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Sediment Quality Critefla Using Equilibrium Partitioning

This document presents the technical basis EPA has used in establishing the proposed method- P+
ology for deriving sediment quality criteria for the protection of benthic organisms from non-
ionic organic chemicals. It was issued in support of EPA regulations and policy initiatives
involving the application of biological and chemical assessment techniques to control toxic pol-
lution to surface waters and sediments, This document does not establish or affect legai rights
or obligations. 1t does not establish a binding norm and is not finally determinative of the issues
addressed. Agency decisions in any particular case will be made applying the law and regula-
lions on the basis of specific facts when permits are issued or regulations promulgated. This
document is expecied to be revised periodically to reflect advances in this rapidly evolving area.

This report has been reviewed by the Health and Ecological Criteria Division, Office of
Science and Technology, U.5. Environmental Protection Agency. as well as other pertinent and
interested offices in the Agency, and approved for publication. Mention of trade names or com-
i mercial products does not constitute endorsement or recommendations for use.
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Abstract

The purpose of this report is fo present the technical basis for es-
tablishing sediment quality criteria for nonionic organic chemicals, us-
ing equilibrium partitioning (EqP). Equilibrium partitioning is chosen

" because it addresses the two principal technical issues that must be re-
solved: the varving bicavailability of chemicals in sediments and the
choice of the appropriate biological effects concentration.

The data that are used to examine the question of varying
bioavailability across sediments are from toxicily and bioaccumulation
experiments using the same chemical and test organism but different
sediments, It has been found that if the different sediments in cach ex-
periment are compared, there is essentially no relationship between
sediment chemical copcentrations on a dry weight basis and biclogical
effects. However, if the chemical concentrations in the pore wate: of the
sedimen are used (for chemicals that are not highly hydrophobic) or if
the sediment chemical concentrations on-an organic catbon basis are
used, then the biological effects occur at similar concentrations (typi-
cally within a factor of twa} far the different sediments. Most impor-
tantly, the eifects concentrations are the same as, or they can be
predicted from, the effects concentration determined in water-only
exposures,

The EqP methodology rationalizes these results by assuming
that the partitioning of the chemical between sediment-organic carbon
and pore water Is at equilibrium. In each of these phases, the fugacity
or aclivity of the chemical is the same at equilibrium. As a consequence,
it is assusmed that the organism receives an equivalert exposure from a
water only-exposure or from any equilibrated phase: either fr°m pore
water via respiration; or from sediment carbon, via ingestion: or from a
mixture of the routes. Thus, the pathway of exposure is not significant.
The biological effect is produced by the chemicai activity of the smg!e
phase or the equilibrated system,

Sediment quality criteria {SQC) for nonionic arganic chemicals
are based on the chemical concentration in sediment orgariic carbon.
For highly hvdrophobic chemicals this is necessary because the pore
water concentralion is, for those chemicals, no longer a good eslimate
of the chemicai activitv. The pore water concentration is the sum of the
free chemical concentration, which is biozvailable and represents the
chemical activity, and the concentration of chemical complexed to dis-
solved organic catbon, which is not bicavailable, Using the chemical
congentration in sediment organic carbon eliminales this ambiguity.

p——————~
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SQC also require that a chemical concentration be chosen that is
sufficiently protective of benthic organisms. The final chronic value
(FCV) from the U.S. Environinental Protection Agency {EPA) water
quality criteria Is proposed. An analysis of the data compiled in the
water quality criteria documents demonstrates that benthic species, de-
fined as either epibenthic or infaunal species, have a similar sensitivity
to water column species. This similarity is the case if the most sensitjve
species ate compared and if all species are compared. The results of
benthic colonization experiments also support the use of the ECV. Thus,
if cffects concentrations in sediments can be accurately predicted using
the Koc and data from water-only tests, the SQC protecting benthic spe-
cies can be predicted using the Koc and FCV.

Equilibrium partitioning cannot remove all the variation in the
experimentally observed sediment-effects concentration and the con-

centration predicted from waler-only exposures. A variation factor of

approximately four lo five remains. Thus, a quantification of this uncer-
tainty should accompany the SQC,

The derivation of SQC requires that a minimum database be
avaijlable. This includes: (1) the octanol/water partition coefficient of

the chemical, which should be measured with modern experimental .

techniques, which appear to remove the large variation in reported val-
ues, (2} the derivation of the final chronic value, which should also be
updated to include the most recent toxicological information, and (3) an

7 8QC check test to establish variation of the EqP prediction. The SQCis

then the FCV x Koc with confidence limits based on $QC check tests.

|
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OVERVIEW

This report presents the technical basis for estab.
lishing sediment quality criteria (SQC) for nonionic
organic chemicals using the equilibrium parlitioning
(EqP) method. The term sediment quality crileria, as
used herein, refers to numerical concentrations for in-
dividual chemicals that are applicable across the
range of sediments encountered in praclice. Sediment
quality criteria are intended to be predictive of bio-
logical effects. As a consequence, they can be used in
much the same way as final chronic values (FCV) are
used in water quality criteria—as the concentration of
achemical that is protective of benthic aquatic life.

