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Executive Summary

Nitrate contamination of California drinking water supplies is pervasive— about 10% of California public
drinking water supply wells produce water that exceeds the regulatory drinking water limit, and a much
larger fraction produce water which approaches the limit. As the population of California increases by
50% over the next 20 years, water resources will be in critically short supply. If the State can develop
acceptable methods to prevent nitrate contamination of susceptible groundwaters and to remediate
contaminated groundwaters, then the volume of available "new" water will be a critical benefit to
California's continuing growth and prosperity.

Nitrate is commonly viewed as an intractable problem for three reasons. First, nitrate contamination is
ubiquitous in both surface and groundwater — a substantial number of California public and especially
private groundwater wells have nitrate levels that exceed or approach regulatory limits for drinking
water, and a significant fraction of surface water supplies have nitrate concentrations that would
preclude their use for groundwater recharge if draft DHS regulations were adopted. Second, the
activities that contribute anthropogenic nitrate to groundwater — animal operations, crop fertilization,
wastewater treatment discharge, septic systems — are ongoing and essential to the industry and
commerce of the State of California. Finally, nitrate is expensive to remove from drinking water
supplies, especially in public and private systems that rely on untreated groundwater and do not have the
necessary water treatment infrastructure. These factors combine to make nitrate the number-one
contaminant threat to California’s drinking water supply and at the same time may represent an
opportunity to make important strides in providing sufficient water to meet California's future growth.

The ultimate goal of the Groundwater Quality Monitoring Act of 2001 (AB599) is the implementation of
a comprehensive monitoring program to allow groundwater basin assessment. Assessment is a broad
term still being defined by the AB599 Interagency Task Force and Advisory Board, but encompasses
assessing susceptibility of groundwater to water quality degradation, characterizing current water quality
in a basin, and predicting future water quality under various conditions (including current conditions). A
working group at LLNL has surveyed the current approach to characterizing and managing groundwater
nitrate contamination in California, and has identified opportunities for progress toward meeting these
goals. Development of better characterization methods would lead a better understanding of aquifer
assimilative capacity and of the associated human health risks of pervasive nitrate contamination. The
integration of groundwater age dating with more accurate source assessment and characterization of
nitrate sinks would allow assessment and ultimately prediction of the effects of nitrate management
practices and plans on groundwater nitrate. Finally, the development of an integrated database and a set
of data analysis tools would allow development of more accurate models for susceptibility assessment,
contamination characterization, and management planning.
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1. Characterize and Quantify Aquifer Assimilative Capacity: Denitrification

e Survey denitrification in a subset of GAMA wells where aquifer vulnerability has already been
assessed.

e Characterize and quantify denitrification during recharge and transport in individual basins
using newly developed analytical techniques

e Develop appropriate proxies for aquifer assimilative capacity in basin assessment

e Develop a saturated zone denitrification model for nitrate management planning
and groundwater basin assessment

Understanding and quantifying denitrification in the saturated and recharge zone is important to
accurately assessing groundwater basin response to nitrate loading, to designing in situ approaches to
remediation (i.e. monitored natural attenuation or enhanced biodenitrification), and to developing
nutrient discharge limits for agriculture. Denitrification is a microbially-mediated process that converts
nitrate into nitrogen, a harmless gas that constitutes 80% of the atmosphere. Denitrification during
recharge and in the saturated zone can mitigate nitrate contamination and thereby reduce risk associated
with drinking water supplies.

Denitrification has been long recognized as an important process in the soil zone, in manure and
fertilizer management, in wastewater treatment, and in both in situ and ex situ treatment of nitrate-
contaminated groundwater. Although the existence of denitrification in the saturated zone and deep
vadose zone has long been known, its quantitative impact on the nitrate budget of shallow groundwaters
is only now being carefully assessed. Subsurface denitrification can have a powerful mitigating effect on
nitrate loading, but the effect is likely to be basin- and source-dependent. The terms “basin denitrifying
capacity” or “aquifer assimilative capacity” capture this concept.

2. Improve Nitrate Source Attribution and Assess the Occurrence of Nitrate
Co-contaminants

e Evaluate the usefulness of nitrate co-contaminants for source attribution, susceptibility
assessment, assessment of management practices, and remediation planning

e Develop and use new analytical techniques for identifying prevalent herbicides and their
transformation products in nitrate-contaminated California groundwater

e Develop and use new analytical techniques for bacterial and viral co-contaminants in nitrate-
contaminated California groundwater

e Develop and use new analytical techniques for human waste co-contaminants in nitrate-
contaminated California groundwater

Knowing the source of nitrate in a contaminated aquifer is critical for managing surface operations to
prevent future contamination, and for evaluating exposure of human populations to nitrate co-
contaminants. Source attribution can be addressed, at least in part, by monitoring the stable isotopic
composition of the nitrogen and oxygen in nitrate dissolved in groundwater. In addition, detection in
groundwater of nitrate co-contaminants that are specific to certain land uses (such as herbicides used in
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agriculture, xenobiotics from septic tanks, or pathogens associated with confined animal operations) can
also be valuable for source attribution. In addition to their relevance to source attribution, co-
contaminants may pose human health risks beyond those posed by nitrate itself. The pervasiveness of
nitrate-impacted waters in the State’s drinking water supply increases the probability of low-level
human exposure to contaminants that have the same source as anthropogenic nitrate (primarily
agricultural operations, animal operations, or septic systems). Understanding the occurrence of these
contaminants has implications for human health risk assessment (especially where synergistic effects are
important) and for remediation (i.e., which treatment methods would be appropriate to address all
contaminants). Since the occurrence of nitrate co-contaminants has not been adequately addressed to
date, we propose measurement of potentially significant co-contaminants and assessment of their value
for source attribution and human health risk evaluation.

3. Assess the Effect on Nitrate Management Plans and Best Management
Practices on Groundwater

o Use CAS groundwater ages to demonstrate the relationship between land use and groundwater
nitrate concentrations

o Perform focused field studies to demonstrate the utility of an integrated approach to groundwater
nitrate characterization in nitrate assessment and management. Such studies could include

o Nitrate plume characterization (source, history, future)

o Evaluation of temporal changes in nitrate along groundwater flow paths
o Agricultural management field studies
o Artificial recharge field studies

e Critically review available and emerging nitrate remediation technologies and assess their cost,
applicability and limitations in the context of California water and energy.

The State Water Resources Quality Control Board is responsible for protecting California’s
groundwater resources from degradation. Remediation of waters that exceed the MCL for nitrate
is expensive. A far more cost-effective approach is to manage source loading to prevent
groundwater nitrate levels from exceeding drinking water standards, with priority given to those
basins that have elevated levels of nitrate and are currently receiving significant fixed nitrogen
input. California, to a large extent, has adopted a non-regulatory approach with heavy reliance on
developing and encouraging adoption of best management practices for fertilization and animal
operations. Demonstrating the effectiveness of specific nutrient management practices and plans
is important in gaining acceptance of these approaches. Quantifying the effect of nitrate
management practices on groundwater nitrate, however, is difficult and can rarely be
accomplished by simple time-series concentration data, especially over short time scales in deep
drinking-water supply aquifers. Long-term assessment of land use and nitrate management
practices on deep basins is a key gap in the current approach to nitrate management.

