forests and less land summer as nitrogen was removed
benthic algae and relatively higherplanted in row crops tended to have

from the soil bv plant uptake, run-~ lower nitrogen concentrations.rates of stream metabolism that can                                      off, and leaching to shallow ground
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Although nitrate remained the pri-

ANIMAL FEEDING OPERATIONS CONTRIBUTE mary form of nitrogen, ammonia

ADDITIONAL NUTRIENTS TO STREAMS and organic nitrogen were more

The median nitrate concentration in samples from the South Fork of
prevalent during the winter.

the Iowa River (9.5 mg/L) were sig- Runoff from agricultural and
urban areas transports substantialnificantly higher than those in sam-         300

ples from the Iowa River near Rowan ~ ~ ~                          amounts of phosphorus to streams,
but the timing of peak phosphorus(median of 6.3 mg/L), though both ~ ~ < 200

streams drain the same landform (Des~zz,,,a ~- concentrations does not always
o ~ lo0 correspond to peak nitrate concen-Moines Lobe) and have similar crop ~ ~_ e
z =o trations. Phosphorus concentrationspatterns (greater then 80 percent row ~- -

crops). In addition to row-crop agri- o peak during periods of high runoff

cutture, the basin of the South Fork ~ 40 17 ~t in early spring when substantial
Iowa River contains substantially ,,, m amounts of soil are eroded into

~.~: 30
more permitted animal feeding opera-z z the streams. The highest median
tigris (AFO) (29) than the Iowa River ~ ~ o< z0o ~- ~                           total phosphorus concentrations
Basin upstream from Rowan (8). The ~ z_ ~. 10 occurred in February (0.33 rag/L)
density of hogs (fig. 15) in the South~ 0 and March (0.36 mg/L) with a sec-
Fork basin is more than twice that in ondary peak in June (0.29 rag/L)
the Iowa River Basin (Sorenson and

~~v ~_ it

~t

(fig. 14). Maximum concentrations
others, 1999). The manure generated~ ~ ~: corresponded with early seasonal
from AFOs is commonly applied on ~ ~< runoff from snowmelt or rainfall.
fields in substitution for chemical fer-~ z_ ~ Early summer rains produced run-
tilizer. However, in areas where there

oz

0 | ~-~
off that accounted for a secondary

is dense concentration of AFOs, suffi-~- ~owa soum peak in total phosphorus concentra-
cient land may not always be avail- River Fork tions during June.
able to economically dispose of near Iowa

Rowan River
animal wastes, and the potential for Transport of nutrients repre-
overapplication exists. Excess Figure 15. Large-scale hog production

sent an economic loss and a
nutrients seep into the ground adds to the nitrogen and phosphorus in potential environmental threat.
water and are washed into nearbystreams draining basins in the Des The large amounts of nitrogen and
streams. About 1.8 times more Moines Lobe landform. [Hog density phosphorus that are transported
nitrogen and about 2.5 times moredata calculated from Iowa Department from the Study Unit by the Wapsi-
phosphorus were transported by of Natural Resources (1999) waste- pinicon, Cedar, Iowa, and Skunk
the South Fork Iowa River than by control facility permits.] Rivers represent an economic loss
the Iowa River (fig. 15). The to farmers and an environmental
higher nitrate concentrations and the greater nitrogen and phosphorusconcern for downstream water.
yields from the South Fork Iowa River compared to the Iowa River near Nitrogen and phosphorus trans-
Rowan may indicate that a reduction in chemical fertilizer application ported to the Mississippi River
equivalent to the increased manure application has not occurred in theincreased yearly from 1996
South Fork Basin. through 1998 (fig. 16). Increased

streamflow was a major factor in
water. Algal and plant growth in results in lowest nitrate concentra- the increased loads. The estimated
the streams during low streamflow tions in October. Fall rains, in mass of nitrogen (load) increased
in late summer and early fall can combination with fertilizer and from about 106,000 tons in 1996 to
result in increased uptake of dis- manure applications, were associ-more than 257,000 tons in 1998,
solved nutrients (Porter, 2000). The ated with another rise in nitrogen and the estimated total phosphorus
combination of reduced source concentrations beginning in load increased from 7.500 tons in
loading and instream processing November and peaking in January. 1996 to 9,700 tons in 1998.
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altered "Bt corn" that contains the
a00 20 genes allowing corn to produce

compounds toxic to damaging
z z ~ insects also were beginning to
0 -~- u. change pesticide-use pattems.

~ ~ 200 is ~ ~ Although urban pesticide-use data
.~ z were not available, herbicides com-

~ 5 ~ monly are used on lawns, golf~o lO0
10z ~ courses, and road rights-of-way for

_ ~ weed control, and a wide range of
insecticides are used for insect con-

0 ~ trol.
1996 1997 1998

EXPLANATION Transport of pesticides from the
site of application is dependent on~ Stream discharge
the persistence of the compound,III Total nitrogen
its solubility in water, and its ten-[] Total phosphorus
dency to adsorb to soil particles.
Pesticide compounds break downFigure 16. Increased streamflow from 1996 to 1998 resulted in larger

amounts of nitrogen and phosphorus transported from the Study Unit at various rates due to biological
to the Mississippi River. and chemical processes. Pesticides

can be broken down in the soil by
bacteria and fungi and nonaffected

Transport of nutrients from the Pesticides in Ground Water plants and in streams by microor-
Eastern Iowa Basins represents a and Streams ganisms, algae, and aquatic plants.
potential loss in crop yield or the The older organochlorine pesti-
cost of additional fertilizer needed Pesticides (herbicides and insec- cides, most of which have been
to compensate for that flushed from    ticides) are used extensively in banned (for example, DDT)
the fields. Nutrient loads trans- agricultural and urban settings in
ported from the Eastern Iowa the Eastern Iowa Basins to controlstrongly attach to soil particles and

are transported to streams primarilyBasins represent an average loss unwanted vegetation and insects.
of 17 Ib/acre/year of nitrogen and Triazine (atrazine and cyanazine) with sediment. In contrast, many

1.2 lb/acre/year of phosphorus in and chloroacetanilide (alachlor andherbicides commonly used in the

1996 and 42 lb/acre/year of nitro- metolachlor) herbicides were the 1990’s (for example, atrazine) are
gen and 1.6 lb/acre/year of phos- most extensively used pesticides relatively soluble and are trans-
phorus in 1998. during 1996-98. However, in 1994, ported almost exclusively dis-

Iowa, including the Eastern acetochlor, a herbicide condition-solved in water. Water is the
Iowa Basins, has been identified as ally registered by the USEPA, primary mechanism by which most
a major source of nutrients began to replace alachlor. In 1998, pesticides and their breakdown
(Goolsby and others, 1999) that acetochlor use exceeded all other products (degradates) are leached
contribute to eutrophication and herbicides in Iowa (U.S. Depart- to ground water. Water transports
hypoxia in the Gulf of Mexico ment of Agriculture, 1999) Other pesticides and their degradates to
(Rabalais. 1996). Alexander and      classes of low-use herbicides (forstreams by overland flow, tileothers (2000) estimated that more example, sufonylurea and imidozo-
than 90 percent of the nitrogen linone herbicides) also had becomedrains, and ground-water inflow.

reaching the Mississippi River more popular. Genetically altered
from the Eastern Iowa Basins is corn and soybeans that are resistant
transported to the Gulf of Mexico. to glyphosate and genetically
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Herbicide and insecticide concentrations in streams
do not rank among the highest 25th percentile nation- HERBICIDES INSECTICIDES

Basins is high. Herbicide concentrations rank in the ,, ~ ~
middle 50 percent nationally and in the middle one- < za
third in the Corn Belt. InsecticSde concentrations are ~_ .~among the lowest in the Corn Belt and Nation. Reasons~ m<
for lower pesticide concentrations in the Eastern Iowa © @ ~
Basins compared to other parts of the Nation are not , , , ~ o~

entirely clear but may include these: (1) although pesti-
cide use is high in Eastern Iowa Basins it may be higher ~
in other corn, cotton, and other crop-growing areas of~ ~ ~ @ 0

,~
the Nation and (2) soils in Eastern Iowa Basins may be~< ©

~
~ ~

Zrelatively conducive to leaching to ground water or ~ ~
conditions are favorable for breakdown of the pesti- ~% o
cides.

0 ~-

In contrast, herbicide and insecticide concentrations Eastern Corn United Eastern Corn United

in the alluvial aquifers in Eastern Iowa Basins are ~owa Belt States Iowa Belt States

among the highest 25th percentile in the Corn Belt and EXPLANATION
Nation (fig. 17). Water in these aquifers has infiltrated

[] Highest 25 percent -- Median rankwithin the last 20 years when the use of the analyzed [] Middle 50 percent © Site or study
pesticides was the greatest. Because water from the
Silurian-Devonian and Upper Carbonate aquifers is [] Lowest 25 percent

generally deeper and has infiltrated before pesticides
were commonly used, pesticide concentrations fromFigure 17. Although pesticides are heavily used, concen-
these aquifers generally were among the lowest in thetrations in the Eastern Iowa Basins streams are not among

Nation.
the highest in the Nation or the Corn Belt. The vulnerability of
the alluvial aquifers to contamination is seen in pesticide
concentrations in ground-water samples that are among the
highest in the Nation.

Pesticides in Ground Water and in 18 percent of the Silurian- Pesticide degradates commonly
Devonian and Upper Carbonate constitute the majority of the pesti-

Herbicides are prevalent in the aquifer samples~ Metolachlor was cide mass analyzed. Many of theshallow alluvial aquifers. Herbi- detected in 20 percent of the allu- detected pesticides and pesticidecides are prevalent in the shallow vial samples and in 12 percent of degradates have no establishedalluvial aquifers but are not corn- the Silurian-Devonian and Upper drinking-water standard or aquatic-mon in the deeper Silurian-Devo- Carbonate samples. Acetochlor life criteria, and the potential fornian and Upper Carbonate bedrock was detected in slightly less than 2
these compounds to affect humansaquifers in the Eastern Iowa percent of the alluvial aquifer sam-

Basins. Atrazine and metolachlor ples but at concentrations less than or aquatic organisms is unknown.
were the most frequently detected 0.2 ~tg!L, which is the concentra- Alachlor ethanesulfonic acid
herbicides in the alluvial aquifers tion of concern for conditional reg- (ESA), atrazine, and metolachlor
and the Silurian-Devonian and istration. Acetochlor was not ESA were detected in more than 30
Upper Carbonate aquifers. Atrazine detected in samples from the Sil- percent of samples from shallow
was detected in more than 50 per- urian-Devonian and Upper Carbon- alluvial (fig. 18) and deep bedrock
cent of the alluvial aquifer samples ate aquifers, aquifers.
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various pesticide compounds in
Rivers and streams Alluvial aquifer ground water is probably associ-

..................... ~f&-zlh-~ ~ I |-" I I i i i ’ ’ ated with several factors including
Metolachlor~
Acetochlor the presence of overlying protec-
Cyanazine ~ tive layers and land-use practices.Alachlor

Bentazon~ Simazine Clay and shale materials~ 2,4-D
~ EPIC n hinder movement of pesticides to
~ Trifluralin 1

Metribuzin ~11 - aquifers. Clay and shale materials
-~ Dicamba == -~ I- hinder movement of pesticides by
~ Diuron ¯I

Pendimethalin II slowing the movement of water
~ Acifluorfen []

Oacthal [] containing pesticides to underlying
Butylate

Bromoxynil ~ aquifers. In some instances, water
"._... Molinate ~- that has infiltrated the ground dur-
~ Propyzamide
== ~ "- ......._N__ap.r_o.~_a.m_j_a.e_ ............................. ing the last 40 years when man}, of~ "~ Prometon
N~5 Tebuthiuron ¯ ~ the studied compounds were used
~ ~ Triclopyr -I- -g -= ..--" ~iai~~r6~~-~ has not yet reached the deeper parts
z .-" Alachlor ESA
/’" Metolachlor OA === of the alluvial and bedrock aqui-
~ ~ Deethyiatrazine ~ fers. The age of the ground water.~ .~ Acetochlor ESA
-̄ Deisopropylatrazine,= ~ was significantly youn~er and pes-
~ ~ Hydroxy-Atrazine
= ~ Acetochlor OA ~ ¯ ticide concentrations were signifi-

Cyanazine Amide ~ ¯
Alachior OA ~ ~ cantly higher in samples from areas

2,6-Diethylaniline ~ ~- where an overlying bedrock con-C-~ir-65I ~?gg ~ ..............................................................-
~ ChlorpyrifOSFonofos " ¯

~ fining unit was absent or where less
~ Diazinon ~ -j than 100 feet of unconsolidated"~ Dieldrin~ overlies the Silurian-Malathion deposits
_ kindane

p,p’-DDE ~- Devonian and Upper Carbonate
Carba__rg!,l-, I, !, I, , ..... ,, =, i, i , aquifers. Water is most affected by

0 20 40 60 80 100    20 40 60 80 100 surficial contamination near the top
DETECTION RATE, IN PERCENT

of alluvial aquifers where an over-
lying clay layer is thin or absent.

Figure 18, The pesticide compounds present in streams and rivers and the alluvial Triazine pesticides and degradate
aquifers, which are hydraulically connected, were similar but were detected less concentrations were significantly
frequently in ground water. Agricultural herbicides and their degradates were most
frequently detected, higher in samples from wells in

areas with a thin clay layer above
Agricultural and urban applica- concentration in urban areas (0.005 the screened interval than those

tions have resulted in sporadic low gg/L) was about four times lower from wells in areas with thick over-
levels of insecticide contamination than the maximum concentration in lying clay layers. Concentrations
in the alluvial aquifers. Chlorpyri- agricultural areas (0.021 lag/L), decreased with increasing depth in
los, an insecticide that was recently Malathion, an insecticide also cur- the alluvial aquifers. As with
reevaluated by the USEPA for rently (2000) under USEPA review, nitrate, these two results indicate
safety as part of the Food Quality was detected in one sample from an that longer and slower flow paths
Protection Act (U.S. Environmen- urban land-use well. (deeper sample and thicker clay
tal Protection Agency, 2000b), was Pesticides do not occur every- layer) increase opportunities for
detected in about 7 percent of the where in the Study Unit, and when sorption, degradation, and disper-
urban land-use samples and about they do occur, concentrations can sion of pesticides and may contrib-
13 percent of the agricultural be highly variable. This variability ute to decreases in pesticide
land-use samples. The maximum in occurrence and concentration of concentrations with depth.
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Pesticides are present in alIu-
WHAT IS A PESTICIDE DEGRADATE? vial aquifers both in urban and

Pesticides released into the environment break down into intermediateagricultural areas. Pesticides
compounds and, over time, into their constituent molecules (fig. 19). Thewere prevalent in the shallow allu-
intermediate compounds are pesticide degradates that may be short-livedvial aquifers both in agricultural
or persist for years. The occurrence of atrazine degradates in ground waterand urban areas (fig. 20). Pesticides
and surface water is relatively well known, but the occurrence of alachlor,were detected in 84 percent of the
acetochlor, and metolachlor degradates in Iowa have only recently beensamples from agricultural areas and
investigated (Kalkhoff in 70 percent of the samples from
and others, 1998; Kolpin Atrazine urban areas. Atrazine and meto-
and others, 1997). Little
is known about their ,,,k,, lachlor were the most frequently

detected pesticides in samples frompossible effects on ,J~-N"~’"N. agricultural areas; atrazine andhuman health and
aquatic life (Heydens .,c: c,,c.~, prometon were the most frequently

and others, 2000;

,,~,, /
x~

detected pesticides in samples from
c] urban areas. None of the concentra-Stamper and Tuovinen, ...k.. tions exceeded USEPA MCLs, but1998 ). The occurrence

~ ~(£~),~ many pesticides notand distribution of sev- "J~’N NH HN~’~N~J’NNH,
do have

era1 common degradates "-,N \ / MCLs.
CHICH0z         H~C!of atrazine, alachlor, ace- Deethylatrazine Deisopropylatrazlne Samples from alluvial aquifers

tochlor, cyanazine, and
metolachlor were docu- in agricultural areas contained an

mented in the Eastern average total pesticide concentra-

Iowa Basins to develop a tion (1.3 gg/L) that was more

better understanding of Metolachlor than seven times the concentration
in samples from urban wellsthe fate and transport of

- these compounds and tr~j~.c.:o~., (0.17 ~tg/L). Although total pesti-
~̄ cide concentrations were higher intheir possible effect on

the environment. These c.~c., samples from agricultural areas,
compounds generally are / ~ more compounds were detected in
the products of the ftrst Y "~ samples from urban areas. Seven-
step in the breakdown of c. c.~ teen compounds were detected in

CH~     { ~
C/.~_~, H,     l

the most commonly used it~/Co.C~,oc.’

~/~"c"~°~"~
samples from urban areas com-

’ ~--~o, pared toherbicides. Breakdown ~ 12~ cc..~o,- compounds detected in
occurs in the soil but
also can take place in Metolachlor ESA Metolachlor o~ samples from agricultural areas.

Herbicide degradates were detected
plants and in ground in 94 percent of samples from agri-
water and streams. Figure 19. Small molecular changes (shown in red)

Modification of a side occur during the initial breakdown of atrazine and cultural areas and 53 percent of the
metolachlor, samples from urban areas. Alachlor

carbon chain (atrazine ESA, metolachlor ESA, and meto-degradation) or the
lachlor oxanilic acid (OA) were thereplacement of the halogen (chlorine) with a sulfonic acid or carboxilic
most frequently detected degra-acid (acetochlor, alachlor, metolachlor degradation) is commonly the first

step in the breakdown of these herbicides. This first step represents a small dates in samples from both agricul-
tural and urban areas; deethyl-molecular change that may affect the toxicity, solubility, and persistence of

the resulting degradate, atrazine and deisoproplyatrazine
were detected frequently in agricul-
tural areas.

Major Findings 17

R0024508



Acetochlor, a conditionally reg- herbicide used for weed control
Z_o istered herbicide that is intended to around buildings, fence rows, and
I-o 80 replace a number of other corn- under asphalt, was present at veryOJ | Agricultural
’" 60 I u~an monly used herbicides, was fre- low concentrations (less than
" quently detected but most times (75 0.1 p.g/L) in more than 80 percento 40
’" percent) at concentrations of the samples. Prometon is
~ 20 less than 0.1 #g!L. Acetochlor con- extremely persistent (half-life of
ua 0o centrations did not exceed the hundreds to thousands of days),
rr .~- o ~ ,,.= o ,4 ~ .~ .~ ~ ~’.~ .~ ’~ ~.’" g~ ~ £ #.-~ ~ # ~ ~ g~ g,_~ 2.0-p,g/L annual mean concentra- which may explain the relatively

¯
~^s,,~o o ~,s ,~.8 .~ ,~ ,0     ~ 4~,~,z~ tion registration requirement at any high detection rate relative to its

ff site but did exceed this level in low use. Tebuthiuron. used on road
,v about 3 percent of the individual rights-of-way and industrial sites,

Figure 20. Pesticides were frequently samples. The maximum concentra- was detected in 7 percent of the
detected in the alluvial aquifers in both tion (10.6 p.g/L) measured during samples. Triclopyr, used on road
agricultural and urban areas. Although the study exceeded the level that rights-of-way, industrial sites, and
the total concentrations of pesticides would trigger requirements for turf grass, was detected in 1 per-
were higher in agricultural areas than in biweekly sampling for water- cent of the samples.
urban areas, more compounds were
detected in urban than in agricultural supply systems (U.S. Environmen- Insecticides were detected
areas, tal Protection Agency, 1994). mainly during the summer. A

Few nonagricultural herbicide number of insecticides that have
Pesticides in Streams compounds were detected. Many been identified as posing a high

The most commonly used her- pesticides are used both in agricul- risk to aquatic invertebrates were

bicides were the most frequently tural and urban settings, but only detected in streams from May
three herbicides used almost exclu- through September, the monthsdetected. Atrazine and meto-

lachlor, the two most commonly sively in non-row-crop agriculture when most application normally
and urban settings (prometon, occurs (fig. 22). Carbofuran wasused herbicides in Iowa for row-
tebuthiurom and triclopyr) were      the most frequently detected insec-crop agriculture during 1996-98, present in streams in eastern Iowa ticide (16 percent of all samples).were detected in all stream samples
and southern Minnesota from 1996 Although detected in less than

(fig. 18). Acetochlor, alachlor, and through 1998 (fig. 18). Prometon, a 20 percent of all samples, carbofu-
cyanazine were detected in more
than 70 percent of the samples.
Most atrazine concentrations
(76 percent) exceeded 0.1 gg!L ~ ~ ~ o
with almost 60 percent of the sam- �. ~if-- EXPLANATION

pies in the 0.1 to 1.0/ag!L range ~ ’~ ~ ~(
~ Alrazine
~ Metotachlor

(fig. 21). About 10 percent of the ~ ~ ~ ~( ~ Acetochlor
samples exceededgg!L.the atrazine
MCL level of 3.0 Almost
half of the samples had metolachlor
concentrations in the range from

0:001    0.01     0.1      1      10     100
0. ] to 1.0 gg!L (fig. 21). Other less

CONCENTRATION,frequently detected pesticides were IN MICROGRAMS PER LITER
carbofuran, 2,4-D, dicamba, EPTC,
metribuzin, and trifluralin; these Figure 21. Atrazine and metolachlor were present in more than 50 percent of the
were applied in Iowa at a rate of samples from rivers and streams at concentrations between 0.1 and 1.0 }.tg/L. In
only 0.6 to 30 percent of the contrast, acetochlor was present in 76 percent of the samples at concentrations
amount applied for atrazine (Sands less than 0.1 I.tg/L.
and Holden, 1996).
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tended to follow the pattern of the~ 80 EXPLANATIONu~ parent compounds--highest con-
~ ["] Carbofuran~ centrations during the early sum-
nuJ60 | CNorpyrifos
Z | Fonofos mer followed by decreasing
~ | D~az,non concentrations during the late sum-
.~ 40
t= mer and fall (fig. 23). However,
o concentrations of the triazine
V- 20~ de_oradates were lower than their
IJJ ~

,,~- parent compounds except in the fall
~ 0

~ ~~ <’= ~~" ~" ~"          ~ <" =~ ~ ~ z ~,g g and winter when they wereslizhtlv~ ~
-, ~ ~ oz higher. In contrast, the ESA and

Figure 22. Insecticides were prevalent in streams only during the late spring and
OA degradates of alachlor, ace-

summer. Carbofuran and chlorpyrifos were the most frequently detected tochlor, and metolachlor were
insecticides, present in higher concentrations

than their parent compounds
ran was detected in 68 percent of metolachlor ESA. and metolachlor
the samples collected in June. OA were detected in more than

throughout the year.

When present, carbofuran concen- 75 percent of the samples. The deg- Occurrence of pesticides are
trations generally were less than radates were detected much more related to landform type. The tri-

0.80 btg/L. Chlorpyrifos was frequently than their parent com- azine herbicides--atrazine and
detected in about 7 percent of the pounds with the exception of atra- cyanazine--and their degradates
samples. As with the other insecti- zine and two of its degradates-- were present in significantly higher
tides, chlorpyrifos was detected deethylatrazine and deisopropyb concentrations in streams draining
most frequently in June (about 30 atrazine (fig. 18). soils dominated by windblown
percent of the samples). The high- On average, approximately 83
est concentration was 0.06 btg/L, percent of the total pesticide mass
Malathion was detected in only (parent compounds and degradates) 5~

~three samples in spring and early can be accounted for by 10 com-

"~"iI_~[ t

summer at concentrations that mon degradates of acetochlor, ~ ~

ranged from 0.023 to 0.078 ggFc. alachlor, atrazine, cyanazine, and ~E,,,~ cc
Insecticides were detected more metolachlor. Concentrations of z ~-

frequently in streams than in shal- acetochlor ESA. alachlor ESA, and ~z< ~

low ground water in the alluvial metolachlor ESA commonly were ~ ~
aquifers. Lower use relative to the more than 10 times higher than ~z g
herbicides, short half-life, and their parent compounds. Although ~
application during periods of herbicide degradates frequently -
reduced runoff may account for the occur in substantial concentrations 0

overall low detection rate and low in streams, only limited research
== g ~ } ~ ~ "~ < g~ o m

concentrations of insecticides in has been conducted on the acute EXPLANATION
rivers and streams, and chronic human and environ- | Atrazine | Deethylatrazine

Pesticide degradates consti- mental effects of these compounds | Metotachlor | Metolachlor
ethanesutfonic

tute the majority of the pesticide (Heydens and others, 2000). acid (ESA)

compounds in streams. The pesti- The occurrence of degradates
cide degradate compounds were and the ratio of degradate to parent Figure 23. Pesticides and their

some of the most frequently compound were substantially degradates are readily available for

detected pesticide compounds in different for the triazine (atrazine transport to streams and rivers in late

streams (fig. 18) and on average and cyanazine) than the chloroacet- spring and early summer after
application. A common metotachlor

constituted the majority of the pes- anilide (acetochlor, alachlor, and degradate persists at higher
ticide mass in water samples. Ace- metolachlor) compounds. Concen- concentrations than a common atrazine
tochlor ESA, alachlor ESA, trations of the triazine degradates degradate throughout the year.
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increases with total (parent com-
pounds plus degradates) triazine

’ Multiple Pesticide Compounds Occur More Frequently in herbicide concentrations (Porter
Streams Than in Ground Water and others, 2001).

The use of a Runoff from rains soon after
wide variety of z~_c~ application washes large quanti-
pesticides in ~ ~_ 100 ties of pesticides into streams.
the Eastern x° f-- ~ Concentrations of pesticides and
Iowa Basins is ,,, ~~ so

their degradates were highest in the
~ ~ late spring and early summer whenreflected by the ~_ 60

presence of ~ ,~ ~ intense rains occurred soon after
multiple com- ~ ~ z~ ,~0 application (fig. 23). Pesticides and

their degradates are transportedpounds in
~ ~~ 20streams and ,z,, ,~ from the Eastern Iowa Basins in

ground water, o largest quantities during, the late
Two or more ~: z5 0 ~

~.- 0 1 2 3 4 5 6 7 8 9 ~0 1~ spring and early summer. Pesticide
compounds NUMBER OF DETECT~ COMPOUNDS degradates make up the largest part
were detected of the pesticide load transported to
in every sam- Figure ~4. More than one pesticide compound was always the Mississippi River. Pesticide
ple, and five or present and more than five compounds were detected in data from the Iowa River at
more corn- about 80 percent of the stream samples. Multiple Wapello, Iowa, illustrate that the
pounds were degradates were more common than multiple parent monthly degradate load was higher
detected in compounds in ground water. than the loads of the parent
more than 80 percent of the stream samples (fig. 24). As many as 16 pesti-compounds throughout the year
cide compounds were detected in a single stream sample. In contrast, 2 or(fig. 25) but were particularly dora-
more compounds were detected in only 17 percent and 5 or more pesticidesinant during the spring and early
in less than 2 percent of the ground-water samples, summer and late fall and winter

Multiple degradates were much more frequently detected than multiple periods. Typically, the loads for all
parent compounds in ground water. Many pesticide compounds attach tocompounds were largest during the
soil particles and are not readily leached to the ground water. However, thespring and early summer (March
pesticide degradates sampled are generally more water soluble and oncethrough June) when significant
formed in the soil may move readily to the shallow ground water. Also,runoff events transported pesticide
several degradates may form from each pesticide, accounting for additionalcompounds to streams. In the fal!
degradate compounds.

The importance of multiple pesticide compounds for human and envi- ~
ronmental health is currently unclear. Most toxicity assessments are based~, O~ 30

on results from a single contaminant. ~ _~ [] Degradates

~ <~." 20                ==Parent
uJ ~O                        pesticides

loess (Southern Iowa Drift Plains) herbicides available for plants and ~ ~
than in streams draining till soils greater persistence. Less triazine ~ ~-
(Des Moines Lobe or the Iowan herbicides have been applied to till "~ ~a_’’’ ~ if- ~ ,~           ~ ~ ~ ~ y~ o z a ~ =~ " ~ ~" ~ ~, ~

Surface). Because of differences in soils (particularly in the Des
soil properties, triazine pesticide- Moines Lobe) because the effects Figure 25. The most frequently used
use rates are apparently less in of triazine herbicides can "carry pesticides begin breaking down before
areas dominated by till soils such over" to soybeans planted after being transported from the Study Unit to

the Mississippi River. More than 80as the Des Moines Lobe and Iowan    corn. Results from a regional low-
percent of the yearly pesticide load in

Surface landforms (Stoltenberg and flow synoptic study (Sorenson and the Iowa River at Wapello is pesticide
Pope, 1990). The high pH of the till others, 1999) indicate that the per- degradates. Of the yearly load. about 57
soils (increased calcium carbonate centage of blue-green algae in percent was transported from the Study

Unit during May, June, and July.content) results in more triazine stream periphyton communities
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and winter months, however, the Other Organic Compounds tions were low, MTBE concentra-
pesticide degradates accounted tbr tions from two urban monitoring
nearly all of the pesticide loads The gasoline additive MTBE wells were at levels of potential
(fig. 25). Parent compounds was the most commonly detected concern for human health (USEPA
accounted for only 3 percent volatile organic compound in drinking-water advisory of 20 to
(December) to 27. percent (May) of ground water. Shallow alluvial 40 ~tg/L). MTBE was commonly
the total pesticide compounds ground water in urban areas is sus- found with other gasoline corn-
transported from the Iowa River. ceptible to contamination from pounds (benzene, ethylbenzene,
Much of the water and dissolved organic compounds resulting from toluene, and xylene), indicating
pesticide compounds originated activities such as transportation, that contamination likely origi-
from ground-water inflow during manufacturing, and ser~,ice indus- nated from leaking fuel storage
the relatively dry late fall and win- tries. Volatile organic compounds tanks and possibly from surface
ter months. The presence of rela- (VOCs) were detected in 40 per- spills. MTBE was not detected in
tively high concentrations of cent of alluvial samples from urban agricultural areas. Solvents were
alachlor and metolachlor degra- areas and 10 percent of the samples detected in less than 15 percent of
dates in the fall and winter, several from agricultural areas. Methyl the samples, and other VOCs were
months after pesticide application tert-butyl ether was the most fre- detected in less than 10 percent of
when parent compounds have all quently detected VOC and was the samples.
but disappeared, indicates that present in 23 percent of samples Water from deeper in the alluvial
these compounds are relatively from urban areas (fig. 26). aquifers and in the deeper Silurian-
stable. Although most detected concentra- Devonian and Upper Carbonate

Methyl tert-butyl ether (MTBE), a compound added to gasoline to
enhance the octane content or to ensure cleaner burning with reduced car-
bon monoxide emissions, was detected in the alluvial aquifers underlyingz

~ 100towns and cities in the Eastern Iowa Basins at a rate similar to the average
detection rate in the United States (Squillace and others, 1999). However,~ 80
detection rates (fig. 26) were not as great as in shallow, vulnerable aqui-_z

fers in Denver, Colorado (Bruce and McMahon, 1996), and other areas
where MTBE has been used extensively to reduce carbon monoxide emis- ~: 40

zsions. MTBE also has been detected in areas where MTBE is used only to o_ 20
enhance the octane content (Zorgorski and others, 1997). Although etha-
nol is commonly added to gasoline in Iowa, MTBE has also been added to

uJ Eastern United Denver, iowaincrease the octane level. Legislatively mandated sampling of soil andc~ Iowa States Colorado LUST
ground water from leaking underground storage tank (LUST) sites in Basins 1985-95 sites
Iowa verified that MTBE is prevalent in gasoline-contaminated areas
(Iowa Department of Natural Resources, 2000b). MTBE was present in
ground water at about 59 percent of the 523 LUST sites in 248 Iowa Figure 26. The presence of the
towns and cities, gasoline additive MTBE in alluvial

The effects of MTBE on human health are not fully understood, butaquifers in urban areas reflects the
common occurrence of MTBE at

MTBE has been linked to headaches, nausea, dizziness, and breathing dif- gasoline-contaminated sites in Iowa.
ficu]ties (Me]nick and others, 1997). Experimental studies indicate that
MTBE is carcinogenic in rats and mice (Mehaick and others, 1997).
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Biological communities (algae, fish, and invertebrates) in streams in the Eastern Iowa Basins generally rank in the
middle 50th to highest 25th percentile most tolerant of environmental degradation nationally (fig. 27). Commonly,
biological communities in streams change in response to environmental changes (degradation). Degradation can result
from a anety of factors that modify habitat or other environmental features such as land use, water chemistry, stream-
flow, and others. The biological commu-
nity may change from few individuals of
many species to a community of many lnverte-individuals of a few tolerant species. Landform/land- Stream or river Algal

brute Fish
Algal status focuses on the changes in use setting (see p. 26)

~tatus status status
the percenta.ge of certain algae in
response to increasing siltation and seems Streams
tO correlate relatively well with higher Reference site Wapsipinicon River near ¯ ¯ ¯nutrient concentrations in many regions. Tripoli
Invertebrate status is the average of

Des Moines Lobe Iowa River near Rowan ¯ ¯ ¯11 invertebrate (primarily insects,
worms, crayfish, and clams) metrics that Des Moines South Fork Iowa River ¯ ¯ ¯summarize changes in richness, toler- Lobe with near New Providence i
ance, trophic conditions, and dominance concentrated

AFOsassociated with water-quality degrada-
tion. Fish status is the sum of scores of Southern Iowa Old Mans Creek near ¯ I ¯ ¯four fish metrics (percent tolerant, Drift Plain Iowa City

¯ omnivorous, non-native individuals, and Iowan Karst Flood Creek near ¯ [ ¯ ¯percent individuals with external anoma- Powersville
lies) that change (increase) in association lowan Surface Wolf Creek near Dysart ¯ [ ¯ ¯with water-quality degradation. For all
indicators, higher values indicate a more Large Rivers
degraded stream site. Mixed Wapsipinicon River near I ¯ ¯

Community differences occur among DeWitt
[ ] ] ¯streams in the Eastern Iowa Basins, but Mixed Iowa River at Marengo
[

¯
[ ¯ [ ¯these differences are small in relation to Mixed Cedar River near Conesville[ ¯ [ ¯ [ ¯differences across the Nation. From a Mixed Iowa River at Wapello [ ¯ / ¯ [ ¯national perspective, algal status was

Mixed Skunk River at Augusta [ ¯ ] ¯ ] ¯moderate to high in all Study Unit
streams and rivers and corresponds with ¯ Highest 25 percent nationally
high concentrations of dissolved and total ¯ Middle 50 percent nationallynutrients. With one exception (Wapsipin- ¯ Lowest 25 percent nationallyicon River near DeWitt), invertebrate sta-
tus tended to rank in the middle to lowest National network represents 140 sites in the NAWQA national basic fixed-site
25th percentile, indicating a moderate network that have algal, invertebrate (primarily insects, worms, crayfish,
degree of degradation in relation to the clams), and fish data
rest of the Nation. Because of nutrient
enrichment and subsequent abundance of
algae and organic material, an abundant Figure 27. Status of biological communities--comparison of Eastern Iowa
food supply is present to support a diverse Basins sites to selected national network sites.
invertebrate community. From a local and
regional perspective, invertebrate status indicated greater degradation in large rivers than small streams. However,
lower status in the Skunk River may be associated more with better habitat at that site than any quantitative differences
in water chemistry among other large rivers. Fish communities tended to be ranked highest (most degraded) to moder-
ate when compared nationally. Based on the presence of more species sensitive to environmental stress, the fish popu-
lation at Wapsipinicon River near DeWitt was minimally affected by environmental degradation in relation to other
sites nationally.
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bedrock aquifers used for rural Biological Communities and Iowa Basins. Measures of fish-
domestic supply rarely contained Stream Habitat community status, tolerance, struc-

ture, and index of biotic integritydetectable concentrations of VOCs. The quality of water entering
(IBI) indicated that fish communi-even though gasoline is commonly from runoff and ground water

stored and solvents are at times inflow is an important factor that ties also differed among land uses
and landforms in the basinused in the vicinity of these wells, influences the community structure

Pesticides banned or restricted of fish, invertebrates, and algae that (fig. 28). Habitat and water-quality
data indicate that differences inlive in the rivers and streams of the

in the 1970s and 1980s are still Eastern Iowa Basins. Stream habi- species composition between rivers
present in fish tissue. Although no tat, the physical conditions in and and streams are probably due to
longer in use, residue from organo- along streams and rivers, also more than just stream size.

chlorine insecticides (chlordane, influences the occurrence and dis- Although differences in stream size

DDT. dieldrin, and heptachlor tribution of aquatic organisms, and associated habitat differences
favor the occurrence of differentepoxide) is still found in fish-tissue Water-quality degradation and

samples collected from eastern habitat alteration resulting from species, relatively higher concen-
trations of suspended sediment and

Iowa streams (Roberts, 1997) but agricultural and urban activities
phosphorus in large rivers may

not at levels of concern for human can adversely affect aquatic corn- contribute to habitat degradation
health. Concentrations were rela- munities,

and eutrophication that may
tively higher in agricultural than In general, degradation results in explain the relatively lower IBI
urban streams, and fish from the the replacement of native species scores at large river sites (Sullivan,
Wapsipinicon River Basin con- with those that are more tolerant of 2000).
tained lower concentrations of con- nutrient and organic enrichment.

There also tends to be a reduction       The two highest IBI-rated rivertaminants than fish from the Cedar in numbers of sensitive species, sites were the Wapsipinicon River
or Iowa River Basins. Although increases in abundance and domi- near DeWitt and the Cedar River at
aldrin, an organochlorine pesti- nance of tolerant species, and Gilbertville, an integrator site for
cide, has been banned since the decreases in the diversity and even-
1970s, its degradate, dieldrin, was ness of biological communities that -~ so
present in five stream samples dur- are typically considered an indica-
ing or immediately following tor of environmental stress. z 40
spring runoff. Dieldrin was present Biological metrics that contain
in tissue samples collected from measures of the composition, abun-

~ 30
carp at 15 of 16 sites in eastern dance, function, and tolerance of
Iowa. and concentrations in fish species to environmental stress are ,,x,

seem to be associated with agricul- commonly used to evaluate aquatic z 20
tural settings (Roberts, 1997). Con- communities in relation to water ~,,,.,~

centrations that peaked in sediment quality and habitat conditions.

deposited in Coralville Reservoir Fish populations are related to ’~ ~ -°~ "~ s-~e’ ,,o~’
during the 1993 flood indicate that stream size and water-quality

.~ ~o~
dieldrin is still transported in rivers conditions. During 1996-98,

during high flow (Kalkhoff and 67 fish species representing Figure 28. Healthy fish populations
15 families were collected in sixVan Metre. 1997). In contrast to the                                      were present in one of the least affected
streams and six rivers in the East-     (reference) and one of the most affectedapparent agricultural source of ern Iowa Basins (Sullivan. 2000). (animal feeding operations) streams in

dieldrin, the occurrence and con- The species and trophic composi- the study area. Factors other than water
centration of PCBs (polychlor- tion, as well as the abundance and quality (stream habitat) also have an

important effect on fish populations.inated biphenyls) in fish tissue condition of fish communities, var-    (Site number in parentheses; see site
indicate an urban source for this ied between the smaller streams map in "Study Unit Design" Section.)
contaminant (Roberts, 1997). and large river sites in the Eastern
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the upper Cedar River ~x’aer,hed higher in large rivers, whereas the collections from submerged woody
River sites with the lowest t t~l abundance of less-tolerant may- debris. Algal communities were
scores include the Skunk River at flies, stoneflies, and caddisflies dominated by taxa that are tolerant
Augusta and three sites in the Iowa IEPT taxa: see Glossary) was rela- to nutrients and other agricultural
River Basin: Iowa River at tively larger in small tributary contaminants such as herbicides
Marengo, Old Mans Creek near streams (Brigham and Sadorf, and sediment.
Iowa City, and the most down- 2001). Ho~xever. most invertebrate
stream integrator site (Iowa River taxa in eastern Iowa streams and Relative differences are seen in

at Wapello). rivers are considered to be tolerant algal status (an indicator of nutrient

Agriculture and subsequent of nutrient and organic enrichment and sediment enrichment) and bio-

organic enrichment of the streams (Hilsenhoff, 1987). Stream veloc- mass among sites from a regional
ity, rates of stream respiration, rain- and local perspective. For example,have likely reduced habitat, cover,

and water-quality requirements for imum dissolved oxygen, wooded- algal biomass (the amount of

the maintenance of diverse fish riparian zones, and the compositionattached algae) was relatively

populations and communities, and abundance of periphyton were higher in Old Marts Creek, Flood

However, the small number of fish the primary factors associated with Creek, and the Cedar River at Gil-
species in Flood Creek (fig. 27) invertebrate community structure bertville than other sites. Within
may be reflective of the karst (M.A. Hams, U.S. Geological Sur- the Eastern Iowa Basins, algal sta-
hydrology in the basin; extended vey, written commun.. 2000). tus was relatively better in the
reaches of Flood Creek may be dry In general, invertebrate diversity Wapsipinicon River near Tripoli
during low-flow conditions or was lower in unshaded streams (the reference site) andin the Cedar
periods of drought, limitiug fish with silt. sand, or gravei bottoms River near Gilbertville and Cones-
communities to juvenile fish or (for example, Iowa River near ville.
those with rapid recolonization Rowan and Old Mans Creek) than

During low-flow conditions inrates, in shaded streams with bedrock or
Macroinvertebrate eommuni- large rocks (for example, Flood August 1997, shaded streams that

drain permeable soils (for example,ties in the Eastern Iowa Basins      Creek and Wapsipinicon River near
the upper Cedar and Wapsipiniconreflect cumulative effects of both Tripoli). Despite similarities in

land use and downstream succes- agricultural land-use intensity in River Basins) were dominated by

sion--the natural sequence of corn- the Midwestem Corn Belt, inverte- periphyton taxa (diatoms, red

munities from headwater streams brate communities reveal substan- algae, and green algae) that are a

to large rivers (Vannote and others, tial differences in the quality of good food source for invertebrates

1980). More than 250 benthic streams and rivers, corresponding and fish. In contrast, channelized
invertebrate taxa were found in col- to physical (modifications of streams and rivers with poor ripar-
lections from submerged woody stream channels and riparian Jan shading, impermeable soils,
debris at 12 Basic Fixed Sites (see zones) and hydrologic (rainfall- and slow velocity were dominated
Glossary). Aquatic insects, includ- runoff and ground-water relations) by phytoplankton taxa (notably
ing mayflies, net-spinning caddis- differences among basins (M.A. blue-green algae) that are avoided
flies, and midges, accounted for Harris, U.S. Geological Survey, as food sources and contribute to
more than one-half of the organ- written commun., 2000). organic enrichment, higher rates of
isms collected. The abundance of Algal communities are domi- stream respiration, and lower dis-
highly tolerant midges (Chironomi-nated by nutrient- and sediment- solved oxygen concentrations dur-
dae) and worms (Oligochaeta), as tolerant taxa. More than 330 algal ins the night (Sorenson and others,
well as collector-filterers was species were found in periphyton 1999: Porter, 2000).
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Despite similar land use throughout resulting from excessive algal produc-
the Corn Belt region of the Midwest, tion in some Midwestern streams may
streams flowing through cropland Minnesota reduce dissolved oxygen concentra-
differ considerably in their ecological tions and be detrimental to other
characteristics, in part because of requirements of aquatic organisms.
differences in riparian buffer zones
(see text box). This conclusion is ~

UMIS Shading from tree cover in riparian

based on an investigation of . ’-, wisconsin
-~ buffer zones may influence nutrient

concentrations indirectly by reducing
70 streams and rivers withinin three _,:. %~ the growth of phytoplankton. In
NAWQA Study Units the upper ¯

~ streams where phytoplankton wereMidwest during August 1997 (fig. 29; " " ~ abundant (often where buffer zones
Sorenson and others, 1999; Porter and ~owa = "~." were thin or lacking), dissolved nitrateothers, 2001). Specifically, increases .." ¯ ° Illinois
in tree cover in buffer zones were EI~A~" " " " concentrations were significantly

lower (fig. 30; Porter, 2000). The ¯associated with aquatic biological , ..
. o.....,~

communities indicative of good ¯ -: ~ ~ lower nutrient concentrations may
result from uptake by the abundantstream quality, reduced nuisance algal "LIR.~

growths, and maintenance of suffi- : ~. phytoplankton. Thus, assessments of
eutrophication would benefit fromcient dissolved oxygen concentrations

i
~:~: consideration of biological communi-to support diverse communities of ~

aquatic organisms. For example, the ~ ¯ ties and the riparian zone, rather than
number of aquatic insects indicative being based solely on nutrient concen-

of good stream quahty tended to Figure 29. The influence of riparian buffer trations in the water.
increase with increases in percentagezones on the quality of 70 Midwestem streams
of tree cover, especially in sites whereand rivers was evaluated in the Upper Missis- ~lS|
streamfiow and dissolved oxygen con- sippi River (UMIS), Eastern Iowa (EIWA), and
ditions were favorable. Fish communi-Lower Illinois River Basins (LIRB). ~10
ties, sampled at 24 sites in the UMIS Streams with less tree cover, and
Study Unit, also indicated better over-thus less shading, contained relatively
all conditions in streams with woodedlarge growths of phytoplankton (algae
riparian zones than those with more suspended in the water) at levels con-
open canopy (Stauffer and others, sidered indicative of eutrophication

Phytoplankton abundance2000).                            (Porter, 2000). Organic enrichment
Chlorophyll-a (p_g/L)

Figure 30. Dissolved nutdent concentra-
tions decreased in eutrophic streams with
excessive algal productivity. Rates of nutri-
ent uptake by the algae can exceed rates
at which nutrients are transported by
streams dudng low-flow conditions.

Resource agencies, including the U.S.
Department of Agriculture, encourage
maintenance of strips of trees or grass be-
tween cropland and streams as a best man-
agement practice. These "riparian buffer
zones" are thought to intercept runoff of
sediment and chemicals from fields, pro-
mote bank stability, and provide shading
and habitat for aquatic life (Osborne and
Kovacic, 1993). Riparian buffer zones
should be considered along with other im-

Digital images derived from USGS topographic maps were used to estimate the portant factors that affect chemical and bio-
percentage of trees in a riparian buffer zone (a 100-meter width on each side of thelogical indicators of stream quality, such as
stream) for 2- to 3-mile segments upstream from each sampling site, supplemented bysoil drainage properties and stream
vegetation surveys at the sampling site (Sorenson and others, 1999). hydrology (Porter and others, 2001).
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STUDY UNIT DESIGN

The objective of the Eastern Iowa Basins NAWQA studybiweekly) through the spring and summer of 1997.
was to assess the water-qualit.v conditions in streams andTwo synoptic studies were conducted during base-
ground water in the Study Unit. The study design is based onflow conditions (high and low base flow) to improve
a nationally consistent structure that incorporates an inter-the spatial resolution and to better evaluate the effects
disciplinary approach (Gilliom and others, 1995). Stream-of soil type and riparian buffers on stream-water qual-
water quality was assessed using three interrelated compo-ity and biological communities.
nents: stream chemistry, streambed-sediment chemistry, and
stream ecology. Ground-water quality of the alluvial aqui- EXPLANATION

fers was selected for assessment because these aquifers are Alluvial aquifer
the major source of water for municipal and domestic sup- .:. ~.~,---~; Silurian-Devonian and
plies and they provide flow to streams. Water quality in the .......upper Cabonate aquifers
Silurian-Devonian and Upper Carbonate aquifers also was ¯ Well in Silurian-Devonian

or Upper Carbonate aquifers
investigated. 9~ ¯ Well in Iowa River alluvial aquifer

Stream Chemistry
¯ Domestic well in alluvial aquifer

¯ Well in urban land-use setting

The Basic Fixed Site sampling network was designed to wel~ in agncultural land-use setting
characterize the effects of physiographic differences on
water quality in the primarily agricultural Study Unit. Water-
chemistry, bed-sediment, and reservoir-core data were col-
lected. Sites were selected on large rivers and smaller ~ ¯streams. Fixed sites on large rivers were located near the
mouth of the four major rivers to characterize the integrated
effects of differing land use and environmental setting on
stream quality. Two additional large river sites were chosen
to assess the upper part of the Cedar River and the Iowa ’-"5~ ° "~
River, before it flows into Coralville Reservoir. Fixed sites
on streams were selected to characterize each of the physio- "-~,
graphic areas. A reference site was selected on a watershed \
that retains a large amount of bottomland wetlands. Another
site was selected to assess the effects of concentrated animal
feeding operations on stream quality. A subset of the Basic
Fixed Site network was intensively sampled (weekly to

EXPLANATION
LANDFOFIM REGIONS Stream Ecology

Des Moines Lobe Ecological data including fish-tissue chemistry andIowan Karst
Iowan Sudace fish, macroinvertebrate, and algal community struc-
Southern Iowa ture were collected to provide better understanding of9~" Drift Plain              the relations among physical, chemical, and biological

.r;~_~)
SAMPLING SITES characteristics of a stream. Data were collected at the

~ "~    ’" 0 Intensive fixed site Basic Fixed Site sampling network plus four addi-
< .....~o-.k- T’~’ ...... ¯ Bas,c fixed site tional sites to provide better spatial coverage.

,~,,~R,,,~ ~ ~- ’,, "\ ~ \ ’- ~ Streambed-sediment
R .... (3) " ..... \ "’ L \\ and t,ssue s,te G round-Water Chemistry

,~o ’"~ - \ ~’~ I~’~\ ~,,~_ ¯ Base-flow synoptic

~o .Fo. ;~ \ 0~ ~ ~t, studysite The ground-water network was designed to charac-
,,.,,..,,~, ~) "’~ .... , ’~ ~,_ terize water quality in the most heavily used aquifers
........ (4) ,:. ~ .-~[. ’~ ~�., ......,..~,., in the Study Unit. A Study Unit survey characterized

"~ -" -~~ ¯~ -’~-’~ c~,,. ...... the water quality in the Silurian-Devonian and Upper
.-- t~ ~ ~ \\." ~"~" ......... Carbonate bedrock aquifers, the second greatest
. -,2>.~ , L ~ ~ ....D.~,,~ source of municipal and domestic supplies in the

’:°-~.~ ,i ~ ~ ’,, , ~t,    -’<’,2:~ Study Unit. Another Study Unit survey characterized
~ the water quality of the alluvial aquifers using domes-

~’~’~ ~-’. ’- ~’Z--~ ~ ~-~~- tic wells. Land-use studies assessed the occurrence
.......... -’~%~ -.~I~"~ c ............ and distribution of water-quality constituents in

~ --’-.--~-.~ \ recently recharged water in the alluvial aquifers. Agri-
.... ,o~, c,~,~ .<-.. , ~ ~ c ........~,o~ cultural and urban land-use effects on quality of shal-

""-’~-=’~I~ -- ....~ ...... low ground water was characterized by sampling two~_, ~-~ ~....,,o ~,,~ networks of monitoring wells constructed at randomly
s~o~ ~,.,= selected sites.

26 Water Quality in the Eastern Iowa Basins

R0024517



SUMMARY OF DATA COLLECTION IN THE EASTERN IOWA BASINS, 1996-98

Stream chemistry

Basic Fixed Major ions, organic carbon, suspended sediment. Streams draining basins from about 2,300 to more 6 in Monthly begm-

Sites--large nutrients, pesticides, and streamflow were deter- than 12.000 square miles that integrate the 1996, ning m

ravers mined to describe concentrations and the amount efl’ects of urban and agricultural land use and 5 in March 1996

of selected constituents transported from the physiographic regions 1907- and dunng
selectedstud}’ area 98 flood events

Basic Fixed Major ions. organic carbon, suspended sediment. Streams draining basins from 120 to 418 square 6 Monthly begin-

Sites-- nutrients, pesticides, and streamflow were deter- miles of homogeneous land use and physiogra- ning

streams mined to evaluate ph.vsiographic effects on ph.’. March 1996

stream-water quality and during
- selected

flood e,, ents

intensive Fixed Major ions. organic carbon, suspended sediment, One large met and two stream Basic Fixed Sites 3 Weekly during

Sites nutnents, pesticides, and streamflow were deter- 1997 grow-

mined to define shor~-term temporal ;anability ing season:
biweeMy tot
remainder of
the year

Base-flow syn- Nutrients. pesticides, orgamc carbon, and stream- Streams draining basins ranging from 120 to 530 25 August 1997
optic study rio’,,,’ were determined to refine spatial variability square miles representing greater than 90 per- and Ms_,,

during both low and high base-flow conditions cent agricultural land use 1998

Bed-sediment chemistry

Bed sediment Trace elmnents, organochlorme, and semi’~ olatile Ecological sites--Large river and tributaD.’/head- 16 September
and tissue orgamc compounds in streambed sediment to water fixed sites plus four additional sites tor 1995

determine presence of these potentially toxic, better spatml coverage
hydrophobic compounds

Resem olr core Trace elements and organochlorine compounds in Site in a deep depositional zone of the Coralville I November
stud’, sediment to determine the historical occurrence i Resep.’oir about [.5 miles upstream from the ~993

Ifrom filling in !958 to 1993) : dam

Stream ecology

Bed sediment Trace elements and organochlorine compounds m ! Ecological s~te~ l 0 September
= 1995and t:tssue fish tissue to determine occurrence

intensive Fish, benthic invertebrates, algae, and aquatic and Ecological sites 12 All fixed sites
assessments riparian habitat were sampled and described to m 1996 and

assess community structure and to document intensive
within stream and annual variation sites in

1997-98

Ecological Benthic invertebrates, algae, and aquahc and ripar- Streams draining basins ranging from 120 to 530 25 August 1997
synoptic sur- Jan habitat were sampled to assess biological square miles representing greater than 90 per-
,, e.,, responses in relation to water quality and h~dro- cent agricultural land use

logic variability

Ground-water chemistry

Bedrock aqui- Major ~ons. nutnents, pesticides, pesticide degra- Existing domestic wells completed in the 33 June-July 1996
for surve.,,        dates, VOCs, and tritium were determined to         Silunan-De;,onian aquifer (32-700 feet deep l

assess quality in second most-used aquifer in
Study Unit

Allus’lalt aquifer The same constituents as in bedrock aquifer survey Existing domestic wells completed in unconsoli- 32 June-Jul.’. 1998
sur;’e~ were determined to assess quality in most-used dated alluvial deposits

aquifer in the Study Unit

Land-use The same consmuents as in bedrock aquifer surve.v Newly constructed momtoring wells at sites ran- 61 June-August
effects were deterimned to assess water-quality differ- doml.~ selected on alluvial deposits and corn- 1997
stud)-- ences due to agncuhural and urban land use pleted at the water table (31 agncuhural and 30
agricultural urban wells
and urban

Ground-water chemistry special study

Changing land- The same constituents as in bedrock aquifer sup,’ey Existing momtonng wells plus three new morn- 28 August 1996
use study were deternuned to assess changes in water- tonng wells completed at various depths in the and 1998

quality, due to conversion of row crops to wet- lows River alluvial aquifer
lands and prairie
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GLOSSARY

Acre-footmA volume of water equal to 1 foot in depth Degradate--See Breakdown product.
and covering 1 acre; equivalent to 43,560 cubic feetDetection limitmThe minimum concentration of a sub-or 325,851 gallons, stance that can be identified, measured, and reported

Algae---Chlorophyll-beating nonvascular, primarily within 99 percent confidence that the analyte con-
aquatic species that have no true roots, stems, or centration is greater than zero; determined from
leaves; most algae are microscopic, but some species analysis of a sample in a given matrix containing the
can be as large as vascular plants, analyte.

Alluvial aquifer--A water-bearing deposit of unconsoli-
dated material (sand and gravel) left behind by a Discharge~Rate of fluid flow passing a given point at a
river or other flowing water, given moment in time, expressed as volume per unit

Alluvium--A general term for clay, silt, sand, and gravel of time.
deposited by a river or stream in the bed of the Drainage basin--The portion of the surface of the Earth
stream or on its flood plain, that contributes water to a stream through overland

Ammonia--A compound of nitrogen and hydrogen run-off, including tributaries and impoundments.
(NH3) that is a common by-product of animal waste.Drinking-water standard or guidelint~A threshold
Ammonia readily converts to nitrate in soils and concentration in a public drinking-water supply,
streams, designed to protect human health. As defined here,

Aquatic guidelines--Specific levels of water quality standards are U.S. Environmental Protection
which, if reached, may adversely affect aquatic life. Agency regulations that specify the maximum con-These are nonenforceable guidelines issued by a tamination levels for public water systems required
governmental agency or other institution. to protect the public welfare; guidelines have no reg-

Aquifer--A water-bearing layer of soil, sand, gravel, or ulatory status and are issued in an advisory capacity.
rock that will yield usable quantities of water to a
well. Ecoregion--An area of similar climate, landform, soil,

Base flow--Sustained, low flow in a stream; ground- potential natural vegetation, hydrology, or other eco-
water discharge is the source of base flow in most logically relevant variables.
places. EPT richness index--An index based on the sum of the

Basic Fixed Sites--Sites on streams at which streamflow number of taxa in three insect orders,
is measured and samples are collected for tempera- Ephemeroptera (mayflies), Plecoptera (stoneflies),
ture, salinity, suspended sediment, major ions, nutri- and Trichoptera (caddisflies), that are composed pri-
ents, and organic carbon to assess the broad-scale marily of species considered to be relatively intoter-
spatial and temporal character and transport of inor- ant to environmental alterations.
ganic constituents of streamwater in relation to Eutrophication--The process by which water becomes
hydrologic conditions and environmental settings, enriched with plant nutrients, most commonly phos-

Breakdown product--A compound derived by chemi- phorus and nitrogen.
cal, biological, or physical action upon a pesticide.
The breakdown is a natural process which may Ground water--In general, any water that exists
result in a more toxic or a less toxic compound and a beneath the land surface, but more commonly
more or less persistent compound, applied to water in fully saturated soils and geologic

Concentration--The amount or mass of a substance formations.
present in a given volume or mass of sample. Usu- Habitat--The part of the physical environment where
ally expressed as micrograms per liter (water sam- plants and animals live.
pie) or micrograms per kilogram (sediment or tissueI-lypoxia--Seasonally depleted dissolved oxygen con-sample), centrations (less than 2 milligrams per liter) in a

Constituent--A chemical or biological substance in water bodywater, sediment, or biota that can be measured by an
analytical method. Index of Biotic Integrity (IBI)--An aggregated number,

ContaminationmDegradation of water quality corn- or index, based on several attributes or metrics of a
pared to original or natural conditions due to human fish community that provides an assessment of bio-
activity, logical conditions.

Cubic foot per second (ft3/s, or cfs)--Rate of water dis- Indicator sites--Stream sampling sites located at outlets
charge representing a volume of 1 cubic foot passing of drainage basins with relatively homogeneous land
a given point during 1 second, equivalent to approxi- use and physiographic conditions: most indicator-
matety 7.48 gallons per second or 448.8 gallons per site basins have drainage areas ranging from 100 to
minute or 0.02832 cubic meter per second, about 400 square miles.
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Integrator or Mixed-use site--Stream sampling site Radon--A naturally occurring, colorless, odorless,

located at an outlet of a dr+:~ nagc basra that contam~ radioactive gas formed by the disintegration of the
multiple environmental ~cttmg, Most integrator element radium; damaging to human lungs when
sites are on major streams with relatively large inhaled.
drainage areas. Recharge--Water that infiltrates the ground and reaches

Intolerant organisms--Organisms that are not adapt- the saturated zone.

able to human alterations to the environment and Reference site--A NAWQA sampling site selected for
thus decline in numbers where human alterations its relatively undisturbed conditions.
occur. See also Tolerant species. Riparian zone--Pertaining to or located on the bank of a

Karst--A type of topography that results from dissolu- body of water, especially a stream.
tion and collapse of carbonate rocks such as lime- Runoff--Excess rainwater or snowmelt that is trans-
stone and dolomite, and characterized by closed ported to streams by overland flow, tile drains, or
depressions or sinkholes, caves, and underground ground water.
drainage. Species diversity--An ecological concept that incorpo-

Leaching--Refers to movement of pesticides or nutri- rates both the number of species in a particular sam-
ents from land surface to ground water, pling area and the evenness with which individuals

LoadmGeneral term that refers to a material or constitu- are distributed among the various species.
ent in solution, in suspension, or in transport: usuallySpecies (taxa) richness~The number of species (taxa)
expressed in terms of mass or volume, present in a defined area or sampling unit.

LoessmHomogeneous, fine-grained sediment made upStudy Unit~A major hydrologic system of the United
primarily of silt and clay, and deposited over a wide States in which NAWQA studies are focused. Study
area (probably by wind). Units are geographically defined by a combination

Maximum contaminant level (MCL)~Maximum per- of ground- and surface-water features and generally

missible level of a contaminant in water that is deliv- ~ncompass more than 4,000 square miles of land

ered to any user of a public water system. MCLs are area.
enforceable standards established by the U.S. Envi-Tile drain---A buried perforated pipe designed to
ronmental Protection Agency. remove excess water from soils.

Median--The middle or central value in a distribution ofTolerant species~Those species that are adaptable to
data ranked in order of magnitude. The median is (tolerant of) human alterations to the environment
also known as the 50th percentile, and often increase in number when human alter-

ations occur.Monitoring well--A well designed for measuring water
levels and testing ground-water quality. Total concentration~ Refers to the concentration of a

constituent regardless of its form (dissolved orMouth--The place where a stream discharges to a larger
bound) in a sample.stream, a lake, or the sea.

Nutrient--Element or compound essential for animal Triazine herbicide---A class of herbicides containing a

and plant growth. Common nutrients in fertilizer symmetrical triazine ring (a nitrogen-heterocyclic
ring composed of three nitrogens and three carbons

include nitrogen, phosphorus, and potassium, in an alternating sequence). Examples include atra-
Overland flow--The part of surface runoff flowing over zinc, propazine, and simazine.

land surfaces toward stream channels. Tritium--A radioactive form of hydrogen with atoms of
Periphyton~Organisms that grow on underwater three times the mass of ordinary hydrogen; can be

surfaces; periphyton include algae, bacteria, fungi, used to determine the age of water.
protozoa, and other organisms. Unconsolidated depositmDeposit of loosely bound sed-

Pesticide--A chemical applied to crops, rights-of-way, iment that typically fills topographically low areas.
lawns, or residences to control weeds, insects, fungi,Urban site---A site that has greater than 50 percent
nematodes, rodents or other "pests." urbanized and less than 25 percent agricultural area.

Physiography--A description of the surface features of Volatile organic compounds (VOCs)--Organic chemi-
the Earth, with an emphasis on the origin of land- cals that have a high vapor pressure relative to their
forms, water solubility. VOCs include components of gaso-

Plank(on--Floating or weakly swimming organisms at line, fuel oils, and lubricants, as well as organic
the mercy of the waves and CUlTents. Animals of the solvents, fumigants, some inert ingredients in pesti-
group are called zooplankton and the plants are cides, and some by-products of chlorine disinfec-
called phytoplankton, tion.
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APPENDIX--WATER-QUALITY DATA FROM THE EASTERN IOWA
BASINS IN A NATIONAL CONTEXT
For a complete view of Eastern Iowa Basins data and for additional information about specific benchmarks used, visit our Web site at http:Hwater.usgs.gov/nawqaL
Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http://infotrek.er.usgs.goviwdbctxJnawqa/nawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Eastern Iowa Study-unit frequency ol detection, in percent
Basins. Selected results for this Study Unit are graphically | N, at,oriel frequency of detection, in D ..... t St udy-un

compared to results from as many as 36 NAWQA Study
f ! .... ’ ’ ’ ’Acetochlor (Harness Plus, Surpass)Units investigated from 1991 to 1998 and to national 79

water-quality benchmarks for human health, aquatic life, or ~3 389 .... =-~ ,,, i5:0
fish-eating wildlife. The chemical and biological indicators
shown were selected on the basis’of frequent detection,
detection at concentrations above a national benchmark,

Alachlor (Lasso, Bronco, Lariat, Bullet)or regulatory or scientific importance. The graphs illustrate
20

I
0how conditions associated with each land use sampled in ~2 a5 ~ , 151

the Eastern Iowa Basins compare to results from across
~0the Nation, and how conditions compare among the

several land uses. Graphs for chemicals show only Atrazine (AAtrex. Atrex, Atred, Gesaprim)
detected concentrations and, thus, care must be taken to
evaluate detection frequencies in addition to ~o ~ , , :5:
concentrations when comparing study-unit and national
results. For example, acetochlor concentrations in Eastern 28
Iowa Basins agricultural streams were similar to the Bentazon (Basagran, Bentazone)
national distribution, but the detection frequency was much
higher (79 percent compared to 33 percent). ~5 ~ ..... 3:o

19 2 ~ 32

CHEMICALS IN WATER Cyanazine (Bladex, Fortrol)
Concentrations and detection frequencies, Eastern Iowa Basins, 1. ~ ’ ’ 0
1996-98---Detection sensitivity varies among chemicals and, thus,
frequencies are not directly comparable among chemicals

1 ~ 29
Detected concentration in Study Unit                                  o <

66 ~8 Frequencies of detection, in percent. Detection frequencies                      2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
were not censored at any common reporting limit. The left- 2
hand column is the study-unit frequency and the right-hand ~.6 ~ ’ 132°
column is the national frequency 0

-- Not measured or sample size less than two 0

zz Study-unit sample size. For ground water, the number of
samples is equal to the number of wells sampled Deethylatrazine (Atrazine breakdown product)

i00 75 :. ’ .... ~T:} 19262 0National ranges of detected concentrations, by land use, in 36 ~ 75 ....... 152
NAWQA Study Units, 1991--98~Ranges include only samples 81 39 -,
in which a chemical was detected 31~ 31928 .           = ¯ .....

3065
Streams in agricultural areas
Streams in urban areas Metolachlor (Dual, Pennant)
Streams and rivers draining mixed land uses

1(~ 83 i51
......... ~Lt~’~ ..... Shallow ground water in agricultural areas 29Shallow ground water in urban areas 23 9 , , ,
........ ~.~’~’~ ~ .......... Major aquifers

25 50 25 Prometon (Pramitol, Princep) **

86 0
National water-quality benchmarks
National benchmarks include standards and guidelines related to . ~ 30
drinking-water quality, cdteria for protecting the health of aquatic life, and 9 5 -~-m~....,~.~ .... 65
a goal for preventing stream eutrophication due to phosphorus. Sources
include the U.S. Environmental Protection Agency and the Canadian
Council of Ministers of the Environment 0.OOOl 0.OOl O.Ol 01 1 lO lO0 1.0oo

CONCENTRATION. IN MICROGRAMS PER LITER
I Drinking-water quality (applies to ground water and surface water)

I Protection of aquatic life (applies to surface water only) Other herbicides detected

I Prevention of eutrophication in streams not flowing directly into Acifiuorfen (Blazer, Tackle 2S)
lakes or impoundments Bromacil (Hyvar X, Urox B, Bromax)

Bromoxynil (Buctril, Brominal)¯ No benchmark for drinking-water quality Butylate (Sutan
¯ - No benchmark for protection of aquatic life DCPA (Dacthal, chlorthal-dimethyl) * *"

Dicamba (Banvel, Dianat, Scotts Proturf)
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Dichlorprop (2,4-DP, Seritox 50, Lentemul) " "" Insecticides not detected
2,6-Diethylaniline (Alachlor breakdown product) " "" Aldicarb (Temik, Ambush, Pounce)
Diuron (Crisuron, Karmex, Diurex) ** AIdicarb sulfone (Standak, aldoxycarb)
EPTC (Eptam, Farmarox, Alirox) * *" AIdicarb sulfoxide (Aldicatb breakdown product)
Metribuzin (Lexone, Sencor) Azinphos-methyl (Guthion, Gusathion M) *
Molinate (Ordram) " ** Disulfoton (Disyston, Di-Syston) **
Napropamide (Devrino0 " ** Ethoprop (Mocap, Ethoprophos) * **
Pendimethalin (Pre-M, Prowl, Stomp) ¯ ** alpha-HCH (alpha-BHC, alpha-lindane) *"
Picloram (Grazon, Tordon) Methiocarb (Slug-Geta, Grandslam, Mesurol) * **
Pronamide (Kerb, Propyzamid) ** Mathomyl (Lenox, Lannate, Acinate) **
Propachlor (Ramrod, Satemd) ** Metl~yl parathion (Penncap-M, FolidoI-M) **
Simazine (Princep, Caliber 90) Oxamyl (Vydate L, Pratt) *¯
Tebuthiuron (Spike, Tebusan) Parathion (RoethyI-P, Alkron, Panthion, Phoskil) "
Triclopyr (Garlon, Grandstand, Redeem, Remedy) ¯ *¯ cis-Permethrin (Ambush, Astro, Pounce) * **
Trifluralin (Treflan, Gowan, Tri-4, Trifle) Phorate (Thimet, Granutox, Geomet, Rampart) * **

Propargite (Comite, Omite, Ornamite) ¯ **
Herbicides not detected Propoxur (Baygon, Blattanex, Unden, Proprotox) * ¯¯
Benfluralin (Balan, Benefin, Bonalan) * ** Terbufos (Contraven, Counter, Pilarfox) **
Chloramben (Amiben, Amilon-WP, Vegiben) **
Clopyralid (Stinger, Lontrel, Transline) * **
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) " "*
De�thai mono-acid (Dacthal breakdown product) * *"
Dinoseb (Dinosebe) Volatile organic compounds (VOCs) in ground water
Ethalfluralin (Sonalan, Curbit) * *" These graphs represent data from 16 Study Units, sampled from !996 to 1998
Fenuron (Fenulon, Fenidim) * **
Fluometuron (Flo-Met, Cotoran) ** Study-unit frequency of detection, in percent
L inu ron (Lo rox, Linex, Sarclex, Linurex, A felon) " | Nationalf reque ncy of Oetection in p ..... t Study-unit sam pie s,ze
MCPA (Rhomene, Rhonox, Chiptox)
MCPB (Thistrol) ¯ ¯" ~ ~ ~ ~ ~ ~ ~

BenzeneNeburon (Neburea, Neburyl, Noruben) " "*
Norflurazon (Evital, Predict, Solicam, Zonal) ¯ *"
Oryzalin (Surflan, Dirimal) * **
Pebulate (Tillam, PEBC) * ¯" 6 10 .,~.~L’-’~.~. 31
Propanil (Stam, Stampede. Wham) * *" 3~ 1~ ~,~...-.,.,~,,-=~

1~
3065

Propham (Tuberite) **
2,4,5-T ** Carbon disulfide *
2,4,5-TP (Silvex, Fenoprop) °*
Terbacil (Sinbar) **
Thiobencarb (Bolero, Saturn, Benthiocarb) " **
Triallate (Far-Go, Avadex BW, Tri-allate) * 55 30 -..-~.~l~/~.~,--~----.~.~ 31

60 q2 30
51 2{~ ~

tt
65

Ch~oroethene (Vinyl chloride)
Pesticides in water--Insecticides
Study-unit frequency of detection, in percent

l s-.-.,iNational frequency of detection, in percent

ChloFpyFifos (Brodan, Oursban, Lorsban)

737~’8 = " IIIII
~ ~

I
.Z920 1,2-Dichloroethane (Ethylene dichloride)

~ 20 15~
16 I ~ I 32

30

p,p’-DDE
1 8 l 192 Dichloromethane (Methylene chloride)

4 151

~0

gamma-HCH (Lind~ane, gamma-BHC)
1 i 192 Methyl tert-butyl ether (MTBE)
~ 4 151

I
I I       I       I       I       I I I 0 6 ...... ~-~ ................ ~ 65

0.OOO1 0,001 0,01 0.1 I 10 100 ~,000 Methylbenzene (Toluene)
CONCENTRATION, IN MICROGRAMS PER LITER

87 30 ~    ~ H { ~ ~ 30Other insecticides detected 62 11 o.--~, 65
Carbaryl (Carbamine, Denapon, Sevin)
Carbofuran (Furadan, Curaterr, Yaltox) l I I I I 1 ~
Diazinon (Basudin, Diazatol, NeocidoI, Knox Out) o.oof O.Ol oA f to too f.ooo fo,ooo
Dieldrin (Panoram D-31, Octalox, Compound 497) CGNCENTRATION. IN MICROGRAMS PER LITERFonofos (Dyfonate, Capfos, Cudgel, Tycap) **
3-Hydroxycarbofuran (Carbofuran breakdown product) * ""
Malathion (Malathion)
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Study-unit frequency of detection, in ~,ce~" Ci$-1,3-Dichloropropene ((Z)-1.3-Dichloropropene)
! Netiona~ frequency of detection m ~,e~_e-" StuO’c-un. sam~,e s,z~ 1.1 -gichloropropene *

. . ,    ,    ,    " , Ethenylbenzene (Styrene)
Tetrachloroethene (Perchloroe"=e’~e -- Ethyl methacrylate *

Hexachtorobutadiene
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)

58 3‘ 8 ~....~,"~ -, I ., : 2-Hexanone (Methyl butyl ketone (MBK)) *
80 29 ~ ~

t
. - Methyl acrylonitrite *

,5 ~.6 .... .,,~’..~:~,~.,=.=,-~ ........ -" : Methyl-2-methacrytate (Methyl methacrylate) *
4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK)) *

Trichloromethane (Chloroform) Methyt-2-propenoate (Methyl acrylate) *
2-Propenenitrile (Acrylonitrile)
!, 1,2,2-Tetrachloroethane *

25 35 ~.~.~ :: ,~.~.~ .... ~: 1,1,1,2-Tetrachloroethane
50 53‘ , , .J.LL.----- , L , 3~ Tetrachloromethane (Carbon tetrachloride)

1,2.3,4-Tetramethytbenzene (Prehnitene) *
I I I I I I I I 1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) *

oool o.o! o.1 1 lO loo tooo !o.ooo 1.2,4-Trichlorobenzene
1,1,2-Trichloroethane (Vinyl trichloride)

CONCENTRATION, IN MICROGRAMS PER LITER Trichlorofluoromethane (CFC 11, Freon 11 )

OtherVOCs detected Nutrients in water
tert-Amylmethylether (tert-amyl methyl ether (TAME)) *
Bromodichloromethane (Dichlorobromomethane) Sludy-unlt frequency of detection, in percent
Bromomethane (Methyl bromide) I

National frequency of detection. ~n percent Study-unit sample size
2-Butanone (Methyl ethyl ketone (MEK))"

i -- .........n-Butylbenzene (1-Phenylbutane) * Ammonia, as N * **
sec-Butylbenzene * 57 ~ ~ .... 2 ~ ~
tert-Buty~benzene * ~ ~ 75 --
Chlorobenzene (Monochlorobenzene) ~5 78 .,~,~L~.-~.~--e~ .- ~, ...... 3~
Chlorodibromomethane (Dibromochloromethane) 7o 7~
Chloroethane (Ethyl chloride) * 95 7o
Chloromethane (Methyl chloride)
1.3-Dichlorobenzene (rmDichlorobenzene) Dissolved ammonia plus organic nitrogen, as N
1,4-Dichlorobenzene (p-Dicrdorobenzene) 93‘ ~ ~ 253
Dichlor0difluoromethane (CFC 12, Freon 12) ~ ~ ~ 2
1,1-Dichloroethane (Ethylidene dichloride) * ~ 28
1,1-Dichloroethene (Vinylidene chloride) 27 ~ 0
trans-l,2-Dichloroethene ((E)-l,2-Dichlorothene) 75 2~

cts-1,2-Dichloroethene ((Z)-1,2-Dichioroethene) Dissolved nitrite plus nitrate, as N *"1,2-Dichloropropane (Propylene dichloride) ~£ ~5
Diethyl ether (Ethyl ether) * c 7 0
Diisopropyl ether (Diisopropylether (DIPE)) * ~ ~ § ~
1,2-Dimethylbenzene (o-Xylene) 9~ 8~
1,3 & 1,4-Dimethylbenzene (m-&p-Xylene) 77
1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) *
Ethyl ten-butyl ether (Ethyl-t-butyl ether (ETBE)) * Orthophosphate, as P1-EthyJ-2-methylbenzene (2-Ethyltoluene) " 9~ 7~ -_-

72 0Ethylbenzene (Phenylethane)
~ 7,Iodomethane (Methyl iodide) *

Isopropylbenzene (Cumene) * 9~ 59
87 52 II J I n 30p-tsopropyltoluene (p-Cymene)* 83 61

Naphthalene
2-Propanone (Acetone) * Total phosphorus, as P * **
n-Propylbenzene (Isocumene) * 100 92 : ~ .... ~ 2539o 01,2,3,5-Tetramethylbenzene (Isodurene) * 1~0 88
Tfibromomethane (Bromoform)
1,2,3-Trichlorobenzene *
1,1,1 -Trichloroethane (Methylchloroform)
Trichloroethene (TCE)
1,2,3-Trichloropropane (Allyl trichloride) I i I I l ~      I      I I
1,2,3-Trimethytbenzene (Hemimellitene) * o.ool o.o~ o.~ t to ~oo 1.ooo to.ooo lOO,OOO
1,2,4-Trimethylbenzene (Pseudocumene) * CONCENTRATION, IN MILLIGRAMS PER LITER
1,3,5-Trimethylbenzene (Mesitylene) *

VOCs not detected Dissolved solids in water
Bromobenzene (Phenyl bromide) *
Bromochloromethane (Methylene chlorobromide) Study-unit frequency of detection, in percent
B romoethene (Vinyl bromide) " | Nationa, frequency of detection, in p ..... , S,udy-uni .... p lesize3-Chloro-l-propene (3-Chloropropene) *

I -[_                                                     ~1-Chloro-2-methytbenzene (o-Chtorotoluene) Dissolved solids" **
1-Chloro-4-methylbenzene (p-Chlorotoluene) 100 100

-- i00 01.2-Dibromo-3-chloropropane (DBCP, Nemagon) 100 3.00
1,2-Dibromoethane (Ethylene dibromide. EDB)
Dibromomethane (Methylene dibromide) * 100 100i00 !00 -- nn 50
trans-l.4-Dichloro-2-butene ((Z)-l,4-Dichloro-2-butene) 100 i00
1,2-Dichlorobenzene (o-Dichlorobenzene)
2,2-Dichloropropane * I
1,3-Dichloropropane (Trimethylene dichloride) * o.oo~ o.01 o.1 1 lO lOO tooo ~o,ooo lOO,OOO
trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene) CONCENTRATION, IN MILLIGRAMS PER LITER
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Trace elements in ground water CHEMICALS IN FISH TISSUE
Study-IJnit frequency of detection, in D ..... t AND BED SEDIMENT

National frequency of detection, in percenl Stud¥-und sample s,ze
, ~ Concentrations and detection frequencies, Eastern Iowa Basins,~ ~ ~ ~ ~ ~

i 1996--98~Detection sensitivity varies among chemicals and, thus,Radon-222 -- frequencies are not directly comparable among chemicals. Study-unit
frequencies of detection are based on small sample sizes; the

~ 00 99 ~’~ .~ ~
applicable sample size is specified in each graph

i00 i00
100 97 . * 6. ¯ Detected concentration in Study Unit

I ] I I ~ I i 66 ~ Frequencies of detection, in percent. Detection frequencies

OOl o 1 1 lO ~oo ~,ooo ~o~ooo ~oo,ooo were not censored at any common reporting limit. The left-
hand column is the study-unit frequency and the right-handCONCENTRATION, IN PlCOC0RIES PEF~ LITER column is the national frequency

Not measured or sample size less than two

~2 Study-unit sample size

National ranges of concentrations detected, by land use, in 36
NAWQA Study Units, 1991-98--Ranges include only samples
in which a chemical was detected

Organochlorines in fish tissue (whole body) F~h tissue from streams in agricultural areas
and bed sediment Fish tissue from streams in urban areas

Fish tissue from streams draining mixed land uses

S~udy-unit ~requency of ~etection. in percent " ~,’- ........... Sediment from streams in agricultural areas
National frequency of detection, in percent Study-unit sample size

I ~ = ~ ~ ~ ~
~ i "

Sediment from streams in urban areas
¯ - Sediment from streams draining mixed land uses

~ _]_ Total Chlordane (sum of 5 chlordanes) Low..~ Middle Highest

57 - ~ National benchmarks for fish tissue and bed sediment
- ~ 1 ~ -’----~’~’--- ~ 0 National benchmarks include standards and guidelines rela~ed to

o~p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) * cnteria for protection of the health offish-eating wildlife and aquatic

5 ~ ~ ~ 1; organisms. Sources include the U.S. Environmental Protection Agency,
6 ~ ~ ~ other Federal and State agencies, and the Canadian Council of

Ministers of the Environment
3027

50
i~ 20 ~ 0 I Protection of fish-eating wildlife (applies to fish tissue)

p,p’-DDE * "* I Protection of aquatic life (applies to bed sediment)

I0 0 90 ; _. _- __ .~ No benchmark for protection of fish-eating wildlife

1 ~(~ 92 I ,. 1 ~ *. No benchmark for protection of aquatic life

62

o,p’+p,p’-DDE (sum of o,p’-DDE and p,p’-DDE)"

30 ~ 8 -,,,,-,,l,-~4~1~[~ J 0 Study*unit frequency of detection, in percent
~.~

6239 ~ i0’ , N, at ional, req uency of de tect~on, in percent St udy-un ,t sample s, ze~

Total DDT (sum of 6 DDTs) ** Dieldrin+aldrin (sum of dieldrin and aldrin) *°

o,p’+p,p’-DDT (sum of o.p’-DDT and p,p’-DDT) " Heptachlor epoxide (Heptaghlor breakdown product) *

38 1 6 <i 10~ Ii I0

Dieldrin (Panoram D-31. Octalox) *                                           Heptachlor+heptachlor epoxide **
82 53                                                      I1 45 9 ~ 11

i0                                                                                               i0

01 1 10 100 1,000 10,000 ! 00,000 0.1 1 10 100 !.000 10,000 100,000

CONCENTRATION. IN MICROGRAMS PER KILOGRAM CONCENTRATION. IN MICROGRAMS PER KILOGRAM
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Study-unil frequency of detection, in percen~ Study-unit frequency of detection, in percent
f National frequency of detection in percent Study-unit sample size National frequency of detection, in percent Study-unit sample size

_L Total PC81 ~ ~ bis(2-Ethylhexyl)phthalate "* _L_
36 38 -~.~--,-,-.-,-

81                                   ~:0o 66 ,,.
o 2 " I ~0 i00 91

I I I I I        ; I Fluoranthene
o f t 10 lOO 1,o00    t o.0oo 100000

CONCENTRATION, IN MICROGRAMS PER KILOGRAM

1 The national detection frequencies for total PCB in sediment are biased low because aboul

See f~ttp://water.usgs.gov/nawq&/for additional informabon Phenol "*

Other organochlorines detected 100 81 ~ e~. ~ ! 0
82 ~DCPA (Dacthal, chlorthal-dimethyl) * ** iC)~ 80 ......... * :~ ~,~=,~,~

TotaI-HCH (sum o| a(pha-HCH, beta-HCH, gamma-HCH, and delta-HCH) ""

Pentachloroanisole (PCA) * "* 01 1 10 lOO 1.ooo lO.OO0 lO0.OOO

Organochlorines not detected CONCENTRATION, IN MICROGRAMS PER KILOGRAM. DRY WEIGHT

Chloroneb (Chloronebe, Demosan) * **
Endosuffan I (alpha-Endosulfan, Thiodan) * **
Endrin (Endrine) Other SMOCs detected
gamma-HCH (Lindane, gamma-BHC, Gammexane) * Acenaphthene
HexacNorobenzene (HCB) ** Acenaphthylene
Isodrin (Isodrine, Compound 711) " ** Acridine **p,p’-Methoxychlor (Marlate, methoxychlore) * "* Anthraceneo,p ’-Methoxychlor " "" Benz[a]anthracer, e
cis-Permethdn (Ambush. Astro, Pounce) * ** Benzo[a]pyrene
trans-Permethrin (Ambush, Astro, Pounce) * *° Benzo[b]fluoranthene **
Toxaphene (Camphechlor, Hercules 3956) * "* Benzo[ght]perylene -

Benzo[k]fluoranthene "*
Butylbenzylphthalate **
Chrysene
p-Cresol ""
Di-n-butylphthalate **
Di-n-octylphthalate **

Semivolatile organic compounds (SVOCs) Dibenz[a,h]anthracene
in bed sediment Diethylphthalate **

1,2-Dimethylnaphthalene "*
Study-unit frequency of detection, in percent                                                        1,6-Dimethylnaphthalene "*

.~- I l

Dimethylphthalate ""National fre~luency of detection, ~n percent Study-unil sample size
2-Ethylnaphthalene ""

Anthraquinone **                                                 9H-Fluorene (Ftuorene)
Indeno[1,2,3-cdJpyrene **
lsoquinoline **
1-Methyl-9H-fluorene **

30 21 ....
~]~ ................. i0 2-Methylanthracene **

~ _~983 ,*---,,,,,~i~~ .zo~ 4,5-Methylenephenanthrene **
1-Methylphenanthrene **

9H-Carbazole ** 1-Methylpyrene **
Naphthalene
Phenanthrene
Pyrene

~0 19 ~-~,~< ~e~. ~ ............ ,, ]0 2,3,6-Trimethytnaphthalene **

SVOC$ not detected
Dibenzothiophene ** ce-Alkylphenol **

Azobenzene **
Benzo[c}cinnoline "*
2,2-Biquinoline **

206~12 "~’11 " 2]0 4-Bromophenyl-phenylether **

bis(2-Chloroethoxy)methane **
2,6-Dimethylnaphthalene ** 2-Chloronaphthalene "*

2-Chlorophenol **
4-Chlorophenyl-phenylether "*
1,2-Dichtorobenzene (o-Dichlorobenzene) ""Ioo 65 .~..~- ~o 1,3-Dichlorobenzene (rmDichlorobenzene) ""

1~}(~ 77 .’-.--~C~: - .Z 0 1,4-Dich(orobenzene (p-Dichlorobenzene) **
3,5-Dimethylphenol ""

0t 1 lO lOO 1.000 lO.OOO    1dO.Odd Isophorone "*
CONCENTRATION, IN MICROGRAMS PER KILOGRAM, DRY WEIGHT Nitrobenzene "*

36 Water Quality in the Eastern Iowa Basins

R0024527



N-Nitrosodi-n-propylamine **
N-Nitrosodiphenylamine " BIOLOGICAL INDICATORS
Pentachloronit robenzene "*
Phenanthridine ** Higher national scores suggest habitat disturbance, water-quality
Quinoline *" degradation, or naturally harsh conditions. The status of algae,
1,2,4-Trichlorobenzene ** invertebrates (insects, worms, and clams), and fish provide a

record of water-quality and stream conditions that water-
chemistry indicators may not reveal. Algal status focuses on the

Trace elements in fish tissue (livers) and changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient

bed sediment concentrations in some regions. Invertebrate status averages 11
metrics that summarize changes in richness, tolerance, trophic

Study-unit frequency of detection, in percent conditions, and dominance associated with water-quality
N, ational frequency of detection, in percent Study-unit sample siz~ degradation. Fish status sums the scores of four fish metrics

i ~ ~ ~ ~ ~
~I

(percent tolerant, omnivorous, non-native individuals, and percent
Arsenic * individuals with external anomalies) that increase in association

70 56 ’~ I0
i with water-quality degradation

100 99 *~=~ I i1 Biological indicator value, Eastern Iowa Basins, by land use,
98

~
i 1996-98

~, Biological status assessed at a site

Cadmium "
100 77           ~                       10              National ranges of biological indicators, in 16 NAWQA Study

100 98 *,~,. I i i ~ Streams in undeveloped areas

100 98 io =’=== Streams in agricultural areas
~ Streams in urban areas

Chromium * ~ Streams in mixed-land-use areas
qo 62 ~ io

.~.=..=== i ~ 75th percentile
25th percentile

Copper " Algal stat~s indicator

lOO i00 -- ll Agricultural

ioo ioo

~~

Ii Urban

Lead " Invertebrate status indicator

i ~ a 1 ~ 11 Agricultural i

1ooioo.. ioo
~~

i~i Urban
100 99 10 Mixed

Mercury "                                                                                              ,

59 1

97
~

1 , ,
i ~ ~ 9 3 - , I o Fish status indicator

Nickel * "*                                                                        Undeveloped

50 11 Urban

100 i00 Ii Mixed I

Selenium *
ioo 99 7--~.~ IO

100 99 __ -

Zinc *
i00 i00 i0

- - i00 1

~oo :oo "~’t _J.
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Eastern Iowa Basins was integral to the success of this water-
quality assessment. We thank personnel from the following agencies and organizations who served as members of
our liaison committee and participated in our liaison committee meetings.