The specific regulatory uses of SQC have not
been established, However, the range of potential ap-
plications is quite large because the need for the
evaluabon of potentially contaminated sediments
arises in many contexts. SQC are meant fo be used
with direct toxicity testing of sediments as a method
of evaluation. They provide a chemical by chemical
specification of what sediment concentrations are
protective of benthic aquatic life.

This overview (Section 1) summarizes the evi-
dence and the major lines of reasoning of the EqP
methodology, with supporting references cited in the
body of the report. Section 2 reviews the background
that led to the need for SQC and also the selection of
the EQP methodology. Section 3 reviews the develop-
ment of concentration-response curves for pore-
water concentrations and sediment organic-carbon
normalized concentrations to determine toxicity and
bicavailability in contaminated sediments. It alsa
presents analvses of sediment toxicity and bioaccu-
mulation experiments. Section d reviews the par-
tioning of nonionic organic chemicals to sediments
using laboratory and field studies. Section 5 reviews
a comparison of benthic and water column species
using aquatic toxicity data contained in EPA’s Water
Quality Criteria {WQC) documents to show the ap-
plicability of WQC as the effects levels for benthic or-
ganisms. Section 6 reviews the computation of an
SQC and presents an analysis for quantifying the un-
certainty associated with SQC. This section also pre-

sents minimum data requrements and example -

calculations and compares the SQC computed for
five chemicals to field data. Section 7 presents con-
clusions and further research needs. Section 8 lists
the references used in this document.

Toxicity and Bloavallabllity of
Chemicals In Sediments

Establishing SQC requires a determunation of the ex-
tent of the bicavailability of sediment associated
chemicals. It has [requently been observed that simi-
lar concentrations of a chemical, in unils of mass of
chemical per mass of sediment dry weight (e.g., mi

 Sediment Quality Criterla Using Equilibrium Partitioning

crograms chemical per gram sediment [ug/g)) can
exhibit a range in toxicity in different sediments. [f the
purpose af SQC is to establish chemical concentia-
tians that apply to sediments of differing tvpes. it is
essential that the reasons for this varying bicavaitabil-
ity be understood and explicitly included in the crite-
ria. Otherwise the criteria cannot be presumed to be
applicable across sediments of differding properties.
The importance of this issue cannot be over-
emphasized. For example, if 1 ug/g of Kepone is the
LCso for an organism in one sediment and 35 ug/gis
the LCsp in another sediment, then unless the cause
of this difference can be associated with some explicit
sediment properties it is not possible to decide what
would be the LCso of a third sediment without per-
forming a toxicity test. The results of toxicity tests
used to establish the toxicity of chemicals in sedi-
ments would not be generalizable 1o other sedi-
ments. Imagine the situation if the results of toxicity
tests in water depended strongly on the particular
water source, for example, Lake Supetior versus well
water. Until the source of the dilferences was under.
stood, it would be fruitless to attempt 1o establish

WQC. For this reason, bicavailability is a prinapal -

focus of this report.

The key insight into the problem of quantify-
ing the bioavailability of chemicals in sediments was
that the concentration-response curve for the biologi-
<al effect of concern ran be correlated not to the total
sediment-chemical concentration (micrograms chemi-
cal per gram sediment), but to the interstibal wateror
pore water concentration (micrograms chemical per
liter pore water). In addilion, the effects concentra-
tion found for the pore water is essentially equal to
that found in water-only exposures. Organism mor-
tality, growth rate. and bioaccumulation data are
used to demonstrate this correlation, which is a criti-
cal part of the logic behind the EqP approach to de-
veloping SQC. For nonionic organic chemicals, the
concentration-response curves correlate equally well
with the sediment-chemical concentration on a sedi-
ment-organic carbon basis.

These observations can be rationalized by as-
sunung that the pore water and sediment carbon are
in equilibrium and that the concentrations are related
by a partition coefficient, Koc, as shown in Figure 1.
The name equilibriem partitonmg (EqP) describes this
assumption. The rationalization for the equality of
water-only and sediment-exposure-effects concentra-
tions on a pore water basis is that the sediment-pore
water equilibrium system (Fig. 1. right) provides the
same exposure as a water-only exposure (Fig. 1, left).
The chemical activity is the same in each system at
equilibrium. It should be pointed out that the EqP as-
sumptions are only appreximately true; therefore,
predictions from the model have an inherent uncer-

' tainty. The data presented below illustrate the degree

to which EqP can rationalize the observations.
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Water Only Sediment - Pore Water
Exposure Exposure ‘
Biota Biota
Water Sediment | Koo » Pora
Carbon Water

Equilibrium Partitioning

Flgure 1.~Diagram of the organusm exposure routes for a waler-only exposure (ieft and a seiment exposure {nght). Equiib-
rium partitiomng ralers to the assumption that an eguilibrium exists between the chemical so/bed to the particulate sedi
ment organic carbon and the pore waler. Ko 15 the argaruc catbon partiion coellicien,