The decision to remediate nitrate-contaminated groundwater must be made with full knowledge

of technical feasibility, total cost, and the status of new remediation technologies. If new supplies
of uncontaminated water (e.g. from drilling new wells) are available and if contamination of
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those supplies can be prevented or mitigated through effective management, waiting for the
development of new inexpensive technologies to remove nitrate may be feasible.

4. Develop a and Model Assessment for Nitrate Impacts

e Demonstrate the utility of existing CAS database to characterize nitrate contamination and
assess groundwater basin susceptibility

o Import nitrate source data, soil data, and hydrogeologic basin data into the GEIMS
database; and build nitrate data visualization and analysis tools for the Geotracker GIS

o Assess the susceptibility of groundwater basins and individual wells to nitrate
contamination at a scale useful to basin management planning

o Characterize the distribution of anthropogenic and natural nitrate in groundwater basins
and develop a comprehensive monitoring plan using existing data, simple hydrogeologic
models and data visualization

e Model the future distribution of nitrate in a groundwater basin and at an individual well
under current conditions and under different management plans

The ultimate goal of the Groundwater Quality Monitoring Act of 2001 (AB599) is the
implementation of a comprehensive monitoring program to allow groundwater basin assessment.
Assessment is a broad term still being defined by the AB599 Interagency Task Force and
Advisory Board, but encompasses assessing susceptibility of groundwater to contamination,
characterizing current water quality in a basin, and predicting future water quality under different
conditions. To meet these goals, basin assessment must consider the current inventory of nitrate
in basin soils and waters, current and past source loading, groundwater recharge and transport,
and nitrogen cycling in the soil, vadose and saturated zone. Nitrate occurs naturally, has
relatively low-intensity point, distributed and nonpoint sources, and has a long history of
introduction into the environment. Surface nitrogen loading has dramatically increased in the last
50 years, making groundwater ages a useful first approach to vulnerability assessment.
Supplementing CAS data with nitrate source loading and aquifer property data would be an even
more powerful approach to assessing the susceptibility of groundwater basins to pervasive nitrate
contamination. True characterization of volume of groundwater impacted by nitrate
contamination in the State, and development of a predictive reactive transport model for nitrate
will require three-dimensional characterization and modeling at the basin scale. Once fully
developed, such models could aid decision makers in water resource management, in
comprehensive monitoring, and in nitrate management planning.
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The Nitrate Problem in California Groundwater

Background

Nitrate contamination of California drinking water supplies is a pervasive and very serious
problem. Nitrate is regulated as a primary contaminant by both federal and state agencies, and
can have significant human health effects. Nitrate contamination is ubiquitous in both surface
and groundwater — a significant number of California public and especially private groundwater
wells have nitrate levels that exceed or approach regulatory limits for drinking water, and a
significant fraction of surface water supplies have nitrate concentrations that would preclude
their use for groundwater recharge if draft DHS regulations were adopted. The anthropogenic
activities that contribute nitrate to groundwater — animal operations, crop fertilization,
wastewater treatment discharge, septic systems — are ongoing and essential to the industry and
commerce of the State of California. Best management practices can mitigate source loading but
not eliminate it. And finally, nitrate is expensive to remove from drinking water supplies,
especially in public and private systems that rely on untreated groundwater and do not have the
necessary water treatment infrastructure. These factors combine to make nitrate the number-one
contaminant threat to California’s drinking water supply.

The current regulatory framework

In 1977, the State of California adopted a MCL of 45 mg/L for nitrate in public drinking water,
essentially equivalent to the federal MCL of 10 mg/L nitrate-nitrogen (nitrate-N) adopted by the
U.S. EPA under authority of the 1974 Safe Drinking Water Act. In 1991, the U.S. EPA set
additional MCLs for nitrite-N (1 mg/L) and for total nitrate and nitrite N (10 mg/L) (U.S. EPA,
1991). In 1997, under authority of the California Safe Drinking Water Act of 1996, the State of
California set PHGs for nitrate, nitrite, and joint nitrate/nitrite in drinking water that
corresponded to the federal MCLs (California EPA, 1997). More recently (August 2002), the
California Department of Health Services has proposed a set of regulations on the recharge of
groundwater with recycled water. For nitrogen, the draft regulation requires that the total N of
recycled or blended water used for recharge shall not exceed 3 mg/L unless the project sponsor
demonstrates that the nitrite and nitrate drinking water standards are consistently met in the
recharge water (California DHS, 2002).

Nitrate concentrations in water are reported in different units in the regulatory literature: as
milligrams of nitrate per liter of water, or as milligrams of nitrate-N per liter of water. California
is the only state that has set an MCL for nitrate in units of nitrate rather than nitrate-N.
California’s regulations for nitrite, for nitrite plus nitrate, and for total N are set in units of N, as
are all Federal regulations. In addition, much of the academic literature reports nitrate as nitrate-
N. In this report, we use the nitrate-N convention.

The current standards for nitrate and nitrite in drinking water are based on protection from infant
methemoglobinemia (blue baby syndrome) (Fan and Steinberg, 1996). Consensus exists among
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regulatory agencies and most researchers that the present standards are adequate. Reviews by the
U.S. EPA (1990a), the NRC (1995), and the California EPA (California EPA, 1997; Fan and
Steinberg, 1996; Fan et al., 1987) have concluded that these standards protect the very young
from nitrate-induced toxicity. The issue of whether these standards are too low, especially in
light of questions about the role of bacterial contamination in methemoglobinemia, has been
raised (e.g. Avery, 2001). However, from a regulatory viewpoint the low margin of safety
between no-observed-adverse effect levels (10 mg/L nitrate-N) and lowest-observable-effect
levels (11-20 mg/L nitrate-N), the potential severity of the effect (death), and the uncertainties in
the data argue for a conservative approach (Fan and Steinberg, 1996). Furthermore, recent
epidemiologic studies have provided tentative evidence of a link between increased incidence of
cancer and spontaneous abortions with the presence of nitrate in drinking water supplies at levels
near the present standard (Ward et al., 1996; Weyer et al., 2001). Although research into the
human health effects of nitrate and nitrite continues, we know of no serious effort to change the
present regulation.

Groundwater nitrate contamination

Nitrate is a ubiquitous contaminant in U.S. and California surface and groundwaters. Nitrate
occurs naturally in groundwaters at levels generally less than 2 mg/L (Mueller and Helsel, 1996),
and nitrite is generally negligible. Exposure to high levels is almost always associated with
contaminated water supplies. The U.S. EPA (1990b) has estimated that about 1.7 million people
(including 270,000 infants) or 8% of population are exposed to water with nitrate concentrations
in excess of the regulatory limits for drinking water. Of domestic wells sampled by the USGS
National Water-Quality Assessment (NAWQA), 9% had nitrate concentrations exceeding the
regulatory limit, as compared to 2-3% of public supply wells nationwide (Nolan et al., 2002).
The NAWQA study has also demonstrated that a large fraction of the nation’s groundwater
supply is impacted by anthropogenic nitrate contamination, where impact is defined as the
presence of nitrate above a threshold value of 3-4 mg/L nitrate-N (Nolan et al., 2002; Nolan et
al., 1997; Squillace et al., 2002).