U.S. Department of.Agriculture University of Iowa
Natural Resources Conservation Service Hygienics Laboratory
Agricultural Research Service Limnology Section

U.S. Environmental Protection Agency, Region VII Environmental Research
U.S. Fish and Wildlife Service Institute of Hydraulic Research
U.S. Geological Survey Center for Health Effects on the Environment

Biological Resources Division                     University of Northern Iowa
Iowa Department of Agriculture and Land Stewardship        College of Natural Sciences

Pesticide Bureau                                 Wartburg College
Iowa Department of Natural Resources                     Biology Department

Environmental Protection Division Iowa Farm Bureau Federation
Geological Survey Bureau Iowa Environmental Council
Fisheries Bureau Iowa Ground Water Association

Minnesota Department of Natural Resources Izaak Walton League
Minnesota Pollution Control Agency Sierra Club
Minnesota Geological Survey Dow AgroSciences

Linn County Iowa REAP Dupont Agricultural Products
Linn County Iowa Conservation Board Novartis Crop Protection
Johnson County Iowa Board of Supervisors Monsanto
Cedar Rapids Water Department American Cyanamid Company
Iowa City Public Works American Corn Growers Association
Iowa State University Johnson County Farm Bureau

Center for Sustainable Agriculture
Department of Botany
Extension Service

We thank the following individuals for contributing to this effort.

James Cerveny, Jon Nania, Joel Galloway, Jennifer Tobias, and Matthew Bobier, the primary field personnel, who
worked in all conditions to obtain a high-quality data set without which this report would not be possible.

Linda Roberts, the Study Unit biologist, who planned and supervised the collection of algae, macroinvertebrate,
and fish samples.

The many U.S. Geological Survey personnel (too many to list) from the Iowa District and surrounding States that
assisted in the collection of biological samples and in the construction of equipment shelters.

Scott Yess and Ann Rundstrom of the Fish and Wildlife Service and J. Kent Johnson University of Iowa Hydraulics
Institute, who assisted in the collection of fish.

Technicians and chemists at the USGS National Water-Quality Laboratory in Denver, Colorado, who provided
analysis of all water samples. Mike Thurman and Elizabeth Scribner and the staff of the U.S. Geological Survey
Organic Geochemistry Research laboratory in Lawrence, Kansas, who analyzed all pesticide samples for
degradates. Researchers and technicians at the USGS Isotope Tracers Laboratory and the USGS National
Research Program Laboratory, who provided tritium and stable isotope analysis.

Tom Wilton of the Iowa Department of Natural Resources who provided a wealth of information, data, and advice
that was invaluable in the completion of the water-chemistry and biological parts of the study.

Reviewers--Michael Burkhart, USDA Soil Tilth Laboratory; Susan Heathcote, Iowa Environmental Council; Jim
Ellerhoff, Iowa Department of Agriculture and Land Stewardship; Richard Robinson, Iowa Farm Bureau Federation;
Bernard Hoyer, Iowa Department of Natural Resources; Geological Survey Bureau. The many colleagues in the
U.S. Geological Survey whose technical suggestions substantially improved this report. The editorial reviewers,
Lanna Combs and Betty Palcsak.

Editors and publication preparation: Alene Brogan, Mary Kidd, Robert Otmstead, and Ed Swibas;
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqa!

Upper Mississippi River Basin contact and Web site:

USGS State Representative National NAWQA Program:
U.S. Geological Survey Chief, NAWQA Program
2280 Woodale Drive U.S. Geological Survey
Mounds View, MN 55112 Water Resources Division
e-mail: stark@usgs.gov 12201 Sunrise Valley Drive, M.S. 413
http://mn.water.usgs.gov/umis/index.html Reston, VA 20192

http://water.usgs.gov/nawqaJ

Other NAWQA summary reports

River Basin Assessments Red River of the North Basin (Circular 1169)
Albemarle-Pamlico Drainage Basin (Circular 1157) Rio Grande Valley (Circular 1162)
Allegheny and Monongahela River Basins (Circular 1202) Sacramento River Basin (Circular 1215)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) San Joaquin-Tulare Basins (Circular 1159)
Central Arizona Basins (Circular 1213) Santee River Basin and Coastal Drainages (Circular 1206)
Central Columbia Plateau (Circular 1144) South-Central Texas (Circular 1212)
Central Nebraska Basins (Circular 1163) South Platte River Basin (Circular 1167)
Connecticut, Housatonic and Thames River Basins (Circular 1155) Southern Florida (Circular 1207)
Eastern Iowa Basins (Circular 1210) Trinity River Basin (Circular 1171 )
Georgia-Florida Coastal Plain (Circular 1151) Upper Colorado River Basin (Circular 1214)
Hudson River Basin (Circular 1165) Upper Snake River Basin (Circular 1160)
Kanawha-New River Basins (Circular 1204) Upper Tennessee River Basin (Circular 1205)
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Western Lake Michigan Drainages (Circular 1156)
Las Vegas Valley Area and the Carson and Truckee River Basins White River Basin (Circular 1150)

(Circular 1170) Willamette Basin (Circular 1161)
Lower Illinois River Basin (Circular 1209)
Long Island-New Jersey Coastal Drainages (Circular 1201 ) National Assessments
Lower Susquehanna River Basin (Circular 1168) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Mississippi Embayment (Circular 1208)
Ozark Plateaus (Circular 1158)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)

Front cover: Mississippi River, St. Paul, Minnesota (Bob Firth ©).

Back cover: Left, row crops in the Minnesota River Basin (Scott Murray Photography); middle, St. Paul skyline
(Scott Murray Photography); right, St. Croix River valley (National Park Service).
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 USGS
science for a changing world

News Release Address E-mail
Upper Mississippi River NAWQA stark@usgs.gov

U.S. Department of the Interior 2280 Woodale Drive
U.S. Geological Survey Mounds View MN 55112

Release Date Contact Phone Fax
May 8,200I James Stark (763) 783-_~230 (612) 783-.310.3

Look at Surrounding Land, Soil, and Geology
for Water Resource Quality

Water resources are affected by land use. soils, and geology in the Upper Mississippi River Basin. according to a recently pub-

lished report by the U. S. Geological Survey (USGS). Urban. agricultural, and forested land use in combination with geology and
soil type result in different degrees of water-resource quality. Surface-water quali~’ was better in forested watersheds than in urban

or agricultural watersheds. Ground-water quality was better in aquifers ~ zth overlying soits that reduced direct infiltration.

The study of the Upper Mississippi River Basin. conducted from 1995-98. as pan of the USGS National Water-Quality Assess-
ment Program. found that streams in forested v,’atersheds like the St. Croix River Basin had less nutrients, sediment, and orgamc
contaminants than streams in agricultural watersheds like the Minnesota River Basin or urban areas like the Twin Cities Metropol-
itan Area. "Land use a major factor affecting water quality in streams and ground water. However. the ~pe of soils in the water-
shed or overlying shallow aquifers could have a significant effect", stud Jim Stark, the project chief. The findings indicate that
agriculture, urbanization, and natural land uses continue to affect water quality.

The quality, of urban streams has been affected more than streams in agricultural or forested areas. One component of the study
exarruned biological communities and habitat. Urban streams had reduced fish and invertebrate species richness (numbers of spe-

cies~ and biological diversity compared to agricultural and forested streams. Several factors may be responsible for the compara-

tively poor condition of aquatic resources m urban streams, including contarmnants in the water and sediment, and reduced habitat.

Reduced habitat in urban streams was associated with loss of riparian vegetation, channelization, impoundments, and changes in
the pattern of streamflow. The rise and fall of the water in urban streams after rmnstorms or snowmelt are much more rapid than

streams in other land-use settings. Impervious surfaces such as parking lots. roads, and building roots do not allow precipttauon to
soak into the ground: therefore, runoff reaches the streams more quickly and strearnfiow increases and decreases rapidly. Higher

flows scour the stream bottom, reducing habitat.

Agricultural streams in the study were found to receive nonpo~nt-source inputs of nutrients and sediment. Nitrate concentrations in

streams in artificially drained agricultural areas exceeded the U.S. Environmental Protection Agency’s IUSERa.) dnnking water
standard of I0 rmlligrams per liter in about 20 percent of the samples. Stream channels and habitat were also affected by channel-

This study found that streams with more trees and shrubs along the banks in riparian buffer zones had more fish and invertebrate

species and better ecological integrity than streams without riparian buffer zones.

Streams in forested basins like those in the northern pan of the study area were relatively unaffected except by localized acHvitaes
such as rmnor wastewater effluent discharges, pesticide applications at tree farms, leaks from septic systems. Nutrients and pesU-

cities did not exceed dnnking water standards or criteria to protect aquatic life. Concentrations of numents and pesttc~des were

1
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small compared to m-ban and agncultural streams.

Ground water supplies about 75 percent of the public and industrial water supply. The major som’ce for this water is the l:h’a,u’ie du
Chien-Jorden aqmfer. The local quality of the water in the aquifer depends on land use and the type of bedrock or glacial deposits

above it. In areas where water Can readily seep through the overlying soils to the aquifer. 8 percent of the nitrate samples exceeded

the USEPA drinicing water standards. In areas where water could not readily reach the aqudfer due to low-permeability glacial tills,
nitrate standards were not exceeded. Some pesncides were detected in ~ound water. In areas overlain by till. atrazine (a herbicide

used with corn) was detected in 36 percent of the wells, whereas in areas without a low-permeability layer, it was detected in $2

percent of the wells.

The USGS repon, "Water Quality in the Upper Misslssippi River Basin. Minnesota, Wisconsin, South Dakota, Iowa. and North
Dakota. 1995-1998". published as USGS Circular 1211. is available on the World Wide Web as dowrfloadable portable document

files (PDF’) at http://water.usgs.gov/nawqa or in printed form (single copies of the report are at no cost) from Branch of Informa-
tion Services, P.O. Box 25286, Denver, CO 80225, or by fax request to 303-202-4693. Please specify USGS report C-121 I,

The USGS assessment is pan of a national program, currently releasing results on surface and ~ound water in 15 additional major

river basins. Check the status and availability of the individual basin reports on the NAWQA website, as well as accessibili~’ to

other NAWQA publicataons and national data sets and maps.

As the nation’s largest water, earth and biological science and civilian mapping agency, the USGS works in cooperation with more
than 2,000 organizations across the country to provide reliable, impartial, scientific information to resource managers, planners,

and other customers. This information ~s gathered in every, state by USGS 3cientists to tmnimize the loss of life and property from
natural disaster, contribute to the sound conservation, econormc and physical development of the nation’s natural resources, and

enhance the qualit2,., of life by momtoring water, biological, energy, and rmneral resources.

2
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Selected Findings and Current Perspectives on Urban and Agricultural
Water Quality by the National Water-Quality Assessment Program
Studies by the USGS NationalWater-Quality Assessment (NAWQA) program in the last decade describe water-

quality conditions in nearly 120 agri.cultural and 35 urban watersheds ("urban" primarily refers to residential
and commercial development over the last 50 years).The findings show that for both urban and agricultural
areas, nonpoint chemical contamination is an issue. Much work still needs to be done in urban areas with
point source contamination as well, including infrastructure improvements. Appreciable improvements in overall

water quality, however, will depend upon effective management of point and nonpoint sources.The findings also
show that water-quality conditions and aquatic health reflect a complex combination of land and chemical use,
land-management practices, population density and watershed development, and natural features, such as soils,

geology, hydrology, and climate. Contaminant concentrations vary from season to season and from watershed to
watershed. Even among seemingly similar land uses and sources of contamination, different areas can have very
different degrees of vulnerability and, therefore, have different rates at which improved treatment or management

can lead to water-quality improvements.

Water Quality in AgricuLtural Watersheds

¯ Nitrogen and phosphorus in surface water commonly exceed̄ Pesticides are widespread. At least one pesticide was detected
levels that contribute to excessive algae. For example, averagein more than 95 percent of stream samples. Pesticides were
annual concentrations of phosphorus in nearly 80 percent detected in more than 60 percent of shallow wells sampled in
of streams sampled in agricultural areas were greater than agricultural areas.
the U. S. Environmental Protection Agency (USEPA) desired Pesticides commonly occur in mixtures. Two-thirds of stream
goal for preventing nuisance plant growth in streams. Exces- samples collected in agricultural areas contained 5 or more
sire plant growth can lead to low dissolved oxygen, which can pesticides, and more than one-quarter of the samples con-
be harmful to fish and other aquatic life. rained 10 or more. Ground water contained fewer pesticides:

¯ Nitrate is often elevated above background levels in shallow about 30 percent of the wells sampled contained 2 or more.
ground water underlying farmland. Concentrations in about ¯ Concentrations of pesticides generally are low and below
20 percent of shallow ’,veils sampled in agricultural areas drinking-water standards. However, the risk to humans and
exceeded the USEPA dnnlung water standard. This result is a the environment from present-day low levels of contaminant
concern in rural areas where shallow ground water is used for exposure remains unclear. For example, current standards and
domestic supply; these domestic wells are not regulated and guidelines do not yet account for exposure to mixtures, and
owners often do not know the quality of their well water or many pesticides and their breakdown products do not have
whether their wells are vulnerable to contamination. Nitrate standards or guidelines.
is most often elevated in karst (carbonate) areas or where
soils and aquifers consist of sand and gravel. These natural - Herbicides--most commonly atrazine and its breakdown
features enable rapid infiltration and downaard movement product desethylatrazine, and metolachlor, cyanazine, and ale-
of water and chemicals. Some of the more vulnerable areas chlor--occur more frequently and usually at higher concentra-
are the Central Valley of California. and parts of the Pacific tions in agricultural streams and ground water than in urban

In contrast, ground-water contaminants underlying farmland top five in national herbicide use for agriculture.
in parts of the upper Midwest are barely detectable, despite ¯ Insecticides that were used in the past still persist in agricul-similar high rates of chermcal use. In these areas ground-

tural streams and sediment. DDT was the most commonlywater contamination may be limited because of relatively
detected organochlorine compound, followed by dieldrin and

impermeable, poorly drained soils and glacial till that cover chlordane. Their uses were restricted in the 1970s and 1980s
much of the region, and because tile drains provide quick

and, yet, more than 20 years later, one or more sediment-pathways for runoff to streams,
quality’ guidelines were exceeded at more than 20 percent of
agricultural sites.

U.S. Geotogical Survey FS-04741
U.$. Del~artment of the Interior April, 2001
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Water Quality in Urban Watersheds

¯ Concentrations of fecal coiner’" " _.’:r:_., n:mon[\ exc=~2¯ Concentrations of selected trace elements, such a~ cadmium,
recommended standards for ~.a~e:-.ontact recreation, lead. zinc, and mercury, are elevated above background levels

in populated urban settings, most likely caused by emissions¯ Concentrations of total phosphorus are generally as high m
from industrial and municipal activities and motor vehicles.urban streams as in agricultural streams. More than 70 percent
Sediment cores from streambeds and reservoirs, which can beof sampled urban streams exceeded the USEPA desired gcuI
used to track changes over long :ime periods, indicate thatfor preventing nuisance plant growth,
lead increased from 1940s to the 1970s, and began to decrease

¯ Insecticides, such as diazinon, carbar,,,1, chlorpyrifos, and after it was removed from gasoline. Concentrations are not yet
malathion, occur more frequently, and usually at higher con- down to background levels. Decreases also are noted for DDT
centrations in urban streams than in agricultural streams. Con- and chlordane.
centrations are low in urban streams, rarely exceeding USEE~¯ In contrast to lead, DDT, and chlordane, sediment cores indi-drinking-water standards. However, effects on aquatic life

care that zinc and polycyclic aromatic hydrocarbons (PAHs,may be more of a concern. Concentrations of insecticides
which result from fossil fuel combustion) are increasing.exceeded at least one guideline established to protect aquatic
These increases most likely relate to increasing motor vehicleIife in every sampled urban stream,
traffic in watersheds. Sediment-quality guidelines for PAHs

¯ Herbicides are widespread in surface water (detected in 99 were exceeded at more than 40 percent of urban sites.
percent of urban stream samples) and ground water (detected̄

Toxic compounds in streambed sediment in urban areas, suchin more than 50 percent of sampled wells). Most common are
those applied to lawns. ~olf courses, and road right-of-ways, as DDT, chlordane, dieldnn, and PCBs, also were found in

fish tissue, often at higher concentrations than in the sediment.
such as atrazine, simazine, and prometon. One or more organochlorine compounds were detected in

¯ Similar to agricultural areas, pesticides in urban waters corn- 97 percent of whole fish samples collected at urban sttes,
monly occur in mixtures; nearly’ 80 percent of stream samples and PCBs were detected in more than 80 percent of whole
contained 5 or more pesticides. Two of the most commonly’ fish saml:le~. Concentrations of organochlorine compounds
detected insecticides in mixtures were diazinon and chlorpy- exceeded guidelines to protect wildlife at more than I0
tiros: common herbicides detected were simazine and prome-percent of urban sites; wildlife guidelines for PCBs were
ton. exceeded at nearh’ 70 percent of urban sites. These findings

have contributed to decisions by some states to issue fish-" Sediment in urban streams is associated with higher frequen-
consumption advisories.cies of occurrence of DDT, chlordane, and dieldrin and higher

concentrauons of chlordane and dieldrin than sediment in ¯ Deteriorated water quality and sediment, as well as habitat
agricultural streams. Sediment-quality guidelines for organo- disturbances, contribute to degraded biological communities
chlorine pesticides were exceeded at 36 percent of sampled in urban streams. The greatest effects are seen in areas with
urban sites, the highest human population densities and watershed devel-

opment. Pollution-tolerant algae and aquatic invertebrates¯ Volatile organic compounds, which are used in plastics, clean-
(such as worms and midges), as well as omnivorous fish com-ing soh’ents, gasoline, and industrial operations, occur widely
munities, prevail at the affected sites.in shaIIow urban ground water. Some of the most frequently

detected of the 60 analyzed compounds were the commercial
and industrial solvents trichloroethene (TCE), tetrachloroeth-
ene (PCE), and methylene chloride; the gasoline additive
methyl tert-butyl ether (MTBE); and the solvent and disinfec-
tion by-product of water treatment, trichloromethane (also
known as chloroform).

Contacts for additional information or questions:

Tim Miller (703) 648-6868 (tlmiller@usgs.gov)
Pixie Hamilton (804) 261-2602 (pahamilt@usgs.gov)

For Internet access to NAWQA publications, data, and maps:

http://water.usgs.gov/nawqa
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Upper Mississippi River Basin
SUMMARY OF MAJOR FINDINGS

The Upper Mississippi River Basin Study Unit EXPLANATION
encompasses about 47, 000 mi" { square miles) in Agriculture ~ Forest
Minnesota, Wisconsin, South Dakota, Iowa, and North ~ ......~ ~; Rangetand ~ Wetland
Dakota and includes the Twin Cities (Minneapolis and .... Water

St. Paul) metropolitan area (TCMA). The three major ~ ~ow,~
95*rivers in the Study Unit are the Mississippi, the Minne- EXPLANATION

sota, and the St. Croix. In 1990, about 3.7 million - st. CroixRiver Basin
-’3 Mississippi River Basin

people resided in the Study Unit, mostly in the TCMA. _- Minnesota River Basin
[] Cannon/Vermillion

The Mississippi River is the primary, source of drink- River Basins
ing water for St. Cloud, Minneapolis, and St. Paul in
Minnesota. Ground water is the primary, source of NORTH 96° 91°
drinking water in rural and suburban areas. DA~0T~

Highlights of Streams and Aquatic Biology ~ ’

Elevated concentrations of nutrients (nitrogen and
phosphorus) in water are potentially harmful to DAKOTA ’-- ¯

humans, livestock, and aquatic life. Major sources of ~1.                  ’ ,% ~ "    . ¯
nutrients to streams are commercial fertilizers applied ~,

leakingto cropS,septiclaWns, and gardenS;snowmelt wastewater runoff; discharge;and animal M,,~ ~"-,~    ’systems; - ,,.~,_~ . ,’ a S ..... Land .....d land
manure. The total amounts of nitrate and dissolved ~ . :o~"~" ~ 1994Base from U,S Geological Survey I,

digital data 1:100,000, ~990, Albersorthophosphate were greater in streams draining agri- EduaI-Area Conic 0rolect~on. " "~.’ ’    ( 0 25 50 75M;les
Standard parallels: 29*30’ and          ~.~-cultural areas than in streams draining areas with other~5o3o, centratrner~an>93*00 10WA~y,~ 0 25 50 75Kilometers

land uses. Although pesticides (herbicides and insecti- Land use and land cover in the Upper Mississippi River
cides) were commonly detected, most concentrations Basin study unit
were less than current drinking-water standards and
guidelines and aquatic-life guidelines; however, not all
pesticides detected currently have drinking-water stan-
dards and guidelines. Samples from most streams in Trends in Stream-Water Quality and Aquatic Biology
the Study Unit met Federal and State drinking-water
standards and guidelines and aquatic-life guidelines. Assessing trends in water quality and aquatic biology

Invertebrate and fish communities were most degraded is difficult because historical data sets are discontinuous

in urban streams, and sampling objectives and analysis methods have var-

¯ Nitrate concentrations in streams in artificially drained led. Some observable trends are increased nitrate con-
agricultural areas exceeded the U.S. Environmental Pro- centrations, based on historical data, and decreased
tection Agency (USEPA) drinking-water standard of ammonia concentrations in streams in the TCMA dur-
10 mg/L (milligrams per liter) in about 20 percent of the ing 1984-1993 primarily because of process changes at
samples, wastewater treatment facilities. Breakdown products of

¯ Insecticides and nonagricultural herbicides were detectedthe pesticide DDT, the use of which was discontinued in
most frequently in urban areas, the 1970’s, are still detectable in fish, streams, and stre-¯ Agricultural herbicides were detected in streams through-ambed sediment.out the Study Unit.

¯ Urban streams have reduced invertebrate and fish species
richness and diversity compared to agricultural streams. Major Influences on Streams and Aquatic Biology

¯ Algal productivity was greater in agricultural streams ¯ Application of pesticides and fertilizers in agricultural and
than in urban and forest streams, due in part to greater urban areas
concentrations of nutrients. ¯ Discharges from wastewater treatment facilities

¯ Agricultural streams with wooded riparian cover had ¯ Runoff from agricultural and urban areas
greater fish and invertebrate species richness and diver- ° Stream modifications and artificial drainage
sity than agricultural streams lacking wooded riparian ¯ Destruction of riparian cover along streambanks
cover. ¯ Contaminants in precipitation and in the atmosphere

Summary. of Major Findings 1
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Highlights of Conditions in Ground Water ¯ Prometon was the most frequently detected herbicide in
urban areas.

Shallow ground water in the TCMA (less than 50 ¯ Ground water in the Prairie du Chien-Jordan aquifer, an
feet below land surface) commonly contained pesti- important source of drinking water, is protected by over-
cides, nutrients, and industrial chemicals and detect- lying confining units in some areas. Concentrations of
able concentrations of numerous volatile organic nitrate, atrazine, and VOCs were lower in these areas than
compounds (VOCs). Deeper ground water, typically where confining units were absent.
used for public supply (water supplied for the general ¯ Radon exceeded the USEPA suspended drinking water

public by municipal and private purveyors), contained standard of 300 pCi/L (picocuries per liter) in more than
one-half of the water samples from the Prairie du Chien-

few pesticides and lower nitrate concentrations. With Jordan aquifer.
the exception of naturally occurring radon, deeper
ground water met drinking-water standards and guide-Trends in Ground-Water Quality
lines for most chemicals.
¯ Nitrate concentrations in water from nearly one-half of Temporal trends in ground-water quality are diffi-

shallow ground water sampled beneath agricultural areas cult to define because limited information exists.
exceeded the USEPA drinking-water standard (10 mg/L). Spatial trends include greater nitrate and pesticide

¯ Road salt constituents (sodium and chloride) were concentrations in agricultural areas, greater VOC
detected at greater concentrations in shallow ground concentrations in urban areas, and few detections of
water underlying urban areas than other areas, pesticides or VOCs in forested areas.

¯ Agricultural pesticides were commonly detected in all
land-use settings. Concentrations were greatest in agricul-Major Influences on Ground Water
rural areas.

¯ Atrazine was the most frequently detected agricultural ¯ Application of pesticides and fertilizers
pesticide. Concentrations were greater in shallow ground ° Confining units and depth to water
water than in deeper ground water. ¯ Urban contaminants (road salts, VOCs)

¯ Naturally occurring radon gas

Selected Indicators of Stream-Quality Selected Indicators of Ground-Water Quality

Small Streams Major Rivers Shallow Ground Water
Supply

Agricul- Mixed Agricul- Agricul- Wells--
Urban tural Forest Land Use tural Forest Urban rural Forest Domestic

Volatile organic :~’

Radon
~

Semivolatile
~ 0 8

. Percentage of samples with concentrations equal to or greater
organic compounds5

:°:i than a health-related national standard of guideline for drinking
water, aquatic life or water-contact recreation; or above a

Trace Elements’ ~ national goat for preventing excess algal growth
~ Percentage of sarnptes with concentrations less than a health-

Organochlorines’ i~ I~ related national standard or guideline for drinking water,
aquatic life or water-contact recreation; or below a national

0rgan°chl°rines’ 0     )     ~ O        goal for preventing excess atgat growth
Percentage of samples with no detection

~lnseeticides, herbicides, and pesticide metabolites, sampled in water. 2Nitrate (as nitrogen), sampled in water. 3Total phosphorus, sampled in 4water, Solvents, refrigerants.
fumigants, and gasoline compounds, sampled in water. 5Byproducts of fossil-fuel combustion or components of coal and crude oil, sampled in sediment 6Arsenic, mercuw, and
metals, sampled in sediment. 70rganochlorine compounds including DDT and pClas, sampled in sediment. 80rganochlorine compounds including DDT and PCBs, sampled in fish
tissue.

2 Water Quality in the Upper Mississippi River Basin, 1995-98
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in part of the Upper Mississippi River Basin (re-
ferred to as the Study Unit in this report) that emerged from an assessment conducted from 1995 to 1998 by the U.S.
Geological Survey (USGS) National Water-Quality Assessment (NAWQA) Program. Water quality is discussed in
terms of local and regional issues and compared to conditions in 36 NAWQA study areas, called study units, as-
sessed to date. Findings are also explained in the context of selected national benchmarks, such as those for drinking-
water quality and the protection of aquatic organisms. The NAWQA Program was not intended to assess the quality
to the Nation’s drinking water, such as by monitoring water from household taps. Rather, the assessments focus on
the quality of the resource itself, thereby complementing many ongoing Federal, State, and local drinking-water
monitoring programs. The comparisons made in this report to drinking-water standards and guidelines are only in
the context of the available untreated resource. Finally, this report includes information about the status of aquatic
communities and the condition of in-stream habitat as elements of the complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Study Unit assessment.
Basin residents who wish to know more about water quality in the areas where they live will find this report infor-
mative as well.

Upper Mississippi Study Unit

NAWQA Study Units
Assessment schedule

m 1991-95

~ 1994-98

m 1997-2001

~ High Plains Regional
Ground Water Study,
1999-2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding encourages effective resource management, ac-
curate identification of water-quality priorities, and successful development of strategies that protect and restore wa-
ter quality. Guided by a nationally consistent study design and shaped by ongoing communication with local, State.
and Federal agencies, NAWQA assessments support the investigation of local issues and trends, while providing a
firm foundation for understanding water quality at regional and national scales. The ability to integrate local and
national scales of data collection and analysis is a unique feature of the NAWQA Program.

The Upper Mississippi River Basin Study Unit is one of 51 water-quality assessments initiated since 1991, when
the U.S. Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 assessments will conclude in 2001. Collectively, these assessments cover
about one-half of the land area of the United States and include water resources that are available to more than 60
percent of the U.S. population.

IV National Water-Quality Assessment Program                                                R0024542



SUMMARY OF MAJOR FINDINGS

The Upper Mississippi River Basin Study Unit
encompasses about 47,000 mi2 (square miles) in ~ EXPLANATION
Minnesota, Wisconsin, South Dakota, Iowa, and North Agriculture~ Forest

.... Rangetand ~ WetlandDakota and includes the Twin Cities (Minneapolis and
~ Urban WaterSt. Paul) metropolitan area (TCMA). The three major

rivers in the Study Unit are the Mississippi, the Minne-
95*

sota, and the St. Croix. In 1990, about 3.7 million           EXPLANATION
~_ St. Croix River Basinpeople resided in the Study Unit, mostly in the TCMA. ~ Mississip¢~i River Basin

The Mississippi River is the primrtr), source of drink- _- Minnesota River Basin
~, Cannon/Vermillion

ing water for St. Cloud, Minneapolis, and St. Paul in River Basins

Minnesota. Ground water is the primary source of
drinking water in rural and suburban areas. NORTH

DAKOTA

Highlights of Streams and Aquatic Biology ~..., ~,.,
Elevated concentrations of nutrients (nitrogen and

phosphorus) in water are potentially harmful to )UTH x
,humans, livestock, and aquatic life. Major sources of

"~, / +1%, " "nutrients to streams are commercial fertilizers applied ~% .~ ." .                                ,¯
to crops, lawns, and gardens; wastewater discharge; ~ I "
leaking septic systems; snowmelt runoff; and animal "~ .,~.
manure. The total amounts of nitrate and dissolved ’~"1~ "~a’~l,~y~ . ,

~.) ....
from ~,~,sl%~d l~ndorthophosphate were greater in streams draining agri-

Base from U.S Geological Survey~

digital qata 1:100,00~, 199~, Albers
cultural areas than in streams draining areas with other Equal-Area Conic projection ’ ’ 0 25 50 7~EMilesStandard parallels: 29"30’ and I . ~ . ,’
land uses. Although pesticides (herbicides and insecti-45°30 centr,lmeridian:-93*00’0 25 50 75Kilometers
cides) were commonly detected, most concentrations Land use and land cover in the Upper Mississippi River
were less than current drinking-water standards and Basin study unit
guidelines and aquatic-life guidelines; however, not all
pesticides detected currently have drinking-water stan-
dards and guidelines. Samples from most streams in Trends in Stream-Water Quality and Aquatic Biology
the Study Unit met Federal and State drinking-water
standards and guidelines and aquatic-life guidelines. Assessing trends in water quality and aquatic biology

is difficult because historical data sets are discontinuousInvertebrate and fish communities were most degraded
in urban streams, and sampling objectives and analysis methods have var-

¯ Nitrate concentrations in streams in artificially drained led. Some observable trends are increased nitrate con-
agricultural areas exceeded the U.S. Environmental Pro- centrations, based on historical data, and decreased
tection Agency (USEPA) drinking-water standard of ammonia concentrations in streams in the TCMA dur-
10 mg/L (milligrams per liter) in about 20 percent of the ing 1984-1993 primarily because of process changes at
samples, wastewater treatment facilities. Breakdown products of

¯ Insecticides and nonagricultural herbicides were detectedthe pesticide DDT, the use of which was discontinued in
most frequently in urban areas, the 1970’s, are still detectable in fish, streams, and stre-¯ Agricultural herbicides were detected in streams through-
out the Study Unit. ambed sediment.

¯ Urban streams have reduced invertebrate and fish species
richness and diversity compared to agricultural streams. Major Influences on Streams and Aquatic Biology

¯ Algal productivity was greater in agricultural streams ¯ Application of pesticides and fertilizers in agricultural and
than in urban and forest streams, due in part to greater urban areas
concentrations of nutrients. ¯ Discharges from wastewater treatment facilities

¯ Agricultura! streams with wooded riparian cover had ¯ Runoff from agricultural and urban areas
greater fish and invertebrate species richness and diver- ° Stream modifications and artificial drainage
sity than agricultural streams lacking wooded riparian ¯ Destruction of riparian cover along streambanks
cover. ¯ Contaminants in precipitation and in the atmosphere

Summary of Major Findings 1
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Highlights of Conditions in Ground Water ¯ Prometon was the most frequently detected herbicide in
urban areas.

Shallow ground water in the TCMA (less than 50 ¯ Ground water in the Prairie du Chien-Jordan aquifer, an
feet below land surface) commonly contained pesti- important source of drinking water, is protected by over-
cides, nutrients, and industrial chemicals and detect- lying confining units in some areas. Concentrations of
able concentrations of numerous volatile organic nitrate, atrazine, and VOCs were lower in these areas than

compounds (VOCs). Deeper ground water, typically where confining units were absent.

used for public supply (water supplied for the general ¯ Radon exceeded the USEPA suspended drinking water
standard of 300 pCi/L (picocuries per liter) in more than

public by municipal and private purveyors), contained one-half of the water samples from the Prairie du Chien-
few pesticides and lower nitrate concentrations. With Jordan aquifer.
the exception of naturally occurring radon, deeper
ground water met drinking-water standards and guide-Trends in Ground-Water Quality
lines for most chemicals.
¯ Nitrate concentrations in water from nearly one-half of Temporal trends in ground-water quality are diffi-

shallow ground water sampled beneath agricultural areascult to define because limited information exists.

exceeded the USEPA drinking-water standard (10 mg/L).Spatial trends include greater nitrate and pesticide

¯ Road salt constituents (sodium and chloride) were concentrations in agricultural areas, greater VOC
detected at greater concentrations in shallow ground concentrations in urban areas, and few detections of
water underlying urban areas than other areas, pesticides or VOCs in forested areas.

¯ Agricultural pesticides were commonly detected in all
land-use settings. Concentrations were greatest in agricul-Major Influences on Ground Water
tural areas.

¯ Atrazine was the most frequently detected agricultura! ¯ Application of pesticides and fertilizers
pesticide. Concentrations were greater in shallow ground ¯ Confining units and depth to water
water than in deeper ground water. ¯ Urban contaminants (road salts, VOCs)

¯ Naturally occurring radon gas

Selected Indicators of Stream-Quality Selected Indicators of Ground-Water Quality

Small Streams Maior Rivers Shallow Ground Water
Supply

Agricul- Mixed Agricul- Agricul- Wells--
Urban tural Forest    Land Use tural Forest Urban tural Forest Domestic

Nitrate2

Volatile orzzanic
compound-s’

Radon

Semivolatila Jl, ~ Percentage of samples with concentrations equal to or greater
organic compounds5

than a health-related netional standard of guideline for drinking
water, aquatic life or weter-contact recraetion; or above a

Treoe Elements*
~ national goal for preventing excess algal growth

Percentage of samples with concentrations less than a health-

~ releted national standard or guideline for drinking water,0rganochlorinos’
aquatic life or water-contact recreation; or below a national

.;~1~ ~ !)~11~ goal for preventing excess algal growth
Organochlorines’ ¯

~ ~ Percentage of samples with no detection

1Insecticides, herbicides, and pesticide metabolites, sampled in water. 2Nitrate (as nitrogen), sampled in water, 3Total phosphorus, sampled in water. 4Solvents, refrigerants,
fumigants, and gasoline compounds, sampled in water. 5Byproducts of fossil-fuel combustion or components of coal and crude oil, sampled in sediment. 6Arsenic, mercury, and
metals, sampled in sediment. 70rganochlorine compounds including DOT and PCBs, sampled in sediment. 80rganochlorine compounds including DOT and PCBs, sampled in fish

2 Water Quality in the Upper Mississippi River Basin, 1995-98
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INTRODUCTION TO THE UPPER MISSISSIPPI RIVER BASIN

The Upper Mississippi River
Mean Annual Precipitation, Mean Annual

Basin Study Unit (Study Unit) in Inches 9~* Temperature,
in Degreesincludes the drainage of the Missis- ~.~. Fahrenheit

sippi River from its source at Lake
Itasca, Minnesota, and its major /[tasca _

tributaries (the St. Croix and Min-
nesota Rivers) to the ouOqow of 93°
Lake Pepin, Minnesota (fig. 1).
Natural and human factors (cli- °

°~

91°mate, hydrology, geology, water _
use, land use, and land cover)
affect surface- and ground-water
qualit3,, and aquatic biology in

Source: Famsworth and

~ ~"~ i

others, 1992; Mita .....rivers and streams.
_ State Climatologist, ~iig~tai

Natural Factors Affect Water State Climotolog=st‘ written

Quality and Aquatic Biology

Differences in precipitation,
evaporation, evapotranspiration, air
temperature (fig. 1), and drainage
basin characteristics (drainage area,

EXPLANATIONslope, geology, and the capacity of ~ Mean annual streamflow,
soils to transmit water) affect
hydrology and water quality. These ~.~
differ most from southwest to Annual Free i~-
northeast. Mean annual runoff, x~ Water Sudace

Evaporation, in inches                 ~ Bounda~ of the Twin Cities
which is related to precipitation ~ ~    2~5 5~0 Miles metropolitan area (TCMA)
and evaporation, ranges from less o 2’5 ~0 Kilometers
than 2 inches in the headwaters of Figure 1. Climatic variables such as precipitation, temperature, and evaporation
the Minnesota River to greater than affected streamflow in the Study Unit, 1961-90.
1 4 inches in the headwaters of the greater than during periods of nor- Lowland physiographic province,
St. Croix River. mal streamfiow, which is underlain by clay-rich, cal-

The range from minimum to Water quality is also affected by careous (calcium carbonate) gla-
maximum streamflow is greatest in geologic materials. Most streams in cial deposits (fig. 3). Fewer streams
spring and early summer as a result the Study Unit drain the Central drain the Superior Upland physio-
of rain and melting snow. Stream-
flow variation is greatest during 80 Mississippi River nea~late summer and fall, when precipi- 60 ¯ Anoka, Minn.
tation ranges from drought condi- ’-"
tions to locally heavy rains (fig. 2).
Streamflow varies least during win-
ter, when ground-water discharge
to streams is dominant. During the ~~ 100 t Mi’nnesota Riverl
period of sampling (1996-98), pre- ~ ~ 8o
cipitation was greater than the 30-
year average, resulting in increased
runoff and streamflow. As a result, 20
the amount of sediment, nutrients, 0

]996 1997 1998pesticides, and other contaminants Figure 2. Streamflow during the sampling period (1996-98) in the large rivers in the
reaching streams may have been Study Unit differed from their 30-year average, 1965-95.

Introduction to the Upper Mississippi River Basin, 1995-98 3

R0024545



,5: ~ ,.                  zone across the northeast, and a tran-per day) was used for public sup-
C~o.~I’"~-@~’ (I~,~ C~-~%3" .p,,,n, sitional zone between these areas ply     (including drinking water) in
Lowland , :-.&z .---4 ’ ° pland (fig. 4). About 63 percent of the the Study Unit--59 percent from

~,. ~..~5"~{~ -~’-~., 1_~-- ~,:�_.~%~,~.    . Study. Uni~ is a~ricultural~ (cropland ground water and 41 percent from

~~.j ,;~- c-;-.~’~41 i /~ @.i..ff and pasture ). The remaining land use~" ~’~ ~+~’/ ~;’.’-~ ~ surface water (fig. 5). The total of
’---~-5:-~-~\tZ,~"~2~ and land cover consists of forests
~’~" %~--~ ~, all water used for public supply is

,s~-~t-QT~-~;2", .;N:2_.~_./L_?b_2 ’"- d~"~ (about               __’~" percent), water and wet-
~ - , >, equal to about 7 percent of the’ :v.v#.-. L~ lands (about 13 percent), urban

/~7,"~: ~--~:. !~"~ average streamflow of the Missis-00~.o0,\- ~. ~~7[~:~-"-~
(about 2 percent), and other catego-

’" ""~. sippi River upstream from the,. -~-~.~!~ ties (less than 1 percent).
s0~-~’’4 TCMA, near Anoka. Minn. Waste-0~...,,,~:,,.,o,,.,,0 The uses of water and the disposal

~ ~,s ~ ~,o,,o~o0 ......,o~ water is discharged to streams0 ~’~ s’0~,o’~,~ ~ .........0~0,o~oo.,,,~ of wastewater also can affect water
from about 270 facilities locatedEXPLANATION quality and streamflow. Based on

Glacia! outwash, coarse-grained glacial- data from t 990, a daily average of throughout the Study Unit (Kroen-
lake sediment, or coarse- and fine- -
grained alluvial deposits 413 Mgal/d (million gallons of water ing and Andrews. 1997).

Glacial till deposits and fine-grained
glacial lake sediment

~ Physiographic province boundary

Figure 3. Surficial geology and physio-
graphic provinces can affect water
quality in the Study Unit.

graphic province, which is prima-
rily underlain by siliceous (rich in ~ Forest

silica), sandy glacial deposits.
Water in streams draining the Cen-
tral Lowland generally has greater
alkalinity and greater concentra-
tions of suspended sediment than
water in streams draining the Supe- Zone
rior Upland.

Cropland and pasture ~ UrbanHuman Activities Affect Figure 4. Land use and land cover can be categorized into three general zones in
Water Quality and Aquatic the Study Unit.
Biology

The greatest effects on hydrol-
ogy, water quality, and aquatic

-- 413 =Total withdrawal* 1,740
r- Surface water-~}-Ground water []

greatest human population densi-
1,700<> _ _ties or where disruption to the natu-

~ 300 7 -ral land cover is substantial. The =. 413
population of the Study Unit in N~’~ 200 ~_ ._ ] ~45 153 -1990 was about 3.7 million--16- ~g ~, ~. ~ -

e=_ 100;I ii 62.7 -percent increase from 1970. ~ "~, 56.1 93.4 42.6 I I
Seventy-five percent of those peg- ~" ~ 0 ~ ~’ ~ll~] "~ ~i I

6.37 -

pie reside in the TCMA. ~4~ ~.~%~, os~ ~ ~ ~, g,~- ,,~ _,<,~,- ,~,~,&
Land use and land cover in the ~ &" <."~ ...~.~ ~4 ~Study Unit can be categorized into ~ ~ ~�~ WATER USE ~’’" ~

three zones: an agricultural zone Figure 5. Ground water supplies the majority of the public drinking water in the

across the southwest, a forested Study Unit in 1990. (* Total refers to the combination of surface and ground water in each category.)
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MAJOR FINDINGS

This report presents work by the include the introduction of toxic land uses contribute to the impair-
U.S. Geological Survey’s National substances, such as organic corn- ment of habitat and eutrophication
Water-Quality Assessment Pro- pounds and trace elements that in the Mississippi River in and
gram to assess the quality of the accumulate in sediments and downstream from the TCMA. In
Study Unit’s water and aquatic aquatic biota of the rivers. These forested areas, including the St.
resources (fig. 6). The report sum- contaminants can adversely affect Croix River Basin and upper
marizes historical data and Study the health of aquatic biota and may reaches of the Mississippi River
Unit data collected during 1995- biomagnify in fish-eating birds and Basin, water is generally of better
98. mammals, quality than elsewhere in the Study

Unit. Maintaining the quality of
Land Use Influences Water Water-quality issues in the

water in the St. Croix River Basin
Quality and Aquatic Biology TCMA and other urban areas

is a priority for the National Parkinclude surface-water contamina-
Service and the States of Minne-

Point and nonpoint sources of tion from urban runoff and dis- sota and Wisconsin (Minnesota
nutrients, sediments, metals, and      charge from industrial and Department of Natural Resources
organic compounds from indus- wastewater treatment facilities and and others, 1995).
trial, agricultural, and urban land the introduction of toxic substances
uses are important water-quality to ground water from industrial Water Quality and Aquatic
issues in the Study Unit. Degrada- activities and nonpoint sources. In Biological Conditions Remain
tion of streams, including the loss agricultural areas, including the Relatively Undisturbed in Forested
of riparian habitat, reduction in fish Minnesota River Basin, water- Areas
9opulations. loss of habitat for bob quality degradation from artificial
tom-dwelling organisms, eutrophi- drainage systems and point and White pine forests originally

covered much of the upper parts ofcation, and deterioration of the nonpoint sources of sediment,
the St. Croix River Basin and thesanitary quality of streams is also nutrients, and pesticides are of con-

important. Additional issues cern. Both urban and agricultural Mississippi River Basin. These for-
ests were logged during the mid

9so 1800s to early 1900s and are now
94° covered by second-growth forests.~

EXPLANATION
~’~- ~,~’~;i~],j ...... Land-cover disturbances in these
, " ’ ’ ,- , ’ / lwnL, tesmetropo tan~’~.......~-~" ’~- forested areas have been minimal,

47 "’ ~ ’,:~-~. : _ _ _~ area(TCMA)

’_ _ , ~ 99° although small farms and towns
~ _ -+--i_ :~-~ are common, as is increased devel-

~ 9~,1 ~ ]
’r" " ’ sZO opment for recreation. Water qual-

~k:~-~-~-- - _- " ’ ~- i? - -, k!INNESOTA~_WlSCONS ~ ~ ity in these forested areas has been
’ ~" ~-~ ................. ’ ........ affected by minor applications of

~ ~. )~’+ - -- ’~-- -’-’~- -’ .-"~ " - ’ /~ herbicides at small farms, tree
~ ~ ,~y~ , - St. Cloua,~ ......; L-- @L-X~ farms, and in lakes (for weed
N.,o., _ ;._ _    ,., < = - { reduction); discharges of waste-
" ’ ~, - -~ ’ - ’ ~:- st t ....~ water effluent; leaks from septic

-., 1 - ~, ........ --- -~ .-*_~ :~,.~ ’, ~ systems; local stream-channel dis-
-

~ ~’ - ~ Red
, -’-’- ....---- ~ " ~---- -_-"~"~l

turbances from forestry; and local-
, - ~-- :~: ......~ - -~ -:,&~--~-~ ,-:~ ized draining of wetlands. These
__,~.~ -. --’~ ,,~ c~," ~ activities result in small increases

,.. = -’*" -’., ...... in nutrient, pesticide, suspended-

~i ~.~

sediment, and bacteria concentra-
0 ~ 50 & tions relative to natural conditions.
~ , ,, ,, , x~-i- Water-quality and aquatic-biologi-0 25 50 75 Kilometers ~

cal conditions have probably been
Figure 6. Upper Mississippi River Basin Study Unit, Twin Cities affected less by human activities in
metropolitan area, major rivers and streams, and selected cities, the forested areas than in other

Major Findings 5
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areas of the Study Unit. Nutrients Consequently, aquatic communitiesAgricultural Activities Increase
and pesticides did not exceed are rich and diverse. Streams gen- Nutrient and Pesticide
drinking-water standards and erally are more shaded than Concentrations in Ground Water
guidelines for human consumption streams in other parts of the Study and Streams and Degrade Aquatic
in streams and in ground water in Unit, resulting in cooler water tern- Biological Conditions
forested areas. Nitrate and pros- peratures. Greater shading, cooler

Agricultural areas of the Studyphorus yields were low in streams water, and lower concentrations of
Unit (fig. 4) include most of thein forested areas (table 1). Sus- nutrients may limit algal productiv-
Minnesota River Basin and parts ofpended-sediment concentratior]s, ity in these streams draining for- the Mississippi and St. Croix Riverwhich can contribute to degraded ested land. Algal communities in
Basins. In these areas, much of thewater quality and habitat, also were forest streams consist of species land is used for production of rowlow in streams draining forested such as diatoms that are indicative crops, primarily corn and soybeans.areas compared to the rest of the of low nutrient and suspended- Many streams in agricultural areasStudy Unit. sediment concentrations, have been straightened, ditches

Table 1. Nitrate and phosphorus excavated, and land is commonly
yields in pounds per square mile per cultivated close to the streambanks.

year in forest streams, 1996-98 Most wetlands in agricultural areas
, STREAM I NITRATE t PHOSPHORUS have artificial drainage systems to
i Namekagon River ] 260       _a increase crop production. A~ricul-
St. Croix River I ~60 [ 50 ~
’¥,e~d .....t¢.lcul,teO, ............t,a,~ ....... tural activities disrupt riparian

belowthe analytical repor[ing limits, zones in streams, contributing to
Pesticides were periodically erosion and runoff of agricultural

detected in streams and in shallow Forests dominate the northern por- chemicals and sediment.
ground water in forested areas, but tion of the Study Unit. (Photograph
concentrations and detection rates courtesy of the National Park
were lower than in the rest of the Service.)
Study Unit (Fallon and others, Increased urbanization and
1997; Fong, 2000). Trace-element development for recreation contrib-
concentrations in streambed sedi-

ute to degraded water quality andments corresponded to the composi-
aquatic life. Management practicestion of the surficial glacial deposits
that could benefit the quality of(Kroening and others, 2000). For
streams in these areas include resto-example, increased concentrations

of copper in the forested areas are ration of natural wetlands and ripar-

attributed to naturally occurring ian vegetation. Eliminating these Cultivation of land close to streams,
sources. Although bacteria concen- practices would improve stream artificial drainage, and stream
trations in streams in forested areashabitat and hydraulic conditions straightening degrade water quality
were below the USEPA criterion for and improve the diversity of fish and aquatic habitat. (Photograph by
swimming (Kroening, 1999; U.S. and invertebrate communities. James D. Fallon.)
Environmental Protection Agency, Many programs and water-quality

Nutrient concentrations in sur-1986), these waters would not be regulations are in place or are being
face water and ground watersuitable for human consumption considered to protect the quality of
(much of which eventually dis-without treatment because bacteria water in these areas, particularly in
charges to streams) were greater incounts may occasionally exceed the St. Croix River Basin. One
agricultural areas than in otherUSEPA drinking-water standards, example is an effort to restrict parts of the Study Unit (Payne.

Physical modifications to increases in phosphorus to the St. 1994; Kroening and Andrews.streams, such as stream dredging orCroix River to prevent excessive 1997; Ruhl and others. 2000).channelization, have been minimalalgal growth in Lake St. Croix Commercial fertilizers and animalin forested areas of the Study Unit. (Holmberg and others, 1997). manure applied to agricultural

6 Water Quality in the Upper Mississippi River Basin, 1995-98
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land are sources of nutrients to most notably in the Blue Earth, deposits (Kroening, 1998a). Nitrate
streams and ground water (Kroen- Le Sueur, and Watonwan Rivers concentrations in shallow ground
ing, 1998b; Ruhl and others, 2000). (Payne, 1994), have exceeded the water are also greatest in the agri-
Nutrients that reach streams drinking-water standard of 10 cultural part of the Study Unit, and
through artificial drainage or runoff mg/L set by the USEPA to prevent generally increased with the inten-
accelerate the growth of algae and methemoglobinemia in infants, sity of the agricultural activity and
aquatic plants, resulting in eutroph-Greater than one-half of the sam- decreased with the water-table
ication and diminished dissolved ples collected by Payne (1994) depth below land surface (Ruhl and
oxygen concentrations. In addition exceeded that drinking-water stan- others, 2000). (see "Nitrate in a
to affecting aquatic species, dard. Nitrate yields were ~eatest in National Context")
eutrophication also can cause taste agricultural streams (table 2).
and odor problems in water for Nitrate yields were about 10 times Table 2. Nitrate and phosphorus

yields in pounds per square mile perdomestic use. greater in streams draining artifi- year in agricultural streams, 1996-98
Nitrate concentrations in streams cially drained, fine-~rained surfi- ]STREAM ]NI RATE iPH0SPHORUS

draining the southern and south- cial geologic deposits compared to
]North Fork Crow River, 1,400 190

eastern parts of the Study Unit, streams draining coarse-grained ~Little Cobb River ! 15,000 330

Nitrate concentrations in the Study Unit are Although nitrate application rates from fertilizer
related to hydrogeologic setting and agricultural and manure were similar in both river basins, nitrate
drainage. The application of commercial fertilizers andconcentrations in the streams were different. The
manure are sources of nitrate in streams and ground nitrate concentration in the naturally well-drained
water. In general, nitrate concentrations in water are North Fork Crow River was less than the national
greatest in agricultural areas throughout the Nation average for agricultural streams. In contrast, artificial
(U.S. Geological Survey, 1999) including the Upper drainage in the Little Cobb River Basin has contributed
Mississippi River Basin. Yet, within agricultural areas to nitrate concentrations in the stream, which rank
within the Study Unit, nitrate concentrations vary due among the top 2 percent of all streams sampled in the
to the hydrogeologic NAWQA Program. Differences between the nitrate
setting. ZXt’t~NAnON    ,~ concentrations in these two streams (see grapht reflect

,’r- ¯ -- ¯ . SURFICIALMATERIAL1we rivers ~mn]ngUnconsolidated!     z differences in their hydrogeologic settings. Although
agricultural land in the sand snd g*ave~ [] nitrate concentrations were low in streams draining

’ Poorly drainedStudy Unit were ....... lidated [] ~;"._-~/,,~o,~’7~ surficial sand and gravel deposits, concentra-
frequently sampled for N. DAK. meterial l~, ;@. ~ ~,., °~ ~ UL.~"~ tions were greater in ground water--much
nitrate (1996-98). The "~’~1 ~

( ,~£~ ,-~ ~. MINN.
~,~-~. ~ ~-I ~"~ greater than the national median. (see

North Fork Crow River "~,~ j~-~~i; graph.)
is located in an area ~"%~.5~
underlain by unconsoli-

~-c~.
dated, coarse-grained sand )
and gravel deposits, that allow
water and contaminants to
infiltrate into ground water. The <~-- 4~ ~-Little Cobb River is located on
poorly drained unconsolidated material,ow~" ~__...~_~,,,~ ~ N. Fork bttle ~; ~ Agricultural

" o 2~ ~oK~,o~,,,,, Crow Cobb ground-that limits the ability of water and River River water study
contaminants to infiltrate into ground water.
Artificial drainage systems (ditches and tiles) have

To maintain water quality in streams andbeen installed throughout these poorly drained soils to
i ground water, best manage-ment practicesimprove agricultural production. These systems also
could include consideration of hydrogeo-result in more direct transport of contaminants to

nearby streams, i logic setting.
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Phosphorus concentrations !RIPARIAN COVER AND RUNOFF frequently than insecticides. Pesti-
exceeding the goal of 0.1 mg/L rec- POTENTIAL AFFECT AQUATIC cide concentrations in streams typi-
ommended by the USEPA (1986) BIOLOGY cally were greatest from May to
to prevent eutrophication were An investigation of 24 streams in July (Fallon and others, 1997).
measured in agricultural streams : the Minnesota River Basin during Ground-water samples with detec-August 1997 determined that there
(Kroening, 2000). Results from were differences in fish- and tions of one or more pesticides usu-
routine sampling showed this con- i invertebrate-community composi- ally coincided with areas of
centration was exceeded more fre- i tions due to both riparian cover and shallow ground water close to the
quently (about 75 percent of th’e i mnoffpotential (which increases land surface (Hanson, 1998; Ruhl
samples) in streams fed by artifi- when water infiltration decreases) and others, 2000). Organochlorine
cially drained soils that developed . (Stauffer and others, 2000; insecticides were detected in fishI ZumBerge, 1999). An Index of
on fine-grained materials than in Biotic Integrity (IBI--a measure of tissue but not in streambed sedi-
streams draining coarse-grained !biological condmons based on sev- merit (fig. 7, and see "Concentra-
materials (about 30 percent of sam- eral fish-community attributes), an tions of Degradation Products of
ples). Phosphorus yields were Invertebrate Community Index (ICI Agricultural Herbicides were

--a measure of biological conditionsgreatest in agricultural streams
based on several invertebrate corn- Greater than Their Parent Com-

(table 2). Phosphorus yields were ~ munity attributes), and species rich- pounds in Little Cobb River Near
approximately 1.7 times greater in I ness were used as measures of re- Beauford, Minn., 1997," p. 10).
streams draining artificially i source quality. Streams with wooded
drained, fine-grained surficial i riparian cover had better IBI scores, Algal, invertebrate, and fish

deposits than in streams draining ICI scores, and greater fish and in- communities have likely been

coarse-grained deposits, vertebrate species richness than affected by agriculture. Increased
streams with open riparian cover in- nutrients in agricultural streams

Median suspended-sediment dicating better resource quality, have resulted in greater algal abun-
i Streams with low runoff potential dance and primary production.concentrations typically ranged
i had better IBI scores, ICI scores,from 60 to 120 mg/L in agricultural !and fish species richness than Algal communities were composed

streams (Kroening, 2000). Sus- streams with high runoff potential, of a large proportion of blue-green
pended-sediment concentrations algae that are commonly associated
were greater in streams in artifi- INDEX OF INVERTEBRATEwith high nutrient concentrations
cially drained, fine-grained surTq- 5BBIOLOGICALINTEGRITY COMMUNITY INDEX

and are not suitable food sources
cial deposits compared to streams ~0-. - - !
draining coarse-grained deposits. ~30    |

I ! | for invertebrates (Kroening, 2000;
- - | - Lee and ZumBerge, 2000). Con-

Physical disturbances to stream
,~,,20-~~

~ ~_ ~
~

taminants from agricultural prac-
morphology, hydrology, and :~ 10- ~ ~ - ~ ~= ~- tices have likely affected
instream habitat have been caused 0

’Lo~ ’Hig~ ’1.o~ ’Hiot~ invertebrate communities, which
by stream straightening, removal of RUNOFF POTENTIAL were moderately diverse and com-
riparian vegetation, drainage of EXPLANATION

wetlands, and tile drainage systems | +lMoanStandard error
posed of mayflies and caddisflies

-1 Standard error that are relatively sensitive to con-
(see "Riparian Cover and Runoff taminants. Total fish biomass was
Potential Affect Aquatic Biology," These results suggest that streams high in agricultural streams, proba-
and "Riparian Buffer Zones Affect with wooded riparian cover had
the Quality of Midwestem Streams greater resource quality as indicated bly in response to greater algal

by fish and invertebrate community     abundance and productivity.and Rivers," p. 9). These distur- measures. Although suspended-sediment con-
bances also contribute to increased centrations were greater in the agri-
concentrations of suspended sedi- (Fallon and others, 1997; Fallon, cultural streams than in streams in
merit, relative to streams in other 1998; Ruhl and others, 2000). Few other land-use settings, the pres-land-use settings, concentrations exceeded applicableence of fish species such as stone-

Pesticides frequently were drinking-water standards and guide-cat and smallmouth bass indicate
detected in streams and shallow lines or aquatic-life guidelines. Her-good water quality in terms of clar-
ground water in agricultural areas bicides were detected more ity (Goldstein and others, 1999).

8 Water Quality in the Upper Mississippi River Basin, 1995-98
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Despite similar land use throughout resulting from excessive algal produc-
the Corn Belt region of the Midwest, tion in some midwestern streams may
streams flowing through cropland ~,:~me~ota reduce dissolved oxygen concentra-
differ considerably in their ecological tions and be detrimental to other
characteristics, in part because of requirements of aquatic organisms.
differences in riparian buffer zones.
(see text boxes). This conclusion is oMIS Shading from tree cover in riparian

buffer zones may influence nutrientbased on an investigation of "" wiscco~i,~
70 streams and rivers within three t ’-,,.,, concentrations indirectly by reducing

NAWQA Study Units in the upper "~’..t ¯ ~ the growth of phytoplankton. In
Midwest during August 1997 (map %" " ~ streams where phytoplankton were
shown at right; Sorenson and others, iowa = ~ ° abundant (often where buffer zones
1999; Porter and others, 2001). Spe- "." " " ~t~,nc.,~ were thin or lacking), dissolved nitrate
cifically, increases in tree cover in F.iw~: " . concentrations were significantly
buffer zones were associated with :.’ .~ .... o. lower (graph shown below; Porter,
aquatic biological communities indic- ° o 2000). The lower nutrient concentra-
ative of good stream quality, reduced , ’~.~ tions may result from uptake by the
nuisance algal growths, and mainte- ’.. ¯ abundant phytoplankton. Thus, assess-
nance of sufficient dissolved oxygen ments of eutrophication would benefit
concentrations to support diverse from consideration of biological corn-
communities of aquatic organisms, munities and the riparian zone~ rather
For example, the number of aquatic than being based solely on nutrient
insects indicative of good stream qual-The influence of riparian buffer zones on the concentrations in the water.
ity tended to increase with increases inquality of 70 midwestern streams and rivers
percentage of tree cover, especially inwas evaluated in the Upper Mississippi River ~15
sites where streamflow and dissolved(UMIS). Eastern Iowa (EIWA), and Lower

oxygen conditions were favorable. Illinois River Basins (LIRB).

Fish communities, sampled at 24 sites Streams with less tree cover, and
in the UMIS Study Unit, also indicatedthus less shading, contained relatively ÷
better overall conditions in streams large growths of phytoplankton (algae
with wooded riparian zones than thosesuspended in the water) at levels con-
with more open canopy (Stauffer andsidered indicative of eutrophication _
others, 2000). (Porter, 2000). Organic enrichment

Phytoplankton abundance
Chlorophyll-a (/rig/L)

Dissolved nutrient concentrations
decreased in eutrophic streams with
excessive algal productivity, Rates of nutri-
ent uptake by the algae can exceed rates
at which nutrients are transported by
strearns during low-flow conditions.

Resource agencies, including the U.S.
Department of Agriculture. encourage
maintenance of strips of trees or grass be-
tween cropland and streams as a best man-
agement practice. These "riparian buffer
zones" are thought to intercept runoff of
sediment and chemicals from fields, pro-
mote bank stability, and provide shading
and habitat for aquatic life (Osborne and
Kovacic, 1993). Riparian buffer zones

Digital images derived from USGS topographic maps were used to estimate the should be considered along with other im-
portant factors that affect chermcal and bio-

Ipercentage of trees in a riparian buffer zone (a 100-meter width on each side of thelogical indicators of stream quality, such as
lstream) for 2- to 3-mile segments upstream from each sampling site, supplemented by

[vegetation surveys at the sampling site (Sorenson and others, 1999).
soil drainage properties and stream
hydrology (Porter and others, 2001 ).
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STREAMS SHALLOW GROUND WATER
Water Quality and Aquatic

, i , Biological Conditions are Adversely
1Deethylatrazine

IIIIt , II         [
I                I 1DeethylatrazineAtrazine Affected in Urban Areas

Atrazine
~Metolachlor ~ ~ Metolachlor

Bentazon I 1--- { i ~ Bentazon The intensity of development in
Acetochl0r ..... II ! ~1 ] ! I ~ ~ ~ Acet0chlor urban areas has adversely affected

Alachlor i ~1 I i i Alachlor
Prometon i I---~-- i ~ Prometon the quality of streams and ground

2EPTC t I -- -- ’- = I 2EPTC water. Nonpoint-source contami-
Metribuzin I ! ~ --~ - ~ ~ Metribuzin1 I

" ~ ~ , Cyanazine nants to surface and ground waterCyanazine I I I
Trifluralin i I I I I ’ Trifiuralin

- i in urban areas originate from auto-32,4_D I I I. I I 32,4-D
Tebuthiuron i i I ~ I ] ] Tebuthiuron mobiles, road de-icing chemicals,

12,6_diethylaniline I I I I I I ~2,6-diethylaniline
Malathion +l Ii ÷l :1 = II {i li I Malathion construction, application of pesti-
Simazine ! i ! , I ~ ~ ~ Simazine cides and fertilizers, atmospheric
Ethoprop ~ I ’, ~ ~ ~ Ethoprop

Propachlor ~ I ~ ~ I I ~ Propachlor deposition, street debris in urban
Acifluorfen I I I I ~ I I ~ Acifluorfen stream-water runoff, and animal

Dicamba ~ l I T , ~ l i Dicamba
Dinoseb I I I I I I I I Dinoseb and plant refuse (Hambrook and

I I I I I I I
4MCPA I I I I I I I I 4MCPA others, 1997). Major sources of

Molinate I i i i I i I ~ Molinate
Carbaryl ~ i I I I I I I Carbaryl contamination to ground water

Carbofuran I ~ I I I i I I Carbofuran
5DCPA ~ I I i I I I 5OCPA include spills or improper disposal

Dieldrin I I I I I , , Dieldrin of industrial or manufacturing
Napropamide i i I I I I ! I Napropamide

Pendimethalin I I I I I I Pendimethalin chemicals, leachate from solid-
R ~ ,~ ~ ~= ’= ~ .~ ,~ ~ ~, waste landfills, and spills and leaks

DETECTION FREQUENCY, IN PERCENTAGE OF SAMPLES from petroleum storage areas and
’Deethylatrazine and 2,6-diethyleniline are pipelines (Minnesota PollutionPESTICID E USE degradation products of atrazine and

~ Agricultural-use pesticide rnetolacnlor, respectively Control Agency, 1986).
2S-ethyl dipropylthioca r barnate

; Agricultural- and urban-use pesticide 32,4-Oichlorophenoxyacetic amd

Urban-use pesticide 4(4-chloro-2-rnethylphenoxy) acetic acid
~Dimethyl t etrac hloroterephthalate

Figure 7. Atrazine and its degradation product deethylatrazine were the most
frequently detected pesticides in streams and shallow ground water in
agricultural areas in the Study Unit.

CONCENTRATIONS OF DEGRADATION PRODUCTS OF AGRICULTURAL
HERBICIDES WERE GREATER THAN THEIR PARENT COMPOUNDS IN LFrrLE
COBB RIVER NEAR BEAUFORD, MINNESOTA, 1997

Eight degradation products (metabolites) of four commonly used agricultural Minneapolis, Minn., the largest city
herbicides (acetochlor, alachlor, atrazine, and metolachtor) were detected in in the Study Unit. (Photograph by
samples collected from the Little Cobb River, an agricultural stream. SummedScott Murray Photography.)
metabolite concentrations were always ~reater than surmmed parent compound
concentrations. MetabolJte concentrations were ]east du~ng the fall and ~reat-
est during the summer. Four metabolites were present year round at substantialSeveral factors can affect the
concentrations (metolachlor-ethane sulfonic acid and metolachlor-, acetochlor-,occurrence and distribution of con-
and alachlor-oxanylic acid). The affects of these metabolites on aquatic and taminants in surface and ground
human health are not known, their persistence and relatively high concentra-
tions are a cause for concern, water in urban areas. Factors affect-

10, ~ ~ ¯ ,e,b**de~etabo,t. I/700 ing urban streams include impervi-

z ~ ~ ~ ¯ I ~ Her~o~da, 4 600 ~ == ous surfaces, drainage of wetlands,
--__

( ¯
¯ ,

{--Str.a_~ilow -[
g ~: , ¯ ¯ 500 g~ ~z construction of detention ponds,

,~ ¯ .,_
~

loss of riparian cover, and stream-

~ ..~ channel modifications (Riley,
~ ~ 1998). Impervious surfaces cause
,.,_~ greater peak streamflow rates of
~ ~ shorter duration from runoff than

0 0
JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT NOVDEC would occur naturally, and increase

1997
transport of contaminants from
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streets and parking lots to streams include the composition of surficial life criterion of 230 mg/L (U.S.
(Riley, 1998). These factors can material and depth to ground water. Environmental Protection Agency,
increase water temperature and Sand and gravel surficial materials 1999). Chloride concentrations
degrade habitat and water quality, increase infiltration and impervious were greater in streams with
Average water temperature in surfaces decrease infiltration to greater percentages of impervious
TCMA streams increased as the ground water. Shallow ground- surfaces and may have adversely
percentage of impervious surface water quality generally improves affected fish diversity. (see "Urban-
increased (Talmage and others, with depth, ization Affects Fish Communities

1999). Concentrations of nutrienis, Streams and ground water in and Water Quality in Urban

trace elements, chloride, sodium shallow aquifers in the TCMA con- Streams of the Study Unit," p. 12)

pesticides, and counts of bacteria tained elevated concentrations of All nitrate concentrations in
were frequently greater in urban sodium and chloride (Andrews and streams were less than the USEPA
streams than those that occur natu- others, 1998), a result of the appli- drinking-water standard of 10
rally and may inhibit growth, cation of road de-icers. (see "Chlo- mg/L (Kroening, 1998a, 2000).
reproduction, and diversity of ride in a National Context") Less than 10 percent of nitrate con-
aquatic biota (Klein, 1979; Pope Chloride concentrations in urban centrations in ground water
and Putnam, 1997). Factors affect- streams (Fallon and Chaplin, 2001) exceeded the standard (Andrews
ing shallow ground-water quality frequently exceeded the aquatic- and others, 1998; Fong and others,

Chloride concentrations in urban streams of the Study Unit      . ~
were substantially greater than in most urban streams sampled
throughout the Nation. Median chloride concentrations in ground    ~ ~
water overlain by urban areas in the Study Unit were also greater     ’
than the national median, although not substantially. Elevated
chloride concentrations result from runoffof de-icing chemicals
applied to roads and highways during winter storms (Granato,
1996). Because winter conditions are similar across the North-Central
and Northeastern United States, the greater median chloride concentrations
in other northern study units may also be at least partly the result of de-icing EXPLANATION
compounds. Sodium chloride (salt) is the primary de-icing compound applied to roadsMedian concentration in
and highways in the Study Unit (Minnesota Department of Transportation, electronic urban streams, in milligrams
commun., 2000). The environmental setting of the urban portion of the Study Unit, muchper liter (m0/L)

of it covered with permeable sandy soils, wetlands, and lakes, may allow chloride to be I ~00.0-~85.0

more readily transported to and stored in lakes, wetlands, and shallow ground water (where 40.0- 99.9
’10.0 - 39.9

chloride can persist) as well as being flushed directly to streams. Talmage and others 0.0- 9.9
(1999) reported that chloride concentrations were positively correlated with impervious
areas (buildings and paved surfaces) in 13 urban streams of the Study Unit. The source of elevated chloride concentra-
tions in urban streams in arid study units are likely from naturally occurring salts concentrated by the evaporation of
surface water (Hem, 1992).

Whereas de-icers are applied to roads in other study units throughout the Nation, concentrations in streams and
ground water in this Study Unit are likely greater for several reasons. The amount of snowfall and seasonal duration of
subfreezing temperatures may be greater in the Study Unit than most other study units. De-icing compounds other than
sodium chloride may be used in other study units.

Many samples had chloride concentrations that exceeded the aquatic-life criteria established by the U.S.
Environmental Protection Agency (1999). Elevated chloride concentrations in streams may affect biological communi-
ties by altering the species composition. Urban streams in the Study Unit were dominated by fish and invertebrate
species that are tolerant to degraded physical and chemical conditions, compared to other streams in the Study Unit.
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URBANIZATION AFFECTS FISH COMMUNITIES AND WATER QUALITY IN URBAN STREAMS OF THE STUDY UNIT

Water quality, instream habitat, and fish-community composition were characterized at urban streams of the Study
Unit during low-flow conditions, September 1997. The density of impervious cover (roads, parking lots, and rooftops)
generally increases as population density increases and was used as a measure of urbanization. Nutrient and pesticide
concentrations were generally low, rarely exceeding concentrations found in agricultural streams. Nutrient concentrations
did not change with the percentage of impervious area. In contrast, chloride (fig. a) and sodium (fig. b) (used for road
de-icing) concentrations were generally elevated in urban streams and increased as the percentage impervious area
increased.

Fish communities within most urban streams were characterized by species that are tolerant to degraded physical and
chemical conditions, such as
the central mudminnow,
fathead minnow, and black ~ 30 |(a) Chloride

25[ Ic) Species nob ....
bullhead. There were, -’~ 25 ~ o ~_ 20t* * :

fish communities among ~ 15 1 ~ o ~ i

streams. Two measures of ~ 101 ,~,~-. ~ 1°I
communityhealth--the ~ 5i,,.~ :~

5i
~

species richness and diver- ~    ~0r 0 ~

sity--decreased as the per- z 60 Libl sodiu~ ~ 1.2~ I~ di~=tv
-- 50

imperviouscentage of impervious area cover, such as    ~~I10 ’ ~""-’

ii0"8                              0.2,~ "      ~

increased (figs. c and d). ,~
i 0.6 ~

Factors associated with if-- .. - !
~ ~o ~ ~ ¯ ° ~ o.’~t

reduced instream habitat, f~’- ~
0~                                ~presence of contaminants in ~ 06    5 10 15 2’0 ’25 30 0    5 10 15 20 25 30

water and sediment, altera- PERCENTAGE OF IMPERVIOUS SURFACE PERCENTAGE OF IMPERVIOUS SURFACE
tions to stream channels, and
migration barriers, may Concentrations of chloride (a) and sodium (b) in Species richness (c) and diversity (d) in relation

directly affect fish-commu- relation to percentage of impervious sudace in to percentage of impervious surface in urban

nity composition, urban streams of the Study Unit, September 1997 streams of the Study Unit, September 1997

applicable standards or guidelines1998). Nitrate and phosphorus Table 3. Nitrate and phosphorus (Andrews and others, 1998). Con-yields in urban streams (table 3) yields, in pounds per square mile per
were less than in agricultural year in streams in urban areas, 1996-98 centrations in shallow ground water
streams (table 2) and greater than were generally less than in surface
in forest streams (table 1). About i Shingle Creek 130 water (Fallon and others, 1997;
30-37 percent of the total phospho- [ Nine Mile Creek 140 i Andrews and others, 1998). Factors
rus concentrations in urban streams Dissolved-oxygen concentra- affecting pesticides in surface and
exceeded the USEPA’s water-qual- tions in most urban streams usually ground water include land use,
i ty criterion of 0.1 mg/L (Kroening, were greater than the minimum application methods, and atmo-
1998a, 2000). The greatest concen-5 mg/L aquatic-life criterion (U.S.

spheric transport and deposition. Intrations of nitrate in ground water Environmental Protection Agency,
streams and shallow ground water,were from samples of shallow 1986) necessary for the protection

ground water (unconfined surficial of aquatic life. Dissolved-oxygen herbicides commonly used on road

sand and gravel aquifers) (Kroen- saturation in urban streams during rights-of-way were detected

ing and Andrews, 1997). Areas the growing season was generally (prometon and tebuthiuron), as

with the greatest concentrations of greater than forest streams and less were agricultural herbicides (atra-

nitrate are related to aquifer sus- than agricultural streams, zine and metolachlor). Insecticides
ceptibility and overlying land use. Pesticides were frequently were detected in almost 50 percent
Nitrate concentrations tend to detected in urban streams and shal-of stream water samples (Fallon,
decrease with increased well depth low ground water (fig. 8); however, 1998) but in less than 5 percent of
(Hanson, 1998). concentrations seldom exceeded ground-water samples (fig. 8).
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Volatile organic compounds STREAMS BROUN0 WATER
(VOCs) were detected in surface

Prometon ~ ! !
Prometonand shallow ground water in the Atrazine ~- l [ ] I I Atrazine

urban part of the Study Unit (fig. 9) lDeethylatrazine I I ~Deethylatrazine
Metolachlor I I ~ Metolachlor(Andrews and others, 1995 and Diazinon

1998). Some VOCs are suspected 2DCPA ~=- -- I~
I

II 2DCPAgiazin°nSimazine ____ i I Simazinecarcinogens and may be toxic to 32,4.D ~ ---- I I 32,4_D~~ ~ I Tebuthiuronhumans and wildlife. Although Tebuthiuron

many VOCs were detected in urban Acetochtor I Acetochlor
4EPTC I ~ 1 4EPTC

streams, concentrations generally Cyanazine I Cyanazine
were below applicable standards Diuron ~ Diuron

Alachlor ~ ~ Alachlorand guidelines. The greatest con- Trifluralin I-- I Trifluralin
centrations occurred in stormwater CarbaryI ~--= I Carbaryl

Malathion ~ ~ I Malathionrunoff and winter low flows. The Pendimethalin ~ -- ~ I Pendirnethalin
most frequently detected VOCs are lP, P’DDE i _~ ~ lp,p:DOE

Carbofuran l I Carbofurancomponents of petroleum products Benfluralin I ~ Benfluralin
and by-products of petroleum com- Metribuzin i I i Metribuzin
bustion. These VOCs are contrib- Bentazon I I I Bentazon

Bromacil ! i i Bromaciluted to streams from engine Chlorpyrifos
I I I

Chlorpyrifos
emissions to the atmosphere and PropachlorOryzalin I i    I ~ 0ryzalin

~ I I Propachlorfrom oil and gasoline leaks from
vehicles to parking lots and road- "-DETECTION FREQUENCY, IN PERCENTAGE OF SAMPLES-
ways. ~Deethylatrazine and p,p’-DDE

Other contaminants such as PESTICIDE USE (dichlorodii)henyldichloroethylene)are
¯ 1= Agricultural-use pesticide degradation products of atrazine and

DDT, respect=rely.polycyclic aromatic hydrocarbons ’- Agricultural- and urban-use pesticide 2S-ethy~ diptopytthiocarbamate(PAHs), organochlorine com- ~ Urban-use pesticide 32,4-Dichlorophenoxyace~c acid
4(4-chloro-2-meth¥1phenoxy)acetic acidpounds (OCs), and trace elements Figure 8. Pesticides typically used in agricultural areas were frequently

are common in urban streams, fre- detected in streams and ground water in urban areas in the Study Unit.
quently at concentrations greater
than aquatic-life guidelines SHALLOW
(McNe]]is and others, 2000; Tel- SHINGLE CREEK GROUND WATER
mage and others, 1999) (see Methylbenzene I I ! ] ; ’ ’ Methylbenzene
"Organic Contaminants in a 2-Propanone ~11~! 2-Propanone

Trichlorofluorornetha ne ~== ; Trichlor0fluoromethaneNational Context"). Urban activi- Chiorornethane Chloromethane
ties and discharges also contribute cis-l,2-Dichloroethene ¯ ’, I cis-l,2-Dichloroethene
to increased concentrations of trace 2-Butanone : ’ 2-Butanone

Carbon disulfide I I .... Carbon disulfideelements (particularly cadmium, 1,3- and 1,4-Dirnethylbenzene 1,3- and 1,4-Dimethylbenzene
copper, lead, and zinc) in some Trichloromethane ¯ Trichloromethane
urban streambed sediments. Ele- Trichloroethene | Trichloroethene

1,2,4-Trimethylbenzen e 1,2,4-Trimethylbenzenevated concentrations of some trace 1-1sopropyl-4-rnethylbenzene I 1-1sopropyl-4-methylbenzeneelements can be toxic to humans Benzene ~ r’ Benzene
and aquatic life. Dichloromethane ¯~ : Dichloromethane

Ethylbenzene ~11 i EthylbenzeneFecal coliform counts differed 1,2-Dimethylbenzene ~ 1,2-Dimethylbenzenewidely among urban stream sam- Dichlorodifluoromethane ¯ ’, Dichlorodifluoromethane
pies collected during September 1,2’-0xybisethane , , , I : ; i 1,2’-Oxybisethane
1997, ranging from about 54

DETECTION FREQUENCY, IN PERCENTAGE OF SAMPLEScoVlOOmL (colonies per 100 mL) Figure 9. More volatile organic compounds (V0Cs) were detected in Shingle
to more than 11,000 coU100 mL Creek (an urban stream) than in the shallow ground water in the same land-use
(Talmage and others, 1999). Fecal setting, indicating that many VOCs break down before infiltrating the shallow
coliform counts at 8 of 13 sites ground water.
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Polycyclic aromatic hydrocarbon concentrations in streambed
9H-Fiuore~e               ]-            ’sediment in urban areas are among the greatest in the Nation.           Anthracene

Benzo [a] anthraceneSix polycyclic aromatic hydrocarbon compounds (PAHs) were ................................1_ _
detected at concentrations above U.S. Environmental Protection Benzo [a] pyrene I
Agency (USEPA) aquatic-life criteria. Some are known carcinogens c~7~sa.e : I
and are toxic to aquatic life. These compounds are generally by- Phenanthrene
products of combustion of fossil fuels or the burning of wood. o.1 1 lO lOO 1,000 lo,oo0 lOO,OOO
Concentrations of PAHs at sites in other land uses were ]0 to ]00 times PAH CONCENTRATION, IN MICROGRAMS PER KILOGRAM
less than those in urban areas. TotalODT’

Organochlorine detections are prevalent in urban areas. Some sites o,p,.p,p:ooo
Ihad concentrations greater than recommended for the protection of o,p’,p,~:DOE

aquatic life or wildlife. , I, ° ° °, °    ,

Streambed sediment and fish tissue were analyzed for organo- rota~PCB’ "~" °
chlorine compounds (OCs). Although uses of the insecticide DDT for ’ ’
mosquito control and polychlorinated biphenyls (PCBs) for industrial0.1 1 10 100 1,000 10,000 100,000
applications were discontinued in the 1970s, these compounds were0C CONCENTRATION, IN MICROGRAMS PERKILOGRAM
still detected in urban streambed sediment in the Study Unit. Twelve of EXPLANATIO.