Figure 2 presents mortality data for various
chemicals and sediments compared to pore water
concentrations when normalized on a toxic unit ba-
sis, Pore water toxic units are the ratio of the meas.
ured pore water concentrabhon to the LCsn from
water-only toxicity tests. Three different sediments
are tested for each chemical as indicated. The EqP
model predicts that the pore water LCs0 will equal
the water-only LCs0 which (s obtained {rom a sepa-
rate water-oniy exposure toxicity test. Define:

pore water toxic unit

. {pore waler concentration) {1)
{water-only LCsq)

Therefore, a toxic unit of one accurs when.the
pore water concentration equals the water-only LCso,
at which point it would be predicted that 50 percent
mortality would be observed. The correlation of ob-
served mortality to predicted pore water toxic units
in Figure 2 demonstrates (a) the efficacy of using
pore water concentrations to remove sediment-lo-
sediment differences and (b) the applicability of the
watersonly effects concentration and, by implication,
the validity of the EQP* model. By contrast, the mor.
tality versus sediment chemical concentration on a
dry weight basis varies dramatically from sediment
to sediment. This will be presented subsequently.

The equality of the effects concentration on a
pore water basis suggests that the route of exposure 1s
via pore water. However, the equality of the effects con-
centration on a sediment-organic carbon basis, which is
demonsirated below, suggests that the ingestion of
sediment-organic carbon is the primary route of expo-
sure. It is important to realize that if the sediment and
pore water are in equilibrium, then the etfective expo-
sure concentration is the same regardless of exposune
route. Therefore, it is not possible to determine the pri-
mary route of exposure from equilibrated experiments.

Whatever the route of exposure, the correla-
tion to pore water suggests that if it were possible to
either measure the pore water chermnical concentra-
tion, ot predict it from the total sediment concentra-
tion and the relevant sediment properties such as the
sediment organic carbon concentration. then that
concentration could be used to quantify the exposure
concentration for an organism. Thus, the partitioning
of chemicals between the solid and the liquid phzse
in a sediment becomes a necessary component for es-
tablishing 5QC.

In addition, if it were trie that benthic organ-
isms are as sensitive as water column organisms—
and the evidence to be presented appears to support
ihis supposition—then SQC could be established us.
ing the FCV from WQC documents as the effects con-
centration for benthic organisms. The apparenl
equalily between the effects concentration as meas-
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Paore Water Normalization
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" 'Figure 2.~~Mortality versus pradicted pore waler \ome units for five chemicals and \hree seduments per chemical, Sediment

types are indicated by the single hatching [lowesl 0sganic carbon Content). cross-hatching (intesmediale orgamc carbon ¢on-
lentl, and filled symbols {hignest organic carpon contenl). See Tables 1 and 2 for data sources. Predicled pore water toxic
umits are the tatio of the pore water concentration to the wataronly LCsg (Ean. 1).

ured in pore waler and in waler-only exposures (Fig.
2) supporis using an eficets concentration derived
from water-only exposures,

The calculation procedure for establishing
SQC is as follows. If FCV (ng/ L) is the final chronic
WQC for the chemical of interest, then the SQC
{ug/g sediment} are computed using the partition
coefficient Kp (L /kg sediment) defined as the ratio of
chemical concentration in the sediment and in the
pore water at equilibrium.

SQC » KpFCVX0.001 '—‘85 @)

This is the fundamental equation from which SQC
are generated. Its utility depends on the exislence of
a methodology for quantifying partition coefficients.

Partitloning of Nonlonic Organic
Chemicals

The partitioning of nonionic organic chemicals to seil
and sediment particles 1 reasonably well under-
stood. and a standard model exists for describing the
process, The hydrophobucity of the chemical is quan-
tified by using the octanol/water partition coefi-
cient. Aow. The sorption capacity of the sediment is
delermined by the mass fraction of organic carbon
for the sediment, foc, For sediments with fue 2 0.2 per-

cent by weight, the organic carbon appears to be the
predominant phase for chemical sorption, The parti.
tion coefficient, Kp, the ratio of sediment concentra-
tion, Cs, 1o pore water concentration, Cg, is given by

C, . 3
Kp~ E‘: = JocKoe 3

where Koc is the partition coefficient for sediment or-
ganic carbon.

The only other environmental variable that
has a dramatic effect on partitioning appears 1o be
the particle concentration in the suspension in which
Kpis measured. There is considerable controversy te-
garding the mechanism responsible for the particle
concentration effect, and a number of explanations
have been offered. However, all the inmerpretations
vield the same result for sediment/ pore water parti-
tioning, namely that Koc = Kow for sediments,

Using Equations 2 and 3, a SQC is calculated
from

$QC = fockocFCV. (4

This equation is linear in the organic carbon fraction,
Joc As a consequence, the relabonship can be ex-
pressed as

%99 - KocFCV. 6)
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It we define

s9Cuc 505 ®

as the organic carbon.normalized SQC concentration
{microgram chemical per gram organic carbon), then

m

Thus, we arrive at the following important conclu-
sion: For a specific chemical having a specific Koc, the
organic carbon-normalized sediment concentration,
5QCoc, is independent of sediment properties.
Hyvdrophobic chemicals also tend 1o partition
to colloidal-sized organic carbon particies that are
commonly referred to as dissolved organic earbon, or
DOC. Although DOC affects the apparent pore water
concentrations of highly hydrophobic chemicals, the
DOC-bound fraction of the chemical appears not to be
bioavailable and Equation 7 for SQCo stili applies.