The State of California has long recognized the nitrate problem. In 1988, the SWRCB produced
a report to the legislature that characterized nitrate contamination in the state geographically,
identified sources of data for nitrate in drinking water, and developed work plans to address the
problem (Anton et al., 1988). To illustrate the problem, Anton et al. (1988) reported that the
Metropolitan Water District of southern California was losing up to 4% of its drinking water
supply to nitrate, as compared to less than 0.5% to toxic organic contamination, and that almost
half of the groundwater contained in unconfined aquifers in Salinas Valley exceeded the drinking
water MCL. The report drew on a wide variety of sources to characterize nitrate contamination in
state drinking water supplies, including requests for input to state and federal agencies, the U.S.
EPA STORET database, loan applications to DHS, and published and unpublished technical
literature. The geographic distribution of nitrate contamination in groundwater as delineated in
the report is shown in Figure 1.
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Figure 1. Maps of groundwater nitrate impact and susceptibility in California. The map on the left plots
wells where nitrate-N levels occurred in the range 4.5-10 mg/L between 1975 through 1987 (Anton et
al., 1988). The map on the left is the CDFA map of groundwater basins sensitive to nitrate
contamination (http://www.cdfa.ca.gov/is/Frep/about_frep.htm).

The current DHS water quality database for public drinking water supply wells accessed through
Geotracker confirms the conclusion of the 1988 SWRCB report that nitrate is a quantitative
threat the state drinking water supply. In 1988, approximately 10 % of the California
groundwater analyses in the U.S. EPA STORET database exceeded the drinking water MCL. In
August 2002 slightly over 9% of the wells in the Geotracker database had maximum nitrate
concentrations that exceeded the drinking water MCL (Figure 2). In 1988, SWRCB reported that
Stanislaus County led the State in the number of loan applications from small systems for
solution of nitrate problems (Anton et al., 1988). Today, approximately 80% of the groundwater
wells in the Stanislaus County DHS database are impacted by nitrate contamination (i.e., have
maximum concentrations greater than 3 mg/L), and greater than 15% have maximum
concentrations that exceed the drinking water limit. In 1988, the Metropolitan Water District
reported that 12% of the wells in its service area exceeded the drinking water limit. In the
Geotracker DHS database, greater than 16% of the wells in Los Angeles County have maximum
nitrate concentrations that exceed the drinking water limit. In contrast, groundwaters in northern
counties (Shasta, Mendocino, Trinity) are not impacted by nitrate contamination (Figures 1 and
2), and have a median nitrate concentration of 1 mg/L, which is consistent with an average
natural groundwater nitrate concentration of 2 mg/L (Mueller and Helsel, 1996). What is
remarkable about the distribution of nitrate in California groundwater drinking water supplies is
the large fraction of supply that is impacted by anthropogenic nitrate but that does not exceed the
Federal drinking water standards. One-third of wells in the State, one half of wells in Santa Clara
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County, and two thirds of wells in Stanislaus County have reported maximum nitrate levels of
between 4 and 10 mg/L, a relatively narrow range. Managing these basins to prevent loss of
water supply by nitrate contamination should be a number-one priority for the State Board.

Nitrate in California Drinking Water Supply Wells
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Figure 2. Maximum nitrate-N groundwater concentrations for drinking water wells in the Geotracker DHS
database. The number of wells sampled is shown in the legend. Northern counties include Shasta,
Mendocino, and Trinity. In blue are wells with maximum nitrate-N levels that do not exceed drinking
water standards, but that do have elevated nitrate relative to average groundwater (Nolan et al.,
2002; Squillace et al., 2002).

The DHS database utilized by Geotracker contains data from public drinking water supply wells
and is biased toward deep groundwaters. Shallow groundwaters are much more likely to be
impacted (Nolan, 1999; Nolan, 2001; Nolan et al., 1997; Nolan and Stoner, 2000). As an
example, shallow groundwaters in almond orchard areas of the San Joaquin and Tulare basins
have a median nitrate concentration of 10 mg/L nitrate-N. The median nitrogen loading from
inorganic fertilizers in this area is high (85 kg/ha). Assessment of groundwater nitrate using the
DHS database is also biased by the abandonment or closure of high nitrate drinking water wells.
In both cases, the true impact of nitrate contamination on the groundwater resource may be
underestimated by this approach.

California surface waters are also impacted by nitrate contamination. Concentrations in general
do not exceed the drinking water MCL for nitrate (Figure 3). The draft DHS limit for total N in
blended water for groundwater recharge (California DHS, 2002), however, is set at a level
sufficiently low (3 mg/L) that it would preclude the use of a significant number of surface
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drinking water supplies for blending with recycled water and recharging groundwater aquifers.
This statement holds true even for recycled water that has been polished by advanced methods
such as RO and does not contain significant levels of nitrate. In the national NAWQA study,
25% of the streams included in the survey had flow-weighted total fixed nitrogen concentrations
of greater than 3 mg/L. A California example from the LLNL database is water from the Old
River at the Contra Costa County Outtake (Figure 3). This outtake supplies water to Los
Vaqueros Reservoir, and contains both nitrate and salinity below primary or secondary limits.
Nitrate, however, exceeds the draft DHS regulation of groundwater recharge, and this water
could not be used for blending recycled water for surface or subsurface recharge operations.

Nitrate and Chloride in California Rivers
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Figure 3. Nitrate and chloride concentration data from quarterly sampling of the major tributaries to the
Sacramento-San Joaquin Delta (unpublished LLNL data)

More recently, the Natural Resources Defense Council highlighted nitrate contamination of State
groundwaters in a report on “California’s Contaminated Groundwater” (Helperin et al., 2001)
and in “Cesspools of Shame” (Marks, 2001). The NRDC groundwater report concluded that
agriculture and septic systems are the major sources of nitrate contamination, and illustrated the
extent of the problem with the following observations:

e Over the last decade, SWRCB 305(b) reports indicate that more than half of the areal

extent of groundwater affected by major contamination is caused by agriculture and
septic systems.
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e For the period from October 1999 to October 2000, the DHS Drinking Water Database,
which contains more than 7,100 distinct groundwater sources, lists nitrate was the
number one contaminant.

Sources of nitrate contamination
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Figure 4: Nitrogen cycling in the soil and vadose zone in an agricultural setting. Not shown are septic
system or wastewater treatment plant sources of nitrogen loading.