NATIONAL RANGE
the 13 OCs (insecticides and PCBs) detected in streambed sediment inCOMPOUNOOF VALUES
the Study Unit were found at urban sites. Three OCs including DDT, [Total DDT

DDT metabolites (DDE and DDD), and total PCBs were detected in / ~~Streambed Sedimant!
fish tissue at all urban sites in the Study Unit. Total DDT and metabo- /
lites in streambed sediment exceeded USEPA water-quality guidelines.AOUAr C-L FE CR TER ASTUDY UNIT VALUE
PCB concentrations in fish exceeded USEPA standards for wildlife that GUIDELINE FOR THE PROTECTION

OFWILDLIFE THAT CONSUME FISH
consume fish.

exceeded the State of Minnesota quality, such as mayflies and stone-streamflow increases and decreases
freshwater standard for recreational flies, were absent (see "Urban BiD- during storm events). Waterfalls
use (200 col/100 mL) (Minnesota logical Communities in a National and dams are common in urban
Pollution Control Agency, 1991). Context"). Fish communities were streams in the Study Unit and may
The greater bacteria counts may characterized by a large proportion be barriers to fish migration (Tal-
indicate localized leaking sewer or of species that can tolerate mage and others, 1999). Migration
septic systems or animal waste, degraded water-quality conditions, barriers can limit the total number

such as central mudminnows and of fish species.
Relatively low nutrient concen- fathead minnows (Goldstein and

trations, stream shading, and con- others, 1999; Talmage and others,    Water Quality and Aquatic
taminants may lead to low algal 1999). Factors that affect biological Biological Conditions haveproduction in urban streams (Lee communities in .urban streams Characteristics Indicative of
and others, 1999). However, nutri- include water and sediment chem- Dominant Land Usesent concentrations are a concern
because urban streams commonly

istry and physical conditions such

drain to lakes that are more sensi- as hydrology and instream habitat. Sodium and chloride concentra-
tions were greater in shallow

tive to eutrophication. The warmer Physical alterations, such as ground water and streams in urban
temperatures and longer residence channelization and the high per- areas than in agricultural or for-
times of the water in lakes allow centage of impervious area in ested areas. Chloride concentra-
greater algal productivity. Inverte- urban basins, contribute to greatertions commonly exceeded the
brate taxa that indicate good water hydrologic variability (rapid USEPA aquatic-life criteria of 230
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tO0

Invertebrate communities indicated that the most degraded ~ ~ 80
conditions occurred in 13 urban streams compared to 26 agricul-~= ~ 70rural streams and 1 forest stream in the Study Unit. Urban streams

~ ~ 60 ~ National average 52%were also among the most degraded in the Nation. Invertebrate
z> ~ 50 ..........communities in urban streams were composed of pollution ruler- -

ant species, such as true flies, with few sensitive species, such as~ ~ 40
mayflies and stoneflies. ~ ~ 30

Factors influencing invertebrate communities in urban ,~ ~ 20
streams may include elevated concentrations of PCBs, organo- ~ 10 ,
chlorine pesticides (DDT, DDE and DDD), PAHs, and trace 0 FOREST AGRIC0LTORE URBAN
elements in streambed sediments. Concentrations of some of these

Invertebrate Community Status Indicators (ICSI) scorescompounds rank among the greatest in the Nation (McNellis andwere greatest in urban streams indicating poor aquaticothers, 200 i" Kroening and others, 2000). In addition to chemicalresource (habitat and water) quality. The ICSI is a
characteristics, modification to stream hydrology and removal ofmeasure that summarizes species richness, tolerance,
instream habitat may contribute to degraded conditions for aquaticdominance, and t~ophic conditions, and that are associ-
communities in urban streams in the Study Unit. uted with water-quality degradation. The indicator values

increase with greater resource-quality degradation.

mg/L (Mitten and Payne, 1997; agricultural ground-water samples,
Fens, 2000; Fallen and Chaplin, whereas nitrate was commonly _~ 0.04
2001). Elevated sodium and chlo- undetected (less than 0.05 ms/L) in ~_ ~_ ,~ ~
ride concentrations are the result of forested areas (fig. 1 1 ). Nitrate con- ~ = , z--~de-icers that are applied more ~ ~ .~ =centrations in shallow ground ~ ~ ~ ~heavily in urban areas,

water increased with agricultural .~ ~Concentrations and yields of intensity, particularly in unconfined ~_ ~ ~ ~nutrients and suspended sediment sand and gravel aquifers (Hanson, z
in streams that drain agricultural

1998), suggesting that underlying "=’ ~
areas were substantially greater ~ FOREST ABRICULTURE URBAN 0
than those that drain urban or for- deeper aquifers, typically used for

Figure 11. Nitrate concentrations
ested areas (fig. 10). Increased drinking water, have potential to be were greatest in ground water in
nutrient concentrations have con- contaminated with nitrate (fig. 11) agricultural areas of the Study Unit.
tributed to accelerated eutrophica- (Fens, 2000).
tion and low dissolved-oxygen The pesticides detected differed

16,000 [concentrations (Kroening, 2000),
~.~ ~5,000[

by land use. Herbicides were the
which adversely affect aquatic ~.~ 14,00O; !~’ most frequently detected in surface
communities. Eutrophication has ~_ 1,, ~

and ground water. Atrazine and its
been most notable in the Minnesota _z.~ ~

_~ ~ degradation product, deethylatra-
River Basin. The greatest nitrate ~,~=’~ ~,000 g ~, ,.,~ ~ zinc, were detected in all land-use

~= 800 _~ " ~ ~ settings (Fallen and others, 1997;concentrations in the Minnesota ~,~ ~= ~ =
River Basin were measured during ~

~00
~ ~ o~ r= Fens, 2000). Prometon, a herbicide

rainfall runoff (Payne, 1994; z~ zoo ~ used on road rights-of-way, was the
Kroening and others, 2000). 0, most frequently detected herbicide
Exceedences of the USEPA drink- F0~EST AGmCULTURE U~AN in ground water in urban settings
ing-water standard of 10 mg/L for Figure 10. Nitrate yields were greatest (Andrews and others, 1998). Orga-
nitrate occurred in less than 4 per- in streams draining agricultural areas nochlorine concentrations in stre-cent of urban and 38 percent of in the Study Unit. ambed sediment were substantially
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greater in urban streams than in ~ 6 Bese~ oo 267 f~s, :o~eoted bye, M~,o.eotaditions in urb~ streams ~an in
agficulmrN or forest s~eams ~ ~ 50epa~em of Natural R.sourcas an, Minnesota forest or a~culmral streams (LeePollution Control Agency in ~ s~eams ~Lee and

(McNellis ~d others, 2001 ). ~ ~ 4 :-AnO ...... 199~. [ S~oot~.,O~,~t~,~, ~]/ ~d others, 1999; Talmage and oth-
Volatile orga~c compounds were ~ E ~ , ~,¢u~to~ / ers, 1999). Invertebrate co~uni-

most co--only detected in urban ~ ~ ties in urban s~eams ~e composed~2
~eas. In gound water, ~e most z = : of fewer mayflies, stoneflies, and
frequently detected VOCs (c~bon ~E ~ caddisflies than streams draining
disulfide ~d chloromethane) were N 0

~s75 ~9~0 ~s~ ~9~0 ~995 agricultural and forested land (fig.
in shallow aquifers in urb~ ~eas, Fi0ure 13. Polychlorinated biphen~l     15) (Lee and others, 1999). Fish
but at concen~ations generally less concentrations in common carp fillets    communities in urban streams were
than 1 gg~ (fig. 12) (Andrews and collected from streams in the Study do~nated by species tolerant of
others, 1998). VOCs Nso were Unit have decreased since 1975. low dissolved-oxygen concentra-detected in gound-water samples

Streambed-sediment concentra- tions and w~ temperatures (Gold-from agricultural ~eas, but at con-
cen~ations and detection frequen- tions of lead, zinc (fig. 14), cad- stein and others, 1999; Talmage and

cies less than urban ~eas (Ruhl andmium, and copper were greater in others, 1999). Fish biomass and

others, 2000). In urban streams, theurban ~eas than other land-use set-phytoplankton biovolume are indi-

geatest concen~ations of VOCs tings (~oening and others, 2000). Incators of stream productivity. The
were detected following sto~ ran- streams draiNng a~cultural and for-greatest fish biomass (usually in the
off and during winter low flows, ested ~eas, trace-element concentra-fo~ of species such as co~on

tions in streambed sediment probablyca~) and phytopla~ton biovol-
0.20 reflected natural geochemistry. Met- umes were measured in agricultural

~ cuu concentrations in fish livers streams (fig. 16).U ~ E 0.~ were greater in streams draining land
~ ~ ~ 0.~2 uses other than urban settings
~ ~ ~ ~ (~oening and others, 2000). Agfi-
-~ ~ ~ cultural and urban activities contrib- x 1
-~= 0.04 ute to elevated suspended-sediment

~ concen~ations and bacteria counts in0 FOREST ~GmCULTURE URBAN small streams. Suspended-sedimentFigure 12. Total volatile organic com- concentrations were greatest in agfi-pound concentrations were greatest in
cultural streams.ground water in urban areas inthe FOREST A6RmULTURE URBA~

Study Unit. ~ ~0 Figure ~5. Total number of ma~lies,
stoneflies and caddisflies, indicatorsTrace concen~ations of PCBs ~ =

and DDE (a degradation product of ~ ~
of good water-qualiW conditions, was
greatest in streams draining forested

DDT) were detected in fish
throughout the Study Unit (Biedron

-=~N ~ ~ ~ ~

areas in the Study Unit.

and Hetwig, 1991). PCB concentra- ~z =
tions in co~on c~ fillet tissue ~ s0

0have decreased at different rates in ~0REST AGRICULTURE URBAN ~,~
each land-use setting since their use Figure 14. Lead and zinc concentra- - 20

16
was discontinued in ~e 1970s (Dur- tions were greatest in streambed sedi-

fee, 1976) (fig.13). Concen~ations ments in urban areas in the Study Unit.

of these compounds were greater in Aquatic biological co--unities
fish ~d sediment from s~eam ~e affected by che~cal, hydrologi- ~0BEST A~B=CULTUBE UBBAN
reaches ne~ urb~ ~eas (Fa]]on c~, and physical conditions in Figure 16. Ph~oplankton biovolume
and o~ers, 1997; Lee ~d Ander- s~eams ~d sere as good indicators and fish biomass were greatest in
son, 1998; McNellis ~d o~ers, of water quality. Co~u~ty compo- streams draining agricultural areas
2001). sition indicated more de~aded con- in the Study Unit.
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Land Use Influences Water-Supply exceeded the suspended USEPA detected in water from 36 percent of
Aquifers drinking-water standard of 300 wells in the confined portion of the

The Prairie du Chien-Jordan
pCi/L in 68 percent of the water aquifer and 52 percent of wells in

aquifer, which occurs in dolomite samples from the unconfined per- the unconfined portion of the aqui-

and sandstone of Cambrian to tion of the aquifer and 64 percent fer. VOCs were detected in 82 per-

Ordovician age, is the principal from the confined portion of the cent of the water samples, but none

bedrock aquifer throughout much aquifer. Tritium concentrations in at concentrations exceeding 1 gg/L.

of the Study Unit (fig. 17), supply- ground water indicated that water More VOCs were detected in water

ing approximately 75 percent of the in the unconfined portion of the samples from the unconfined por-
tion of the aquifer than from the

ground water withdrawn in the area aquifer was recharged more confined portion.
for public and industrial supply. In recently than water in the confined
certain areas, termed confined per- portion of the aquifer.

Water Quality and Aquatic Biologytion, bedrock or glacial deposits
of Large Rivershaving low permeability overlie the I~’~ EXPLA.ATION

aquifer. In other areas, termed ]/M~-~.~
Estimated a~tent of
the co.f~oed P~a~,e doWater quality and aquatic biology

unconfined portion, glacial sand

~                          Ch~en-Jo,d.o eq=fer

in the large rivers of the Study Unit
and gravel deposits having greater ~ Estimated extent ofth ...... fined Prairie (the Mississippi, Minnesota, and St.du Chien-Jordan
permeability overlie the aquifer, a,=fo, Croix) represent the cumulative
The hydrogeologic characteristics quality of their tributaries. The trib-
of these overlying units affect the 9~o30. 9~o 9:o30. utaries of the Minnesota River drain
downward movement of water and ~-~,, ~ primarily agricultural land, the trib-
contaminants from the land sur- utaries of the St. Croix River drain
face into the aquifer, primarily forested land, and the trib-

Water in the unconfined portion utaries of the Mississippi River
of the aquifer appears to be drain primarily agricultural and for-
affected to a greater degree by ested land. Because of agricultural
human-related activities than water activities and natural conditions,
in the confined portion of the aqui- water in the Minnesota River con-
fer. Nitrate concentrations were tains elevated concentrations and
greater in the unconfined portion of yields of nutrients, suspended sedi-
the aquifer. In the unconfined per- 0     ~0 Mile, ments, and pesticides (Fallen and
tion of the aquifer, nitrate in 8 per- 0 ~0~,o~e,.r~ others, 1997; Kroening, 2000). The
cent of the wells sampled exceeded ~..~o|lh. ¢o11,1~., .., .....hn.d ~,|,r,. du Chl.n- aquatic biological community con-
the USEPA drinking-water stan- ,=~:~ .....0.=0~,~z’~: ~’"’=" ’~; ~*~’~ ’"" °~ .... tains fewer invertebrate and algal
dard of 10 mg/L. In the confined Figure 17. Estimated extent of the Prairie taxa, but greater chlorophyll-a con-
portion of the aquifer, no samples du Chien-Jordan aquifer in part of the centrations associated with greaterStudy Unit.
exceeded 10 mg/L of nitrate. Phos- nutrient concentrations (Kroening,
phorus concentrations generally Arsenic concentrations in the con-2000; Lee and ZumBerge, 2000)
were about one-tenth of nitrate fined and unconfined portions of the(fig. 18). In contrast, the St. Croix
concentrations. In about 40 per- aquifer ranged from less than the River and the Mississippi River
cent of water samples from con- method reporting limit (1 gg/L) to upstream from the TCMA have low
fined and unconfined portions of 7 gg/L. These concentrations do notnutrient concentrations, relatively
the aquifer, concentrations of iron exceed the current USEPA drinking- clear water, and low suspended-sed-
and manganese in water samples water standard of 50 ~tg/L. iment and pesticide concentrations
from confined and unconfined per- Seven different pesticide com- (Fallen and others, 1997; Fallen,
tions of the aquifer exceeded drink-pounds were detected in water sam- 1998; Kroening, 2000). Down-
ing-water guidelines, ples. Atrazine and its degradation stream from the TCMA, and below

Radon concentrations ranged product, deethylatrazine, were most the confluence of the Minnesota and
from 100 to 2,700 pCi/L and frequently detected. Atrazine was St. Croix Rivers, water quality in
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- 200 40 (Kroening, t998a, 2000). Eleven
. ~z ~= !00 ~- percent of the samples from the

~,~ 160~,= = ’- z -~ Minnesota River near Jordan,~-ua 140
~,_,~z ~_12o ~ ~ ~ Minn., exceeded the standard. Theg z = ~oo z ~ :~ most noticeable trends in the Mis-

~’ ~ = sissippi, Minnesota, and St. Croix
=5 40 ~5 Rivers during 1984-93 were an

N~_z 20 increase in nitrate concentrations~o 0 0
g 0.~o z0 and a decrease in total ammonia
=: = 0.3s ., ~ 10 concentrations in the TCMA (fig.
-’-~-~- 0.32 ~.--.~ 10=- "-= 20) (Kroening and Andrews,
::=~n_ 0.24 o ~_=_ 1997). These trends were not

~ ~ ~
0.20 = ~ < observed at other sites. These

oua=: 0.16
z ~ ~ ammonia reductions are probably

~ ~ = ~ ~ ~
the result of nitrification processes

= 0 0 used at the three largest wastewater
~E’~ ’~      ,-~$=~ .~.s e> ~.~ N.=E< "sg ~s~ >~E< treatment facilities in theTCMA,........~ e~ ~,=: ~= ~.,~ ~_e~ ~,=: ~=: ~ which convert ammonia-nitrogen.-N~- = .... ~- ._ .~ ~- . ._~-

~̄ =g :~ .~ ~= ~ g ~ ~o~ o to nitrate. This process has resulted
.~ ~= .~ .~ = in wastewater effluents that are less

toxic to fish and other aquatic life.
Nitrate concentrations, however,I:igur~ 111. Median concentrations of nitrate, total phosphorus, suspended

sediments, an6 chlorophyll-a were generally lower upstream from the Twinmay contribute to eutrophication.
giW Metropolitan Area (TgMA) and were ~reatest in the Minnesota River, Total phosphorus concentrations

the Mississippi River results from a Nitrate concentrations in the in parts of the Minnesota River and

complex mixture of water and Mississippi and St, Croix Rivers
in the Mississippi River down-
stream from the TCMA frequentlychemical constituents. Concentra-did not exceed the USEPA drink- exceeded the USEPA guideline oftions of nutrients, suspended sedi-ing-water standard of 10 mg/L 0.1 mg/L to prevent eutrophicationments, and pesticides in the

Mississippi River increase at the 11
confluence with the Minnesota ~- ’.-.~._~_. ~OT~t
River and decrease slightly, due to .~ 9 ~[S~T~ ~Tre-tm~ntN~tmpnlitanFa~ilitf!/Vast~aterDisehar9~ Confluence
dilution downstream from the con-,,=,7 / Conflu~ng~ ot the St. Croix Iti~r
fluence with the St. Croix River ~ Minnesota Ri~e~

2000).                          N 1 ~ - -

i .4E

I 75th Percentile]

TOTAL PHOSPHORUS2
0.3 ~- Median [ -

~- 25th Percentile I IIII,,z, 0.2~

~ ~ ¯ m m m m -

Aerial view of the confluence of the SITE

St. Croix and the Mississippi Rivers. Figure 19. Total nitrogen and phosphorus concentrations in the Mississippi River
increase downstream from the confluence of the Minnesota River and decrease(Photograph by James R. Stark.)
downstream from the confluence of the St. Croix River.
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_ 1.5/ greatest concentration of sus-
= ~ 1.0t Total ammonia nttroger, pended sediment in the large rivers
__. ~[

Total nitrate
,~ ~ 0.5 was in the Minnesota River

=~ ,,z, ~~ (Kroening, 2000). The primary

:>" ~ Source: Twin Cities Metropolitan Council Environmental
contributors of suspended sediment

~
Service tMetro!)olitan W.ate C?ntro[ Com~miaaion, 19N) to the Minnesota River are the trib-

-1.0
1982 1984 1985 1986 1987 1988 1989 1990 ~991 1992 1993 utary watersheds in the central andi Concentrations wore adiustad to a¢ c~unt for variations w~t~ ~reamtlow

Fi0ure 20. Modifications in wastewater-treatment processes have changed southeastern parts of the Minnesota
measured total nitrate and total’ammonia nitrogen concentrations in the River Basin (Payne, 1994). Con-
Mississippi River at Newport, Minn. centrations were lower in the St.

(Kroening, 1998b, 2000). Phospho-has resulted in dissolved-oxygen Croix River and in the upper
reaches of the Mississippi River.rus concentrations and loads to the concentrations in the Mississippi

Pesticides frequently wererivers originate from both point and and Minnesota Rivers (Johnson and detected in the large rivers, but nononpoint sources. The major point Aasen, 1989: Minnesota Pollution concentrations exceeded applica-sources are wastewater treatment Control Agency. 19851 that are ble drinking-water standards orfacilities, whereas the major non-
point sources are from agriculture sometimes less than the USEPA guidelines (Fallon and others,

in the Minnesota River Basin. Dur- guideline of 5 mg/L for the protec- 1997; Fallon, 1998). Herbicides

ing tow streamflow conditions, tion of aquatic life (U.S. Environ- detected in all large rivers include

more phosphorus comes from mental Protection Agency. 1986).the row crop herbicides alachlor,

wastewater treatment facilities, atrazine, and its degradation prod-

whereas during high streamflow
~

uct deethylatrazine, cyanazine, and

conditions, nonpoint sources domi- ~ metolachlor. In and downstream

nate. Dissolved orthophosphate from the TCMA, insecticides were

concentrations generally were frequently detected in water, and

greatest at sites downstream from although use was discontinued in

~astewater discharges in the the early 1970s, DDT and its degra-

TCMA (Kroening, 1998b, 2000). dation products DDE and DDD

Eutrophication of Lake Pepin has were frequently detected in fish tis-

been linked to elevated phosphorus sue and bed sediment.

concentrations in the Mississippi Streambed sediment in the Mis-

River (Minnesota Pollution Control sissippi River within and down-

A~zencv, 1989). stream from the TCMA contained
~ " the greatest number of OCs (Fallon

and others, 1997: Fallon, 1998).
PCB concentrations in streambed
sediments have decreased over
time (Anderson and Perry, 1999).
Fish tissue concentrations have par-The runoff of agricultural chemicals

and sediment affects water quality alleled this decline (Lee and

in nearby streams and rivers. Anderson, 1998).

Wastewater treatment facilities (Photograph by Scott Murray Human activities have had a

introduce contaminants such as Photography.) strong influence on the occurrence
and distribution of trace elementsnutrients and chloride to streams. Suspended sediment adversely in large rivers of the Study Unit.(Photograph by Scott Murray affects aquatic life by limiting light The TCMA is the largest source ofPhotography.)

and covering habitat. Suspended trace elements to rivers in the Studv
Biochemical oxygen demand sediment also transports nutrients, Unit. Trace-element data collected

(BOD) of materials discharged trace elements, and organic corn- in the TCMA during 1992 by the
from wastewater treatment facilities pounds attached to particles. The Metropolitan Waste Control Corn-
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Control Commission (1994) indi- Resources, 1997; Minnesota Pollu- In the Mississippi River, the con-
cate that concentrations of most tion Control Agency, 1999). Data struction and maintenance of locks
trace elements in the water were collected by the Metropolitan and dams have altered physical
less than applicable standards and Waste Control Commission (1994) habitat for fish, invertebrates, and
guidelines, with the periodic indicate that during 1992, 25 per- algae by changing streamflow from
exceptions of mercury and copper, cent of the water samples collected free-flowing to impounded, and
Concentrations of cadmium, lead, in the Mississippi River immedi- altering the natural hydrology and
mercury, and zinc were greatest in ately downstream from the Minne- the physical structure of the chan-
streambed-sediment samples " sota River and the Metropolitan nel. As a result, the river has
within or immediately down- Wastewater Treatment Plant outfall changed from a meandering, flow-
stream from the TCMA (Wiener exceeded freshwater standards for ing system, which periodically
and others, 1984; Kroening and recreational use regarding bacteria, overran its banks and flood plain,
others, 2000). An industrial pre- to a series of impoundments con-
treatment program that began in the Changes in the habitat of the nected by dredged channels where
early 1980s has reduced the large rivers have been caused by the strearnflow and water levels are
amount of trace elements dis- the construction of locks and dams, controlled. The impoundments
charged to the Mississippi River. dredging to maintain navigation change the physical structure of the
For example, zinc concentrations channels, modifications to stream river, the diversity of aquatic habi-
have decreased an average of 80 morphology, and changes in land tats, and water quality. Impound- .
percent (Anderson and Perry, t999) use. (see "Riparian Buffer Zones merits reduce the velocity and
(fig. 2 I) since the pretreatment pro- Affect the Quality of Midwestern warm the water in the pools.
gram began. Streams and Rivers," p. 9). Reduced velocity causes sediment

Treated wastewater and Instream habitat and fish commu- to settle, changing the composition
untreated animal waste in the Study nity conditions in the large rivers of the substrate on the bottom of
Unit also contribute to increased differ among areas of forest, urban, impoundments to fine-grained
counts of fecal bacteria in the large and agricultural lands. Diverse material (sand and silt). Nutrients
rivers. Fecal bacteria counts were aquatic biological communities andand contaminants associated with
greatest in the Minnesota River and relatively undisturbed riffle-pool sediment particles are concen-
in the Mississippi River as it morphology are found in the St. trated in the bottom sediments of
flowed through the TCMA. Croix River and the upper reaches the pools.
Approximately 40 percent of sam- of the Mississippi River in forested The addition of nutrients from
ples collected in the Minnesota areas. Drainage of wetlands, loss of wastewater treatment facilities and
River Basin exceeded the Minne- riparian vegetation, and channel from agricultural activities, com-
sota and Wisconsin State freshwa- straightening in the Minnesota blued with greater water tempera-
ter standards for recreational use of River Basin have reduced habitat, tures and greater light penetration,
200 col/100 mL (Payne, 1994; modified hydraulic conditions, and stimulate algal growth. Concentra-
Wisconsin Department of Natural changed water quality, tions of chlorophyll-a and phyto-

plankton biovolume in the Minne-
sota River at Jordan, Minn., and in

40,000
~,~ ~ the lower Mississippi River sites at
~E ~ 35,000~< 3o,ooo~ Hastings, Minn., and at Red Wing,
.,.,ua ~c~ 25,000 Minn., are greater than twice the
<~ 20,000 concentrations measured at the
Ez_ ~5,ooo upper Mississippi River site at
~ ~" ~o,ooo Royalton, Minn. (Kroening, 2000),
~=, ~,ooo:
< 0 indicating greater phytoplankton

Cadmium Chromium Copper Lead Nickel Zinc abundance and primary production
METAL (fig. 22). High concentrations of

Figure 21. Annual trace-element load from the Metropolitan Wastewater Treatment nutrients, coupled with the envi-
Plant by industrial users has decreased since 1981. ronmental conditions of sufficient
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light and temperature, can result in mussels (Mueller, 1993). Contami-nities at these river sections are

eutrophication and subsequent oxy- nants such as cadmium and mer- dominated by cool water and river-

gen deficits. Blue-green algal blooms cury in the sediments have ine species such as redhorse and

were suspected of causing low dis- accumulated in burrowing mayflies smallmouth bass. Farther down-

solved-oxygen concentrations in and may present a substantial stream, particularly in the Missis-

Lake Pepin during the summer of source of trace element contami- sippi River downstream from the

1988 (an abnormally dry period) that nants to fish, particularly in Lake TCMA, the fish community con-

resulted in fishkills (Minnesota Pol,- Pepin (Beauvais and others, 1995).sists of catfish, buffalo fish, fresh-

lution Control Agency, 1989). water drum, carpsuckers, and
gizzard shad that tolerate warm

14 I,~Stonefiies ! water. The pattern of thermal pref-
40 ~ 12 I~ Caddisfliesl erence is also consistent in thez    35

~_~ 10 i--~ Minnesota and St. Croix Rivers.
Lake species that are adapted to

25
-, still water with high thermal ranges

~= 20 z" are found in and downstream from

!i           ~.~ ,~     ~          the TCMA.
10

~> 5 .~E == ~ &= E :z:~--. 160

~ ,
, ~ o~. ~et: 140

=~ ._ o~. 120

-̄~- = ¯ "-~- RIVER ua~ul

~ ~ :~ -~o_n ~= Figure 2.3. Total number 0f mayflies,
i~ ._~ ~ "= st0neflies, and caddisflies was least z== ozs

RIVER = downstream from the Twin Cities Met- "~ ~
Figure 22. Phytoplankton biovolume ropolitan Area (TCMA) and greatest ~> ~
was least in the Mississippi River up- in the St. Croix River. ~ E< ~ . =
stream from the Twin Cities Metropoli- ~ =~ ~ ~ ~

~ ~=

tan Area (TCMA) and was greatest in Several chemical and physical ._& == E = ~ & = E
the Minnesota River. factors affect the abundance and .~, ~ = ~ ~ °

Invertebrate communities also distribution of fish species. St. ~
RIVER REACH

have been influenced by environ- Anthony Falls in Minneapolis, Figure ~4. Total number of fish spe-
mental and morphologic conditions Minn., on the Mississippi River, cies was greatest in the Lower Mis-
in the large rivers of the Study Unit. and the dam at St. Croix Falls, sissippi River downstream from the

Sensitive invertebrate species (may- Wis., on the St. Croix River, form Twin Cities Metropolitan Area (TCMA).

flies, stoneflies, and caddisflies) two major barriers to fish migra- The distribution of fish also differs
were most abundant in the St. Croix tion. These barriers have resulted by trophic status in the large rivers.
River, which drains primarily for- in differences in fish species com- Upstream from the TCMA, fish
ested land. These sensitive taxa were position (Underhil], 1989). More (northern hogsucker, golden and
]east abundant in and downstream     species occur downstream of the shorthead redhorse, hornyhead chub,
from the TCMA (fig. 23), where tol- barriers (fig. 24) (Go]dstein and

common shiner, smallmouth bass,
erant taxa such as Diptera (true flies) others, 1999; Underhill, ] 989). and two species of darter) that prima-
and Oligochaeta (aquatic worms) Other differences in the fish rily consume invertebrates species
composed a large portion of the community distribution exist that require a gravel or cobble sub-
invertebrate corrLmunity. Several among large rivers in the Study strate were abundant compared to
species of mollusks are no longer Unit. The Mississippi River downstream from the TCMA where
present, due to cormnercial harvest- upstream from the TCMA and the fish (corm-non carp and buffalo fish)
ing, loss and modification of habitat, St. Croix River upstream from that primarily consume detritus were
water contamination, deposition of Taylors Falls have fish species that more abundant. Downstream from the
silt, and the introduction of zebra thrive in cold water. Fish comrnu- TCMA, species that feed on detritus
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rely on filter feeding and suction- ~, ~,~ detected OCs in fish in the Study
ing of the bottom sediments for Unit. These contaminants in fish
fine particulate orgamc matter, were greatest in the Mississippi

The reduction in river velocity River downstream from the TCMA.
resulting from hydrologic modifi- PCB and DDE concentrations in
cations, such as impoundments, common carp tissue generally were
also alters the composition of the greater in the Mississippi than in the
fish communities in the rivers, Spe- Minnesota or St. Croix Rivers, and
cies downstream from the TCMA DDE concentrations generally
tend to be associated with still- increased in the Mississippi River
water habitats, whereas species Clean drinking water is important main stem from Grand Rapids,
upstream from the TCMA are asso-to everyone. (Photograph from U.S. Minn., downstream to Red Wing,
ciated more with flowing-water Geological Survey files.) Minn. Although concentrations have
habitat. The abundance of fish (giz-An indicator of the general decreased over time (Lee and
zard shad and emerald shiner) thatquality of aquatic resources is theAnderson, 1998), PCBs and DDE
eat plankton in the Mississippi
River downstream from the TCMApresence of contaminants in fish.continue to be detected in fish tissue,

Two contaminants, PCBs and but at relatively low concentrationsindicates that a plankton commu-
nity more common to lakes existsDDE (a degradation product of of less than 1 gg/kg (micrograms per

in that part of the river. DDT), were the most frequently kilogram).
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STUDY UNIT DESIGN

During 1996-98, about 4,200 95°

water-quality aquatic-biological Forested land-
use studysamples from about 240 sites were

collected in the Study Unit, pro- 47°
.__ icessed, and analyzed, using nation- 0 ~o M,,,    -~ ~- ; .......

ally consistent protocols and 0" ’" "’       50" K’ om,,~,s’.] " ~ ~. :’ !’
methods (Gilliom and others, ’ ’ " ~ °

1995). The NAWQA design °7° \ -:-::- - . ’ .....~ ;--.~ ~-: .....
included physical, chemical, and" (,~ o~, : .....~ !-
aquatic-biological aspects of sur- "5. k,.._ _/~ " -A-g? ~t] tu?al" . ,~.---, --.--_
face water and ground water for the \_ ~_ 2 i_~’_n=d~.~u_se_,study.~_.!, ....entire Study Unit. Six sampling ,-. - --,"

L,., :"..----,Urbanland- ~2~ --7components were included in the 4~ \- I    \,    use study and ~
sampling design. Each component ½ [ - - ~ - ’,~-~ location of, c~--~"2. -’~
involved measurements of water- ( _; -.. _ _ . ":flqw-p.ath stud9%-) i, ,at
quality or aquatic biological char- ’~ ’ ’- ,~" :~- - -./-,]7"~ -~-~

acteristics at one or more spatial or - ~4o, X~,~. . .
: Cropland and pasturetemporal scales. Three of the sam-

l~-- , ~ ~ Forestpiing components addressed sur-
" ~"~=_-’ J 1 Urbanface water and aquatic biology, and

three addressed ground water. A ~ 1 Wetland

detailed description of the design Boundaw of land-use study
Boundary of the Prairie du

and implementation of these water- Chien-Jordan Aquifer
quality studies is contained in Stark subunit survey

¯ Location of flow-path study
and others (1999).

Water quality in streams was EXPLANATION
assessed through water-chemistry Basic Fixed Site