SQCoc = KocFCV.

. ‘Scdiment Quality Criterla Using Equllibrum Pactitioning

Therefore, we expect that toxiaty in sechment
can be predicted from the water-only effects concen-
tration and the Koc of the chemical. The utility ot

these ideas can be tested with the same mortality

data as those in Figure 2 but restricted to nomonic or-
ganic chemivals for which organic carbon normaliza-
tion applies. The concept of sediment taxic units is
useful in this regard. These unils are computed as the
ratio of the organic carbon-normalized sediment con-
centrations, Cy/foc, and the predicted sediment LCso
using Koc and the water-anly LCso. That is,

predicted <y, (8
sediment | » — = :
toxic wnit Koe {water-only LCs0)

Figure 3 presents the percent mortality versus
predicted sediment toxic units. The correlation is
similar {0 that oblained using the pore water concen-
trations in Figure 2. The cadmium data are not in-
cluded because its partitioning is not determined by

Organic Carbon Normalization
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Predicted Sodiment Toxic Units

Figute 3.~Moftahty versus preticied seciment 1oic unns. Predicted sedwmernit toaic units dre the 1atio of the rganic carpon-
normalized sediment chemical concentration to the predicted sediment LCxso (Eqn. 8}, Sediment types e indicated by \ne
angle hatching {lowest grganic carbon conlem). ¢ross-halching (intermedhate f+ganic £arbon contenty, and fileo Symhols
(mghest organic carbon content). See Tabies 1 anc 2 for date sourges. Ko values are computed from Kow for DDT {5.84}, en-
drin (4.84), fluoranthene (5.00), dieldnn (5.25), phenanthrene {4.46), and acenaphtherne {3.76) with £auation $1. K., for
DT ts the J0g average of he teported values in tne Log P dstabase [75). The kepone Ha 18 the 1og mean of the tatwo of or
ganic carbon-normalized keoone concentration to pore waler-kepone concentration fram the toxiCity data set, K,.8 for the re
mamng compounds were compyuted by the U.S, EPA, Environmental Research Laboratory, Athens, Georgia, Methoads are

presented later in this document,
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Sediment Quality Criterla Using Equifibtium Partitioning,

sediment organic carbon. The predicted sediment

toxic units for each chemical follow a similar concen-

tration-response curve independent of sediment
type. The data demonstrate that 50 percent mortality
occurs at about one sediment toxic unit, independent
of chemical, species of organism, or sediment type, as
expected if the EqP assumptions are correct.

If the assumptions of EQP were exactly true.
and there were no experirnemal variability or meas-
urement error, then all data in Figures 2 and 3 should
predict 50 percent mortality al one toxic unit. There is
an uncertainty factor of approximately four to five in
the results. This variation reflects inherent variability
in these experiments and phenomena that have not
been accounted for in the EqP model. It alse appears
to be the limit of the accuracy and precision that can
be expected,

Effects Concentration

The development of SQC requires an effects concen-
tration for benthic organisms. Because many of the
organisms used to establish the WQC are benthic,
perhaps the WQC are adequate estimates of the ef-
fects concentrations for benthic organisms. To exam-
ine this possibility, the acute toxicity database, which

. s used Lo establish the WQC, s segregated into ben-

thic and water column species, and the relative sensi-
tivities of ecach group are compared. Figure 4§
compares the acute values for the most sensitive ben.
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Flgure 4.—A comparison of the fina! acute values (FAV} lor
waler column varsus benthic arganisms. Each ¢ata point
reoresents an FAV for a partcular chemicat in erther g
freshwater or & saltwater exposure. The gata are from tne
WQC or aralt critend documents, See Table 4 for gata
s0Urces.

thic {epibenthic and infaunal) species to the most
sensilive water column species. The data are from Lthe
40 freshwater and 30 saltwater U.S. Environmental
Protection Agency (EPA) criteria documents. Al-
though there is considerable scatler, these results, a
more detailed analysis of all the acute toxicity data,
and the results of benthic colonization experiments

“support the contention of equal sensitivity.

BACKGROUND

Under the Clean Water Act (CWA), the EPA is respon-
sible for protecting the chemical, physical, and bio-
logical integrity of the nation’s waters. In keeping
with this responsibility, EPA published WQC in 1980
for 64 of the 65 priorily pollutants and pollutant cate-
gories listed as toxic in the CWA. Additional water
quality documents that update criteria for selected
consent decree and new chemicals have been pub-
lished since 1980. These WQC are numerical concen-
tration limits that are protective of human health and
aquatic life. Although these criteria play an impor-
tant role in assuring a healthy aquatic environment,
they are nat sufficient to ensure appropriate levels of
environmental and human health protection,

Toxic contaminants in bottom sediments of
the nation’s lakes, rivers, wetlands, and coastal wa-
ters create the potential for continued environmental
degradation even where water column contaminant
levels comply with established WQC. The absence of
defensible SQC makes it diificult to assess the extent
of sediment contamination, implemant measures to
limit or prevent additional contamination from oc-
curring, or to identify and lmplemenl appropriate re-
mediation as needed.