The 1988 SWRCB report (Anton et al., 1988) identified agricultural fertilization, animal
operations (i.e. waste from dairy, feedlot, and poultry operations), and septic disposal systems as
the three dominant sources of nitrate to impacted groundwaters in groundwater (Figure 4). Urban
runoff and municipal waste treatment were cited as lesser sources. In 1988, the California
Department of Food and Agriculture appointed a 12-member Nitrate Working Group consisting
of individuals from agribusiness, State government, and the University of California. A year
later, this group produced a report entitled “Nitrate and California Agriculture” (CDFA, 1989)
which discussed agricultural and animal sources of nitrate, discussed best management practices
(BMPs) to mitigate nitrate source loading and transport, and contained a description of factors
important in making groundwater sensitive to nitrate.

Fertilizer usage in California had doubled from 1950 to 1980 after which it leveled off at
approximately 600,000 tons. Nationwide, nitrogen fertilizer use in the country increased over
300 percent from 1960 to 1988, with very little change in crop acreage and only a 40 percent
increase in overall farm production. These figures indicate that nitrogen loading and leaching
from a typical acre of fertilized farmland has increased dramatically. Field studies have shown
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that approximately one third of applied fertilizer is lost to leaching using older application
methods. Furthermore, changes in fertilizer application may not be seen in groundwater for up to
60 years because of retention and cycling of fertilizer N in soil. Fertilizer application varies
widely among crops, for example greenhouses and vegetable crops use more nitrate fertilizer
than orchards and vineyards, and are associated with higher levels of nitrate in underlying
groundwaters. Differences in crop type and fertilizer management should be taken into account
in estimating source loading in any nitrate vulnerability assessment.

Dairy, cattle feedlot, and poultry operations are localized sources of potentially intense nitrate
contamination. In 1988, milk production was the number one agricultural industry in California
with over one million cows on over 2400 dairies. The dairy industry is concentrated in San
Bernadino, Tulare, Stanislaus, Merced, Riverside and San Joaquin counties. Beef production is
the number two agricultural industry in California with nearly 2.5 million cows in 1988 of which
over half were raised on 38 feedlots in Imperial, Kern, Tulare and Merced counties. The
development of dairy centers, such as has occurred in the Chino groundwater basin in southern
California and in the Hilmar area of the San Joaquin Valley can have dramatic effects on
groundwater quality. For example, groundwater nitrate-N in the Chino area more than doubled in
less than 20 years (rising from 6 to 16 mg/L between 1969 and 1986). Dairy operations in
California produced over 4 million tons of dry manure in 1997, a 50% increase over 15 years. As
livestock operations have become increasingly concentrated in California, manure production in
affected counties has exceeded acreage available for application (Kellogg et al., 2000). So as
with fertilization, although animal operations have existed in California since early in the State’s
history, dramatic changes have taken place in the last 50 years. The change in fertilization
occurred earlier than the change in animal operations.

The US EPA has estimated that more than 1.3 million septic systems are in use in California.
Nationwide, about a quarter of the population relies on septic systems, and about 6% of
groundwater nitrate pollution is associated with septic discharge. The increasing density of these
systems in California, especially in the Sierra foothills (e.g. the Chico area), indicates that nitrate
problems associated with septic systems will increase.

Current Efforts

Fertilizer Research and Education Program

The “Nitrate and California Agriculture” report (CDFA, 1989) recommended that the CDFA
facilitate the following activities:

e Identify nitrate-sensitive areas throughout the state (see Figure 1).

e Establish a list of priority areas in which nitrate control programs should be implemented

e Establish nitrate management programs in priority areas in cooperation with local
government and agriculture,

e Develop best management practices to be incorporated into local nitrate management
programs
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e Establish a research and demonstration project on nitrate control through irrigation,
fertilizer and manure management.

These recommendations became the mission of CDFA’s Nitrate Management Program, which
later developed into the Fertilizer Research and Education Program (FREP). FREP is funded by
a mille tax on fertilizer (California Food and Agriculture Code, Div. 7, Chap. 5), and is advised
by a Fertilizer Inspection Advisory Board that represents the agricultural community. Within the
past year, one idea under consideration was a re-survey of nitrate contamination in State
groundwater along the lines of the original 1988 SWRCB assessment. The purpose of the
reassessment was to determine the effectiveness of 10 years of FREP research and public
outreach into BMPs to mitigate nitrate pollution. The Board ultimately decided that such an
assessment required resources and expertise not available to FREP (but would be available to the
SWRCB), and would not answer the question as posed (Beam, 2002). The key mission of FREP
continues to be research into best management practices and outreach with a focus on nitrate.

Comprehensive Groundwater Monitoring

In response to the discovery of MTBE, a gasoline additive, in public supply wells in a number of
cities including Santa Monica, Los Angeles, and South Lake Tahoe, the California State Auditor
issued a report (California State Auditor, 1998) that concluded that the State was lacking:

e An effective mechanism for the interagency coordination necessary for the early
recognition and prevention of contamination of groundwater resources.

e The ability to easily identify the sources of groundwater contamination closest to
drinking water wells and, therefore, prioritize the investigation or remediation based on
this threat.

e The ability to provide drinking water regulators and water purveyors sufficient
notification or details about contamination moving toward drinking water sources.

e A standardized database with a GIS interface that could streamline the integration of data
from multiple agencies (i.e., it could integrate data for contaminant sites and drinking
water sources) and give all stakeholders the information necessary to protect the
beneficial uses of the State’s groundwater.

In January 2000, the SWRCB produced a plan for implementing a comprehensive program for
monitoring ambient surface water quality and groundwater quality in response to supplemental
language in the FY99 budget (California EPA, 2000a). The plan stated that features of a
comprehensive ambient monitoring plan should include clear objectives, scientifically sound
monitoring design, and meaningful indicators. On the last item, the Board stated “The ambient
monitoring program should use the best available condition and response indicators of the
environmental system. These indicators should be scientifically valid and practical, and they
should address the needs of the water quality programs.”

The SWRCB has overseen the development of a powerful database (and GIS interface) for
groundwater, hydrogeologic, drinking water well, and contaminant release data. In addition, the
SWRCB has developed working maps based on published literature identifying groundwater
areas that are hydrogeologically most vulnerable to potentially contaminating activities. The
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SWRCB has worked, and will continue to work with DHS’s Source Water Protection Program
and DWR in a number of programs including the Bulletin 118 Update.

In October, 2001, The Governor approved Assembly Bill 599 (AB 599), establishing the
Groundwater Quality Monitoring Act of 2001. The goal of AB 599 is to improve comprehensive
groundwater monitoring and increase the availability of information about groundwater quality
to the public. AB 599 requires that the SWRCB integrate existing monitoring programs and
design new program elements, as necessary, to establish a comprehensive statewide groundwater
quality monitoring program.