~5~~. ?.~:
and aquatic-biological studies. The

~ IntegratOrnon.wadeable(large stream,site)

~~~

~
surface-water and aquatic biology ¯ Indicator (small stream, _wadeable site) ,, . ~ "
components included (l) stream Intensive Fixed Site
sites that integrate multiple land [] Integrator (large stream,

non-wadeable site)
uses and encompass large water- ¯ Indicator [small stream t --

wadeable site)               F
sheds (integrator site network), (2) Other sampling site NORTH ~"~ %"

¯ Sampling site /DAKOTA ~-’_~’~-£~_.._-~ /stream sites that indicate homoge- Z,,- ,6-2
neous and more specific land uses . ¯

.* - -~- r - -~--~2- - ~ _ _T_-_.~-__* ’
(indicator site network), and (3) ....
stream sites sampled for special

Ground-water quality was                          ~ " - . ". ..-
assessed for aquifer/land-use corn-                         _ ~2:-~. ~ --

sampling ,.~
.=_binationsusingthree

strategies: (1) a regional study of a ~.~__,.~ .......~ ....._~_~.,%~, - .~.. "--’-~"" .... "~:
selected major aquifer (subunit sur- ~ .’. -’-~=~x~
vey), (2) targeted-area studies in ~+ .....
selected land uses (land-use stud-

¯
~w~-’* -

’ I ~ ,t ’r-i=~ ......
ies), and (3) a localized study of
processes occurring along shallow w
ground-water-flow paths (flow- strongly affected by overlying I, ’, ,’, ’, ’
path study). These studies and sur-land use and land cover.
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SUMMARY OF DATA COLLECTION IN THE UPPER MISSISSIPPI RIVER BASIN, 1995-98

i
Sampling fre-

Study
Purpose of component and types of data collected Types of sites sampled Number of sites quency and

component period

Stream Chemistry
Basic Fixed Major ions, orgamc carbon, suspended sedtment, nutrients, and stream- Sites on the Mississippi, Minne- 4 in 1996-97; 3 in 1998 Monthly begin-

Sites-- large flow were measured to describe concentrauons and amounts of con- sota, and St. Croix ~dvers draining ning in March

rivers stituents transported in major tributaries in and from the Study Unit. 1,510 to 46,800 mi~ that integrate 1996 and dur-
the effects of agricultural, urban, ing selected
and forested land use and physio- runoff events
graphic regions.

Basic Fixed Major ions, organic carbon, suspended sediment, nutrients, and stream- Streams draining 27.3 to 232 miz of 3 in 1996:2 in 1997-98 Monthly begin-
Sites-- flow were measured to determine the effects of land use (undeveloped. homogeneous agricultural, urban, ning in March
indicator urban, or agricultural) and surficial geology on stream-water quality, or forested areas on unsorted or 1996 and dur-
tributaries sorted surficial glacial deposits, ing selected

runoff events

Intensive Major ions, organic carbon, suspended sediment, nutrients, pesticides, Sites on the Mississippi, Minne- 3 Monthly begin.-

Fixed Site-- and streamfiow were determined to define short-term temporal van- sota, and St. Croix Rivers draining ning in March
large rivers ability. 6. 50 to 37,000 mt2. 1996 and dur-

ing selected
runoff events

Intensive Major ions, organic carbon, suspended sediment, nutrients, pesticides. Streams draimng 28.2 to 130 mi~ in 3 Weekly or
Fixed Site-- and streamflow were determined to define short-term temporal van- homogeneous agricultural and biweekly dur-.
indicator ability. Volatile organic compounds were determined at two urban urban areas, ing April
tributaries sites, through

: August 1997

Snowmeh Nutrients and suspended sediment were determined using modified Streams draining 10 to 46,800 miz. 41 Once in March
synoptic sur- NAWQA protocols to characterize instantaneous concentrations and or April 1997
vey yields during increasing streamflow of snowmelt runoff.

Stream Ecology
Bed sediment Trace elements and hydrophobic-organic compounds in fish tissue and Sites with dl~mnage areas from 20 to Fish sampled at 25 1995-96

and tissue streambed sediment to determine occurrence and distribution of these 47,300 mi" draining a variety of sites, streambed sedi-
compounds throughout the Study Unit. land use. ment at 27 sites.

Basic Fixed Fish, benthic invertebrates, phytoplankton, periphyton, and instream Same as for stream chemistry 6 in 1996; 5 in One each fall
Sites-- habitat were sampled or characterized to determine the community 1997-98 1996-98
indicator structure and to evaluate the association between land use and aquatic
tributaries communities.

Basic Fixed Fish, benthic invertebrates, phytoplankton, periphyton, and instream Same as for stream chemistry 7 One each fall
Sites-- habitat were sampled or characterized to determine the spatial distri- 1996-98
large rivers bution of aquatic communities and to evaluate the association between

land use and aquatic communities.

Urban synop- Nutrients, suspended sediment, pesticides, organic carbon, phytoplank- Streams with drainage a.~eas rang- 13 September-
tic study ton, and chlorophyll-a were analyzed. Aquatic community sampling ing from 9.9 to 152 mi" draining October 1997

included fish and invertebrate coramunity sampling and instream hab- urban areas in the Twin Cities
itat to determine how water quality and aquatic communities differ in metropolitan area.
response to changes in population density.

Mid-continent Nutrients, suspended sediment, pesticides, organic carbon, phytoplank-Sites with drainage areas from 60 to 24 August 1997
agncuhural ton and chlorophyll-a were analyzed. Aquatic community sampling 317 mi2 draining land that was
synoptic included fish and invertebrate community sampling and instream hab- greater than 87 percent agricul-
study Rat characterization to determine how water quality and aquatic corn- rural land use.

munities differ in response to changes in local-scale riparian cover and
to basin-scale soils.

Longitudinal Nutrients, suspended sediment, major ions, pesticides, organic carbon,Sites with drainage arenas ranging Sampled aquatic corn- July and August
synoptic chlorophyll-a, and organic compounds indicative of wastewater were from 32 to 46,800 mi- along the munities at 12 sites of 1998
study analyzed. Aquatic community sampling included fish and inverse- Mississippi River main stem from and water chemistry at

brates and instream habitat to characterize the water quality and Lake Itasca to Red Wing, Minne- 19 sites.
aquatic communities along the Mississippi River. sota.

Ground-Water Chemistry
Bedrock aqui- Major ions, nutrients, dissolved organic carbon, trace elements, pesti- Existing domestic wells completed25 wells in the uncon- July-September

fer cities, volatile organic compounds, radon, and tritium were analyzed to in the Prairie du Chien-Jordan fined portion 1996
survey describe the water quality and natural chemical patterns in unconfined aquifer. 25 wells in the confined

and confined portions of the most frequently used bedrock aquifer in portion
the Study Unit.

Land-use Major ions, nutrients, dissolved organic carbon, pesticides, volatile Monitoring wells completed at the 30 wells in the urban June-July 1996,
effects-- organic compounds, and ~tium were analyzed to determine the water table in the surficial sand study May-Septem- ~’
surficial effects of specific land uses (urban, agricultural, and forested) on the and gravel aquifer. 29 wells in the agricul- ber 1998, June
aquifer quality of shallow ground water, tural study 1998

15 wells in the forested
study

Variations Major ions, nutrients, dissolved organic carbon, trace elements, pesti- Monitoring and multipon wells 1 monitoring well and 6 July 1997, Otto-:
along flow-- tides, volaKle organic compounds, radon, tritium, dissolved gases, and (open to the aquifer at different multiport wells bet 1997,
surficial chlorofluorocarbons were analyzgd to describe the effects of urban depths) completed in the surficial August 1998
aquifer land use on the quality of shallow ground water along ground-water sand and gravel aquifer.

flow from an area of recharge to an area of discharge to a stream.
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GLOSSARY

Alkalinity - The alkalinity of a solution is the capacity for from plants and trees are types of nonpoint source pol-
solutes it contains to react with and neutralize acid. lution.

Aquatic-life criteria - Water-quality guidelines for protec- Organochlorine compound - Synthetic organic compounds
tion of aquatic life. Often refers to U.S. Environmental containing chlorine. As generally used, term refers to
Protection Agency water-quality criteria for protection compounds containing mostly or exclusively carbon,
of aquatic organisms. See also Water-quality guidelines hydrogen, and chlorine. Examples include organochlo-
and Water-quality criteria, rine insecticides, polychlorinated biphenyls, and some

Bioaccumulation - The biological sequestering of a sub- solvents containing chlorine.
stance at a higher concentratio.n than that at which it Point source - A source at a discrete location such as a dis-
occurs in the surrounding environment or medium, charge pipe, drainage ditch, tunnel, wells, concentrated
Also, the process whereby a substance enters organisms livestock operation, or floating craft.
through the gills, epithelial tissues, dietary, or other Polychlorinated biphenyls (PCBs) - A mixture of chlori-
sources, nated derivatives of biphenyl, marketed under the trade

Confined aquifer (artesian aquifer) - An aquifer that is name Aroclor with a number designating the chlorine
completely filled with water under pressure and that is content (such as Aroclor 1260). PCBs were used in
overlain by material that restricts the movement of transformers and capacitors for insulating purposes and
water, in gas pipeline systems as a lubricant. Further sale for

Degradation products - Compounds resulting from trans- new use was banned by law in 1979.
formation of an organic substance through chemical, Polycyclic aromatic hydrocarbon (PAN) - A class of
photochemical, and/or biochemical reactions, organic compounds with a fused-ring aromatic struc-

Drinking-water standard or guideline - A threshold con- ture. PAHs result from incomplete combustion of
centration in a public drinking-water supply,, designed organic carbon (including wood), municipal solid
to protect human health. As defined here, standards are waste, and fossil fuels, as well as from natural or
U.S. Environmental Protection Agency regulations that anthropogenic introduction of uncombusted coal and
specify the maximum contamination levels for public oil. PAHs include benzo(a)pyrene, fluoranthene, and
water systems required to protect the public welfare; pyrene.
guidelines have no regulatory status and are issued in anTolerant species - Those species that are adaptable to (toler-
advisory capacity, ant of) human alterations to the environment and often

EPT richness index - An index based on the sum of the increase in number when human alterations occur.
number of taxa in three insect orders, EphemeropteraUnconfined aquifer - An aquifer whose upper surface in a
(mayflies), Plecoptera (stoneflies), and Trichoptera water table; an aquifer containing unconfined ground
(caddisflies), that are composed primarily of species water.
considered to be relatively intolerant to environmental Water-quality criteria - Specific levels of water quality
alterations, which, if reached, are expected to render a body of

Eutrophication - The process by which water becomes water unsuitable for its designated use. Commonly
enriched with plant nutrients, most commonly phospho- refers to water-quality criteria established by the U.S.
rus and nitrogen. Envixonmental Protection Agency. Water-quality crite-

Human health advisory - Guidance provided by U.S. Envi- ria are based on specific levels of contaminants that
ronmental Protection Agency, State agencies or scien- would make the water harmful if used for drinking,
tific organizations, in the absence of regulatory limits, swimming, farming, fish production, or industrial pro-
to describe acceptable contaminant levels in drinking cesses.
water or edible fish. Suspended sediment - Particles of rock, sand, soil, and

Index of Biotic Integrity (IBI) - An aggregated number, or organic detritus carried in suspension in the water col-
index, based on several attributes or metrics of a fish umn, in contrast to sediment that moves on or near the
community that provides an assessment of biological streambed.
conditions. Water-quality guidelines - Specific levels of water quality

Load - General term that refers to a material or constituent in which, if reached, may adversely affect human health or
solution, in suspension, or in transport; usually aquatic life. These are nonenforceable guidelines issued
expressed in terms of mass or volume, by a governmental agency or other institution.

Nonpoint source - A pollution source that cannot be definedYield - The mass of material or constituent transported by a
as originating from discrete points such as pipe dis- river in a specified period of time divided by the drain-
charge. Areas of fertilizer and pesticide applications, age area of the river basin.
atmospheric deposition, manure, and natural inputs
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APPENDIX--WATER-QUALITY DATA FROM THE UPPER MISSISSIPPI
RIVER BASIN IN A NATIONAL CONTEXT
For a complete view of Upper Mississippi R~ver Basin data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqa/. Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http://infotrek.er.usgs.gov/wdbctxinawqa/nawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Upper Mississippi Study-unit frequency of delection. ,n percent
River Basin. Selected results for this basin are graphically / N, at ionalf requency of det ection, in p ...... Study-unit sarrlple size~
compared to results from as many as 36 NAWQA Study

L L ...... ’ ’Acetochlor (Harness Plus, Surpass) * **Units investigated from 1991 to 1998 and to national 90 33 ...... o ~_~o:._~__--_ ~ ~ ~ - 50
29 9 ~ 83water-quality benchmarks for human, health, aquatic life, or

fish-eating wildlife. The chemical and biological indicators
shown were selected on the basis of frequent detection,
detection at concentrations above a national benchmark,

Alachlor (Lasso, Bronco, Lariat, Bullet) **
or regulatory or scientific importance.The graphs illustrate
how conditions associated with each land use sampled in
the Upper Mississippi River Basin compare to results from
across the Nation, and how conditions compare among
the several land uses. Graphs for chemicals show only Atrazine (AAtrex, Atrex, Atred, Gesaprim)
detected concentrations and, thus, care must be taken to
evaluate detection frequencies in addition to concentra-
tions when comparing study-unit and national results.

20 30 30
For example, acetochlor concentrations in the Upper
Mississippi River Basin agricultural streams were similar to Bentazon (Basagran, Bentazone)
the national distribution, but the detection frequency was          ~2
much higher (g0 percent compared to 33 percent).

CHEMICALS IN WATER cyanazine (Bladex, Fortrol)
Concentrations and detection frequencies, Upper Mississippi 2
River Basin, 1995-98---Detection sensitivity varies among chemicals 87 5~
and, thus, frequencies are not directly comparable among chemicals

O 1 ~ 30
¯ Detected concentration in Study Unit O <1 50

~s ~s Frequencies of detection, in percent. Detection frequencies 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
were not censored at any common reporting limit.The left- i1 15 ..... ~ = ’ ’"~" - - " I -;8

38 18 68
Ihand column is the study-unit frequency and the right-hand

column is the national frequency 0 < 1 ¯ " I 29
Not measured or sample size tess than two ]0

~z Study-unit sample size. For ground water, the number of
samples is equal to the number of wells sampled Deethylatrazine (Atrazine breakdown product) * *"

i00 75 L ......
,’

5066 62
National ranges of detected concentrations, by lend use, in 36 g 8 7 £ -- m 85
NAWQA Study Units, 1991-98--Ranges include only samples 79 39 -’~’~- ’~. ~’ ~’ ~ .... 29
in which a chemical was detected 27 28 ~ ~0

Streams in agricultural areas
Streams in urban areas Metolachlor (Dual, Pennant)

i00 81 ..... ~ ,, 50Streams and rivers draining mixed land uses
95818364 - -                     - " .....’ ’ "Shallow ground water in agricultural areas ~ 1 ~8Shallow ground water in urban areas 7 9 ~’ ~ ¯ ’~

I
29

25 so 25 Prometon (Pramitol, Princep)

92 86 "~--- " 83
National water-quality benchmarks 61 60

National benchmarks include standards and guidelines related to 33 21 ° --- , 30
drinking-water quality, criteria for protecting the health of aquatic tife, and o 5 -- ..... 50
a goal for preventing stream eutrophication due to phosphorus. Sources
include the U.S. Environmental Protection Agency and the Canadian
Council of Ministers of the Environment o.oool 0.OOl ool 01 1 10 lOO 1,ooo

CONCENTRATION IN MICROGRAMS PER LITER
I Drinking-water quality (applies to ground water and surface water)

I Protection of aquatic life (applies to surface water only)
Other herbicides detected

I Prevention of eutrophication in streams not flowing directly into Acifluorfen (Blazer, Tackle 2S) "*lakes or impoundments Benfluralin (Balan, Benefin, Bonalan) " **
¯ NO benchmark for drinking-water quality Bromacil (Hyvar X, Urox B, Bromax) R0024571

Bromoxynil (Buctril, Brominal) *¯ * No benchmark for protection of aquatic life DCPA (Dacthal, chlorthal-dimethyl) *
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Dicamba (Banvei, Dianat, Scotts Proturf) Methomyl (Lanox, Lannate, Acinate)
2,6-Diethylaniline (Alachlor breakdown product) " °° Oxamyl (Vydate L, Pratt) **
Dinoseb (Dinosebe) Propargite (Comite, Omite, Ornamite)
Diuron (Crisuron, Karmex, Diurex) ** Insecticides not detectedEPTC (Eptam, Fermarox, Alirox) * ** Aldicarb (Temik, Ambush, Pounce)
Metribuzin (Lexone, Sencor) Aldicarb sulfone (Standak. aldoxycarb)Napropamide (Devrinol) * ** Aldicarb sulfoxide (Aldicarb breakdown product)Oryzalin (Surflan, Dirimat) " - Azinphos-methyl (Guthion, Gusathion M) *Pendimethalin (Pre-M, Prowl, Stomp) * ** Disulfoton (Disyston, Di-Syston) **Propachlor (Ramrod, Satecid) ** Fonofos (Dyfonate, Capfos, Cudgel, Tycap)Simazine (Princep, Caliber 90) atpha-HCH (alpha-BHC, alpha-lindane) **Tebuthiuron (Spike, Tebusan) 3-Hydroxycarbofuran (Carbofuran breakdown product) " **Thiobencarb (Bolero, Saturn, Benthiocarb) * ** Methiocarb (Slug-Geta, Grandslam, Mesurol) * "*Trifluratin (Treflan, Gowan, Tri-4. Trific) Methyl parathion (Penncap-M, FolidoI-M)
Herbicides not detected Parathion (RoethyI-P, Alkron, Panthion. Phoskil) *
But/late (Sutan +, Genate Plus, Butilate) - cis-Permethrin (Ambush, Astro, Pounce) * **
Chloramben (Amiben, Amilon-WP, Vegiben) ** Phorate (Thimet, Granutox, Geomet, Rampart) * **
Clopyralid (Stinger, Lontrel, Transline) " *" Propoxur (Baygon, Blattanex, Unden, Proprotox) * *"
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone)
Dacthal mono-acid (Dacthal breakdown product) * **
Dichlorprop (2.4-DP, Seritox 50, Lentemul) * **
Ethalfluralin (Sonalan, Curbit) * ""
Fenuron (Fenulon, Fenidim) *** Volatile organic compounds (VOCs) in ground water
Fluometuron (Flo-Met, Cotoran) ** These graphs represent data from 16 Study Units, sampled from 1996 to 1998
Linuron (Lorox, Linex, Sarclex, Linurex. Afalon) *
MCPA (Rhomene, Rhonox, Chiptox) Study-unit frequency of detection, in percent
M CPB (Thist rol) " ** . Nation al lrequency of detect ion in percent Study-unit sam pie size
Molinate (Ordram) * "*
Neburon (Neburea, Neburyl, Noruben) * "" Carbon disulfide *
Norflurazon (Evital. Predict, Soticam, Zorial) * **
Pebulate (Tillam, PEBC) * ""
Picloram (Grazon. Tordon)
Pronamide (Kerb, Propyzamid) °* 0 30 .~=~ 20
Propanil (Stem. Stampede, Wham) * ** 73 .2 = == = 30

Propham (Tubedte) *"
2,4,5-T "* Methyl tert-butiI ether (MTBE)
2,4,5-TP (Silvex, Fenoprop) **
Terbacil (Sinbar) **
Triallate (Far-Go. Avadex BW, Tri-allate) *

*̄ 0 [ 20Triclopyr (Garlon, Grandstand, Redeem, Remedy) * 0
2 6 * { 50

Pesticides in water--Insecticides ~ ~     ~     ~     ~ ~     ~ ’0.001 0.01 0,1 1 10 100 1.O00 10,000
Study-unit frequency of detection, in percent                                                                               CONCENTRATION. IN MICROGRAMS PER LITER

| N, at io hal frequency of detect,on, in p ..... t      Study-unit sample size,

p,p’-DDE
o 8 I 50
I 2

I
83

4 , &5 Other VOCs detected
o I 29 Benzene

l0 ~ ~:~°
I

.~0 Bromodichloromethane (Dichlorobromomethane)
0 2 ~ 50 2-Butanone (Methyl ethyl ketone (MEK)) *

Chlorobenzene (Monochlorobenzene)
Diazinon (Basudin, Diazatol, Neocidol, Knox Out) Chlorodibromomethane (Dibromochloromethane)

o 16 50q8 70g 3g &5 Chloromethane (Methyl chloride)
0 <I

~,i~i~-- I 29 Dichlorodifluoromethane (CFC 12, Freon 12)
0 2 ~

I
~0 1,1-Dichloroethane (Ethylidene dichloride) *8 2 ~ , , 50 cis-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)

Dichloromethane (Methylene chloride)gamma-HCH (Undane, gamma-BHC) Diethyl ether (Ethyl ether)
0 i ~ 1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) *
i ~ &~ Ethenylbenzene (Styrene)
0 <i I 29 Iodomethane (Methyl iodide)
o <i ~ I 50 p-lsopropyltoluene (p-Cymene) "

4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK)) *
I I       I       I       I       I 1 i Methylbenzene (Toluene)

0.0OOl o.ool OOl 0.1 1 lO lOO 1,o0o 2-Propanone (Acetone)
CONCENTRATION, IN MICROGRAMS PER LITER Tetrachloroethene (Perchloroethene)

1,2,3,4-Tetramethylbenzene (Prehnitene) "
Tribromomethane (Bromoform)
1,1,1-Trichloroethane (Methylchloroform)Other insecticides detected Trichloroethene (TCE)Carbaryl (Carbamine, Denapon, Sevin) Trichlorofluoromethane (CFC 11, Freon 11)Carbofuran (Furadan, Curaterr, Yaltox) Trichloromethane (Chloroform)Chlorpyrifos (Brodan, Dursban, Lorsban)

Dieldrin (Panoram D-31, Oclatox, Compound 497) 1,2,4-Trimethylbenzene (Pseudocumene)

Ethoprop (Mocap, Ethoprophos) " **
Malathion (Malathion)

R0024572
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VOCs not detected Study-unit frequency of detection, in percent

tert-Amylmethylether( tert-amyJ m ethylethe’ "AME " / Nlati°nal trequency of detection, in percent Study-unit sample size~
Bromobenzene (Phenyl bromide) *

I i                                                              ~Bromochloromethane (Methylene chlorobromlde} Dissolved nitrite plus nitrate, as N **
Bromoethene (Vinyl bromide)* 99 95

98 97 113Bromomethane (Methyl bromide) 93 91
n-Butylbenzene (1-Phenylbutane)* 93 81 29
sec-Butylbenzene " 70 7 ~ .~0
tert-Butylbenzene * 76 71 4 9

3-Chloro-l-propene (3-Chloropropene) *
Orthophosphate, as P * **1-Chloro-2-methylbenzene (o-Chlorotoluene) 83 79 , 881-Chloro-4-methylbenzene (p-Chlorotoluene) 6~ 72

Chloroethene (Vinyl chloride) 72 74 21
1,2-Dibromo-3-chloropropane (DBCP, Nemago~) 75 59
1,2-Dibromoethane (Ethylene dibromide, EDB) ~ 3 52
Dibromomethane (Methylene dibromide) "
trans-1,4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) * Total phosphorus, as P " **
1,2-Dichlorobenzene (o-Dichlorobenzene) 9 ; 9; ,. ¯

~ ~ ~
87

1,3-Dichlorobenzene (rrrDichlorobenzene) _qc.9o
1,4-Dichlorobenzene (p-Dichlorobenzene) 8~ 88
1,2-Dichloroethane (Ethylene dichloride)
1,1 -Dichloroethene (Vinylidene chloride)
trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)
1,2-Dichloropropane (Propylene dichloride) ~ I I
2,2-Dichtoropropane* 0001 0.01 0.1 1 10 1 O0 ~ I000 10,000 100,000
1,3-Dichloropropane (Trimethylene dichloride) * CONCENTRATION, IN MILLIGRAMS PER LITERtrans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)
cis-1,3-Dichloropropene ((Z)-1,3-Dichloropropene)
1,1 -Dichloropropene *
Diisopropyt ether (Diisopropylether (DIPE)) *
1,2-Dimethylbenzene (o-Xylene)
1,3 & 1,4-Dimethylbenzene (m-&p-Xytene)
Ethyl methacrylate * Dissolved solids in water
Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE)) *
1 -Ethy!-2-methylbenzene (2-Ethyltoluene) * Study-bnit ~requency of detection, in percent
E thylben zene (Phe nyl ethane) / N~t,onal frequency of detect ion, in pe ..... Study-unit sarn p~e slz~

Hexachlorobutadiene
I l                                                                                   r1,1,1,2,2,2-Hexachloroethane (Hexachloroethane) Dissolved solids *

2-Hexanone (Methyl butyl ketone (MBK)) * ioo 100
1oo ioo 113I sopropylbenzene (Cumene) * 100 i 00 2!

Methyl acrylonitrile * io0 i00 ~ 29Methyl-2-methacrylate (Methyl methacrylate) * i 00 i 00 ~ 30
Methyl-2-propenoate (Methyl acrylate) * i 00 i 00 ~ 49
Naphthalene ~
2-Propenenitrile (Acrytonitrile) o.ool o.01 ot t lO lOO t.ooo to,ooo too.ooon-Propylbenzene (Isocumene) *
1,1,2,2-Tetrachloroethane " CONCENTRATION, IN MILLIGRAMS PEF~ LITER
1,1,1,2-Tetrachloroethane
Tetrachloromethane (Carbon tetrachloride)
1,2,3,5-Tetramethylbenzene (tsodurene) *
1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) *
1,2,4-Trichlorobenzene
1,2,3-Trichlorobenzene *
1,1,2-Trichloroethane (Vinyl trichloride) Trace elements in ground water
1,2,3-Trichloropropane (Allyl trichloride)
1,2,3-Trimethylbenzene (Hemimellitene) * Study-unit frequency of detection, in percent
1,3,5-Trimet by I benzene (Mesityiene)" | N, aUona~ frequency of detection, in p ..... t Study-unit sampmsiz~

Arsenic
Nutrients in water

_!_.:_ ’+National frequency of detection, in percent Study-unit sample size               ~ (~ 36

Ammonia, as N " "
59 84 :_.~___ z_-:=m 88 Chromium
85 86 ~ ~ 113

9~ 78 ’ ~ ~ ~ 2910071 ...... 30 ;.~ 85 ~ 0
9070 z~9 ~, 79 30---- I98 73 50

Dissolved ammonia plus organic nitrogen, as N * **
I00 78                       --    !                                         88                      Zinc

94 62 I 214
38 28 ~ --- 2957 30 :-- s ~0 28 l 0

98 66 ...... ~ ~I 50

0.OOl O.Ol    o.1     1     lO    lOO 1.ooo lO,OOO lOO, Ooo                 0.Ol     o.1      I      lO     lOO    1,ooo lO,OOO lOO,OOO

CONCENTRATION, IN MILLIGRAMS PER LITER                                                    CONCENTRATION, IN MICROGRAMS PER LITER
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Study-unit frequency of detection, in percent

L NZtiOnal .re~ue~cy Of detectiOn’ in pIRadon-222          i          , ......          1 Study-un,t samp                                I ......          I                                           ;11            AND CHEMICALS IN FISH TISSUE BED SEDIMENT
Concentrations and detection frequencies, Upper Mississippi
River Basin, 1995--.98.--.Detection sensitivity varies among chemicals
and, thus, frequencies are not directly comparable among chemicals.

100 ~ Study-unit frequencies of detection are based on small sample sizes;
~ ~ 97 "-""~"~-~-"~--=~ "" the applicable sample size is specified in each graph

0.01    0.1      1      10     too    t,ooo 10,000 ~00.00o               ¯ Detected concentration in Study Unit
CONCENTRATION, IN P1COCURIES PER LITER                        56 38 Frequencies of detection, inpercent. Detection frequencies

were not censored at any common reporting limit, The left-
hand column is the study-unit frequency and the right-hand

Other trace elements detected
column is the national frequency

Lead
Selenium - - Not measured or sample size less than two

Uranium i2 Study-unit sample size

Trace elements not detected
Cadmium National ranges of concentrations detected, by land use, in 36

NAWQA Study Units, 1991-98--Ranges include only samples
in which a chemical was detected

Fish tJssue from streams in agncuttural areas

Fish tissue from streams in urban areas
Fish tissue from streams draining mixed land uses

¯ Sediment from streams in agncultural areas
Sediment from streams in urban areas

Organochlorines in fish tissue (whole body) ~~ ...... Sediment from streams draining mixed land uses
Lowest Middle Highest

and bed sediment ~ement percent percent

Study-~,nit t=equency of detection, in percent
~ Natio~aJ frequency did erection, in p .....t Study-unit sample size

National benchmarks for fish tissue and bed sediment

= i ~ ~ ~ ~ r_~_ National benchmarks include standards and guidelines related to

Total Chlordane (sum of 5 chlordanes) criteria for protection of the health of fish-eating wildlife and aquatic
50 38 2 organisms. Sourcesinclude the U.S Environmental Protection Agency,
60 75 5
I ~ 56 , ~ ~ other Federal and State agencies, and the Canadian Council of

~0°~9
..~...,~

~
MinistersoftheEnvironment

5
~ .. 15 ] Protection of fish-eating wildlife (applies to fish tissue)

o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) ° I Protection of aquatic life (applies to bed sediment)
50 ~9 2
8o 69 5 No benchmark for protection of fish-eating wildlife
i~ 50

-* No benchmark for protection of aquatic life

i00 50 ~
27 20 15

D,p’-DDE * **                                                                          Study-unit frequency of detection, in percent
50 90 2 | ,Nationa: frequency of detection, in percenl Study-unit sample s~ze,

100 9~ ~ ~ ~ 5
_L_

~                      I
~ ~ I I I I

86 92 ~ ~ ~ ~ 14
_t._ Dieldrin (Panoram D-31, Octalox) "

0 ~8 ~~ z~ 50 53
100 62 ~ ~ ~ 4 0 42 --
27 39 ~ 15 7 38

o,p’÷p,p’-DDE (sum of o,p’-DDE and p,p’-DDE) " ~ 30
50 90 2 0 9 ]5

i00 9~
~

I 5
86 92 =     ~ ~ 14 Dieldrin+aldrin (sum of dieldrin and aldrin)

0 ~8     ~.
~        50521(]0 62 ~ 0 a2

27 3g

o,p’+p,p’-DDT (sum of o,p’-DDT and p,p’-DDT) " 0
0 29

0 31 2 0 9 ,..,.~ ~..~ ..... l
~0 53 ~ 5

0 2 9 ; 4 Total PCB 1
4 50 3838 .~_, 80 81107 11                     ,                                                    .~5            64 66                                                                          14

o
Total DOT (sum of 6 DDTs) *" 25 2

50 90 2 13 9 ~5

100 94 5
86 93 J~ I I I ~ I I I

0 49 ~~.~ ~ ...... Q 0.1 1 10 100 1,OO0 10,000 100,0OO
i00 66 ~ ~
27 41 ~ 5 CONCENTRATION, IN MICROGRAMS PER KILOGRAM

(Fish tissue is wet weight; bed sediment ~s dry weight)

0.1                       1                      10                    100                1,0OO              10,000           100,0OO
1 The national detection frequencies for total PCB in sediment are biased low because about

CONCENTRATION. IN MICROGRAMS PER KILOGRAM 30 percent of samples nationally had elevated detection levels compared to this Study Unit
(Fish tissue is wet weight; bed sediment is dry weight) See http:Hwater.usgs.gov/nawqa/for addrtional information
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Other organochlorines detected Study-unit frequency of detection, in percent

Endosulfan I (alpha-Endosulfan, Thiodan) Nationel frequency of detection, in percent

Orgenochlorines not detected Dibenz[a,h]anthracene
Chioroneb {Chloronebe, Dernosan) * **
DCPA (Dacthai, cl~lorthal-dimethyl) * **
Endrin (Endrine)

0 8gamma-HCH (Lindane, gamma-BHC, Gammexane) " 100
TotaI-HCH (sum of alpha-HCH, beta-HCH, gemma-HCH, and delta-HCH) "" 33 2
Heptachlor epoxide (Heptachlor breakdown product) "
Heptachlor+heptachlor epoxide (sum of heptachlor and heptachlor epoxide) "" Dibenzothiophene *"
Hexachlorobenzene (HCB) **
Isodrin (Isodrine, Compound 711 ) * **
p,p’-Methoxychlor (Madate, methoxychlore) "*%

0 12 ...... ~-m~,~
o,p’-Methoxychlor" "" i00
Mirex (Dechlorane) ** 27 30

Pentachloroanisole (PCA) * "*
cis-Permethrin (Ambush, Astro, Pounce) * "" 2.6-Dimethylnaphthalene **

trans-Permethrin (Ambush, Astro, Pounce) * **
Toxaphene (Camphechlor, Hercules 3956) * *"

Semivolatile organic compounds (SVOCs) bis(2-Ethylhexyl)phthalate
in bed sediment

Study-unit lrequency of detection, in percent 100 9
i00 99

Acenaphthene Fluoranthene

100 89                                            i 4 I00 76
67 56 ~ m 15 53 41 I

Anthraquinone "* N-Nitrosodiphenylamine **

0 21 ~ # 0 2 -m~.,-i00 83 ~    I! ~ 0 i060 39 ~~ 15 13 ~ ~ 15

Benz[a)anthracene Phenanthrene

100 94

1
! m 4 100 9393 62 m~J _ 15 80 66

Benzo[a]pyrene Phenol

100 92                                    Ill I                #          75 82                   ¯                                      ~

9H-Carbazole ** Pyrene

i00 76 H~ I 4 I00 95                                       I I

I         l

i47 33 :    ~ 15 100 76 ~ ~ 15

Chrysene I        r        I I I I        I
0.1 1 10 100 !,0OO 10,OO0    1OO,OOO

CONCENTRATION, IN MICROGRAMS PER KILOGRAM. DRY WEIGHT
25 50 : ~ |

93 67 m , m ! ~ 15 Other SVOCe ~et~ted
t ~ 1 i I I i kcenaphthylene

0.t I 10 100 1.000 I0.000 ~ 00.000 Acridine *°

Azobe~zene **
CONCENTRATION. IN MICRO6RAMS PER KILOGRAM. DRY WEIGHT              Benzo[~fluoranthene *"
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Benzo[ghl]perylene *" Study-unit frequency of detection, in dement
Be nzo[klfluora nthene "" . N, .tiona, frequency of detection, in percent Study-unit.sam pie size2,2-Biquinoline "*

I 2                                                                                =Butylbenzylphthalate ** Copper *
4-CNoro-3-methylphenol ** i00100
p-Cresol "* loo loo

100 100
Di-n-butylphthalate "*
Di-n-.octylphthalate ** 100 loo

100
Oiethylphthalate ** 100 lo0
1,6-Dimethylnaphthalene **
Dimethylphthalate °* Lead *
2-Ethylnaphthalene "" ~ ~Indeno{1,2,3-cdJpyrene ** 8 al
Isoquinoline *" loo 1001-Methyl-9H-fluorene ** 100100
2-Methylanthracene *" 100 9g
4,5-Methylenephenanthrene **
1-Methylphenanthrene *" Mercury
1-Methylpyrene ** 1002o 5971 ~Naphthalene 69 80 II II
Phenanthridine ** 100 82

100 97
SVOCs not detected 100 93 ,
CS-Alkylphenol **
Benzo[c]cinnoline ** Nickel
4-Bromophenyl-phenytether ** 0 a2 ~
bis(2-Chtoroethoxy)methane *" "8° 50" "

2-Chloronaphthalene ** 1{)o 100
2-Chlorophenol ** lo0100
4-Chlorophenyl-phenylether ** 100 ~00 __

1,2-Dichlorobenzene (o-Dichlorobenzene) **                                          Selenium
1,3-Dichlorobenzene (rmDichlorobenzene) **
1,4-Dichlorobenzene (p-Dichlorobenzene) ""                                  £00 99                      --100 100
1,2-Dimethylnaphthalene "* IO0 9g
3,5-Dimethylpnenol "" loo
2,4-Dinitrotoluene "* 10o 100

10o IO0Isophorone **
Nitrobenzene *" Zinc *
N-Nitrosodi-n-propylamine ** 100100
Pentachloronitrobenzene ** ioo
Quinoline ** 10o ]00
1,2,4-Trichlorobenzene ** lOO loo]oo 992,3,6-Trimethylnaphthalene ** loo lo0 ~_=’~

I I I I I I
O.Ol o.1 1 lO lOO 1 ,ooo lO,OOO

CONCENTRATION, IN MICROGRAMS PER GRAM
(Fish tissue is wet weight. Ded sediment is dry weight)

Trace elements in fish tissue (livers) and
bed sediment

Study-unit frequency of detection, in I>ercent

L N2ti ona,iArsenic frequency

50 56 20 38 585 76
i00 99
100 98
i00 97 -- r 15

Cadmium *
i00 77 2
20 72 592 95

10o 98
100 100 4
100 98 15

Chromium
50 62 2
80 72 5
38 54

100 100
i00 99
i00 i00 15

0.01 0.1 1                      10 100 1,000 10,000

CONCENTRATION, IN MICROGRAMS PER GRAM
(Fish tissue is wet weight, bed sediment is dry weight)
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BIOLOGICAL INDICATORS
Higher national scores suggest habitat disturbance, water-quality
degradation, or naturally harsh conditions. The status of algae,
invertebrates (insects, worms, and clams), and fish provide a
record of water-quality and stream conditions that water-
chemistry indicators may not reveal Algal status focuses on the
changes in the pementage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate status averages 11
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with .water-quality
degradation. Fish status sums the scores of four fish metrics
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase in association
with water-quaiity degradation

Biological indicator value, Upper Mlsei=,aippi River Basin, by
land use, 1995-98

,̄ Biological status assessed at a site

National ranges of biological indicators, in 16 NAWQA Study
Units, 1994-98

~ Streams in undeveloped areas
==== Streams in agricultural areas
~ Streams in urban areas
~ Streams in mixed-land-use areas
~ 75th percentile
- - ¯ 25th percentile

Algal statgs indicator
Undeveloped

Agricultural
Urban
Mixeci

Invertebrate status indicator
Undeveloped

Agricultural
Urban
Mixed

Fish status indicator
Undeveloped

Agricultural
Urban

Mixea
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Minnesota-Wisconsin Boundary Area CommissionWisconsin Department of Natural Resources
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawq& summaryreports/

Central Arizona Basins contact and web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
520 N. Park Ave., Suite 221 12201 Sunrise Valley Drive, M.S. 413
Tucson, AZ 85719 Reston, VA 20192
e-mail: nmelcher@ usgs.gov http://water.usgs.gov/nawqaJ’
http://az.water.usgs.gov/cazb/

Other NAWQA summary reports

River Basin Assessments
Albemarle-Pamlico Drainage Basin (Circular 1157) Rio Grande Valley (Circular 1162)
Allegheny and Monongahela River Basins (Circular 1202) Sacramento River Basin (Circular 1215)
Apalachi¢ota-Chattahoochee-Flint River Basin (Circular 1164) San Joaquin-Tulare Basins (Circular 1159)
Central Columbia Plateau (Circular 1144) Santee River Basin and Coastal Drainages (Circular 1206)
Central Nebraska Basins (Circular 1163) South-Central Texas (Circular 1212)
Connecticut, Housatonic and Thames River Basins (Circular 1155) South Platte River Basin (Circular 1167)
Eastern Iowa Basins (Circular 1210) Southern Florida (Circular 1207)
Georgia-Florida Coastal Plain (Circular 1151 ) Trinity River Basin (Circular 1171 )
Hudson River Basin (Circular 1165) Upper Colorado River Basin (Circular 1214)
Kanawha - New River Basins (Circular 1204) Upper Mississippi River Basin (Circular 1211 )
Lake Erie - Lake Saint Clair Drainages (Circular 1203) Upper Snake River Basin (Circular 1160)
Las Vegas Valley Area and the Carson and Truckee River Basins Upper Tennessee River Basin (Circular 1205)

(Circular 1170) Western Lake Michigan Drainages (Circular 1156)
Lower Illinois River Basin (Circular 1209) White River Basin (Circular 1150)
Long Island - New Jersey Coastal Drainages (Circular 1201) Willamette Basin (Circular 1161 )
Lower Susquehanna River Basin (Circular 1168)
Mississippi Embayment (Circular 1208) National Assessments
Ozark Plateaus (Cimular 1158) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)
Red River of the North Basin (Circular 1169)

Front cover: Sabino Creek in Sabino Canyon near Tucson. The water is colored brown by natural tannin from plant
material in the stream. (Photograph by Gaff E. Cordy.)
Back cover: Left, view of Tucson from "A" Mountain; right, view of west side of the Whetstone Mountains, southeast
of Tucson. (Photographs by Alissa L. Coes.)
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Central Arizona Basins Study Unit that
emerged from an assessment conducted between 1995 and 1998 by the U.S. Geological Survey (USGS) National
Water-Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues
and compared to conditions found in the 36 NAWQA study areas, called Study Units, assessed to date. Findings are
also explained in the context of selected national benchmarks, such as those for drinking-water quality and the
protection of aquatic organisms. The NAWQA Program was not intended to assess the quality of the Nation’s
drinking water, such as by monitoring water from household taps. Rather, the assessments focus on the quality of
the resource itself, thereby complementing many ongoing Federal, State, and local drinking-water-monitoring
programs. The comparisons made in this report to drinking-water standards and guidelines are only in the context
of the available untreated resource. Finally, this report includes information about the status of aquatic
communities and the condition of in-stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Central Arizona Basins
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

NAWQA Study Units--
Assessment schedule

m 1991-95

~ 1994-98

m 1997-2001

Central Arizona Basins [~ Not yet scheduled

Ground Water Study,
1999-2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Central Arizona Basins Study Unit is one of 51 water-quality assessments initiated since 1991, when the
U.S. Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments
cover about one-half of the land area of the United States and include water resources that are available to more
than 60 percent of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS
_w~.~.~.- Urban streams with perennial flow are sustained by

the discharge of treated wastewater (effluent-depen-
dent). Agricultural!urban streams are a combination of
wastewater and irrigation return flows. All samples
from both the effluent-dependent urban and agricul-
tural]urban streams exceeded the USEPA’s desired
phosphorus goal for prevention of nuisance plant
growth, and dissolved-oxygen concentrations were
minimal for fish survival. Organochlorine compounds
in streambed sediment and fish tissue from urban and
agricultural/urban streams exceeded guidelines for pro-
tection of aquatic health and fish-eating wildlife.

~ ~.,,._ ¯ Effluent-dependent urban streams are valuable water
,~:~ , ~ resources; however, the water quality is poor.

The Central Arizona Basins (CAZB) Study Unit of the National ¯ Organochlorine insecticides from past agricultural use
Water-Quality Assessment (NAWQA) Program covers 34,700 persist in streams, streambed sediment, and fish tissue
square miles in the Central Highlands and Basin and Range Low- and are a concern because they exceed guidelines for
lands hydrologic provinces. Phoenix was America’s fastest growing protection of aquatic life and fish-eating wildlife.
city during the 1990s, and a population of about 3.8 million people ¯ Insecticide concentrations in water from streams
is concentrated around the cities of Phoenix and Tucson. The affected by agricultural and urban land uses were
climate is arid to semiarid, and dams on major perennial streams in among the highest in the Nation.
the Central Highlands collect water for use in the Phoenix area.
More than 50 percent of the water used in the Study Unit is ground
water, which is often the sole source available. More than 70 percent Selected Indicators of Stream-Water Quality
of the water is used for agriculture, which accounts for 5 percent of Urban 1 Undeveloped 3
the land use. (effluent- Agricultural/ (forestJ

dependent) urban 2 rsngeland)

Stream and River Highlights Peat~c~des’ -- i~:"~
Most of the perennial streams in the Central Arizona

Basins (CAZB) Study Unit drain relatively undevel- Phosphorua5 t~ IJ~
oped basins in the Central Highlands that are covered

~ ~by forests and (or) rangeland. The water quality of Nitrate 6 : "’~
"~’~-~. ~

these forest/rangeland streams is primarily determined Organo- .’~+
by natural factors, such as chemical weathering of chlorines 7
rocks and soils. About 24 percent of samples from for-
est!rangeland streams had concentrations of phospho- ~ Percentage of samples with concentrations equal to or
ms that exceeded the U.S. Environmental Protection greater than a health-related national guideline for
Agency’s (USEPA) desired goal for prevention of nui- drinking water, aquatic life, or water-contact recreation; or

sance plant growth (eutrophication), whereas nitrate above a national goal for preventing exce~ algal growth

concentrations were typically less than the background ~1 Percentage of samples with concentrations lead than a
health-related national guideline for drinking water,

levels for streams nationally. More than 75 percent of aquatic life, or water-contact recreation; or below a
samples from the Salt River (above reservoirs) national goal for preventing excess algal growth

exceeded the USEPA drinking-water guideline for dis- Percentage of samples with no detection
solved solids; however, rainfall and snowmelt runoff -- Not assessed
helped dilute these concentrations in reservoirs and in
streamflow leaving the reservoirs. ,91st Avenue Wastewater Treatment Plant, Santa Cruz River at Cortaro,

Santa Cruz River at Tubac, Santa Cruz River near Nogales International

In the Basin and Range Lowlands, streams typically ~ Wastewater Treatment Plant (bed sediment only).BucReye Canal near Avonda~e (surface water only), Hassayam0a River
near Arlington (surface water only), Buckeye Canal near Nassayampaflow only when it rains (ephemeral streams). Conse- (bed sediment only).

quently, a small fraction of the nutrients and dissolved ~ san P~lro River at Charleston, Gila River at Kelvin, Salt Ri~r near
Roosevelt, Verde River above West Clear Creek. Verde River below

solids applied to the land surface by human, animal, , Tangle Creek, West Clear Creek.
Insecticides, herbicides, and pesticide metabolites, samoled in water.

and natural sources is transported to streams. The ~ Total phosphorus, samplea in water.
Nitrate (as nitrogen), sampled in water
Organochlorine compounds including DDT and PCBs, sampled in bedremaining dissolved solids and nutrients are accumu- ’ sediment.

lating in basins and can degrade ground-water quality. + Although the 91st Avenue Wastewater Treatment Plant out/all is
classified as urban, past agricultural land use in the area is the source of
most organochlorine compounds at this site.

Summary of Major Findings 1
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Trends in stream water quality ¯ Adoption of draft or proposed USEPA drinking-water
regulations for arsenic, radon, and uranium--constitu-

Water quality of forest/rangeland streams generally ents that occur naturally in the study area--will require
is improving over time. From 1950-90, dissolved-sol- most water suppliers and municipalities to treat their
ids concentrations decreased in outflow from reservoirs water to remove these constituents or find alternative
as a result of dilution from increased precipitation and supplies.

physical and chemical processes in reservoirs. A ¯ Pesticides detected in ground-water basins with sub-
decrease in nutrient concentrations in forest/rangeland stantial agricultural and (or) urban development did not
streams in the early 1980s to 1999 could be attributed exceed USEPA drinking-water standards and guide-

lines.
to decreased contributions from natural sources, better
land-use management practices upstream, or increasedThough trends in ground-water quality over time
nitrogen use by aquatic life. were not determined for the CAZB Study Unit, the data

indicate possible future changes. As urban land use
Major Influences on Streams and Rivers spreads with the growing population in the area,
¯ Natural factors such as chemical weathering of rocks ground-water quality is likely to deteriorate, as indi-

and soil cated by detections of pesticides and volatile organic
¯ Precipitation compounds in urban areas. Nitrate and dissolved solids
¯ Reservoirs accumulating in shallow ground water in the WSRV
¯ Runoff from agricultural and urban lands have the potential to degrade the quality of deeper
¯ Discharge of treated wastewater to streams drinking-water supplies.

Ground-Water Highlights Major Influences on Ground Water

Most of the ground water used in the CAZB Study ¯ Geohydrology
Unit is pumped from basin-fill aquifers in the Basin ¯ Dissolution of evaporites and other minerals
and Range Lowlands. Water from major aquifers (bas-
inwide) in the West Salt River Valley (WSRV), the

¯ Irrigation of agricultural and urban lands

Upper Santa Cruz Basin (USCB), and the Sierra Vista ¯ Agricultural and urban fertilizer and pesticide use
subbasin (SVS) generally meets existing USEPA stan-
dards and guidelines for drinking water with some Selected Indicators of Ground-Water Quality
exceptions. Nitrate and dissolved-solids concentrations

West Salt River Valley Upper Santa Sierra Vista
Cruz Basin Subbasinin some samples from the WSRV and USCB exceeded

USEPA drinking-water standards and guidelines. Shal- Sha.ow
ground water

low ground water from an agricultural area in the
Agricultural Basinwide

WSRV exceeded drinking-water standards and guide-
lines for nitrate and dissolved solids in more than 75 Pesticides 2
percent of samples. More than 90 percent of ground-
water samples from the three basins exceeded the Nitrate
USEPA’s proposed drinking-water standard for radon.
A small percentage of samples exceeded drinking- Radon

water standards for arsenic, fluoride, and molybdenum.Volatile organic
Samples from urban and agricultural areas contained compounds ~ ....

low concentrations of numerous chemicals (pesticides
and volatile organic compounds) that can be linked to I Percentage of samples with concentrations equal to or
household, industrial, and agricultural uses. greater than a health-related national guideline or

proposed regulation for drinking water
¯ Most of the deep wells yield old ground water that gen- J,4;~ Percentage of samples with concentrations less than aerally has not been affected by land uses in the last 50 health-related national guideline or proposed regulation

years, for drinking water

¯ Use of fertilizers and treated wastewater on agricultural Percentage of samples with no detection

and urban lands and the evaporation of irrigation water
MOSt wells sampled as pall of basinwide surveys were existinghave resulted in the accumulation of nitrate and dis- I domestic (household) wells.
Insecticides, herbicides, and pesticide metabolites, sampled in water,solved solids in shallow ground water. ~ Solvents, refrigerants, fumigants, and gasoline compounds, sampled
in water.

2 Water Quality in the Central Arizona Basins
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INTRODUCTION TO THE CENTRAL ARIZONA BASINS

The Central Arizona Basins the Central Highlands (Cordy and northeastern border of the CAZB
(CAZB) Study Unit encompasses aothers, 1998). Forests and range- Study Unit.
34,700-square-mite area in centralland cover most of the province. Major streams having their head-
and southern Arizona and northernThe largest population is in the waters in the Central Highlands
Mexico (fig. 1 ). The Study Unit town of Prescott--35,785 (Ari- include the Salt,Verde, and Agua
includes large .parts of two hydro- zona Department of Economic Fria Rivers (fig. 2). These rivers
logic provinces--the Central High-Security, rev. July 7. 2000). and flow year around ~perennial) in
lands in the north and the Basin andsmall rural towns dot the region, their upper reaches but are captured
Range Lowlands in the south (U.S.Agricultural development is mini- for water supply for metropolitan
Geological Survey, 1969). Climate,mal except in the northernmost tip Phoenix, power generation, and
hydrology, geology, land use, andof the CAZB. flood control before they reach the
water use are distinctly different in Most of the perennial streams in Basin and Range Lowlands.
these two provinces, the Study Unit are in the Central Though streams provide most of

The Central Highlands (fig. 1) Highlands (fig. 2). These streams the water for agricultural use in the
have minimal development and derive their flow from mean annual Central Highlands, ground water is
are generally representative of precipitation of more than 25 the main source for municipal and
natural conditions. Mountainous inches in the mountains and from industrial supply (fig. 3). Much of
terrain with shallow, narrow inter- rainfall and snowmelt along the the ground water is pumped from
mountain basins predominates inMogollon Rim, which forms the sedimentary deposits of limited

Figure 1. The Central Highlands hydrologic province is mountainous compared to the large, elongate alluvial basins of
the Basin and Range Lowlands. Reservoirs capture the perennial streams of the Central Highlands to provide water
supplies for the Basin and Range Lowlands.

Introduction to the Central Arizona Basins 3
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present, possibly thousands of
r~.- ~- EXPLANATION years ago.

i .L~..
PERENN,AL‘ STREAM Ephemeral streams are charac-

"~ )-~."~"~..~ j’.[=~.
-- -- -- INTERMITTENTEpHEMERAL. STREAMOR teristic of the Basin and Range

EFFLUENT-DEPENDENT Lowlands (fig. 2). Very little natu-
"’q_. i !:’~ "~’~ ’ Central PFIOJECTCANAL

~ CENTRAL ARIZONA ral streamfiow is generated
¯ Highlands
%. Province                             . ....... .YDROLOG~CaouNDARY PROWNCEbecause the average annual rain-

STUDY AREA aOUNDARY fall is less than 10 to 15 inches

~.: .t;.T..~’ ’ -" ~,~ ~AM except at the highest elevations.
~,~ With the exception of some small,

higher elevation streams and sec-
tions of the San Pedro River, most
perennial streams in the Basin and

A,,,n~,o.l , Range Lowlands are effluent-
Gi,,~, .Darn ~].\,.~.~--. dependent; that is, their flow is
~-~ <4,.., ~ ,~. c~a- ~. sustained all year by treated waste-

:~ ’:’~ ~,,," streams have beneficial uses. They
~!Z .~,,~ support riparian and aquatic corn-

Basin and ~ 5,
~ ~ ~ .

Range (. ,. .._sc~,-i munities where those communities
~,’-k .... ~- \-,; ~- would not otherwise exist. By

, ) ~ ~;~ ~ ,’ ~i- 51 recharging effluent, cities can

,-~.~,:-. ......~ -’----.. .o~=~, s,~,~ accrue "credits" toward pumping
........ ~ "l._.-~__~. v’:"k~.--kJ,._~_~z~_ of ground water from other loca-
; ~; ’~ ;0’~ .’ "b~..~r,. £-.-.~ tions in a basin (Arizona Depart-

~"--~-"’h¢- ment of Water Resources, 1994).
Rangeland is the predominant

Figure 2. Perennial streams in the Central Highlands, Colorado River water land use in the Basin and Range
from the Central Arizona Project Canal, ground water, and treated sewage Lowlands¯ The two largest urban
effluent fulfill water demands in the Basin and Range Lowlands. areas--Phoenix and Tuc-

son-account for about 5 percent
of the land use and include 75 per-

extent in the valleys. As a result, ance on ground water. Deep, cent of Arizona’s 4.9 million peo-
some of the fastest-growing towns broad alluvial basins separated by ple (Arizona Department of
are being forced to seek alternative mountain ranges of small areal Economic Security, rev. July 7,
water supplies (Arizona Depart- extent characterize this hydrologic 2000). Agricultural development,
ment of Water Resources, 1994). province. The basins are filled with which is mostly west and south of
Natural factors such as dissolution thick deposits of gravel, sand, silt, Phoenix, is about 5 percent of the
of minerals in rocks and basin sedi- and clay and include interbedded land use (Cordy and others, 1998).
ments are major influences on evaporite deposits and volcanic Cropland is the primary agricul-
ground-water quality in the Central rocks in places (Anderson and tural land use, and cotton is the
Highlands (Owen-Joyce and Bell, others, 1992). These basin-fill sedi-main crop.
1983; Marsh, 2000); however, ments can be 2,000 feet to as much Water use in the Basin and
activities such as mining have as 12,000 feet thick and constitute Range Lowlands represents
affected water quality locally the major aquifers that are often 96 percent of all water use in the
(Brown and Favor, 1996). referred to as "basin-fill aquifers." CAZB Study Unit (Cordy and

The Basin and Range Low- The basin-fill aquifers contain others, 1998). Agriculture is the
lands (fig. 1) are characterized by large reserves of ground water that largest water user (73 percent in
a lack of perennial streams, the were recharged when Arizona’s cli- 1990; fig. 3). Because of the
largest water demands, and tell- mate was much wetter than at general lack of surface-water

4 Water Quality in the Central Arizoha Basins
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resources in the Basin and Range problems caused by overpumping through early 1998, and at some
Lowlands, ground-water is relied of ground water, Colorado River stream sites additional samples
upon heavily to meet agricultural water is delivered to central Ari- were collected during storms to
and municipal demands (fig. 3). In zona by the Central Arizona assess the effects of stormwater
areas with substantial agricultural Project (CAP) canal (fig. 2). CAP runoff on water quality. Two
and (or) urban development, water is used for aquifer recharge stream sites were sampled twice
ground water has been and contin- and municipal and agricultural pur- monthly for 1 year to determine the
ues to be used more quickly than it poses, occurrence and distribution of pes-
can be replenished naturally. The study design focused on ticides. A single round of sampling
Ground-water levels have declined the effects of land use on water for contaminants in streambed sed-
several hundred feet in areas with quality. Water, sediment, and bio- iment and fish tissue was corn-
the heaviest pumping, and land logical samples were collected pleted in 1995-96 (See "Study Unit
subsidence has resulted in a loss in from streams in urban, agricultural,Design," p. 26).
aquifer storage capacity (Arizona forest, and rangeland areas of the Ground water was sampled from
Department of Water Resources, CAZB Study Unit to assess the wells in three alluvial basins in the
1994). To mitigate some of the overall quality of streams as well as Basin and Range Lowlands--the

the effects of specific land-use West Salt River Valley the Upper
practices on stream-water quality Santa Cruz Basin, and the Sierra

~ (U.S. Geological Survey, 1999). At Vista subbasin. Existing wells were
~ 160 ~ most sites, water samples were col- sampled in the three basins to
~ ~! lected monthly from late 1995 assess overall water quality as well

~ 80 ~ Rapid population growth in central Arizona
~ [ results in changes in land use.
-~ [ As in many areas of the Southwestern United States, the population of Arizona is
~

II ~’~

rapidly increasing. The population of the State increased from 2,716,546 in 1980 to~° 3,665,339 in 1990, an increase of 35 percent. Projections for 2000 indicate an additional
~    ~ 26 percent increase, to 4,924,350 (Arizona Department of Economic Security, rev. July~ ~ ~ ~’~ 7, 2000). Much of this population increase has occurred in Tucson and metropolitan

Phoenix (Maricopa County). As more and more people relocate to Arizona, desert and
agricultural areas are being replaced by urban development. In addition to altering land

l[ use, this growth puts increasing demands on the limited water resources of this arid to ~:2,~oo
semiarid area. ?

Figure 3. Water-use data for 1990
show the many sources of water used
to meet demands in the CAZB Study
Unit.

Introduction to the Central Arizona Basins 5
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RANGE OF HISTORICAL DATA: 1~45-98 RANGE OF HISTORICAL DATA: 1978-98, 1982-84 1988. 1990-2000
NOTE: CALENDAR YEARS SHOWN NOTE: CALENDAR YEARS SHOWN

EXPLANATION

I RANGE (MINIMUM TO MAXIMUM) OF HISTORICAL DATA

MEDIAN OF HISTORICAL DAILY STREAMFLOW

DAILY MEAN STREAMFLOW

Figure 4. Streamflow in the (]entral Highlands increased each year from 1998-98 as indicaled by the Verde FIiver below
Tangle (]reek, In the Basin and Flange Lowlands, streamflow is difficult to characterize because it is controlled by dams and
(or) wastewater-treatment plants. For the Hassayampa Ftiver near Arlington, a Basin and Flange Lowlands stream, summer
streamflow in 1996 and 1997 was greater than the median historical daily value.

as the effects of human activities sampling period, 1995-98, is use- River near Arlington is an example
on water quality. In the West Salt ful in interpreting the CAZB of a Basin and Range Lowlands
River Valley, shallow monitoring study results. The climate of the stream that is a combination of
wells were installed and sampled to Study Unit is characterized by vari- effluent and irrigation return flows
determine the effects of irrigated ability from place to place and alsomost of the time, supplemented by
agriculture on shallow ground- by large differences in precipitation flows from storm runoff (fig. 4).
water quality. Existing ground- from one year to the next. Precipi- Streamflow at the site typically was
water-quality data were used to tation can be three times greater inless than the median historical
assess overall water quality in allu- wet years than in dry years (Cordy daily streamflow during 1996 and
vial basins of the Basin and Range and others, 1998). 1997; however, summer stream-
Lowlands that were not sampled. In Central Highlands streams, flow in those years was greater

This report is organized into sec- represented by the Verde River than the median historical daily
tions on stream-water quality and below Tangle Creek (fig. 4), daily streamflow because of increased
ground-water quality. In each sec- mean streamflow was successively summer thundershowers. Stream-
tion, natural water quality, that is higher from 1996 through 1998. flow during 1998 was about the
water that has been minimally Streamflow in 1998 generally was same as the median of historical
affected by agricultural or urban greater than the median of histori-daily streamflow.
development, is discussed followed cal daily streamflow, and stream- When streamflow exceeds base-
by a discussion of the effects of flow in 1996 was less than the flow as a result of rainfall or snow-
human activities on water quality, median of historical daily stream-melt runoff, dissolved-solids
This organization is designed to flow (fig. 4). concentrations decrease in streams
assist the reader in understanding Streamflow in the Basin and and reservoirs because of dilution.
the changes in natural water quality Range Lowlands is difficult to Nutrient concentrations increase
that result from human activities, characterize because it is controlled with increased streamflow because

Understanding climatic and by dams and (or) wastewater-treat- precipitation and runoff carry more
hydrologic conditions during the ment plants. The Hassayampa nutrients to streams.
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MAJOR FINDINGS

Natural Stream Water
Quality 1.ooo 3,ooo

o             EXPLANATION

In the CAZB Study Unit, peren- ~ I-.- 100 Z~

z -,
,,00’ 1 STREAMFLOW

nial streams draining areas with lit- o = to .2,000 z
~- ~ CONCENTRATIONS Olr:569

tle or no agricultural or urban land + Dissolved soiids

use represent baseline or "natural" 0.1 1,000 ~ f_ + Total nitrogen, as

conditions in the basins. These nat- oo ~ 0.01 ~ ~
nitrogen

Total phosphorus, as

ural streams are referred to as "for- 0.00t 0 phosphorus

esWrangeland streams" in this
report because they drain basins
that are 93 to 100 percent forest Figure 5. Concentrations of nutrients increase and concentrations of dissolved solids

and (or) rangeland. Examples of decrease during rainfall or snowmelt runoff.

forest/rangeland streams include
the upper Verde, upper Salt, and water discharge to streams, and and snowmelt also adds to nutrient
upper Gila Rivers and West Clear runoff determine the water quality concentrations in streams. Con-
Creek in the Central Highlands of these streams. Locally, stream- versely, during low streamflows,
province and the upper San Pedro water quality may be affected by nutrient concentrations are lower
River in the Basin and Range Low- agriculture, mining, or urban land because very little runoff reaches
lands province. Because some of use. streams, and aquatic life in the
the forest!rangeland streams pro- Nutrient and dissolved-solids streams take up the available nutri-
vide drinking water for Phoenix or concentrations fluctuate season- ents.
recharge aquifers used for drinking ally in forest/rangeland streams. Seasonal patterns of dissolved-
water, the quality of these streams The patterns of rainfall and snow- solids concentrations are opposite
is compared to drinking-water stan- melt runoff account for the sea- to those of nutrients. During peri-
dards and guidelines as well as to sonal fluctuations in concentrations ods of low flow, the sources of
other water-quality criteria. of nutrients (fig. 5). Nutrient con- streamflow are springs, which in

The water quality of centrations increase in streams dur- some areas, such as the upper Saltforest/rangeland streams is ing times of rainfall and snowmelt    River Basin, are quite saline (Fethprimarily determined by natural runoff because runoff carries nutri-    and Hem, 1963). During periods of
factors. Processes such as chemi- ents washed off the land surface to    runoff, flow in streams is diluted,cal weathering of bedrock and streams, thereby increasing con- which lowers the dissolved-solids
soils, biological activity in soils centrations. Nitrogen in rainfall       concentrations (fig. 5).(Likens and others, 1977), ground-

EXPLANATION

PROTECTION AGENCY

LEVEL

0 0.2 0.4 0.6 0.8 0 0.4 0.8 1.2 1.6 0 800 1,~0 2,400 3200

Figure 6. Nitrate concentrations in forest/rangeland streams are significantly lower than the maximum contaminant level of 10
mg/L. Most water samples from the upper Salt River exceeded the secondary maximum contaminant level for dissolved solids
(500 mg/L) because saline springs sustain streamflow during periods of low flow.
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Nitrate concentrations in for- drinking water (fig. 6). Samples that generally declined since the early
est/rangeland streams were sig- exceeded this drinking-water guide- 1980s (fig. 7). Phosphorus concen-
nificantly lower than the U.S. line were collected at times when tration data showed the same trend
Environmental Protection streamflow was sustained by flow as nitrogen. In the upper, undevel-
Agency’s (USEPA) Maximum from springs. Saline springs drain oped parts of the Salt and Verde
Contaminant Level (MCL) of into the upper Salt River (Feth and River Basins (upstream from reser-
10 mg/L. Nitrate was detected in Hem, 1963). which accounts for thevoirs) the decrease in nutrients
43 percent of the samples from for-particularly large number of samplescould be from a decrease in contri-
est!rangeland streams. None of the that exceeded the SMCL. butions from natural sources (see p.
nitrate concentrations exceeded the Total DDT concentrations in 10), a decrease as a result of better
MCL, which was established for fish tissue samples from forest/ land-use management practices
the protection of human health rangeland streams were signifi- upstream, and (or) an increase in
(fig. 6), and less than 2 percent of cantly less than the New York nitrogen use by aquatic life.
the samples had concentrations of State guideline (Newell and others, Dissolved-solids concentrationsnitrate that were greater than the 1987) for the protection of fish- decreased substantially in outflow
estimated national background eating wildlife. None of the other from reservoirs on the Verde Riverconcentration in streams of 0.6 organochlorine pesticides and PCBsfrom 1950-90 (fig. 7). This down-mg/L (U.S. Geological Survey, analyzed for were detected in fish ward trend, also seen on the Salt1999). Concentrations greater than tissue from forest~rangeland streamsRiver, probably is caused by bothbackground levels are generally (Gebler, 2000). In addition, orga- increased rainfall and snowmeltconsidered to be the result of nochlorine compounds and PCBs runoff diluting the dissolved-solidshuman activities. Samples that were not detected in streambed sedi-concentrations and physical andexceeded the background concen- ment from these streams, chemical processes in the reservoirstration were collected during high Stream water quality generally that remove some dissolved solidsflows associated with rainfall or is improving on the basis of nutri- from solution.snowmelt runoff, ent and dissolved-solids concert-Twenty-four percent of the trations in forest/rangeland
samples from forest/rangeland
streams exceeded the USEPA streams. Statistical analysis of nitro-

desired goal for total phospho- gen data for forest/rangeland streams
indicates that concentrations haverus of 0.1 mg/L for the preven-

tion of nuisance plant growth
(fig. 6). The USEPA desired goal
of 0.1 mg/L is the same as the esti- ~ ~    so0 . .,.~:~ s00

mated national background con- ~ ~ = 400
centration for phosphorus (U.S. ~" ~ E~u "~ 300

Geological Survey, 1999). Phos- "~- ~ 200 = ~ F,,
~ --~ ~ 00 DISSOLVED SOUDSphorus enrichment in streams can ~ . 2.~ .............. a0o

lead to eutrophication; however, in
the foresdrangeland streams, phos- ~ o o o    ..~..~phorus concentrations exceeding z-

u~ ~ Z 0.8 0 " ~~~
the USEPA goal are generally lim- =° ~< ~-= oe0.6 o
ited to periods of rainfall and snow- -’- .~ -~ .z ,-=0.4z .~ ,,- -
melt runoff. < ~ o. ~o-’ - ~ z

~ z < 0.2

Dissolved-solids concentra- .- o TOr~LNrr~oa’=.
tions exceeded the USEPA Sec-
ondary Maximum Contaminant EXPLANATION

LOWESS SMOOTH OF CONCENTRATION DATA
Level (SMCL) in 76 percent of LOWESS SMOOTH OF STREAMFLOW DATA
samples from the upper Salt o CONCENTRATION DATA
River. None of the samples from
the upper San Pedro River or West Figure 7. Water quality of forest/rangeland streams has improved, on the basis of
Clear Creek exceeded the SMCL of decreases in dissolved-solids and nutrient concentrations during the past 30 to 50
500 mg/L that is based on taste of years..
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Effects of Human
Activities on Stream Dissolved solids are accumulating in basins with
Water Quality agricultural and urban irrigation.

Streams affected by human
Data collected as part of the CAZB NAWQA study indicate that in 1997, about 1.6 bil-activities may have elevated con-lion kilograms (kg) (! .76 million tons) of dissolved solids were carried into the Basin and

centrations of dissolved solids Range Lowlands by streams draining the Central Highlands (Verde, Salt, and Gila Rivers)
and nutrients from a variety of and by the Central Arizona Project (fig. 8). Only 440 million kg (0.48 million tons) were
activities including urban and ag-transported out of the study area in streams. The remaining I. 16 billion kg (1.28 million
ricultural runoff. Manmade corn- tons) are accumulating in soils, the unsaturated zone, and ground water in irrigated agri-
pounds such as pesticides and cultural and urban areas.
volatile organic compounds Much of the streamflow from the Central Highlands and the Central Arizona Project

(VOCs) in streams are a direct Canal is used for irrigating agricultural fields and urban landscape. When plants are irri-

result of human activities. To de- gated in the Basin and Range Lowlands, 50 to 80 percent of the water evaporates or is

termine the factors affecting wa- transpired by plants as pure water. The dissolved solids that were in the evapotranspired

ter quality in the CAZB, water remain in the soil or are concentrated in the water that remains. Over time these

annual stream loads of dissolved salts build up in soils and ground water. To prevent crop damage from salt accumulation,
excess irrigation water is commonly applied to leach the salts out of the root zone.

solids (the mass of material Excess water that percolates below the root zone carries a higher concentration of salts
transported in the water) entering than the original irrigation water (Cordy and Bouwer, 1999). If this deep-percolation
the basins were compared to water reaches the ground water, the upper part of the aquifer can be contaminated by dis-
annual stream loads leaving the solved solids, nutrients, and pesticide residues. Because deep-percolation water moves
basins (see story at right). In ad- slowly through the unsaturated zone and ground water is several hundred feet deep in
dition, the quantifiable sources basins with substantial agricultural and urban development, the effects of the contamina-

of nitrogen and phosphorus tion may not be seen in ground water for years or decades after irrigation has declined or

(nutrients) coming into major ba- ceased.
sins and leaving in streamflow
were used to identify basins

.~.~.where water quality is affected
/ "~..~.. ,,~..~,by human activities (see p. 10).
\ \Water-quality characteristics of
%CentralHighlanfls

affected streams are indicative of
the local effects of human ,.~ ~.-,~ .%,�. ~. :\    ~. 2: . ~ .....
activities.

Streams sampled in the
CAZB that are affected by hu-                       ....~:... .........
man activities can be divided
into two main categories--el- ~" . ’: ---~.~ y~.,r:,~.~..
fluent-dependent and agricul- .- ,---,.~ ......~.
tural/urban. Streamflow in 3,. ?--
effluent-dependent streams is ""
almost entirely treated sewage EXPLANATION

.,,,,~..
effluent discharged from waste- DISSOLVED SOLIDS Bend ’ Grande .IN 1997--in millions of
water-treatment plants ~ k
(WWTPs). These streams are ~

Arrow indi ..... direclion

referred to in this report as "ef- ~ Arrow ~naicates direcbon " "
of outflowfluent-dependent" or "effluent-

dependent urban" streams (see p. CEm~AL A,,ZO,A
12) because the effluent reflects ....... HVD"OLO~IC
urban land uses. Some sampling 420 .

sites in the CAZB receive irriga- ¯ sA~.U.~m,,,,ons
tion return flows and rainfall run- v- ;,. £.._~_
off from agricultural fields as
well as treated effluent, and these Figure 8. Streams and the CAP canal brought 1.6 billion kilograms of dissolved
streams are referred to as solids into the Basin and Range Lowlands in 1997, but only 440 million
"agricultural/urban" streams, kilograms left the area in streams. The remaining dissolved solids

accumulated in soils, the unsaturated zone, and ground water.
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What are the sources of nitrogen and phosphorus in basins?

Major sources of nitrogen and phosphorus that can be quantified include fertilizers, livestock-feeding operations (commercial
feedlot and dairy operations), inputs to sewer and septic systems, atmospheric deposition, industrial wastes, and streamflow into
basins. For the CAZB Study Unit, the quantities of nitrogen and phosphorus contributed by each source annually were determined
for selected drainage basins. Sources were quantified using records of fertilizer sales by county, livestock population counts, popu-
lation and housing census information. National Atmospheric Deposition data for Arizona, USEPA Toxic Release Inventory data.
and stream water-quality data c(~llected in the CAZB for the NAW0A Program (Arming, 1998). The quantifiable sources of nitro-
gen and phosphorus in three basins are shown in figure 9.

Many sources of nitrogen and (or) phosphorus, such as the weathering of geologic formations and soils or the decomposition of
vegetation, contribute nutrients to the basins but are difficult, if not impossible, to quantify. As a result, these and other unquantifi-
able sources of nitrogen and phosphorus are shown in figure 9 with question marks (% to indicate that the quantities are unknown
and may actually exceed the quantifiable sources.

The quantifiable and unquantifiable sources of nitrogen and phosphorus in basins represent potential contributors of nutrients to
streams; however, the quantity of nutrients contributed annually from each source does not necessarily reach the streams. Some
nutrients may be taken up in terrestrial ecosystems, transported to the ground water, or volatilized to the atmosphere. Conversely,
nutrients can enter streams directly when treated sewage effluent from WWTPs is discharged to stream channels or excess irriga-
tion water from agricultural areas discharges to streams. Best management practices and regulation of point-source pollution are
methods used to reduce or control the quantity of nutrients entenng streams.

In the drainage basins of the upper San Pedro River, upper Salt River. and other perennial streams with minimal agricultural
and urban land use, the largest quantifiable source of nitrogen coming into these basins is from precipitation ifig. 9). Sewer and
septic systems, livestock-feeding operations, and fertilizers are the largest quantifiable sources of phosphorus in these basins.

In basins with substantial agricaltural and (or) urban land use such as the middle Gila River, the quantities of nitrogen and phos-
phorus from quantifiable sources are much greater per unit area than those for basins with little or no agricultural or urban land use.
Additionally, fertilizers, livestock-feeding operations, and sewer (WWTPs! and septic systems account for a larger part of the total
nutrients in basins with agricultural and (or) urban land use than in basins without these land uses.

o zo ~o

Figure 9. Precipitation and human wastes are the largest quantifiable sources of nitrogen and phosphorus entering
basins with minimal agricultural and urban development. Human and animal wastes and fertilizers are the largest
quantifiable sources entering basins with substantial agricultural and urban development.
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Effluent-dependent streams companion, the nutrient concentra- solved oxygen (DO) over a long
Nutrient concentrations in tions at the effluent-dependent sitesperiod of time to survive (Swenson

effluent-dependent streams in the CAZB are elevated because and Baldwin, 1965). At the Santa
the effluent discharged directly into Cruz River at Cortaro, DO concert-exceeded the background con-

centrations found in forest/ the stream channels is a major trations were commonly lower than
source of nitrogen and phosphorus3 mg/L (fig. 11 ), whereas concen-rangeland streams (see fig, 11).

The 91st Avenue WWTP outfall (U.S. Geological Survey. 1999). trations at the other two effluent-
near Phoenix and the Santa Cruz Effluent-dependent streams dependent sites were in the mini-
River at Tubac and at Cortaro Road can sustain riparian communities mal range. All the samples from
(Tucson: see p. 26 for location.of and aquatic life, but the water the effluent-dependent streams
sitesi are effluent-dependent quality is poor. Some effluent- exceeded the USEPA’s desired goal
streams that were sampled in the dependent streams in the CAZB for phosphorus of 0.1 mg/L for pre-
CAZB. Data from the San Pedro can support ~aluable riparian com- vention of nuisance plant growth
River at Charleston and the Salt munities with high biodiversity of (eutrophication) (U.S Environ-

terrestrial plants and animals; how-mental Protection Agency, 1986).River near Roosevelt represent
background values for nutrients in ever, dissolved oxygen and phos- Excessive algae and aquatic plant
the CAZB because these streams phorus concentrations in these growth can lead to low DO concen-
drain areas with relatively little streams indicate that the water- trations (U.S. Geological Survey.
urban or agricultural land use. By quality is poor. At a minimum, 1999).

most fish need 3 to 5 mg/L of dis-

How much nitrogen and phosphorus
actually leaves the CAZB Study Unit in streams?

A small fraction of nutrients applied to the land surface in the
CAZB is transported to streams. The lack of rainfall in the Study
Unit limits the transport of nutrients into streams and out of the
basins. For the middle Gila River Basin, which includes most of the
CAZB Studv Unit, about 1,100 tons of nitrogen and 500 tons of

0 5 10 15 20 2~ phosphorus left the basin in 1998; these nutrient loads represent 1
percent of the quantifiable nitrogen and 2 percent of the quantifiable
phosphorus for the basin. During 1996 and 1998, onlv 1 to 21
percent of the nitrogen and 3 to 48 percent of the phosphorus from
quantifiable sources were transported out of basins in the CAZB in
streamflow (D.W. Anning, U.S. Geological Survey,, written corn-
mun., 1999).

Nutrient loads leaving the upper Salt and upper Verde River Basins
in streamflow were greater during wet years (when streamflow was

0 ,0 2~ ~0 ,0 5o greater than the long-term average annual streamflow) than during
dW years (when streamflow was less than the long-term average)

EXPLANATION (fig. 10). More nutrients were carried out of the Hassayampa River
~ STREAMFLOW FOR YEAR WAS LESS THAN Basin in streamflow in 1996 than in 1998 because of more summer

LONG-TERM AVERAGE

~ STREAMFLOW FOR YEAR WAS GREATER THAN rainfall in 1996. Because runoff has higher concentrations of nutri-
LONG-TERM AVERAGE ents than does base flow (see fig. 5), wet years not only have addi-

Figure 10. During years when average tional streamflow but additional stream loads. Nutrients remaining
annual streamflow is greater than the in the basins are taken up by the plants and animals within the basin,
long-term average, more nutrients are adsorbed by streambed sediment (phosphorus only), volatilized to
carried out of the basins in streams, the atmosphere (nitrogen only), or transported to the ground water.
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Effluent-dependent streams are valuable water resources in the CAZB
]in many of the urban areas m Arizona, treated sewage effluent from wastewater-treatment plants is dis-

charged i~to otherwise dry, streambeds. Less than a century ago, some of these "effluent-dependent’"
streams, such as the Santa Cruz River in Tucson Isee below) and the Salt River in Phoenix, had natural
perennial streamflow, but ground-water pumping, damming of rivers, or other human activities have
resulted in a loss of natural streamflow and associated riparian and aquatic communities (Tellman and
others. 1997).

In the dry climate of Arizona, effluent-dependent streams provide perennial water resources with a vari-
ety’ of benefits. Effluent-dependent streams can support riparian communities with high biodiversity of ter-
restrial plants and animals. These streams support limited aquatic invertebrate and fish communities, which
are food for organisms higher in the food chain. Riparian plant communities along these streams can help
stabilize streambanks, reducing erosion and sedimentation. Trees and bushes provide plant material, creat-
in~z habitat and food for aquatic organisms and shade that reduces evaporation. Effluent in streams is partic-
ullirlv important to cities and towns in Arizona because it recharges ground water in aquifers and can be
used’by cities to accrue "recharge credits" that allow for pumping elsewhere in the ground-water basin
tGelt and others, 1999).

Currently (2000), the water quality of effluent-dependent streams limits restoration of instream commu-
nities. If the water quality of these streams is improved by upgrading wastewater-treatment methods, it is
likely that the streams would be able to support a greater number of aquatic species, and aquatic communi-
ties ~ould even begin to resemble those of streams such as the upper San Pedro or upper Salt Rivers.

12 Water Quality in :he Central Arizona Basins
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Figure 11. Nutrient enrichment in effluent-dependent streams contributes to abundant algal growth, which results in
decreased dissolved oxygen and limited aquatic communities.

The level of sewage treatment some nitrate and phosphorus are taken up by plants and aquatic life, and
and the distance effluent travels phosphorus may be adsorbed by streambed sediments. Each of these pro-
downstream from the discharge cesses reduces concentrations of nitrogen and (or) phosphorus, resulting in
point influence the water quality lower concentrations with distance downstream from the WWTR
of effluent-dependent streams. Abundant algal growth from nutrient enrichment in effluent-depen-
Ammonia concentrations in efflu- dent streams may adversely affect aquatic organisms. Phosphorus,
ent at the Santa Cruz River at Cor- nitrate, and ammonia in effluent-dependent streams encourage algal growth.
taro are extremely variable and Chlorophyll a concentrations (fig. 12). which are indicators of the quantity
t}pically higher than those in the of algae in a stream, were much higher in effluent-dependent streams than
Santa Cruz River at Tubac or the in forest/rangeland streams (Gebler, 1998).
91st Avenue WWTP (fig. 11). Ef- Abundant algal growth and the resulting increase in decaying organic
fluent at the Cortaro site has had material in effluent-dependent streams can cause decreased DO concentra-
secondary treatment, which results tions, particularly at night when plants cease photosynthesis and decrease
in nitrogen remaining in the effluent their oxygen production. The decreased DO can adversely affect aquatic
as ammonia (David Garrett, Pima invertebrates and fish.
County Wastewater, oral commun.,
2000). In contrast, effluent sampled
at the discharge point from the 91st
Avenue WWTP has had tertiary
treatment in which the ammonia is ~.
convened to nitrate. Converting ~ ~oo
ammonia to nitrate dunng treatment : ~
limits the direct threat of toxicity to ~ { s00
fish that ammonia presents, but it o ~ ~oo
does not change the potential for o ~ < > ,..,
eutrophication of the stream (Muel- O_=am

300

let and others, 1996). ~ ~
The lowest nutrient concentra- ~,: ~oo

u~ >
tions in effluent-dependent streams

~
g

100
were at the Santa Cruz River at Tu-
bac (fig. 11 ). Effluent in this stream 0
receives secondary treatment and
travels about 15 miles downstream
to Tubac. As the effluent moves ¯ N ..........~ ....................................................................

downstream, ammonia is lost to the
atmosphere or converted to nitrate, Figure 12. Nutrients in effluent-dependent streams encourage algal

growth, as indicated by chlorophyll a concentrations.
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Effluent-dependent streams support limited CAZB (fig. 14). In foresUrangeland streams, may-
instream communities of aquatic invertebrates, flies, stoneflies, and caddisflies were the most abun-
The diversity of pollution-sensitive aquatic inverte- dant of all aquatic invertebrate groups, which is
brates such as mayflies, stoneflies, and caddisflies in consistent with good water quality and instream hab-
efffluent-dependent streams is very low, especially itat (Gebler, 1998).
when compared to the high diversity in forest/range-
land streams (fig. 13). Pollution-tolerant species of
aquatic worms and midges account for more than 90
percent of the numbers of aquatic invertebrates in
effluent-dependent stream reaches sampled in the

EF~L~

Figure 13. Aquatic invertebrate communities Figure 14. Pollution-tolerant aquatic invertebrates are most
in effluent-dependent streams lack diversity, abundant in effluent-dependent streams.

Aquatic invertebrates are indica

Aquatic invertebrates are animals such as
worms and insects that live in water. Fly
fishermen know that game fish such as trout
and bass eat insects such as mayflies, stone-
flies, and caddisflies. Biologists who study
water quality have found that some aquatic
invertebrates, such as certain aquatic worms
and midges, can tolerate poor water quality.
Many types of mayflies, stoneflies, and cad-
dis;flies are sensitive to water-quality degra-
dauon and are most abundant in streams with
good water quality. Biologists can sample for
aquatic invertebrates and determine the rela-
tive quality of the water by the numbers and
types of invertebrates found.

14 Water Quality in the Central Arizona Basins

R0024599



Organochlorine pesticides and concentrations in forest/range- be reapplied in the fall to fields
PCBs in streambed sediment and land streams (fig. 11). This is no where winter crops are grown.
fish tissue from effluent- surprise given that the two agricul- These herbicides were detected in
dependent streams exceeded tural!urban streams--Buckeye surface-water samples from the

guidelines for protection of Canal near Avondale and Has- agricultural/urban streams in the

aquatic life and fish-eating wild- sayampa River near Arling- early spring and fall, soon after

life. Probable effect levels (PELs) ton--receive effluent from the 91 st application. Changes in concentra-

for sediment (Canadian Council of Avenue W’vVTP in Phoenix. The tions of dacthal at the Hassayampa

Ministers of the Environment, effluent is mixed with ground River near Arlington (fig. 15) are

1999) were exceeded for DDE ~.nd
water in Buckeye Canal and used representative of the patterns seen

total chlordane in samples from the to irrigate cotton and other crops, for herbicide concentrations at both

91st Avenue W~VTP and at a site Downstream, effluent and irriga- sites. Agricultural and rainfall run-
tion return flows in Buckeye Canal off carry these pesticides to

near the discharge point from the are discharged into the Has- streams. Because streamflow at
Nogales WWTP into the Santa sayampa River near Arlington. At these sites is not used for drinking
Cruz River. The PEL is a concen- this point, the water has been used water but does sustain aquatic life,
tration above which adverse effects and reused for agricultural irriga- guidelines for the protection of
to aquatic organisms are predicted tion, and nitrate concentrations are aquatic life were used to evaluate
to occur frequently. Exceedance of typically higher than those in the water quality. Aquatic-life guide-
the PEL concentrations indicates original effluent (fig. 11) because lines for simazine and trifluralin
that bottom-dwelling aquatic of the use of fertilizers in the agri- were not exceeded in any samples
organisms may be adversely cultural area near Buckeye. from these sites. There are no
affected by toxicity. Total DDT Herbicides were detected in aquatic-life guidelines for dacthal
!91st Avenue WWTP) and PCB:, streams soon after application to and EPTC.
(Santa Cruz River at Tubac) in agricultural lands, but concen- Organochiorine pesticides that
fish-tissue samples exceeded New trations did not exceed guidelines persist in streambed sediment
York State guidelines (Newell and for protection of aquatic life. In and in fish tissue from an agri-
others. 1987) for the protection of the West Salt River Valley west of cultural/urban stream are a con-

fish-eating wildlife. These guide- Phoenix. the pre-emergent herbi- cern for aquatic ecosystem

lines are being applied to findings cides dacthal, EPTC, simazine, and health. PEL concentrations for

from NAWQA Study Units nation- trifluralin are applied to tilled fields sediment were exceeded for DDE

wide. DDT. which breaks down to prior to cotton planting in the early and DDT at the agricultural/urban

form DDE and DDD, is associated spring to control weeds. They may stream site on the Buckeye Canal

with past use of DDT in agricul-
tural areas. Use of DDT was dis-
continued in Arizona in 1969.
PCBs were primarily used in indus- 4.ooo
trial and urban settings, but their ¯
use was discontinued in !979. a.ooo ’:i . O o.ors
Exceedances of tissue guidelines
can result in reduced reproductive
ability and other possible adverse ~.ooo -- .~,_,~":. ~ o.os
effects in wildlife that eat contami-
nated fish {Faber and Hickev, ’ :~’~g~

~ % ¯197 3 ).
~ ~,ooo ¯

.~!~!=~!~!
--

¯
0.025

Agricultural/urban streams o -- ==---- -- -- _ .._. _..____ - .- - -- ~"--=- ~ o

As in effluent-dependent
streams, nutrient concentrations
in agricultural/urban streams
were elevated compared with Figure 15. Herbicides were detected in streams soon after being applied to crops.
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near the Hassayampa Ri\ er, ad~,~ exceeded the National Academy of over time and their breakdown
cent to the Hassayampa RI~ cr at Science/Nauonal Academy of products continue to enter streams
Arlington site, see p. 26). C,,n, on- Engineering I1973) guideline for by erosion of contaminated soils,
trations of DDE in fish-tissue sam- the protection of fish-eating wild- surface-water runoff, and atmo-
ples from this site exceeded life. Past use of pesticides includ- spheric deposition. Exceedances of
guidelines established by New ing DDT. toxaphene, and others on tissue guidelines indicate possible
York State (Newell and others, agricultural areas in the West Salt adverse effects, such as reduced
1987) for the protection of fish- River Vallex is the source of these reproductive ability and eggshell
eating wildlife. Concentrations of pesticides. Though use of these thinning, to birds and other wildlife
toxaphene in two out of three fish- pesticides wa.~ discontinued that eat contaminated fish (Faber
tissue samples from the same site decades ago. the pesticides persist and Hickey, 1973).

Pesticides in water were measured at 117 sampling sites on 114 rivers and streams across the United States as part of the
NAWQA Program from 1992-1998. At each site, concentrations of all insecticides detected during a l-year period were
summed and categorized as low (lowest 25 percent), middle (middle 50 percent), and high (highest 25 percent) compared to
concentrations at all of the sites monitored (see figure belowl. This information was compared, by county, to insecticide use
during the early to mid-1990’s on agricultural lands.

In the CAZB Study Unit, insecticide concentrations in streams with mixed agricultural/urban land use were among the
highest in the Nation, These sites--the Buckeye Canal near Avondale and the Hassayampa River near Arhngton in the West
Salt River Valley--are dominated by treated effluent and irrigation return flows that contain insecticides from urban and
agricultural land uses. Nearly one-half the samples (46 percent) collected from the Buckeye Canal during 1 year exceeded
aquatic-life guidelines for one or more of the following insecticides: diazinon, malathion, lindane, and chlorpyrifos. At the
Hassayampa River site, 30 percent of samples collected in a 1-year period exceeded aquatic-life guidelines for one or more
of the following pesticides: chlorpyrifos, azinphos-methyl. DDE, dinoseb, malathion, diazinon, and parathion. Although
these streams are not used for drinking water, the water quality does present a potential hazard to aquatic life. In addition.
little is known about the effects of mixtures of pesticides, even at low concentrations, on aquatic life (Gilliom, 19991.

NAWQA Stream-Sampling Sites
EXPLANATION

INSECTICIDE USE--
In pounds per acre of
ageculturai land
Highest--Greater than 0 086

Mediurn--0.033 to 0.086
Lowest--Less than 0.033

NO reported use

SUM OF INSECTICIDE
CONCENTRATIONS--
in mmrograms per liter
75th percentile

¯ Highest 25 percent--Greater
than 0.086

Middle 50 percent--0.O013
to 0 073

RIVER NEAR tha~ 0.0013
ARLINGTON IBUCKEYE \, 5~

CANAL NEAR
~    [/~._~.,

[~ AQUATIC-LIFE GUIDELINE--
AVONDALE Bold outline indicates exceedence

by one or more insscll¢10es.
Numt)er Is percentage of sarnptes
t~at exceedeo a guldehne within
a 1-year per~oo

Insecticide concentrations in streams in the West Salt River Valley near Phoenix are among the highest in the Nation.
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Natural Ground-Water
Quality o 2oo ,oo ~oo ~oo !,ooo 1,2oo,,,oo1,~oo

It is important to understand SIERRA VISTA
how natural processes affect 1

ground-water quality in order to AVRA VALLEY

identify the effects of urban and ELOY
agricultural development under

SANTA ROSA
similar hydrogeologic conditions.
In the CAZB, the majority of              RAINBOW VALLEY
ground-water basins do not have 0 1 2 3 4 5 6 7
significant urban or agricultural
development. The ground-water
quality in these basins is primarily        Figure 16. Nitrate concentrations and specific conductance values in

ground water from basins with minimal urban development increase froma product of natural processes such the southeast to the northwest. (Basins shown below in figure 17.)
as the interaction of ground water
with rocks and sediment in the
basins (Robertson, 1991). ,,~.

Natural sources of dissolved- 113"

solids and nitrate can control
ground-water quality in basins
with minimal urban develop-
mont. Specific-conductance val-
ues (an indirect measure of the
dissolved-solids concentration) and
nitrate concentrations for ground nA~NROW

VALLEY
water in basins with minimal urban BASIN
development increase northwest-
ward from southeastern Arizona

SANTAtoward the central part of the State ROSA
(figs. 16 and 17). The increasing

BASIN

specific-conductance values can be SIERRA
attributed to a corresponding VAU.EvAVRA SuB-VISTA

BASINincrease in evaporite deposits in EXPLANATION
basin sediments from southeast to ~1~ ’NCREAS,~G SPEC’F,CCONDUCTANCE AND NITRATE ARIZONA
northwest (Gellenbeck and Coos, CONCE"TRAT,O~S ,N GROUND

WATER- Blue to orange MEXICO

1999). Evaporite deposits in the
~ GROUND-WATER BASIN BOUNDARY

basins contain minerals such as
halite (salt) and gypsum that can be

Figure 17. Increasing specific conductance values in ground water fromeasily dissolved in ground water, southeast to northwest can be attributed to an increase in soluble
(Robertson. 1991). The increasing evaporite deposits in basin sediments. Increasing nitrate concentrations in
nitrate concentrations can be the same direction may be the result of naturally occurring nitrate and of
largely attributed to natural human activities that include agriculture.
sources: however, human activities
such as agriculture can be a source
in some basins. In some locations sources of nitrate are present in some basins (Hem. 1985: Robertson,
in the CAZB, high nitrate concen- 1991: Gellenbeck. 1994: Gellenbeck and Coos. 1999). Dissolution of
trations in ground water reported evaporite deposits, decay of buried organic matter, precipitation, weather-
prior to any agricultural or urban ing of rocks and soils, and fixation by microorganisms are just a few of
development indicate that natural the possible sources of naturally occurring nitrate in ground water.
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Quality of deep, older ground water unaffected
by human activities

In general, ground water in Arizona is replenished (recharged) at very slow rates
because of little precipitation, high evaporation losses, and the long distance water
must travel to recharge deep aquifers. In the CAZB, 63 percent of the wells sampled
that draw water from aquifers used for drinking water were at least 250 feet deep
compared to 26 percent of NAWQA wells sampled nationwide (fig. 18). Recharge

33% 4% 29% takes longer to reach deep aquifers than shallow aquifers: therefore, deep ground
W~L D~P’m-- water typically was recharged earlier and is older than shallow ground water. Tlitiuin

age dating of ground water (see below) confiln]s that 55 percent of the wells sampled
in the CAZB yielded ground water that ~vas recharged prior to 1953 and possibly

17% ¯ aso~0o thousands of years earlier. For example, some gronnd water in the Upper Santa Cruz
¯ ~t~t~, Basin was detennined to be about 6,500 years old {Kalin, 1994). Across the Nation.

only 27 percent of the NAWQA wells sampled for tritmm yielded ground ~ ater that
was recharged prior to 1953.

The age and depth of ground water in the CAZB have maponant implications for
water quality, and quantity. Because much of the deep ground water sampled m the

39% 35% CAZB was recharged prior to 1053 and has not mixed with younger recharge, drink-
ing-water quality generally has not been substantiall,v affected b,., human acre tries

Figure 18. Ground water sampled in that took place after 1953. The movement of contaminants from the land surface to
the CAZB Study Unit generally is the deep ground water is hindered by the thickness of basin-fill sediments through
from greater depths than ground which contaminants must travel. Ground-water quantity is affected because ground
water sampled in NAWQA Study water pumped from deep aquifers is not being replaced by recharge (see p. 5 t. result-
Units across the Nation. ing in a net decrease in the quantity of ground water available for consumption.

1,400
Method for dating ground water

Tritium is a radioactive isotope that can be used to estimate whether ground
water has been recharged before or after 1953. Large quantifies of tritium were