As a result of the need to assist regulatory
agencies in making decisions concerning contami-
nated sediment, the EPA’'s Office of Science and Tech-
nology, Health and Ecological Criteria Division,
established a research team 1o review alternative ap-
proaches to assess sediment contamination. Sedi-
ment contamination and related problems were the
subject of a conference [1]. Alternative approaches to
establishing SQC (2] and their merits and deficiencies
were discussed {3]. Additional cfforts were under-
taken to identify the scope of nalional sediment con-
tamination [4] and 1o review proposed approaches
for addressing comtaminated sediments {5, 6} The
EqP method was selected because it provides the
most praciical, scientifically defensible, and effective

regulatory tool for addressing individual nonionic

chemicals associated with contaminated sednmcms
on a national basis [7].
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Rationale for Selecting
the EqP Method

. The principal reasons for the selection of the EqP

method include the following:

1. 'The EqP method was most likely to yield sedi.
ment criteria that are predictive of biological ef-
fects in the field and defensible when used in a
reguiatory context. These criteria address the is-
sue of bicavailability and are founded on the ex-
tensive biological effects database used to
establish national WQC.

2. Sediment criteria can be readily incorporated into
existing regulatory operations because a unique
numerical sediment-specific criterion can be es-
tablished for any chemical and compared to field
measurements to assess the likelihood of signifi-
cant adverse effects.

3. Sedimentcriteria provide a simple and cost-effec-
tive means of screening sediment measurements
to identify areas of concern and provide informa-

tion toregulators in a short period of time.

4, The method takes advarvage of the data and exper: -

tise that led to the development of national WQC.

5. The methodology can be used as a regulatory tool to
ensure that uncontaminated sites are protected from
-attaining unacceptable levels of contamination.

Relationshlp to WQC Methodology

The lirst gueslion to be answered is this: Why not use
the WQC procedure for the development of SQC? A
detailed methodology has been developed that pre-
sents the supporting logic, establishes the required
minimum toxicological data set, and specifies the nu-
merical procedures to ba used to calculate the criteria
values [8]. Further, WQC developed through this
methodelogy are routinely used in the regulation of
effluent discharges. Therefore, it is only naturaltoex-
tend these methods directly to sediments,

The WQC aie based on total chemical concen-
tration, so the transition to using dissolved chemical
concentration for those chemicals that partition to a
significant extent would not be difficull. The experi-
ence with site-specilic modifications of the national
WQC has demonstrated that the water-effect ratio,
the ratio of chemical concentrations tn site water to
laboratory water thal produces the same effect, has
averaged 3.3 (9, 18], The implication is that differences
of this magnitude result from variations in site-specific
water chemisiry and are not an overwhelming impedi-
ment to nationally applicable numerical WQC,

Scdiment Quality Criterla U:,ing_Egl_.li_li_bri_um Prar,t_ltiming

The WQC are based on using the total chemi- .

cal concentration as 4 measure of bicavailable chemi-
<al concentration. However, the use of total sediment
chemival concentration as a measure of the bloavail-
able—or even potentially bicavailable—chemical
<oncentration is not supported by the available data
{11]. The results of recent experiments indicate that
sediments can differ in toxicity by factors of 100 or
more for the same total chemical concentration. This
difference is a significant obstacle. Without a quanti-
tative estimate of the bioavailable chemical concen-
tration in a sediment, it js impossible to predict a
sediment’s toxicity on the basis of chemical measure-
ments, regardless of the method used to assess bio-
logical impact—be it laboratory loxicity experiments
or field data sets comprising benthic biological and
chemical sampling [12-15].

Without a unique relationship between
chemical measurements and biclogical end points
that applies across the tange of sediment properties
that affect bioavailability, the cause and effect linkage
is not supportable. If the same total chemical concen-
tration is 100 times more toxic in one sediment than it
is in another, how can we set universal SQC that de-
pend only on the total sediment chemical concentra-

* tlon? Any SQC that are based on total sediment

concentration have a potential uncertainty of this
magnitude. Thus, bicavailability must be explicitly
considered for any sediment evaluation methodol-
ogy that depends on chemical measurements to es-
tablish defensible SQC.

Applications of SQC

SQC that are reasonably accurale in their ability to
predict the potential for biological impacts are useful
in many activities [16]. Sediment quality criteria can
play a significant role in the identification, monitor-
ing, and cleanup of contaminated sediment sites on a
national basis and provide a basis to ensure that sites
that are uncontaminated will remain so. In some
cases, sediment criteria alone are sufficient to iden-
tify and establish cleanup levels for contaminated
sediments. In other cases, they must be supple-
mented with biological sampling and testing before
decisions are marls.