AB 599 also requires that on or before March 1, 2003, the SWRCB submit a report to the
Governor and Legislature, detailing the following elements:

A detailed description of a comprehensive groundwater quality monitoring program
A description of how the program takes maximum advantage of existing information
An assessment of additional monitoring necessary

A specific set of recommendations for coordinating existing monitoring programs
An estimate of funding necessary to implement the program

Recommendations for an ongoing source of funds

A prioritized list of actions to increase effectiveness of monitoring effort

An Approach to Dealing with Nitrate Contamination in Groundwater

To adequately address nitrate contamination of groundwater, the State needs to be able to:

Characterize existing nitrate contamination in groundwater.

We know that nitrate contamination of aquifers used to supply drinking water to the
public is widespread. Although we know from the DHS Drinking Water Database how
many wells have reported nitrate exceeding regulatory limits or at levels indicating
anthropogenic input, we do not know what volume of water these reports represent. The
abandonment of high-nitrate public drinking water supply wells only confounds
estimation of total resource impacted. More importantly, our knowledge of nitrate
contamination in shallow aquifers, which are expected to be preferentially affected by
nitrate contamination, is limited. This is a significant information gap since these aquifers
represent potential sources of contamination to deeper aquifers used for public drinking
water, and are preferentially tapped by private wells for domestic use. Characterization of
nitrate contamination within an aquifer involves determining the source, mechanism and
history of contamination.

Assess the susceptibility of aquifers to future contamination.

We know that the primary sources of nitrate contamination in groundwater are
agriculture, animal operations, and septic systems. These sources are distinct from the
industrial and commercial sources responsible for MBTE and solvent contamination, but
do contribute to pesticide, pathogen and xenobiotic contamination. Accurately assessing
the susceptibility of aquifers to nitrate contamination will require not only determining
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groundwater age (using the California Aquifer Susceptibility approach), but also
capturing those parameters that are unique to nitrate. These will involve source loading,
soil and surface nitrogen cycling (such as losses to plant uptake or to ammonia
volatilization), and denitrification in the vadose zone or aquifer. Any risk or basin
assessment model would need to address the distribution of sources (from point sources
such as confined animal operations, to non-point sources such as irrigated agriculture to
distributed sources such as septic systems), loading from these sources (using source
type, the Agriculture Census, reported fertilizer sales, Air Board Emissions Inventories,
etc), and transport between the surface and the water table. Transport of nitrate is
important not only in evaluating the susceptibility of a pristine aquifer to nitrate
contamination, but also in evaluating the time scale over which source controls will affect
nitrate levels in a contaminated aquifer. In evaluating both uncontaminated and
contaminated aquifers, the assimilative capacity of the aquifer for nitrate loading through
denitrification also needs to be taken into account.

e Determine the best management strategy for contaminated and impacted aquifers.
Two important issues for the State to consider are how to prevent impacted aquifers from
becoming contaminated, and how the remediate contaminated aquifers. The development
of best management practices to mitigate nitrogen loading to susceptible aquifers is an
area of active research. A number of models have been published that simulate nitrogen
cycling at the field scale and predict nitrate leaching out of the soil zone under different
agricultural management practices. Demonstration that predicted soil leach rates can be
used as input to saturated zone nitrate models, and understanding how changes in field
management practices affect aquifer nitrate concentrations is essential to the acceptance
of these models in mandated nutrient management plans. Understanding aquifer
assimilative capacity will be essential to setting acceptable nitrate leach rates in nutrient
management planning. Remediation of contaminated aquifers is a difficult issue, and
involves understanding the total cost of remediation.

To meet these goals, the State needs a toolkit with the appropriate tools (Figure 5). These tools
should provide the State with a sound scientific rationale, clear objectives and meaningful
indicators with which to assess groundwater basins (under the provisions of AB 599) and to
institute a comprehensive monitoring plan for nitrate (as a component of GAMA). We believe
that this toolkit should include the following:

e Groundwater age-dating capability (tritium-helium, natural and introduced tracers)
e Source attribution capability (age, stable isotopes, nitrate co-contaminants)

e Denitrification assessment capability (excess N», stable isotopes)

e Co-contaminant characterization capability

e A comprehensive monitoring plan
e An integrated GIS database and the appropriate database tools

¢ Groundwater basin assessment model
¢ Nitrate management plan assessment model
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Figure 5. The LLNL toolkit.

The LLNL Role

LLNL has the expertise, and the analytical and computational capabilities to help the State build
these tools. As a national security lab, LLNL has an unbiased view of energy and water issues in
the State of California, and has the physical and personnel security to handle sensitive water-
related data (e.g., DHS well locations). The purpose of this white paper is to discuss some gaps
and opportunities in the current approach the groundwater nitrate problem in California, and to
lay out how LLNL could assist the State Board in filling these gaps. The first section discusses
the concept of assimilative capacity of aquifers for nitrate loading; the second section discusses
nitrate co-contaminants; the third section discusses how to assess the success or failure of nitrate
management plans, and the last section discusses groundwater basins assessment. In each of
these sections, important concepts are discussed at a non-technical level, and potential tasks are
sketched out. We can develop in detail any concept or task if requested by the Board.

LLNL has had a long and productive relationship with the SWRCB, with the major efforts being
Geotracker under the LUSTIS program, and CAS under the GAMA program. These
relationships are built on LLNL’s expertise in environmental information systems and historical
case analysis, on LLNL’s special analytical capabilities {e.g., a sophisticated ability to determine
groundwater age (using the helium-tritium method) on time scales of interest to policy and
management decision making}, and on LLNL’s ability to put together interdisciplinary project
teams. This experience and these capabilities are applicable to the nitrate problem in California
groundwater. In addition, LLNL has other analytical capabilities directly relevant to nitrate
studies (e.g., precise determination of dissolved nitrogen gas in groundwater samples and
characterization of trace organic compounds associated with nitrate contamination), and
extensive knowledge of biogeochemical processes driving nitrogen cycling, particularly
denitrification. Finally, LLNL has experience in characterizing and remediating nitrate-
contaminated groundwater (using phytoremediation, biodenitrification, ion exchange, and
demonstration of natural attenuation) and in developing new contaminant remediation
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technologies (using membranes, electrochemical methods, and enhanced sorbents).

Denitrification: Aquifer Assimilative Capacity

Background

Denitrification is a microbially-mediated process that converts nitrate into nitrogen, a harmless
gas that constitutes 80% of the atmosphere. Denitrification during recharge and in the saturated
zone can mitigate nitrate contamination and thereby reduce risk associated with drinking water
supplies. Understanding and quantifying denitrification in the saturated and recharge zone is
important to accurately assessing groundwater basin response to nitrate loading, and to
designing in situ approaches to remediation (i.e. monitored natural attenuation or enhanced
biodenitrification).