released to the atmosphere during testing of thermonuclear weapons from 1952
until the late 1960s. Atmospheric tritium is:incorporated into water molecules
in the atmosphere prior to precipitation and recharge to ground water. The con-
centration of tritium in ground water at a given time is controlled by both the o
quantity of tritium in the atmosphere when precipitation and recharge occur
and the radioactive decay rate of tritium; Ground water that does not contain
detectable tritium (less than 2.5 picocuries of tritium per liter) can be assumed
to have been recharged prior to 1953, and ground water that does contain detect-
able tritium (more than 2.5 picocuries oftritium per liter) is assumed to contain
some component of ground water that was recharged after 1953.

Tritium concentrations in precipitation are a guide for o,
deterrnining when ground water was recharged.

Concentrations of arsenic, fluoride, and molybde- aquifers in West Salt River Valley that are used for
num exceeded drinking-water standards in samples drinking water exceed 5 ~g/L. Seventeen percent of
from major aquifers. The median arsenic concentration samples in the Upper Santa Cruz Basin and 10.5 per-
in ground water for the three CAZB basins sampled wascent of samples in the Sierra Vista subbasin exceed
4 ~tg/L. One sample from the Upper Santa Cruz Basin and5 ~tg/L. The USEPA may not settle on 5 ~g/L but the
one sample from the West Salt River Valley exceeded thenew standard is likely to be significantly lower than the
current MCL for arsenic of 50 ~tg/L: however, a new, current MCL.
lower standard of 5 ~tg/L has been proposed by the The median concentration of fluoride was 0.5 ~g/L;
USEPA because of the cancer risk posed by arsenic in about 2 percent of the samples exceeded the current
drinking water (U.S. Environmental Protection Agency, MCL for fluoride of 4 ~g/L. The median concentration
rev. August 25, 2000). When arsenic concentrations in of molybdenum was 3 gg/L: about 1 percent of the sam-
ground water sampled in the CAZB are compared to thepies exceeded the current lifetime health advisory for
proposed standard, more than 50 percent of samples frommolybdenum of 40 ~g/L established by the USEPA.
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Radon and uranium are Effects of Human Activities were drilled and sampled in the
detected in most ground-water on Ground-Water Quality southwestern part of the West Salt
samples. Radon is a colorless and The contamination of major aqui-

River Valley (see "’Study Unit
odorless radioactive gas that is car- Design," p. 26). Because the aver-
ried in the water pumped from fers is largely controlled by hydrol- age depth to ground water in the
wells (fig.19) and released to ogy and land use (U.S. Geological nine wells is 32 feet (table 1) corn--
indoor air by activities such as Survey, 1999). In the CAZB Study pared to 230 feet for wells sam-
coo’king and showering. Breathing Unit, deep ground water that was pled basinwide, irrigation seepage
radon increases the risk of lung recharged prior to 1953 typically has does not have to travel far to reach
cancer (U.S. Environmental Pro- not been affected by human activitiesthe shallow ground water in the
tection Agency, rev. October 18, (see p. 18). In areas with recent agricultural area. Sources of irriga-
1999). Radon is naturally formed recharge (after 1953). ground water is tion water in this area include
in rocks and soils from the radioac-more likely to be contaminated by treated sewage effluent, water
tire decay of radium, an intermedi-nutrients and man-made chemicals from the Salt River and CAP
ate product in the uranium decay associated with urban and agriculturalc’anal, irrigation return flows, and
process. In the CAZB Study Unit, land uses. ground water. Dissolved-solids
radon was present in 100 percent of Ground-water quality deterio- concentrations of these sources
the samples, and uranium was rates in irrigated areas. Irrigation range from about 900 mg/L for
detected in 90 percent of the sam- water that seeps downward is a prin- treated sewage effluent (Tadayon
ples. The median concentrations cipal source of ground-water rechargeand others, 1998) to 650 mg/L for
for radon and uranium were 584 in irrigated areas of the CAZB. Dis- CAP water and 470 mg/L for Salt
picocuries per liter and 3 micro- solved-solids concentrations in seep-River water (Salt River Project,
grams per liter, respectively. Cur- age can be as much as five times 1997).
rently (2000), there are no USEPA those in the original irrigation water The median dissolved-solids
MCLs for radon and uranium: (Bouwer, 1990) because of concentra-concentration in water from the
however, proposed MCLs could tion by evaporation and plant use (seenine shallow wells exceeded
result in increased costs for water p. 9). The greater the dissolved-solids3,000 mg/L (table 1 ). In addition.
suppliers to treat drinking water for concentration in the applied irrigationthe effects of nitrate from fertilizer
these constituents or find alternate water, the greater the concentration inapplications and reuse of irrigation
supplies. Additional costs would the seepage movin~ downward to thereturn flows were evident from the
probably be passed on to the waterground water, median nitrate concentration that
user (see information on proposed To determine the effects of irri- was nearly twice the MCL of
standards for arsenic, radon, and gated agriculture on shallow ground- 10 mg/L (table 1 ).
uranium on p. 20). water quality, nine monitoring wells

Table 1. Median concentrations of nitrate and dissolved solids were highest in
shallow ground water from an agricultural area in the West Salt River Valley

Figure 19. Samples are collected at the
well head for radon analysis to prevent
possible sample contamination from
exposure to the atmosphere. , Maximum Contaminant Level

2 Secondary Maximum Contaminant Level
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During 1991-98, arsenic, radon, and uranium were measured in ground-water samples from 36 NAWQA Study Units
across the United States. If the ground-water samples from these Study Units are representative of ground water across the
Nation, MCLs (see Glossary) proposed by the USEPA for these constituents will affect many water suppliers and municipal-
ities in the United States. Because ground-water supplies In many parts of the Nation will likely exceed the proposed MCLs,
public-water systems would be required to either specifically treat their water to decrease concentrations of the constituents
or find alternative sources of supply. Costs of these opuons would probably be passed on to water users.

Arsenic
The current USEPA MCL for arsenic

in drinking water, 50 lag!L, is under
review after recognition of the risks of
developing cancers (National Research
Cotincil, 1999). In 2000, the USEPA
proposed a new, lower arsenic MCL of
5 ~tg/L IU.S. Environmental Protection
Agency, rev. June 2, 2000). In samples
collected in three CAZB basins, only 2
percent exceeded the current USEPA
MCL: however, 32 percent exceeded
the lower, proposed MCL In samples
collected across the Nation, only 0.6 ~ ~,-~>,~ "~",\
percent exceeded the current USEPA ,-’-~ \ ~
MCL; however, 14 percent exceeded <, ’> ,.,
the lower proposed MCL. Arizona, ~ "qll~l~b /’ EXPLANATION

including the CAZB, is among the areas /.,~, :~ ~ Generally highest arsenic concentrations
in the Nation where I0 percent or more ~a~*~ ,,~, ’~"
of ground-water samples are likely to

"~,

I---1
exceed the lower MCL (figure at right; ,

Hawaii
/t~..,., [----] Generally lowest arsemc concentrations

We~ch and others, 2000). L.i~ ~ Insufficient data

High concentrations of arsenic in ground water are more widespread in the West.

Radon and uranium MCL, 91 percent exceeded the proposed
Currently, USEPA MCLs for radon MCL, and 1 percent exceeded the o ~0o aoo aoo 4o0 so0 600 7oo

radon and uranium do not exist, proposed radon AMCL. In the NAWQA ~’-
Because of public health concerns, samples collected nationwide, 4 percent
including increased risks for develop-exceeded the proposed uranium MCL,
ing lung cancer, the USEPA proposed 61 percent exceeded the proposed radon
an MCL of 20 ggiL for uranium in MCL, and 4 percent exceeded the pro-
199 I. In 1999, the USEPA proposedposed radon AMCL (Dennis Wentz and
an MCL of 300 picocuries per liter others, U.S. Geologtcat Survey, written
(pCiiL) for radon: however, if States commun., 1999). The Study Units with
or water supp{iers implement meth- the highest radon concentrations were in
ods to lower radon levels in indoor the Colorado Rockies and the Eastern
air. they would only be required to United States. Median concentrations of
meet an Alternate MCL (AMCL) of radon and uranium in the CAZB Study ~
4,000 pCi/L (U.S. Environmental Unit were higher than median concentra-
Protection Agency, rex,. April 21, tions for the United States (figure at
2000; U.S. Environmental Protection right).
Agency, rex’. October 18. 1999). Of
the ground-water samples collected
in the three CAZB basins, 9 percent Median concentrations of radon and uranium in ground water in the CAZB
exceeded the proposed uranium exceeded those for the Nation.
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The study of water quality in deep aqui-
fers that provide drinking water in the West
Salt River Valley is one of eight NAWQA
ground-water studies nationwide that had "
more than 10 percent of samples that
exceeded the USEPA MCL for nitrate of
10 mg/L (figure at right). Of 35 samples
collected basinwide in the West Salt River
Valley, 34 percent had concentrations
greater than the USEPA MCL. Seventy-
mght percent of shallow ground-water sam-
pies from the agricultural land-use study in
the West Salt River Valley had concentra-

WEST SALTtions greater than the USEPA MCL for R~VER VALLEY
nitrate. Only 10 percent of samples from UPPER SANTA ’\
the Upper Santa Cruz Basin and none of CRUZ BASIN SIERRA VISTA
the samples from the Sierra Vista subbasin SUBeAS~N

had concentrations that exceeded the
EXPLANATIONUSEPA MCL tbr nitrate.
PERCENTAGE OF SAMPLES EXCEEDING DRINKING-WATER O BACKGROUND CONCENTRATION--Excessive nitrate in drinking water is a STANDARD FOR NITRATE OF 10 MILLIGRAIdS PER LITER-- Bold outline indicates median vatues

health concern for children and adults. In
¯ Greater tt~an 10 percent of 2 milligrams per liter

children, high nitrate concentrations can @ Less than 10 percent
result in "blue-baby syndrome," in which ¯ Zero samples exceed standard
oxygen levels in the blood of infants are The CAZB is one of eight Study Units in the Nation with nitrate concentra-low. sometimes fatally so (National Gover- tions in ground water that exceed the drinking-water standard in more than
nuT’s Association, 1991 ). 10 percent of samples.

Birth defects also have been attributed
to high nitrate concentrations INational Sources of nitrate in the Central An- (see p. 10). In areas with agricultural and (orl
Governor’s Association, 199I ). In adults,zona Basins Study Unit include evaporiteurban development, sources of nitrate related to
high nitrate concentrations have been asso-deposits in basin sediments, precipitation,human activities are prevalent, whereas preclpi-
ciated with cancer INational Academy ofagricultural fertilizers, animal-feeding ration and geologic sources of nitrate predomi-
Sciences, 19771. operations, WWTP outflow, and others Rate in undeveloped areas.

The highest concentrations of nitrate and dis- likelihood of contamination of the aquifers below that are
solved solids were in shallow ground water used for drinking water (see p. 22).
beneath an irrigated agricultural area. Shallow Deeper ground water from urban, rangeland, and agri-
ground water from the agricultural land-use study cultural areas in other parts of the West Salt River Valley
area in the West Salt River Valley had median con-had a median nitrate concentration that was less than the
centrations of nitrate (19 rag/L) and dissolved solidsMCL of 10 mg/L; however, the median concentration of
(3,050 mg/L) that exceeded the USEPA MCL anddissolved solids exceeded the SMCL of 500 mg/L (table
SMCL, respectively (table 1). Nitrate and dissolved1). Median concentrations of nitrate from the Upper Santa
solids from in-igation and agricultural practices areCruz Basin and the Sierra Vista subbasin also were less
accumulating in shallow ground water (see p. 9 andthan the MCL, and median concentrations of dissolved
11 ). The shallow ground water in this area is not solids were less than the SMCL (table 1 ).
used for drinking water, and clay beds reduce the
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Clay beds that currently protect deep
ground water from contamination may not
do so in the future.

In the agricultural land-use study area of the West Salt
River Valley (fig. 20), the tops of low-permeability clay beds
are about 150 to 400 ft below the land surface. These clay beds

impede the downward movement of irrigation seepage and
reduce the likelihood of contaminants reaching deeper drink
ing-water supplies. Domestic wells in the area yield water from
beneath the protective clay bed;. Ground water above the clay,
beds has higher nitrate and dissolved-solids concentrations
than ground water from beneath the clay beds (fig. 21 ). In this
area. ground-water samples from above the clay beds had a
median dissolved-solids concentration of 3,050 mg/L and a
median nitrate concentration of 19.0 mgFL (table 1 I. Ground-
water samples from below the clay beds had a median dis-
solved-solids concentration of 702 mg/L and a median nitrate Figure 20. Low-permeability clay beds in an
concentration of 1.9 mg/L. Care must be taken in drilling and agricultural area in the West Salt River Valley
completing drinking-water wells below the clay beds to ensure reduce the likelihood of contamination reaching

that shallow’ ground water above the clay beds does not con- deeper drinking-water supplies.

laminate the well and aquifer below.

Analyses of the tritium from ground water in th~s
area indicated that water above the clay beds gener-
ally had been recharged after 1953, and water below
the clay beds generally had been recharged before
1953 (see information about age dating ground water
on p. 18). Although the clay beds currently, reduce
the likelihood that irrigation seepage will contami-
nate the ground water below, future large-scale with-
drawals of ground water from below the clay beds
could possibly result in the movement of shallow,
poor quality water through the clay beds and into the
domestic ground-water supply.

Figure 21. Ground water above the clay beds was recharged
after 1953 and has been affected by agricultural activities.

Occurrence and distribution of pesticides in ground water in the
CAZB reflect both agricultural and urban land uses. Ten pesticides
were detected in shallow ground water from the agricultural land-use
stud}, area in the West Salt River Valley, west of Phoenix (fig. 22t. In
other parts of the West Salt River Valley, consisting of agricultural.
urban, and ran~eland areas, eight pesticides were detected in ground
water. Five pesticides were detected in ground water from the Upper~ ~: "
Santa Cruz Basin, where there is a mixture of land-use types, but 60 per-
cent of the basin is undeveloped rangeland (Coes and others, 2000). In
the Sierra Vista subbasin, where urban and agricultural land uses are
minimal (3.3 percent of basin: Coes and others, 19991 and have been
minimal in the past, no pesticides were detected in ground-water sam-
pies. During 1996-98, the largest quantities of pesticides used amongFigure 22. The largest number of
the three basins were for agriculture in the West Salt River Valley (Kenpesticides was detected ~n an
Agnew, University of Arizona. Pesticide Information and Training agricultural area in the West Salt
Office. written commun., 1999). River Valley
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Most of the pesticides detected
in ground water in the CAZB
were herbicides used to control
unwanted plants in urban and .................... tt I
agricultural areas (fig. 23). Herbi-
cide use in urban areas is indicated
by detections of simazine and
prometon in the West Salt River
Valley and prometon and 2,4-D in .~ .’: <~::"
the Upper Santa Cruz Basin. These
herbicides are used primarily in
nonagricultural areas (U.S. Geo- ¯ ::-:~
logical Survey, 1999). Detections
of atrazine and deethylatrazine (a ~ i’>i÷i ">:~"~i
breakdown product of atrazine) in
the West Salt River Valley and the
Upper Santa Cruz Basin are an
indication that herbicides used in ~ ....
areas of present and historical agri-
culture are affecting ground-water
quality. Atrazine is one of the most
heavily used herbicides in agricul- Figure 23. Most of the pesticides detected in ground water in the CAZB

tural areas in the United States were herbicides used in agricultural and urban environments.
(U.S. Geological Survey, 1999).

Concentrations of pesticides in
ground water did not exceed the area. In particular, the shallow Posticido$ arid Humari
drinking-water standards or depth to ground water in the agri- Laboratory studies, mostly on
guidelines. Although deethylatra- cultural land-use study area means mals, have shown that
zine. simazine, prometon, DDE, that irrigation seepage and recharge,cause health problems
atrazine, and diuron were detected containing pesticides and their defects, nerve damage,
in more than 30 percent of the breakdown products, do not have to
ground-water samples from the travel far to contaminate the ground CL!SEPA, rev, June 12agricultural land-use study area of water. Clay, layers impede the health effectsthe WEst Salt River Valley, none of movement of pesticides into the quately understood,the concentrations exceeded drink- deeper aquifers in the area. The
ing-water standards or guidelines, soils in the agricultural area have estimating the risks

tures of pesticidesSimilarly, pesticides detected in been identified as a source of DDE
ground water from the basinwide for the ground water (Brown. 1993). logical Survey, 1999).
sampling in the West Salt River The only detection of DDE in the determines risk on the

and exposure to a single pesticide ~:~Valley during 1996-98 did not West Salt River Valley outside of    Environmental Protectio~Ag~yi:~
exceed drinking-water standards or the agricultural area was in a sample
guidelines, from the northern part of the Phoe- November 17, 1999),

DDE was detected in 10 (56 nix metropolitan area. DDE was not NAWQA studies in the
percent) of the shallow ground- detected in samples from the Upper 24) and nationwide have shown~tlaa{’i~i
water samples from the agricui- Santa Cruz Basin or the Sierra Vista most contamination in water occurs::~
tural land-use study area in the subbasin.The large depths to groundpesticide mixtures (U.S. Geolo~ ~
West Salt River Valley. Detections water and small amounts of DDT Survey, 1999). The effects of. exp~
of DDE in this area are the result of used in most of the West Salt River to low concentrations of pesticide-~
the persistence of this insecticide Valley. the Upper Santa Cruz Basin, tures in drinking water is notknow~ ~
breakdown product in the environ- and the Sierra Vista subbasin limit will require further study to determine~,i
ment and the physical characteris- the potential for introduction of standards or guidelines can be
tics of the ground-water system in DDE to the ground water, oped.
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Detections of multiple pesti-
cides indicate the complexity of
contamination from land-sur-
face activities. No standards or
guidelines currently exist for mix-
tures of pesticides in drinMng
water because their effect on
human health is not ~own (U.S.
Geological Survey, 1999). All 9
wells in the agricultural land-use
study’ area had 3 or more pesticides
detected, whereas only 3 of the 35
wells sampled basinwide in the

EXPLAN~O~
West Salt River Valley had 3 or
more pesticides detected, and none
of the wells in the Upper Santa
Cruz Basin had 3 or more pesti-
cide s detected ( fig. 24). No pesti-
cides were detected in the Siena.v~;:.’~".
Vista subbasin.

Figure 24. Multiple pesticides were ~etecte~
the a~ricultural lan~-use study area of the West Salt Diver Valley.

Volatile organic compounds (VOCs),
including gasoline compounds, solvents,
and refrigerants, have been identified as a
major concern for ground-water contami-
nation in Arizona (Marsh, 1994). Leaking
underground storage tanks and disposal of

/ ~:: ’ solvents have been linked to most of the doc-
l -:: :i. : umented cases of ground-water contamina-
~ ~ tion by VOCs. Electronic- and aerospace-
~ manufacturing facilities use solvents for
~ ’ degreasing and are known to be sources of
~ some of the largest VOC contamination
~ : problems in Arizona. Disposal of solvents
¯ : from these types of facilities has occurred
¯ since the 1950s (Marsh, 1994). Dry-cleaning¯
¯ facilities also have been identified as sources

¯ of recent ground-water contamination by’
¯ VOCs. Some municipal supply, wells in the
¯ urban areas of Phoenix and Tucson are no
¯ longer used because of contamination by
0 ~ ~ ~ ~ ~0~,s ~0= ~03~a, VOCs(Marsh. 1994).

VOCs were detected in ground water
from all three basins sampled during
1996-98 (fig. 25). Of the 96 samples col-Figure 25. The VOCs trichloromethane, 1,2,4-trimethylbenzene,

and tetrachloroethene were detected most frequently in ground lected. 33 (34 percent) contained trichlo-
water, romethane. 24 (24 percent) contained 1,2,4-
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trimethylbenzene, and 20 (21 per- Sierra Vista subbasin (13) had fewer ground water because their use is
cent) contained tetrachloroethene detections. The larger area of urban widespread, not necessarily because
(otherwise known as perchloroeth- land use in the West Salt River Val-they are from the same source
ylene, PCE, a solvent commonly ley appears to be the reason for the (Squillace and others, 1999).
used in dry cleaning). Only two greater number of detections there Detections of VOCs in ground
VOC detections exceeded drink- than in the other basins sampled, water in the relatively undevel-
ing-water regulations--PCE (5.48 Three wells that had five or oped Sierra Vista subbasin indi-
~tg/L) in the Upper Santa Cruz more VOCs detected in ground cate that ground water in localized
Basin and 1,2-dibromoethane water were located in the metro- areas of the subbasin may be
(0.080 p.g/L) in shallow ground" politan area of Phoenix in the affected by human activities.
water in the agricultural area of the West Salt River ~’alley. The VOCs These detections are not widespread:
West Salt River Valley. detected in these wells were either therefore, the effects of human activ-

Shallow ground water from refrigerants, solvents and chemicals ity on present-day ground-water
the nine wells in the agricultural used to make solvents, or gasoline quality are not considered significant
land-use study area had the larg- additives. These detections are typi- for the entire subbasin. These detec-
est number of VOC detections cal of detections found in small- tions are an "early warning" of what
(35). Ground water from the other capacity wells in the metropolitan could occur in the future in a basin
35 wells in the West Salt River Val- Phoenix area (Marsh, 1994). Combi- that is presently considered mini-
ley had 32 detections. The Upper nations of solvents and gasoline mally affected by urban activities.
Santa Cruz Basin (18) and the additives are often detected in

Trichloromethane I chloroform), tetrachloroethene (PCE), and 1,2.4-trimethylbenzene were three of the five most commonly
detected VOCs in the Nation and in the CAZB when concentrations above an assessment level of 0.1 /agiL were considered. The
national data collected by the NAWQA Program during 1996-99 represent ambient ground water for all land-use types.Trichlo-
romethane and PCE have been shown to cause cancer in laborato~ animals from long-term exposure at concentrations greater than
USEPA MCLs.

Trichloromethane is a by-product created during the use of chlorine to disinfect water, a solvent, and a degradation product of car-
bon tetrachloride. It can enter ground water from lawn irrigation, leaking sewers and water mains, and spills or improper disposal at
industria! sites. The use of treated effluent from sewage-treatment plants for irrigation also provides a way for trichloromethane to
reach the ground water in the CAZB, specifically in the agricultural land-use study area in the West Salt River Valley.

PCE is a solvent used pnmarity for degreasing and at dry-cleaning facilities. 1.2.4-trimethylbenzene is used to make trimellitic
anhydride, dyes, and pharmaceuticals. Because there are many individual sources of these compounds in urban areas of the CAZB, it
~s diffcult to identify, the exact sources of ground-water contamination without site-specific studies, which were beyond the scope of
the NAWQA sampling program.

Five most frequently detected volatile organic compounds in the CAZB and the Nation

(Data include all land-use types; assessment level of 0.1 microgram per liter)
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STUDY UNIT DESIGN

The Central Arizona Basra, ~tudx ~as designed to
provide nationally comparabic a a~er-quali~ data and
address local and national quesuons about water quality.
The primary goal of the study was to understand the
human and natural factors that affect the chemisto’ of
ground and surface water and communines of aquatic
organisms. EXPLANATION

Surface-water chemistry and biological-samplin~            ~ND us~
sites were divided between the two main hydrologic

study-- 9 we/s

Boundary ol agncultural

EXPLANATION

EXPLANATION ~ Basin a~d ~a~ge "~ ~
" Lowland~ Province ~ ~

BASIN SAMPLED                                                                                                                                         EXPLANATION

provinces in the study area: the Central Highlands and ~’~ ~ AgR"ngeland..........

~ ! 1 Forest
the Basin and Range Lowlands (see above). Ground ....
water samples were collected in t~ee basins in the Basin
and Range Lowlands. Human activities were least in the
Siena Vista subbasin, greatest in the West Salt ~ver Val-
ley, and inte~ediate in the Upper Santa Cruz Basin.
Effects of a~cul~ral activities on ~ound water were
studied in the western pa~ of the West Salt ~ver Valley.
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SUMMARY OF DATA COLLECTION IN THE CENTRAL ARIZONA BASINS, 1995-98

Study What data were collected and why ! Types of sites sampled Number of Sampling frequency

component sites and period

Stream Chemistry
Basic fixed Streamflow, dissolved oxygen, pH, alkalinity, specific con- ;treams selected to represent urban, mixed 9 Monthly plus high flows

sites, general ductance, temperature, nutrients, major ions, orgamc car- agricultural/urban, and forest/rangeland Oct. 1995-Apr. 1998
water quality ben, and suspended sediment were measured to land uses were distributed throughout

deterrmne occurrence and distribution, the study area. Basins ranged from 0
miles (at point sources) to 18,011 square
miles.

Intensive fixed Above constituents plus 87 pesticides and 85 volatile ;ires selected closer to urban and (or) agri- 2 Monthly Jan. 1996--Dec.
sites organic compounds, cultural areas so as to be more Likely to 1996, increased sampling

reflect those land uses. frequency to approxi-
mately twice a month Dec.

1996-Feb. 1998

Fixed sites, Spectral characteristics of dissolved organic carbon from Same sites as basic fixed sites and intensive11 Monthly Jan. 1996-

dissolved surface water were measured to determine sources, fixed sites. August 1997
organic
carbon

Synoptic Same as basic fixed sites, plus pesticides. Three locations collocated with key sites 3 Quarterly
for stream ecology synoptic. Jan. 97-Oct. 97

Contaminants Trace elements and (or) organic compounds to determine Depositional zones of most basic and inten-i 17 Once
in bed sedi- occurrence and distribution in streambed sediments, sive stream-chemistry sites plus addi- May and June 1996
ment tional sites.

Contaminants Trace elements and (or) organic compounds to determine Same sites as sediment samples. 15 Once
in tissues occurrence and distribution in tissues of fish, clams, and May and June 1996
of aquatic crayfish.
biota

Stream Ecology
Basic sites Communities of algae, invertebrates, and fish; and instream Sites collocated with most basic and inten- 7 Once Oct. 1995-Jan. 1996

and riparian habitats surveyed to assess biological condi- sive stream-chemistry sites.
tions of the study area. 2 Annually 1995-1997

Synoptic Communities of algae, invertebrates, and fish; and instream Nine reaches along one segment of a 9 Once
and riparian habitats surveyed to evaluate spatial vail- stream with minimal anthropogenic Oct.-Dec. 1996
ability, influences.

Ground-Water Chemistry
Study Unit Nutrients, major ions, trace elements, volatile organic corn- Existing domestic, public-supply, irriga- 35 Once

West Salt pounds, radon, dissolved organic carbon, and pesticides tion, livestock, and industrial wells. 1996-1997
River Valley- to assess water quality of the basin’s aquifers.
mixed land                                                                                                                                ~
use

Study Unit Nutrients, major ions, trace elements, volatile organic corn- Existing domestic, public-supply, h-riga- 29 Once
Upper Santa pounds, radon, dissolved organic carbon, and pesticides tion, livestock, and industrial wells. 1998
Cruz Basin - to assess water quality of the basin’s aquifers.
mixed land
use

Study Unit     Nutrients. major ions, trace elements, volatile organic corn- Existing dornestic, public-supply, irriga- 19 Once ~
Sierra Vista pounds, radon, dissolved organic carbon, and pesticides tion, and livestock wells. 1996 :~
subbasin - to assess water quality of the basin’s aquifers,
imxed land ,_
use

Land use Nutrients, major ions, trace elements, volatile organic eom- Shallow monitoring wells. 9 Twice
West Salt pounds, radon, dissolved organic carbon, and pesticides Aug. 1997
River Valley - to determine effects of agricultural land use on shallow Feb. 1998
agricultural ground-water quality. ~
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,GLOSSARY

Anthropogenic--A condition or occurrence that is the resultDrinking-water guideline----Nonenforceable Federal guide-
of, or is influenced by, human activity, line regarding cosmetic (tooth or skin discoloration) or

Aquatic-life criteria--Water-quality guidelines for protec- aesthetic effects (such as taste, color, odor).
tion of aquatic life. Typically refers to U.S. Environ- Drinking-water standardmA threshold concentration in a
mental Protection Agency water-quality criteria for public drinking-water supply, designed to protect
protection of aquatic organisms, human health or as defined here, standards are U.S.

Aquifer--A water-bearing layer of soil, sand, gravel, or Environmental Protection Agency regulations that
rock that will yield usable quantities of water to a well. specify the maximum contamination levels for public

Background concentration- A concentration of a substance water systems required to protect the public welfare.
in a particular environment tl~at is indicative of minimalEcoregion--An area of similar climate, landform, soil,
influence by human (anthropogenic) sources, potential natural vegetation, hydrology, or other ecolog-

Base flow--Sustained, low flow in a stream; ground-water ically relevant variables.
discharge is the source of base flow in most places. Effluent--Outflow from a particular source, such as a

Basic fixed sites~Sites on streams at which streamflow is stream that flows from a lake or liquid waste that flows
measured and samples are collected for temperature, from a factory or sewage-treatment plant.
salinity, suspended sediment, major ions and metals, Ephemeral streammA stream or part of a stream that flows
nutrients, and organic carbon to assess the broad-scale only in direct response to precipitation or snowmelt. Its
spatial and temporal character and transport of inor- channel is above the water table at all times.
ganic constituents of streamwater in relation to hydro- EutrophicationmThe process by which water becomes
logic conditions and environmental settings, enriched with plant nutrients, most commonly phospho-

Bed sediment~The material that temporarily is stationary          rus and nitrogen.
in the bottom of a stream or other watercourse.           Evaporite minerals (deposits)--Minerals or deposits of

Bioaccumulation--The biological sequestering of a sub- minerals formed by evaporation of water containing
stance at a higher concentration than that at which it salts. These deposits are common in arid climates.
occurs in the surrounding environment or medium. Evapotranspiration--A collective term that includes water
Also, the process whereby a substance enters organisms lost through evaporation from the soil and surface-
through the gills, epithelial tissues, or dietary or other water bodies and by plant transpiration.
sources. InfiltrationmMovement of water, typically downward, into

Biomass---The amount of living matter, in the form of soil or porous rock.
organisms, present in a particular habitat, usually Intensive fixed sites~Basic Fixed Sites with increased
expressed as weight per unit area. sampling frequency during selected seasonal periods

Breakdown product~A compound derived by chemical, and analysis of dissolved pesticides for 1 year. Most
biological, or physical action upon a pesticide. The NAWQA Study Units have one to two integrator Inten-
breakdown is a natural process that may result in a more sive Fixed Sites and one to four indicator Intensive
toxic or a less toxic compound and a more persistent or Fixed Sites.
less persistent compound. Intermittent stream--A stream that flows only when it

Concentration~The amount or mass of a substance present receives water from rainfall runoff or springs, or from
in a given volume or mass of sample. Usually expressed some surface source such as melting snow.
as milligrams per liter or micrograms per liter (water Invertebrate--An animal having no backbone or spinal
sample) or micrograms per kilogram (sediment or tissue column.
sample). Irrigation return flow~The part of irrigation applied to the

Confining iayermA layer of sediment or lithologic unit of surface that is not consumed by evapotranspiration or
low permeability that bounds an aquifer, uptake by plants and that migrates to an aquifer or sur-

Cubic foot per second (ft3/s or cfs)~Rate of water dis- face-water body.
charge representing a volume of 1 cubic foot passing aLand subsidence---Compression of soft aquifer materials in
given point during 1 second, equivalent to approxi- a confined aquifer due to pumping of water from the
mately 7.48 gallons per second or 448.8 gallons per aquifer.
minute or 0.02832 cubic meter per second. Leaching~The removal of materials in solution from soil or

Dissolved solids~Amount of minerals, such as salt, that are rock to ground water; refers to movement of pesticides
dissolved in water; amount of dissolved solids is an or nutrients from land surface to ground water.
indicator of salinity or hardness. Load---General term that refers to a material or constituent

Drainage basin~The portion of the surface of the Earth in solution, in suspension, or in transport: usually
that contributes water to a stream through overland run- expressed in terms of mass or volume.
off, including tributaries and impoundments.
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LOWESS smooth--LOcally WEighted Scatterplot Picocurie (pCi)--One trillionth 00-12) of the amount of

Smoothing is a statistical method of defining a smooth radioactivity represented by a curie (Ci). A curie is the
curve through the middle of a scatterplot to highlight quantity of any radioactive nuclide in which the number
trends or patterns in the data. of disintegrations is 3.7 x 101° per second (rips). A

Maximum Contaminant Level (MCL)--Maximum per- picocurie yields 2.22 disintegrations per minute (dpm)
missible level of a contaminant in water that is deliv- or 0.037 dps.

ered to any user of a public water system. MCLs are Public-supply withdrawalsmWater withdrawn by public
enforceable standards established by the U.S. Environ- and private water suppliers for use within a general
mental Protection Agency. community. Water is used for a variety of purposes such

MedianmThe middle or central value in a distribution of as domestic, commercial, industrial, and public water
data ranked in order of magnitude. The median is also use.
known as the 50th percentile. Recharge--Water that infiltrates the ground and reaches the

Metabolite--A substance produced in or by biological pro- saturated zone.
cesses. RiparianmAreas adjacent to rivers and streams with a high

Micrograms per liter (l.tg/L)--A unit expressing the con- density, diversity, and productivity of plant and animal
centration of constituents in solution as weight (micro- species relative to nearby uplands.
grams) of solute per unit volume (liter) of water; Runoff--Excess rainwater or snowmelt that is transported to
equivalent to one part per billion in most stream water streams by overland flow, tile drains, or ground water.
and ground water. One thousand micrograms per literSecondary maximum contaminant level (SMCL)--The
equals 1 mg/L. maximum contamination level in public water systems

Milligrams per liter (mg/L)--A unit expressing the con- that, in the judgment of the U.S. Environmental Protec-
centration of chemical constituents in solution as mass tion Agency (USEPA), is acceptable to protect the pub-
(milligrams) of solute per unit volume (liter) of water: lic welfare. SMCLs are secondary (nonenforceable)
equivalent to one part per million in most stream water drinking water regulations established by the USEPA
and ground water. One thousand micrograms per liter for contaminants that may adversely affect the odor or
equals 1 mg/L. appearance of such water.

Nutrient--Element or compound essential for animal and Specific conductance~A measure of the ability of a liquid
plant growth. Common nutrients in fertilizer include to conduct an electrical current.
nitrogen, phosphorus, and potassium. Tolerant species~Those species that are adaptable to (toler-

Organochlorine insecticide---A class of organic insecti- ant of) human alterations to the environment and often
cides containing a high percentage of chlorine. Includes increase in number when human alterations occur.
dichlorodiphenylethanes (such as DDT), chlorinated Trace element--An element typically found in only minor
cyclodienes (such as chlordane), and chlorinated ben- amounts (concentrations less than 1.0 milligram per
zenes (such as lindane). Most organochlorine insecti- liter) in water; includes arsenic, cadmium, chromium,
cides were banned because of their carcinogenicity, copper, lead, mercury, nickel, and zinc.
tendency to bioaccumulate, and toxicity to wildlife. Volatile organic compounds (VOCs)---Organic chemicals

Perennial stream--A stream that normally has water in its that have a high vapor pressure relative to their water
channel at all times, solubility. VOCs include components of gasoline, fuel

Pesticide--A chemical applied to crops, rights of way, oils, and lubricants, as well as organic solvents, fumi-
lawns, or residences to control weeds, insects, fungi, gants, some inert ingredients in pesticides, and some
nematodes, rodents or other "pests." by-products of chlorine disinfection.
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APPENDIXmWATER-QUALITY DATA FROM THE CENTRAL ARIZONA
BASINS IN A NATIONAL CONTEXT
For a complete view of Central Arizona Basins data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqaJ. Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http://infotrek.er.usgs.gov/wdbctx/nawqaJnawqa.home.

This appendix is a summary of chemical concentrations Pesticides in watermHerbicides
and biological indicators assessed in the Central Arizona stuoy-uoit frequency of detection, in percenl
Basins. Selected results for this Study Unit are graphically | N, at ion al frequency of Oetecti ..... p ..... t Study-unit sample siz~

compared to results from as many as 36 NAWQA Study Atrazine (AAtrex, Atrex, Atred, Gesaprim)
Units investigated from 1991 to 1998 and to national
water-quality benchmarks for human health, aquatic life, or .-
fish-eating wildlife. The chemical and biological indicators
shown were selected on the basis of frequent detection,
detection at concentrations above a national benchmark, 2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)
or regulatory or scientific importance. The graphs illustrate -- 18 0
how conditions associated with each land use sampled in .-
the Central Arizona Basins compare to results from across 0 <: ~: 0
the Nation, and how conditions compare among the
several land uses. Graphs for chemicals show only DCPA (Dacthal, chlorthal-dimethyt) * **
detected concentrations and, thus, care must be taken to 86
evaluate detection frequencies in addition to concentra- .- 2o
tions when comparing study-unit and national results. For ] ~ 0
example, trifluralin concentrations in Central Arizona ~ <~ 82
Basins agricultural streams were similar to the national Deethylatrazine (Atrazine breakdown product) " **
distribution, but the detection frequency was much higher 23 75

- 62 ..... 0
(76 percent compared to 21 percent).

89 39 - ee~ ~ ¯ ......... 9
28 ~ 0

CHEMICALS IN WATER Dinoseb (Dinosebe)
Concentrations and detection frequencies, Central Arizona
Basins, 1995-98--Detection sensitivity varies among chemicals and,
thus, frequencies are not directly comparable among chemicals 0 1

,~ Detected concentration in Study Unit                                   0 <1                     . ::..~..~         64

66 ]8 Frequencies of detection, in percent. Detection frequencies Diuron (Crisuron, Karmex, Diurex)
were not censored at any common reporting limit. The left- __9 1223

: :t =’1
6#0

hand column is the study-unit frequency and the right-hand - - 20 I 0
column is the national frequency 71 ~ ............ ~,~;~,~’ -- I 7

-- Not measured or sample size less than two - ~
~

I
0

2 ~. ..... ~;~~ 64
~2 Study-unit sample size, For ground water, the number of

EPTC (Eptam, Farmarox, Alirox) * "*
samples is equal to the number of wells sampled 68 21 ~: :::::- : : :: ~ : : : 65

National ranges of detected concentrations, by land use, in 36 - - 19 o
NAWQA Study Units, 1991-98---Ranges include only samples 0 1 .......... ~. : : ~ .............. 9
in which a chemical was detected ~ < 1 ....... ¯ e. ~,; ~.-- .... 62

Streams in agricultural areas Simazine (Princep, Caliber 90)
Streams in urban areas 68
Streams and rivers draining mixed land uses ~ _- ~ 00

....... "~.:-" ..... Shallow ground water in agricultural areas
Shallow ground water in urban areas - ~ 18 0

- - ¯ . ;- Major aquifers
5 .~. . . ..... ~. -. 82

25 5o 25 Trifluralin (Treflan, Gowan, TrF4, Trific)

-- 13 ,~,~ ) ~ 0
-- 17 __ 0

National water-quality benchmarks
22 i 9

National benchmarks include standards and guidelines related to - 1 ~’-~11 o
drinking-water quality, criteria for protecting the health of aquatic life, and
a goat for preventing stream eutrophication due to phosphorus. Sources I
include the U.S. Environmental Protection Agency and the Canadian ooom o.om o.o~ cA ~ ~0 mo ~.ooo
Council of Ministers of the Environment

CONCENTRATION, IN MICROGRAMS PER LITER
I Drinking-water quality (applies to ground water and surface water)

t Protection of aquatic life (applies to surface water only)
Other herbicides detectedj Prevention of eutrophication in streams not flowing directly into Acetochlor (Harness Plus, Surpass)

lakes or impoundments Benfluralin (Baian, Benefin, Bonalan) ° ""
No benchmark for drinking-water quality Cyanazine (Bladex, Fortrol)

Linuron (Lorox, Linex, Sarclex, Linurex, Afaton)-o No benchmark for protection of aquatic life                             Metribuzin (Lexone, Sencor)
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Molinate (Ordram)" "* Study-unit frequency of detection, in percent

Pendlmethalin (Pro-M, Prowl, Stomp) " "" [ Ni ational frequency of detection, in p t .....
Study-unr~ sample size

Prometon (Pramitol, Princep) "" _J__L_                                                        [, , , , , , , I
Pronamide (Kerb, Propyzamid) " Diazinon (Basudin, Diazatol, Neocidol, Knox Out)
Propachlor(Ramrod, Satecid)" !7- ½06 I ’ I 606
Tebuthiuron (Spike, Tebusan) -. 39 I
Trialtate (Far-Go, Avadex BW, Tri-atlate) * 0 <1

" ’ :: : " /
Herbicides not detected " {~ ~ ~ ...... T
Acifluorfen (Blazer, Tackle 2S) **
Alachtor (Lasso, Bronco, Lariat, Bullet) "* Dieldrin (Panoram D-31, Octalox, Compound 497)
Bentazon (Basagran, Bentazone) ** -- 2 0
Bromacil (Hyvar X, Urox B, Bromax) -. ; 0

9Bromoxynil (Buctril, Brominal) 22 1
=*’ IButylate (Sutan +, Genate Plus, Butitate) *~ -

Chloramben (Amiben, Amilon-WP, Vegiben) °* ~ i ~ :~;~ ,:. ~ 82

Clopyralid (Stinger, Lontrel, Transline) * ** Disulfoton (Disyston, Di-Syston) **2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * **
Dacthal mono-acid (Dacthal breakdown product) " "*

2 <1

~Dicamba (Banvel, Dianat, Scotts Proturf) - - <1 ~
Dichlorprop (2,4-DP, Seritox 50, Lentemul) * **
2,6-Diethylaniline (Alachlor breakdown product) * **
Ethalfluralin (Sonalan, Curbit) * **
Fenuron (Fenulon, Fenidim) * *" gamma-HCH (Lindane, gamma-BHC)
Fluometuron (Flo-Met, Cotoran) ** 8 ~ ~
MCPA (Rhomene. Rhonox, Chiptox) -. 1

~
o

MCPB (Thistrol) * **
.. , 0

Metolachlor (Dual, Pennant) 0 <l I
Napropamide (Devrinol) * ** 0 <! ..... : ~: I
Neburon (Neburea, Neburyl, Noruben) * **
Norflurazon (Evital, Predict, Solicam, Zorial) * ** Malathion (Malathion)
Oryzalin (Surflan, Dirimal) * "" 26 5
Pebulate (Tillam, PEBC) ..... ._ 2~
Picioram (Grazon, Tordon)
Propanil (Stare, Stampede, Wham) * ** 0 <i<1 0
Propham (Tuberite) ** (~ <1
2,4,5-T **
2,4,5-TP (Silvex, Fenoprop) °* Parathion (RoethyI-P, Alkron, Panthion, Phoskil) *
Terbacil (Sinbar) *" ~ <I 66
Thiobencarb (Bolero, Saturn, Benthiocarb) " *" - - <1 0
Triclopyr (Cation, Grandstand, Redeem, Remedy) * **

Pesticides in watermlnsecticides o.oool o.ool o.01 o.1 t 1o 1oo 11~o

Study-unit frequency of detection, in percent CONCENTRATION, IN MICROGRAMS PER LITER
Study-unit s~mple sizeNational frequency of detection, in percent

--L Azinphos-methyl (Guthion, Gusathion M) * Other insecticides detected2 3 66
- i 0 Carbofuran (Furadan, Curaterr, Yaltox)

- - 2 0 Methomyl (Lanox, Lannate, Acinate) **
o <1 9 Methyl parathion (Penncap-M. FolidoI-M) **

Phorate (Thimet, Granutox. Geomet, Rampart) * **
Propoxur (Baygon, Blattanex, Unden, Proprotox) * **

Carbaryl (Carbamine, Denapon, Sevin) Insecticides not detected
11. ~69

ill I] ,
I 606 Aldicarb (Temik, Ambush. Pounce)

- 16 I II I 0 Aldicarb sulfone (Standak, aldoxycarb)
0 <1 ~--:’~ 9 Aldicarb sulfoxide (Aldicarb breakdown product)

- ~ 2 ~ 0 Ethoprop (Mocap, Ethoprophos) * "*~ : ......... 82 Fonofos (Dyfonate. Capfos, Cudgel, Tycap) ""

Chiorpyrifos (Brodan, Dursban, Lorsban) alpha-HCH (alpha-BHC, alpha-tindane) *"
9. 18 ; ........ ~ ~ ,- 66 3-Hydroxycarbofuran (Carbofuran breakdown product) * *"
- - 37 0 Methiocarb (Slug-Geta, Grandslam, Mesurol) * **
- - 20 0 Oxamyl (Vydate L, Pratt) *"

t 9 cis.Permethrin (Ambush, Astro, Pounce) * **
~ (~ "~" 80                                         oPropargite (Comite, Omite, Ornamite) " "*

Terbufos (Contraven, Counter, Pilarfox) **
p.p’-DDE

8

1

6665
2

0.0OO1 0.001 0,01 0.1 1 10 100 1,000
CONCENTRATION, IN MICROGRAMS PER LITER
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Volatile organic compounds (VOCs) in ground water vocs not detected
These graphs represent data from 16 Study Umts. samDle~l from 1996 to 1998 tert-Amylmethylether (tert-amyl methyl ether (TAME)) *

Bromobenzene (Phenyl bromide) *

Study-unit frequency of detection, in percent Bromochloromethane (Methylene chtorobromide)

| N, arid nal fre que ncy of detection in percent Study-unit samp~es,z~ B romoethene (Vi nyl bromide) *
Bromomethane (Methyt bromide)
2-Butanone (Methyl ethyl ketone (MEK))Chloromethane (Methyl chloride) n-Butylbenzene (1-Phenylbutane)
sec-Butylbenzene"
terf-Butylbenzene *

100 20 .......... ~=~. I 9 3-Chloro-l-propene (3-Chloropropene) *
22 ----

j
0

~. ~15 ,~..,~÷ ..... 77 1 -Chloro-4-methylbenzene (p-Chtorotoluene)
- " Chlorodibromomethane (Dibromochloromethane)

1,2-Dibromoethane (Ethylene dibromide, EDB) Chloroethane (Ethyl chloride) *
" Chtoroethene (Vinyl chloride)

1,2-Dibromo-3-chloropropane (DBCP, Nemagon)
Dibromomethane (Methylene dibromide) *

i"- ~. j ,. 9 trans-1,4-Dichloro-2-butene ((Z)-l,4-Dichloro-2-butene) *
1,2-Dichlorobenzene (o-Dichlorobenzene)
1,3-Dichlorobenzene (m-Dichlorobenzene)

1,4-Dichlorobenzene (p-Dichlorobenzene) 1,2-Dichloroethane (Ethylene dichloride)trans-1,2-Dichloroethene ((E)-1,2-Dichtorothene)

cis-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)
1,2-Dichloropropane (Propylene dichloride)5 ~

~
~ J 0 2,2-Dichloropropane"

~ ~ , ~ J 77 1,3-Dichloropropane (Tdmethylene dichloride) *
trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene)

Methyl tert-butyl ether (MTBE) cis-1,3-Dichloropropene ((Z)-1,3-Dichloropropene)
1,1-Dichloropropene *
Diethyt ether (Ethyl ether)

0
~ ~

~ l

o9

Diisopropyl ether (Diisopropylether (DIPE))
Dimethylbenzenes (Xylenes (total))" ~ 6 -~ ~=~l~’,~.~,j’~&~,’f=,,-~~ 77 Ethenylbenzene (Styrene)

Tetrachloroethene (Perchloroethene)                                 Ethyl methacrylate
Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE)) "
1-Ethyl-2-methylbenzene (2-Ethyltoluene) *
Hexachlorobutadiene

33 18 ~..~,~,~,~ ~*
[ 09 1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)

~ ~96 ~,~:.~-.~,~..~.~-~.~.~ 77 2-Hexanone (Methyl butyl ketone (MBK)) "
Isopropytbenzene (Cumene) *
p-lsopropyltoluene (p-Cymene) *Trichloromethane (Chloroform)
Methyl acrylonitrile *
Methyl-2-methacrylate (Methyl methacrylate)
4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK))

~ oo 35 ~:.: ~.N,~..~ 9 Methyl-2-propenoate (Methyl acrylate) *5;. 0
~ ~ 30 ~ ~ " .~ =~_ : ~ ,, 77 Naphthalene

2-Propenenitrile (Acrylonitrile)
1,2,4-Trimethylbenzene (Pseudocumene) * n-Propylbenzene (Isocumene)

1,1,2,2-Tetrachloroethane *
1,1,1,2-Tetrachloroethane
Tetrachloromethane (Carbon tetrachloride)

~ 8 ~ 0 1,2,3,4-Tetramethylbenzene (Prehnitene) *
~ 19 ¯ .’~"~___ --- 76 1,2,3,5-Tetramethylbenzene (Isodurene) *

1,2,4-TrichtorobenzeneI ~ I r ~ I I I 1,2,3-Trichtorobenzene *
o.oo~ o.o~ 0~ ~ ~o ~oo 1,o0o ~ o,oo0 1,1,2-Trichloroethane (Vinyl trichloride)

CONCENTRATION, IN MICROGRAMS PER LITER 1,2,3-Trichloropropane (Allyl trichloride)
1,2,3-Trimethylbenzene (Hemimellitene) *
1,3,5-Trimethylbenzene (Mesitylene) *

Other VOCs detected
Benzene Nutrients in water
Bromodichloromethane (Dichlorobromomethane)
Carbon disulfide * Study-unit frequency of detection, in percent

1-Chlo ro-2-methylbenzene (o-Chlorotoluene) I Nlati°nal frequency of detection, in. .... St udy-unlt sample siz~

Chlorobenzene (Monochlorobenzene)
Z _L_ Ammonia, as N * **Dichlorodifluoromethane (CFC 12, Freon 12) 881,1-Dichloroethane (Ethylidene dichloride)" lo0 86

1,1-Dichloroethene (Vinylidene chloride) 38 75 --
Dichloromethane (Methylene chloride) 89 78

7~.1,2-Dimethylbenzene (o-Xylene)
~ ~ 70 -=eI~B~~ 821,3 & 1,4-Dimethytbenzene (m-&p-Xylene)

1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) " Dissolved ammonia plus organic nitrogen, as NEthylbenzene (Phenylethane) 100 78
!odomethane (Methyl iodide)* 91 7
Methylbenzene (Toluene) 2~ 62 88
2-Propanone (Acetone) " 33

~08
~ 9

Tribromomethane (Bromoform) 1
1,1,2-Trichloro- 1,2,2-trifiuoroethane ( Freon 113) *
1,1,1-Trichtoroethane (Methylchtoroform) I I I I
Trichloroethene (TCE) o.oo~ 0.m o.~ ~ ~0 1dO ~,ooo ~o,ooo lOO,OOO
Trichlorofluoromethane (CFC 11, Freon 11) CONCENTRATION, IN MILLIGRAMS PER LITER
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Study-unit frequency of detection, ~n ~                                                               Study-unit frequer~.¢y of detection, in percent

] N, ation al ,req uency of dete~t ....... Study ............. ~ National frequen~ of det~ion, in .~ ent      St udy-un it samp,e size

Dissolved nitrite plus nitrate, as N "" Zinc .
100 g5 ~
i00 97 }8

Orthophosphate, as P" *" I I       I       ~ I       ~       I ~

99 79 ~ ii 8; 0,01 0,1 1 10 100 1,000    10,000 100,000
100 72 -

~
~ ~ ~ CONCENTRATION. IN MICROGRAMS PER LITER61 7~ ~ ~

67 59 ~ ...... ~ ~

Total p ho sp horus, asP’’* , National f .que ncy of detecti on. in p .....t St udy-unit samp,e size
i00 92 ’ = ...... 8~
100 90 ¯ I 5~ ~ = I ~ ~ ~ ~ =

100 99 ........ ’~"’~L ’~’~’ 9
i00 0

0.001 0,01 0.1 I 10 100 1.000 10.000 100.1000

CONCENTRATION. IN MILLIGRAMS PER LITER I I         I
001 0.1 1 10     100    1,000 10,000 100,000

CONCENTRATION, IN PICOCURIES PER LITER

Dissolved solids in water
Study-unit frequency of detection, in percent                                                        Other trace elemente detected
I Nabonal frequency of detection, in percent Study-unit sample size

Lead
il ......... iDissolved solids * "* Trace elemente not detected
100 ’.O0 84 Cadmiumi00 iO0 ¯ 59
I00 i00 ~ 88

I00 i00 -~ ------.-*~,~-----ee~. ........... 9
-- 100 -- 0

i00 I00 -- =:= = 83

0.001 0.01 0.1 1 10 100 1,000 10,000 100,000

CONCENTRATION, IN MILLIGRAMS PER LITER

Trace elements in ground water
Study-unit frequency of detection, in percent

Arsenic

89 58 .... i ’ ........... 936

~
0

Chromium

Selenium

0.01 0.1 1 10 100 1,000 10,000 100.000

CONCENTRATION, IN MICROGRAMS PER LITER
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Study-unit frequency of detection, in percent

C HE M ICALS IN FISH TISSUE | N~ ational frequ,ncy of detection, in,rcent

AND BED SEDIMENT p,p;DDE, o.
Concentrations and detection frequencies, Central Arizona 100 90

i00 9~
Basins, 1995--98---Detection sensitivity varies among chemicals and. 100 92
thus, frequencies are not directly comparable among chemicals.
Study-unit frequencies of detection are based on small sample sizes; i ~ 62 =
the applicable sample size is specified in each graph O 39

o,p’+p,p’-DDE (sum of o,p’-DDE and p,p’-DDE)
¯ Detected concentration in Study Unit i00 90

6638 Frequencies of detection, in percent. Detection frequencies ~0o
100 92 *

were not censored at any common reporting limit. The left-
hand column is the study-unit frequency and the right-hand 1~ ~ 62
column is the national frequency 0 3g

-- Not measured or sample size less than two Total DDT (sum of 6 DDTs) **
i00 90~z Study-unit sample size lO0
ioo g3

National ranges of concentrations detected, by lend use, in 36
NAWQA Study Units, 1991-98--Rangee include only samples                 1~)(~ 66

in which a chemical was detected

F-~h tissue from streams in agricultural areas Dieldrin (Panoram D-31, Octalox)
Fish tissue from streams in urban areas ~
Fish tissue from streams draining mixed land uses 0 3

........ Sediment from strearns in agricultural areas ~
~ Sediment from streams in urban areas o 9

........ , ...... Sediment from streams draining mixed land uses
Lowest Mldclle Highest Dieldrin+aldrin (sum of dieldrin and aldrin)

25 50 25

670

52 ; ~ H~

38

Nationa~ bertchmarks for fish tissue and bed sediment ~
National benchmarks include standards and guidelines related to 0 9
criteria for protection of the health of fish-eating wildlife and aquatic
organisms. Sou rces include the U.S. Environmental Protection Agency, Total PCB 1

67 38 -~,-,.-------
other Federal and State agencies, and the Canadian Council of 33 81 ~
Ministers of the Environment 0 66 ,

IJ Protection of fish-eating wildlife (applies to fish tissue)               ~i

Protection of aquatic life (applies to bed sediment)
Toxaphene (Camphechlor, Hercules 3956)

No benchmark for protection of fish-eating wildlife 67
¯ - No benchmark for protection of aquatic life 0

-- <i

0 1 1 10 1OO 1,000 10,000 100.000

CONCENTRATION, IN MICROGRAMS PER KILOGRAM
(Fish tissue is wet weigtlt; bed sediment is d~ weight)

Organochlorines in fish tissue (whole body)
and bed sediment t The natmnal detection frequencies for total PCB in sediment are biased low because about

30 percent of samples nationally had elevated detection levels compared to this Study Unit.
Study-unit frequency of detection, in percent                                                               See http://water.usgs.gov/nawqa/for a0ditional information.

l 1
Study-unit sample sizi

National frequency of detection, in percent

Total Chlordane (sum of 5 chlordanes) Other organochlorines detected
67 38

I
3 Pentachloroanisole (PCA) "*"

1%0 5675 ~
34 cis-Permethrin (Ambush, Astro, Pounce) * **

trans-Permethrin (Ambush, Astro, Pounce) * *"

~u~ 115 7
~             ~ ,.

45 Orgenochlorines not detected
Chloroneb (Chloronebe, Demosan) * **

o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) * DCPA (Dacthal, chlorthal-dimethyl) * **
0 49 3 Endosulfan I (alpha-Endosulfan, Thiodan) * *"

67 69 ~ 3 Endrin (Endrine)o 50 4 gamma-HCH (Lindane, gamma-BHC, Gammexane) *

~6 ~027 ~’ .."}l 5"Z Total-HCH (sum of aipha-HCH, beta-HCH, gamma-HCH, and delta-HCH) *"
0 20 ~. ~ -~-. .............. 4 Heptachlor epoxide (Heptachlor breakdown product) "

Heptachlor+heptachlor epoxide (sum of heptachtor and heptachlor epoxide)
I        I I I ~        I I Hexachtorobenzene (HCB) **

01 1 10 100 1,000 10,000 1OO,O00 Isodrin (Isodrine, Compound 711) * *"
CONCENTRATION, IN MICROGRAMS PER KILOGRAM p,pLMethoxychlor (Marlate, methoxychlore) * *°

(Fish tissue is wet weight; bed sediment is dry weight) o,p’-Methoxychlor" "*
Mirex (Dechlorane) -
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BIOLOGICAL INDICATORS
Higher national scores suggest habitat disturbance, water-quality
degradation, or naturally harsh conditions. The status of algae,
invertebrates (insects, worms, and clams), and fist~ provide a
record of water-quality and stream conditions that water-
chemistry/indicators may not reveal. Algal status focuses on the
changes in the percentage of certain algae in response to
increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate status averages 11
metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality
degradation. Flah atatua sums the scores of four fish metrics
(percent tolerant, omnivorous, non-native individuals, and percent
individuals with external anomalies) that increase in association
with water-quality degradation

Biological indicator value, Central Arizona Basins, by land
use, 1995-98

~. Biological status assessed at a site

National ranges of biological indicators, in 16 NAWQA Study
Units, 1994-98
~ Streams in undeveloped areas
I~ Streams in agricultural areas
~1 Streams in urban areas
~ Streams in mixed-landouse areas
-- 75th percentile

25th percentile

Algal status indicator
~Jndeveloped

Agricultural             i
Urban
Mixed             i

Invertebrate stat~s indicator
Undeveloped

Agricultural                    i
Urban
Mixed                   i

0 10 20 30 40 50 60 70 80 90    100

~ish status indlcator
Undeveloped

Agricultural
Urban
Mixed
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Central Arizona Basins Study Unit was integral to the success
of this water-quality assessment. We thank th~ose who served as members of our liaison committee.

Federal Agencies
Bureau of Indian Affairs
Bureau of Reclamation Local Agencies
Centro de Investigaci6n y Estudios A’mbientales City of Phoenix
Comisi<~n Nacional del Agua City of Tucson
International Boundary and Water Commission Maricopa County
National Park Service Pima Association of Governments
Natural Resources Conservation Service Pima County
Salt River-Pima Indian Community Southern Arizona Association of Governments
Tohono O’odham Nation
U.S. Environmental Protection Agency Universities
U.S. Fish and Wildlife Service (USFWS) Arizona State University
U.S. Department of Agriculture, Forest Service University of Arizona
U.S. Department of Agriculture, Water Conservation
Laboratory Other public and private organizations

Arizona Toxics Information
State Agencies Friends of the Santa Cruz River
Arizona Department ot Environmental Quality (ADEQ) Salt River Project
Arizona Department of Water Resources (ADWR) Southern Arizona Water Resources Association
Arizona Game and Fish Department (AzGF) The Nature Conservancy
Arizona Geological Survey

We thank the following individuals and organizations for contributing to this effort.

Laurie Wirt (USGS) designed and guided the surface-water-quality sampling program for the CAZB from 1994 to
1996.
Doug Towne and Maureen Freark (ADEQ) coordinated with CAZB to design cooperative ground-water studies in
the Upper Santa Cruz Basin and the Sierra Vista subbasin.
Salt River Project, ADEQ, and ADWR provided valuable data for our study.
Buckeye Water Conservation and Drainage District, City of Phoenix, City of Peoria, Town of Buckeye, City of
Goodyear, Roosevelt Irrigation District, and numerous individual landowners allowed us access to their wells and
data.
Terry Short, Lisa H. Nowell, A.B. Richards, and Steve Goodbred provided invaluable asssistance and guidance for
the CAZB biological data collection and reports.
Patrice Spindler (ADEQ), Kirke King (USFW), Kirk Young (AzGF), W.L. Minckley, and Paul Marsh (ASU) provided
information and expertise for the biological aspects of this project.
Karen Beaulieu, Dave Peyton, Joe Capesius, Christie O’Day, Ann Tillery, Melissa Butler, Todd Ingersol, Ray Davis,
David Graham, Ken Galyean, Frank Oliver, Rodrigo Morales, Tasha Lewis, Dawn McDoniel, Herb Pierce, Cory
Angeroth (USGS), Tom Rees (volunteer), and Brian Popadac (volunteer) assisted with data collection and compila-
tion.
Sid Alwin, Pat Rigas, Doug Cummings, and John Callahan (USGS) contributed their talents to the preparation of
this report.
Norm Spahr and Joe Domagalski (USGS), Marlene Baker (Concerned Citizens About Responsible Environment),
Jeanmarie Haney (Tucson Regional Water Council), and many NAWQA Program staff provided valuable reviews
of this report.
We extend special thanks and appreciation to our spouses, families, and friends, without whose support we could
not have accomplished the work described herein.
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawqaJ

Upper Colorado. River Basin contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
Denver Federal Center 12201 Sunrise Valley Drive, M.S. 413
Building 53, MS 415 Reston, VA 20192
Lakewood, CO 80225 http://water.usgs.gov/nawqa/
e-mail: dc_co @ usgs.gov
http://co.water.usgs.gov

Other NAWQA summary reports

River Basin Assessments
AIbemarle-Pamlico Drainage Basin (Circular 1157) Red River of the North Basin (Circular 1169)
Allegheny and Monongahela River Basins (Circular 1202) Rio Grande Valley (Circular 1162)
Apalachicola-Chattahoochee-Flint River Basin (Circular 1164) Sacramento River Basin (Circular 1215)
Central Arizona Basins (Circular 1213) San Joaquin-Tulare Basins (Circular 1159)
Central Columbia Plateau (Circular 1144) Santee River Basin and Coastal Drainages (Circular 1206)
Central Nebraska Basins (Circular 1163) South-Central Texas (Circular 1212)
Connecticut, Housatonic and Thames River Basins (Circular 1155) South Platte River Basin (Circular 1167)
Eastern Iowa Basins (Circular 1210) Southern Florida (Circular 1207)
Georgia-Florida Coastal Plain (Circular 1151) Trinity River Basin (Circular 1171)
Hudson River Basin (Circular 1165) Upper Mississippi River Basin (Circular 1211)
Kanawha-New River Basins (Circular 1204) Upper Snake River Basin (Circular 1160)
Lake Erie-Lake Saint Clair Drainages (Circular 1203) Upper Tennessee River Basin (Circular 1205)
Las Vegas Valley Area and the Carson and Truckee River Basins Western Lake Michigan Drainages (Circular 1156)

(Circular 1170) White River Basin (Circular 1150)
Lower Illinois River Basin (Circular 1209) Willamette Basin (Circular 1161 )
Long Island - New Jersey Coastal Drainages (Circular 1201 )
Lower Susquehanna River Basin (Circular 1168) National Assessments
Mississippi Embayment (Circular 1208) The Quality of Our Nation’s Waters--Nutrients and Pesticides (Circular 1225)
Ozark Plateaus (Circular 1158)
Potomac River Basin (Circular 1166)
Puget Sound Basin (Circular 1216)

Front cover. Maroon Creek in the Elk Mountains above Aspen, Colorado. (Photograph by Michael Collier. )

Back cover: Left, Drilling sampling well (photograph by Lori Apodaca); center, sampling the Colorado River near
Dotsero (photograph by Norman Spahr); right, collecting invertebrate samples (photograph by Jeffrey Deacon).
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Upper Colorado River Basin that emerged
from an assessment conducted between 1996 and 1998 by the U.S. Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and
compared to conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are also
explained in the context of selected national benchmarks, such as those for drinking water quality and the
protection of aquatic organisms. The NAWQA Program was not intended to assess the quality of the Nation’s
drinking water, such as by monitoring water from household taps. Rather, the assessments focus on the quality of
the resource itself, thereby complementing many ongoing Federal, State, and local drinking-water monitoring
programs. The comparisons made in this report to drinking-water standards and guidelines are only in the context
of the available untreated resource. Finally, this report includes information about the status of aquatic com-
munities and the condition of instream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Upper Colorado River
Basin assessment. Basin residents who wish to know more about water quality in the areas where they live will find
this report informative as well.

Upper Colorado River Basin

NAWQA Study Units--
Assessment schedule

m 1991-95

~ 1994-98

m 1997-2001

~ Not yet scheduled

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities, and successful development of strategies that protect and
restore water quality. Guided by a nationally consistent study design and shaped by ongoing communication
with local, State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends
while providing a firm foundation for understanding water quality at regional and national scales. The ability to
integrate local and national scales of data collection and analysis is a unique feature of the USGS NAWQA
Program.

The Upper Colorado River Basin is one of 51 water-quality assessments initiated since 1991, when the U.S.
Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments
cover about one-half of the land area of the United States and include water resources that are available to more
than 60 percent of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Soo~em RocKy Most of the streams and rivers sampled within the

~ Mountains UCOL met State and Federal water-quality guidelines.
P~ov~nce lO~O Major exceptions to this statement were trace-element

concentrations in some streams in the Southern Rocky

~09o Mountains and selenium concentrations in some streams in
the Colorado Plateau.

PERCENTAGE
OFTOTALAREA I In the Southern Rocky Mountains, concentrations of
0 20 40 60

Fotes,[~ ~ I    nutrients (nitrogen and phosphorus) were generally low
but were greater in urban streams than in streams inRangeland [] ~
areas with minimal development (p. 6).

, ¯ Urban streams in the Southern Rocky Mountains had
greater amounts of algae and a change in the invertebrate

Coloredo Pl.t~eu Wnt.rl ~ community from pollution-sensitive insects to pollution-
PhysiographicProvi....

q"~’~~b~b tolerant insects compared to streams in areas with mini-
mal development (p. 6--7). Similarly, in some mining

0 20 40 6~0 MILES AREA, IN
I , , SQUARE MILESareas of the Southern Rocky Mountains, the invertebrate

0 2’0 410 6’0 KILOMETERS
-- ,- -- Physiographic community was also composed of pollution-tolerant

province
Land use from Fegeas and others (1983) and Hit1 (1995). boundary insects, indicating more degraded sites (p. 13).

The Upper Colorado River Basin (UCOL) of the National
Water-Quality Assessment (NAWQA) Program includes the
!7,800-square-mile drainage basin of the Colorado River Selected indicators of Stream-Water Quality
upstream from the Colorado-Utah State line. The study Southern Rocky
area is almost equally divided between the Southern Mountains Colorado Plateau

SmallRocky Mountains and the Colorado Plateau Physiographic
Small Streams Major Streams Major Outlet ofProvinces. Population in the basin is approximately Rivers Rivers StudyAgri- Unit308,000. The major use of water is irrigation, but Urban Mining culture

transmountain diversions provide water to more than
1 million people in the eastern part of Colorado (outside of Pesticides
the study area).

Stream and River Highlights NRrate2

Streams and rivers in the Upper Colorado River T°t~L°eph°rua’

Basin (UCOL) are very different in the two major
Trace Bementa’ --physiographic provinces. In general, streams within V i.~r ~1~ 0

the Southern Rocky Mountains are characterized by
Percentage of samples with concentrations grsater then or

lower sediment and dissolved-solids concentrations, equal to health-related national guidlines for drinking water,
cooler temperatures, and somewhat higher gradients protection of aquatic life, or contact recreation

Percentage of samples with concentrations lace than health-relatedthan streams in the Colorado Plateau. Sediment, salin-
~ national guidelines for drinking water, protection of aquatic life, ority, and nutrient (nitrogen and phosphorus) concentra- contact recreation

tions increase along the major rivers as the water flows
Percentage of samples with no det~tion (a Percentage is 1 or less

from the upstream areas in the Southern Rocky Moun- and may not be clearly visible)
tains down through the Colorado Plateau. -- Not assessed

qnsecticides, herbicides, and pesticide metabolites, sampled in water.
Coupled with the general differences due to physi- 2Nitrate (as nitrogen), sampled in water.

ography and geology are the effects of different land 3Total phosphorus, sampled in water.
’~Setenium and metals (such as cadmium, lead, and zinc), sampled in water.uses. Recreation and urban development are becoming

major land-use issues throughout the basin, precious
metal mining was historically prevalent in the South-
ern Rocky Mountains, and intensive agriculture is
located in the valleys of the Colorado Plateau.

Summary of Major Findings l
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¯ Concentrations of trace elements, such as cadmium,¯ Ground water in urban areas recharged in the late
zinc, copper, and lead, in streambed sediments in 1980s or 1990s tends to have higher concentrations of
many historical mining areas were greater than nitrate than ground water recharged before the 1980s
guidelines for the protection of aquatic life (p. 10).
(p. 11-12). ° Pesticides and volatile organic compounds were

¯ Pesticides were commonly detected in streams in detected infrequently and generally at concentrations

agricultural areas of the Colorado Plateau during theless than drinking-water standards. In only one sample,
growing season; however, the concentrations were dichloromethane and tetrachloroethene, which are sol-

typically low. Pesticide concentrations that exceededvents, were detected at concentrations greater than
guidelines for the protection of aquatic life were their drinking-water standards (p. 10). Low concentra-

detected in only 5 of 90 samples (p. 16). Not all tions of methyl tert-butyl ether (MTBE), a gasoline
detected pesticides have established guidelines, additive, were detected in shallow ground water in four

¯ The herbicides atrazine and alachlor were detected
of the five urban areas sampled (p. 9).

in more than one-half of the water samples collected̄ Total coliform bacteria were detected in 21 percent of

in agricultural areas of the Colorado Plateau. These the shallow ground-water samples collected in urban

compounds, commonly used for weed control in areas in the Southern Rocky Mountains; none of the

corn, were also commonly detected in agricultural samples contained the potentially pathogenic Escheri-
chin cell (E. cell) bacteria (p. 10).areas nationwide (p. 17). ¯ Radon, a naturally occurring radioactive gas, was

¯ Nutrient and suspended-sediment concentrations indetected in all wells sampled in urban areas in the
streams in the Colorado Plateau were typically Southern Rocky Mountains. Concentrations were
greater than concentrations found in streams in othergreater than the proposed USEPA drinking-water stun-
areas of the UCOL (p. 18-19). These concentrations dard of 300 picocuries per liter. Currently (2000),
can generally be associated with a more degraded radon in drinking water is not regulated; however, if a
status of algae, invertebrates, and fish (p. 19). new drinking-water regulation is implemented, treat-

ment of drinking water for radon may be required in
Major Influences on Streams and Rivers the UCOL (p. 9).

°Urban development Major Influences on Ground Water
¯ Abandoned/inactive mines ,Urban development in the Southern Rocky Mountains
°Agricultural return flows °Natural background conditions

Ground-Water Highlights Selected Indicators of Ground-Water Quality

Historical ground-water-quality data for the UCOL
are limited. The studies completed in the UCOL by Sha,ow

Ground Water Supply Wells

NAWQA provide baseline information that can be
used for identifying future water-quality changes. With Urban Urban Forest Rangeland

the exception of radon, ground-water quality in the Pesticides ~ ¢
urban areas of the Southern Rocky Mountains gener-
ally met Federal and State standards for drinking Nitrate

~ ~ ~ ~water. The presence of a few elevated nitrate concen-
trations, a few pesticides, and generally low concentra- Radon
tions of volatile organic compounds indicate some

Volatileinfluence on the quality of ground water from human Organ,cs ~ ~ ~ ~
activities. Bacteria were detected in ground-water

Trace
~ ~

~
samples and can occur naturally or indicate human Elements .,, ~.,~,
influences. ~ ~Bacteda¯ A concentration of nitrate greater than the U.S. Envi-

ronmental Protection Agency (USEPA) drinking-
Percentage of samples with concentrations greater thanwater standard was found in 1 of 57 shallow ground- ¯ or equal to health-related national guidelines for ddnking

water samples collected in urban land-use settings water
(p. 8). ~1 Percentage of samples with concentrations less than

health-related national guidelines for drinking water

Percentage of samples with no detection

2 Water Quality in the Upper Colorado River Basin
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INTRODUCTION TO THE UPPER COLORADO RIVER BASIN

The Upper Colorado River Basin high plateaus bordered by steep Snowmelt Runoff Dominates
encompasses about 17,800 square cliffs along valleys in the west. the Streamflow in Many
miles. The primary river, the Colo- Because of differences in altitude Areas of the UCOL
rado River, originates in the moun- of about 10,000 feet from east to

The amount of water derived
tains of central Colorado and flows    west, the climate ranges from from the winter snowpack gener-
about 230 miles southwest into alpine conditions to semiarid/arid
Utah. The basin is composed of conditions. Precipitation ranges ally determines the magnitude and

two physiographic provinces: the from 40 inches or more per year at quality of streamflow for the

Southern Rocky Mountains and the high elevations in the eastern part UCOL. Streamflows are typically

Colorado Plateau (fig. 1). The of the basin to less than 10 inches highest in the spring and lowest

topography varies from rugged per year at low elevations in the ,~

mountainous regions in the east to western part of the basin (fig. 2).

Cool and clear mountain streams are present
in the forested areas of the Southern Rocky
Mountains. (Photograph by Scott Mize,

The Colorado Plateau contains warm, saline Urban development is occurring in areas of the U.S. Geological Survey.)
streams that drain sedimentary geologic settings. Southern Rocky Mountains. (Photograph by /
(Photograph by Jeffrey Deacon, U.S. Geological Scott Mize, U.S. Geological Survey.)
Survey.)

~
/

Agriculture is a major land use in the -- ~,~ - -- t
Colorado Plateau. (Photograph by I~
Sco~ Mize, U.S. Geological Suwey.)

=-"h’~ -~" ~7 " "~"~ ~- Streams have been affected by runoff and dis-
~ charge from past and present mined areas.

0 20 40 60 MILES (Photograph by Jeffrey B. Balls, U.S. Geologi-
i , I ,     i i I cal Survey.)
0 20 40 60 KILOMETERS

Figure 1. The combinations of physiography and land use produce different environments found in the UCOL.
Physiographic provinces from Fenneman, 1946.

Introduction to the Upper Colorado Basin 3
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EXPLANATION diversions, is used by many munic-partial supply for more than 30 cit-
Precipitation, in inches ipalities in the eastern plains of ies and towns in northem Colorado~ OtolO
~ 10 to 20 Colorado. This diverted water from (Northern Colorado Water Conser-
m 20 to 30 107’ the UCOL constitutes about 35 per- vancy District, 2000). Transmoun-m 30 to 40
~ greater than 40 cent of the water supply for the city tain diversions can affect the water

109o of Denver (Denver Water Depart- quality in the basin because the

: ment, 1999) and about 65 percent diversions can account for a sub-
~.. of the water supply for Colorado stantial portion of the local stream-

’, Springs (Scott Campbell, ColD- flow in upstream areas. In addition,
rado Springs Water Utility, oral the diverted water commonly has

commun., 2000). In addition, the low salinity that is no longer avail-
Colorado Big Thompson project, able to dilute more mineralized

0 20 4o 60M.ES
~ ..... using water diverted from the water in the downstream part of the
0 20 40 60 KILOMETERS

UCOL, provides complete or Study Unit.
Figure 2. Average annual
precipitation (1951-80)in the UCOL
(Colorado Climate Center, 1984).

during the winter (fig. 3). The
primary data-collection period for
the UCOL study was water years
1996-98. Streamflow during water
years 1996-97 was above average ~_~ 2o,ooo ~-
for most of the basin. Streamflow
during water year 1998 was about           -
average. High streamflows will 0

Oct Jan Apr July Oct Jan Apt July O~zt Jan Apr July Oct
dilute many water-quality constitu- WATER YEAR 1996 WATER YEAR 1997 WATER YEAR 19981

ents, resulting in lower concentra-
tions. Suspended sediment and Figure 3. Streamflows in the UCOL were above average in water

constituents associated with sedi-
years 1996 and 1997. Water year 1998 streamflow was near
average.

ment may have larger concentra-
tions during periods of high flow
than during low flow.

~ 3,800                                                         1oo

Irrigation is the Principal
Water Use Within the UCOL ~z in thou~nds

Irrigation accounts for 97 per-
cent of the water use in the UCOL

N~~ ~
~-

(fig. 4). Ninety-nine ofthepercent
water used in the Study Unit is
derived from surface-water sources
(U.S. Geological Survey, 1995).            _z

0
Ground water accounts for 1 per- ESTIMATED WATER WITHDRAWALS IN 1995
cent of water use and is an impor-
tant resource in remote and rural Figure 4. Water use in the basin is primarily derived from surface water;
areas where the water is used pri- however, ground water is used for some domestic and public water

supplies. Transmountain diversions to eastern Colorado from the UCOL
marily for domestic purposes, accounted for about 451 million gallons per day in 1995 (Upper Colorado

Water diverted eastward from River Commission, 1999).
the UCOL, through transmountain

4 Water Quality in the Upper Colorado River Basin
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Water Quality is Influenced central part of the basin contribute
by Geologic Factors about 13 percent of the total salt

load at the outlet of the UCOL
The underlying bedrock in the (U.S. Department of the Interior,

Study Unit is made up of crystal- 1995; Butler. 1996).
line and sedimentary rocks (fig. 5). water Quality is InfluencedAlluvium consisting of stream,
landslide, terrace, and glacial by Land Use
deposits is present in valleys The UCOL study was designed
throughout the basin. Weathering to investigate land-use influences
of the different geologic units on water quality (see "Study UnitTopography representative of the Southern Rocky

Mountains. (Photograph by Jeffrey Deacon,
affects water-quality conditions in Design," page 21, for details), u.s. Geological Survey.)
the basin. The sedimentary, igne- Urban development, mining, and
ous, and metamorphic rocks con- agricultural were the three primary(Colorado Department of Local
tribute material such as salts and land uses investigated in the Affairs, 2000). Resident population
trace elements to the streams. High UCOL. increases do not reflect develop-
concentrations of some materials, Urban development has the

ment and services for vacationparticularly salts, are derived from potential to affect the quality of
the sedimentary rocks, which are surface and ground water by add- properties. There are large seasonal

more common in the western part ing nutrients, bacteria, pesticides, fluctuations in nonresident popula-
of the basin. Also, highly mineral- hydrocarbons, trace elements, and tions within the basin due to recre-
ized areas in the upper basin con- salts fiom point and nonpoint ational activities. During the 1996-
tribute trace metals to surface and sources and by changes to the natu-97 ski season, more than 9 million
ground water. Selenium occurs nat- ral landscape. Urban land use skiers visited ski areas within the
urally in the shale bedrock of the accounts for only 1 percent in the UCOL (Colorado Ski Countrymiddle and lower reaches of the UCOL, which has a population of
basin and is present in surface and about 308,000 people (Bureau of USA, 2000). Effects on water qual-

ground water. In addition, mineral the Census, 1999). By the year ity from urban development are

hot springs located primarily in 2020, the population is projected to evident in some communities in the
carbonate rock units in the north- increase to more than 500,000 Southern Rocky Mountains.

Lode and placer mining, a his-
EXPLANATION
GeoLogy torically significant land use in the
~ ~o .......d~.etar.or~h~¢ 107" UCOL, was common throughout
m Volcanic and intrusive
~ Undivided sedimentary the Southern Rocky Mountains.
m Shale

~ Camenate Streams and ground water have
~ Sands,ona

been affected by point-source mine
discharge and nonpoint-source run-
off ~rom mined areas.

Areas of intensive agriculture are

0 20 40 60 MILES located primarily in the Colorado
0 20 40 60 KILOMETERS Plateau. Salinity, sediment, nutri-

ents, pesticides, and selenium and

Figure 5. The bedrock geology within the UCOL other trace elements are common
changes from predominately igneous, metamorphic, constituents in agricultural runoff.
and volcanic rock types in the eastern and central These constituents can have an
areas to predominantly sedimentary rock types in the
western areas (Tweto, 1979; Green, 1992). adverse effect on the surface water,

ground water, and aquatic life.

Introduction to the Upper Colorado River Basin 5
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MAJOR FINDINGS

Urban Development is a Baker Gulch, a reference site with phosphorus concentrations were
Water-Quality Issue Within little urban development in the greater at Gore Creek than the
the Southern Rocky Southern Rocky. Mountains, was other sites. Gore Creek and East

Mountains also sampled monthly to provide a River are not wastewater-effluent-

Recreation in the mountains of
comparison with other sites, dominated streams such as might

Colorado is becoming a significant Nutrient concentrations at be found in large metropolitan

land-use activity in many areas, sites in areas of urban develop- areas; however, small amounts of

Urban development and the infl-a- ment were greater than concen- nitrogen and phosphorus can

structure to support recreation have trations at the reference site. increase algal growth and eutrophi-

increased substantially in the last Concentrations of nitrite plus cation processes.

decade. Between 1990 and 1997, nitrate and total phosphorus were The amount of algae and the

the population increase in Summit slightly elevated at Gore Creek and types of aquatic invertebrates

and Eagle Counties exceeded 40 East River compared to reference (insects) are influenced by nutri-
concentrations (fig. 7). Concentra- ent enrichment from urban

percent (http://www.colorado.
tions for nitrate were below the sources. The amount of algae

edu/libraries/govpubs/colonumb/
counties.htm). In addition to rest- 10-mg/L Colorado instream stan- (algal biovolume) determined from

dard at all three sites. Un-ionized     algae samples collected in 1996dent population increases, sea-
ammonia concentrations, corn- and 1997 was largest in Gore Creek

sonal population fluxes due to
recreation are large. These tempo- puted from dissolved ammonia, (fig. 8), where nutrient levels were

rary population increases occur in pH, and temperature, did not higher. The percentage of the inver-
exceed State instream standards, tebrate community represented by

winter during periods of extreme
low flow and minimal dilution in Dissolved and orthophosphate pollution sensitive insects

rivers and streams.                                                                                                  Co~or~o River below

Although urban development Baker Gulch/(refe ...... ire)

be only a small percentage of Southern Rocky Mountains t°16°f~may
total watershed area, development Physiographic Province
and transportation systems tend to Colorado Plateau tote
be adjacent to riparian areas in Physiographic Province

mountainous terrain (fig. 6). This
land-use pattern has placed human Colorado River

,Sllverthomepopulations in locations that have Utah State line
the greatest effects on the quality of
the water resources. Surface- and
ground-water studies were imple-
mented to investigate the water- EXPLANATION
quality issues in urban areas of the Streambed-sediment

sampling site and number
Southern Rocky Mountains. ~n m~n~ng

Surface-water studies investi- Grand Valley [ Streambed-sediment
sampling site and numioer(23 agriculture in non-minmg areagated the effects of urban land synoptic sites)

use. Two stream-monitoring sites ~ Multiple streambed-
sediment sampling
sites and numbers

were located in areas of urban Gunnison River ~ in mining area
development (fig. 6). The Gore ....Grand Junction ¯ Stream monitonng site

Creek site is downstream from .... ~ Agnculture land use

Vail, and the East River site is Uncompahgre Valley ’~
(20 agriculture m Urban land use

downstream from Crested Butte. synoptic sites) -- - - County bounda~/
-- -- -- Physiographic prownceDevelopment in Vail is approach- 9 20 40 60 MILES boundary

ing build-out, whereas there is 0 20 40 60 KILOMETERS
potential for large increases of
development in the Crested Butte Figure 6. Sampling sites and study areas were selected to assess effects of urban,
area. The Colorado River below mining, and agricultural land uses on water quality.

6 Water Quality in the Upper Colorado River Basin
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10 : (mayflies, stoneflies, and caddis-
~0~,~,~,~ (u~,,e) (~’~’~) : flies) was greater at sites with less,’,r (r~ere~ce ~e) ._z ~ 1 urban influence (Colorado River

~ ~
below Baker Gulch, fig. 8). The

< ix.

z < + ~ percentage of midges (insects gen-

~ ~ I [ erally tolerant of pollution)

8~z I          J- t
I          ! !

increased with increasing urban

~ 0.ol J- _L. , influence (East River and Gore
dt ~a= ~ -_--- Creek sites, fig. 8). Even though
-- ~,~.,,,~ the percentage of midges was

0.ool      ~.~=~ r.p?..g ~,..     ~                                           greater at Gore Creek, the inverte-
NITRITE AMMONIA TOTAL D~SSOLVE~ORTHO- brate status of Gore Creek was lessPLUS NITRATE PHOSPHORUS PHOSPHORUS PHOSPHATE degraded than other urban sites in

Figure 7. Concentrations of nitrite plus nitrate and total phosphorus were the NAWQA Program (p. 8).
greater at sites with urban development (Gore Creek and East River) than at
the reference site (Colorado River below Baker Gulch). Sites shown in order of Nutrient concentrations were
increasing urban development. A log scale is used due to the large range of generally largest during winter.
concentrations. Concentrations of nitrite plus

,.=,s.0 o nitrate and dissolved and total

= , I o B~ phosphorus were greatest during
<~ 4.0 ~- the late winter low-flow period

~ 8 ~.o~ ~
o prior to snowmelt runoff (fig. 9).

>~.o ~~.s o With the onset of snowmelt runoff,
0

,~ ~
~.0 nutrient concentrations were

~. ~ 1.s o diluted. Algal uptake of nutrients
< ~- ~ ~o during warm weather (July-~ 0.5 0~ October) probably lower concen-

~3 Colorado East Gore Colorado aasl ~ore trations during the summer. With_Z River below River Creek River below River CreekBaker Gulch (urban (urban Baker Gulch (urban (urban reduced dilution and diminished
(reference s~e) site) site) (reference site) site) site) algal uptake, nutrient concentra-

Figure 8. Algal biovolume (the amount of algae) was greater at Gore Creek, tions increase again during the win-which also has greater urban development. The percentage of mayflies,
stoneflies, and caddisflies decreased, and the percentage of midges (indicative ter low-flow period.
of more degraded water quality) increased with urban development. Sites shown

Ground-water studies investi-in order of increasing urban development,
gated the effects of urban land
use on water in selected alluvial

0.~8 I -- ~ r~us .~tmte East River
I a,ooo aquifers. Although many commu-

0.24 ~- [, _~    nities in the UCOL rely on surface
_~ ~ 0.~, ~~" water as their primary source of
~-~ 0.20,-o -- 2,oo0 =~= 8 drinking water, a few mountain

~=~ o.1,°1’i
I

"~ ~ towns and many thousands of
~z . = ~- individual homes in the Southern
z~E ’ 1,ooo ~ ~ Rocky Mountains use ground
8 ~ ~, ~ =~ water as their primary water

0.08 ~- ’ i~
0.08 i

~
/ , _~ source. Effects of urban land use

o.o, l    ~    ~ , i    , , ~ i    , ~I 0
can be indicated by elevated con-

OCT JAN APR JULY OCT JAN APR JULY OCT JAN APR JULY OCT centrations of nitrate, detections of
ii WATER YEAR 1996 ,I WATER YEAR 1997 I WATER YEAR "1998 synthetic organic compounds (pes-

Figure 9. Nutrient concentrations were greatest during the late winter low-flow ticides and VOCs), and bacteria.
period prior to peak snowmelt runoff. This pattern was similar for total phosphorus
at East River and for nitrite plus nitrate and total phosphorus at Gore Creek.

Major Findings 7
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Within the UCOL, there are changes in the algal and invertebrate communities in areas of urban develop-
ment. Algal biovolume (amount of algae) and midges (insects considered more tolerant of degraded conditions)
were greater at sites with urban development than sites with little urban development. However, with the excep-
tion of algal status at the Gore’Creek site, biological indices for UCOL urban sites are in the lowest 25 percent
of urban sites from other NAWQA Study Units. The Gore Creek watershed is more urbanized than the East
River watershed, and the changes in the algal community reflect increased nutrient concentrations at this site,
making it more typical of other urban sites nationally. The invertebrate and fish communities are ranked among
the least degraded nationally at both UCOL urban sites.

Explanation of Biological Rankings
Biological indicators The three selected biological indicators respond to

Site name Algal Invertebrate Fish changes in stream degradation. Degradation can

status status status result from a variety of factors that modify habitat or
other environmental features such as land use, water
chemistry, and flow. Algal status focuses on the

Colorado River below Baker Gulch changes in the percentage of certain algae in
(reference site) response to increasing siltation and often is positively
East River correlated with higher nutrient concentrations in

(area of urban development) many regions of the Nation. Invertebrate status is the

Gore Creek
i average of 11 invertebrate metrics that summarize

changes in richness, tolerance, trophic conditions,
(area of urban development) and dominance associated with water-quality degra-

EXPLANATION dation. Fish status focuses on changes in the percent-

Lowest 25 percent nationally, least degraded sites age of tolerant fish species that make up the total
number of fish. "Tolerant" fish are reported to thrive
in degraded water quality. For all indicators, higher

i    Middle 50 percent nationally values indicate degraded water quality.

Ground water was sampled from dissolution of geologic materials); (determined from data from the
shallow monitoring wells in the however, elevated concentrations in 20 NAWQA Study Units that
Crested Butte, Gunnison, Silver- ground water are often related to began in 1991) indicate a national
thorne, Vail, and Winter Park/ human activities, such as effluent background concentration for
Fraser areas (fig. 6). Domestic from septic systems or the applica- nitrate of 2.0 mg/L (U.S. Geologi-
(household and private) and public tion of fertilizers. Nitrate concen- cal Survey, 1999). The undevel-
supply drinking-water wells of var- trations greater than the USEPA oped areas are considered to be
ious depths were also sampled in Maximum Contaminant Level minimally affected by agriculture,
urban areas throughout the South- (MCL) drinking-water standard of urban development, or associated
ern Rocky Mountains. 10 mg/L (U.S. Environmental Pro- land uses. Twenty percent of the

Some ground-water samples tection Agency, 1996) were samples collected from monitoring
collected in urban areas con- detected in one sample collected wells (and none of the samples col-
tained elevated levels of nitrate, from a shallow monitoring well in lected from drinking-water wells)
Nutrients in ground water can orig- an urban area but in none of the contained nitrate concentrations
inate from various natural sources drinking-water wells. Nutrient con- greater than 2.0 mg/L. These find-
(such as atmospheric deposition or centrations in undeveloped areas ings indicate that portions of the

8 Water Quality in the Upper Colorado River Basin
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shallow ground-water system ha~ c were detected in the ground water Volatile organic compounds
been affected by urban land u,c. sampled in the Southern Rocky (VOCs) were detected in ground-
but these effects were not found in Mountains were primarily herbi- water samples at generally low
the deeper ground water used for cides used for controlling grasses concentrations. The six most fre-
drinking water, and weeds in nonagricultural areas, quently detected VOCs were

Generally, low levels of pesti- Concentrations were very low (less methyl tert-butyl ether (MTBEL
cides and volatile organic com- than 0.1 gglL I for most of the pes- tetrachloroethene, chloroform.
pounds were detected in ground ticides detected. Two herbicides, 1,1,l-trichloroethane, 1,2,4-tri-
water from shallow alluvial aqui- bromacil and prometon, were methylbenzene, and dichloro-
fers in urban areas. Most agricul- detected in urban areas at concen- methane (fig. 10). MTBE, a
ture (and pesticide use) in the basin trations less than the USEPA drink- gasoline additive, was detected m
occurs in the Colorado Plateau ing-water guidelines (U.S. at least one well in four of the five
where ground-water studies were Environmental Protection Agency, urban areas where shallow ground
not conducted. The pesticides that 1996). water was sampled. In addition,

Radon concentrations in alluvial aquifers of the UCOL are among the highest of all NAWQA ground-water
samples nationwide (S.J. Ryker, USGS, written commun., 1999). Radon is a naturally occurring, colorless, odor-
less, radioactive gas derived from the decay of uranium. Radon has been identified as a human carcinogen and
can enter a building from seepage of air through dirt floors, cracks in concrete floors or walls, floor drains, or
through the use of water supplied from wells. A greater risk of exposure to radon exists in urban areas due to the
prevalence of enclosed structures, such as basements, which can trap radon gas.

Though the USEPA does not currently (2000) regulate radon in drinking water, there is a proposed maximum
contaminant level (MCL) of 300 picocuries per liter (pCi/L) for radon in drinking water (U.S. Environmental
Protection Agency, 1999). Radon concentrations were greater than the proposed MCL for all wells sampled in
the Southern Rocky Mountains. Higher radon concentrations were measured in the Winter Park/Fraser and
Silverthorne areas. Igneous and metamorphic rocks, which can contain uranium-bearing minerals, are common
rock types in these areas.

Ranking of ground-water radon concentrations Study Units’ radon concent ,
relative to all NAWQA ground-water studies in ground water, in picocuries ¯ -~
(data from multiple wells in indicated areas) per liter (pCi/L)

O [] 1,000 in at least 25 percent of samples
Greater than the 95th percentile

O ~ 600 in at least 25 percent of samplesBetween the 90th and 95th percentile ~
~ 300 in at least 25 percent of samples

,_/’ Between the 75th and 90th percentile ~ 300 in fewer than 25 percent of samples
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CONCENTRATION, IN MICROGRAMS PER LITER
50      100      150      200      250    Dichloromethane is predominantly

METHYL TE~T-BUTYL ETHER used as a solvent in paint strippers
and removers. Concentrations of

TETRACHLOROETHENE                                            ~ dichloromethane and tetrachIoro-
CHLOROFORM ~ I ethene were greater than the

1,1,!-TRICHLOROETHANE I
USEPA drinking-water standard of
5 gg/L at one site in Silverthorne.-- Concentration

1,2,4-TRIMETHYLBENZENE ~MCL or HA Total coliform bacteria were
DICHLOROMETHANE l,t

, ,~[ ~ Frequency of detection,     ,     ,
j detected in 21 percent of the

0 5 1’0 15 20 25 ground-water samples collected
FREQUENCY OF VOC DETECTION. IN PERCENT

in urban areas. Total coliform
Figure 10. Volatile organic compounds were detected at low frequencies in bacteria were detected only in sam-
monitoring and drinking-water wells sampled in the Southern Rocky Mountains.
With a few exceptions (2 samples), concentrations of VOCs were substantially

ples collected from the shallow

less than water-quality standards. All concentrations shown are greater than monitoring wells and in none of the