In many ways, sediment criteria developed
using the EqP methodology are similar to WQC.
However, their application may be quite different. in
most cases, contaminants exceeding WQC in the
water column need only be controlled at the source
to eliminate unacceptable adverse impacts. Contami-
nated sediments have often been in place for quite
some time, and controlling the source of that pollu-
tion (if the source still exists) may not be sufficient to
alleviate the problem. The difficulty is compounded
because the safe removal and treatment or disposal
of contaminated sediments can be laborious and
expensive. :
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Sediment criteriz can be used as a means for
predicting or identifying lhe degree and extent of
contaminated areas such that more informed regula-
tory decisions can be made. Sediment criteria will be

. particulacly valuable in monitoring applications in

which sediment contaminant concentrations are
gradually approaching the criteria. The comparison
of field measurements to sediment criteria wilt pro.
vide reliable warning of potential proeblems. Such an
early warning provides an opportunity to take cor-
rective action before adverse impacts occur.

ToxiciTy AND BIOAVAILABILITY
oF CHEMICALS IN SEDIMENTS

A Key insight into the problem of quantifying the
bioavailability of chemicals in sediments was that the
concentration-response curve for the biological effect
of concern could be correlated, not to the total sedi-
ment chemical concentration (micrograms chemical
per gram dry sediment) but to the pore water con.
centration (micrograms chemical per liter pore
water) [17]. However, these results do not necessarily
imply that pore water is the primary route of expo-
sute because all exposure pathways are at equal

chemical activity in an equilibrium experiment (see
Fig. 1) and the route of exposure cannot be deter-
mined. Nevertheless, this abservation was the criticai
first slep in understanding bicavailability of chemi-
<als in sediments. ‘

Toxlclty Experiments

A substantial amount of data has been assembled
that addresses the refationship between toxicity and
pore water chemical concentrations. Table 1 lists the
sources and characteristics of these experiments.
Some of these data are presented in Figures 5 to 8.
The remaining data are presented elewhere in this
document. In Figures 5 to 8 the biological response--
mortality or growth rate suppression—is plotted ver-
sus the total sediment concentration in the top panel,
and versus the measured pore water concentration in
the bottom panel. Table 2 summarizes the LCso and
ECsp estimates and 95 percent confidence limits for
these data on a total sediment and pore waler basis,
as well as the water-only values.

The results from kepone experiments {Fig. 5)
are illustrative of the general trends in these data (17,
18}. For the low organic carbon sediment {foc = 0.09
percent), the 50th percentile total kepone concentra-

Table 1.—Sediment toxicily dala and bioaccumulation data.

s EXPOBURE |

| OURATIOR | BIOLOGICAL |
CHEMICAL CRGANISM SEDIMENT SOURCE ' 7 ioars END POINT ' REFERENCE = FIGURE
i Souin Beacn, OR ' i ! .
AOEHAPHTHENE Eonaustonius estuanus | McKinngy Stough, OR i 10 { Moriany I 156) | 23
) Eckman Stough, OR )
f South Beach. OR ; i i :
ACENARHTHENE | Leplocherius plumviosus Mckinngy Stnugh, IR ' i0 | Morsamy 1 {56} 23
: | Eckman Staugh. DR X X '
CYPERMETMRIN ' Crwronomus lentans i Rwer ana pond 1| Bocyowden - (72} 8
L) , Hraiony sttece ; Soap Creak. Mercer Lake 10 Mortanty l20.2) 7
DIELORIN . Emronomws tentans * Anport Pong. ¢ . 10 Mortainy 155) . 26
: i T
DIELDRIN " tyaiena auteca e e e i a0 lwonwy sy -
OIELDRIN ', Hyaialia alleca : Aieport Pongd. MN 10 " Mortany (541 74
ENDRIN ! Droorena sp. © Lake Michagan 10 Momany  (57) 23
ENDRIN HyatsHia aitecs (S0P Crees Murcerlake 10 MortaWy (2023 . T
FAVORARTHENE | Aeponymius abvonius “Amended Ons Beacn OR 10 | sdortay 51 23
FLUORANTHENE | Rnaponyrivs abronius  Yaguing 8ay, OR 10 iMooty | f19) 6
KEPONE ! truronomus tentans ¥ Soil ! 14 : Qody butder | [17.24) | -
KEPOKE lcmrnnomus tentans " sou 14 ' Growlh [17} 5
KEPONE . Crurgnonius teniang " sl 14 ! Mongay 17 5
PERMETHRIN ' Cruronamuy [entens . River ang pong N 1 ‘gomybwgen | (22 | 8
: Soutn Beach. OR ! ! ; :
PHENANTHRENE | Esnsustonus estuamus | Mckinney Stowtn. GR ' 10 jmomey is6) | 23
_ Eckman Stough. OR L ;
i South Baach. OR | i
PHENANTHRENE (eptocnenus plunutosus | Mckinney S 10ugn. OR ! 10 Momaty | i58] | 23