Denitrification consists of a series of oxidation-reduction reactions that ultimately involve
electron transfer between an electron donor and nitrate, the terminal electron acceptor. The
reduction of nitrate to nitrogen gas can be represented as follows:

2NO; + 10e” + 12H" = N, + 6H,0

The electron donor may be organic matter or a reduced inorganic compound. Heterotropic
denitrifying bacteria are abundant and utilize organic compounds as the electron donors;
autotrophic bacteria are less abundant and utilize inorganic compounds. The overall reactions
may be represented as follows:

Heterotrophic denitrification: SCH,O + 4NOs3™ + 4H" > 2N, + 5C0O, + TH,0
Autotrophic denitrification: 5FeS; + 14NO;™ + 4H" > TN, + 108042' +5Fe”" + 2H,0

For a given electron donor, denitrification is thermodynamically less favorable than oxygen
consumption, but more favorable than iron (III) and manganese (IV) reduction. Typical
concentration profiles in groundwater reflect a succession of electron acceptor use consistent
with such thermodynamic principles (Lovley and Chapelle, 1995). Assuming that denitrifying
bacteria are present in a nitrate-contaminated aquifer (which is highly likely for these widespread
bacteria), the two most important parameters required for denitrification are (1) the presence of a
suitable electron donor and (2) low dissolved oxygen concentration (i.e., anoxic or anaerobic
conditions) (Korom, 1992). Most denitrifying bacteria are facultative anaerobes and will cease
denitrification in the presence of oxygen. Denitrifying microbes isolated from marine,
freshwater, and soil environments have very low oxygen thresholds (< 0.6 mg/L) (Tiedje, 1988).

Electron donors used by most denitrifying bacterial species are organic compounds (which can

be naturally-occurring or anthropogenic), and several studies have produced evidence that under
oxygen-limited conditions, denitrification is limited by the availability of dissolved organic
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carbon in groundwater. Other studies have demonstrated the occurrence of in-situ denitrification
in the absence of DOC, and have ascribed aquifer reducing capacity to reduced aquifer solid
phases acting as electron donors (e.g., iron sulfide minerals such as pyrite).

Denitrification in the Saturated and Vadose Zone

Denitrification has been long recognized as an important process in the soil zone, in manure and
fertilizer management, in wastewater treatment, and in both in sifu and ex situ treatment of
nitrate-contaminated groundwater. Although the existence of denitrification in the saturated zone
and deep vadose zone has long been known, its quantitative impact on the nitrate budget of
shallow groundwaters is only now being carefully assessed. Two examples will illustrate the
extremes. A detailed nitrate mass balance model of loading to a shallow glacial outwash aquifer
receiving significant agricultural input predicted nitrate concentrations that were three times
higher than observed in the basin groundwaters (Puckett and Cowdery, 2002; Puckett et al.,
1999). The difference was attributed to denitrification below the root zone, and the strong
correlation of nitrate level with dissolved oxygen level supported this interpretation. The median
DO level for this system was 3.6 mg/L with a wide range. In a study of denitrification rates in a
very shallow sandy aquifer receiving discharge from a sewage treatment plant, Desimone and
Howes (1996) estimated that although a sizable anoxic plume developed, denitrification
accounted for less than 10% removal of the fixed nitrogen load. Denitrification was limited by
depletion of dissolved organic carbon (not nitrate) concentrations.

These case studies demonstrate that subsurface denitrification can have a powerful mitigating
effect on nitrate loading, but that the effect is likely to be basin- and source-dependent. We can
capture this concept in the terms “basin denitrifying capacity” or “aquifer assimilative capacity”.
Previous assessments of aquifer vulnerability to nitrate contamination have used various proxies
for the denitrification potential of a groundwater system (i.e., both the saturated zone and
recharge zone). Nolan (2001) used percent organic matter in soils in combination with depth to
the seasonally high water table to indicate conditions conducive to denitrification during
infiltration. The Minnesota Ground Water Monitoring and Assessment Program used a different
approach and defined “nitrate-stable” waters as those waters with high Ey (>250 mV), elevated
dissolved oxygen (>0.5 mg/L), and low dissolved iron concentration (<0.70 mg/L), based on
correlations between nitrate and these parameters in Minnesota drinking water supply wells.

A number of other researchers have also noted that groundwaters that contain elevated levels of
dissolved Fe*" and Mn”" contain low nitrate, an observation consistent with the solubility of
reduced Fe and Mn in the absence of dissolved oxygen or sulfide. Panno et al. (2001), for
example, characterized nitrate contamination in the Chalk Aquifer, a confined carbonate aquifer
that supplies 50% of the United Kingdom’s potable groundwater, and observed that
groundwaters with measured Pt-electrode Ey values below 250 mV contained undetectable
levels of nitrate, and that elevated levels of Fe* (>1 mg/L) and Mn*" (>0.1 mg/L) only occurred
in low-nitrate waters. In the Geotracker DHS database, 17% of California drinking water supply
wells report maximum Fe*" concentrations of greater than 0.70 mg/L, and 21% of the wells
report Mn”" concentrations of greater than 0.1 mg/L. These wells may draw on aquifers with the
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capacity to reduce nitrate. The use of Fe and Mn data alone to indicate the absence of oxygen,
however, may underestimate the number of groundwater systems capable of supporting
denitrification. A groundwater may contain low or no oxygen and low levels of Fe and Mn,
because of the paucity of Fe and Mn solid phases in aquifer solid phases or because of
precipitation of insoluble sulfide phases under extremely reducing (i.e., sulfidogenic or
methanogenic) conditions.

Groundwater dissolved oxygen, when determined accurately, may be a useful indicator of
aquifer assimilative capacity if the following issues are considered. Water sampled from
production wells with long screened intervals comprises a mixture of ambient groundwaters,
some of which may be sufficiently devoid of oxygen to support denitrification. Even for water
from a discrete sampling interval, in-situ mixing between low-oxygen and high-oxygen
groundwater (reflecting either regional hydrology or seasonal recharge patterns) can produce a
mixed groundwater that contains both oxygen and nitrate, but which has experienced
denitrification. And finally, low-oxygen microenvironments in saturated aquifers (e.g. “dead-
end” porosity in fine-grained carbonate and clastic sediment, see Mariotti et al., 1988) may
support much higher levels of denitrification. For these reasons, a direct application of the
microbial threshold for denitrification (e.g. 0.6 mg/L) may not be appropriate. Field studies have
found evidence for denitrification in waters containing up to 2 mg/L oxygen (see Korom, 1992).
As discussed above, the data from these field studies do not necessarily indicate microbial
denitrification at oxygen levels above laboratory-observed thresholds. A viable approach to
determining the value of dissolved oxygen for basin assessment of assimilative capacity would
be to correlate it against direct evidence for denitrification (e.g., excess nitrogen gas).

Many of the studies of denitrification in the saturated zone have been sited in shallow and young
groundwater systems affected by industrial or wastewater contamination. Groundwater pumped
from California drinking water supply wells is generally deeper and older. The age of deep
groundwaters allows time for oxygen depletion by aerobic microbial oxidation of dissolved
organic carbon (or another appropriate electron donor). In the absence of a systematic survey of
ambient oxygen levels in California groundwaters, oxygenation in deep drinking water aquifers
cannot be assumed. Although alluvial aquifers in the Central Valley are often well oxygenated,
examples of low oxygen waters do exist in both shallow and deep aquifers.