0 ~g/L. (MCL, maximum contaminant level; HA, health advisory.) water samples from drinking-water
wells. Bacteria in ground water
may occur naturally in soils or may

MTBE was detected in water from gasoline compounds (Squillace andbe related to human or animal
one municipal well. MTBE con- others, !996). waste and, therefore, may be an
centrations greater than the drink- Tetrachloroethene is present in indication of the sanitary quality of

ing-water lifetime health advisor3, solvents for adhesives and is also a the water (Myers and Sylvester.

of 20-40 p.g/L (U.S. Environmen- by-product of dry cleaning. Chlo- 1997). However, the presence of
roform can occur naturally or result    total coliform bacteria does nottal Protection Agency, 1997) were
from the chlorination of drinking     necessarily indicate the presence of

not detected. However, once water. 1,1, l-Trichloroethane is potentially pathogenic bacteria
MTBE enters the ground water, it present in solvents and cleaning such as Escherichia coli (E. coli).
is less vulnerable to decomposition agents. 1,2,4-Trimethylbenzene is which was not detected in any of
and travels farther than other present in petroleum by-products, the samples.

Chlorofluorocarbons (CFCs) were used to determine the age
of ground water

Shallow ground water, which is used for drinking water in part of the
Southern Rocky Mountains, is generally young (less than 10 years old)
and is more susceptible to contamination as a result of land-use practices.
The age of the ground water refers to the time from when the water
recharged, or entered, the aquifer to the time it was withdrawn from the
aquifer. The presence of contaminants, if any, in ground water can reflect

Urban land use in the Southern Rocky Mountains, land-use conditions at the time of recharge. The age of the ground water
near Fraser, Colorado. (Photograph by Jeffrey B. was determined in five urban areas where water-quality samples were
Balls, U.S. Geological Survey.)

collected from shallow alluvial aquifers. The age of ground water at most
of the sites sampled ranged from 0 to 10 years old. Ground-water ages of
greater than 10 years were found in 7 of 25 wells.

In the samples where CFC dates were obtained, four of the five nitrate
concentrations greater than 2.0 mg/L were from recently recharged
ground water (10 years or younger). This is an indication that current land
use may be affecting water quality. Increasing urban development may
add nitrate to the ground water from different sources, such as septic sys-
tems, application of fertilizers, and domestic animal wastes. Effects of
increased urban development on ground-water resources are not extensive
in the study area at present.
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The Quality of Streams and ments in streambed sediment can
Rivers is Affected by be used to identify stream reaches
Historical Mining Activities affected by mining and can be

used to determine sources of traceStreams affected by mine drain- elements. The occurrence and
age, from abandoned/inactive distribution of trace elements were
mines, are present throughout characterized by collectingmuch of the Rocky Mountains of streambed-sediment samples atColorado. Metal mining in the
UCOL has been an important part 29 sites in mining districts (fig. 6

of the economy of Colorado since and table 1) and at 8 background

the late 1800s. As a result, many (non-mining) sites in the Southern

streams in the upper part of the Rocky Mountains.

basin contain heavy metals and Concentrations of cadmium,
other toxic elements that affect copper, lead, and zinc in
stream-water quality. Knowledge streambed sediment were high at
of mine-drainage effects on a body some sites downstream from Mining land use in the Southern Rocky

Mountains. (Photograph by Jeffrey Deacon,of water is essential for assessing mining areas (Deacon and Driver, u.s. Geological Survey.)
water quality with regard to human 1999). Median concentrations of frequently (Canadian Council ofconsumption, recreation, and cadmium (Cd) and zinc (Zn) in Ministers of the Environment,
aquatic life. samples from most mining districts 1999). National sediment concen-

Because of the potential expo- exceeded the Canadian Sediment tration guidelines have not been
sure of aquatic organisms to trace Quality Guidelines Probable Effect established for the United States.
elements in streambed sediment, Level (PEL), which is a sedimentConcentrations of copper and lead
trace-element concentrations in guideline (fig. 11). The PEL were also elevated and exceeded
streambed sediment serve as an defines the concentration level the PEL in several mining districts.
indicator of potential toxicity to above which adverse effects to The mining and mineralized areas
aquatic life. Sampling trace ele- aquatic biota are predicted to occur of the UCOL generally result in

higher trace-element concentra-
Table 1. Mining districts and sampling sites in the Southern Rocky Mountains tions in streambed sediment than

are detected in other areas studied
Mining district1 River/Stream [site numberls) in within the NAWQA Program

figure 6]2 (p. 12).
Aspen Hunter Creek (24) Collecting samples from sev-
Breckenridge Blue River, French Gulch, Swan River eral types of media provides a

(7, 10, l t, 12, 13, 14, 15, 16, 17) better understanding of trace ele-
Climax Tenmile Creek (18) ments in the environment. In
Crested Butte Oh-Be-Joyful Creek. Coat Creek. addition to streambed sediment,

Slate. East Rivers (25.26.27.28) which can store trace elements, the
Gilman Cross Creek. Eagle River (22.23) overlying stream water can also
Lake City (Carson. Burrows. Sherman Lake Fork of the Gunnison River. be a source of trace-element expo-

Districts) Hensen Creek (31.32) sure to aquatic organisms. Because
Montezuma Peru Creek. Snake River (4.5.6) invertebrates are continuously

Ouray (Red Mountain. Sneffels. Canyon Creek. Red Mountain Creek. exposed to water-quality condi-
Uncompahgre Districts) Uncompahgre River (33.34.35.36. tions, these organisms integrate

37) effects of contaminants over time
Urad-Henderson South Fork of Williams Fork. and provide a measurement of

Williams Fork (2.3) water quality. Invertebrate indica-
~Information from Davis and Streufert (1990). tots of streams contaminated by
2Background (non-mining) sites 1, 8, 9. 19, 20, 21, 29, 30. trace elements include reduced

abundance and a shift in commu-
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100,000    MAXIMUM
¯ NATIONAL

a: 10,000 MEDIAN ¯ UCOL
(_9
on,- MINIMUM
~ 1,000

100

< 10
I--

o        0.1

CADMIUM COPPER LEAD ZINC

The median concentrations for cadmium, copper, lead, and zinc in streambed sediment from sites in the
UCOL were higher than the median concentrations of the same trace elements sampled in other Study Units
of the national NAWQA Program. The data available on trace elements include 541 samples from the
NAWQA Study Units (Rice, 1999) and 37 samples from the UCOL. Mineralized areas and historical mining
activities in the UCOL have resulted in higher concentrations of some trace elements in streams than those
concentrations that typically are found in other parts of the United States.
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cantly degraded. Farther down- water concentration indicate that
stream, where underground mine only 37 percent of the zinc that
seepage contributes to surface run- enters Dillon Reservoir leaves the
off (site 6), zinc concentrations in reservoir (fig. 12, top left graph).
the water, streambed sediment, and
aquatic moss were high and the Sediment cores were collected at

several locations in Dillon Reset-invertebrate communities were
degraded. The most affected site voir. Concentrations of lead and
along French Gulch was site 7, zinc throughout the core collected
located near the confluence with near the dam exceeded the PEL.
the Blue River. Cadmium. lead. and zinc concen-

Site I, upstream from French trations in sediment cores from the
Gulch on the Blue River, was char- Blue River, Snake River, and Ten-
acterized by lower zinc concentra- mile Creek arms of the reservoir
tions in water, moss, and sediment also were above the PEL (values
than downstream sites, indicating for zinc are shown in the top of
that the French Gulch basin is con- fig. 12).
tributing zinc to the Blue River.

Collecting sediment core samples on Dillon Reset- Downstream from the confluence Although bottom sediment con-
volr. (Photograph by Norman Spahr, U.S. Geological centrations of some trace elements
Survey.) of French Gulch with the Blue

River (site 8), concentrations of exceeded the PEL, concentrations

Mining activities have affected zinc in water, moss, and streambed in the water column were not high.

trace-element concentrations and sediment were higher than back- The concentrations of trace ele-

aquatic invertebrates in French ground levels but slightly lower ments in the reservoir water col-
than in French Gulch. Also at site     umn did not exceed the ColoradoGulch and the Blue River. Sam-
8, brown trout livers had the high- surface-water-quality standards.ples from different media were

used to investigate the effects of est concentrations of zinc of any
sites sampled in the Southernmining activities on the water qual-

ity and associated biota at 10 sites Rocky Mountains (Deacon and

along the Blue River and French Stephens, 1998). The invertebrate

Gulch. a tributary of the Blue River community in the Blue River
downstream from French Gulchdig. 12). Sites :2 and 3 (fig. 12) are
was degraded (site 8). The site con-background sites on French Gulch
ditions remain moderately affectedand are minimally affected by rain-
downstream to Dillon Reservoiring activities. Zinc concentrations

in water and streambed sediment (site 10).

and zinc accumulated by aquatic Mining activities have affected
moss at these background sites trace-element concentrations in
were lower than those from sites the bottom sediment of Dillon
downstream from the mined areas. Reservoir. Dillon Reservoir was
The invertebrate community struc- constructed in 1963 in an area with
ture (as indicated by mayfly abun- a long history of mining activity.
dance and percent midges) was Sources of trace elements in Dillon
minimally,’ affected at the back- Reservoir, a dnnking-water supply
ground sites, for the city of Denver. are located

Although habitat conditions at in the Blue River, Snake River. and Sediment core from Dillon Reservoir. (Photograph
site 4 were degraded and zinc con- Tenmile Creek Basins. The reser- by Norman Spahr. U.S Geological Survey)
centrations were greater than those voir is accumulating some trace
upstream, the invertebrate commu- elements. For example, loads
nity was not found to be signifi- calculated using streamflow and
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Upper Colorado River Bas,~
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Figure 12. Different types of sampling media provide a better understanding of conditions at sites sampled in the Blue
River Basin, Dillon Reservoir sediments are accumulating some trace elements originating from mining areas.
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Water-Quality Characteristics
Selenium in Western Colorado of Agricultural Areas

Selenium, a naturally occurring trace element, is common throughoutAgricultural land use constitutes
the Western United States in marine sedimentary rocks. It is an essentialabout 5 percent of the Study Unit
micronutfient for birds, fish, and animals (Mayland, 1994) but at higharea (fig. 6). Within the Southern
concentrations can be highly toxic to fish and wildlife. Selenium can beRocky Mountains, agricultural land
very, mobile in the environment and the mobility can be accelerated byis almost exclusively hay mead-
irrigation. As irrigation water is applied to soils containing selenium,ows. The agricultural areas of the
the selenium is leached out df the soils and into surface and ground Colorado Plateau (principally the
water. Selenium in wetlands, ponds, and lakes is incorporated into bedGrand Valley near Grand Junction
sediment and can be bioaccumulated by wildlife, including fish and in Mesa County and the
birds (Ohlendorf and others, 1986). Areas of the Western United StatesUncompahgre Valley near Delta
susceptible to selenium contamination from irrigation, which include and Montrose in Delta and Men-

the Grand and trose Counties, fig. 6) produce ha}’,SURFACE WATER_~ 10o0. Uncompahgre Val- small grains, dry beans,~ E ~ corn, .

~ ~
~ !Me~ani gu~da~ne    rado, have been The Grand Valley has about 70,000

co ~ 10 til -- - ~ for protection~:~ < ~ of aquatic identified by Seller acres of irrigated land, and the
> ~ - life ts 5 pg/L

c~
~ _~~

1 Minimum’~ and others (1999). Uncompahgre Vallev, contains
~ = 0 t : Extensive in-i- about 86,000 irrigated acres {Butler

-~ ~aste~, Westam UCO~ gated agriculture is and others, 1996). The marketUncompangre Grand Agriculture
River Valley Valley ~5sa~,~e~at present in the Grand value of agricultural products pro-32 sites" 30 sites" at 2 sites

and Uncompahgre duced in Delta. Mesa. and Mon-
~ 100

STREAMBED SEDIMENT Valleys of the Cold- trose Counties was about 145
~ ~ fade Plateau in west- million dollars in 1992 (Bureau of

> ~. ern Colorado (fig. 6). the Census. 1994). Pesticides,_~ ~ ] Individual and Wildlife
,guideline Irrigation drainage nutrients, and sediment are water-z ~ 10 ’ ’ Values ~ for protection

~ ~ :: __ _ ¯ :; Of, s aquatic4 ~,g/g tilefrom these areas mav, quality issues commonly associ-
_~ account for as much ated with a~ricultural land use.
z ~ as 75 percent of the-- Eastern Western UCOL Pesticides were sampled in dif-Uncompahgre Grand Agriculture selenium load in theR~e, va,ey Va,ey a s~os ferent media. Pesticides were~ s,~s. 7 s.es" Colorado River near

¯Data from Butler and ot.ers, t996 the Colorado-Utah investigated in surface water by
periodic monitoring at 2 agricul-State line (Butler and others, 1996). It is estimated that 61 percent of the
tural sites and a one-time synopticselenium load to Lake Powell in Utah originates from these agricultural
sampling at 43 agricultural sites.areas in the UCOL (Engberg, 1999). Primary source areas of selenium
Fish were collected once at threein western Colorado are the western one-half of the Grand Valley and
agricultural sites and the tissuesthe eastern side of the Uncompahgre River Valley where the residual

soils and alluvium are derived primarily from the Mancos Shale. a analyzed for organochlorine pesti-

marine shale containing selenium, cides. Organochlorine pesticides in
streambed sediments were sampledA study in 1991-93 of irrigation drainage in the Grand and
once at six agricultural sites.Uncompahgre River Valleys detected relatively high concentrations of
Ground-water samples were notselenium in many surface-water and streambed-sediment samples
collected in the agricultural areas(Butler and others, 1996). Concentrations of selenium greater than the
of the UCOL because ground wateraquatic-life guidelines were also detected in the UCOL surface-water
is generally not used for publicsampling in agricultural areas during 1995-98 and at one streambed-
water supply in these areas.sediment sampling site in 1995. Investigations of selenium in western

Colorado for remediation planning are continuing through the U.S.
Department of the Interior National Imgation Water Quality Program
and the Gunmson Basin Selenium Task Force.
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agricultural streams showed that
the total number of pesticides
detected was greatest during April
through August/Bauch and Spahr,
2000). Pesticide detections per
month for Dry Creek are shown in
figure 13. Concentrations of atra-
zinc were found to be greater from
May through August than during Agriculture and the San Juan Mountains near
other periods of the year (fig. 13). Montrose. (Photograph by Norman Spahr,

U.S. Geological Survey.’l
The seasonal pattern of concentra-
tions was similar for other pesti- breakdown products, DDE and
cides and reflects the growing DDD, were detected in streambed
season for the Grand and sediments at five of the six agricul-
Uncompahgre Valleys. tural sites sampled and in fish tis-

Pesticides were detected in 40 sue at all three of the agricultural
of 43 agricultural streams, sites where fish tissue samples

Collecting water samples at an agricultural drain in Thirty-one pesticides (21 herbi- were collected (Stephens and
the Grand Valley. (Photograph by Norman Spanr. cides and 10 insecticides) were Deacon, 1998). Concentrations ofUS, Geological Survey.) detected at least once during a May DDT and DDE in streambed sedi-

Pesticides were commonly 1998 agricultural stream synoptic ment at two sites exceeded the
detected in agricultural areas of study in the Grand Valley and Canadian Sediment Quality Guide-
the UCOL, but concentrations Uncompahgre Valley areas. Atra-

lines PEL (Canadian Council of
were generally low. Most pesticide zinc and alachlor were detected in

detections in surface water were more than 50 percent of the sam- Ministers of the Environment,
1999). The DDD concentration at

not at concentrations of concern,      ples. Concentrations of atrazine did
not exceed aquatic-life guidelines,    one site exceeded the PEL. Dield-Freshwater aquatic-life guidelines
Guidelines are not available for fin (a restricted use insecticide

were exceeded occasionally; how-
alachlor, since 1974) was detected in stream-

ever, guidelines have not been
established for all compounds. Some insecticides have per- bed sediments at two of the six

Only 5 of the 90 samples collected sisted in streambed sediment and sites and in fish tissue at all three

in the agricultural areas contained fish tissue, although their use has sites. Insecticides detected in fish

pesticides that exceeded estab- been banned or restricted. DDT tissue and streambed sediments

lished guidelines. The pesticides was banned in 1972, but DDT or its were generally not detected in

that exceeded guidelines for pro- lO DRYCREEK 0.!2
tection of freshwater aquatic life
are azinphos-methyl, 1 of 24 sam-

optic sites, Indian Wash and
Orchard Mesa Drain in the Grand
Valley: diazinon, 1 synoptic site,
Indian Wash; diuron, 1 synoptic
site, Indian Wash; and gamma-
HCH, 1 synoptic site, the drain at 0 0
Blossom Road in the Uncompahgre o N D J F M A M J J A S

Valley. WATER YEAR 1997

Pesticide detections and con- Figure 13. The number of pesticide detections and median atrazine

centrations showed seasonal pat- concentrations in surface water are greater during the spring an0 summer
months. Atrazine is commonly used for season-tong weed control in corn.

terns. Periodic sampling at two
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The three most commonly detected herbicides at the two agricultural monitoring sites in the UCOL (one site
each in the Grand and Uncompahgre Valleys) also were among the top 10 herbicides detected in surface-water
samples at 62 agricultural sites in 35 nationally distributed NAWQA Study Units. The percentages of samples
with detections for atrazine, al~chlor, and metolachlor are shown below and are based on more than 1,550 sam-
ples for the national sites and 39 samples at the UCOL sites. Atrazine, alachlor, and metolachlor are commonly
used for weed control in corn. Alachlor and metolachlor are also used for weed control in dry beans. Other herbi-

cides that were frequently detected
EXPLANATION (present in over one-third of the sam-

~ 62 Agriculture sites from NAWQA Study Units pies) in the UCOL but not shown in[] 2 Agriculture sites from the UCOL
¯ Median concentration the graph include trifluralin, DCPA,
-*- Median less than 0.002 gg/L 2,4-D, cyanazine, and deethvlatrazine90 0.050

-~ 60 ~ 0.045 z    (a breakdown product of atrazine).
~ z ,,z, These herbicides also were commonly
m 70 i

0.040 _O S detected at other agricultural sites

~- 60[- i 0,035 ~_ across the Nation. Medianconcentra-

~< ~ ]
’: 0.030 ~ ~. tions of the commonly detected herbi-

~
50- o -

m ’ ~ 0.025 ~< cides in the UCOL were less than or
., ~- 40 - o~ similar to the median concentrations
~<~

~
30-

¯ 0.020 ~z ~ for the national sites. Concentrations

~ o.o~5
o 20 ~ , 0.010 ~ of atrazine and metolachlor were less
’"~" ~ ,

_.._ ¯
than the Canadian guidelines for the~- 10 I ¯ 0.005 protection of aquatic life [ 1.8/ag/L for

0 I 0 atrazine and 7.8 t.tg/L for metolachlor
Atrazine Aiachlor Metolachlor (Environment Canada, 1999)]. Guide-

HERBICIDE lines have not been established for
alachlor.

water samples from the same site, streams (0.1 mg/L) (U.S. Geologi- commun., 2000). Fertilizer use in
probably because these compoundscal Survey, 1999). Relative concen- these counties accounted for about
are relatively insoluble in water, trations of nutrients in surface 77 percent of the total estimated
Occurrence of organochlorine pes- water are linked to the amounts and fertilizer usage for the UCOL.
ticides, even at low concentrations, types of substances used and dis- Nutrient concentrations in
is becoming increasingly relevant charged in different land-use set- areas of agricultural land use
because of recent evidence linking tings. These substances can then were generally greater than in
these compounds to endocrine dis- reach the stream through point areas of other land uses. Median
ruption (Goodbred and others, sources (such as wastewater dis- concentrations of ammonia, nitrite
1997). charge) or nonpoint sources (such plus nitrate, total phosphorus, dis-

Nutrient concentrations in as precipitation or runoff from agri- solved phosphorus, and orthophos-
streams and rivers reflect point cultural areas). Estimated amounts phate were greater at agriculture
and nonpoint sources. National of fertilizer applied during 1997 insites than at the Colorado Plateau
background concentrations have Delta, Mesa, and Montrose Coun- reference and mixed land-use sites
been determined for some forms of ties were about 14,100,000 pounds (fig. 14). The Colorado Plateau
nutrients: total nitrogen in streams of nitrogen and 1,800,000 pounds reference site has some limited
( 1.0 rag/L), nitrate in streams of phosphorus (Jeffrey Stoner, agriculture upstream (livestock/
(0.6 mg/L), and total phosphorus in U.S. Geological Survey, written hay meadows), so is not representa-
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to ~ ~ A¢,~,~ s,es mso~em Ro~, Moo.t=.s ~ and Crested Butte, Colorado (fig.
~ ~ ~=,..u ~.,~ s,~ u~ s,~ 6), and ~e streams that are not

~ - ~ ~ Rat~u Mix~ ~ So~em R~ M~ntains

~ ~
1 ~ ~d~seS~es Mix~n~UseSit= dominated by wastewater effluent

- ~ ~ Me.an ~low 0.01 m~~ : ~ such as might be found in large
E ~ ~, metropolitan ~eas. ConcentrationsZ ~ I
z ~ ~ = of nitd[e and akra[e we[~
~ = ~ ~ Stale standards for
~ ~ 00~ ~ ~ .... ~ ..... wa[e~ use. Wa~er t~om the

~ ~ ~ ~ ~ [u[a] sit,ares ~s no[ commonly used

0 001 ~ ~ ~
Ammonia Nitrite P~, To~ ~os~o~us ~,sso~ Or~o~os~a~ 6eOIo8~ a~ asri~altareNitrate Phosphorus~UT~ENT tribute to ele~ate~

Figure 14. Concentrations of nutrients in agricultural areas of the UCOL were sediment concentrations in the

greater than concentrations in other land-use se~infls. A Io9 scale is useO due toColorado Plateau. Suspended-
the large range of concentrations, sediment concentrations in the

streams and ~vers of the Colorado
five of natural conditions but is greater than median concemradons Plateau w~re much greawr than
probably representative of small at mixed land-use and urban sites concentrations in the Southe~
streams in the Colorado Plateau. within the Southe~ Rocky Moun- Rocky Mountains (fig. 15), due
Median concentrations of nutrients rains. The urban areas shown in the large part ~o differences between
at agricultural sites also were bar chart are downstream from Vail the sedimem~y geology of the

Total nitrogen (the sum of nitrite, nitrate, ammonia, and organic nitrogen) concentrations at the UCOL agricul-
tural monitoring sites (Reed Wash and Dry Creek) were ranked in the group of national agricultural sites with the
highest concentrations. The map below shows a comparison of average annual total nitrogen concentrations at the
two UCOL agricultural sites with agricultural sites in other NAWQA Study Units. The average concentrations for
the UCOL sites were 3.8 milligrams per liter for Reed Wash and 3.2 milligrams per liter for Dry Creek and are
less than State instream standards. Average annual total phosphorus concentrations at the two agricultural sites in
the UCOL also ranked among the group of national agricultural sites with the highest total phosphorus concentra-
tions.

TOTAL NITROGEN IN STREAMS--AGRICULTURAL AREAS

EXPLANATION                                ;.
Average annual concentration of total nitrogen,    ,~ ~- e~’~_~ ¯

in milligrams per liter
¯ Highest (greater than 2.9) ~.

~ Lowest (less than 0.64)                ~ge~l             ¯e               ~_.

Average annual total nitrogen input, -- ~
in pounds per acre, by county, for 1995- 98. ~- .. _ :.~,-" ~ -
Inputs are from fertilizer, manure, and the atmospnere -
~q Greater than 25 pounds per acre Reed Wash ~ - --
~-~ 6 to 25 pounds per acre
_~ Less than 6 pounds per acre Dry Creek
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Colorado Plateau and the icnc,,u,-
metamorphic geology of the S,,uth-
ern Rocky Mountains. Agricul-
tural return flows also contribute to
the greater sediment concentrations
measured at the agricultural sites.

The reference site in the Colo-
rado Plateau also had elevated sedi- The elevated nutrient and sediment concentrations found in the agricul-

tural and surrounding areas of the Colorado Plateau help to explain thement concentrations. Any rain or
snowmelt event in these areas tends prevalence of more tolerant biological species. Algal, invertebrate, and fish

communities in the Colorado Plateau generally consist of species more tol-to substantially increase the sedi- erant to nutrients and sediments. These result in higher degradation rank-
ment concentrations of streams and ings for all three biological measures. The biological measures in the
rivers because of the high erodibil- Colorado Plateau indicate that agricultural and mixed land-use sites in the
itv of the soils. UCOL are above the national average in terms of degradation. These rank-

ings compare UCOL agricultural sites to other NAWQA agricultural sites
z 200

/ and UCOL mixed land-use sites to other NAWQA mixed land-use sites_O Colorado Plateau
~8o - ~-- t nationally.

z~ ~60 ~ -J

c ~ ~4o -
~ Biological indicator

~ ~ ~oo ~ J Algal Invertebrate    Fish
~ ~ :~ ~ I Site name
~ ~ 8o status status status

~: ~o ~,.:~: Dry Creekz_ ’~, .... I (agricultural site)
~:_ 20 ~s,~ Mountains Reed Wash
~ o ~---- ’ ,~: ~ ! (agricultural site)

~ -= i ~ ~ Colorado River near Cameo ~
--I

~= ~ ~ ~ = ~ (Colorado Plateau mixed land use)

~ ~ (Colorado Plateau mixed land use)
Colorado River at State line ! IFigure 15. Suspended-sediment (Colorado Plateau mixed land use)

concentrations were greatest in the
agricultural areas of the Colorado EXPLANATION
Plateau. ~r Middle 50 percent nationally

Highest 25 percent nationally, most degraded sites
Explanation of Biological Rankings

The three selected biological indicators respond to changes in stream degra-
dation. Degradation can result from a variety of factors that modify habitat or
other environmental features such as land use. water chemistry, and flow. Algal
status focuses on the changes in the percentage of certain algae in response to
increasing siltation and often is positively correlated with higher nutrient
concentrations in many regions of the Nation. Invertebrate status is the average
of l 1 invertebrate metrics that summarize changes in richness, tolerance,
trophic conditions, and dominance associated with water-quality degradation.
Fish status focuses on changes in the percentage of tolerant fish species that
make up the total number of fish. "Tolerant" fish are reported to thrive in

Sediment and water-quality sampling at Reed degraded water quality. For all indicators, higher values indicate degraded waterWas~ (Photograph by Norman Spahr. U.S. Geolog- -
ical Survey. } quality.
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Salinity in the Colorado River Basin

A serious water-quality issue in the Colorado River Basin is salinity defined
as the concentration of dissolved mineral salts or total dissolved solids in
water. Salinity increases in the Colorado River in a downstream direction; the
dissolved-solids concentration is about 50 mg/L in the upstream mountain
areas and averages about 850 mg/L at Imperial Dam, Arizona (Kircher, 1984).
In the UCOL, annual dissolved-solids loads in the Colorado River ranged
from about 17,700 tons at Hot Sulphur Springs in the Southern Rocky Moun-
tains to more than 3,300,000 tons near the Colorado-Utah State line.

Major sources of salinity in the Colorado River Basin are mineral springs
and nonpoint-source runoff. The major human influence is irrigated agricul-
ture. About 1 t percent of the salt load in the Colorado River near the U.S.-
Mexico border is contributed from the Grand Valley and Uncompahgre Valley
(lower Gunnison River Basin) agricultural areas (U.S. Department of the
Interior, 1999). Much of the soil in these areas is derived from and overlies the
Mancos Shale, a saline marine deposit. Deep percolation of irrigation water
and seepage losses from irrigation systems leach salt from the soil and shale,
increasing the salinity of return flows. Salinity-control projects have been con-
structed throughout the Colorado River Basin, including two projects in the
UCOL--the Grand Valley Unit and the Lower Gunnison Basin Unit.

As part of the study of salinity in the Colorado River Basin, trends in dis-
solved-solids concentrations in the basin have been investigated in numerous
studies (Vaill and Butler, 1999; Bauch and Spahr, 1998; Butler, 1996: Lieber-
mann and others, 1989; Kircher, 1984). The most recent study (Vaill and

Butler, 1999) determined that
7,000

3,sou,000 I Plateau ~osince the 1960s there have
~ 3,ooo,oo~ . ~.~oo ~, been, in general, downward
~_ ¯ Lo~,D ~-~trends in flow-adjusted annual
d 2,500,000 and monthlydissolved-solids
~" ~                                    concentrations and loads in the
~ 2.0oo.oo0 4.oo0 ~ Colorado River Basin upstream
~0 Southern _z

~ ~,soo,ooo ~oc~ 3,ooo ~ from Lake Powell in Utah,>, Mountains ~ except in the Yampa River
o, 1,0~o,oo~ 2.000 ~ Basin. In the UCOL, there
,~ ~ were downward trends both~ 1,000z 500,000
~z z= upstream and downstream

0                       o ~ from the salinity-control
~,~.~ ~,~ ~~.~ ~ ~ ~      ~ ~;~ projects in the Grand Valley

and the lower Gunnison River
~- ~ = ~ Basin. With the downward
o ~ trends as evidence, it appears

--" DOWNSTREAM DIFIECTION ~ that both natural processes and
Mean annual dissolved-solids loads increase greatly human efforts such as salinity-
between sites in the Southern Rocky Mountains and
sites in the Colorado Plateau. Data based on water control projects may be
years ~ 970 to 1993. (Buuer,1996; Baucn and Spahr,decreasing salinity loading in
~998) the Colorado River Basin.
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STUDY UNIT DESIGN

SURFACE-WATER CHEMISTRY
Southern Rocky Mountains

The basic fixed site network was estab- Physiographic Province

lished to investigate the differences in stream-
water quality associated with land use and ~-"cfenvironmental settings within the UCOL. . ~S"- - ¯
Basic fixed sites were sampled monthly to ¢f"
determine temporal variability of water-qual- \
ity constituents. The three intensive fixed sites EXPLANATION
(a subset of the basic fixed site network) were Surface-water
sampled weekly to monthly to further define chemistry

temporal variability. Synoptic studies were ¯ ¯ Basic fixed sites
designed to investigate agriculture and urban N,,, ~. ,1~ Intensive fixed sites
development effects on water quality. Synop- / ¯ Agriculture synoptic
tic sites were sampled one or two times to

Colorado Plateau / ,2 Urban synoptic
determine spatial influences of land use on Physiographic . .,~water chemistry.

0    20 40 K ILOMETERS

GROUND-WATER CHEMISTRY
Southern Rocky Mountains       : , ,

Physiographic Province ~’ ~:~.~’~ .~                  TO evaluate the effects of urban land

.of .~. ~ ,~.,j’
use on shallow ground-water quality,

c!’ r"~ "’k~v ’ "

"’ five areas within the Southern Rocky
¯
~:~.,~

Mountains that are undergoing urban

\’ ~ ~"--~- " .’ ~. "5~q..,,~", EXPLANATION development and use ground water as a

.̄ \     [ } , ~’~._ ’.-- Ground-water primary drinking-water source, were

6,~, .~Q",,,.., ~f / ~., ~- chemistry studied. An overall assessment of

) ~ " /-~/" ,~ ai ~’~L~’~ 7 ’~" Urban land-use study sites water quality in predominantly alluvial

(’kt~ ~ ~.’,~.r7 0 Aquifer survey site aquifers of the Southern Rocky Moun-
:,    / ~_ !,    ~.ff)" ,~, ,k~ O Aquifer survey site in or near mining areas tains was also completed¯ In addition
k~! [~.~~’.. [] _Prominent alluvial deposits in the to the overall assessment, wells were

~/, , ~ ~ ],; 1~" ,.-:,-..e ,,., ~-~ Southem Rocky Mountains selected in or near mining areas. Allu-
ColoradO’:,/" O~,~#" vial aquifers were selected for these

0 20 40 MILESPhysiographic Province~’ ,..’~ ~ " - " ~ o 20 studies because they are generally pro-
"d,~. o -’-" i, ,

ductive and can be susceptible to land-
0 20 40 KILOMETERS

use practices.

~" "
Physiographic Province

STREAM ECOLOGY
"1.,]" ¯

Ecological assessments were doneat all

(.-~’" "~’~-
basic fixed sites plus one additional site on
the Blue River¯ A synoptic study in mining EXPLANaTiON
areas of the Southern Rocky Mountains Stream ecology
investigated trace elements in streambed ~ ¯ Basic fixed sites
sediment, aquatic moss, and surface water. ¯ Trace-element synoptic site
A characterization of the algal and inverte- ’~ Eagle River synoptic site
brate communities and nutrient concentra-
tions in surface water was completed at

Colorado Plateau
/ 40 MILES

five sites on the Eagle River. Physiographic Province " . S
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SUMMARY OF DATA COLLECTION IN THE UPPER COLORADO RIVER BASIN, 1996-98

Study What data were collected and why Types of sites sampled Number of Sampling frequency

component sites and period

Surface-Water Chemistry
Basic fixed Monthly samples collected for major ions, nutrients, organic Streams and rivers representing urban 14 Monthly plus additional

sites-general carbon, and suspended sediment to describe concentra- development, mining, agricultural, and high- or low-flow sam-

water chem- tion variability and loads. Daily streamflow also collected rruxed land use. pies for water years

istry or computed. 1996-98

Intensive fixed All constituents collected for the fixed sites. Weekly to A subset of the fixed site network. One site 3 Weekly to monthly plus

sites monthly samples collected to describe temporal variabil- representing urban development, one additional high- or low-

ity in pesticide and volatile organic compounds concen- site representing agricultural land use, flow samples for water

trations, and the outlet of the Study Unit. year 1997

Synoptic One time sample to describe ]he spatial variability of pesti- Agricultural drains, streams and rivers in 43 May 1998

sites-agricul- cides and nutrients in agricultural areas, the Grand and Uncompahgre Valleys.
ture Outlet of the Study Unit.

Synoptic Nutrient and algae samples along an upstream to down- Upstream to downstream sites along seven 30 March and September

sites-urban stream profile in areas of urban development to investi- tributary rivers, i
1998

development gate influences of urban development. I
Ground-Water Chemistry

Land-use Samples collected for major ions, nutrients, 18 trace ele- ;hallow monitoring wells 25 Spring and Fall 1997

effects-Urban ments, radon, dissolved organic carbon, 87 pesticides,
86 volatile organic compounds, bacteria (total coliform
and E. coli), and chlorofluorocarbons to describe the
effects of urban development on the shallow ground
water in five urban areas of the Southern Rocky Moun-
tains.

Aquifer Samples collected for major ions, nutrients, 18 trace ele-    Private and municipal drinking-water wells 28 Once in 1997

survey- ments, radon, dissolved organic carbon, 47 pesticides, 86 Monitoring well 1
Southern volatile organic compounds, and bacteria (total coliform Spring 1
Rocky and E. coil) to describe the water-quality conditions in
Mountains selected alluvial aquifers throughout the Southern Rocky

Mountains Physiographic Province.
Aquifer Samples collected for same as above (except that 13 of these Private and municipal drinking-water wells 14 Once in 1997

survey- sites were not sampled for pesticides or volatile organic Spring 1
Southern compounds) to describe the water-quality conditions in
Rocky Moun- selected alluvial aquifers throughout the Southern Rocky I

areasneartains miningin or
nearM°untainSminingPhysi°graphicareas. Province for wells located in or

Stream Ecology
Basic fixed sites Fish, invertebrate, and algae communities, trace elements, Streams and rivers representing urban           15       Fish community, inverte-

and organics in streambed sediment and fish tissue, and development, mining, agrictdtural, and brate community, and
habitat data were collected to assess the occurrence and mixed land use. algae August, 1996-98;
distribution within the UCOL. Habitat August 1996;

Strearnbed sediment and
fish tissue August-Octo-

ber 1995

Synoptic sites- Trace-element concentrations in streambed sediment, Areas of mining land use and background 32 August 1998
trace ele- aquatic moss, and water; and invertebrate community sites in areas of no mining.
ments structure to assess the spatial extent and magnitude of

txace-element contarmnation from mining areas.
Synoptic sites- Invertebrates, algae, and nutrients in water to characterize Sites within and downstream from devel- 5 February and September

Eagle River current conditions in an area of extensive urban develop- oped areas. Additional sites in areas that 1997
merit, may be developed in the future.
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GLOSSARY

Algae--Chlorophyll-bearing, nonvascular, primarily aquaticCubic foot per second (ft3/s, or cfs)-- Rate of water dis-
species that have no true roots, stems, or leaves; most charge representing a volume of 1 cubic foot passing a
algae are microscopic, but some species can be as large given point during 1 second, equivalent to approxi-
as vascular plants, mately 7.48 gallons per second or 448.8 gallons per

minute or 0.02832 cubic meter per second.Alluvium--Deposits of clay, silt, sand, gravel or other par-
ticulate rock material left by a river in a streambed, on aDetect-- To determine the presence of a compound.
flood plain, delta, or at the base of a mountain.

DDT-- Dichloro-diphenyl-trichloroethane. An organochlo-
Alluvial aquifer--A water-bearing deposit of unconsoli- fine insecticide no longer registered for use in the

dated material (sand and gravel) left behind by a river or United States.
other flowing water.

Discharge-- Rate of fluid flow passing a given point at a
Ammonia--A compound of nitrogen and hydrogen (NH3) given moment in time, expressed as volume per unit of

that is a common by-product of animal waste. Ammo- time.
nia readily converts to nitrate in soils and streams.

Dissolved constituent--Operationally defined as a constitu-
Aquatic-life guideline~ Water-quality guidelines for pro-

ent that passes through a 0.45-micrometer filter.tection of aquatic life. Often refers to U.S. Environmen-
tal Protection Agency water-quality criteria for Drainage basin-- The portion of the surface of the Earth
protection of aquatic organisms. See also Water-quality that contributes water to a stream through overland run-
guidelines, off, including tributaries and impoundments.

Basin-- See Drainage basin. Eutrophication-- The process by which water becomes

Benthic invertebrates-- Insects, mollusks, crustaceans, enriched with plant nutrients, most commonly phospho-

worms, and other organisms without a backbone that rus and nitrogen.

live in, on, or near the bottom of lakes, streams, or Health advisory-- Nonregulatory levels of contaminants in
oceans, drinking water that may be used as guidance in the

Bioaccumulation-- The biological sequestering of a sub- absence of regulatory limits. Advisories consist of esti-
stance at a higher concentration than that at which it mates of concentrations that would result in no known
occurs in the surrounding environment or medium, or anticipated health effects (for carcinogens, a speci-
Also, the process whereby a substance enters organisms fled cancer risk) determined for a child or for an adult
through the gills, epithelial tissues, dietary, or other for various exposure periods.
sources. Instream standards-- See Water-quality standards.

Breakdown productm A compound derived by chemical,Invertebrate-- An animal having no backbone or spinal
biological, or physical action upon a pesticide. The column. See also Benthic invertebrates.
breakdown is a natural process which may result in a
more toxic or a less toxic compound and a more persis-Load-- General term that refers to a material or constituent
tent or less persistent compound, in solution, in suspension, or in transport; usually

Chiorofluorocarbons-- A class of volatile compounds con- expressed in terms of mass or volume.

sisting of carbon, chlorine, and fluorine. Commonly Maximum contaminant level (MCL)-- Maximum permis-
called freons, which have been used in refrigeration sible level of a contaminant in water that is delivered to
mechanisms, as blowing agents in the fabrication of any user of a public water system. MCLs are enforce-
flexible and rigid foams, and, until several years ago, as able standards established by the U.S. Environmental
propellants in spray cans. Protection Agency.

Community-- In ecology, the species that interact in acom- Median-- The middle or central value in a distribution of
mon area.                                              data ranked in order of magnitude. The median is also

Concentration-- The amount or mass of a substance known as the 50th percentile.
present in a given volume or mass of sample. Usually Micrograms per liter (p.g/L)-- A unit expressing the con-
expressed as microgram per liter (water sample) or centration of constituents in solution as weight (micro-
micrograms per kilogram (sediment or tissue sample), grams) of solute per unit volume (liter) of water;

Confluence-- The flowing together of two or more streams; equivalent to one part per billion in most streamwater
the place where a tributary joins the main stream, and ground water. One thousand micrograms per liter

Constituent-- A chemical or biological substance in water, equals 1 mg/L.

sediment, or biota that can be measured by an analyticalMidge-- A small fly in the family Chironomidae. The larval
method. (juvenile) life stages are aquatic.
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Milligrams per liter (mg/L ~-~ A unit expressing the con- Study Unit-- A major hydrologic system of the United

centration of chemical con,~tuents m solution as States in which NAWQA studies are focused. Study
weight (milligrams) of solute per unit volume (literl of Units are geographically defined by a combination of

water; equivalent to one part per million in most stream- ground- and surface-water features and generally
water and ground water. One thousand micrograms per encompass more than 4,000 square miles of land area.

liter equals 1 mg/L. Surface water-- An open body of water, such as a lake,
Monitoring well-- A well designed for measuring water river, or stream.

levels and testing ground-water quality.
Mouth-- The place where a stream discharges to a larger

Suspended sediment--Particles of rock, sand, soil, and

stream, a lake, or the sea.
organic detritus carried in suspension in the water col-
umn, in contrast to sediment that moves on or near the

Nitrate-- An ion consisting of nitrogen and oxygen (NO3-). streambed.
Nitrate is a plant nutrient and is very mobile in soils.

Nonpoint source--- A pollution source that cannot be Synoptic sites-- Sites sampled during a short-term investi-

defined as originating from discrete points such as pipe gation of specific water-quality conditions during

discharge. Areas of fertilizer and pesticide applications, selected seasonal or hydrologic conditions to provide

atmospheric deposition, manure, and natural inputs improved spatial resolution for critical water-quality

from plants and trees are types of nonpoint source pol- conditions.

lution. Trace element-- An element found in only minor amounts
Nutrient-- Element or compound essential for animal and (concentrations less than 1.0 milligram per liter) in

plant growth. Common nutrients in fertilizer include water or sediment; includes arsenic, cadmium, chro-
nitrogen, phosphorus, and potassium, mium, copper, lead, mercury, nickel, zinc and selenium.

Organochlorine pesticide-- A class of organic insecticidesUn-ionized ammonia-- The neutral form of ammonia-
containing a high percentage of chlerine. Includes nitrogen in water, usually occurring as NH4OH. Un-
dichlorodiphenylethanes (such as DDT), chlorinated ionized ammonia is the principal form of ammonia that
cyclodienes (such as chlordane), and chlorinated ben- is toxic to aquatic life. The relative proportion of un-
zenes (such as lindane). Most organochlorine insecti- ionized to ionized ammonia (NH4+) is controlled by
cides were banned because of their carcinogenicity, water temperature and pH. At temperatures and pH val-
tendency to bioaccumulate, and toxicity to wildlife, ues typical of most natural waters, the ionized form is

Pesticide-- A chemical applied to crops, rights of way, dominant.
lawns, or residences to control weeds, insects, fungi,
nematodes, rodents or other "pests". Volatile organic compounds (VOCs)-- Organic chemicals

that have a high vapor pressure relative to their water
Phosphorus-- A nutrient essential for growth that can play solubility. VOCs include components of gasoline, fuel

a key role in stimulating aquatic growth in lakes and oils, and lubricants, as well as organic solvents, fumi-
streams. gants, some inert ingredients in pesticides, and some

Picocurie (pCi)-- One trillionth (10-12) of the amount of by-products of chlorine disinfection.
radioactivity represented by a curie (Ci). A curie is the
amount of radioactivity that yields 3.7 x 10~0 radioac-Water-quality guidelines-- Specific levels of water quality

tive disintegrations per second (dps). A picocurie yields which, if reached, may adversely affect human health or

2.22 disintegrations per minute (dpm) or 0.037 dps. aquatic life. These are nonenforceable guidelines issued

Radon-- A naturally occurring, colorless, odorless, radioac- by a governmental agency or other institution.

tive gas formed by the disintegration of the element Water-quality standards-- State-adopted and U.S. Envi-
radium; damaging to human lungs when inhaled, ronmental Protection Agency-approved ambient stan-

Reference site-- A NAWQA sampling site selected for its dards for water bodies. Standards include the use of the
relatively undisturbed conditions, water body and the water-quality criteria that must be

Sediment-- Particles, derived from rocks or biological met to protect the designated use or uses.

materials, that have been transported by a fluid or otherWater year-- The continuous 12-month period, October 1
natural process, suspended or settled in water, through September 30, in U.S. Geological Survey

Species-- Populations of organisms that may interbreed and reports dealing with the surface-water supply. The
produce fertile offspring having similar structure, hab- water year is designated by the calendar year in which
its, and functions, it ends and which includes 9 of the 12 months. Thus,

Streambed sediment-- The material that temporarily is sta- the year ending September 30, 1980, is referred to as
tionary in the bottom of a stream or other watercourse, water year 1980.
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APPENDIX--WATER-QUALITY DATA FROM THE UPPER COLORADO
RIVER BASIN IN A NATIONAL CONTEXT
For a complete view of Upper Colorado R~ver Basra data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqa/. Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http:/4nfotrek.er.usgs.gov/wdbctx/nawqa/nawqa.home.

This appendix is a summary of chemical concentrations Pesticides in waterwHerbicides

and biological indicators assessed in the Upper Colorado stu~y-un, frecluenc/of detection, in percent

River Basin. Selected results for this Basin are graphically , N,a tiorlai freouency of detection, in p ..... t Study-unit sam pie siz~

compared to results from as many as 36 NAWQA Study Alachlor (Lasso, Bronco, Lariat, Bullet) **
Units investigated from 1991 to 1998 and to national 20 0
water-quality benchmarks for human health, aquatic life, or

3 ..... S ~.i~- 0fish-eating wildlife. The chemical and biological indicators
shown were selected on the basis of frequent detection, 0
detection at concentrations above a national benchmark, Atrazine (AAtrex, Atrex, Atred, Gesaprim)
or regulatory or scientific importance. The graphs illustrate ~5
how conditions associated with each land use sampled in

~o ......... -~ < ~..~ ~--"-’"~ ’ 0the Upper Colorado River Basin compare to results from ~.~ ~0 , ,, 25
across the Nation, and how conditions compare among
the several land uses. Graphs for chemicals show only 2,4-D (Aqua-Kleen, Lawn-Keep. Weed-B-Gone)
detected concentrations and, thus, care must be taken to 3~~5 -- ~0
evaluate detection frequencies in addition to concen-
trations when comparing study-unit and national results.
For example, simazine concentrations in Upper Colorado --
River Basin agricultural streams were similar to the DCPA (Dacthal. chlorthal-dimethyl)
national distribution, but the detection frequency was much ~2 30              --                                                        0
higher (72 percent compared to 18 percent).

l ~ 25
0 <l 32

CHEMICALS IN WATER Deethylatrazine (Atrazine breakdown product)" ""

Concentrations and detection frequencies, Upper Colorado River 726275
L : ~_ :: : .... J                                                 09

Basin, 1996-~8~Detection sensitivity varies among chemicals and,
39 ..... ,~,.~ . . 0thus, frequencies are not directly comparable among chemicals

-
~, Detected concentration in Study Unit 3 19

H

S~ ~ Frequencies of detection, in percent. Detection frequencies Metolachlor (Dual, Pennant)
were not censored at any common reporting limit. The left- 5, 81 m~ ~ t I I 39

0
hand column is the study-unit frequency and the right-hand
column is the national frequency - : 18 ~ I 0

INot measured or sample size less than two

~ Study-unit sample size. For ground water, the number of
samples is equal to the number of wells sampled o.ooOl    o.oo~ o.ol 0.1 1 ~o lOb 1,ooo

National ranges of detected coneentrat|one, by ~lnd M~, in 36 CONCENTRATION, IN MICROGRAMS PER LITER

NAWQA Study Unlt~, l~l--gS---Ranges include only samples
in which a chemical was detected

Other herbicides detected
Streams in agricultural areas Acetochlor (Harness Plus, Surpass) " **
Streams in urban areas Benfluralin (Balan, Benefin, Bonalan) *
Streams and rivers draining mixed land uses Bentazon (Basagran, Bentazone) **

Bromacil (Hyvar X, Urox B, Bromax)
................ ;e~:~ ..... Shallow ground water in agricultural areas Cyanazine (Bladex, Fortrol)

Shallow ground water in urban areas 2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * **
~, :’~ : Major aquifers Dicamba (Banvel, Dianat, Scotts Proturf)

Lowest Mlddie Higi~st EPTC (Eptam, Farmarox, Alirox) " **25 50 25~rc~nt ~rc~nt p~c~n~ Ethalfluralin (Sonalan, Curbit) " ""
Oryzatin (Surflan, Dirimal) * *"

National water-quality benchmark~ Prometon (Pramitol, Princep) **

National benchmarks include standards and guidelines related to Simazine (Princep, Caliber 90)
Tebuthiuron (Spike, Tebusan)drinking-water quality, cdtaria for protecting the health of aquatic life, and Trifiuralin (Treflan, Gowan, Tri-4, Trific)

a goal for preventing stream eutrophication due to phosphorus. Sources
include the U.S. Environmental Protection Agency and the Canadian Herbicides not detected
Council of Ministers of the Environment Acifluorfen (Blazer, Tackle 2S) **

Bromoxynil (Buctril, Brominal) "
I Drinking-water quality (applies to ground water and surface water) Butylate (Sutan +, Genate Plus, Butilate) **

I Protection of aquatic life (applies to surface water only) Chloramben (Amiben, Amilon-WP, Vegiben) *"
Clopyralid (Stinger, Lontrel, Transline) " **

I Prevention of eutrophication in streams not flowing directly into Dacthal mono-acid (Dacthal breakdown product) *
lakes or impoundments Dichlorprop (2,4-DP, Seritox 50, Lentemul)
No benchmark for drinking-water quality 2,6-Diethylanitine (Alachlor breakdown product) " **

Dinosab (Dinosebe).̄ No benchmark for protection of aquatic life Diuron (Crisuron, Karmex, Diurex) **
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Fenuron (Fenulon, Fenidim) * ** Volatile organic compounds (VOCs) in ground water
Fluometuron (Flo-Met, Cotoran) *"
Linuron (Lorox, Linex, Sar¢lex, Linurex, Afalon ! " These graphs represent data from 16 Study Units, sampled from 1996 to 1998
MCPA (Rhomene, Rhonox, Chiptox)
MCPB (Thistrol) * ** Stuay-unlt frequency of detection, Jn percent
Met ribuzin (Lexone, Sen c or)

~_
N~tional frequency of det ~¢tion in percent

Study- unff sample siz~T_

Molinate (Ordram) * ** ~ ~ ~ ~ ~ ~ ~
Napropamide (Devrinol) * ** Methyl tert-butyl ether (MTBE)
Neburon (Neburea, Neburyl, Noruben) * **
Norflurazon (Evital, Predict, Solicam, Zorial) * **
Pebulate (Tillam, PEBC) * **
Pendimethalin (Pre-M, Prowl, Stomp) -{ ½ ~- ~

"~’=~""="="= I

0

Picloram (Grazon, Tordon) 5 5 ~
Pronamide (Kerb, Propyzamid) "* 1,2,4-Trimethylbenzene (Pseudocumene) "Propachlor (Ramrod, Satecid) ""
Propanil (Stem, Stampede, Wham) * **
Propham (Tuberite) **
2,4,5-T ** ~

~.9 ~
2,4,5-TP (Silvex, Fenoprop) ** ,~. ~.9 --"- = ~ ~
Terbacil (Sinbar) **
Thiobencarb (Bolero, Saturn, Benthiocarb) * ** I I I I I } I I
Triallate (Far-Go, Avadex BW, Tri-allate) * o o0f 0.o~ o,~ 1 lo loo 1,ooo
Triclopyr (Garlon, Grandstand, Redeem, Remedy) * **

CONCENTRATION, IN MICROGRAMS PER LITER

Pesticides in watermlnsecticides
Other VOCs detectedStudy-unit frequency of detec0on, in percent Benzene

National frequency of qetection, in percent Study-unit s~mple size Bromodichloromethane (Dichlorobromomethane)
._~ ........

~
2-Butanone (Methyl ethyl ketone (MEK)) *

--L Azinphos-me!hyl (,Guthion._..£ Gusathion M) * n-Butylbenzene (1-Phenylbutane) *5 3
3~ sec-Butylbenzene *

-(~ ~ 9 Carbon disulfide *

- ": ~" 0 Ch!oroethane (Etnyl ch!oride~ *
Chloromethane (Methyl chloride)
1,3-Dichlorobenzene (m-Dichlorobenzene)

p,p’-DDE Dichlorodifluoromethane (CPC 12, Freon 12)
5 8 ..... Dichloromethane (Methylene chloride)

~ ~ I

39 Diethyl ether (Ethyl ether) *0
9 1,2-Dimethylbenzene (o-Xylene)

"
~

!

0 1,3 & 1,4-Dimethylbenzene (m-&p-Xylene)~ ~ ~ 25 1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) *0 ~ ~ 32 Ethenylbenzene (Styrene)
~ I       1       I       I I       I I 1-Ethyl-2-methylbenzene (2-Ethyltoluene) *

o.ooot 0.o01 o.ol o,1 1 lO 100 1,ooo Ethylbenzene (Phenylethane)
CONCENTRATION, ~N MICROGRAMS PER L~TER Iodomethane (Methyl iodide) *

Isopropylbenzene (Cumene) *
p-lsop, ropy toluene (p-Cymene) *
4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK)) *Other insecticides detected

Carbaryl (Carbamine, Denapon, Sevin) Methylbenzene (Toluene)
NaphthaleneCarbofuran (Furadan, Curaterr, Yaltox)
2-Propanone (Acetone) *Chlorpyrifos (Brodan, Dursban, Lorsban)
n-Propylbenzene (Isocumene) *Diazinon (Basudin, Diazatol, Neocidol, Knox Out)
Tetrachloroethene (Perchloroethene)gamma-HCH (Lindane, gamma-BHC)

Malathion (Malathion) Tetrachloromethane (Carbon tetrachloride)
1,2,3,5-Tetramethylbenzene (Isodurene) *cis-Permethrin (Ambush, Astro, Pounce) * *"
1,1,1-Trichloroethane (Methylchloroform)Phorate (Thimet, Granutox, Geomet, Rampart) * **
Trichtoroethene (TCE)Propargite (Comite, Omite, Ornamite) "**

Terbufos (Contraven, Counter, Pilarfox) *" Trichloromethane (Chloroform)
1,2,3-Trimethylbenzene (Hemimellitene) °

Insecticides not detected 1,3,5-Trimethylbenzene (Mesitylene) *
Aldicarb (Temik, Ambush, Pounce)

VOC$ not detectedAldicarb sulfone (Standak, aldoxycarb)
tert-Amylmethylether (tert-amyl methyl ether (TAME)) *Aldicarb sulfoxide (Aldicarb breakdown product)
Bromobenzene (Phenyl bromide) *Dieldrin (Panoram D-31, Octalox, Compound 497)

Disulfoton (Disyston, Di-Syston) "* Bromochloromethane (Methylene chlorobromide)
Ethoprop (Mocap, Ethoprophos) * ** Bromoethene (Vinyl bromide) *

Bromomethane (Methyl bromide)Fonofos (Dyfonate, Capfos, Cudgel, Tycap) **
tert-Butylbenzene *alpha-HCH (alpha-BHC, alpha-lindane) **
3-Chloro-l-propene (3-Chloropropene) *3-Hydroxycarbofuran (Carbofuran breakdown product) * **
1-Chloro-2-methylbenzene (o-Chlorotoluene)Methiocarb (Slug-Geta, Grandslam, Mesurol) * **

Methomyl (Lanox, Lannate, Acinate) ** 1-Chloro-4-methylbenzene (p-Chlorototuene)
Methyl parathion (Penncap-M, FolidoI-M) ** Chlorobenzene (Monochlorobenzene)
Oxamyl (Vydate L, Pratt) ** Chlorodibromomethane (Dibromochloromethane)

Chloroethene (Vinyl chloride)Parathion (RoethyI-P, Alkron, Panthion, Phoskil) *
1,2-Dibromo-3-chloropropane (DBCP, Nemagon)Propoxur (Baygon, Blattanex, Unden, Probrotox) * **
1,2-Dibromoethane (Ethylene dibromide, EDB)
Dibromomethane (Methylene dibromide) *
trans-1,4-D ch oro-2-butene ((Z)-1,4-Dichloro-2-butene) *
1,2-Dichlorobenzene (o-Dichlorobenzene)
1,4-Dichlorobenzene (p-Dichlorobenzene)
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1,2-Dichloroethane (Ethylene dichloride) Dissolved solids in water
1,1-Dichloroethane (Ethylidene dichloride~ "
1,1 -Dichloroethene (Vinylidene chloride) Study-unit frequency of detection, in percent
trans-l,2-Dichloroethene ((E)-l,2-Dichlorothene) | N, ational frequency ol detecti(,’n, in pe rcen,

Study-unit sampte sizeI

cis.l,2-Dichloroethene ((Z)-l,2-Dichloroethene)
I 1                                           ~

~
1,2-Dichloropropane (Propylene dichloride) Dissolved solids *
2,2-Dichloropropane * ]00 100 --
1,3-Dichloropropane (Trimethytene dichloride)" 100 1001dO I00                            j              296
trans-l,3-Dichtoropropene ((E)-l,3-Dichloropropene) -- 100 ~ 0
cis-l,3-Dichloropropene ((Z)-l,3-Dichtoropropene) 100 100
1,1-Dichloropropene * 100 100
Diisopropyl ether (Diisopropytether (DIPE)) *
Ethyl methacrylate * I ~

Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE)) " o,ool dot o.1 f lo rod tOdd lo,ooo 1dO.Odd

Hexachlorobutadiene CONCENTRATION. IN MILLIGRAMS PER LITER
1,1,1,2,2,2-Hexachloroethane (Hexachloroethane)
2-Hexanone (Methyl butyl ketone (MBK)) *
Methyl acrylonitrile *
Methyl-2-methacrylate (Methyl methacr~late) *
Methyl-2-propenoate (Methyl acrylate) * Trace elements in ground water
2-Propenenitrile (Acrylonitrile) Study-unit frequerlcy of detection, in percent
1,1,2,2-Tetrachtoroethene * I    National frequency of detection, in percent Study-unit sample size
1,1,1,2-Tetrachloroethane

~1 L ........Arsenic1,2,3,4-Tetramethylbenzene (Prehnitene) *
Tribromomethane (Bromoform)
1,1,2-Trichloro- 1,2,2-trifluoroethane (Freon 113) *
1,2,4 -Trichlorobenzene
1,2,3-Trichlorobenzene " 36                58

i~,ile~-~.    ~..~.. ...........

o
1,1,2-Trichloroethane (Vinyl trichloride) ½ ~ 25

Trichlorofluoromethane (CFC 11, Freon 11 )
22 37

! ,2,3-Trichtoropropane (Allyl trichloride) Chromium

Uranium

Nutrients in water
Study-unit frequency of detection, in percent

National frequency of detection, in percent                     Study-unit sample size

_~ Ammonia, as *** Zinc

38 86 85
48 75 ~ = 28z~

28 ~ I 0

23 70 ~ #~ 8~ 56 ~_-- ~ 45

Dissolved ammonia plus organic nitrogen, as N" ** o.01 0.1 1 lO 10o    1,ooo lo,ooo lOO,ooo
9 74 86 CONCENTRATION, IN MICROGRAMS PER LITER

33 62 ~ 286

28 , _~. 0

Radon-222
Dissolved nitrite plus nitrate, as N **

100 95 87
98 97 86
87 91 285

Orthophosphate, as P " "* o 01 0.1 t !0 100    1,000 10,0OO "~OO,OO0
75 79 H~ ~ ¯ 87 CONCENTRATION. IN PfCOCURIES PER LITER
52 72 I I I 85
61 7~ 286

½ ~ 52 25 Other trace elements detected57 6~ ’ _.     ’ 4~ Lead

Total phosphorus, as P * *" Selenium
86 92 e :::: -- 87 Trace elements not detected67 90 , ,,I 86
81 88 , -- 286 Cadmium

I I I I I ~ I

CONCENTRATION, IN MILLIGRAMS PER LITER
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Study-unit frequency of detection, in percentCHEMICALS IN FISH TISSUE
I Nj~tional frequency of detection, in de�cent

Stucly-unit sam
AND BED SEDIMENT

p,p’-DDE * **
Concentrations and detection frequencies, Upper Colorado River 100 90 t
Basin, 1996-98---Detection sensitivity varies among chemicals and, 100
thus, frequencies are not directly comparable among chemicals. 75 92

Study-unit frequencies of detection are based on small sample sizes; 83
0 62

the applicable sample size is specified in each graph 33 39

¯ , Detected concentration in Study Unit                                         o,p’+p.p’-DDE (sum of o,p’-DDE and p,p’-DDE) *
100 906638 Frequencies of detection, in percent. Detection frequencies 10o
75 92 ~L I II ~were not censored at any common r{~porting limit. The lefl-

hand column is the study-unit frequency and the right-hand 80~ "862column is the national frequency 33 39 -
Not measured or sample size less than two

Total DDT (sum of 6 DDTs) **:2 Study-unit sample size 100 90 ~
ZOO 9~ - I75 93 ~~ ~ INational ranges of concentrations detected, by land use, in 36

NAWQA Study Units, 1991-98--Ranges include only samples 8~
in which a chemical was detected 35 ~ ~

I I Fish tissue from streams in agricultural areas o,p’+p,p’-DDT (sum of o,p’-DDT and p,p’-DDT)
Fish tissue from streams in urban areas 6 o

53F~h tissue from streams draining mixed land uses 2 ~ 29
........ ~-,~- ~’~: .......... Sediment from streams in agricultural areas 50

Sediment from streams in urban areas 0 38
~0 11

-.,,~,-,=.-~,~e~,.,~-~ Sediment from streams draining mixed land uses
Lowest Middle Highest                                                                    Dieldrin (Panoram D-31, Octalox)

25        50       25
o ~2

38 38
National benchmarks for fish tlssue and bed sediment                      33

30
~F

National benchmarks include standards and guidelines related to 0°
criteria for protection of the health of fish-eating wildlife and aquatic
organisms. Sources include the U.S. Environmental Protection Agency, Dieldrin+aldnn (sum of dieldrin and aldrin)

otherMinisters ofthe EnvironmentFederal and State agencies, and the Canadian Council of
1                                               38000 38a252

.~
~ ~

I Protection of fish-eating wildlife (applies to fish tissue) 3 (~

0    9             ~
Protection of aquatic life (applies to bed sediment)

No benchmark for protection of fish-eating wildlife o 1 1 lO lOO 1,ooo lO,OOO
¯ * No benchmark for protecbon of aquatic life CONCENTRATION, IN MICROGRAMS PER KILOGRAM

Other organochlorines detectedOrganochlorines in fish tissue (whole body) DCPA (Dacthal, chlorthal-dimethyl) " "*
and bed sediment Heptachlor epoxide (Heptachlor breakdown product) *

Heptachlor+heptachlor epoxide (sum of heptachlor and heptachlor epoxide) *°
Study-unit frequency of detection, in percent Hexachlorobenzene (HCB) "*

National frequency of detection in percent Study-unit sample size Toxaphene (Camphechlor, Hercules 3956) " ""
I i f i ~ , I Organochlorines not detected

_U Total Chlordane (sum of 5 chlordanes) Chloroneb (Chloronebe, Demosan) * "*
8003758 ,

2                            5Endosulfan I (alpha-Endosulfan, Thiodan) * ""
25 56 , ,~ Endrin (Endrine)

0 9 ~ 6 gamma-HCH (Lindane, gamma-BHC, Gammexane) *
0 ~ 7

~
2 TotaI-HCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and delta-HCH) **0 11 -- 6 Isodrin (Isodrine, Compound 711) * *"

p,p’.Methoxychlor (Madate, methoxychlore) " **o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) *
o,p’-Methoxychlor * "*

o 89 2 Mirex (Dechlorane) **!2 50 8 Total PCB
35 2z ~ 6 Pentachtoroanisole (PCA) * *"0 50

,~,~llr~4
2 cis-Permethrin (Ambush, Astro, Pounce) " **0 20 6 trans-Permethrin (Ambush, Astro, Pounce) * **

o.1 1 10 100                1,000 10,000 100,000
CONCENTRATION, IN MICROGRAMS PER KILOGRAM

(Fish t~ssue is wet weight; de~ sediment is dry weight)
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Semivolatile organic compounds (SVOCs) 1-Methyl-gH-fluorene
2-Methylanthracene

in bed sediment 4,5*Methylenephenanthrene
1 -Methylphenanthrane

Study-unit frequency of detection, in percent 1 -iethylpyrene **

I Nitional frequency of detec~on, in percent

Study-unit s am ple s,zL Naphthalene
i
Anthraquinone °* Phenanthrene

Pyrene
2,3,6*Trimethytna, phthalene °"

5o 83 , 2 SVOCs not detected
0 39 ’111 IIIII 6 Acenaphthene

Acenaphthylene
9H-Carbazole

Azobenzene "°
Benzo[c]cinnoline

17 19 6 2,2-Biquinoline **
50 7{~ , 2 4-Bromophenyl-phenylether

o 33 6 4-Chloro-3-methylphenol *"
bis(2-Chloroethoxy)methane

Dibenzothiophene
2-Chlorophenol
4-Chlorophenyt-phenylether

~ 7 ~2 ~ 6 1,2-Oichlorobenzene (o-Dichlorobenzene) °*
1DO 64

~,
2 1,3-Oichlorobenzene (m-Dichlorobenzene) ""33 30 6

1,4-Dichlorobenzene (p-Dichlorobenzene)

2,6-Dimethylnaphthalene °* 3,5-Dimethylphenol **
2,4-Dinitrotoluene **
Isophorone **
Isoquinoline *°

100 65 6 Nitrobenzene °*
i00 7~ 2
10o 77 6 N-Nitrosodi-n-propylamine *"

N-Nitrosodiphenylamine **
Phenantnridine °*

bis(2-Ethylhexyl)phthalate "*                                       Quinotine *"
1,2,4-Trichlorobenzene "*

I00 91 ~ : 6

I00 95                                                6
Trace elements in fish tissue (livers) and

Fluoranthene bed sediment

Study-unit frequency ot detection, in percent

1001001{30
9766 78 :,1_~~ " ’ J 2                                                                          66 ! NI ati°nal frequency °f detecti°n’ in Percent                     tArsenic *          i           i           i           ! Stucly’unit sample sizZI           I

Phenol ** 40 56
0 38 2

88 76 8

I00 99
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Sacramento River Basin contact and Web site: National NAWQA Program:

Joseph Domagalski Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
Placer Hall, 6000 J Street, 12201 Sunrise Valley Drive, MS 413
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e-mail: joed @ usgs.gov http://water.usgs.gov/nawqa!
http://water.wr, usgs.gov/sac_nawqaJindex.html
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Sacramento River Basin that emerged from
an assessment conducted between 1994 and 1998 by the U.S. Geological Survey (USGS) National Water-Quality
Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and compared to
conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are also explained in
the context of selected national benchmarks, such as those for drinking-water quality and the protection of aquatic
organisms. The NAWQA Program was not intended to assess the quality of the Nation’s drinking water, such as by
monitoring water from household taps. Rather, the assessments focus on the quality of the resource itself, thereby
complementing many ongoing Federal, State, and local drinking-water monitoring programs. The comparisons
made in this report to drinking-water standards and guidelines are only in the context of the available untreated
resource. Finally, this report includes information about the status of aquatic communities and the condition of in-
stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials of State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Sacramento River Basin
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

Sacramento River Basin

NAWQA Study Units--
Assessment schedule

m 1991-95

m 1994-98

~ 1997-2001

~ Not yet scheduled

~~11
~ High Plains Regional

Ground Water Study,
’~ 1999-2004

TIlE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource managment,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Sacramento River Basin is one of 51 water-quality assessments initiated since 1991, when the U.S.
Congress appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36
assessments have been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments
cover about one-half of the land area of the United States and include water resources that are available to more
than 60 percent of the U.S. population.

IV National Water-Quality Assessment Program
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 .USGS
science for a changing wor/d

New reports on water If you are interested in receiving additional information or would like
to discuss water-resource topics of interest to you, please contact thequality NAWQA Program at (703) 648-5716 or through email at

USGS recently released reports nawqa_info@usgs.gov. A map of the NAWQA assessments and

on water quality in 16 major river additional ordering information, including USGS Circular report
basins and aquifers across the numbers, are provided in the enclosed brochure.

Nation. The assessments indicate
that the Nation’s waters are
generally suitable for irrigation,
drinking water supply, and other Information supports water-resource decisions by
home and recreational use. Major communities and states
challenges remain, however, in
protecting aquatic resources from A sampling of the types of information contained in the newly
nonpoint sources of pesticides, released assessments is provided, as well as examples of how this
nutrients, metals, petroleum-based information is used to support science-based decisions at all levels for
compounds, naturally occurring resource management and the protection of drinking water and aquatic
pollutants and other contaminants ecosystems. For more details, go to the USGS website:
that continue to enter waterways http://water.usgs.gov/nawqa.
in every basin.

¯ Increased nutrients from the St. Croix River tributaries are increasing
Because each of the the rate of eutrophication in Lake St. Croix, Minnesota. In response

assessments adheres to a to these findings, a multi-agency, cooperative agreement was signed
nationally consistent design and to implement a protection strategy for the St. Croix River.
sampling methods, managers and
planners in a specific locality or
watershed can. compare their ¯ Mississippi Embayment ground water is good for drinking-water
water-quality conditions to those supply; however, concentrations of DDT in streams and rivers are
in other geographic regions, often higher than national norms. These results have contributed to
Collectively the assessments decisions by the State of Mississippi to establish fish-consumption
advance an understanding of the advisories for selected organochlorine compounds and other
status of our Nation’s waters and contaminants.
whether it is getting better or
worse over time. ¯ Findings in 14 major urban centers across the Nation, including San

Antouio and Dallas, Texas show that lead, PCBs, and DDT are
Pollution levels vary from decreasing since restrictions on their use in the 1970s. In contrast, the

season to season and among studies show that polycyclic aromatic hydrocarbons (PAHs) and zinc
watersheds because of differences are increasing in watersheds experiencing urban growth and increased
in land and chemical use, land- motor vehicle traffic.
management practices, degree of
watershed development, and
natural features, such as soils, ¯ Fish and aquatic invertebrate communities are commonly impaired in
geology, hydrology, and climate, the urbanized parts of New dersey. The findings suggest that the

Understanding these variations amount of impervious road area and density of development affect the
and their causes helps in the amount of runoff in a watershed and are important considerations in
implementation of effective maintaining stream quality. These findings are used by the State of
management for water-quality New Jersey in its development of realistic stream management and
improvement in specific restoration goals for urbanized streams, to be adopted in the State’s
geographic areas. Watershed Management Plans.

wSEE BACK FOR MORE--
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"The NA WQA Program is essential to
¯ Conservation tillage practices by farmers have resulted in reduced understanding the impact of land-use

sediment erosion to streams in northwestern Ohio and northeastern changes on the quality of water

Indiana. flowing to the Great Lakes...Findings
are directly applicable to resource
managers and planners and

¯ Diazinon, used by homeowners on lawns and gardens, was frequently transferable throughout the Great

detected in urban streams in the Puget Sound and Sacramento River Lakes Basin" (Great Lakes

Basins, often exceeding guidelines for protecting aquatic life. Commission, composed of 8 states).

¯ Nutrients are elevated and have resulted in increased algal growth in "The Florida Everglades has the
areas of urban development in the Southern Rocky Mountains. These misfortune to exhibit some of the
findings were used by officials in Grand County, Colorado to help highest concentrations of mercury
support legislation requiting improved septic systems and annual in itsfish and wildlife. The USGS
septic system monitoring in an effort to prevent further water-quality has brought together scientists of
degradation, many disciplines and enabled the

South Florida Mercury Science
Program to develop a deeper

¯ Concentrations of two pesticides--alachlor and cyanazine--have understanding of the scope, scale,
decreased in the Illinois River since 1991 because of decreased use ofstatus, and trends of mercury
these pesticides by farmers. Relations between chemicals used in problems in Florida. This has
agricultural and urban settings, and the types and concentrations of thereby greatly enhanced our ability
contaminants in streams and ground water, are seen in every basin, to model and manage the factors

that contribute to this problem"
(Dr. Thomas Atkeson, Florida

¯ Herbicide degradation products, which are mostly non-regulated, are Department of Environmental
commonly 10 times the concentration of parent compounds in the Protection).
Iowa River, Iowa. On the basis of these findings, local officials in the
city of Cedar Rapids, Iowa require monitoring and analysis of
herbicide degradation products in the city water supplies. "’The NA WQA Program [provides

data to] the U.S. Environmental
Protection Agency (USEPA) [to¯ Since the Surface Mining Control and Reclamation Act of 1977, help in their] implementation of the

stream quality in the coal regions of the Allegheny and new pesticide law...Food Quality
Monongahela River Basins in Pennsylvania and West Virginia and Protection Act (FQPA), passed in
the Kanawha River Basin in West Virginia and Virginia has August 1996. USEPA has been
improved because of decreased acidity, but the diversity and required to factor potential
abundance of aquatic organisms are reduced compared to unmined exposures to pesticides through
areas, drinMng water into already complex

procedures used to set pesticide
"tolerance levels" in foods... We do

¯ Findings for Shingle Creek and 13 other major streams in the not have all the answers yet by any
Minneapolis metropolitan area indicate clear relations between means, but we in USEPA who are
chloride concentrations and impervious surfaces and snowmelt. The charged with implementing this part
information, placed in the context of other sampled urban watersheds of the new FQPA are greatly
throughout the Nation, helped to demonstrate to the Shingle Creek impressed with the knowledge and
Watershed Management Commission that elevated chloride in Shingleexpertise contributed by NA WQA

Creek was not a local stockpile issue. The Commission has since Program scientists and managers to

recommended a metropolitan approach to assess current practices of assist USEPA in addressing the
questions ’" (Joseph Merenda, Office

road salt use, which is leading to improved strategies needed to meet of Pesticide Programs, USEPA).
Minnesota standards.

May 2001
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SUMMARY OF MAJOR FINDINGS

Stream and River Highlights ¯ Phosphorus, a plant nutrient related to algal
growth, was elevated in most samples collected in

The water quality of the Sacramento River and agricultural and urban streams.

its major tributaries supports most beneficial ¯ Mercury from historical mining activities has been
uses most of the time, including drinking and a pervasive and prevalent problem of the Sacra-

mento River Basin and downstream locations.
irrigation water, recreation, and protection of fish Mercury concentrations in water exceeded recom-
and other aquatic life. Most of the water in the mended guidelines for the protection of aquatic life
Sacramento River and its major tributaries, such during this study.

as the Feather and American rivers, is derived ¯ Salmonid fish reproduce in mountain streams, with
subsequent migration to marine waters and final

from melting snow that enters the rivers by man- migration back to the mountain streams for
aged discharges of water from reservoirs, reproduction. Water management projects
Because the snow is pure, much of the Sacra- (reservoirs and dams) have blocked the normal

migration routes, forcing fish to move to lessmento River and its large tributaries have low desirable habitats, thus affecting their
concentrations of dissolved minerals. Although reproduction.
water quality of the Sacramento River is good
most of the year, seasonal events, such as agri- 121° .~
cultural runoff or runoff from historical mining 122°
operations, may affect this quality. Variable cli- _t,                      ,
matic conditions and variation in amounts of
rainfal!, coupled with competing demands for ~.,
water uses, affect the aquatic ecology of this
basin. Management of the major rivers for the
migration and reproduction of chinook salmon ..                                         ,,.
and other salmonid fish is a major concern in the .                                   ¯ ~’-"
Sacramento River Basin. ;

123
¯ Pesticides can affect the suitability of water for

" ~’"M.,,..
drinking and can also be toxic to aquatic organ- ’
isms. In previous years, the concentrations of
pesticides used on rice were sufficiently high to 40oAaffect the health of aquatic life in streams drain-
ing the rice growing areas and to contribute to ........ -
taste and odor problems for treated drinking
water withdrawn from the lower Sacramento
River. The concentrations of rice pesticides in
agricultural streams and major rivers are now at
acceptable levels.

¯ Organophosphate insecti-
cides, a group of pesti- "
cides used in agricultural
and urban areas, enter the EXPLANATION
Sacramento River from Land use
multiple sources at ~ Urban ....
concentrations that exceed 1---] Cropland and pasture
recommended criteria for ~ Range land mento
protection of aquatic life. [~ Forest land /"
Although the concen- 1---] Water " o’
trations in agricultural and ~ Barren land ( 0 20 40 MILES
urban streams sometimes ~ Yolo Bypass
exceed amounts that are --- ~tudy erea boundary "~.’~’.~ 0 2’0 ,~0 KILOMETERS
toxic to zooplankton
in laboratory tests, the The Sacramento River Basin Study Unit has a wide range of land uses that encompass
toxicity is greatly reduced about 70,000 square kilometers in California. The large cropland and pasture area is
or eliminated when known as the Sacramento Valley. The Sacramento River is the largest river in California
concentrations of these and supplies drinking and irrigation water to communities and farms in both northern and
pesticides are diluted by southern California. In 1995, over 2.2 million people lived within the Study Unit boundary,
the Sacramento River. with more than 1 million in the Sacramento metropolitan area.

Summary of Major Findings 1
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¯ Optimal temperature ot n~ ere lOT nsh migration is main-the valley and from infiltration of rain, rivers, and irri-
tained most of the time. but temperature managementgation on the valley floor. Ground water is affected by
can be difficult during a drought, agricultural and urban land uses.

¯ Reservoirs have affected habitats of bottom-dwelling
aquatic insect populations downstream from the dams. ¯ Bentazon, a herbicide applied to rice fields, was
This may affect the food supply for critical life stages of detected in 71 percent of shallow wells sampled in the
fish. rice-growing area, despite having been suspended from

¯ Nonnative fish and other nonnative aquatic species have use since 1989. Bentazon concentrations measured in
affected streams in the Sacramento Valley: Nonnative this study did not exceed any existing dri.nking-water
species may outcompete native species, resulting in nexv standard. To protect rivers from pesticide contamina-
aquatic community assemblages, thus creating an imbal- tion, the rice-field water is required, by means of
ance in formerly stable ecosystems, mechanical controls, to remain on the fields for about

1 month. During that time, pesticide levels decrease by
Major Influences on Streams and Rivers various processes, but evaporation of the water may

increase the salinity of the shallow ground water by
¯ Year-to-year variation in precipitation amounts leaving salts behind.
¯ Runoff from agricultural, urban, and mining areas ¯ Urban growth of the Sacramento metropolitan area has
¯ Existence and maintenance of water-supply and flood- affected ground-water quality. Nitrate concentrations

control projects are elevated but are below drinking-water standards in
most wells.

Selected Indicators of Stream-Water Quality ¯ Some of the most heavily used portion of the south-
eastem Sacramento Valley aquifer was shown to gener-

Small Streams Major Rivers ally have good water quality suitable for drinking and
Agricul- Mining Mixed other uses. Only about 3 percent of the ground-waterUrban tural           Land Uses                     samples collected had nitrate or trichloroethene con-

O ~11
centrations that exceeded a drinking-water standard.

Pe’~ticidesl " -- ~t~ Radon concentrations exceeded guidelines in most of
the domestic wells sampled.

Nitrate2 ~ ~ O O

Ph°sph°rusSO 0 O

Major Influences on Ground Water

¯ Agricultural and urban land-use practices

Trace                                                       ° Soil and aquifer properties
elements4

Mercury5 O O O O Selected Indicators of Ground-Water Quality

Organo.

O O O O

Shallow Ground Water Supply Wells

chl°rinesS Urban Agricultural Domestic Public

organics’Semivolatlle O O O O Pesticides’ ~ ~
~1~ __

m Percentage of samptes with concentrations greater
than or equal to health-related national guidelines for
drinking water, protection of aquatic life, or contact
recreation Radon -- -- --

BI~ Percentage of samples with concentrations less than Volatile
~j~ ~health-related national guidelines for drinking water, organic -- --

protection of aquatic life, or contact recreation cutupounds3

Percentage of samples with no detection

-- Not assessed m Percentage of samples with concentrations greater
than or equal to health-related national guidelines for

1 insecticides, herO,cities, and pesticide metabolites, sampled in water, drinking water
2 Nitrate (as n~trogen), sampled in water.

3 Total phosphorus, sampled in water. ~ Percentage of samples with concentrations less than
4 Arsenic, mercury, and metals, sampled in sediment, health-related national guidelines for drinking water

5 Total mercury in unfiltered water samples. Percentage of samples with no detection
60rganochlonne compounds including DDT and PCBs, sampled in fish tissue.
7 Miscellaneous industnal chemisals and combustion by-products, sampled in sediment. -- Not assessed

1 Insact~des, herbicides, and pesticide metabotites, sampled in water.
Ground-Water Highlights 2 Nitrate (as nitrogen), sampled in water,

3 Solvents, refngerants, fumigants, alld gasoline compounOs, sampled

Ground water of the Sacramento Valley accumulated ~n water.
in aquifers from precipitation in low hills surrounding

2 Water Quality in the Sacramento River Basin
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INTRODUCTION TO THE SACRAMENTO RIVER BASIN

The Sacramento River Basin meters (m3) (Domagalski and Ranges, and the Sacramento Valley
occupies nearly 70,000 square Brown, 1998). The basin includes (fig. 1). The Sacramento Valley is
kilometers (km2) in the north all or parts of six landforms or the low-lying province of the basin;
central part of California (fig. 1). physiographic provinces--the the other provinces are moun-
The Sacramento River is the largest Great Basin, the Middle Cascade tainous. Land use in the moun-
river in California, with an average Mountains, the Sierra Nevada, the tainous regions of the basin is
annua! runoff of 27 billion cubic Klamath Mountains, the Coast principally forest, although forest

in
McCloud River

121°

122° Lake Clementine Dam
Acid min~ Creek

41°.

123°

4O

Drainage from the abandoned
’ Mine Sacramento

Sacramento
north

Central Valley)

Valley)

San Joaquin-
Sacramento Delta~         ~

0     20 40 MILES ~-..~",,

0 20 40 KILOMETERS

Figure 1. Physiographic provinces in the Sacramento River Basin. Physiographic provinces are regions defined principally by
geologic and topographic features.

Introduction to the Sacramento River Basin 3
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and rangeland are mixed in regions The largest cities of the basin are located immediately downstream
of the Coast Ranges and the Great in the Sacramento Valley and from Shasta Lake. The drainage

Basin. Domagalski and others include Chico, Red Bluff, Redding, includes both mined metals and
(1998) have provided more and Sacramento. The Sacramento nonmined metals such as cadmium.

information on the physiographic metropolitan area is home to more Mercury that was used in previous
provinces of the Sacramento River than 1 million people, which is mining within the Coast Ranges

Basin. nearly half of the total population (fig. 3) enters the Sacramento
The Sacramento Valley is the (U.S. Department of Commerce, Valley through Cache and Putah

northern portion of the Central. 1992) in the basin, creeks. Although neither creek
Valley of California and is fully Previous mining for copper, flows directly into the Sacramento
contained in the Study Unit. The lead, and zinc (fig. 2) in the River during low-flow conditions,
Sacramento Valley has the greatest Klamath Mountains has resulted in the load of mercury can be trans-
population of any part of the basin, acid mine drainage (drainage of ported to downstream receiving
and it is there that the greatest acidic waters from mines) into part waters, including the San Francisco
effects or potential effects on sur- of Keswick Reservoir, which is Bay, during stormwater runoff
face and ground water are likely to
occur from land-use activities. The

121° J ,,~..Sacramento Valley is also the area
122°

of greatest water use in the basin. .-~ L..’""

Land-Use Effects on r
Water Quality and (,: ¯~o~,,~’-                - ’~..
Stream Habitat 41o :’~" ~" - ~"-*,~,. -. ’ ["N-°’~"/

The Sacramento Valley supports
.i~R ;7Z~,,~-~,. ~ --a diverse agricultural economy, .7 .... ,~ r--’"

much of which depends on the .~ r~l~edding _ - - ,.~"."
availability of irrigation water. 123° :J’ ~" - - "

Water is collected in reservoirs at
(.,- ......~o~C,~,.?~ --2-_~: - ~ ~’,~’ ....

several locations within the moun- )    Re~te~m~- - -:
tains surrounding the Sacramento 4n~._~t, ~. _ Xed~ama~ ,jgacra~fito , -
Valley and is released according to - ) _ -o ], ~/Valley
allocations for agricultural, urban, ~ .... .~.~ ~ - _
and environmental needs. The ,,., ~..~o, - ~’.~=�~ico~= _

reservoirs also are managed for ¯ , ", ~
flood control. The reservoirs .a o 1,~
provide flood protection and allow ¢ ’ ~ ~" ’> ~ ~s" .=---¯- ’\
the storage of water during dry ...... - ~, Colusam~- ~’~;.. ~) ~" - . , :
years, but the placement of dams at ~ ’~~" ~ \ ~

the reservoirs has blocked
3g°2=r: ~"~’~-"~’~ ~ "’:,

migration routes for salmonid fish. ~ - . _~vorona ~- ..... ~ - ,
More than 8,000 km2 of the "’" "’~’""~a_e_-~_e_n=L

Sacramento Valley are irrigated. ~, , ._ ~,~,,_
The major crops are rice, fruits, EXPLANATION ",,~-, F’r~°rt’l~ /" 0    20    40 MILES

nuts, tomatoes, sugar beets, corn, ¯ Copper mine \-.f-.,    (
¯ Lead mine I ,) r~’ 0 20 40 KILOMETERS

alfalfa, and wheat. Dairy products ~, Zinc mine
also are an important agricultural

Source: California Division of Mines and Geology
commodity. The land areas
adjacent to the Sacramento Valley Figure 2. Locations of copper, lead, and zinc mines. The most severe case of
are mostly forested (fig. I). drainage of acidic waters from mines has been in the region near Shasta Lake.
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constructed during the late 1940s to late 1960s mainly
121° ,J "’~,.--

122° "’~°"~°--~. ,,:.k2.j
a for flood control. Storage capacity of the reservoirs is

,̄..i,_,.L...--" ....
., ( managed to capture runoff from winter storms. How-

. ¯ " - I ever, stored water is not used solely in the Sacramento
r" -- ¯ : \ River Basin; it is transported to other locations in
~’ ¯ ~’ - ~ ." California and is a major source of supply for Los

: t"\ ..~{ Angeles and other southern California communities.
) ~ ),=o ~ : Total water use in the Sacramento River Basin is

..li~a~.’a-W~° " r’-" about 18 billion cubic meters per year (m3/yr). Allo-
’~11~’~ Redding , ",.~ cations of water for agricultural, urban, and environ-.t..~ ..,1~/?* _

,,~" .--~. -~.~___~J_1~_~ - ".,..,.
mental uses are made according to the California water

t,~ ......~"~ .... � .... ~ _ ._--_~_<~, ,,,,, .... plan (California Department of Water Resources, 1998)
~ .-t ~* "..,, but are modified on the basis of the yearly conditions of
t .... reservoir storage. For example, during drought years,
} ’k-- total allocations are decreased. Pie charts in figure 4

~ ~ show the percentage of allocations during average
" ~ years of rainfall for 1995 and projected for 2020. Of

i’~ ~ , ~ ~.~. \ those allocations, surface water provides 82 percent
A- ,..,F"~’" and ground water 18 percent of the total demand.

~-, , , ~ ’~ During drought years, surface water drops to about
~ -- 75 percent and ground water rises to about 25 percent

¯ : ~°*’ -~ £ of total demand.

¯ " 2020 Average
’~’ """" ~- ,-, "" a 1995 Average (Projected)

k /’
EXPLANATION "~"\ ,/ 0 20 40 MILES-f¯ Mercury mine "}       -)
¯ Gold mine          ’~ .,4"     0 20 40 KILOMETERS

Source: Ca/ifornia Division of Mines and Geology

EXPLANATIONFigure 3. Locations of gold and mercury mines. The era of Sacramento Valley Water Allocation
gold mining began in 1849 after the discovery of placer ~ Urbandeposits in the American River. ~ Agricultural

~ Environmental
conditions. Mercury also can enter the Sacramento
River from the Sierra Nevada, where it was used in Figure 4. Water allocations for average rainfall years for
historical gold mining (fig. 3). 1995 and projected for 2020.

Water Use in California
Effects of Hydrologic Conditions onWater storage, transportation, and allocation in Study ResultsCalifornia are strategically managed to take into

account the wide diversity of the State’s geography andThe average annual precipitation for the entire
physiography. Water is stored in nonpopulated areas ofSacramento River Basin is 914 millimeters (mm), most
California and then transferred by natural stream of which falls as rain or snow during November
channels or man-made canals to areas of demand, through March. Because little or no rain falls during the
Reservoirs within the Sacramento River Basin have summer growing season, imgation is required for
been constructed in the mountainous areas just adjacentsuccessful agriculture. Most of the water-quality
to the valley. All major rivers of the Sacramento River samples for the Sacramento River Basin study were
Basin have one or more reservoirs, which were collected between the fall of 1995 and the spring of

Introduction to the Sacramento River Basin 5
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1998, which covered a series of second major hydrological event Valley--the region of both the

wet winters. Precipitation amounts was the E1 Nifio episode of highest water use and where many

in northern California are variable 1997-98. The term "El Nifio" potential effects on water quality

and dependent on the location of refers to an "ocean-atmosphere had occurred and are likely to

the Pacific jet stream. The average phenomenon" during which wind occur. At some sites, water samples

annual rainfall at the city of and ocean current in the equatorial were collected monthly and during

Sacramento is about 460 ram. Pacific result in warmer-than- storms to assess the effects of

Since the 1940s, however, as tittle normal water along the North and storm runoff on contaminant

as 140 mm and as much as 915.ramSouth American Pacific coasts. E1 transport. Other sites were sampled

have been recorded in a year. Nifio winters frequently bring only monthly, usually during

Two major hydrological events higher-than-normal precipitation in normal flows. Shallow ground

occurred during the period of this northern California because of a water was sampled from three

study. The first, a major flood, southward shift of the storm tracks areas--the highly used part of the

occurred during the winter of and jet stream over North America. southeastern Sacramento Valley

1996-97. Flooding began on aquifer, downstream from rice

January 1, 1997, and affected a Study Design Focuses fields, and downstream from the

major part of the Sacramento River on Land Use recently urbanized area of
metropolitan Sacramento.

downstream from Shasta Lake as Chemical and biological samples Domestic wells (existing wells)
well as tributaries to the were collected from rivers and were sampled for the southeastern
Sacramento River, especially the streams within, or downstream Sacramento Valley aquifer study
Feather and Yuba rivers. Some from, forested, urban, agricultural, area, whereas monitoring wells
streams, such as the Yuba River,      and mining areas to assess overall(drilled for this study) were
had the highest recorded stream-      quality and effects of specific land-sampled for the rice and urban
flow following the rainfall           use practices. In most cases, river land-use study areas.
associated with the flood of or stream sampling sites were
January 1, 1997 (fig. 5). The located in the Sacramento

4,000 ’ ’ Annu~ll mea’n disct~arge
~ Daily mean discharge

Highest historical ¯ Samples collected
~ 3,000 streamflow ~...

Site: Yuba River near Ma~sville

v v~ vv v            - vv vv ~ vv~v

!1995 1 1996 ~ 1997 I 1998

Figure 5. Yuba River hydrograph. The highest recorded discharge for the lower Yuba River occurred shortly after a large
rainfall on January 1, 1997.
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MAJOR FINDINGS

Surface Water s 2.5
Water of the Sacramento R~cr and its major tribu-

taries is generally of good quality: the source is sno~
~ 2.othat melts and collects in upstream reservoirs and is
.=released in response to water needs or flood control.

The amount of dissolved solids in the Sacramento ~ 1.5
River and its major tributaries (Yuba, Feather, and
American rivers) was low at all of the sampled loca-
tions (fig. 6). Higher median cohcentrations of dis- ~ 1.0
solved solids occurred at agricultural sites such as
the Sacramento Slough and Colusa Basin Drain, but
those are diluted upon mixing with Sacramento
River water (Domagalski and Dileanis, 2000). Nutri-
ent concentrations such as nitrate also were low’

~--~ Ithroughout the Sacramento River Basin (Domagalski2 0
andDileanis, 2000)(fig. 7), and drinking-water -~c"~ ~    ~ ~’> > ~ ~= ~ -~ -~ >~ ~ ~o=      ~     ¯-
standards for nitrate were not exceeded during the
course of this study. At some locations, algae
attached to streambed material was abundant,
indicating that further investigation of nutrient
dynamics and their consequences to the streams of

E
700 ~ ..........-

~.I Maximum
-- ~,J’, edia n e 4 co600 FI~inim.um EPA secondary

-- drinking-water .~I~ , ~ standard ~" Figure 7. Concentrations of nitrite plus nitrate at the
500 ":-. fixed sites. The highest concentrations were measured at

o ,. eI ’~ I
the mining and urban sites.

c ,~_~" .~.,,1~          ,,,.,~- -.,.a~’~l II :~,%%.
~ this watershed is warranted. Excess algal growth,

-~" 300

I
which is usually related to higher-than-normal

~ ,, nutrient inputs to streams, is a water-quality concern

~ 200 , = when the algae affect the aquatic communityI I ,._ | (because of dissolved oxygen depletion). No such

" i.IIII’l I" effects were observed in the Sacramento River or itsi~ 100 ~-
major tributaries. Excess algae also can contribute to

0 ’ ~ ~ ~ ~ ’ " ’ " ’ taste and odor problems in drinking water.
§ --~ = > > ~ =~ "~ -~ >~ S~                                          ,~gSome stream segments are listed as "impaired" by

~5 c~ ~ ~ ~ = :~ o o g, ~ various contaminants (U.S. EnvironmentalProtec-¯ - o g ,t"g ~ ~_ ~ .~ m~ o’~      o
~ ~ ~ ~g~.~_~_~ ~-° tionAgency, accessed January 2, 2000). An impair-g ~ ~- ~ ~ .- < ~ >~ ment means that a standard of water quality foro ,’r" o re"

beneficial uses (for example, as a source of drinking
~- ~ o c water or for recreation or industrial use) is not beingo g g
-g ~’~ ~’~ r~E met. The impaired water bodies shown in figure 8 are
~ ,:o co ~ mainly affected by nonpoint sources of contaminants
,:~ from agriculture or from a combination of point and

nonpoint sources from abandoned mines. Water-
Figure 6. Concentrations of dissolved solids at the fixed sites, quality objectives are usually not met only during
The highest concentrations were measured at the agricultural, conditions of stormwater-driven runoff. The Cleanmining, and urban sites. (EPA, Environmental Protection
Agency) Water Act requires States to maintain a listing of
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Nutrient concentrations in the streams of mixed land-use and agricultural regions of the Sacramento River
Basin tend to be lower relative to those measured in other areas of the United States with similar fertilizer
applications within their watersheds. The maps show nitrogen; phosphorus concentrations have a very simi-
lar pattern. Elevated concentrations of nitrogen or phosphorus can stimulate nuisance growth of algae. The
nutrient concentrations tend to be less than those of adjacent areas in California, agricultural areas of the