Echman Stouph. OR

19753



Sediment Quality Criteria Using Equilibrium Partitioning

Dry Weight Normalization
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Fgure B.—Camparison of percant mortahty {feft} and growth rate reduction {right) of C. tantans to Kepane concentration in
bulk sodiment (top) and pore water (bottom) for three sedimants with varying organic carbon concentrations (17},
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Flgure 8.—Comparison of parcent martality of R. sbromum o fluoranthene [19) concentrations in bulk sogdiment (top} and
pore water {bottom) for sediments with Varying organic carbon congentralions.
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Tabls 2,—LCso 8nd ECso for sediment ary weight and sediment-organie carbon normalizolion and for pora-water and

water-only gxposures,
LCRD AND ECa
CHEMIGAL | ' : T
{END POINT) ke (%) - YOTAL SEDIMENT {ug/g3 . PORE WATER {pg/L) ORGANIC CARRON (pg/§) H WAFER OHLY {pg/L) | REFERENCE
0.0 | 0.8010.73-1.10) ' 20.8 (35.2-35.6) 1,000{833-1.230) . 26.4122.7-30.6) | {17]
"“T:,‘f,‘,.mm, 1.50 6.9(5.05-8.12) 313 (25.7-34.3 480 (390-544 B
12.0 35.2(30.6-40.5) . 18.6{15.7-71.9) 293 {285-337) ;
0.09 0.46(0.42-0.51) . 17.1{15.7-18.7) 511 (467-56T) , 16.2 [15.0-12.5) (17}
“’:3’,9,5“.,“, L5 | 9.93(7.74-12.81  4B5{34.6-6T.61 - 6B2(516-1.050; | J
120 0 373005442 | 200016.7-248 311 (262-368) ! )
02 ,  3.2{2.85-3.50) . 21.0(19.6-24.4) 1,600 {4.430-1.8001 | i sl
m’(ﬂfa‘ﬁ"{'"m‘#ﬁ T 03 . 841556720 309 (27.0-35.4) 2,130 11.830-2.4208 !
05 | 10.7(8.38-137) . 222({17.5-29.31 2,140 (1670-2.740)
3.0 10.3(6.74-12.2) | 0.74 (0.67-0.82) . 344 (201-405) 0.45 (0.38-0531) 1201
OOt oRTauTY) | 12| 17501252831 | 143 (1.20-1.75) L 243(174-338) 0.48 {0.42-0.55}
10.5 | 44.9(36.7-54.0; 0.77 10.67-0.89; . 428 (350-524) 0.52 (0.45-0.804
3.0 1.54 {1.18-2.001 51.313,3-66.7) He
pDY ' T T
. (MORTALITY)} 3.0 4.1613.91-4.421 139 (330-147} !
- 11.0 - 10.95 (9.34-12.9} 99.8 (84.9-117) J_
30 ! 3.39i2.61-4.40 1.80 (2.44-2.24) 113 (81.0147) ! 4811446-520 {20
"‘:ﬂgmum 61 | S07T14.05-638 192 (.55-2.38). 83.1(66.4-104) | 3.39(3.10-4.98)
11.2 6,91 (4.73-7.371 | 1.74(1.37-2 20) 52.8 {42.2-65.8) 3.71 {3.11-4.44);
30 4,76 {3.70-6.13) 2.28 {1.67-2.051 158 (123-704) t HEEY
THORIN ~— i
(MORTALITY) | 110 | 18,9{13.6-26.% 2.7542.72-5.19; 172 (124-239} ! H
{110 § 10.818.29-12.7) 2.81 (2.44-3.23) 95.8(75.6-1151 | :

The LOsos and ECsod and Ine 95% ronhidonte hmns v parentnoses ate p

tion for both Chironomus tentans mortality (LCs0) and
growth rate reduction from a life cycle test {(ECso) are
<1 ug/g By contrast, the 1.5 percent organic carbon
sediment'ECso and LCso are approximately 7 and 10
ug/ g respeclively. The high otganic carbon sediment
(12 percent) exhibits still higher LCsp and ECso val-
ues on a tolal sediment kepone concentration basis
(35 and 37 pg/ g respectively).

However, as shown in the bottom panels, es-
sentially al} the morlalily data collapse into a single
curve and the variation in growth rate is significantly
reduced when the pore waler concentrations are
used as the correlating concentrations. On a pore
water basis, the biological responses as measuced by
LCso or ECsp vary by approximately a factor of two,
whereas when they are evaluated on a total sediment
kepane basis, they exhibit an almost 40-fold range in
kepone toxicity.

The comparison between the pore water ef-
fects concentrations and the waler-only resulls indi-
cates thal they are similar. The pore water LCsos are
19 1o 30 ug/L, and the water-only exposure LCsp is
26 g/ L. The pore water ECs0s are 17 t0 49 pg/L, and
the water-oply ECsa is 16 ug/ L {Table 2).

by e modilied Spesrmon-RKarer method (123},

Laboratory experiments have also been per-
formed to characterize the toxicity of fluoranthene
{19} to the sediment-dwelling marine amphipod Rhe.
poxynius abronius. Figure 6 presents the R. abronius
mortalily data for the fluccrnthene experiment. The
results of the fluoranthene experiments parallel those
for kepone. The sediment with the lowest organic
carbron content {02 percent) exhibits the lowest LCso
on a total sediment concentration basis (3.2 ug/g)
and as the organic carbon concentration increases
{03 and 0.3 percent) the LCsg increases (6.4 and 10.7
ng/g)- On a pore water basis, the duta again collapse
to a single concentration-response curve and the
LCsos differ by less than 50 percent.