Methods for characterizing denitrification

A number of approaches have been used to characterize denitrification in the subsurface.
Enzyme inhibition (e.g., the acetylene block), incubation and '°N tracer methods are not
applicable to a monitoring or basin assessment approach to nitrate characterization (see, e.g.,
Desimone and Howes, 1996). They require access to aquifer materials or very closely spaced
well arrays, and integrate denitrification rates over short spatial and temporal scales. Detailed
nitrate budgets that ascribe the discrepancy between predicted and observed nitrate
concentrations in receiving waters to denitrification provide only indirect evidence for
denitrification.

At the watershed or basin scale, denitrification can be demonstrated by correlations between of
low nitrate concentration with reducing conditions (e.g., low dissolved oxygen, high Fe*" and
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Mn*") and the presence of an electron donor (e.g., dissolved organic carbon), or by the loss of
nitrate along a groundwater flow path. Flowpath arguments are more convincing if the
appropriate conditions are present for denitrification, and if dilution by mixing or dispersion can
be eliminated or quantified. Certain geochemical changes, such as an increase in alkalinity
accompanying oxidation of organic matter, may also occur during denitrification, and be seen
along a flowpath or correlated with nitrate concentration.

Excess nitrogen

Attributing nitrate concentration trends to denitrification is always confounded by uncertainties
in mixing, dispersion, and accurate assessment of the hydrogeologic regime. The need to
distinguish degradation from simple dilution is common to any study of “natural attenuation”.
The most robust and conceptually simplest remedy is demonstrating that contaminant loss is
accompanied by accumulation of an end product. For denitrification, the end product is nitrogen
gas. Dissimilatory nitrate reduction to ammonia does occur, but under much more limited
conditions than reduction to nitrogen gas. In past studies, the use of nitrogen to demonstrate
denitrification has been limited by the difficulty in determining the “atmospheric” nitrogen
component. All groundwater contains dissolved atmospheric gases in excess of concentrations
predicted by equilibrium solubility control. The variable concentration of atmospheric nitrogen
in groundwater makes determination of “excess nitrogen” produced by denitrification uncertain
if only nitrogen is measured. If other atmospheric gases, such as argon, are measured, then a
correction can be made (Figure 6). An advantage of the excess nitrogen method is that the total
amount of nitrate reduced can be determined under conditions that retain nitrogen in solution,
e.g., in confined aquifers. And in age-dated waters, knowing the total amount of nitrate reduced
allows calculation of a denitrification rate, an important parameter in any model of nitrate fate
and transport in a groundwater basin.

Previous excess nitrogen studies have used gas chromatography and/or mass spectrometry. Both
methods require extraction of a gas sample, a step that adds time and can limit precision.
Membrane inlet mass spectrometry (MIMS) is a new method in this field and allows precise and
fast determination of the concentrations of nitrogen, oxygen and argon dissolved in groundwater
samples without a separate extraction step (Kana et al., 1994). The MIMS method has been used
to determine denitrification rates in estuarine waters, but to our knowledge, we are the first group
to use the method for groundwater denitrification studies. A water sample at atmospheric
pressure is drawn through a thin silicone rubber tube inside a vacuum manifold. Dissolved gases
readily permeate through the tubing into the analysis manifold, and are measured using a
quadrupole mass spectrometer. The technique is fast, precise and accurate, and can be used in the
field. The method is also robust, which will allow widespread use by trained operators. One
advantage for denitrification studies is that dissolved oxygen content can be determined
accurately at the same time as “excess nitrogen”.
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Figure 6: Groundwater nitrogen and argon in groundwaters from Site 300 (near Tracy, CA). Dissolved
gas concentrations were determined by MIMS at LLNL. Samples with “excess nitrogen” (produced by
denitrification) plot above the blue mixing line between equilibrium solubility and “excess air”
(entrained in groundwater during recharge). Units are expressed as percent saturation with respect to
a water standard at 20 °C and 300 m elevation.

Stable isotopes of nitrate

Stable isotope ratios of nitrogen and oxygen in nitrate have been used for over a decade to
demonstrate the occurrence of denitrification in groundwater (Bottcher et al., 1990; Kendall and
McDonnell, 1998). Stable isotope composition is expressed using delta notation, which is the per
mil (%o) difference between a sample atom ratio and a standard atom ratio.

8N = {("N/"*N)sampie/("N/"*N)standara — 1} #1000

Light isotopes, including those of N and O, are fractionated during chemical transformations
such as denitrification. In particular, denitrification results in an exponential increase in 8'°N of
residual nitrate with decreasing nitrate content. Denitrification likewise causes an increase in the
& '*0 of the residual nitrate. The ratio of enrichment of oxygen to nitrogen is consistent across
environmental settings, and has been empirically determined to be 1:2 (Figure 7). Thus, while
the starting isotopic composition of nitrate in groundwater may appear almost anywhere on a o
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PN vs. 8 '®0 plot, denitrification over time or along a flowpath is demonstrated by the positively
sloped vector on the same plot. One of the most useful applications of the “dual isotope”
approach is to distinguish between mixing of two nitrate sources (usually a natural component
low in nitrate and depleted in '°N and one high in nitrate with higher & '’N) and denitrification.
In addition, once denitrification is documented, one can back-extrapolate to estimate the original
isotopic composition of the nitrate source(s).

LLNL Site 300 groundwater nitrate
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Figure 7: Nitrate 3"°N and §'°0 in groundwaters from the Tnbs2 aquifer at LLNL Site 300 (near Tracy,
CA). These samples show the characteristic trend of 1:2 for denitrification.

A Case Study: LLNL Site 300

LLNL researchers have successfully used the dual-isotope and excess nitrogen approach to
demonstrate in sifu denitrification in anoxic waters of an aquifer underlying Site 300 (near Tracy,
CA). In these studies, a compilation of several kinds of data was used, including nitrate and DO
concentrations, 8'°N and §'®O ratios in groundwater nitrate, excess nitrogen in groundwater (by
MIMS), and hydrogeologic characterization. In one zone of the aquifer, nitrate concentrations
decreased from > 100 mg NO; /L to undetectable levels when the groundwater entered a
confined region. In nitrate-depleted groundwater samples from the confined region, low DO and
high excess nitrogen concentrations were found (Figure 8) In addition, the trend of 8'°N and
8'80 ratios in nitrate were consistent with denitrification, having a ratio of 1:2 (Figure 6).
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Notably, enrichment of nitrate 8'"°N and 8'*0 correlated with decreasing nitrate and increasing
excess nitrogen concentrations in the confined region (Figure 8). Since dissolved organic carbon
(DOC) concentrations are relatively low in this aquifer, it is likely that pyrite, a prevalent mineral
in this aquifer, is serving as the electron donor; in situ denitrification relying on pyrite as the
electron donor has been reported for various aquifers (Kélle et al., 1985; Pauwels et al., 1998;
Postma et al., 1991). This study highlights the robustness of the dual-isotope and excess nitrogen
approach, and indicates that under certain settings, denitrification in confined aquifers is not
necessarily limited by dissolved organic carbon.