Pacific Northwest, and large areas of the midcontinent region. In contrast to mixed land-use streams, nutri-
ent concentrations of the urban stream are among the highest of similar urban streams throughout the United
States. The lower concentrations in streams of mixed land-use probably can be attributed to dilution by
streamflow. The Sacramento River and its major tributaries are derived from melting snow, which has low
nutrient concentrations, These rivers tend to dilute the agricultural drainage, and therefore nutrient concen-
trations remain low in the major rivers. In addition, some instream processes remove nutrients, such as algal
growth that incorporates nutrients in algae biomass. The urban stream, Arcade Creek, is entirely within an
urbanized area, and all runoff to the stream is affected by that urban land use. The only inputs of water to
Arcade Creek are from impacted land. The range in nutrient concentrations for all NAWQA Study Units is
shown in the Appendix.

Streams Draining Streams Draining
Agricultural Areas Urban Areas

Streams Draining
Mixed Land-Use Areas

EXPLANATION
Average annual concentration of total nitrogen,

in milligrams per liter
¯ Highest (greater than 2.9)
¯ Medium (0.64 to 2.9)
o Lowest (less than 0.64)
Average annual total nitrogen input, in kilograms

per square kilometer by county for 1995-98. inputs
are from fertilizer, manure, and the atmosphere.

~ Greater than 2,801
[-~ 672 to 2,801
~ Less than 672
-- NAWQA Study Unit boundary
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EXPLANATION Sacramento River, represent a
R Imlmirocl wmer bodies significant improvement over
II~ Yolo Bypass
---. NAWQA Study Unit boundary ...t"l concentrations measured in

1 American River, lower
121" .~ ..... previous years (Domagalski,

Arcade Creek 12~2° .-
23 gerryessa Lake

,I’-’L’"" " ’~
\""’J" ~)                          :i 2000). The major pesticides

~/"-~!

that have been used on rice are4 Cache Creek ,
5 Chicken Ranch Slough r ¯ ", molinate, thiobencarb, and
6 Clear Lake ,’ -" 12 "° carbofuran. Rice farming7 Colusa Basin Drain ,-~...,a,)
8 Davis Creek Reservoir ¯ ~ ~,~, 16 _( N../"’’.-~ 9~"~/’ .--v’~ requires that fields be flooded
9 Dolly Creek j 21~ ~33~

,o ~ ?--" with water throughout the
10 Eider Creek

:3 \~

,...~2"’":
11 Elk Grove Creek ~ % 22 ~. growing season. Molinate and
12 Fall River 3,6..t3-~ thiobencarb are applied to con-
13 Feather River 123° : .....L. 20 .:,...~,. trol aquatic grasses and weeds,14 French Ravine )’*~ ~- -- ’L- - ~ .-
15 Harley Gulch { ~ ’ "--: :-~--~ -- "~, .... whereas carbofuran is applied
16 Horse Creek "’i , ~ " - : "- --’~"
17 Humbug Creek ,:

. ,~_~ r
~’--" -- . "’~....      to control insects. During the

18 James Creek 4OoJ -- ...... ....-.-~ - /Sacramento Valley " ~: ~ ~ late 1970s, the levels of rice
19 Kanaka Creek -

20 Keswick Reservoir
~ _ .~. �, --.

(
pesticides in the Colusa Basin

21 Little Backbone Creek t,..~ .7 " _~_ _ - . . - - ~- ~: Drain were sometimes acutely
22 Little Cow Creek ,’ "-,. .. ~ .... ,~ toxic to fish such as carp (Cy-
23 Little Grizzly Creek ". "~ "~ ~ o ...... _.,
24 Mornson Creek t- ’ ~iI~ J’~ ~ 19 .

~ ~. prinus carpio) (Bennett and
N t m

¯ m ~ ~. - ~," ~, -" -’-..~25 a o as East Ma n Dram "-. .... ~"]~ ~ ,’ mr ; others, 1998). The toxicity was
26 Pit River
27 Sacramento River l    . ~ ~ ~ ...... - ¯ .-;t attributed to molinate.

: c.., -~           : " 14~ v’ " ’
(Red Bluff to Delta) t ~"*" ~: 32 - ~ ~ - .~ ~, In the early 1980s, consu-

28 Sacramento R~ver 39o_.~
I: .... ’~ -~,,’ . ~ mers of drinking water in the(Shasta Dam to Red Bluff) "-," ~ "~x’~-..’~ ) (~ ,)v~’ : ,’,

29 S astaLake N~ - ~ ~4 ~ ’. ~./ -.- ^~,-~.~ .......:’t city of Sacramento reported an
30 Spring Creek ;- ~8 ~-. ~,~----_~’- ~ -- 2 .~ - "’--" " objectionable taste, which was
31 Strong Ranch Slough "-~."~ --’,~"~"" ~ L~_’.~ .: , "~’’"’" attributed to thiobencarb. A32 Sulphur Creek "~".~
33 Town Creek .’ ’~ 31~%~1~-
34 West Squaw Creek ...r,\.~.._ W71."~" 0 20 40 MILES

management program was

enacted to reduce the levels of
35 Whiskeytown Reservoir "]~"} t t’O,-~ ~ , , , ,
36 Willow Creek (Whiskeytown) "~ ~,f 0 20 40 KILOMETERS these pesticides in streams.

~.~"~ The plan requires that rice-
field water be retained onFigure 8. Impaired water bodies of the Sacramento River Basin according to the
fields for 1 month followingCatifomia 303(d) list (U.S. Environmental Protection Agency, accessed January 2, 2000).

Impaired water bodies require the implementation of a management plan called a Total pesticide application to allow
Maximum Daily Load (TMDL) to bring the water body into compliance with existing concentrations in water to be
standards. Most of the impairments are the result of pesticides from agricultural or urban reduced through mechanisms
use, or from metals derived from historical mining operations, such as volatilization, biolog-

ical processes, or sunlight-
impaired water bodies for the pur- mercury, for which TMDLs

induced degradation. Sam-
pose of establishing a Total Maxi- currently are being considered.

piing of rice pesticides duringmum Daily Load (TMDL). A
Pesticides in this study showed that concen-

TMDL is a plan to restore the ben- Surface Water trations occasionally were in
eficial uses of the stream or to excess of management
otherwise correct the impairment. The concentrations of molinate and

objectives in agricultural
The most prevalent listings in the other pesticides (used in rice farming)streams but always were very
Sacramento River Basin are for measured during this study in the low in the Sacramento River
organophosphate pesticides and Colusa Basin Drain or in the (fig. 9). A target concentration
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stormwater runoff at a number of

-~- Colusa Basin Drain at sites in 1994 (Domagalski, 1996),
18 - Road ggE near and in nonstorm flows during 1996

Recommended criterion for Knights Landing through 1998. In the 1994 study,
~ 16 the protection of the
~ crustacean Neomysis -~- Sacramento River at the Feather River was shown to be"= Freeport
~ 14 L mercedis\ the greatest source of diazinon to

=~ 12 the Sacramento River during a sin-
.~ ~ ~ , ,r’- gle storm, but other streams prob-
o= 10 - ably contributed to the diazinon._
E load in the Sacramento River as.__.8
=- well. This depended in part on the
~ 6 timing of diazinon applications and
~ 4 ~,,. the location of greatest rainfall.

: ~ ~.~,-~.~ ~ The results of the routine sam-
2

~ ~i
plings for diazinon during stable

o "’ ’~ flow conditions at Arcade Creek

_" ~ ~

~ ~o~ ~ ~,~ o~ ~ ,~ ~= ~ o~ near Del Paso Heights, Colusa
~ :~ ~ -~ < ~ ~. Basin Drain at Road 99E near

, Knights Landing, and Sacramento
I1996 I 1997 11998 ! River at Freeport are shown in

figure 10. No stormwater runoff
Figure 9. Concentrations of molinate at the Co!usa Basin Drain at Road samples were collected. The high-
99E near Knights Landing and Sacramento River at Freeport sites. The est concentrations during this
water in the Colusa Basin Drain is primarily agricultural drainage. NAWQA study occurred at Arcade

Creek near Del Paso Heights, an
of 13 micrograms per liter (ktg/L) aquatic organisms and its high urban site. Concentrations of dia-
of molinate in water was chosen for detection frequency. Diazinon is zinon in Arcade Creek that are
management of this herbicide. That toxic to some species of zooplank- toxic to C. dubia can occur in any
level was chosen to protect the ton, such as Ceriodaphnia dubia, at season and result from household
crustacean Neomysis mercedis, an low concentrations (0.35 !.tg/L) pesticide use and urban runoff. A
important part of the food chain for (Amato and others, 1992). The standard for diazinon of 0.08 ~tg/L
young fish (Hamngton, 1990).       zooplankton species C. dubia, iswas proposed by the International
Concentrations in agricultural        used in laboratory assays to testCommission for the Great Lakes.
streams exceeded the target at least    water for toxicity (U.S. Environ- As figure 10 shows, that standard
during 1 month of the year. Con- mental Protection Agency, was frequently exceeded at the
centrations in the Sacramento 1991a,b). Diazinon is applied to Arcade Creek near Del PasoRiver were always below those orchard crops, especially almonds, Heights site.
reported to be harmful to N. prunes, and stone fruits, during
mercedis (Domagalski, 2000). December and January to protect Pesticides of

Pesticides also are transported to trees from insects that lay eggs in Historical Use
the Sacramento River, its tribu- the trees during the winter and Pesticides that are no longertaxies, and agricultural drainage hatch the following spring. Toxic used, such as DDT, can still be
canals during winter storms concentrations in tributaries to the detected in streambed sediments
(Kuivila and Foe, 1995; MacCoy Sacramento River can occur when and the tissues of aquatic organ-
and others, 1995; Domagalski, agricultural areas contribute storm isms because of their persistent
1996). The pesticide that is runoff; toxic concentrations rarely chemical characteristics. Concen-
considered a major problem for occur in the Sacramento River trations of pesticides such as DDT
stormwater-driven transport is itself (MacCoy and others, 1995). and its breakdown products tended
diazinon because of its toxicity to Diazinon was present in to be low to nondetectable in the
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Streams Draining Streams Draining
Agricultural Areas Urban Areas

River Basin

EXPLANATION

Streams Draining Sum of insecticide concentrations

Mixed Land-Use Areas ¯ Highest 25 percent

)~r,~

¯ Middle 50 percent
G Lowest 25 percent
Aquatic-life guidelines
07 Bold outline indicates exceedance by one or more

insecticides. Number is pementage of samples
that exceeded a guideline within a 1-year period.

Insecticide use, in kilograms per square kilometer
of agricultural land

~ Highest (greater than 9.6)
r--} Medium (3.7-9.6)
~ Lowest (less than 3.7)
~ No reported use

-- NAWQA Study Unit boundary
IIIB Urban areas

Organophosphate insecticides such as diazinon, chlorpyrifos, and malathion are toxic at low concentrations to
some aquatic organisms. Some species of zooplankton are affected by diazinon concentrations as low as
0.35 ~tg/L. Diazinon levels at the urban stream, Arcade Creek, were elevated at various times of the year and
exceeded recommended criteria for the protection of aquatic life for every measurement taken. Those levels were
among the highest in the Nation. Most of the diazinon measured at the Arcade Creek site probably originated
from household use throughout the watershed. Runoff from yards from either rainwater or irrigation water con-
tributes to the loading of diazinon to stormwater drains that ultimately discharge into the creek. Diazinon enters
agricultural drainage mainly in stormwater runoff because it is sprayed on orchards during the rainy winter sea-
son. Previous studies have shown that concentrations of diazinon in agricultural streams can be elevated less than
a day after rainfall. Although diazinon concentrations of agricultural streams also were among the highest in the
Nation, only one sample from those streams taken in this study exceeded recommended criteria. The range in
diazinon concentrations for all NAWQA Study Units is shown in the Appendix.

Major Findings    11

R0024685



t.4 ~ , , , , , , ~ ~ ,,, , , , , , , , ~ , , , , , , , , such asDDToritsbreakdown
~ Arcade Crack near Del Paso Heights products; New York’s are the

(urban stream) only criteria available for com-
1.2 -                             -~- Colusa Basin Drain at Road 99E nearKnights Landing (agricultural stream) - parison. The levels ofp,p’-DDE

~ found in the tissue of aquaticSacramento River at Freeport
(large river site) - organisms tended to be relatively

~ 1 Probable toxic effects to Ceriodaphnia dubia - high when compared with other
,,---,- Guideline proposed by the International -

~ Joint Commission for the Gr t Lakes - NAWQA Study Units. The range

i
a

in concentrations for DDT and
~ 0.8 its breakdown products for all

NAWQA Study Units is shown
~

/!

in the Appendix.
~" 0.6

~ 0.4
~/~: Streambed Sediment

: . a serious environmental problem
0.2 in the northern portion of the

Sacramento River Basin (Alpers
0 ~’"’~~"~’"" ..... ,, ~,,.~,~. ......,, ,..-,7, ,.,,,~ ~,~and others, 2000a,b). Several

~ o - ~, ~- a ~- ~ ° ~ ~ ~, ~ ~’ ~ z ~ ~ ~ ~ = ~" 2 "~ ~ ~ ~" ~streams are listed as impaired
g ~ ,~ ~ t -~ ~ ~ }~.~’~ ~ ~.~ ~ ~ ~ ~ ~ ~ ~ ~ g ,~(fig. 8) because of highconcen-

trations of metals such as cad-
1996[ 1997 I 1998 -.I mium, copper, lead, and zinc.

Metals concentrations in previ-
Figure 10. Concentrations of diazinon at the Colusa Basin Drain at Road 99E near ous years have been toxic to fishKnights Landing, Arcade Creek near Del Paso Heights, and Sacramento River at
Freeport sites. The highest concentrations were in the urban stream, Arcade Creek. in the upper Sacramento River

near and downstream from

streambed sediments of the Sacra- insecticide residues, were very low Redding (Alpers and others,

mento River (MacCoy and Doma- in the tissues of aquatic organisms 2000a,b). Recent mitigation
galski, 1999). Concentrations were collected in the Sacramento River efforts at one of the more con-
higher in the streambed sediment and its large tributaries (fig. 11). taminated sites in the Spring
of agricultural and urban streams. Concentrations of p,p’-DDE in the Creek drainage near Shasta Lake
At some agricultural sites, and the tissues of aquatic organisms col- have significantly lowered con-
urban site on Arcade Creek, the lected from agricultural drainage centrations of metals in the Sac-
concentrations of DDT or its sites were higher (fig. 11). The ramento River, and no toxic
breakdown products in streambed levels found in tissues of aquatic effects to fish were observed
sediment exceeded the Canadian organisms from the agricultural during the course of this investi-
sediment quality guidelines. The
Canadian guidelines are designed drainage sites probably do not pose gation (Alpers and others,

a health risk for humans but are 2000a,b). However, elevated
to limit the accumulation of spe-
cific contaminants in organisms to above criteria developed by the levels of metals such as copper

levels below those that may ad- New York State Department of in streambed sediment can still

versely affect aquatic life (Cana- Environmental Conservation be measured in the upper Sacra-

dian Council of Ministers of the (Newell and others, 1987) for mento River Basin downstream

Environment, 1995). protection of fish-eating wildlife from Redding (MacCoy and
Concentrations of DDT or its such as birds. No national criteria Domagalski, 1999). Copper and

breakdown products such as exist to protect fish-eating wildlife other metals may still affect
p,p’-DDE, or other organochlorine from organochlorine compounds aquatic organisms.
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7OO Sacramento Downstream from Sacramento Valley Downstream from Urban Reference
River Sierra Nevada Agricultural Drainage Coast Ranges

Sites
~ 600 -

~ 400 -

~o aoo - _

._~
~ 200

100                                                                                                     _

o ,.,m,l, ,n, ,.,n, , , ,n. , ,.. , ,
_ ~z ._> .> .> ._> c ,~ =~
0 o 0 -- 0 0 0 rO

o

Figure 11. Conentrations of p,~-DDE (a DDT breakdown product) in biota from the Sacramento River Basin. The use of DDT in
the United States was terminated in 1972.

Trace Metals in Aquatic ex~ple, ~e concen~ations mea- ~ ~e upper Sacr~ento ~ver ~d
Organisms sured in ~uatic orgasms may not p~ of the food ch~ for a v~e~

be ~ly ~s~lated ~to ~e cellu- of fishes, inclu~g s~o~d spe-
For ~e NAWQA ~o~, l~k- l~ ~tefifl of ~e organism but cies. Cytosol is cellul~ matedfl

ing for ~ce metals includes s~- ra~er may be present as un~gested~at c~ ~ isolated ~om aquatic
plug s~e~bed sediment ~d mated~ or even a~ched to exter- ~sec~. Biolo~s~ ~flyzed bo~
tissues of aquatic org~isms. In nfl body p~s. Because metfls whole b~y s~ples ~d c~osol
¯ eow, ~e ~sfer of me~s ~om cont~nafion ~om acid ~ne s~ples for me~s. Me~ concen-
¯ e s~eam~d sed~ent ~to &~nage is ~ imposer water- ~afions in cytosol provide a good
aquatic orgasms c~ be ~der- qu~ty issue for ~e upper Sacra- ~dicafion of ~e ~tenfifl effec~
stood by ~owing ~e concen~a- mento ~ver B~, ~d ~owledge on aquatic orgasms ~om acid
fions ~d geoche~cfl fo~s of ~e of the actual bioav~labili~ of met- ~ne &~nage. Aquatic ~sects flso
~ace me~s ~ bo~ ~e se~ent fls ~ ~e ~e &ainage is essentifl were s~pled ~ a he,by reference
~d biota, as long as ~e fee~g for cu~ent ~d future management s~e~ ~at was un~ected by acid
behaviors of ~e orgasms ~e flso of ~e ~ne w~te, a collaborative ~e ~nage. Elevated levels of
underst~d. A predictive model of study was completed by ~e Sa~- cad~um, copper, lead, ~d zinc,
me~s ~ tissue ~at is based on ~e mento ~ver B~in NAWQA ~o- derived from acid ~ne &~age,
~oun~ ~ s~e~bed sediment ~ ~d ~e Nationfl Rese~ch could cle~ly be dis~guish~ in
could be developed ~om ~ese ~o~ of the USGS (C~n ~d ~e c~osol s~ples, ~d it w~
sm~es. ~ practice, ~s b~omes o~ers, 2~0). In ~at study, biolo- shown ~at metfls ~om ~e acid
~cult b~ause ~e acmfl bio- ~s~ exerted s~e~bed se~ent~e &~age were ~spo~ed at
av~fli~ of me~s in segment ~d ~e c~osol ~om the cad~sfly, le~t 120 ~lometers downs~e~
c~ v~ ~om sire to site. For ~ ~uafic ~sect widely ~s~but~ ~om ~e ~ne sources.
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ELEMENTAL MERCURY
ATMOSPHERIC VOLATILIZATION

DEPOSITION AND DEPOSITION METHYLMERCURY

’, MERCURY
Y~ ~

METHYLMERCURY DEPOSITION
)EPOSITION AND RUNOFF

AND RUNOFF

 iNORGAN CMERCU 
OUTFLOW ~ !~ OUTFLOW

|TO OCEAN =" TO ODEAN

! ,
~ BIOMAGNIFICATION ~
,= THROUGH FOOD WEB

SEDIMENTATION SEDIMENT SEDIMENTATION

i RESUSPENSION

Figure 12. Mercury pathways in aquatic systems.

Mercury in Water and water bodies, and more advisories different in California. Geologic

Streambed Sediment are planned, both within the Sacra- and anthropogenic sources, espe-
mento River Basin and in the San cially from historical mining for

Mercury is currently considered Francisco Bay. Specific advisories both mercur? and gold, are the
main reasons for mercury problemsthe most serious water-quality for fish species and locations are

problem in the Sacramento River, listed on the California Office of in the Sacramento River Basin

some tributaries of the Sacramento Environmental Health Hazards (Domagalski, 1998). Mercury was
mined in the Coast Ranges nearRiver, and downstream locations     Assessment Web site at Clear Lake and at locations eastincluding the San Francisco Bay http://www.oehha.org/fish.html, and south of Clear Lake (fig. 3),

(Domagalski, 1998). Mercury can A recent study (Davis and others, and it was used in the recovery of
enter streams or aquatic systems 2000) documented mercury levels gold from ore and stream deposits
through either atmospheric depo- of concern to human health in sport during the late 19th century (fig. 3).
sition or transport from geological fish collected in the lower Decades of gold mining in the
or man-made sources (fig. 12). Sacramento and Feather rivers. Sierra Nevada have resulted in the
Several processes contribute to the Although atmospheric mercury deposition of mercury in the
subsequent bioaccumulation of is the principal cause of mercury streambed sediments of the gold
mercury in fish tissue. Because of contamination of water bodies in mining region. The release of
the presence of mercury in the tis- other parts of the United States, mercury from ore to streambed
sue of certain fish species, adviso- especially the midwestern and sediments in the mercury mining
ries have been posted for several eastern United States, the cause is regions of the Coast Ranges also

14 Water Quality in the Sacramento River Basin
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Figure "13. Oonc~ntrations of meroury in streambed s~dirn~nt ~ select locations of ~he Sacramento Hiver Basin.

has occurred (Hunerlach and downstream from the Sierra The U.S. Environmental Protec-
others, 1999). The construction of Nevada reservoirs, as indicated by tion Agency (EPA) has recom-
reservoirs in the lower Sierra the NAWQA Program for the mended water-quality criteria for
Nevada between 1948 and 1968 Sacramento River Basin. Concen- mercury to protect aquatic life and
has had the positive effect of trations of mercury in the stream- human health. A recommended cri-reducing the amount of mercury bed sediments of 24 sites sampled terion of 12 nanograms per litertransported downstream (Slotton during the NAWQA Program are
and others, 1997). Reservoirs trap shown in figure 13. The highest (ng/L) of total mercury in water

mercury because suspended sedi- concentrations of mercury in was proposed by the EPA in 1985
(Marshack, 1995). That criterion isment, the principal means by which streambed sediment were mea-

it is transported, tends to settle to sured in samples collected from supposed to limit the amount of
the bottom. This trapping of mer- sites downstream from the Sierra mercury accumulation in fish tissue
cury will have future implications Nevada and the Coast Ranges. and thereby protect human health.
on the management of these reser- Sites on the Sacramento River The 12-ng/L criterion was
voirs, including potential dam downstream from the Feather River exceeded mainly during runoff
removal. Some dams are being tended to have higher mercury conditions at all fixed sites during
considered for removal in order to concentrations relative to sites the timeframe of this investigation.
restore habitat for fish. Residual sampled upstream from the con- In 1999, the recommended level
mercury from mining operations is fluence of these two rivers because was revised to 50 ng/L (U.S.
present in the streambed sedimentsof historical gold mining. Environmental Protection Agency,
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_~ a concentration at or below
,- 600 120 =

~ 0.1 ng/L of methylmercury has
~ been suggested as being repre-

~ 500 100t~ ~ sentative of pristine water (Rudd,
~ 1995). That concentration is typical

.~ = of rivers upstream from wetland
E 400 80 -~ environments and away from
= ~ mercury sources (Rudd, 1995). Theo
~ ~ median methylmercury concentra-

300 60 ~
~ ~ tions for the Sacramento River sites
~ = were slightly above 0.1 ng/L and
"~ ~00 40 --= maximum concentrations approach
E o 2 ng/L. It is not known how or if

~ .~ those levels of methylmercury in
m 100 20 o= water contribute to elevated levels
= ~ of mercury in fish tissue.
o, -~ There was a seasonal component
o~ 0 0 ~, to methylmercury concentrations

== ~-~,==_~=,~,-=~ ~==~=--=,,=~’~’==~=~,=_~< for the sites at which they were,_ = ~ .~ < ,~ , ,~ = -, .~ < ,~ o z "~" ~
measured for this study. The lowest

~ 199~ ~ concentrations were measured
during middle to late summer

Figure 14. Mercury and suspended sediment concentrations for the Sacramento(fig. 16). Higher concentrations
River at Colusa site. Mercury concentrations increase with sediment concentrations tended to be measured during the
because mercury is attached to sediment particles, autumn to winter months. The
1999). The 50-ng/L level was the tissues of aquatic organisms magnitude of the concentrations
exceeded only at Cache Creek at and cause human health problemsmay also have been related to
Rumsey, Sacramento River at if fish with high levels are con- precipitation and runoff conditions.
Colusa, and the Yolo Bypass at sumed. Methylmercury usually isThe highest concentrations for the
Interstate 80. Continued moni- formed by bacterially mediated period of this study were measured
toring of mercury levels in fish tis-reactions in sediments. Concentra-during January and February of
sue will be required to determine iftions in water were measured at 1997 and were attributed to the
the 50-ng/L criteria is effective, selected sites on the Sacramento January 1997 flood. During the
Time series plots of mercury and River and at sites receiving agricul-subsequent E1 Nifio winter of
suspended sediment for the Sacra-tural drainage to assess the effects1997-98, higher-than-normal
mento River at Colusa are shown inof agricultural activities on the amounts of rain were recorded for
figure 14. The higher concentra- production or the levels of much of the Sacramento River
tions of mercury correlate well methylmercury. Basin, although there was no single
with suspended sediment because Concentrations of methyl- storm of the magnitude of the
much of the load of total mercury mercury in unfiltered water are January 1997 flood. Methyl-
is transported with the suspended shown in figure 15. The highest mercury concentrations increased
material (Alpers and others, median concentration was during the E1 Nifio winter, but not
2000b). 0.19 ng/L, which represents the to the extent of the flood of the

Methylmercury is the most samples collected at the Colusa previous year. The effect of these
bioaccumulative form of mercuryBasin Drain at Road 99E near methylmercury concentrations on
in the environment because it Knights Landing site. There is nodownstream water bodies, such as
builds up in organisms more water-quality standard in the San Francisco Bay, has not
readily than other forms of California or in any other State thatbeen determined.
mercury. It is a toxic form of is based on methylmercury
mercury that can bioaccumulate inconcentrations in water. However,
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a.5 1986. California regulatory agencies rely on the tests
~t or ~ ~m inclicative of

~.- for evaluating compliance with narrative toxicity
objectives, which state that "all waters shall be main-
tained free of toxic substances in concentrations that

a.0 produce detrimental physiological responses in aquatic
~ life" (Marshack, 1995). Testing has changed from con-
~ ducting broad watershed surveys that determine the

~ spatial and temporal distribution of toxicity to con-
.~ 1.5 ducting detailed follow-up studies that couple toxicity
0= testing with a Toxicity Identification Evaluation (TIE)
._= to identify specific chemicals and land uses responsi-
~ ble for toxicity. Water-quality data from the NAWQA
,~ 1.0 Program are useful in determining the exposure of
-~, aquatic organisms to specific groups of contaminants
~ such as organophosphate pesticides. Results from

0.5 13 years of monitoring suggest that the EPA toxicity
tests are powerful tools for assessing water quality.

The toxicity testing program in the Sacramento
River watershed was the first indicator of the potential
water-quality problems currently associated.with pesti-

0 ~ - cide runoff from urban areas and orchards. Using C.
~: _~.- == ~ ~       o~ ~ ~. ~o~=~. ~ ~ dubia tests, pulses of toxicity have been detected over

o o, ~o -~ ~ .~ ~ ,, a 10-year period throughout the Sacramento Valley in
~ ~- m ~ ~ ~ ~ "~ waters that receive drainage from orchards (de

= "~ ~ ~ Vlaming and others, 2000). The toxicity has beeno~
~ ~ ~ linked to diazinon applied to dormant orchards and
’~ chlorpyrifos applied to nondormant orchards. C. dubia

also was effective in identifying toxicity attributed to
Figure 15. Concentrations of methyimercury at select drainage from rice fields. Rice-field drainage also waslocations in the Sacramento River Basin. Methylmercury is thetoxic to two important local species, larval striped bassform of mercury most likely to accumulate in aquatic species
such as fish. and an invertebrate, N. mercedis. The invertebrate tox-

icity was caused by methyl parathion and carbofuran.Ambient Toxicity Monitoring by As mentioned previously, a rice management programCalifornia State Agencies
has eliminated the toxicity to all three species. C.

Ambient toxicity testing uses laboratory bioassays dubia toxicity is detected throughout the year in waters
to assess the effect of contaminants on aquatic life. that receive drainage from urban areas (fig. 10). This
Essentially, the tests answer the question: Can spe- toxicity is attributed to diazinon and chlorpyrifos.
cific types of fish, invertebrates, and algae species Although most toxicity has been detected with C.
continue to live, grow, and reproduce in water sam- dubia and linked to insecticides, other examples of
pies collected from water bodies? The EPA protocols ambient water toxicity have been identified. In areas of
(U.S. Environmental Protection Agency, 1991a,b) for the Sacramento Valley that receive acid mine drainage,
conducting chronic toxicity tests on freshwater spe- toxicity to S. capricornutum and C. dubia has been
cies include representatives from three phyla and linked to copper and zinc. Mine remediation projects
trophic levels. The three species are the fathead min- have reduced both metal concentrations and toxicity.
now, a small planktonic crustacean (C. dubia), and a Concentrations of copper and zinc measured in this
planktonic green alga (Selenastrum capricornuturn). NAWQA Program confirm that metal concentrations
These three species have been used to evaluate ambi- are below toxic levels (Alpers and others, 2000b).
ent water quality in the Sacramento River Basin since S. capricornutum toxicity has been documented in
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implement a program that will bring
~ 2 ~ ............................ the SacramentoRiveranditstribu

~ 1.8 ~ m Sacramento River at Colusa taries into compliance with water-m Sacramento Slough

~ --- Colusa Basin Drain quality standards for toxic pollut-
.~ 1.6 i Sacramento River at Verona ants and thereby protect beneficial

~ 1.4 i m Sacramento River at Freeport uses. A second objective of the
._= SRTPCP is to help form a viable
~- 1.2 organization of watershed stake-
~ 1 holders. The stakeholder organi-
~ zation is intended to address not
¯ 0.8 L
== only the related toxic-pollutant
= issues of the watershed, but also the._= 0.6
~ broader water-quality and water-
~= o.~ shed issues that must be resolved to

~ 0.2 protect and enhance surface and
"~ ground water throughout the basin.

[ 1996 { 1997 [ 1998 ] zation has been named the Sacra-

Figure 16. Seasonal changes of methylmercury concentrations. The highest mento River Watershed Program

concentrations were measured during high streamflow and following rainfall. (SR~P). The SRWP, although
initiated with funding provided

waters that receive agricultural or NAWQA Participation under the SRTPCP, is much broader
urban runoff. Some of the toxicity wRh Local Wat¢r- in scope than the SRTPCP. The
can be attributed to the herbicide Ouallty Programa SRWP is intended to provide a
diuron, also detected in samples All NAWQA Study Units main- forum to address a broad array of

collected by the NAWQA Program; tain communication and program water-quality-related issues within
the watershed, not just issues onhowever, additional unidentified coordination with a liaison com-

toxicants are present. Fathead min- ~ttee of outside parties interested toxic pollutants. Other issues that

now toxicity has been traced to in water quality within the respec- may be addressed under the broader

ammonia originating from dairies tive basins. During the early part of watershed program include, but are

and wastewater treatment plants, this NAWQA study, two significant not limited to, conventional water

Taken together, the results of the programs were taking shape that quality (including sediment,

last decade reveal that all three test- involved new approaches to under- temperature, and dissolved solids),

ing procedures, in association with standing and promoting the better habitat, endangered species,

TIEs and chemical analyses, have management of water quality in the streamflow, and ground-water

been effective for the identification Sacramento River Basin. issues.
In 1994, Congress recognized        The NAWQA Program parti-of an array of toxicants originating the need to develop a coordinated,    cipates in various committees of the

from various sources. In several technically sound, adequately SRWP, including the monitoring
cases, alternative land-use practices funded program that would focus committee, to share data. Data from
or management strategies have on establishing toxic pollutant the NAWQA Program are shared
improved water quality, as demon- standards for the Sacramento River with the SRWP and are used to help
strated by toxicity test monitoring. Basin. Congress then appropriated interpret the current water-quality
Because resources are not available funds for the Sacramento River conditions and to help guide the
for monitoring the complete array Toxic Pollutant Control Program continued management of the water
of potential contaminants, toxicity (SRTPCP) and has continued to resources of the Sacramento River
testing is a useful tool for focusing support the program. Basin.
on chemicals present in a water The long-term objective of the
body at toxic levels. SRTPCP is to develop and
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Aquatic Biology Collectively. these changes in streams--rainbow trout, brown

Changes in land use in the Sacra-streams have resulted in corre- trout, riffle sculpin, and chinook

mento River Basin have had major sponding changes in native ecolog-salmon. These species are gener-

effects on the streams in the basin ical communities, including ally associated with cold, clear

and on the aquatic communities de-species extirpation and population water and are considered intoler-
declines in remaining native ant of other environmental condi-pendent on them. Riparian forests

and wetlands have been removed species (Moyle and Nichols, 1974; tions such as warm water. Only
Brown and Moyle. 1993; Brown, brown trout is an introducedor degraded. Water development

activities, particularly construc-" 2000). These declines have resulted species. Rainbow trout were coi-

tion of dams and reservoirs, have in the listing of a number of animal lected at all sites and were the most
and plant species as threatened or abundant species, representing 74altered natural flow and water tem-

perature. The seasonal nature of endangered under State or Federal percent of the fish collected.

higher temperatures along a stretch law. Fish were also sampled at sites

of the Sacramento River down- below the mountains but above the
Native fish species are still valley floor. Those sites arestream from Shasta Lake is shown common in Sacramento           referred to as the foothill sites.in figure 17. Water diversions for River Basin streams Twenty-one species of fish,irrigation result in less water in the

including 13 native species, wereSacramento River and rapidly Thirty-five species of fish were
collected at the nine sites in theincreasing temperatures that are collected, including 12 species

potentially harmful to certain fish native to California. Statistical foothill group. None of the
introduced species was.abundant,in the spring and summer, espe- techniques were used to categorize

cially downstream from the site on sites on the basis of similar fish and no introduced species

the Sacramento River above Bend groupings. Four species of fish represented more than 3 percent of

Bridge near Red Bluff. were collected at mountain the fish collected. Native minnows,
hardhead, Sacramento pike-
minnow, speckled dace, California

25 ~ , , , , , , , , , , , , , , , ,, , , i , , , i , , j roach, and Sacramento sucker
dominated sites in this group.

Twenty-four species of fish,
~ 2o including nine native species, were
-~~ collected at the three large fiver
~ sites, which are located at low ele-

~’ 15 vations on the larger rivers. Native
= species tended to be more abun-
--= dant. The most abundant native
_~ species were Sacramento pike-
~, lo minnow, Sacramento sucker, tule
~ perch, and prickly sculpin. No
~ introduced species exceeded
~ 5 7 percent of the catch.

Agricultural land sites within the
Sacramento Valley were dominated
by introduced species and included

0 sites on natural and artificial water-
_ ~ ~ _ == ,~ ~ ~ ~, ~ ~ ~ ~ ways that were heavily influenced

" .g= c~ = ~ by agricultural land uses or water
I 1996 I 1997 I 1998 I management activities. Twenty

species were collected at these
Figure 17. Temperature of the Sacramento River at select locations. Seasonal sites, including only three native
increases are caused by diversion of river water for irrigation, species.
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Intolerant Species compared with the large river and Streams without large
1 oo

~ Agncultural land foothill site groups. In summary, reservoirs supported higher
80 "m Large river "~ the fish site data indicate that the abundance of aquatic

~6o agricultural land site group had the
Foothill insects than streams with¯

m Mountain
~8 40                             most degraded environmental con-    large reservoirs
~" ditions, the foothill and mountain20 Aquatic insect communities

site groups had the best conditions,o -- were compared at 23 locations
Native Fish and the large river site group had including sites on two streams, Big

o01 somewhat intermediate conditions. Chico and Deer creeks, which have
1801 Previous studies of fish commu- no major dams. Most streams sam-g ~ nity structure in California have~ 6o ~- pled as part of this NAWQA Pro-
~ ~ established correlations between gram have at least one major water
~. no the increasing numbers of intro- project that affects a portion of the

20 duced fish species in Central Valley natural channels. Big Chico and
0 streams and the disturbances Deer creeks are, therefore, unique

Fish with Anomalies caused by human activities (Moyle in this study in that their flows are
14
12 ~ ---~ and Nichols, 1974; Brown and largely unregulated. Statistical

glOW-! ~ Moyle, 1993; Brown, 2000). analyses of the aquatic insect com-

~

i~-86

Environmental disturbances asso- munities show that some sites on

~. ciated with human activities Deer and Big Chico creeks have
include changes in water quality, more species and greater abun-

¯ streamflow, and habitat. Changes in dances of benthic macroinverte-
streamflow, in particular changes in brates compared with sites

4
Tolerant Sp~ies quantity and timing, have been downstream from dams on the

identified as very important deter- other streams sampled. Further
3 minants of the structure of research is needed to verify and

~ 2 California fish communities (Baltz evaluate these relations.
"~ and Moyle, 1993; Moyle and Light, Populations of anadromous

1 1996a,b; Brown, 2000). salmonids, including steelhead,
0 Differences in water quantity rainbow trout, and chinook salmon,

and water management have sub- have declined throughout the Cen-Figure 18. Characteristics of fish sequent effects on water quality tral Valley, resulting in protectionfrom ecological studies.
and habitat. Although these obser- of the remaining populations under
vations do not provide definitive Federal and State endangered spe-The group of fish at the agricul-

tural land sites had the lowest per- support for the primary importance cies legislation (Yoshiyama and

centage of native fish, the lowest of streamflow in maintaining pop- others, 1998). The reasons for the

percentage of intolerant fish, and ulations of native fish species, such declines are complex and interac-

the highest percentage of fish with relations and their effects on native tive; however, the construction of

external anomalies (fig. 18), indica- fishes warrant consideration when- dams and reservoirs on California
ever changes in water management streams and rivers is widely recog-ring degraded environmental con-

ditions. Intolerant fish are defined are being considered. Assessments nized as one of the important fac-
of resident fish communities may tots (Yoshiyama and others, 1998).as those that are not adaptable to

human alterations to the environ- be useful in determining the Dams and reservoirs block estab-

ment and thus decline in numbers effectiveness of such changes in lished migration routes, causing

when these alterations occur. The restoring natural ecological fish to reproduce in less desirable

agricultural land site group also functions, habitats. Another ecological effect

had a low number of native species from dams and reservoirs can be
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Biological indicators of water and habitat quality for 6 sites in the Sacramento River Basin were compared
with similar data from 140 sites from NAWQA Study Units throughout the Nation. Because the rankings have
not been calibrated for Sacramento River Basin streams, they should not be interpreted as designating "good"
and "bad" water quality in streams. The sites simply score higher or lower in relation to other NAWQA sites,
which represent a wide range of environmental settings.

The Yuba River site ranked among the least degraded sites nationally for all three indicators. The consis-
tently low scores for this site can be attributed to abundant native fishes and the presence of healthy inverte-
brate and algal communities associated with cool water and abundant riffle habitats. The Arcade Creek and
Colusa Basin Drain sites ranked among the most degraded sites nationally for all three indicators. This score
may have to do more with the harsh nature of the physical environment than with water quality. Flow at these
sites fluctuates widely because of storm runoff and variation in urban runoff. Biological communities in such
streams tend to have few species, resulting in low indicator scores. Local determination of habitat and water
quality is better accomplished using locally derived data, as has been demonstrated for Central Valley fish
(Brown, 2000; May and Brown, 2000) and invertebrate communities (Brown and May, 2000a,b).

Comparisons of biological indicators of water quality from Sacramento River Basin sites with other
sites with biological data from the NAWQA Program1

National Land Use Fish Invertebrate AlgalSite Name Category 1 Status Status Status
Colusa Basin Drain at Road 99E near
Knights Landing Agriculture B B ~

Sacramento River at Colusa Mixed

Yuba River near Marysville Mixed

Feather River near Nicolaus Mixed

American River at Sacramento Mixed

Arcade Creek near Del Paso Heights Urban

1Represents 140 sites from NAWQA Study Units throughout the United States with algal, invertebrate
(primarily insects, worms, crayfish, clams), and fish data. "Mixed" indicates a combination of agricultural,
urban, and other use.

Highest 25 percent nationally (comparatively more degraded)

Middle 50 percent nationally

Lowest 25 percent nationally (comparatively tess degraded)
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changes in downstream popula- concentrations of boron, fluoride, herbicide that was used on rice, but

tions of aquatic insects. This is chloride, nitrate, and sulfate (Hull, its use was suspended in 1989

potentially important to anadro- 1984; Davisson and Criss, 1993). pending a review; then, in 1992, it

mous and resident fish populationsThe study conducted in the south- was formally banned by the

because aquatic insects are a criti- eastern Sacramento Valley aquifer California Department of Pesticide

cal food source for nearly all spe- was designed to address the suit- Regulation (Miller-Maes and

cies of fish at some life stage, ability of a portion of the aquifer, others, 1993). All bentazon con-

The implication of this study is Specifically, only existing domestic centrations were below drinking-

that construction of dams and r.es- wells were sampled, water standards.

ervoirs in the foothills has either Out of 31 wells sampled, only Volatile organic chemicals

submerged the productive habitat one sample exceeded the drinking (VOCs) are not causing any appar-

in Central Valley streams or altered water standard for nitrate. The ent water-quality problems in the

them indirectly through down- median concentration of nitrate shallow aquifer of the southeastern

stream effects on ecological condi- was 1.3 mg/L. Previous NAWQA Sacramento Valley. In one of the

tions. The importance of other investigations have found a medianwells sampled, which is down-

downstream effects, such as disrup- nitrate concentration of 0.48 mg/L gradient from a known point

tion of sediment transport, has beenin major aquifers throughout the source, eight different VOCs were

recognized for anadromous salmo- United States (Nolan and Stoner, detected. One of those VOCs

nids. As a result of this recognition, 2000). Therefore, the wells sam- (trichloroethene, measured at

a variety of projects are underway pied in this study have nitrate 5.5 ~tg/L) exceeded current

or are being proposed to improve values above the national median, drinking-water standards (primary

conditions for anadromous fishes One or more pesticides were MCL is 5 gg/L).

and to restore ecological processes detected in 9 of 31, or 29 percent, The effects of rice cultiva-

in general, of the wells of the southeastern tion---one of the most prevalent
Sacramento Valley (fig. 19). Sima- agricultural practices in the Sacra-

Ground Water zine was detected in three wells, mento Valley---on ground water

Ground-water quality was inves- but the concentrations were very were examined by drilling and

tigated in the portion of the aquifer low and were not close to any sampling 28 new wells (fig. 20).

of the southeastern Sacramento drinking-water standard. Bentazon The wells were drilled to comple-

Valley used for domestic purposes was one of the more frequently tion near the water table so that the

or irrigation and in the shallow pot- detected pesticides. Bentazon is a agricultural effects on the most

tion of the aquifer below the val-
lev’s two major land uses--rice
cultivation and land that had been
urbanized from 5 to 25 years ago. ~" 90
The southeastern Sacramento

~ 80Valley was chosen for investigation
because it is in that region that ~z 70

domestic and irrigation usage of
ground water is highest. Although ~ 50
ground water is used in other parts

.= 40
of the valley, its usage is not as

~ 30great as in the southeastern
Sacramento Valley. ~ 20

The ground-water quality of
some areas of the Sacramento
Valley, such as the southwestern ~ 0 Southeastern Rice Urban

portion, is not entirely suitable for ~. Sacramento Valley Land Use Land Use

human or agricultural use because Figure 19. Percentage of wells having one or more
of the presence of elevated detected pesticides for the three ground-water studies.

22 Water Quality in the Sacramento River Basin

R0024696



recent water that entered the another herbicide used on rice, was measured in previous NAWQA
ground could be assessed. Rice cul-detected in 7 out of 28 wells, investigations in agricultural land
tivation requires that fields be Thiobencarb, also a herbicide, was use settings was 3.4 mg/L (Nolan
flooded for the duration of the found in three wells; carbofuran, an and Stoner, 2000).
growing season, which lasts from insecticide used on rice, was Dissolved solids were elevated
May through September. detected in four. Herbicides and in rice fields relative to the other

Pesticides were more frequently insecticides are applied to rice at ground water sampled in this study.
detected in the wells of the rice the same time, shortly after plant- The elevated concentrations are
land-use study area compared with ing in May. The most heavily used most likely related to evaporation
other regions outside the rice stu~ly pesticides on rice are molinate, of imgation water, which leaves
area. One or more pesticides were thiobencarb, and carbofuran, behind salt. The effects of these
detected in 25 of 28 (89 percent) of Therefore, it is not surprising to see increases in dissolved solids on
the wells sampled (fig. 19). The these compounds in the ground deeper portions of the aquifer are
most frequently detected pesticide water under the rice land-use unknown.
of the rice study was bentazon, a region. None of the pesticide con- The effects of recent urbaniza-
herbicide used in rice fields until centrations that were measured tion on the quality of shallow
suspension in 1989 and a formal exceeded any known water-quality ground water were investigated as
ban in 1992. Although no observed standard, part of this NAWQA study
concentrations exceeded drinking- Nutrient concentrations tended (fig. 21). The chosen metropolitan
water standards, the high detection to be low in the ground water under area was that of the city and sur-
frequency, almost 10 years since the rice fields. The median nitrate rounding counties of Sacramento.
the last known use, suggests that concentration was 2 rag/L, and no The part, of the metropolitan area
bentazon is easily transported to concentrations exceeded a developed between 5 and 25 years
ground water and does not readily drinking-water standard. The ago was chosen for the investiga-
degrade in ground water. Molinate, median nitrate concentration tion because it was assumed that

the water quality of older urban
land might have degraded water
quality because it was developed
prior to the passage of the Clean
Water Act and the period of more
recent environmental awareness.

Trichloromethane was the most
frequently detected volatile organic
chemical (16 of 19 wells). The con-
centrations were always very low
and did not exceed any drinking-
water standards. The presence of
trichloromethane can be attributed
to lawn irrigation using water
treated by chlorination. One or
more pesticides were detected in 6
of 19 (32 percent) of the wells sam-
pied in the urban land-use study
(fig. 19). Atrazine, or its degrada-
tion product, was the most fre-
quently detected pesticide in the

Figure 20. Drilling and installing a new monitoring well in the rice-growing shallow ground water under the
region of the Sacramento Valley. recently urbanized area. The
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limit the beneficial uses of the
ground water because they may
precipitate when the ground water
is exposed to air. The precipitation
can be severe enough to adversely
affect household uses of water as
well as plumbing.

Radon concentrations exceeded
the EPA proposed drinking-water
standard of 300 picocuries per liter
in 90 percent of the domestic wells
sampled. The median concentra-
tion from wells sampled in the
southeastern Sacramento Valley
was 495 picocuries per liter. Radon
is a colorless gas formed from the
radioactive decay of radium.
Radium is produced by the radio-
active decay of uranium, which has

Figure 21. Drilling and installation of a new monitoring well in the Sacramento a half-life of 4.4 billion years,
metropolitan area. This study of shallow ground water was the first of its kind withinwhereas the half-life of solid
the Sacramento metropolitan area. radium is 1,620 years. Radon, on
occurrence of atrazine in ground perspective of human toxicity, the other hand, has a half-life of
water could not be attributed to Some wells did have high concen- only 3.8 days. Because radon is a
either current urban land use or trations of iron and manganese, gas, it moves easily in underground
past agricultural production. All The primary drinking-water geologic environments and readily
atrazine concentrations were below standard for cadmium (5 gg/L) was enters ground water. Regions of the
drinking-water standards, exceeded in three wells of the rice country with geologic formations

An examination of the nitrate land-use study. The source of that containing granite, volcanic rocks,
data revealed the highest potential cadmium is unknown. Arsenic certain types of shale known as
contamination of ground water exceeded the current drinking- dark shale, and some sedimentary
from recent urban development, water standard of 50 ~tgfL in one and metamorphic rocks are more
Although no wells had concentra- urban well and approached the likely to have soil or ground water
tions of nitrate above the drinking- drinking-water standard in three enriched in radon. Those condi-
water standard, one well had a con-other wells. Arsenic would be more tions exist in the Sacramento River
centration of 8 mg/L, and 5 of the problematic if the drinking-water Basin. The health effects of con-
19 (26 percent) of the sampled standard were lowered to 5 gg/L, as suming water containing radon at
wells had concentrations that proposed by the EPA (U.S. levels determined in this study have
exceeded 5 mg/L. The median con- Environmental Protection Agency, not been identified.
centration of nitrate was 2.4 mg/L. 2000). At that level, the standard
The median concentration of would be exceeded in 53 percent of
nitrate in ground water under urban the urban wells, 39 percent of the
areas measured in previous rice land-use wells, and 48 percent
NAWQA investigations was of the domestic wells sampled in
1.6 mg/L (Nolan and Stoner, the southeastern Sacramento
2000). Valley. Iron and manganese dis-

With the exception of arsenic, solve when oxygen is absent in the
trace elements generally were not ground water. Although generally
found to be a problem from the nontoxic, these two metals can
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STUDY UNIT DESIGN

Stream Chemistry
Basic and Intensive Fixed Sites (see
Glossary) were selected to assess the
occurrence of dissolved compounds EXPLANATION
and select compounds associated with Stream sites
solid materials in stream water or ¯ Basic

° Intensive
streambed sediment. Basic Fixed Sites

.z~ Special studieswere sampled less frequently and for o Bed sediment
fewer compounds than Intensive Fixed Bed sediment and _"~,
Sites. aquatic biota ~ " - ’

Land use
Basic and Intensive Fixed Sites lib Urban

~"[--] Agriculture                 . ,~_
1. Sacramento River above Bend Bridge ~ Orchards - " ’.

near Red Bluff ~ Forest and rangeland
2. Sacramento River at Colusa ~ Water bodies
3. Yuba River at Marysville ~ Wetlands

"?_.,_~40 MILES4. Feather River near Nicolaus ~ Barren land
’-~d"a’ 0 40 KILOMETERS5. Cache Creek at Rumsey

6. Colusa Basin Drain at Road 99E near
Knights Landing

7. Sacramento Slough near Knights -~.-, /"~---~
Landing ~..,",--"" ’~"~o

8. Sacramento River at Verona :
9. Arcade Creek near Del Paso Heights "~ ~ ~ ’~’~-.~

10. American River at Sacramento EXPLANATION
11. Sacramento River at Freeport Stream ecology sites
12. Yelp Bypass at Interstate 80 near West ¯ Intensive

Sacramento ,x Synoptic studies
Ecological regions

~ Sierra Nevada
Special Studies ~ Klamath Mountains

__~ Eastern Cascades foothills
A study of metals transport from an ~ Chaparral and woodlands
acid mine drainage site and a general- [S~] Central Valley
ized study of mercury transport along a [--] Cascades

~ Snake River High Desert

~"~’0~_,_,_~_~.’
reach of the Sacramento River down- ~ Northern Basin and Range , MILESstream from Shasta Lake were ~ Water bodies "" ¯
completed. ’~’ 0 40 KILOMETERS

Stream Ecology EXPLANATION

Ground-water sites                ~.,, -Ecological assessments were com- o Southeastern Sacramento Valley :pleted along mountain to valley ¯ Rice land use
reaches (synoptic studies) of 3 streams, ¯ Urban land use
at 7 of the 12 Basic Fixed Sites, and at Soil types
1 reference site to determine variations ?N High infiltration rates, deep .~’       : ’--~,
in the community structure of aquatic soils, well to excessively ( ’ = --- .... " ~,,~,

drained ~ :). _~’:~i" ¯biota. [~ Moderate infiltration rates, ?~ , :~ ¯ ’ :
moderately deep to deep
soils "’~ ’ ,lt,,~ 2~ ,...~

Ground-Water Chemistry ~ Slow infiltration rates,
has a layer that impedes

Surveys of water quality in a used per- downward movement of
tion of the Sacramento Valley aquifer water \:    _.
and the effects of agricultural and [-q Very slow infiltration rates, ~.:,~ -~X-Y "

shallow soils over nearly \.,, ~ ~1~.’~’
urban land uses on water quality were impervious material "~, 1 0 40 MILES
completed. "~: ~’-~--4~KI40 KI LOM ETER S
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SUMMARY OF DATA COLLECTION IN THE SACRAMENTO RIVER BASIN, 1994-98

Study ] Types of sites sampled Number of Sampling frequency

I
What data were collected and why sites and periodcomponent

Stream Chemistry
Basic Fixed Streamflow, nutrients, major ions, suspended sediment, Large rivers, most with continuous stream- 8 Monthly, 02./97-04/9~

Sites water temperature, specific conductance, organic carbon, I flow measurements available; streams
General water trace metals, mercury, dissolved oxygen, alkalinity and with continuous strearnflow measure-
chemistry pH; to describe concentrations, loads, and seasonal varia- menUs that drain forested, agricultural.

taons." [ and mining areas.

Intensive Fixed In addition to the above constituents, 84 pesticides; to One agricultural stream that drains 3 Monthly, 02/96-04/98;

Sites-- describe concentrations and seasonal variations, primarily agricultural areas; one large Monthly for pesticides..

Agricultural river site near the mouth of the basin. ~ 11/96--03/97 and

and large 08/97-434/98; twice per

river month for pesticides
04/97-07/97

Intensive Fixed The same constituents as Basic Fixed Sites and Intensive One stream that drams a primarily urban- 1 Monthly for pesticides and

Sites Urban Fixed Sites and, in addition, 85 volatile organic corn- ized area. volatile organic chemicals
pounds; to describe concenla-ations and seasonal varia- 11/96-12/96 and
tions. 01/98-04/98; twice

monthly for pesticides,
01/97-11/97. Storm
sampling for volatile

organic chemicals, 04/96
and 10/96

Contarmnants Trace elements and organic compounds; to deternune Depositional zones of large rivers and 17 in 1996; 19 One sampling for tract:
in streambed presence of potentially toxic compounds attached to select tributaries, including fixed sites, in 1997 elements and organic
sediments streambed sediments, compounds in 1995; one

sampling for trace
elements in 1997

Contaminants Asiatic clams and bottom-feeding fish were collected to Fixed sites and other select sites of large 17 One sampling in 199
in tissues of determine the presence of contamanants that can accumu- rivers and select tributaries.
aquatic late in tissues of aquatic organisms. The tissue samples
organisms were analyzed for trace elements and organic com-

pounds.
Stream Ecology

Intensive Fish, macroinvertebrates, and algae; to assess biological Sites at or near a flied site or at a pristine 9 Three samplings, 1996-98
Assessments communities and habitat in streams representing primary or reference location.

ecological regions.
Synoptic Fish, macminvertebrates, and algae; to determine spatial Sites along an elevation gradient from the ] 14 Two samplings, 1997-98

Studies distribution and communnity structure of aquatic species Sierra Nevada to the Sacramento Valley.
and habitat.

Ground-Water Chemistry
Aquifer Major ion~, nmrients, pesticides, tx-a~e d~aonts, volatile    ~na~tc i~lls i~tl~ ~bP,,ast~S~em- 31.w~lls

water qnalily and natural chemistry in a surfi~inl aquifer.
Land-Use Major ions, nutrient& trace cleaners, and I~.Slieides; to Newly dril~, monitoring ~lls comp!ct~l

Effects-- descn’tm the water quality and natural chemistry in a, near the water~ble ~ a ~-fiCial aquff~
Asriculture surficial aquifer in au agri~dmral, setting. I~aemJa.or rt~a~ :rice liP, Iris.
(dee) .....

Land.Use Major ions, nulriems, pesticides, trace elements, volalile Newly drill~ monitoring
Effects-- organic.compounds, end radon; to d~crib¢ tl~ overall near the water-table in a.Su~cial aquifer
Urban wamr quality and natural chemistry in a surfieial aquifer, beneath a’recently mbanized area.

Special Studies
Sacramento I Trace elements measured in whole water, filtered water, l Sacramento River and select tributaries 19 During selected high

River Trace | ultrafihered water, and on colloids, l including an acid mine drainage site. and low-flow stt~am
Metals StudyI

I
conditions, 07/96-06/97
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GLOSSARY

Amalgamation--The dissolving or blending of a metal public welfare; guidelines have no regulatory status and
(commonly gold and silver) in mercury to separate it are issued in an advisory capacity.
from its parent material. Ecological studies--Studies of biological communities and

Aquatic guidelines--Specific levels of water quality which, habitat characteristics to evaluate the effects of physical
if reached, may adversely affect aquatic life. These are and chemical characteristics of water and hydrologic
nonenforceable guidelines issued by a governmental conditions on aquatic biota and to determine how
agency or other institution, biological and habitat characteristics differ among

Aquatic-life criteria--Water-quality guidelines for environmental settings in NAWQA Study Units.
protection of aquatic life. Often refers to U.S. Ecoregion--An area of similar climate, landform, soil,
Envh’onmental Protection Agency water-quality criteria potential natural vegetation, hydrology, or other
for protection of aquatic organisms. See also Water- ecologically relevant variables.
quality guidelines and Water-quality standards. Ecosystem--The interacting populations of plants, animals,

Aquifer--A water-bearing layer of soil, sand, gravel, or and microorganisms occupying an area, plus their
rock that will yield usable quantities of water to a well. physical environment.

Basic Fixed Sites--Sites on streams at which streamflow isGround water--In general, any water that exists beneath
measured and samples are collected for temperature, the land surface, but more commonly applied to water
salinity, suspended sediment, major ions and metals, in fully saturated soils and geologic formations.
nutrients, and organic carbon to assess the broad-scaleHabitat--The part of the physical environment where plants
spatial and temporal character and transport of and animals live.
inorganic constituents of stream water in relation to Hydrograph---Graph showing variation of water elevation,
hydrologic conditions and environmental settings, velocity, streamflow, or other property of water with

Bed sediment--The material at the bottom of a stream or respect to time.
other watercourse.                                   Intensive Fixed Sites---Basic Fixed Sites with increased

Benthic invertebrates--Insects, mollusks, crustaceans,            sampling frequency during selected seasonal periods
worms, and other organisms without a backbone that and analysis of dissolved pesticides for ! year.
live in, on, or near the bottom of lakes, streams, or Maximum contaminant level (MCL)--Maximum
oceans, permissible level of a contaminant in water that is

Bioaccumulation--The biological sequestering of a delivered to any user of a public water system. MCLs
substance at a higher concentration than that at which it are enforceable standards established by the U.S.
occurs in the surrounding environment or medium. Environmental Protection Agency.
Also, the process whereby a substance enters organismsMedian--The middle or central value in a distribution of
through the gills, epithelial tissues, dietary, or other data ranked in order of magnitude. The median is also
sources, known as the 50th percentile.

Bioavailability--The capacity of a chemical constituent to Micrograms per liter (~tg/L)--A unit expressing the
be taken up by living organisms either through physical concentration of constituents in solution as weight
contact or by ingestion. (micrograms) of solute per unit volume (liter) of water;

Criterion--A standard rule or test on which a judgment or equivalent to one part per billion in most stream water
decision can be based, and ground water. One thousand micrograms per liter

Dissolved solids--Amount of minerals, such as salt, that are equals 1 milligram per liter (mg/L).
dissolved in water; amount of dissolved solids is an Nitrate--An ion consisting of nitrogen and oxygen (NO3).
indicator of salinity or hardness. Nitrate is a plant nutrient and is very mobile in soils.

Drainage basin--The portion of the surface of the earth thatNonpoint source---A pollution source that cannot be
contributes water to a stream through overland runoff, defined as originating from discrete points such as pipe
including tributaries and impoundments, discharge. Areas of fertilizer and pesticide applications,

Drinking-water standard or guideline~A threshold atmospheric deposition, manure, and natural inputs
concentration in a public drinking-water supply, from plants and trees are types of nonpoint source
designed to protect human health. As defined here, pollution.
standards are U.S. Environmental Protection Agency Nutrient--An element or compound essential for animal
regulations that specify the maximum contamination and plant growth. Common nutrients in fertilizer
levels for public water systems required to protect the include nitrogen, phosphorus, and potassium.
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Organochlorine compound--Synthetic organic are solvent-extractable and that can be determined by

compounds containing chlorine. As generally used, the gas chromatography/mass spectrometry. SVOCs

term refers to compounds containing mostly or include phenols, phthalates, and polycyclic aromatic

exclusively carbon, hydrogen, and chlorine. Examples hydrocarbons (PAHs).

include organochtorine insecticides, polychlorinated Suspended sediment--Particles of rock, sand, soil, and

biphenyls, and some solvents containing chlorine, organic detritus carried in suspension in the water
Organophosphate insecticides--A class of insecticides column, in contrast to sediment that moves on or near

derived from phosphoric acid. They tend to have high the streambed.
acute toxicity to vertebrates. Although readily Tolerant species--Those species that are adaptable to
metabolized by vertebrates, ~ome metabolic products (tolerant of) human alterations to the environment and
are more toxic than the parent compound, often increase in number when human alterations occur.

Phosphorus--A nutrient essential for growth that can play aTrace element--An element found in only minor amounts
key role in stimulating aquatic growth in lakes and (concentrations less than 1.0 milligram per liter) in

streams, water or sediment; includes arsenic, cadmium,

Plankton--Floating or weakly swimming organisms whose chromium, copper, lead, mercury, nickel, and zinc.

migration is controlled by waves and currents. AnimalsVolatile organic compounds (VOCs)--Organic chemicals

of the group are called zooplankton and the plants are that have a high vapor pressure relative to their water

called phytoplankton, solubility. VOCs include components of gasoline, fuel

Point source--A source at a discrete location such as a oils, and lubricants, as well as organic solvents,

discharge pipe, drainage ditch, tunnel, well, fumigants, some inert ingredients in pesticides, and

concentrated livestock operation, or floating craft, some by-products of chlorine disinfection.
Polychlorinated biphenyls (PCBs)--A mixture of Water-quality guidelines--Specific levels of water quality

chlorinated derivatives of biphenyL marketed under the which, if reached, may adversely affect human health or

trade name Aroclor with a number designating the aquatic life. These are nonenforceable guidelines issued
chlorine content (such as Aroclor 1260). PCBs were by a governmental agency or other institution.
used in transformers and capacitors for insulating Water-quality standards--State-adopted and U.S.
purposes and in gas pipeline systems as a lubricant. Environmental Protection Agency-approved ambient
Further sale for new use was banned by law in 1979. standards for water bodies. Standards include the use of

Radon--A naturally occurring, colorless, odorless, the water body and the water-quality criteria that must
radioactive gas formed by the disintegration of the be met to protect the designated use or uses.
element radium; damaging to human lungs when Watershed--See Drainage basin.
inhaled. Water table--The point below the land surface where

Recharge~Water that infiltrates the ground and reaches the ground water is first encountered and below which the

saturated zone. earth is saturated. Depth to the water table varies widely
Runoff--Excess rainwater or snowmelt that is transported to across the country.

streams by overland flow, tile drains, or ground water. Wetlands--Ecosystems whose soil is saturated for long
Semivolatile organic compound (SVOC)---Operationally periods seasonally or continuously, including marshes,

defined as a group of synthetic organic compounds that swamps, and ephemeral ponds.
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APPENDIX--WATER-QUALITY DATA FROM THE SACRAMENTO
RIVER BASIN IN A NATIONAL CONTEXT
For a complete view of Sacramento River Basra data and for additional information about specific benchmarks used, visit our Web site at
http://water.usgs.gov/nawqa/, Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http:/4nfotrek.er.usgs.gov/wdbctx/nawqaJnawqa.home

This appendix is a summary of chemical concentrations Pesticides in watermHerbicides
and biological indicators assessed in the Sacramento

Study-unit frequency of detection, in percentRiver Basin. Selected results for this basin are graphically r N, ational frequency of aetection, in percent Study-unit sample size
compared to results from as many as 36 NAWQA Study

Bentazon (Basagran. Bentazone) "*Units investigated from 1991 to 1998 and to national 50 i7
water-quality benchmarks for human health, aquatic life, or 0

~ 12              ~I                                                           26fish-eating wildlife. The chemical and, biological indicators
shown were selected on the basis of frequent detection, ~ ~ ~ - 25detection at concentrations above a national benchmark,

2,4-D (Aqua-Kleen, Lawn-Keep, Weed-B-Gone)or regulatory or scientific importance. The graphs illustrate
how conditions associated with each land use sampled in 2~

~ ii 25the Sacramento River Basin compare to results from
1 -- 19across the Nation, and how conditions compare among 0 <1

the several land uses. Graphs for chemicals show only
DCPA (Dacthal, chlorthaFdimethyl)detected concentrations and, thus, care must be taken to 52 18

evaluate detection frequencies in addition to concentra-
tions when comparing study-unit and national results. For o
example, molinate concentrations in Sacramento River
Basin agricultural streams were similar to the national

Diuron (Crisuron, Karmex. Diurex) **distribution, but the detection frequency was much higher ~ :~ ’ /(100 percent compared to 7 percent). 8e 22 .....
I

29225a 20 ~ --- ~ 25
7 4 , ,,, ~,-i~ ,,~.~.,: 28O 3 19

CHEMICALS IN WATER
Concentrations and detection frequencies, Sacramento River EPTC (Eptam, Farmarox, Alirox)
Basin, 1994.-98---Detection sensitivity varies among chemicals and, 57 21

13 ~ 21
thus, frequencies are not directly comparable among chemicals

25

’̄ Detected concentration in Study Unit
066 58 Frequencies of detection, in percent. Detection frequencies

were not censored at any common reporting limit. The left- Metolechlor (Dual, Pennant)hand column is the study-unit frequency and the right-hand
80 64

{
30column is the national frequency 77 83 ~ uu -- 26

" Not measured or sample size less than two o 18 ...... :: I 280 9~2 Study-unit sample size. For ground water, the number of 0 5
samples is equal to the number of wells sampled

Molinate (Ordram) *
National ranges of detected concentrations, by land use, in 36

10~
7 21

NAWQA Study Units, 1991-98---Ranges include only samples 69 53 2360
in which a chemical was detected 25 1

I Streams in agricultural areas 0
Streams in urban areas
Streams and rivers draining mixed land uses

=~’~"~.-~,’P-~---- Shallow ground water in agricultural areas 0 60 -- - ~0
I 25Shallow ground water in urban areas                    0 12             - ’ LC                               28

~- ~ ~:~-~::~" ..... Major aquifers 0 21
Lowest Mid,lie Highest 0 5 J

~ 9
25    50    25

Simazine (Princep. Caliber 90)
95 61

National water-quality benchmarks 73 77’ 21
58 7~ ~ ~ ~0

National benchmarks include standards and guidelines related to 26
dnnking-water quality, criteda for protecting the health of aquatic life, and 36 21

5
i~ ~9a goal for preventing stream eutrophication due to phosphorus. Sou rces 10

include the U 3. Environmental Protection Agency and the Canadian
Th obencarb (Bolero, Saturn, Benth=ocarb) " "*Council of Ministers of the Environment                                                    90

I Drinking-water quality (applies to ground water and surface water) 5 ~ ~ " ’~ 25"~0
I Protection of aquatic life (applies to surface water only)

<i                                                                          19
Prevention of eutrophication in streams not flowing directly into
lakes or impoundments I I       J

¯ No benchmark for drinking-water quality 00001 0.0Ol 001 0,1 1 10 100 1.0OO
-̄ No benchmark for protection of aquatic life CONCENTRATION. IN MICROGRAMS PER LITER
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Study-unit frequency of detection, in percent Study-unit freque~-’y Of detection, in percent

Trifluralin (Treflan, Gowan, Tri-4. Trific) Chlorpyrifos (Brodan, Dursban, Lorsban)
52 21 2! 29 18
33 13 30 73 37 30

0 17 26 U 20 , Jill                                        26

0 1 ~ I 28 0 1 ~ 28

0 <I ~ 31 0 <i

Diazinon (Basudin, Diazatol, Neocidol, Knox Out)oooo1 o.ooi    &Ol     o.I     I      io     ioo    1,ooo
i00 7o

l I
50

o <i 1 28
Other herbicides detected 0 2 ~

I
! 9

Alachlor (Lasso, Bronco, Lariat, Bullet) ** 0 2 II

Atrazine (AAtrex, Atrex, Atred, Gesaprim)
Malathion (Malathion)Benfluralin (Balan, Benefin, Bonalan) * "* 33 5

8romacil (Hyvar X, Urox B, Bromax) 53 21
I

30
Bromoxynil (Buctril, Brominal) " 8 6 25

Cyanazine (Bladex, Fortrol)
Deethylatrazine (Atrazine breakdown product) 0
Dichlorprop (2,4-DP, Seritox 50, Lentemul) * **
2,6-Diethylaniline (Alachlor breakdown product) * ** ~ I I I I I I I

MCPA (Rhomene, Rhonox, Chiptox) o.ooo! o.o01 O.Ol 0.1 1 10 10o 1,ooo

Metribuzin (Lexone, Sencor) CONCENTRATION. IN MICROGRAMS PER LITER
Napropamide (Devrinol) * **
Nofflurazon (Evital, Predict, Solicam, Zorial) * "*
Oryzalin (Surflan, Dirimat) * ** Other iflsecticldee detected
Pebulate (Tillam, PEBC) * ** Azinphos-methyl (Guthion, Gusathion M) *
Pendimethalin (Pre-M, Prowl, Stomp) * "* p,p’-DDE
Pronamide (Kerb, Propyzamid) ** Propargite (Comite, Omite, Ornamite) * **
Propanil (Stam, Stampede, Wham) " **
Tebuthiuron (Spike, Tebusan) Insecticides not detected
Triclopyr (Garlon, Grandstand, Redeem, Remedy) * ** Aldicarb (Temik, Ambush, Pounce)

Aldicarb sulfone (Standak, aldoxycarb)
Herbicides not detected Aldicarb sulfoxide (Aldicarb breakdown product)
Acetochlor (Harness Plus, Surpass) * ** Dieldrin (Panoram D-31, Octalox. Compound 497)
Acifluorfen (Blazer, Tackle 2S) ** Disulfoton (Disyston, Di-Syston) **
Butylate (Sutan +, Genate Plus, Butilate) ** Ethoprop (Mocap, Ethoprophos)
Chloramben (Amiben, Amilon-WP, Vegiben) ** Fonofos (Dyfonate, Capfos, Cudgel, Tycap)
CIopyralid (Stinger, Lontrel, Transtine) * "* alpha-HCH (alpha-BHC, alpha-lindane)
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * ** gamma-HCH (Undane, gsmma-BHC)
Dacthal mono-acid (Dacthal breakdown product) * ** 3-Hydroxycarbofuran (Carbofuran breakdown product) *
Dicamba (Banvel, Dianat, Scotls Protuff) Methiocarb (Slug-Gets, Grandslam, Mesurol)
Dinoseb (Dinosebe) Methomyl (Lanox, Lannate, Acinate)
Ethalfluralin (Sonatan, Curbit) * ** Methyl parathion (Penncap-M, FolidoI-M)
Fenuron (Fenulon, Fenidim) * ** Oxamyl (Vydate L, Pratt)
Fluometuron (FIo-Met, Cotoran) ** Parathion (RoethyI-P, Alkron, Panthion, Phoskil)
Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) * cis.Permethnn (Ambush, Astro, Pounce) " **
MCPB (Thistrol) * °" Phorate (Thimet, Granutox, Geomet. Rampart) * **
Neburon (Neburea, Neburyl, Noruben) * "* Propoxur (Baygon, Blattanex, Unden, Proprotox)
Picloram (Grazon, Tordon) Terbufos (Contraven, Counter, Pilarfox) **
Propachlor (Ramrod, Satecid) **
Propham (Tuberite) **
2,4,5-T **
2,4,5-TP (Silvex, Fenoprop) -
Terbacil (Sinbar) **
Triallate (Far-Go, Avadex BW, Tri-allate) " Volatile organic compounds (VOCs) in ground water

7base graphs represent data from 16 Study Units, sampled from 1996 to 1998
Pesticides in water--Insecticides

Carbaryl (Carbamine, Denapon, Sevin)                                        Methyl tert-butyl ether (MTBE)

ioo 46 .... 30

0 ! ~ ~.Z

Carbofuran (Furadan, Curaterr, Yaltox) Trichloroethene (TCE)

~00 11 1 22
3 3

{
30

23 i0 26

0.OOOl o.ool    o.ol 0.! 1 10 10o 1,0oo o.ool o.01 o.1 1 lO lOO 1,ooo lO.OOO

CONCENTRATION, IN MICROGRAMS PER LITER CONCENTRATION. IN MICROGRAMS PER LITER
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Study-una frequency of detection, in percent Methyl-2-methacrylate (Methyl methacrylate) *
--Nati°nal freqt~ency of detection in percent Study-unit sample size__ 4-Methyl-2-pentanone (Methyl isobutyI ketone (MIBK)) *

| , , i ~ , ~ | Methyl-2-propenoate (Methyl acrylate)*
._,__L_ Trichioromethane (Chloroform) _L Methylbenzene (Toluene)

Naphthalene
2-Propanone (Acetone) *

3 ~ 0 2-Propenenitrile (Acrylonitrile)
~ 51 , , , , , ~ n-Propylbenzene (Isocumene) *
l0 30 , , 3J 1,1,2,2-Tetrachloroethane*

i I I I I I I i 1,1,1,2-Tetrachloroethane
0.o~1 O.Ol o.1 1 lo 10o 1,ooo lO.OOO 1,2,3,4-Tetramethylbenzene (Prehnitene) *

1,2,3,5-Tetramethylbenzene (Isodurene)
CONCENTRATION. IN MICROGRAMS PER LITER Tribromomethane (Bromoform)

1,1,2-Triohloro- 1,2,2-trifluoroethane (Freon 113) *
1,2,4-Trichlorobenzene
1,2,3-Trichlorobenzene *

Other VOCs detected 1,1,2-Trichloroethane (Vinyl trichloride)
Bromodichloromethane (Dichlorobromomethane) 1,2,3-Trichloropropane (Allyl trichloride)
Carbon disulfide * 1,2,3-Trimethylbenzene (Hemimellitene) *
Chloromethane (Methyl chloride)
Dichlorodifluoromethane (CFC t2, Freon 12)
1,2-Dichloroethane (Ethylene dichloride)
1,1-Dichloroethane (Ethylidene dichloride) * Nutrients in water
cis-1,2-Dichloroethene ((Z)-1,2-Dichloroethene)
Ethenylbenzene (Styrene) Study-unit frequency of detection, in percent

I odomethane (M ethyl i odide) * / Nlati°nal trequency of detection, in percent Study-unit samplesiz~

Tetrachloroethene (Perchloroethene)
L _L_                                                                   ~

= ,

Tetrachloromethane (Carbon tetrachloride) Ammonia, as N * **
1.1,1-Trichloroethane (Methylchloroform) ~ 88~ --
Trichlorofluoromethane (CFC 11, Freon 11) 3~ 75 -- 230
1,2,4-Trimethy~benzene (Pseudocumene) * 36 78 -:- 28

89 71 i , i 18
VOCs not detected 77 70 ~~ 31
tert-Amylmethylether (tert-amyl methyl ether (TAME)) "
Benzene Dissolved ammonia plus organic nitrogen, as N
Bromobenzene (Phenyl bromide) * ~3 78 ---

100 74
~

I 36Bromochloromethane (Methylene chlorobromide) 16 62 ~ 230
Bromoethene (Vinyl bromide) " ~i 28 ~ 28Bromomethane (Methyl bromide) 39 30 ~ ~"
2-Butanone (Methyl ethyl ketone (MEK)) * 0 24 ~

n-Butylbenzene (1-Phenylbutane) *
Dissolved nitrite plus nitrate, as N **sec-Butylbenzene "

9~ 95 II 54tert-Butylbenzene * loo 97 i
3-Chloro-l-propene (3-Chloropropene) * 88 91 2~0
1-Chloro-2-methylbenzene (o-Chlorotoluene) 82 81 ~                      28
1 -Chloro-4-methy~benzene (p-Chlorotoluene) 72 7 ~ 1
Chlorobenzene (Monochlorobenzene)

g ~ 71 ~
Chlorodibromomethane (Dibromochloromethane) Orthophosphate, as PChloroethane (Ethyl chloride) " 98 79 54Chloroethene (Vinyl chloride) 97 72 ’ IIII "
1,2-Dibromo-3-chloropropane (DBCR Nemagon) 67 7~ 2~0
1,2-Dibromoethane (Ethylene dibromide, EDB) 96 59 ~i 28
Dibromomethane (Methylene dibromide) * 100 52 :z: m,,, 18

100 61 "*q.-,.L
trans-1,4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) *
1,2-Dichlorobenzene (o-Dichlorobenzene) Total phosphorus, as P * **
1,3-Dichlorobenzene (m-Dichlorobenzene) 100 92 i I 54
1,4-Dichlorobenzene (p-Oichlorobenzene) 100 90 ~ , 37
1,1-Dichloroethene (Vinylidene chloride) 85 88 . 230

trans-1,2-Dichloroethene ((E)-1,2-Dichlorothene)
Dichloromethane (Methylene chloride)
1,2-Dichloropropane (Propylene dichloride)
2,2-Dichloropropane * I I I I I i      I      I i
1,3-Dichloropropane (Trimethylene dichloride) * o.ool O.Ol o.1 1 lO lOO 1,ooo lo,ooo lOO,OOO
trans-1,3-Dichloropropene ((E)-1,3-Dichloropropene) CONCENTRATION, IN MIllIGRAMS PER LITERCiS-1,3-Dichloropropene ((Z)-1,3oDichloropropene)
1,1 -Dichloropropene *
Diethyl ether (Ethyl ether) *
Diisopropyl ether (Diisopropylether (DIPE)) * Dissolved solids in water1,2-Dimethylbenzene (o-Xylene)
1,3 & 1,4-Dimethylbenzene (rm&p-Xylene) Study-uni~ lr~quetlcy of cletection, in percenl
1-4-E poxy butane (Tetra hyd rofuran, Di ethyiene oxide)* , N, ationa, frequency of cletection, in pe .... Stu dy-u nit sample siz~Ethyl methacrylate *

_j_ _j_                                                                              i, , , iEthyl tart-butyl ether (Ethyl-t-butyl ether (ETBE)) * Dissolved solids *1 - Ethyl-2-methylbenzene (2-Ethyttoluene) * 100 100 5Ethylbenzene (Phenylethane) too ioo 3,~
Hexachlorobutadiene 100 100 i ~m 229
1,1,1,2.2,2-Hexachloroethane (Hexachloroethane) too ioo -- , , 28
2-Hexanone (Methyl butyl ketone (MBK)) * 100 100 ~ ~ i

100 100
Isopropylbenzene (Cumene) *
p-lsopropyltotuene (p-Cymene) * I I I I I I     l     I J
Methyl acrylonitrile " o.ool O.Ol 0.1 1 lO lOO 1,ooo lO,OOO lOO,OOO

CONCENTRATION, iN MILLIGRAMS PER LITER
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Trace elements in ground water CHEMICALS IN FISH TISSUE
Study-unit frequency o/detection, in pe ..... AND BED SEDIMENTL National frequency of detection, in percent Study-unit sar~,e s~ze

T ~ ~ ~ , ; i Concentrations and detection frequencies, Sacramento River
Arsenic -- Basin, 1994-98---Detection sensitivity varies among chemicals and,

thus, frequencies are not directly comparable among chemicals.
Study-unit frequencies of detection are based on small sample sizes;
the applicable sample size is specified in each graph

i00 58 :8
iO0 3~ :9
90 37 3; 4, Detected concentration in Study Unit

Cadmium ~6 3~ Frequencies of detection, in percent. Detection frequencies
were not censored at any common reporting limit. The left-
hand column is the study-unit frequency and the right-hand
column is the national frequency

Ii 2 2~
-’ -~ -- Not measured or sample size less than two0

<~ 0
,,2 Study-unit sample size

Chromium
National ranges of concentrations detected, by land use, in 36
NAWQA Study Units, 1991-98~Ranges include only samples

96 85 ~ _- : 2~ in whJctl a chemical was detected
100 79 ~ J~

- 73 -- 0 Fmh tL~ue from streams in agricultural areas
Fish t~ssue from streams in urban areas

Uranium Fish tissue from streams draining mixed land uses

~~- Sediment from streams in agricultural areas
Sediment from streams in uff3an areas

86 6~ I~ 28
58 3 5 ~,-----~- £ 9 ~ Sediment from streams draining mixed land uses
- - 3 3 | 0 LOWeSt MK~dle Htghest

25 50 25
I I         {         I I         I         f I percent percent percent

0.01 0.1 1 10 100    1,0OO 10,000 100,0OO

CONCENTRATION. iN MICROGRAMS PER LITER National benchmarks forflshtissueand bed sediment

National benchmarks include standards and guidelines related to
= ~ ~ = ~ ~ = ~ criteria for protection of the health of fish-eating wildlife and aquatic
Radon-222 organisms. Sources include the U.S. Environmental Protection Agency,

other Federal and State agencies, and the Canadian Council of
Ministers of the Environment

-- 99 ~ 0
- 100 0 I Protection of fish-eating wildlife (applies to fish tissue)

i 00 9 7 ~- 32
l Protection of aquatic life (applies to bed sediment)

O.Ol o.1 1 lo lOO 1,ooo 1o,ooo t oo.ooo No benchmark for protection of fish-eating wildlife

CONCENTRATION, IN PICOCURIES PER LITER *o No benchmark for protection of aquatic life

Other trace elements detected
Selemum
Zinc

Trace elements not detected
Lead Study-unit frequency of detection, in percent

, N, ational lrequency of detect ion, in de rcent St udy-unit sam pies,

Organochlorines in fish tissue (whole body) o,p’*p,p’-DDE (sum of o,p’-DDE and p,p’-DDE) "
100 90 =

and bed sediment 9~ ~

Study-unit Jrequency Of detection, in percent 100 a 8
62

L iatl°na’ frequenm/°f detecti°n’ ’n dercentI

I , , I        Study’unit sample sizi         ~
,

~ 39 ,.--- ,

~ o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) ° Total DDT (sum of 6 DDTs) "*
100 49 2 i00 go ,

69 0 94 ~

67_~

205027 --- " 2~6’ 100~
664149 I ---     - "

p,p:DDE * ""                                                             Dieldrin (Panoram D-31, Octalox) "
100 90                                             ~                             2           100 53

9~ 0 - - 42 I

lOg ~8 ~ 3 0 1362 J 30
~

CONCENTRATION. IN MICROGRAMS PER KILOGRAM CONCENTRATION. IN MICROGRAMS PER KILOGRAM
(Fish tissue is wet weight; bed sediment i$ dry weight) (Fish tissue is wet weight; be~ ss~imenl is d~ weight)
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Study-unit frequency of detection, in percent Study-unit frequency of det~’tion, in percent

Dieldrin+aldrin (sum of dieldrin and aldnn) "" ._L - bis(2-Ethylhexyl)phthalate **
i00 52 2

- 0

0 13 3 ioo 91                    --
-{~ 29 1 99 --

Toxaphene (Camphechlor, Hercules 3956)" ** Fluoranthene
50 12 = 2

0 <1 3 100 66 --
" ~ 78 u

I I        I        I        I I I Phenol **0.1 1 10 lOO !,0oo 10,ooo lOO,Ooo
CONCENTRATION, IN MICROGRAMS PER KILOGRAM

(Fish tissue is wet weight; bed sediment Is dry weight)
i00 81                      ~

82 m~6 80 ,,

Other organochlorlnes detected ol 1 lO lOO 1.ooo 10.ooo lOO,ooo
o,p’+p,p’-DDT (sum of o,p’-DDT and p,p’-DDT) "

CONCENTRATION, IN MICROGRAMS PER KILOGRAM, DRY WEIGHT
Organochlorlnes not detected
Chloroneb (Chloronebe, Demosan) " **
DCPA (Dacthal, chlorthal-dimethyl) * "* Other SVOCs detected
Endosulfan I (alpha-Endosulfan, Thiodan) * ** Acenaphthene
Endrin (Endrine) Acenaphthylene
gamma-HCH (Lindane, gamma-BHC, Gammexane) * Anthracene
TotaI-HCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and detta-HCH) "* Benz[a]anthracene
Heptachlor el)oxide (Heptachlor breakdown product) * Benzo[a]pyrene
Heptachlor+heptachlor apoxide (sum of heptachlor ar, d heptachlor epoxide) "" Benzo[b]fluoranthene **
Hexachlorobenzene (HCB) ** Benzo[ght]perylene **
Isodrin (Isodrine, Compound 711) " ** Benzo[k]fluoranthene "*
p,p’-Methoxychlor (Marlate, methoxychlore) * "* Butylbenzylphthalate
o,p’-Methoxychlor * *° Chrysene
Mirex (Dechlorane) "* p-Cresol **
PCB, total Di-n-butylphthalate
Pentachloroanisole (PCA) * ** Di-n-octylphthalate **
cis-Permethrin (Ambush, Astro, Pounce) " ** Diethylphthalate
trans-Permethnn (Ambush, Astro, Pounce) "*" 1,6-Dimethylnaphthalene **

Dimethylphthalate **
9H-Fluorene (Fluorene)
Indeno[1.2,3-cd]pyrene *"
2-Methylanthracene **
4,5-Methylenephenanthrene **
1 -Methylphenanthrene
NaphthaleneSemivolatile organic compounds (SVOCs) Phenanthrene

in bed sediment Pyrene
SVOC$ not detectedStudy-unit frequency o| detectJ(~l, in percent Acddine

i i m ~ ~ #
]1

Azobenzene
- Anthraquinone *" Benzo(c]cinnoline **

4-Brornophenyl-phenylether *"
0 21 ~ 3 4-Chloro-3-methylphenol ""

83 1 bis(2-Chloroethox3t)methane **i~ 39 , 8 2-Chloronaphthalene **

9H-Carbazole "" 2-Chlorophenol *"
4-Chlorophenyl-phenylether
Dibenz[a,h]anthracene
Dibenzothiophene

33 19 -- 3 1,2-Dichlorobenzene (o-Dichlorobenzene)
-~ ~) ~ 1.3-Oichlorobenzene (m-Dichlorobenzene)

1,4-Dichlorobenzene (p-Dichlorobenzene) **
2,6-Dimethylnaphthalene ** 1,2-Dimethylnaphthalene

3,5-Dimethylphenol **
2,4-Dinitrotoluene
2-Ethylnaphthalene "*

i00 65 ~ 3 Isophorone **7a ~ 1

1 -Methyl-9H-fluoreneI I        I        I        ] I I 1 -Methylpyreneo.1 1 10 10o 1,0oo lO.0Oo lOO,OOO Nitrobenzene ""
CONCENTRATION, iN MICROGRAMS PER KILOGRAM, DRY WEIGHT N-Nitrosodi-n-propylamine
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N-Nitrosodiphenylamine °*
Pentachloronitrobenzene ** BIOLOGICAL INDICATORS
Phenanthridine **
Quinoline ** Higher national scores suggest habitat disturbance, water-quality

1,2,4-Trichlorobenzene ** degradation, or naturally harsh conditions. The status of algae,
2,3,6-Trimethylnaphthalene ** invertebrates (insects, worms, and clams), and fish provide a

record of water-quality and stream conditions that water-
chemistry indicators may not reveal. Algal statue focuses on the
changes in the percentage of certain algae in response to

Trace elements in fish tissue (livers) and increasing siltation, and it often correlates with higher nutrient
concentrations in some regions. Invertebrate statue averages 11bed sediment                                                          metrics that summarize changes in richness, tolerance, trophic
conditions, and dominance associated with water-quality

Study-unit tr,a~uency o! dete~Jon, in percenl degradation. Fish status sums the scores of four fish metrics
/ N, atio~al treque~cy o! aetect~on, in ~ement Study-unit sample siz~ (percent tolerant, omnivo rous, non-native individuals, and percent

I ~ ~ ~ ~ ~ ~Z individuals with external anomalies) that increase in association
_ Arsenic * with water-quality degradation

i00 56 ~ u
1(~(~76 ~ 2 Biological indicator value, Sacramento River Basin, by land
I00 9g -~--: 5 use, 1994-98

1~]~ 9798 ~1 201 ~,                     Biological status assessed at a site

Cadmium * National ranges of biological indicators, in 16 NAWQA Study
zoo 77 2 Units, 1994-98

72 0
~ 95 ~ I~ Streams in undeveloped areas
80 98 ~ I 5 ~ Streams in agricultural areas

100 98 ----: 20 ~ Streams in urban areas
~ Streams in mixed-land-use areas

Chromium °                                                               75th percentile
iO0 52                    ~                                              2

72 ~ 0 - - " 25th percentile

zoo zoo                         ~99~ ~oo

Copper" Algal stat~s indicator
I00 i00 =| 2

- i0o -- 0 Undeveloped
i00 i00 -- 2 Agricultural
~oe ~eo

~

5 urban
i10~ !~ 2b Mixed

Lead *                                                                      Invertebrate stat~s indicator
q i ~ 0 Undeveloped

~ ~) ~ 1 __ 2
Agricultural

ioo ioo 5
-- i00 1 UrDan

ioo 99 20
Mixed i

59 0

i00 82 -- l 5
97 ~

Nickel * -                                                                   Fish status indicator
50 q 2 ~ 2 Undeveloped
~(~50 __ 2 Agricultural

100 10O 5 Urban
lO(l ~ ~ ’.

100100 ~ 20 Mixed I

-- ioo ~ o
i00 99 _ _ 2
1oo ~oo ~ 5
-- i00 l

i00 100 -,~ 20

Zinc *

-- i00 0
ioo ioo 2

ioo lOO
~
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A COORDINATED EFFORT

Coordination with agencies and organizations in the Sacramento River Basin was integral to the success of this
water-quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies
U.S. Environmental Protection Agency
U.S. Fish and Wildlife Service
Bureau of Reclamation
National Marine Fisheries Service

State Agencies
California Regional Water Quality Control Board
California Department of Water Resources
California Department of Fish and Game
California Division of Mines and Geology
California State Water Resources Control Board

Other
University of California, Davis

We also thank the following organizations for contributing to this effort.

We are grateful to the Sacramento River Watershed Program (SRWP) and the Sacramento Regional County
Sanitation District (SRCSD). The SRWP was initiated in 1995, just as the NAWQA Program initiated most of the
water-quality sample collection activities in the basin. The SRWP has the following mission statement: ’q’o ensure
that current and potential uses of the watershed’s resources are sustained, restored, and where possible,
enhanced, while promoting the long-term social and economic vitality of the region." The current SRWP
membership includes a diverse group of stakeholders interested in water quality of the Sacramento River Basin.
The infrastructure of the SRWP provides a unique means of achieving the NAWQA goals of coordination. The
SRCSD anticipated the need for a more comprehensive approach to water-quality management of the Sacramento
River Basin. As a result, the SRCSD was instrumental in developing the Sacramento River Toxic Pollutant Control
Program and was a partner with the Sacramento River Basin NAWQA Program in a detailed study of trace metals
in the Sacramento River system. Other agencies contributing to or helping to facilitate funding for that study include
the California State Water Resources Control Board, the U.S. Environmental Protection Agency, and the National
Marine Fisheries Service.
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POINTS OF CONTACT AND ADDITIONAL INFORMATION

The companion Web site for NAWQA summary reports:

http://water.usgs.gov/nawq~/

Puget Sound Basin contact and Web site: National NAWQA Program:

USGS State Representative Chief, NAWQA Program
U.S. Geological Survey U.S. Geological Survey
Water Resources Division Water Resources Division
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM

THIS REPORT summarizes major findings about water quality in the Puget Sound Basin that emerged from an
assessment conducted between 1996 and 1998 by the U.S. Geological Survey (USGS) National Water-Quality
Assessment (NAWQA) Program. Water quality is discussed in terms of local and regional issues and compared to
conditions found in all 36 NAWQA study areas, called Study Units, assessed to date. Findings are also explained in
the context of selected national benchmarks, such as those for drinking-water quality and the protection of aquatic
organisms. The NAWQA Program was not intended to assess the quality of the Nation’s drinking water, such as by
monitoring water from household taps. Rather, the assessments focus on the quality of the resource itself, thereby
complementing many ongoing.Federal, State, and local drinking-water monitoring programs. The comparisons
made in this report to drinking-water standards and guidelines are only in the context of the available untreated
resource. Finally, this report includes information about the status of aquatic communities and the condition of
in-stream habitats as elements of a complete water-quality assessment.

Many topics covered in this report reflect the concerns of officials in State and Federal agencies, water-resource
managers, and members of stakeholder groups who provided advice and input during the Puget Sound River Basin
assessment. Basin residents who wish to know more about water quality in the areas where they live will find this
report informative as well.

Puget Sound Basin

NAWQA Study Units±
Assessment schedule

m 1991-95

i 1994-98

I 1997-2001

[-~ Not yet scheduled

~-~’~- \ ~ High Plains Regional
" ~--L~ \\ Ground Water Study,

-- ~" -
~ 1999-2004

THE NAWQA PROGRAM seeks to improve scientific and public understanding of water quality in the Nation’s
major river basins and ground-water systems. Better understanding facilitates effective resource management,
accurate identification of water-quality priorities, and successful development of strategies that protect and restore
water quality. Guided by a nationally consistent study design and shaped by ongoing communication with local,
State, and Federal agencies, NAWQA assessments support the investigation of local issues and trends while
providing a firm foundation for understanding water quality at regional and national scales. The ability to integrate
local and national scales of data collection and analysis is a unique feature of the USGS NAWQA Program.

The Puget Sound Basin is one of 51 water-quality assessments initiated since 1991, when the U.S. Congress
appropriated funds for the USGS to begin the NAWQA Program. As indicated on the map, 36 assessments have
been completed, and 15 more assessments will conclude in 2001. Collectively, these assessments cover about
one-half of the land area of the United States and include water resources that are available to more than 60 percent
of the U.S. population.

IV National Water-Quality Assessment Program
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SUMMARY OF MAJOR FINDINGS

Stream and River Highlights                              S,lect,d Indir~tors of Strsem-Water Quality

Small Streams          MBjor Rivers
Undeveloped MixedStreams and rivers in the Puget Sound Basin met Urban Agricultural and Forest Land Uses

most Federal and State water-quality guidelines. In
general, large rivers were more likely to meet guide- Pesticides:

lines than were small streams. Concentrations of
fecal bacteria frequently exceeded U.S. Environ- Nutrients2

mental Protection Agency (USEPA) recreational Organo-
criteria and State standards protecting beneficial chl°rines3
uses of surface water, and insecticide concentrations

Semiv°latile ¯were occasionally higher than guidelines recom- °rgsnics4

mended to protect aquatic life. A total of 74 man- m Percentage of samples with concentrations equal to or
made organic chemicals were detected in streams greater than a health-related national guideline for drinking

water or aquatic life; or above a national goal for preventing
and rivers, with different mixtures of chemicals excess algal growth
linked to agricultural and urban settings. Though [~1 Percentage of samples with concentrations less than a
most chemical concentrations appeared to be low, heelth-related national guideline for drinking water or aquatic

life; or below a national goal for preventing excess algal
guidelines for drinking water and aquatic life that growth

Percentage of samples with no detection

121 ° -- Not assessed

~R,T,S. ~_.) ( are needed to make a full assessment do not exist
123° COLUMBIA

,9= ,~.. ~ .......... -.CffN--*,9--*..~ --L--,.2 -- for more than half the compounds detected.

¯ The insecticide diazinon, commonly used by home-
owners on lawns and gardens, was frequently
detected in urban streams at concentrations that
exceeded guidelines for protecting aquatic life (p. 6).

¯ The average concentration of total nitrogen in small
streams draining agricultural lands was twice the
concentration in streams draining urban areas and
over 40 times the concentration in streams draining

~ , , ~ undeveloped areas. Concentrations of total phospho-
~ ms were less dependent on land use, and concentra-

~ tions above the USEPA desired goal of 0.1 mg/L to
~ prevent excessive plant growth were detected in
~ rivers and streams in all but undeveloped areas
~ (p. ll).

~ ~-~-"’~ EXPLANATION " Concentrations of E. coli bacteria exceeded USEPA
LAND-USE TYPE

¯ ’~. ¯ URBAN criteria for moderate water-contact recreation,
¯-"’~, ~ ~R~CU~rU~, including swimming, in 15 of 31 small streams.

~ ,o zo ~o ,o ’~o .~s~._~ Livestock, pet, and wildlife wastes, and to some
o ~o’ ’2o’ 3o" ao 5b KILOMETERS ....

INTERNATIONALBouNDARY
extent human sewage, are likely sources of these
bacteria (p. 13).

The Puget Sound Basin is a 13,700-square-mile area of
mountains and coastal lowlands in western Washington
State and portions of British Columbia. About 4 million ] Insecticides, herbicides, and pesticide metabolites, sampled
people live in the basin, mainly in metropolitan areas of in water.
Seattle, Tacoma, Everett, Bellingham, and Olympia. 2 Total phosphorus and nitrate (as nitrogen), sampled in water.

Headwaters of major rivers provide much of the drinking 30rganochlorine compounds including DDT and PCBs,
water for these metropolitan areas. Ground water is the sampled in fish tissue.

4 Miscellaneous industrial chemicals and combustion by-
primary source of drinking water in rural areas and,
increasingly, for new suburbs, products, sampled in sediment.

Summary of Major Findings 1
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¯ Urban expansion into forested areas is changing ¯ Pesticides were not detected in wells that are more
stream habitats, in part because of changes in water than 120 feet deep, the depth below which most
quality. Streams in urban and agricultural areas are large public-supply wells withdraw water.
warmer and support less diverse populations of Pesticides were detected in wells that are less than
insects than those in forested areas (p. 14). 100 feet deep, the range of many rural and suburban

domestic wells, but concentrations met drinking-
Trends in Surface-Water Quality water guidelines. Only about half of the detected

Concentrations of nitrate and phosphorus in
pesticides have guidelines, and no benchmarks
are available to assess the significance of low-

the Nooksack and Green Rivers did not change concentration mixtures of pesticides (p. 16).
between 1980 and 1997. Durin~ the same period,
concentrations of nitrate in the Skokomish River ¯ Applications of fertilizers and dairy and poultry
and in Big Sods and Newaukum Creeks manure to cropland in agricultural areas of the
increased slightly (p. 12). Nooksack River Basin have increased nitrate

concentrations above the USEPA drinking-water
standard in about 60 percent of the shallow ground

Major Influences on Streams and Rivers water sampled (p. 18).

C̄ontaminants in runoff from urban and ¯ Prior to 1977, 1,2-dichloropropane was one of the
agricultural land surfaces ingredients in fumigants used on potatoes and

¯ Degraded stream habitat in urban and berries in the Nooksack River Basin. Currently
agricultural areas used fumigants contain only trace amounts of this

compound, and their application is not likely con-
taminating ground water to concentrations exceed-

Ground-Water Highlights ing drinking-water standards (p. 19).

Reliance on ground water as a source of drink-
ing water is increasing with urban and suburban
development. With some exceptions, ground Major Influences on Ground Water

water is of high quality. However, as indicated ¯ Poultry and dairy waste
by elevated concentrations of nitrate and the ¯ Lawn and garden fertilizerspresence of pesticides and other organic com-
pounds, shallow ground water in both urban and ¯ Septic systems
agricultural settings is vulnerable to contamina- ¯ Fumigants no longer in use
tion. Monitoring wells in urban residential areas
generally contained low-concentration mixtures
of chemicals associated with transportation and

Selected Indicators of Ground-Water Qualityhousehold activities. Shallow ground water, at
Shallow Ground Water        Supply Wellsdepths tapped for domestic supply in agricultural

Urban Agricultural Domestic Publicareas, contained fertilizer residues (nitrate) at
concentrations that commonly exceeded the Pesticides ~ ~.~i~ ’~ --
drinking-water standard. Other agricultural
chemicals were also frequently detected, though Nitrate ¢’~!:’ ~~ --

mostly at concentrations below current Federal
and State drinking-water guidelines. Redon

:8 -- ~
Volatile .. ;i; ~1~. :~

¯ Use of fertilizers on urban lawns and gardens and organicsl
:~i~ ~. ~;7 .~.~ --

drainage from septic systems have elevated nitrate ~ Percentage of samples with concentrations ~lual to or greeter
concentrations in shallow ground water beneath then a health-related national guideline for drinking water
urban residential areas. In most samples, these ~1~, Percentage of samples with concentrations less than a health-
concentrations were substantially less than the related national guideline for drinking water
drinking-water standard (p. 17). Percentage of samples with no detection

-- Not assessed

1 Solvents, refngeranfs, fumigants, and gasoline cornpouncls, sarnl~eO in water.

2 Water Quality in the Puget Sound Basin
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INTRODUCTION TO THE PUGET SOUND BASIN

The Puget Sound Basin encom- expected to increase ~zooo
passes the 13,700-square-mile areaby 1.1 million people, Yotalarea= 13,700 square miles aO
that drains to Puget Sound and with most growth in lo.ooo --

7O
adjacent marine waters. Included urban and suburban
are all or part of 13 counties in areas. Urban and ~ 8.000
western Washington, as well as the agricultural land uses,~-
headwaters of the Skagit River and which cover about ~
part of the Nooksack River in Brit- 9 and 6 percent of

~4.~ 3o
ish Columbia, Canada. Streams , the basin, respec-
and rivers drain three physic- tively (fig. 2), are ~-
graphic provinces--the Olympic concentrated in the
Mountains in the west, the lowlands¯ Forest 0[--- ----

FORFST URBAN AGRICULTURAL OTHERCascade Range in the east, and thedominates land use ANO BU,Lr-
UP LANDPuget Lowlands in the center        and cover in the basin

Figure 2. Land use and cover in the basin is
of the basin (fig. 1). and is concentrated predominantly forest.

in the foothills and
Land Use Affects Water mountains (see map, p. 1).Quality and Stream Habitat The quality of water and aquatic generally suitable for most uses.

Nearly 4 million people, or biota has been affected by a range However, the physical hydrology,
about 70 percent of Washington of forestry, agricultural, and urban water temperature, and biologic
State’s population, live in the development practices. The integrity of streams have been
Puget Sound Basin. Urban growth chemical quality of surface waterinfluenced to varying degrees by
is rapid; by 2020, the population is in the foothills and mountains islogging (Black and Silkey, 1998).

121"

123" BRITISN COLUMBIA

UNITED STATES

/
Streambank vegetation is sparse along
an agricultural stream. (Photograph by --’~" iBob Black, U,S Geological Survey.)

Rivers in forested headwaters
.. , , supply most of the drinking water

¯ PIER~E~.." ....... ,i ’) 7- for maior urban centers.
Urban land use is concentrated in the -e~. ~, ¯ ~. ’j (Photograph by Bob Black.
Puget Lowlands. (Photograph by Ward ~-~Z~4,L~,.<2~. ~-\~ ~ U.S. Geological Su~ey.)
Staubi~. U.S. Geologi~l Suwey,)

Figur~ 1. Streams and rivers drain three physiographic provinces in the Puget Sound Basin (Black and Silkey, 1998).

Introduction to the Puget Sound Basin 3

R0024721



The quality of ground water tn the Elliott Bay and the Duwamish adequate sewage treatment and
upper watersheds probably dtliers Waterway in Seattle. High- disposal,transport of contaminants
little from natural conditions, density commercial and residen-to streams by storm runoff, and

Because of development, many tial development occurs pri- preservation of stream corridors.
streams in the Puget Lowlands marily within and adjacent to the
have undergone changes in struc-major cities. Development in Water Availability Is a

ture and function with a trend recent years has continued Major Issue

toward simplification of stream around the periphery of these Although surface water provides
channels and loss of habitat urban areas but has trended most of the drinking water for the
(Black and Silkey, 1998). Sources toward lower density. This trendmajor urban centers (fig. 4), ground
of contaminants to lowland has resulted in increasing urbanwater is used in rural areas, and reli-
streams and lower reaches of sprawl in the central Puget ance on ground water as a source of
large rivers are largely nonpoint Sound Basin (fig. 3). drinking water is increasing with
because most major point sources Urban land-use activities haveurban and suburban development
discharge directly to Puget Sound. had a significant impact on the(Staubitz and others, 1997).
Compared with that in small quality of streams in the Puget Water availability has been and
streams in the Puget Lowlands, Sound Basin (Staubitz and will continue to be a major, long-
the quality of water in the lower others, 1997). Water-quality con-term issue in the Puget Sound Basin.
reaches of large rivers is better cerns related to urban develop- It is now widely recognized that
because much of the flow is ment include providing ground-water withdrawals can
derived from the forested
headwaters.

More than half of the agricul-
121o

tural acreage in the basin is
located in Whatcom, Skagit, and 123o ~ <
Snohomish Counties. Agricul- ,o (~--~    CANADA.~o-- ~.~.~.... ........., ...... ) ................. -~ .... ~ ..-~--

"’~, ~ .- UNITED STATES
rural land use consists of about 60

x..~ ~ ,
percent cropland and 40 percent .,: ~ \
pasture. Livestock produce a large ~’ ’B~,~...m ~
amount of manure that is applied J’
as fertilizer to cropland, some- .,,,
times in excess amounts, resulting
in runoff of nitrogen and phospho- ~. \
rus to surface water and leaching :~,’ Ev~’
of nitrate to ground water. Runoff (~, ...~
from agricultural areas also carries c...,
sediment, pesticides, and bacteria ~ (~ ~
to streams (Staubitz and others, ~.
1997). Pesticides and fumigant- /
related compounds are present, o~ ~.
usually at low concentrations, in ~
shallow ground water in agricul- ~ ~
tural areas. 2.

Heavy industry is generally
located on the shores of the urban ~._~’ EXPLANATION
bays and along the lower reaches ’:~ [] URBAN LAND USEIN 1970

of their influent tributaries, such o ]o z0 3o 40 50 KILOMETERS .... ,NTERNATION~LBOUNDARY
as Commencement Bay and the
Puyallup River in Tacoma and Figure 3. Recent urban development in the Puget Sound Basin has

been around the periphery of established urban areas.

4 Water Quality in the Puget Sound Basin
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1.20o Some Ground Water Is
~

loo% WATER WITHDRAWALS.AND USE IN PUGET SOUND BASIN, 1995 lo0 Susceptible to Contamination
~ ~ Public supply-Combmed ground water and surface water
= Shallow ground water (less than~_ LO00 ~ Public supply-Surface water ~

~
~ Public supply-Ground water

8o~ 100 feet deep) in the Puget Low-
,~ ~ Self supply-Surface water ~ lands is more susceptible to contam-
~ 800 [~[] Self supply-Ground water ~ ination in areas where the overlying

~
1 ~0 ~

sediments are coarse grained than
_~ ~ ~ where they are fine grained (see
_~ . £ p. 16 and map, p. 20). This is
~ ,0 ~ because rainfall, or applied imga-

tion water, seep relatively easily
~= ,,=, through coarse-grained sediments
~ 200 ~e ~,,=, ~_ and can transport contaminants to
.~

~ ground water.
~%o .,~ ~o’*~ ~,~- ~.~% ,~ o Study Design Focuses on

~’o~ ~’~ ,,-~ ,,~.%~’ "~" Land Use
Chemical and biological samples

were collected from a mix of rivers
Figure 4. Excluding water used for hydroelectric power, 41 percent of and streams in forested, urban, and
water was used for domestic supply in 1995. Ground water accounted agricultural areas to assess overall
for 47 percent of all withdrawals,

quality as well as the effects of
specific land-use practices. At some

deplete streamflows (Morgan andwere above the 30-year average sites, water samples were collected

Jones, 1999), and one of the (fig. 5). Because of increased monthly and during storms to assess
the effects of storm runoff onincreasing demands for surface      runoff during periods of rainfall,contaminant washoff. Other siteswater is the need to maintain        larger amounts of sediment, nutri-
were sampled only once, usuallyinstream flows for fish and otherents, pesticides, bacteria, and other

aquatic biota, contaminants may have been during normal flows.
Shallow ground water wastransported from the land surface

Hydrologic Conditions into streams and rivers than duringsampled from aquifers in coarse-
Probably Affected Study drier years. High flows due to grained glacial deposits considered
Results runoff from paved surfaces can to be the most at risk to contamina-

tion. Water from these aquifersSurface water was sampled also alter stream habitat.
during 1996 and 1997 when rain- was sampled to assess general water

quality and specifically to assess thefall and streamflows generally
quality of water in agricultural and
residential areas. Monitoring wells
and domestic wells were sampled.

~’~8o~, , , ....... ,,, I ,~,, ~,,,,,, i ,,, ~,,, ,~ Data from a previous sampling of
6 ~ 2’000~- l Big Sooe Creek -- 7Sth Percentile q
Z~_3 1’0OO~ t ~ --25rapercentile

~
public-supply wells (Ryker and

~’~ ’~oo~- ~. .~1~ ~ ,, ]~ .~ --O=~=rea~.,o~ ~ Williamson, 1996) are used to help
q,,z, aoo~- ,,1~~ ~, ~ ~      J evaluate the quality of drinking
~- so~~’ -~ ,~"~’~’---.~, ~’~ ~ water and the quality of deep
~" ~o ~ ~ ’, ~ ~ ~ ~ , , ~ ~ ~ ~ ~ I ,, , ~ , ~ ~ , t ~ ~ I ~, ~ ~ , ~ = =7 groundwater. (See table 3, page21

~ OND]J FMAMJ JASON DIJ FMAMJ J ASONDIJ FMAM J J A S1996 1997 for details on study design.)1995 ’ ~ I 1998

Figure 5. Streams and rivers were sampled during 1996 and 1997 when
streamflows generally were above the 30-year average.

Introduction to the Puget Sound Basin 5
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MAJOR FINDINGS

Pesticides in Surface Water drainage basin. Urban- Table 1. Concentrations of three insecticides were
Were Indicative of Upstream use pesticides in Fish- sometimes above chronic guidelines for the protection

Land Uses, and More trap Creek are probably of aquatic life

Pesticides Were Detected in transported from urban Aquatic Percent-
Streams Than in Rivers areas in the upper and life age Site in Range of

lower parts of the basin, guideline of all exceedance concentrations
Twenty-nine pesticides were The two large rivers (micro- samples and detected at the

Insecti- grams per exceeding (percentage site (rmcro-detected in Fishtrap Creek, which sampled for pesticides, cide liter)1 guideline el’samples) grams per liter)drains an agricultural area in the the Nooksack and
Nooksack River Basin (see map~ Duwamish (see map, Chlo~py- 0.04.1 1 Thornton (2) 0.00(~0.074
p. 20), compared with 21 in Thorn- p. 20), integrate land- ~fos
ton Creek, an urban stream. In use effects. The Diazinon 0.08 9 Thornton (211) 0.003-0.501
Fishtrap Creek, the more frequent herbicides prometon, Fishtrap (3) 0.004-0.113
detections of the herbicides atrazine simazine, and tebuthiu- Duwamish (4) 0.004-0.083
and metolachlor, used more in ton, which are used in Lindane 0.01 1 Thornton (2) 0.02
agricultural areas, and less frequent urban settings, were l u.s. Geological Survey, 1999a.
detections of the herbicides dichlo- detected frequently in "
benil and prometon (fig. 6), used the Duwamish River (fig. 6).
more in urban areas, are consistent This is indicative of the urban
with the predominant land use in the land use surrounding and immediately upstream from the

sampling site. Metolachlor, an agricul-
tural herbicide, was detected more
often in the Duwamish River than in
the Nooksack River, which was
sampled in an agricultural setting.

(A) Small Streams700, , ~ Metolachlor in the Duwamish River
¯ Fishtrap Creek, I ~ag~o,u~,t~m I was likely transported from agricul-

~ [] Thornton Crook, ~ufoan ,troom rural areas upstream from the mostly
~ i urbanized lower part of the basin,
~ ~o where samples were collected.
~ Pesticides transported to the~ 20
~- Nooksack and Duwamish Rivers

0 are diluted by the volume of high-
(B) Large Rivers700 quality water from forested head-

¯ NOOl~ac~ River ~mpl~ in
an agnetltltt~al ~tting waters, resulting in lower detection~ 80 [~ Duwami,h River sampled in

~ an u~..,,.~.g frequencies compared with Fishtrap
~ 60g and Thornton Creeks (fig. 6). In addi-
~ ~o tion to lower detection frequencies,
U, fewer pesticides were detected in the
~" large rivers.

o,, Diazinon was the most frequently
/ detected insecticide in both small

. "" o~ ." .’" °+" "" streams and large rivers (fig. 6). It is
HERBICIDES, HERBICIDES, " /

~.o,-,  u.ooo ooI ,.SECr,C,OESI used heavily in urban areas of the
Puget Sound Basin, and its frequent
detection, sometimes at concentra-
tions exceeding the chronic guideline

Figure 6. Pesticides detected in small streams (A) and large rivers (B) were for the protection of aquatic life (table
indicative of land use, but detection frequencies in large rivers were lower 1), prompted a more focused study of
because of dilution by flows from forested headwaters, pesticides in urban streams in Seattle

and surrounding King County (see
page 7).

6 Water Quality in the Puget Sound Basin
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Concentrations of Pesticides in line in 9 percent of all samples, and Pesticides Applied to Lawns and

Surface Water Draining Urban and in Thornton Creek, concentrations Gardens, As Well As Those Applied

Agricultural Areas Sometimes exceeded the guideline in 20 in Nonresidential Areas, Are

Exceeded Guidelines for the percent of samples. It is estimated Sources of Pesticides in Urban

Protection of Aquatic Life that about half the 83,000 pounds Streams

The insecticides chlorpyrifos,
of diazinon applied annually in the Because of the prevalence of diazi-

diazinon, and lindane were sometimes
Puget Sound Basin are applied in non and other pesticides in Thornton

detected at concentrations above
King County (Tetra Tech Incorpo- Creek, the USGS collaborated with

chronic guidelines for the protection,
rated, 1988). Diazinon is the insec- the Washington State Department

of aquatic life (table 1). Concentra-
ticide purchased most frequently by of Ecology and the King County

tions of diazinon exceeded its guide-
King County residents (fig. 7). Hazardous Waste Management

Program to study pesticides in streams
in 10 urban and suburban watersheds
in King County (see map, p. 20).

~’~ Percentage of unit retail sales within a class (herbicide,
insecticide, or fungicide) contributed by the pesticide Samples were collected during April

m Percentage of sites where pesticide was detected and May 1998 when retail sales of
Class    Active Trade name No sales reported from retail outlets pesticides are highest (Voss and

ingredient example No Not detected at sites
others, 1999), and they were collected

2,4-D Weadone i during storms when runoff can trans-
Dichlobenil Casoron I port pesticides to streams.
MCPP Mecoprop
Prometon Pramitol -] I Because USGS and Washington
Triclopyr Garlon -7 [ i State Department of Ecology labora-
MCPA Kilsem tories both participated in the study,
Atrazine AAtrex additional pesticides not included in

~._ Simaz~ne i Princep
the NAWQA study were analyzed. To~ Dicamba Banvel I

~ Dichlorprop 2,4-DP help determine sources of pesticides
"v Metolachlor Dual detected, King County provided sales

Trifluralin Treflan ’ data for pesticides sold in 10 large
EPTC Eptam
Napropamide Devrinol home and garden stores during 1997.
Oxadiazon Ronstar Twenty-three of 98 pesticides
AcetocNor Guardian analyzed for were detected in the
TebutNuron Spike urban streams. Homeowner use as a
Pendimethalin     Prowl source of pesticides in streams is
Diazinon Diazinon I I indicated for compounds like the

~’~ Carbaryl Sevin ! ~ herbicide 2,4-D and the insecticide
~ Malathion Malathion diazinon, which were detected in all

gamma-HCH Lindane streams and were sold frequently in
~ Chlorpyrifos Dursban
-- Disulfoton Di-syston I the home and garden stores (fig. 7).

cis-Parmethrin Ambush ] Some pesticides sold in stores were
not detected in streams, indicating that

Pentachloropheno~ P~nta I i other factors, like the rate at which a~~ Chlorothalonil Bravo 1 compound breaks down, affect the
"P Triadimefon Bayleton tNo I
= o 20 4o 60 8o 10~ relation between usage and detection.LL PERCENT Almost half of the pesticides

2 Unit retail salQs lot the~ ins~etie~ss total to 66,000 unil$, detected in the streams had no retail
3 0"11 retail sales for these flJngicldes total to 1,700 UlldS. sales, indicating that they are usually

not applied by homeowners. In urban
Figure 7. A comparison of pesticides detected in urban streams with retail areas, pesticides are also applied in
sales data suggests that homeowner and nonresidential applications both are commercial areas, along road rights-
sources of pesticides in streams. Sales were reported in units, which represent a of-way, and in parks and recreational
bag, bottle, or other package containing the pesticide, areas.
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Throughout the Nation, the insecti-
cides diazinon, carbaryl, chlorpyrifos, Areas where pesticides
and malathion were detected much are applied in urban
more frequently in streams draining settings are often in close
urban basins than in streams draining proximity to streams.

(Photograph by Sandraagricultural basins (U.S. Geological
Embrey, U.S. GeologicalSurvey, 1999b). Except for carbaryl, Survey.)

these pesticides also were detected
more frequently in Thornton Creek, an
urban stream, than in Fishtrap Creek,
an agricultural stream (fig. 6). loo

~ Thornton Creek inDetection of these pesticides is ~0 Puget Soun~ E~sin Although detec-
related to usage. For example, diazinon 80 m Urban streams in tion frequencies
and chlorpyrifos, which nationally rank~ ~ other St~l:ly Units vary, insecticides
! and 4 among insecticides used for ~ ~ 70 in Thornton Creek
homes and gardens, rank 1 and 2 in unit~ ~ 60 were typical of
sales of insecticides sold by home ~-~ ~,~ those detected in
improvement stores in urban and ~ ~

urban streams in

suburban areas of King County (fig. 7).8 ~ other Study Units
~J throughout the

Insecticides in streams are a concern~ ~ Nation.
because even at relatively low concen-
trations they can exceed guidelines for 10

the protection of aquatic life (table 1). CARB*RYL CHLOFIPYRIFOS DIAZINON MALATHION

Historically Used Pesticides 12Iand PCBs Are Still Detected 11 ~-

in Streambed Sediments lo ~ ~=
and Fish Tissue ~ ~_ ~.xi~.uro ~

uJStreambed sediment and whole ~ 8 ~-
~ I Average

fish (sculpin, a bottom fish) tissue ~ ~ !
were analyzed at sites throughout =z 6 ~" Minimum
the basin (see map, p. 20) in 1995 _~ ~ ’~
for organochlorine pesticides and ~            ~4 ~
PCBs. These compounds have been ,,=,~

~    I .shown to have negative impacts on .~ ~
the health of aquatic organisms as z= 1/,, ,
well as the organisms that consume 0 ~ ..........................................]" ----~ ...........,~----* .........
them. More organochlorine com-
pounds were detected in both AGRICULTURALU~BAN MIXED UNDEVELOPED

AND FOREST
streambed sediments and fish tissue                                LAND USE / LAND COVER

at sites surrounded by agricultural
and urban land uses than at sites in
undeveloped, forest, or mixed- Figure 8. Organochlorine compounds, including the insecticide DDT and

PCBs, in streambed sediments and fish tissue were primarily detected inland-use areas (fig. 8). urban and agricultural streams.

8 Water Quality in the Puget Sound Basin
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Fish Tissue Contamination ~s 1DO
Related to Urban and Agricultural
Land Uses

The relation between land use ~ ~_ so ~
-iZand the probability of detecting z ,,,

organochlorine compounds in fish _z ~
(sculpin) tissue were statistically o z 60 ~
significant. This relation suggests

~ ~ /that urban and agricultural land uses "’ -~

both contribute to the probability         ~- ~
O~’40

that a fish is contaminated with __. ~_ l
organochlorine pesticides. The ¯ "’ /
probability of detecting total PCBs -" o
in fish was significantly related to ~ ~ 20
urban land use only (Black and
others, 2000). These relations also
suggest that there is a land-use 0

I
threshold below which the proba- 0 20 40 60 80 100
bility of finding organochlofine PERCENT URBAN PLUS AGRICULTURAL LAND OR

compounds in fish tissue is
PERCENT URBAN LAND FOR TOTAL PCBs

unlikely (fig. 9). Figure 9. The probability of detecting specific organochlorine compounds in one
or more fish (sculpin) at a site increased with the percentage of urban and agricul-

Organochlorine Compounds in rural land in the drainage basin. Dieldrin, cis-Chlordane, and p,p’-DDT relations
Streambed Sediment and Fish are based on the percentage of agriculture plus urban land upstream from the
May Be a Concern for Aquatic sampling site. The total PCBs relation is based on the percent of urban land
Ecosystems upstream from the sampling site.

Organochlorine pesticides were
detected in streambed sediment at
3 of 19 sites (fig. 10). At Thornton

10.

DDE (a breakdown product of ~ ODD ............................ _%E£r_ot_~! c_hJo_rp2_~ __ !
DDT) and DDT exceeded the ~ _" DDE ..........................................

0 DOT i PEL DDD
H@xachlorobenzene (HCB) !Canadian Council of Ministers of

~ Oi@,drinthe Environment’s (Canadian Coun-
~ PEL DDEcil of Ministers of the Environment,

1995) probable effects level (PEL). 6
Compounds exceeding the PEL are
likely to result in adverse effects on ~ ~ ~T
aquatic organisms. It is important to
note that levels of DDT in Thornton ~
Creek sediment were higher than z_= 3 ~
either one of its breakdown prod- z"

--- 2ucts, DDD and DDE. This may
indicate that land disturbances in
the basin have reintroduced buffed
soils contaminated with DDT. ~ 0L~ FISHTRAP CREEK AT FLYNN ROAD THORNTON CREEK NEAR SEATTLE ROCK CREEK NEAR MAPLE VALLEY

Organochlorine compounds were (AGRICULTURAL) (URBAN) (SUBURBAN)
also detected in the tissue of whole
bottom fish (sculpin) collected at Figure 10. Concentrations of organochlorine compounds in streambed sediment

8 of 18 study sites (fig. 11).
in the Puget Sound Basin sometimes exceeded Canadian probable effects levels
(PELs). Compounds above the PELs may have negative impacts on aquatic
organisms.

Major Findings 9
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The largest number and highest concen- 350
trations of these compounds were in the . ~_e2~_~3~o2o2e2z22~c2’2"_°2 ....................................
fish collected from urban sites. At some
sites, total PCBs and DDT concentra- ~- 300 I To~l chlordane (Criterion = 500 ~tg/kg)

LU ! Heptachlor epoxide
tions were equal to or above the New Total PCBs

York State Department of Environmental ~ Total DDT
__L~ 25(3 - I HexachlorobenzeneConservation (NYSDEC) criteria for the ~: "’

protection of fish-eating wildlife (Newell ~ ~
~ Dieldrin

and others, 1987). _~ ~ 200
Generally, the concentrations ~f z~ ~

~e~,~on~or ~o~o c,~,o~

organochlorine compounds in sediment ~ ~50
and fish tissue were in the middle 50 ~ <~ ~,~,o c
percent nationally (see Appendix). ff ~

-~,22-_--[T"
--

Occasionally, concentrations of DDE, ,,,_~z o ~ o0 -
total chlordane, and total DDT were in z~ -~

nationally.the upper 25 percent of those reported
o 50

sculpin STREAM NAMES AND LAND USE

(Coitus)
we re
analyzed Figure 11. Concentrations of organochtorine compounds in fish (sculpin)

for tissue from streams in the Puget Sound Basin sometimes exceeded New
organochlorine compounds. (Photograph by York State Department of Environmental Conservation (NYSDEC) criteria.
Ward W. Staubitz, U.S. Geological Survey.) Concentrations above criteria may have a detrimental effect on fish-eating

organisms.

Characteristics and historical uses of organochlorine compounds detected in
Puget Sound Basin fish tissue and streambed sediment

Orgauochlorine compounds are cis- and trans-chlordane, cis- and Itexachlorobenzene (tICB) is a
synthetic organic compounds con- trans-nonachlor, and heptachlor, fungicide used as a seed and soil
taining chlorine. As generally used, treatment. It was discontinued from
the term refers to compounds DDT (Dichloro-diphenyl-trichloro- use in the United States in the
containing mostly or exclusively ethane) is an organochlorine insec-1980s.

ticide no longer registered for use incarbon, hydrogen, and chlorine.
Examples include organochlorine the United States. Polychlorinated biphenyis (PCBs)

are a mixture of chlorinated deriva-insecticides, polychlorinated Dieldrin is an organochlorine tives of biphenyl, marketed underbiphenyls, and some solvents insecticide no longer registered forthe trade name Aroclor with a hum-containing chlorine, use in the United States. It is also aber designating the chlorine con-
Chlordane (Octachloro-4,7-meth- breakdown product of the insecti- tent (such as Aroc!or 1260). PCBs
ahotetrahydroindane) is an organo-cide aldrin, were used in transformers and
chlorine insecticide no longer regis-I-Ieptachlor epoxide is a break- capacitors for insulating purposes
tered for use in the United States. down product of the organochlorineand in gas pipeline systems as a
Technical chlordane is a mixture ininsecticide heptachlor. It was used lubricant. Further sale for new use
which the primary components are in the United States until the 1970s.was banned by law in 1979.
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Streams and Rivers in Developed Areas
MIXI=~ LAND US~:          FOREST ANDWere Enriched with Nutrients Relative

to Those in Undeveloped Areas
,,

The highest average concentrations of total nitrogen
were in small streams draining agricultural areas. The
concentrations were nearly twice those in streams ~ I ’,
draining urban areas and over 40 times the average

~ ~::~.:, ..... , , ,,
concentrations in streams draining undeveloped land
(table 2). Drainage basins in agricultural areas also
yielded the most nitrogen per square mile (fig. 12). ~ " ~
Concentrations and yields of total nitrogen in Puget
Sound Basin streams and rivers correlate with usage
and atmospheric deposition of nitrogen in drainage
basins (Inkpen and Embrey, 1998). Fertilizers used in
both agricultural and urban areas, manure associated
with dairy farms, and atmospheric deposition are
sources of nitrogen in Puget Sound Basin rivers
(Embrey and Inkpen, 1998). Figure 12. Basins in agricultural areas yielded the most

nitrogen per square mile. The forested area upstream from
Concentrations of Phosphorus in Some Streams and the Nooksack River at North Cedarville yielded the most
Rivers May Promote Excessive Plant Growth phosphorus. In basins with mixed land use, the dominant

land use is indicated. The Green River above Twin Camp
Average concentrations of total phosphorus exceed- Creek and North Fork Skokomish River fall into the stream

ing the USEPA desired goal of 0.1 mg/L to prevent category because their drainage basins are relatively small.
excessive plant growth were detected in streams and
rivers in all land-use areas except undeveloped land

(table 2). Unlike total nitrogen, concentra-Table 2. Highest average concentrations of total nitrogen were in streams
tions of total phosphorus in streams anddraining agricultural areas. Average concentrations of total phosphorus
rivers in the Puget Sound Basin do notexceeding the USEPA desired goal of 0.1 mg/L to prevent excessive plant

growth (shown in bold) were present in streams in urban, agricultural, and correlate with usage and atmospheric
forested basins deposition of phosphorus in drainage

basins (Inkpen and Embrey, 1998). This is
Average total Average total because phosphorus attaches to soil parti-

nitrogen phosphorus cles and usually remains close to applica-concentration concentration Land use/land cover
(milligrams per (milligrams per Basin area (dominant land use tion areas unless it is transported to rivers

River or stream liter) liter) size in mixed)1 by soil erosion.
Fishtrap 3.54 0.086 small agricultural Because of the importance of erosion in
Newaukum 2.82 0.210 small agricultural transporting phosphorus to streams, yields
Thornton 1.73 0.131 small urban of total phosphorus correlate with yields ofBig Sods 1.20 0.054 small urban suspended sediment. The highest yields ofSpringbrook 1.I0 0.165 small urban both suspended sediment and total phos-Nooksack, Brerman 0.66 0.301 large rrttxed (agricultural) phorus were in the Nooksack River atDuwatmsh 0.65 0.089 large mixed (urban) North Cedarville, which drains a forestedNooksack. North 0.39 0.152 large mixed (forest)
Cedarville area.
Skokomish 0.13 0.078 large mixed (forest) Erosion of unstable streambanks and
North Fork Skokomish 0.07 0.012 small undeveloped landslides transport sediment and phos-
Green 0.07 0.012 small forest phorus tO headwater streams in the Nook-

sack River Basin. Most of the unstable
~ Forest land that is not logged is designated undeveloped. In basins with streambanks are associated with roadmixed land use, the land use in the part of the basin where samples were

construction and logging (U.S. Forestcollected is usually considered the dominant land use.
Service, 1995).
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Concentrations of Nitrate and Runoff During Rainstorms through October when rainfall
Phosphorus in Streams and Rivers Contributes Contaminants amounts are lowest (fig. 14).
Have Not Changed or Have Only to Streams, Indicating Commonly used pesticides, such as
Slightly Increased with Time Nonpoint Sources diazinon, often had higher concentra-

Concentrations of nitrate, one of Washoff of nutrients and pesti- tions during rainstorms when they
the major forms of nitrogen in water, cides during storms causes both were washed off from areas of appli-

cation (fig. 15). Even when dailyand of total phosphorus have not seasonal and short-term temporal
rainfall amounts were small, lesschanged much over the period 1980 variations in concentrations. A
than 0.05 inch, diazinon concentra-to 1997 in several Puget Sound Basin typical seasonal pattern for Puget
tions increased in Thornton Creek.rivers and streams (fig. 13). In three Sound Basin streams and rivers is

streams, nitrate concentrations have illustrated by lower concentrations
increased by a small amount, of nitrogen and phosphorus in
0.014 mg/L per year or less. Only in Newaukum Creek from July EXPLANAT,ON

~= M~imurn ~_~

Site name (land use and
cover, dominant in mixed) Nitrate, as N Total phosphorus ~ 10.8

Rate of change, Rate of change,Trend in moP_ oer veer Trend in moiL oer veer
Skokomish River ~ ~--

i

(mixed, forest) ,~k 0.004 -- __ z-~’-;-" . 0.6                                                                D~5~

Nook,sack River 0 ~-

(mixed, agricultural) z < 0.4

Nook.sack River ~ -~

at N. Cedarville ....
~0~ ~ i ~<-~

(mixed, forest)
_z

~1~i 0.2 ~O~z

Green River at --
Renton Junction ....

(mixed, urban)

0.010

per liter --

(urban) T -- -- SEASON

(agricultural) ~l, 0.014 ~ 0.002

-- No trend ..... lue I ~1~ Significant upward trend tmgiL=milligrams
Figure 14. Nutrient concentrations in Newaukum Creek
were highest during the rainy winter and spring periods.
Concentrations were lowest during late summer-early
fall when rainfall amounts are lowest.Figure 13. In three of six rivers and streams monitored

by the Washington State Department of Ecology and King
Count~, nutrient concentrations have remained stable from
1980 to 1997. In three others, concentrations of nitrate have
gradually increased with time.

3        0.3 ..... I                            ’1

Z"n" 0.2~- ¯
O ~ - ~ Streamflow

~J ~ ~ I Rainfall
~ 2 ¯ Diazinonn-n-

40Newaukum Creek did concentrations ~ 7~o.~
of both nitrogen and phosphorus ~ ~o~ 0.07
increase over time. Although data ~ z ~ 0.o~1 On. 20 Zwere not collected to determine the ~ z ~ -~.~ o.o~
cause, trends often reflect land-use ~z 0.03.
changes. For example, urban devel- o 0.o~]
opment might be a factor related to 31 5 10 "15 20 25 30 5 10 15 20 25 I

APRIL MAYincreasing nitrate concentrations in ~9~
Big Soos Creek and in Newaukum
Creek, which drains an agricultural Figure 15. Peak concentrations of diazinon in Thornton Creek often
basin with hobby farms and residen- occurred during spring rainstorms, which can produce an inch or
tial development, more of rain in a day.
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Bacteria Indicate the systems, and direct fecal inputs
Presence of Fecal from pets and wildlife, including
Contamination in Many waterfowl. In agricultural and rural
Puget Lowland Streams streams, fecal contamination is

A study of 31 small lowland likely to be mostly from animals,

streams showed fecal coliform, including farm animals (dairy and
beef cattle, and horses). OtherE. cell, and enterococci bacteria to
sources could be wildlife, withbe present in every stream sampled

during base flow. The presence of. perhaps some input from onsite

E. cell and enterococci bacteria is septic systems.

evidence that fecal contamination Concentrations of all three Concentrations of bacteria in urban
has occurred. During base flow, fecal-indicator bacteria frequently streams, which are attractive recreation

fecal contamination in urban exceeded standards and criteria areas, often exceed recommended

streams could result from leaky (fig. 16); 81 percent of all sites had concentrations for moderate water-
contact recreation. (Photograph by Wardsewer systems, failing septic concentrations of fecal coliforms W. Staubitz, U.S. Geological
Survey.)

exceeding Washington State start-
EXPLANATION

&~o,e #"
dards, and 48 percent of all sites had

STANDARDS AND CRITERIA
ff,,ko°¢,o~, .,~,o~ levels of E. cell exceeding USEPA’s

USEPA, MODERATE CONTACT RECREATION ~ ~ ~ recommended concentration for
WASHINGTON STATE, CLASS A Median moderate water-contact recreation.

..... ENTEROCOCC~, Because concentrations of E. cellUSEPA, MODERATE CONTACT RECREATION                Minimum

~. 5o,ooo and enterococci are related to cases
~- of gastrointestinal illness in swim-

~ lO.O00 , mers (U.S. Environmental Protection
~ s.0o0 - Agency, 1986), there could be some
~ risk of illness to children and adults
rr 2,000,,, ’ playing and swimming in theseo,_ 1,000
o~

I ~ ~

accessible streams."’ 500~ _ The types of fecal bacteria and

~
200 - their concentrations in streams were
lOO_z similar among urban, agricultural,

~
50 ~ and rural areas (fig. 16). However,

g 20 concentrations of E. coli in the urban
~ ~0 and agricultural streams were all
z ~ - ,~ ,~ well above those in the upper GreenUJo "~    ~ River in the forested headwaters ofZ 2oo ~ the basin.

URBAN AGRICULTURAL FOREST
AND RURAL

Stream Habitat and Health
Are Degraded in Agricultural

Figure 16. Concentrations of E. cofiand enterococci bacteria exceeded U.S. and Urban Streams
Environmental Protection Agency recreational criteria, and fecal coliform bacteria

During the late summer and earlyexceeded Washington State standards in many lowland streams. Concentrations
fall, between 1995 and 1998, theof bacteria in single samples were compared with criteria and standards. USEPA

criteria for moderate full-body contact recreation apply to a single sample (U.S. USGS and the Washington State
Environmental Protection Agency, 1986). Washington State standards for fecal Department of Ecology evaluated
coliform bacteria apply to the geometric mean of concentrations in samples instream and riparian (streamside)collected during a period of no more than 30 days (State of Washington, 1992). habitat conditions at 45 sites. TheseBecause no minimum number of samples is specified, the standard is routinely

evaluations indicated that habitatapplied to concentrations in single samples (Halleck and others, 1996).
conditions at streams draining urban
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= ~o ’" T Urban development and agriculture can
Average t Range (95°/o of data) reduce habitat quality, alter typical stream

=~ ,o . ~-/ 2- flows, and increase chemical contaminants
=- ~ and temperatures, all of which are reflected
~ ~ in invertebrate community measures. A
~ ~ reduction in the total number of different

~ invertebrates, stoneflies, mayflies, intoler-
- 0 ,., ant invertebrates, and percentage of preda-AGR{CULTURAL UNDEVELOPED URBAN AGRICULTUNAL UNDEVELOPED URBANAND FOREST AND FOREST tory invertebrates indicates stream eco-

g ~ system degradation. For example, the total

~"~°~t t

~="=’~’ ~ ~=~ f t

! number of different invertebrates was
much higher at the forest and undeveloped~ o, T

~ ~ sites. A greater number of different inverte-
~0~~ ~"=’~ ~’ brates indicates a less degraded stream sys-

~-~/ tern capable of supporting more numerous
desirable species such as salmon.

AGBICULTUNAL UNDEVELOPED URBAN AGRICULTURAL UNDEVELOPED URBAN A summation of many invertebrate
AND FOREST AND FOREST
SiTE TYPE SITE TYPE community measures is also shown in

figure 18. This measure is known as a
Benthic Index of Biological Integrity

Figure 17. Values of selected habitat variables indicate that habitat condi- (BIBI) and is an overall indication of the
tions are degraded in agricultural and urban streams compared with streams biological integrity or health of a parti-
in ~orest and undeveloped land. For each habitat variable, except tempera- cular stream site (Black and MacCoy,ture, multiple measurements were taken within a 330- to 660-foot-long
stream reach at each study site. 2000). As seen in figure 18, urban and

agricultural systems have lower biological
integrity scores than the forest and
undeveloped sites.

and agricultural basins were significantly different from those
at streams draining basins with forest and undeveloped land

40(fig. 17). Compared with either urban or agricultural sites,
Agricultural

forest and undeveloped stream sites had a much higher percent-
age of cobble substrate, ideal for a diverse population of               --~=

X I- O 30 A~ra~ Range (95% of data)

to salmon spawning. In addition, forest and undeveloped sites ~:o~:
had a much higher variability in water flow velocities than
either urban or agricultural sites. More variability in flow

~,~__o._, ~o

velocities increases habitat diversity and wildlife diversity, oo-~" ~-
Midday water temperatures were also much lower in the =~_~
forested streams. The higher temperatures observed in the
agricultural and urban streams are not ideal for native salmon
and other aquatic organisms.

Human Activities Have Altered Aquatic
Invertebrate Communities

As part of the USGS and Washington State Department of
Ecology habitat data collection, aquatic invertebrates (insects
and worms) were also collected from multiple riffle habitats at Figure 18. As indicated by the average values of sixall 45 sites. A number of invertebrate community measures different invertebrate community indicators of stream
were examined to evaluate the status and quality of the aquaticecosystem conditions, conditions were better at sites in
invertebrate community. For each invertebrate community forest and undeveloped land than at sites in urban and
measure, values were lower, significantly so in some cases, at agricultural areas. Lower values suggest a more
the urban and agricultural sites (fig. 18). degraded stream site. Taxa are different types of

invertebrates.
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Streams in Urban and Agricultural Areas Figure 19. ~" ,
Have Less Than Optimal Amounts of More different
Forest and Undeveloped Land to Support aquatic inver-

tebrate typesHealthy Aquatic Invertebrate (taxa) prefer
Communities streams that

A total of 46 different aquatic inverte- have water-

brate taxa were identified at 45 sites sheds with >~’~ L
greater than     z

throughout the Puget Sound Basin. Of the 75 percent z~
46, only 4 taxa prefer watersheds .with low forestJunde-
forest/undeveloped land cover, whereas veloped land ~ ~: s ,,o,,,,, =~ -
19 taxa prefer watersheds with high cover. Each ~ ,~ ,
forest/undeveloped land cover (fig. 19). bar represents
These results indicate that streams in the preferred ~ o,
watersheds dominated by urban and agri- range of z

forest/undevel-       PERCENTAGE OF FOREST OR UNDEVELOPED LAND COVERcultural land are optimally suited for only a
oped land cover

few of the different taxa and many of these for the specified number of invertebrate taxa out of the 46 taxa identified
taxa are indicators of degraded stream eco- in the Puget Sound Basin. An animal is healthiest when it is in its pre-
systems. Watersheds dominated by forest ferred range. This figure indicates that more different invertebrate taxa
and undeveloped land are preferred by a prefer sites in forested/undeveloped watersheds, but not that more
much larger number of different inverte- invertebrate taxa or total numbers of invertebrates were found at these
brate taxa, many of which are indicators of sites. The method used to determine preferred land-cover percentages

was based on the work of Line and others (1994).healthy stream systems.

In the Puget Sound Basin, of poor habitat conditions and possi- negative effects on aquatic organ-
aquatic invertebrates collected at bly water chemistry. As shown in isms. In addition, numerous pesti-
the 11 fixed monitoring sites were figure 17, high midday water tern- cides, some at concentrations above
compared with those collected at peratures and percent sand were guidelines set to protect aquatic life,
140 NAWQA sites nationwide, observed in urban and agricultural were detected at these sites (see
An Invertebrate status index streams, both of which have Appendix).
(Tom Cuffney, U.S. Geological
Survey, written commun., 2000)
was developed by averaging 11 ~ ,.~,~.~. Invertebrate status
invertebrate metrics that summa- ~oo --~,,~.,~,,,,, , index by land use
rized changes in richness, toler- ~ ¯ ,u~,,~ .... ~ and cover for Puget

~ ~o ~ Sound Basin sitesance, food preference, and
~ ~ in relation todominance associated with water-
~ ~ E national condi-quality degradation. Invertebrate ,, ~

status scores in the basin ranged ~ ,~ ~
tions. A low inverte-
brate status index

from low (less degraded) for
~ ~ score represents a

streams in forest and undeveloped _~ ~o ~ less degraded
areas to high (more degraded) for g stream site. *Mixed
other streams. As indicated ~oy the 0 land uses can have

UNDEVELOPED A~RICULTURAL URBAN MIXED* ALLSITE an agricultural,invertebrate status scores, some AND FOREST
LAND L~SE / LAND COVER urban, or forestryPuget Sound Basin streams are

influence (table 2).
highly degraded. This is the result
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Ground-Water Quality is ,5
~.

Figure 20. Median

Generally Good ~,,,,~, nitrate concentra-
tions in shallow

OZPrior to conducting field studies, ~ ~ ground water sam-
an analysis of existing data was ~w,o o,,~,~.w.~o, st~ pied for the study-

conducted to determine which ~-~ unit survey (varied
land use) were low.Puget Sound Basin aquifers are

most at risk to contamination. Un- ~ ~, ~us
~ centrationsHigher nitratewereCOn-

confined aquifers that are overlain zzza more common in
by coarse-grained glacial deposit~ ~_z= both the residential
(see map, p. 20) were found to be = Medi,nvaJue land-use and agri-

for 30 ~lmples

the most susceptible to contamina- cultural land-use
tion (see sidebar). Aquifers in VARIED L.n, ND USERESIDENTIALAGRICULTURALstudies.

(Study-Unit Survey) (Land-Use Studies)
coarse-grained glacial deposits in
the Puget Sound Basin are collec-
tively referred to as the Fraser and in an agricultural area in What- most wells, but the concentrations

aquifer. Three studies were con- com County (see map, p. 20) to exam-were low, having a median concentra-

ducted in the unconfined part of the ine the influence of these important tion of 1.0 mg/L (fig. 20). Pesticides

Fraser aquifer (Inkpen and others, land-use categories on shallow groundwere detected in 20 percent of study-

2000). A study-unit survey was water. Shallow ground water in all unit survey wells (fig. 21) but were

conducted by randomly selecting parts of the Fraser aquifer sampled is present at tow concentrations (less

30 domestic wells without regard to used for domestic supplies, than 0.2 gg/L) (micrograms per liter)

land use to evaluate the overall The study-unit survey results indi- and were well below drinking-water

quality of shallow ground water, cate that ground water is of generally standards or guidelines. Based on

Ground-water-quality studies were good quality, as only one well did notdata from a previous study (Ryker

also conducted in residential areas meet a drinking-water standard (for and Williamson, 1996), pesticides

in Pierce and Thurston Counties nitrate). Nitrate was detected in were not detected in wells more than

Predicting Ground-Water
Susceptibility and Vulnerability

A statistical model (Tesoriero and Voss, ,~._~._.~: ~ ~! ~_~ .....
1997; Erwin and Tesoriero, 1997) was \ -.:. UNITED STATES~ Map shows

-, ,~ ~, risk of ground-created to predict which areas are (1) most : ", water con-
likely to become contaminated if sources of ~.~ / tamination
contaminants are present (susceptibility) ~ (vulnerabilib/)
and (2) at the greatest risk of contamination, ,~ )’, by nitrate.
based on current land-use practices (vulner- Map results
ability). Well depth, surficial geology, and

...~
are based

land use were the factors that significantly ~ < on predicted
probabilitiescorrelated with elevated nitrate concentra- .... ~ ~ of elevatedtions and were used in the models. Shallow ~ nitrate con-

ground water in areas with coarse-grained ~o ~’@ .~ centrations
glacial deposits at the surface were the most ’~(/ ~ in shallow
susceptible to contamination. These areas

~,o~-~_
4/°’~" ~° ground water.

become increasingly vulnerable to nitrate ~,.
’ EXPLANATIONcontamination as the amount of agricultural ~ i" ~" 5~INCREASlNG RISK OF GROUND-

~ WATER CONTAMINATIONand urban land use increases. Vulnerableareas include the intensive agricultural areas    ’ "-~ "-----/ Ti

in the northern part of the Study Unit as
well as urban areas extending north and ! ;0 ’~o ~ ,o ’SO~I~M~,S ~ /[]~O~S~
south of Seattle. [] UNKNOWN

(PRIMARILY BEDROCK AREAS)
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120 feet deep (Bordeson and Ebbert, Nitrate Concentrations in Pesticides Were Rarely Detected in

2000). Volatile organic compounds Shallow Ground Water Ground Water Beneath Residential
were detected frequently (80 percent Beneath Residential Areas Areas
of wells sampled) but were present Were Elevated, but In spite of the vulnerability of the
at low concentrations (less than Concentrations of Other unconfined Fraser aquifer, only a few
1 gg/L). Compounds Were Low pesticides were detected (fig. 21) and

Radon concentrations exceeded
the proposed drinking-water

Although nitrate concentrations these were at low concentrations (less

standard of 300 picocuries per liter in shallow ground water beneath the than 0.2 microgram per liter) beneath

(U.S. Environmental Protection residential areas in Pierce and residential areas developed since

Thurston Counties were elevated 1970. These results suggest that
Agency, 1999a) in about 50 percent
of the domestic and monitoring compared with those in ground pesticides currently used in residential

wells sampled for radon (table 3, water sampled by the study-unit areas may pose little risk to ground

p. 21). Radon is a naturally occur- survey (fig. 20), only one sample water. However, it should be noted

ring product from the decay of ura- exceeded the drinking-water stan- that several commonly used pesticides

nium. The median concentration of dard. Stable isotope measurements (glyphosate, for example) were not

radon in ground water in the Puget of nitrogen in nitrate suggest that analyzed.
septic-system effluent is a signifi-

Sound Basin was 320 picocuries percant source of nitrate in unsewered Volatile Organic Compounds
liter. Elevated radon concentrations Were Detected Frequently at Low
are by no means unique to the Pugetareas. Additional nitrate sources are

Sound Basin. In fact, radon concen- indicated by the similar concentra- Concentrations in Ground Water
tions of nitrate in sewered and Beneath Residential Areas

trations in ground water collected
for NAWQA studies throughout the unsewered areas (Inkpen and others, Although volatile organic corn-

Nafion exceeded the proposed stan- 2000). Some nitrate in ground water pounds (VOCs) were detected in over

dard more often and had a higher in unsewered areas and most nitrate 90 percent of shallow ground-water

median value (420 picocuries per in sewered areas is likely from the samples in residential areas, concen-

liter) than in the Puget Sound Basin application of fertilizers to lawns trations were low (fig. 22). Most
and gardens, detections were less than 0.05 gg/L,(Wentz and others, 1999).

80
EXPLANATION

70 ¯ Varied land use ~- PERCENT D~-TECTIONS
~ CONCENTRATION RANGE OF
~ DETECTED VALUES
~ MEDIAN OF DETECTED VALUES

u~ 60
Z 70 ~o

u-°"
~ 40 ~ ~u=0 ~

Z LU8 30                                                                                                                   0.1 ,< ~
~: 30

LIJ u~
~L 20 20 0.01 ~--z

10

o~
0

Figure 21. A pesticide was detected in tess than 15
percent of shallow ground-water samples beneath Figure 22. Volatile organic compounds were frequently
residential areas, and the most frequently detected detected at low concentrations in shallow 9round water
compounds were each detected in less than 10 pement beneath residential areas.
of these samples.
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and none was above drinking-water Reactions in the Riparian Zone
standards or guidelines. Solvents, Remove Nitrate from Ground

Cultivated land
chlorinated by-products, and fuel- Water
related compounds were the most Nitrate concen- Fishtrap
commonly detected VOCs. trations in ground Creek Riparian zone

High Nitrate Concentrations water in the agricul-

and Fumigant-Related tural land-use study

Compounds Were Detect.ed area commonly
in Shallow Ground Water exceeded 10 my/L,

Beneath an Agricultural Area a concentration Figure 24. Nitrate concentrations in
that can promote excessive plant ground water remain high until water

Nitrate concentrations in more growth in streams where this ground seeps through stream sediments thatthan half of the shallow ground water discharges. A detailed analy- favor microbial denitrification. This
water sampled for the agricultural sis of water-quality changes along process can effectively transform nitrate
land-use study exceeded the drink- ground-water flow paths was to nitrogen gas before the water
ing-water standard. Major sources conducted in this area (flow-path discharges to the stream.
of nitrate are animal manure from study area, p. 20). High nitrate
poultry and dairy operations and concentrations persisted throughout
fertilizers applied to crops. High much of the shallow aquifer. It was
concentrations of nitrate have per- not until ground water reached the

being converted to N2 by denitrifica-sisted for many years in wells sam- riparian zone of Fishtrap Creek that
tion (Tesoriero and others, 2000).pied in this aquifer (Hii and others, nitrate concentrations decreased to

1999), suggesting that land applica- low levels (fig. 24). A decrease in High Concentrations of 1,2-tions of manure and inorganic ferti- nitrate concentrations in ground Dichloropropane Were Probablylizers are contributing nitrate to water concurrent with an increase in Caused by Applications of Olderthis aquifer at a sufficient rate to nitrogen gas (N2) concentrations in
sustain these levels (fig. 23). this zone is evidence that nitrate is Fumigant Formulations

The most commonly detected
volatile organic compounds in the
agricultural land-use study area were

uJn" 35
~ ~ ~ ~ ~ ~ ~ ~ associated with the application of

~ ~<~ fumigants to soils prior to planting." 30rr Shallow well (30 feet) in agricultural area ~ One or more fumigant-related com-

bo- 25
o. / ¯ pounds (1,2-dichloropropane, 1,2,2-

:~ % % 4 ~ trichloropropane, and 1,2,3-trichloro-
or <~ ~ ~ O ~ propane) were detected in over half of

the samples. Each of these compounds~
<~ ..... q~:~>? ~ is present in varying amounts in

z_
il historically and/or presently used

z" 10 ¯ - _D_rin_k_in_g.-_wa_t_er_s_ta_n_d_a.rd_ ........ii ............... b ...... fumigants. Concentrations of 1,2-
o~ il dichloropropane in water from two
" ~ wells were above the drinking-water
~ Deeper well (75 feet) in agricultural area standard for this compound (fig. 25).
~ 0 ~ ~ ~ 1 I I ~ ~ ~ ~ The amount of 1,2-dichloropropane

1990 1991 1992 1993 1994 1995 1996 1997 19981999 and 1,2,3-trichloropropane in fumi-
gant formulations has dropped sub-
stantially over the past few decades

Figure 23. Nitrate concentrations in shallow ground water often exceeded the (Zebarth and others, 1998), while the
drinking-water standard (10 milligrams per liter), with high concentrations persist- amount of 1,2,2-tdchloropropane hasing for many years. Nitrate concentrations in deeper ground water, while elevated, decreased only slightly.generally met the drinking-water standard. Both the shallow and deeper ground
water are used for domestic supplies.
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The relative amounts of these fumigant formulations to determine in press). Results indicate that high
chloropropanes in ground water the origin of these compounds in concentrations of 1,2-dichloropropane
were compared with those present m ground water (Tesoriero and others, in ground water are largely due to older

formulations (fig. 26).

0w

oo~

0     ~- Number el s~tr~Oles

0.001 L co~ntrattons 0.01 j

FUMIGANT-RELATED COMPOUNDS INCREASING PROPORTION OF OLDER FUMIGANT FORMULATION

Figure 25. Fumigant-related compounds were detected Figure 26. Based on the relative amounts of chloro-
frequently in shallow ground water in the agricultural land- propanes in samples, higher concentrations of 1,2-
use study area. Concentrations of 1,2-dichloropropane dichloropropane are likely derived from older fumigant
exceeded the drinking-water standard in two samples, formulations.

30
Percent detections above Percent detections aboveAreas that exceed air-quality 0.o~ microgram per liter 0.2 microgram per liter

standards for carbon monoxide are
i,-required to use a fuel oxygenate to ~ 21% 21"/. The detection

comply with the Clean Air Act of ~        ~ a0 frequency of
1990. Methyl tert-butyl ether z MTBE in shallow
(MTBE) is the most widely used ~ ~ ground water in
oxygenate in the United States. ~ the Puget Sound

~_ ~ Basin was lessHowever. frequent detections of z
MTBE, sometimes high concentra- ~ than detection

,,=, frequencies intions, in ground water in areas
other parts of the

where this compound is used has ~.s*/. 2"/. Nation (Squillace,
caused the USEPA to recommend lggg). Ethanol,ov ov o~ o~- o~,
that it be discontinued or reduced

~ ~ ~ ~,~ ..~ not MTBE, is used
(U.S. Environmental Protection ^k ~ , o~..~~ ,~ .~-~ ~.~ as a fuel oxygen-
Agency, 1999b). MTBE is used in ,#~’ ,v,~’ ,~ .-v~ .-.~., ate in the U.S.
the Canadian part of the Puget ..~;.5~ ~,~.x;.5~ _,,~

~..~.~8 ~4"
part of the Puget

Sound Basin but not in the U.S. ,~ _~.~ c,~ ~ .~. ~ Sound Basin.

part. Not surprisingly, detections of ,~.~
this compound were more frequent
in the Canadian part of the Study 0.2 microgram per liter). Low as stormwater runoff or atmospheric
Unit. When detected, MTBE con- concentrations of MTBE are likely deposition, or from diluted point
centrations were low (less than derived from nonpoint sources, such sources (Squillace and others, 1996).
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STUDY UNIT DESIGN

The Puget Sound Basin study was designed to
address local and national goals of providing widely GROUND-WATER CHEMISTRY
comparable water-quality data focused on stream ,23. (
chemistry, stream ecology, and ground-water chemistry. ,,.-,--~-..-~~,_ ........ k...-_ ~ ~._

Ofthe 12 major and numerous minor tributaries to ’\.\ ~)~[J\~--"-*.
the Puget Sound, sampling was concentrated in four ..,...~-~    ~#" " "~’~ "-~    ~’
representative drainage basins: the Nooksack and ~’-~.-~.~ R. ~’>
Green River Basins with varied land uses, the Thornton \.x~,,~’~ ~’)~                        ~-~-:~ ....~ _~
Creek Basin in a totally urban environment, and the / - " :i~ ~
Skokomish River Basin, which is mostly forested. ~’

STREAM CHEMISTRY ~ ", ,

~ _River Basin \ ~_ ’~          ~"~                              " " ’

N~h Fot

<~.o~.~o~) STREAM ECOLOGY

G~n Rl~r a~ve

(~st)

Som~ s~pfing was don~ outside ~ese Eels for ,
speci~ studies, such as ~e study of pesticides in o -
urb~ s~e~s. ~ "

Wells s~pled for the su~ey of ground-water ~,
qu~ity in ~e Study Unit were dis~buted ~oughout o~ / EXP~NATION
¯ e ~get Lowl~ds. Agficulmr~ effects on ~ound- ~ ~~ ~ ~-~
water quMity ~d ch~ges in quMity Mong flow pa~s e ~
were evaluated using wells located in ~e lower Nook- -
sack ~ver Basin. Wells s~pled in residenti~ ~eas
su~ounding Olympia ~d Tacoma were used for ~. /~-7~ ~ S~ " ~"~ ~’~
dete~ning ~b~ l~d-use effects on sh~low ? ? ~0 ~,,~~
~ound-water qu~ity.

SEe~ ecology, bed sediment, ~d aquatic biota collected at 14 o~er sites. Two-~ds of ~e sites
s~pling w~ done at ~1 ~e fixed sEe~-che~s~ were wi~in ~e ~get Lowl~ds, w~le ~e rem~der
sites, ~d one or more of ~ese Upes of samples were were in o~er ecoregions (Black ~d Si~ey, 1998).
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Table 3. Summary of data collection in the Puget Sound Basin, 1994-981

Study What data were collected and why Types of sites sampled I Number of Sampling frequency
component , sites and period

Stream Chemistry
Basic fixed Streamflow, dissolved oxygen, pH, alkalinity, specific Streams draining basins ranging in size 7 Monthly plus storms
sites-general conductance, temperature, nutrients, major ions, trace from 12 to 790 square miles, reflecting Mar. 1996-Apr. 1998
water quality elements, organic carbon, and suspended sediment wereforest and mixed land use, and widely

measured to determine occurrence and concentration,distributed geographically within the
Study Unit.

Intensive fixed- Above constituents plus 87 pesticides and 85 volatile Sites selected for closer proximity to and3 Weekly to monthly
sites-pesti- organic compounds, more direct influence from agricultural Mar. 1996-May 1997
cides and and urban land uses plus integration of 1 Weekly to monthly
VOCs rruxed-use larger basins. Mar. 1996-May 1998

Synoptic Sta’eamflow, pH, specific conductance, temperature plusSites predominantly influenced by urban 13 2 to 4 samples
sites-pesti- pesticides during varying flow conditions to relate occur-residential land use plus 1 reference site. over storm hydrograph
cides rences and concentrations to retail sales of pesticides. Apr.-May 1998

Contarmnants Trace elements and organic compounds to determine Depositional zones of all basic and 19 Once
in bed occurrence and distribution in streambed sediment, intensive stream-chemistry sites plus Sept. 1995
sediment additional sites.

Contaminants Trace elements and organic compounds in the tissue ofSame sites from which bed sediment 18 Once
in fish tissue whole fish. samples were collected. Sept. 1995

Stream Ecology
Fixed sites Inver~brate, algae, and fish communities, streamflow, Sites collected with basic and intensive 11 Annually

basic water chemistry, and riparian habitat conditions stream-chemistry sites and having con- 1995-97
surveyed to assess biological communities in the basin,tributing drainage areas from 12 to 790

square miles.
Synoptic Invertebrate, algae, and fish communities, streamflow, 4 bed sediment and tissue sites and 10 14 Once

nutrients, and habitat conditions surveyed to determine other sites influenced by various land Sept.-Oct. 1996
land-use effects on biological communities, uses, with contributing drainage areas

ranging from 3 to 48 square miles.
Ground-Water Chemistry

Study Unit- Nutrients, major ions, pesticides, volatile organic Existing domestic supply wells widely 30 Once
varied land compounds, and radon in shallow, unconfined glacial distributed through the Puget Lowlands. 1996
use outwash aquifer to assess the drinking-water quality of

domestic wells in the Fraser aquifer.
Land use- Above compounds to deterrmne effects of urban land useMonitoring wells in urban residential 27 Once
residential on ground-water quality in the Fraser aquifer. One-half ofareas with both sewer and private septic 1996-97

the wells were sampled for radon, systems.
Land use- Above compounds, except radon, to determine effects ofMonitoring wells (18) and existing 22 Once
agricultural agricultural land use on ground-water quality in the domestic supply wells (4) in an area of 1997-98

Fraser aquifer, intensive row crops (raspberries, for
example).

Flow path- Above compounds, except radon, to determine changes inShallow and deep monitoring wells along 16 Varied
agricultural water quality occurring as water moves from recharge to flow paths in an agricultural watershed. 1997-98

discharge areas.
Special Studies

Synoptic Turbidity, pH, specific conductance, temperature, waste- Sites predominantly influenced by urban 31 Once
study-micro- water chemicals, fecal-indicator bacteria, coliphage, andand agricultural land use. Aug. 1998
biology and coliphage serotypes to determine occurrence and distribu-
wastewater tion in the Puget Lowlands and infer sources of fecal
chermcals contanunation.

Land use and Invertebrates, instream habitat, and riparian condition dataIndicator sites with smaller drainage 20 USGS Annually
scale from USGS and Washington State Department of Ecol- basins and mixed land uses. 25 WDOE Aug.-Sept. 1995-97

ogy sites (common protocol) were combined to evaluate
land-use impacts at different spatial scales.

Drinking-water Pesticides collected in previous study used to estimate Public-supply wells throughout the 78 Once
assessment- detection probability. Study Unit. 1994
pesticides

1Most data were collected 1996-98.
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GLOSSARY

Aquatic guidelines - Specific levels of Coliphages - Bacteriaphages, a type of Fecal bacteria - Microscopic single-

water quality which, if reached, virus, that infect and replicate in celled organisms (primarily feca3

may adversely affect aquatic life. coliform bacteria and appear to be coliforms and fecal streptococci)

These are nonenforceable guide- present wherever total and fecai found in the wastes of warm-

lines issued by a governmental coliforms are found, blooded animals. Their presence

agency or other institution. Coliphage serotypes - Groups of coli- in water is used to assess the

Aquifer - A water-bearing layer of phages that can be identified and sanitary quality of water for

soil, sand, gravel, or rock that will used to infer sources of coliform body-contact recreation or for

yield usable quantities of water to bacteria, consumption. Their presence

a well. Community - In ecology, the species indicates contamination by the

Atmospheric deposition - The trans- that interact in a common area. wastes of warm-blooded animals

fer of substances from the air to Denitrification - A process by which and the possible presence of

the surface of the Earth, either in oxidized forms of nitrogen such pathogenic (disease producing)

wet form (rain, fog, snow, dew, as nitrate (NO3-) are reduced to organisms.

frost, hail) or in dry form (gases, form nitrites, nitrogen oxides, Flow-path study - A study to examine

aerosols, particles), ammonia, or free nitrogen: the relations of land-use practices,

Base flow - Sustained, low flow in a commonly brought about by the ground-water flow, and contami-

stream; ground-water discharge is action of denitrifying bacteria and nant occurrence and transport. A

the source of base flow in most usually resulting in the release of flow-path study is conducted

places, nitrogen to the air. within a land-use study.

Basic fixed sites - Sites on streams at Detection limit - The minimum con- Freshwater chronic criteria - The

which streamflow is measured centration of a substance that can highest concentration of a con-

and samples are collected for be identified, measured, and taminant that freshwater aquatic

temperature, salinity, suspended reported within 99 percent confi- organisms can be exposed to for

sediment, major ions and metals, dence that the analyte concen- an extended period of time (4

nutrients, and organic carbon to tration is greater than zero; days) without adverse effects.

assess the broad-scale spatial and determined from analysis of a See also Water-quality criteria.
temporal character and transport sample in a given matrix contain- Fumigant - A substance or mixture of

of inorganic constituents of ing the analyte, substances that produces gas,
streamwater in relation to hydro- Drainage basin - The portion of the vapor, fume, or smoke intended to

logic conditions and environ- surface of the Earth that contri- destroy insects, bacteria, or

mental settings, butes water to a stream through rodents.

Benthic invertebrates - Insects, tool- overland runoff, including tribu- Habitat - The part of the physical

lusks, crustaceans, worms, and taries and impoundments, environment where plants and

other organisms without a back- Drinking-water standard or guide- animals live.

bone that live in, on, or near the line - A threshold concentration Headwaters - The source and upper

bottom of lakes, streams, in a public drinking-water supply, part of a stream.

or oceans, designed to protect human health. Intensive fixed sites - Basic fixed

Breakdown product - A compound As defined here, standards are sites with increased sampling fre-
derived by chemical, biological, U.S. Environmental Protection quency during selected seasonal
or physical action upon a pesti- Agency regulations that specify periods and analysis of dissolved
cide. The breakdown is a natural the maximum contamination pesticides and volatile organic
process that may result in a more levels for public water systems compounds for 1 year. Most
toxic or a less toxic compound required to protect the public NAWQA Study Units have one to
and a more persistent or less welfare; guidelines have no regu- two integrator intensive fixed

persistent compound, latory status and are issued in an sites and one to four indicator
Chlorinated solvent - A volatile advisory capacity, intensive fixed sites.

organic compound containing Ecoregion - An area of similar Intolerant organisms - Organisms
chlorine. Some common solvents climate, landform, soil, potential that are not adaptable to human
are trichloroethylene, tetrachloro- natural vegetation, hydrology, or alterations to the environment and
ethylene, and carbon tetra- other ecologically relevant thus decline in numbers where
chloride, variables, human alterations occur. See also

Tolerant species.
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Land-use study - A study that is a Pesticide - A chemical applied to Taxon (plural taxa) - Any identifiable
subset of the study-unit survey crops, rights of way, lawns, or group of taxonomically related
and has the goal of relating the residences to control weeds, organisms.
quality of shallow ground water insects, fungi, nematodes, Tolerant species - Those species that
to land use. See also Study-unit rodents, or other "pests." are adaptable to (tolerant of)
survey. Picocurie (pCi) - One trillionth human alterations to the environ-

Load - General term that refers to a (10-12) of the amount of radio- ment and often increase in
material or constituent in solu- activity represented by a curie number when human alterations
tion, in suspension, or in trans- (Ci). A curie is the amount of occur.
port: usually expressed in terms radioactivity that yields 3.7 x Unconsolidated deposit - Deposit of
of mass or volume. 101° radioactive disintegrations loosely bound sediment that typi-

Median - The middle or central value per second (dps). A picocurie cally fills topographically low
in a distribution of data ranked in yields 2.22 disintegrations per areas.
order of magnitude. The median minute (dpm) or 0.037 dps. Volatile organic compounds (VOCs)
is also known as the 50th Radon - A naturally occurring, color- Organic chemicals that have a
percentile, less, odorless, radioactive gas high vapor pressure relative to

Metabolite - A substance produced in formed by the disintegration of their water solubility. VOCs
or by biological processes, the element radium; damaging to include components of gasoline,

Micrograms per liter (gg/L) - A unit human lungs when inhaled, fuel oils, and lubricants, as well
expressing the concentration of Riparian - Areas adjacent to rivers as organic solvents, fumigants,
constituents in solution as weight and streams with a high density, some inert ingredients in pesti-
(micrograms) of solute per unit diversity, and productivity of cides, and some by-products of
volume (liter) of water; equiva- plant and animal species relative chlorine disinfection.
lent to one part per billion in most to nearby uplands. Water-quality criteria - Specific
streamwater and ground water. Study Unit - A major hydrologic sys- levels of water quality which, if
One thousand micrograms per tem of the United States in which reached, are expected to render a
liter equals 1 mg/L. NAWQA studies are focused, body of water unsuitable for its

Milligrams per liter (rag/L) - A unit Study Units are geographically designated use. Commonly refers
expressing the concentration of defined by a combination of to water-quality criteria estab-
chemical constituents in solution ground- and surface-water lished by the U.S. Environmental
as weight (milligrams) of solute features and generally encore- Protection Agency. Water-quality
per unit volume (liter) of water; pass more than 4,000 square criteria are based on specific
equivalent to one part per million miles of land area. levels of pollutants that would
in most streamwater and ground Study-unit survey - Broad assessment make the water harmful if used
water. One thousand micrograms of the water-quality conditions of for drinking, swimming, farm-
per liter equals 1 mgFL. the major aquifer systems of each ing, fish production, or industrial

Nonpoint source - A pollution source Study Unit. The study-unit processes.
that cannot be defined as origi- survey relies primarily on Yield - The mass of material or con-
hating from discrete points such sampling existing wells and, stituent transported by a river in a
as pipe discharge. Areas of fertil- wherever possible, on existing specified period of time divided
izer and pesticide applications, data collected by other agencies by the drainage area of the fiver
atmospheric deposition, manure, and programs. Typically, 20 to 30 basin.
and natural inputs from plants and wells are sampled in each of three
trees are types of nonpoint source to five aquifer subunits.
pollution. Synoptic sites - Sites sampled during a

Nutrient - Element or compound short-term investigation of
essential for animal and plant specific water-quality conditions
growth. Common nutrients in during selected seasonal or
fertilizer include nitrogen, hydrologic conditions to provide
phosphorus, and potassium, improved spatial resolution for

critical water-quality conditions.
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APPENDIX--WATER-QUALITY DATA FROM THE PUGET SOUND
BASIN IN A NATIONAL CONTEXT
For a complete view of Puget Sound Basin data and for additional information about specific benchmarks used, visit our Web site at http://water.usgs.gov/nawqa/.
Also visit the NAWQA Data Warehouse for access to NAWQA data sets at http://infotrek.er.usgs.govlwdbctx/nawqaJnawqa.home.

This appendix is a summary of chemical concentrations Pesticides in water--Herbicides
and biological indicators assessed in the Puget Sound stuw-unit frequency ot detection, in percent

Basin. Selected results for this basin are graphically / N, ationa, frequency of detectiork in p ..... t Study-unit samptes,z~

compared to results from as many as 36 NAWQA Study I _L_ ........Atrazine (AAtrex, Atrex, Aired, Gesaprim)
Units investigated from 1991 to 1998 and to national 97 s8 ,
water-quality benchmarks for human health, aquatic life, or 6, 87 ,,
fish-eating wildlife.The chemical a~d biological indicators ,, ,e

~,~
27

shown were selected on the basis of frequent detection, 17 ~8
detection at concentrations above a national benchmark, 2,4-D (Aqua-Kleen, Lawn-Keep. Weed-B-Gone)
or regulatory or scientific importance.The graphs illustrate 3 ~
how conditions associated with each land use sampled in 00~ ~

the Puget Sound Basin compare to results from across the 0 <1
0 1 ~ 27

Nation, and how conditions compare among the several 0 <i
land uses. Graphs for chemicals show only detected Deethylatrazine (Atrazine breakdown product) * **
concentrations and, thus, care must be taken to evaluate 97 75

5 62
detection frequencies in addition to concentrations when 21 75
comparing study-unit and national results. For example, ,5 3~

simazine concentrations in Puget Sound Basin agricultural 13 ~9
streams were similar to the national distribution, but the Prometon (Pramitol, Princep)
detection frequency was much higher (97 percent 70 ,, ’98 86
compared to 61 percent).                                    3160

0 12 ....... "; "’:!~’ I 22
4 21 ~

I
27

CHEMICALS IN WATER                                        Simazine (Princep, Caliber 90)
97 61.

Concentrations and detection frequencies, Puget Sound Basin, 51 7 7
1996-98---Detection sensitivity varies among chemicals and, thus, 55 7~4
frequencies are not directly comparable among chemicals 36 21 ’~’P"~"~’~*~" " I

22
~ 18 27

,~ Detected concentration in Study Unit 3 5 ~-"’~ ~’ ~ ..... t 3o

~ ~8 Frequencies of detection, in percent. Detection frequencies Tebuthiuron (Spike, Tebusan)
were not censored at any common reporting limit. The left- 633922

,

hand column is the study-unit frequency and the right-hand 3 ~ 32 ~ :~_~ ~ ~ q2

column is the national frequency 1. 3 ,-~’<’4.1’~+’t~t~ I 22

Not measured or sample size less than two ~
7

!
27

~z Study-unit sample size. For ground water, the number of I I I I I I I !
samples is equal to the number of wells sampled o.oo01 0.00~ 0.0~ o.~ 1 10 1co ~,00o

National ranges of detected concentrations, by land use, in 36 CONCENTRATION. IN MICROGRAMS PER LITER
NAWQA Study Unlt~, 1991-98~Ranges include only samples
in which a chemical was detected

Streams in agricultural areas Other herbicides detected

Streams in urban areas Acetochlor (Harness Plus, Surpass)

Streams and rivers draining mixed land uses Alachlor (Lasso, Bronco, Lariat. Bullet) **
Bromacil (Hyvar X, Urox B, Bromax)

........ ’:~ "~ ............. Shallow ground water in agricultural areas DCPA (Dacthal, chtorthal-dimethyl) * "*
Shallow ground water in urban areas Dicamba (Banvel, Dianat, Scotts Proturf)
Major aquifers Dinoseb (Dinosebe)

~5    50    2s Diuron (Crisuron, Karmex, Diurex) *"
parent perc~nt percent EPTC (Eptam, Farmarox, Alirox) * **

Notional water-quality benchmarks Fluometuron (FIo-Met, Cotoran)
Linuron (Lorox, Linex, Sarclex, Linurex, Afalon) *

Nabonal benchmarks include standards and guidelines related to MCPA (Rhomene, Rhonox, C hiptox)
ddnking-waterquality, critedaforprotectingthehealthofaquaticlife, and Metotachlor (Dual, Pennant)a goal for preventing stream eutrophication due to phosphorus. Sources
include the U.S. Environmental Protection Agency and the Canadian Metdbuzin (Lexone, Sencor)

Council of Ministers of the Environment Molinate (Ordram) *
Napropamide (Devrinol) * **

I Drinking-water quality (applies to ground water and surface water) Norflurazon (Evital, Predict, Solicam, Zorial) * **

I Protection of aquatic life (applies to surface water only) Oryzalin (Surflan, Dirimal)
Pebulate (’rillam, PEBC)

I Prevention of eutrophication in streams not flowing directly into Pronamide (Kerb, Propyzamid) **
lakes or impoundments

Terbacil (Sinbar) *°
No benchmark for drinking-water quality Triclopyr (Cation, Grandstand, Redeem, Remedy)

¯ o No benchmark for protection of aquatic life Trifluralin (Treflan, Gowan. Tri-4, Trific)
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Herbicides not detected Methomyl (Lanox, Lannate, Acinate)
Acifluorfen (Blazer, Tackle 2S) *" Methyl parathion (Penncap-M, FolidoI-M) **
Benfluralin (Balan, Benefin, Bonalan) *
Bentazon (Basagran, Bentazone)
Bromoxynii (Buctril, Brominal) * Phorate (Thimet. Granutox, Geomet, Rampart)
Butylate (Sutan +, Genate Plus, Butilate)
Chloramben (Amiben, Amilon-WP, Vegiben) - Terbufos (Contraven, Counter, Pilarfox) *"
CIopyralid (Stinger, LontreL Transline)
Cyanazine (Bladex, Fortrol) Volatile organic compounds (VOCs) in ground water
2,4-DB (Butyrac, Butoxone, Embutox Plus, Embutone) * ** These graphs represent data from 16 Study Units, sampled from 1996 to 1998Dacthal mono-acid (Dacthal breakdown product) * *"
Dichlorprop (2,4-DP, Seritox 50, Lentemul) * ** ~Study’unit fte(:luency of detection, in percent
2,6-Diethylanili ne (Alachlor b re akd ownp rod uc t)".** / NI at icnal frequency of detectioninp ..... t St udy-unit sample siz~
Ethalfluralin (Sonalan, Curbit) *
Fenuron (Fenulon, Fenidim) * *" 1,2-Dibromo-3-chloropropane (DBCP, Nemagon)

MCPB (Thistrol) * "*
Neburon (Neburea, Neburyl, Noruben)
Pendimethalin (Pre-M, Prowl, Stomp) * ** 9 1 ~. 22
Picloram (Grazon, Tordon) 0 <1 I 30
Propachlor (Ramrod, Satecid)
Propanil (Stem, Stampede, Wham) * ** 1,2-Dichloropropane (Prop~tlene dichloride)
Propham (Tuberite) **
2,4,5-T **
2,4,5-TP (Sitvex, Fenoprop) ** 77 3.3 ~.~-~=,,~,                    .~,-- ,=-.-..~.~-=,-~,~ 22Thiobencarb (Bolero, Saturn, Benthiocarb) " "" 0 1 27
Triallate (Far-Go, Avadex BW, Tri-atlate) * 0 1 ..... | 30

1,3 & 1,4-Dimethylbenzene (rm&p-Xylene)
Pesticides in water--Insecticides
Study-utlR frequency of detection in percent

N, atJonal frequency of detection, in percent 1 6 7 ~.~!~ ............... ~. 18Study-unit sample size 63 18 ~ 27

Chlorpyrifos (Brodan, Dursban, Lorsban)
18 J 3o Ethylbenzene (Phenylethane)~ 37 420 20 1 42

0 1

Diazinon (Basudin, Diazatol, Neocidol, Knox Out)

8~4q ~7016 ’ ’ I _ ~
Methyl tert-butyl ether (MTBE)

i~ 39 _ 42
o <1

~~ 2227 184 ,,~~ 22~ ~ ....... ~"~, ..... , 30 o 16 27
0 6 .... ~~ 30

gamma-HCH (Lindane, gamma-BHC)
01 ~1 30 Methylbenzene (Toluene)
2 1

~I0 q z~2
o <i i 22
0 <] ~ ~:~’JP="~ [ 30 44 30 ~ 27

0.oo01 O.O0~ 0.0~ 01 t tO too 1,000 1,1,1-Trichloroethane (Methytchloroform)

18 5 ~ - ~Lg~L<,~,~, I 2252 22 . ~ H -
{

27
Other insecticides detected 17 8
Carbaryl (Carbamine, Denapon, Sevin)
Carboturan (Furadan, Curaterr, Yaltox) 1,2,4-Trimethylbenzene (Pseudocumene)

Ethoprop (Mocap, Ethoprophos) "
Malathion (Malathion)
Oxamyi (Vydate L, Pratt) *" 41 19 -4~. :~ :~.~. 1722 18 ~ : = 27Propargite (Comite, Omite, Ornamite) " *" 67 19 ....
Insecticides not detected
Aldicarb (Temik, Ambush, Pounce) o.oo~ O.Ol o.1 1 lO lOO    1,ooo lO,OOOAldicarb sutfone (Standak, aldoxycarb)
Aldicarb sulfoxide (Aldicarb breakdown product) CONCENTRATION. IN MICROGRAMS PER LITER
Azinphos-methyl (Guthion, Gusathion M) " Other VOCs detected
p,p’-DDE Benzene
Dieldrin (Panoram D-31, Octalox, Compound 497) Bromodichloromethane (Dichiorobromomethane)
Disulfoton (Disyston, Di-Syston)
Fonofos (Dyfonate, Capfos, Cudgel, Tycap) ** 1-Chloro-2-methylbenzene (o-Chlorotoluene)
alpha-HCH (alpha-BHC, alpha-lindane) "* Chlorobenzene (Monochlorobenzene)
3-Hydroxycarbofuran (Carbofuran breakdown product) * "* Chlorodibromomethane (Dibromochloromethane)
Methiocarb (Slug-Geta, Grandslam, Mesurol) * ** Chloromethane (Methyl chloride) R0024745
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Dichlorodifluoromethane (CFC 12, Freon 12) Nutrients in water
1,2-Dichloroethene (Ethylene dichloride) Stuoy-unit frequency of Oetectio~, in percent
D ichlo romethane (Methylene chlodde) . Naeonal f~quency o! petection, in percent Study-unit--p,e size
1,3-Dichloropropane (Trimethylene dichloride) "
1,2-Oimethylbenzene (o-Xylene) Ammonia, as N " **
1-4-Epoxy butane (Tetrahydrofuran, Diethylene oxide) " 87 8~ -- = 75
1 -Ethyl-2-methylbenzene (2-Ethyltoluene) * ~ ~ 75it 6

"__~T~ ..... 153117
Iodomethane (Methyl iodide) * --
Isopropylbenzene (Cumene) * 29 78

~1 71 27
2-Propanone (Acetone)* 70 70 =~    ~ 30
n-Propylbenzene (Isocumene) *
Tetrachloroethene (Pemhloroethene) Dissolved ammonia plus organic nitrogen, as N * **

79 78 -- == 75
Trichloroethene (TCE) 72 7 ~ ~ 117
Trichlorofluommethane (CFC 11, Freon 11) 13 62 ..... 153

Trichloromethane (Chloroform) 19 28
1,2,3-Trichloropropane (Allyl trichloride) 7 30 ~ -- 27

1,2,3-Trimethylbenzene (Hemimellitene)"
1,3,5-Trimethylbenzene (Mesitylene) * Dissolved nitrite plus nitrate, as N

i00 95 75
VOCs not detected 100 97 1.~ 7
tert-Amylmethylether (tert-amyl methyl ether (TAME)) * 97 9 ~. 153

Bromobenzene (Phenyl bromide) * ~
61
7~ 27

Bromochloromethane (Methylene chlombromide) 93 71 30
Bromoethene (Vinyl bromide) *
Bromomethane (Methyl bromide) Orthophosphate, as P
2-Butanone (Methyl ethyl ketone (MEK)) * 75 79 .... 75

93 72                                                                         117
n-Butylbenzene (1-Phenylbutane) * 52 7~ 153
se¢-Butylbenzene * 52 59
tert-Butylbenzene" 81 52 =.~ 117 i i                                        27
3-Chloro-l-propene (3-Chloropropene) * 93 61 " 30

1-Chloro-4-methylbenzene (p-Chlorotoluene) Total phosphorus, as P * **
Chloroethane (Ethyl chloride) * 96 92 .......
Chloroethene (Vinyl chloride) 9 6 9 0 . ] ~ /

1,2-Dibromoethane (Ethylene dibromide, EDB) 60 it6 .~.~ ... ~ ~ 153

Dibromomethane (Methylene dibromide) *
trans-1,4-Dichloro-2-butene ((Z)-1,4-Dichloro-2-butene) *
1,2-Dichlorobenzene (o-Dichlorobenzene)
1,3-Dichlorobenzene (m-Dichlorobenzene) I
1,4-Dichlorobenzene (p-Dichlombenzene) o.oo~ O.Ol oJ 1 ~o lOO 1,ooo lO,ooo lOO,OOO

1,1-Dichloroethane (Ethylidene dichloride) * CONCENTRATION, IN MILLIGRAMS PER LITER
1,1-Dichloroethene (Vinylidene chloride)
trans-1,2-Dichtoroethene ((E)-1,2-Dichlorothene)
cis-l,2-Dichlomethene ((Z)-l,2-Dichloroethene) Dissolved solids in water
2,2-Dichloropropane *
trans-1,3-Dichloropropene ((E)-1,3-Dichloropmpene) Study-unit lrequency of detection, in percent
cis-l,3-Dichloropropene ((Z)-l,3-Dichlorop ropene) I National frequency of det ection, in percent Study-unit sample size

Oiethyl ether (Ethyl ether)" Dissolved solids"
Diisopropyl ether (Diisopropylether (DIPE)) * 100 100 --
Ethenylbenzene (Styrene) ~00 100

I00 i00 __ 152
Ethyl methacr~ate* 100 100 .Ethyl tert-butyl ether (Ethyl-t-butyl ether (ETBE)) * 100 10o

~ 27
Hexachlorobutadlene ~00 ~00
1,1,1.2,2,2-Hexachloroethane (Hexachloroethane) I I I I I I     I     I I
2-Hexanooe (Methyl butyl ketone (MBK)) " o.ool O.Ol o.~ 1 ~o lOO ~,ooo lO,OOO ~oo,ooo
p-lsoprowItoluene (p-Cymene) "

CONCENTRATION, IN MILLIGRAMS PER LITERMethyl acn/Ionitrile "
Methyl-2-methacrylate (Methyl methacrylate)"
4-Methyl-2-pentanone (Methyl isobutyl ketone (MIBK))"
Methyl-2-propenoete (Methyl acrylate)" Trace elements in ground water
Naphthalene
2-Propenenitrile (Acrylonitrile) Stu~-unit frequency of (~etection, in percent

1,1,2,2-Tet rachloroethane" ~ N, ational frequency Of detection, in percent Study-und sample size,

1,1,1,2-Tetrachloroethene
I i                                                                        =Tetrachioromethene (Carbon tetrachloride) Radon-222

1,2,3,4-Tetramethylbenzene (Prahnitene) *
1,2,3,5-Tetramethylbenzene (Isodurene) "
Tribromomethene (Bromoform) 9 9 ~ 0
1,1,2-Trichloro-1,2,2-trifluoroethane (Fraon 113)" ~ii ~’~

e
30

1,2,4-Trichlorobenzene
1,2,3-Trichlorobenzene *

0.01 0.1 1 10 100 1,000 IO,OOO IO0,OOO

CONCENTRATION, IN PICOCURIES PER LITER
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Other trace elements detected Stuay-unit frequency of detec~on, in percent

C h romJum / NI ati°na’ f redue ncy ol petection, in percent
Study-unit sam pie siz~

_LTrace elements not detected p,p’-ODE * **
Arsenic 71 94 ~ 7
Cadmium 0 92
Lead 33
Selenium 12 62 8

Uranium
0 39

Zinc o,p’+p.p’-DDE (sum of o,p’-DDE and p,p’-DDE) *
67 90 3
71 94 ~ I 7

0 92
CHEMICALS IN FISH TISSUE 33
AND BED SEDIMENT
Concentrations and detectlon frequencies, Puget Sound Basin,
1996-98.--Detection sensitivity varies among chemicals and, thus, o,p’+p,p’-DDT (sum of o,p’-DDT and p,p’-DDT) *

frequencies are not directly comparable among chemicals. Study-unit 29 53 ~ 7
frequencies of detection are based on small sample sizes; the 0
applicable sample size is specified in each graph 0

38

,..~, F..~;z~
8

i~ ii ~-~ 4
,~ Detected concentration in Study Unit

~ ~ Frequencies of detection, in percent. Detection frequencies Total DDT (sum of 6 DDTs)
were not censored at any common reporting limit. The left- 67 90

71 9~                                                            7
hand column is the study-unit frequency and the fight-hand 0 93
column is the national frequency 33

12 66 8
-- Not measured or sample size less than two 0
12 Study-unit sample size Dieldrin (Panoram D-31, Octalox)

33 53 ~ 3
National ranges of concentrations deteetsd, by land use, in 36 57 ~2 7

NAWQA Study Units, 1~1-98~Ranges include only samples
0 38
0 13in which a chemical was de~ected 12 30 ,~[~11

F~sh tBsue from streams in agncultural areas 0 9

FL~h tissue fi’om streams in urban areas Dieldrin+aldrin (sum of dieldrin and atdrin)F~sh tissue from streams draining mixed land uses 33 52
57 ~2 7

............ ......... Sedirnent from strsems in agricultural areas 0 38
II Sediment from streams in urban areas o 8..... Sediment from streams draining mixed land uses 102

2
L~test M~dle Highest

25 50 25
percenl percent percent Total PCB 1

o 38 ~ 3
~3 81 7

National benchmarks for fish tissue and bed sediment 0 66 I II
National benchmarks include standards and guidelines related to 00 2criteria for protection of the health of fish-eating wildlife and aquatic 0
organisms. Sources include the U.S. Environmental Protection Agency,
other Federal and State agencies, and the Canadian Council of I I i I i I I

Ministers of the Environment cA t lO ~oo 1,ooo 10,ooo ~oo,ooo

CONCENTRATION, IN MICROGRAMS PER KILOGRAM
J    Protection of fish-eating wildlife (applies 1o fish tissue) (Fish tissue is wet weight; bed sediment is dry weight)

I Protection of aquatic life (applies to bed sediment) 1 The national detection frequencies for total PCB in sediment are biased low because about

No benchmark for protection of fish-eating wildlife 30 percent of samples nationally had elevated detection levels compared to this Study Unit.
See http:J/water.usgs.gov/nawqa/for additional information.

*̄ No benchmark for protection of aquatic life

Other organochlorinss detected
o,p’+p,p’-DDD (sum of o,p’-DDD and p,p’-DDD) *
Heptachlor epoxide (Heptachlor breakdown product) *

Organochlorines in fish tissue (whole body) Heptachlor+heptachlor epoxide (sum of heptachlor and heptachtor epoxide) **
Hexachlorobenzene (HCB)and bed sediment                                           Pentachloroanisole (PCA)

Study-unit frequency of detection, in percent Organochlorines not detected
| N, ationaltre{]uency of detect,on, in p ....t

Study-unit ssrnple size= C hloroneb (Chlorone be, Demosan)***

_L±~ ~ ~ i ~ ~
~I

DCPA (Dacthal, chlorthal-dimethyl) " **
Total Chlordane (sum of 5 chlordanes)                              Endosuifan I (alpha-Endosulfan, Thiodan) * "*

33 38                            I ~
J

7 Ertdrin (Endrine)
7o~ ~

TotaI-HCH (sum of alpha-HCH, beta-HCH, gamma-HCH, and deita-HCH) **
Isodrin (Isodrine, Compound 711) " *"
p,p’-Methoxychlor (Marlate, methoxychlore) *

i        i        [        I        I        I I o,p’-Methoxychlor * **
0.1 1 10 100 1,000 10,000 IO0,(XX} Mirex (Dechlorane) ""

CONCENTRATION, IN MICROGRAMS PER KILOGRAM cis-Permethrin (Ambush, Astro, Pounce) *
(Fish tissue is wet weight; bed sediment is dry weight) trans-Permethrin (Ambush, Astro, Pounce) *

Toxaphene (Camphechtor, Hercules 3956) *
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Semivolatile organic compounds (SVOCs) s,uuy-on, frequency of detection,in percent
National frequency of detection, in percent

in bed sediment                                            ,      ,      ~      ,      ,      ,
Fluoranthene

Stu~ly-unit frequency of detection, in percent

_~ Nitional frequency o1’ detection,

in percent Study-unit sample slz]

Acenaphthene -~
I~0~ 9778

N-Nitrosodiphenylamine *"

50 5~~[lq

33 2 ~Anthraquinone *" 25 io

Phenanthrene
33 21 ~Z~~ 3
88 83 , 8

Benz[a]anthracene
i00 50 ~

iIOO 93 ~ ~

Phenol *"

Benzo[a]pyrene i00 81 ~
i00 82
75 80

Pyrene

25 59 - ~

9H-Ca~oJe ** ioo 95 ~
75 76 , ~

33 19 ~

25 33                     .~ CONCENTRATION. IN MICROGRAMS PER KILOGRAM. DRY WEIGHT

Ch~sene

~her SVOCs Qet~teQ
Acenaphthylene

1 o o 5 O ~. ~ 3 Acridine ""
~00 9~

~
8

75 67 ~ Anthracene
~obenzene "*

Dibenz[a,h]anthracene Benzo[b]fluoranthene ""
~nzo[gh~]pe~lene **
~nzo[k~luoranthene ""

50 68 ~/-- 8 Bu~lben~lphthalate **

Dibenzothiophene ** Di-mbu~lphthalate **
Di-m~lphthalate **
Diethylphthalate **
1,2-Dimethylnaphthalene **

33 12 3 1,6-Dimethylnaphthalene "*88 6~ = 8
25 30 ~,~ ~ 3,5-Dimethylphenol **

Dime~ylphthalate *"
2,6-Dimethylnaphthalene ** 9~Fluorene (Fluorene)

Indeno[1,2,3-c~pyrene **
Isoquinoline **

~00 65 ~~ 3 1-Me~yl-9~fluorene **
50 7~ 8
75 77 ............... ~ ......... ~ 2-Methylanthracene ""

4,5-Methylenephenanthrene **
bis(2-Ethylhe~l)phthalate *" 1-Methylphenanthrene *"

1-Methylpyrene **
Naphthalene

~ oo 91 ~~~ 3 Phenanthridine **
100 99 .... ~ ....... ~. 8 2,3,6-Tdmethylnaphthalene *"
75 95 ........

SVOCs not dete~ed

CONCE~ATtON, IN MIOR~RAMS PER KIL~R~, DRY W~IGHT Bemzo[c]ciRmoliRe --
4-Bromophenyl-phenylether "
4-Oh!oro-3-methylphemol **
bis(2-Ohloroetho~)methane **
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2-Chloronaphthalene ** Study-unit frequency of detection, in pement
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United States Department of the Interior

U.S. GEOLOGICAL SURVEY

Water Resources Division
Washington District

1201 Pacific Avenue, Suite 600
Tacoma, Washington 98402

(253) 428-3600 * FAX (253)428-3614
http://wa.water.usgs.gov

Dear Colleague:        ,

Enclosed is a new report from the U.S. Geological Survey Puget Sound Basin Study Unit of the
National Water Quality Assessment (NAWQA) Program.

USGS Circular 1216, "Water Quality in the Puget Sound Basin, Washington and British
Columbia, 1996-98," summarizes surface-water quality, ground-water quality, biology, and
ecological conditions from data collected during three years of intensive study on selected streams
and ground water in the Puget Sound Basin. The report also compares water-quality conditions
and biological characteristics observed in Puget Sound Basin streams and ground water with
conditions observed in other NAWQA study units across the Nation.

The Puget Sound Basin NAWQA reports are available online, or can be ordered, at:
http://wa.water.usgs.gov/ps.nawqa.html

Thank you for your interest,

Sandra S. Embrey
Chief Puget Sound Basin NAWQA
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Coordination with agencies and organizations in the Puget Sound Basin was integral to the success of this water-
quality assessment. We thank those who served as members of our liaison committee.

Federal Agencies Washington State Department of Native American Tribes and

Bureau of Indian Affairs Health Nations

National Marine Fisheries Service Washington State Department of Lummi Tribe

National Park Service Natural Resources Muckleshoot Tribe

Northwest Indian Fisheries Commission Washington State Department of Nooksack Tribe

U.S. Army Corps of Engineers Transportation Puyallup Tribe

U.S. Environmental Protection AgenCy Skokomish Tribe

U.S. Fish and Wildlife Service Local Agencies
U.S. Forest Service City of Auburn Universities

City of Bremerton University of Washington

Canadian Agencies City of Lacey Washington State University

British Columbia Ministry of City of Olympia
Environment City of Renton Other Public and Private

Environment Canada City of Seattle Organizations
City of Tacoma Adopt a Stream Foundation

State Agencies King County People for Puget Sound

Puget Sound Water Quality Action Kitsap County Thornton Creek Project

Team Pierce County Washington Environmental Council
Washington State Department of Seattle Public Utilities Washington Toxics Coalition

Agriculture Snohomish County
Washington State Department of Tacoma-Pierce County Health

Ecology Department
Washington State Department of Thurston County

Fish and Wildlife Whatcom County

We thank the following individuals for contributing to this effort.

¯ Gil Bortleson (USGS, Washington District) participated in the design of the study and authored several reports.
¯ Dale Davis (Washington State Department of Ecology) was a partner and coauthor in the study of pesticides in streams.
¯ Sue Davis (Thurston County), Mindy Fohn (City of Bremerton), Keith Grellner (Kitsap County), Ray Hanowell (Pierce County),

Joe Joy (Washington State Department of Ecology), and Ginny Stern (Washington State Department of Health) helped in the design of
the microbiological studies.

¯ Annette Frahm and George Perry (King County) provided sales data for pesticides, conducted toxicity tests, and coauthored a fact sheet
about pesticides in urban streams.

¯ Kathleen Greene, Joseph Gilbert, Gary Holloway, Brett Smith, and Greg Justin (USGS, Washington District) played a major role in the
collection and compilation of water-quality and streamflow data.

¯ Emily Inkpen (USGS, Washington District) collected and compiled water-quality data and authored a number of reports.
¯ Dr. James Karr (University of Washington) provided advice on the analysis of macroinvertebrate data.
¯ Moon Kim, Raegan Huffman, Stephanie Leisle, Mark Munn, Steve Sumioka, and Ann Vanderpool (USGS, Washington District);

Steve Goodbred and Terry Short (USGS, Western Region); Mariabeth Silkey and Michael Hummling (University of Washington); and
Dave Serdar and Art Johnson (Washington State Department of Ecology) provided field support and assisted in data collection.

¯ Hugh Liebscher and Basil Hii (Environment Canada) provided water level and chemistry data for wells in Canada.
¯ Dorene MacCoy (USGS, Idaho District) helped collect and interpret biological data and helped produce a number of reports.
¯ Rob Plotnikoff (Washington State Department of Ecology) provided macroinvertebrate and habitat data.
¯ Dr. Mark Sobsey, Fu-Chih Hsu, and Douglas Wait (University of North Carolina, Chapel Hill) provided technical assistance and

laboratory analyses for the microbiological study.
¯ Ward Staubitz (USGS, V’trginia District), project chief until April 1997, played a major role in the design of the study.
¯ Ian Walte and Dennis Wentz (USGS, Oregon District) provided fish tissue data from the Willamette Basin, Oregon.
¯ Frank Voss (USGS, Washington District) managed the project data base and produced a number of reports.

Appreciation is extended to those individuals who reviewed this report or helped prepare it.

Joe Joy, Washington State Department of Ecology Dennis Wentz, USGS, Oregon District
Cindy Moore, Washington State Department of Agriculture Ginger Renslow, Editor, USGS, Washington District
Richard Ramsey, Staff to the Washington State EnvironmentalRobert Crist, illustrator, USGS, Washington District

Quality and Water Resources Committee
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