LLNL Site 300 denitrification study
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Figure 8: Nitrate §"°N and nitrate removal in groundwaters from Site 300 (near Tracy, CA). The fraction of
nitrate loss to the system by denitrification was assumed to equal the following ratio: excess nitrogen-
N / {measured nitrate-N + excess nitrogen-N}.

The use of the excess nitrogen approach, especially in conjunction with the dual isotope
approach is a powerful tool that gives us the ability to determine the occurrence and degree of
denitrification in a groundwater sample. With a groundwater transport model and groundwater
age-dating, we can then determine average in-situ denitrification rates, and the total flux of fixed
nitrogen to the saturated zone. These are important parameters in groundwater basin assessment,
and for more detailed basin studies of artificial recharge or nitrate management impact.
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Tasks

A number of efforts, listed below, would allow the SWRQB to assess the value of characterizing
denitrification, with respect to groundwater basin assessment and nitrate management for
resource protection. Brenda Erkwurzel, a professor at the University of Arizona, has committed a
graduate student to working on denitrification in groundwater basins, and would like to
collaborate with LLNL.

Characterize denitrification in a subset of GAMA wells

A subset of wells from both the CAS and Voluntary Domestic Well program could be
characterized for excess nitrogen, dissolved oxygen (DO), and nitrate 8'°N and 8'*0 using
MIMS and isotope ratio mass spectrometry. Ancillary properties such as dissolved organic
carbon, ammonia, nitrate and nitrite, dissolved iron and manganese would also be determined
using standard methods if not otherwise available. Wells would be chosen to adequately
represent expected differences in nitrate loading and source; groundwater depth, age,
geochemistry, and DO concentration; and aquifer and recharge zone properties (thickness,
lithology, transport and recharge rates, hydrostatic head).

The end product would be a representative dataset of denitrification in California drinking water
groundwater basins, and would provide an assessment of the prevalence of denitrifying
conditions, limitations to denitrification (e.g., the presence of DO or the absence of DOC), and
the suitability of different proxies for groundwater basin assessment (including Ex or DO
measurements made by water district or vendor personnel). The study would rate the
effectiveness of each data type from this comprehensive approach. For example, the nitrogen
isotopic data could be used to assess the value of a dual isotope approach in a monitoring
framework. We expect that the isotopic data would allow quick identification of waters impacted
by septic systems or animal operations, especially where denitrification in the saturated zone is
minimal (as indicated by the excess nitrogen data).

Characterize denitrification during recharge and transport in individual groundwater basins

Evaluate denitrification in an individual groundwater basin using excess nitrogen and the
isotopic composition of nitrate in conjunction with groundwater age dating (by tritium-helium or
tracer methods), characterization of groundwater chemistry and aquifer lithology, and
hydrogeologic modeling.

The purpose of this study would be to characterize the occurrence and location of subsurface
denitrification in an individual basin in order to understand controls on denitrification during
recharge and groundwater transport, and be able to construct an accurate mass balance for
groundwater basin nitrate. Different methods would be used to determine denitrification rate
(degree of denitrification and groundwater age in individual samples, loss of nitrate along a
flowpath, etc). An important outcome would be an estimate of denitrification rates for input into
groundwater basin models of nitrate fate and transport, and validation of nitrate management
models that predict nitrate leakage to the subsurface. Such studies would also help define the
appropriateness of proxies for denitrifying capacity for different types of basins.
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A number of basins would be appropriate for a trial study: basins receiving artificial or
controlled recharge (e.g. northern Santa Clara Valley Water District), basins with documented
nitrate problems (Central Valley basins receiving agricultural or dairy inputs, Sierra foothill
basins receiving septic input), basins with Nitrate Management Plans (e.g. the Llagas subbasin in
Santa Clara Valley), or basins with documented nitrate plumes of unknown provenance (e.g. the
Livermore Buena Vista plume). A basin-scale study of denitrification would be most effective
combined with a source attribution and/or nitrate management study.

The California Aquifer Susceptibility dataset would be invaluable in choosing study sites. As an
example, drinking water wells serving the City of Lodi, solvents and/or the volatile pesticide
DBCP were found in all but one of the 24 wells tested for CAS. The occurrence of DBCP is an
indication of the impact of agricultural water on these wells, whose average depth is 450 ft.
However, the mean maximum nitrate-N concentration reported to DHS is only 2.6 mg/L, and no
wells approach regulatory limits. The single well with no VOC detections also has the lowest
reported nitrate maximum (0.23 mg/L N). The low nitrate levels in wells affected by agricultural
recharge and the very low nitrate levels in unaffected wells may result from denitrification.

Develop appropriate proxies for aquifer assimilative capacity in groundwater basin assessment

An important task for developing a basin assessment approach to denitrification is to develop
proxies for aquifer assimilative capacity using data from the Geotracker database, other State-
wide databases (e.g. DWR lithology logs, USDA Agricultural Census and Soil Surveys), water
district databases (especially those associated with nitrate studies or nitrate management plans),
published nitrate models, and from the proposed denitrification studies previously described.

Proxy parameters would ideally be readily available in the existing Geotracker database or in
databases that will eventually be incorporated into the Geotracker database. DWR data on well
completion depth and aquifer lithology are potentially quite valuable. In the majority of field
studies documenting denitrification, dissolved organic carbon is cited as the principal electron
donor. Several authors, however, have emphasized the importance of solid phases in contributing
to aquifer reducing capacity (Christensen et al., 2000, and references therein; McGuire et al.,
2002). The reducing capacity of sediments should correlate with lithology, e.g. fine-grained
marine and fluvial sediments are expected to contain more organic matter and reduced iron
sulfide phases than coarse-grained alluvial sediment. Aquifers with higher proportions of clay
may have proportionally more reducing capacity. This may be especially true on the longer time
scales appropriate for deep drinking water aquifers. Nolan (2001) used percent organic matter in
soils in combination with depth to the seasonally high water table to indicate conditions
conducive to denitrification during infiltration. Depth to water table and screened interval are
available from DWR, and soil parameters are available from USDA and/or California DPR. The
Minnesota approach uses indices of groundwater oxidation state: Ey, DO, and Fe**. Water
district records may include Ey and DO for many of their public drinking water wells; iron data
are already present in the Geotracker database.
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An important aspect of this task would be to determine if available data are sufficient for
estimating aquifer assimilative capacity. As an example, the presence or absence of iron may not
be an appropriate proxy under certain conditions because aquifer sediments are iron poor, or
because reduced ferrous iron has precipitated as solid sulfide phases (e.g., FeS or FeCOs).

Develop a saturated zone denitrification model for nitrate management planning and
groundwater basin assessment

Much effort has gone into developing detailed models and management plans for nitrogen in
soil, manure, and fertilizer. These models generally predict nitrate flux (“leakage”) out of the
root zone. Evidence exists that denitrification does occur in the deep vadose and in the saturated
zone. Developing a model for denitrificatio