Figure 7 presents mortality data for DDT and
endrin using the (reshwater amphipod Hyalella azteca
120, 21, The responses for DDT {20] are similar to
those abserved for kepone, cadmium, and fluoran-
thene. On a total sediment concentration basis the or-
ganism responses differ for the various sediments
{LCsos are 10.3 to 43 ug/L), but on a pore water basis
the responses are again similar (LCsos are 0.74 to 1.4
ug/L) and comparable to the water-only LCses of ap-
proximately 0.5 pg/L. The DDT data reported by
Schuytema et al. {21] are more variable. By contrast,
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' Figure T.—Comparison of percent mortality of H. astecato DDY (left} and endrin (nght) cancentrations in dulk sediment (top)

andg pore waler (bottom) for sediments with varying orgame ¢arbon contantrauions [20, 21}

the organisny survival for endrin exposures on a dry
welght basis varies by a factor of almost six among
the six sediments. The LCsos are 3.4 to 18.9 ug/g. The
pore water LCs0s were Jess variable, 1.7 to 3.8 pg/L
and comparable to the water-only exposure LCsg of
approximately 4 ug/L (Table 2).

Bloaccumutation

A direct measure of chemical bioavailability is the
amount of chemnical retained in organism tissues.
Hence, tissue bioaccumulation data can be used to
examine the extent of chemical bioavailability. Chire-
nomus {entans was exposed 1o two synthetic pyre-
throids, cypermethrin and permethrin, spiked into
three sediments, one of which was laboratory-grade
sand [22). The bicaccumulation from the sand was
approximately an order of magnitude higher than it
was from the organic carbon-containing sediments
for both cypermethrin and permethrin (Fig. 8, tep
panels).

On a pore water basis. the bicaccumulation
appears to be approximately linear and independent
of sediment type (botlom panels). The mean bicaccu-
mulation factor (BAF) for cypermethrin (and per-

methrin) varies from 6.2 to 0.6 (4.0 to 0.23) (ug/g or-
ganism/ug/g sediment) as sediment for increases
(Table 3). By contrast the mean BAFs on a pore water
basis vary by less than a factor of two.

Bivaccumulation was also measured by
Adams et al, [17.23] and Adams [24] in the C. ten-
tans-kepone experiments presented previously (Fig-
ure 3). The bodv burden variation on a total sediment
basis is over two orders of magnitude (BAF = 600 to
3.3 ug/g organism/ug/g sediment), whereas the
pore water bicaccumulation factor is within a factor
of four (5,200 to 17,600 ug/ kg crganism/ pg/L), with
the very low organic carbon sediment exhibiting the
fargest deviation (Table 3).

Conclusion

These observations—that organism concentration re-

sponse and bioaccumulation from different sedi-

ments can be reduced to one curve if pore water is
considered as the concentration that quantifies expo.
sure—can be interpreted in a number of ways. How.
ever, these resulls do not necessarily imply that pare
water is the primary route of exposure because all ex-
posure pathways are at equal chemical activity in an
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Table 3.—Biwoaccumulation Iactors for C. tenlans.

BIOACCUMULATION FACTORS®

. TOTAL SECIMENT : . PORY WATER :
i 1g/g ORGANISM H SE/hg ORAANISM i
CHEMICAL " lor (%) | wg74 SEDIMENT ! Wt REFERENCE
L <01 6.21 14.41-8.01) 80.1 {13.5-86.7}
r i— |
' 23 0.5¢ (0.30-0.T1y 51.3143.5-58.8) 122}
CYPERMETHRAIN ¥
Fooay 0.6010,37-0.83 92.9 (87.0-90.8 _
i 0.1 4.04 (2.89-5,200 39.7125.0-54 3
i 23 0.3610.17-0.59; 525 (22.6-82.41 122]
PERMETHRIN I
N 0.23 (0.18-10.28) 29.7 (15,6-43.7}
. 0.00 600 {308-892 17.600 (6.520-28.600)
KEPONE . 150 2014.8-35.2) 5,180 {1.970-9,390) 117.23,24]
T 2.300.3-6.3) 5,790 (2.890-8.703)

*95% confidence Lmits Shown 1n parenthesas,
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equilierium experiment. The route of exposure can-
no! be determined, as we can see by comparing the
concentration-response correlations to pore water
and organic carbon-normalized sediment concentra-
tions, That both are equally successful at correlating
the data suggests that neither the pore water nor the
sediment exposure pathway can be implicated as the
primaty exposure route,

In order to relate pore water exposure to sedi-
mant carbon exposure, it is necessary lo establish the
relationship between these two concentrations.
Therefore, an examination of the state of the art of
predicting the partitioning of chemicals between the
solid and the liquid phase is required. This examina-
tion is describad in the following section.

SorpTioN OF NONIONIC
ORGANIC CHEMICALS

" Partitloning In Particle Suspensions

A number of empirical models have been suggested
to explain the sorption of nonionic hydrophebic ot
ganic chemicals 10 natural scils and sediment parti.
cles (see Karickhoff [25] for an excellent review), The
chemical property tha« tndexes hydrophobicity is the
octanol/ water pariition coefficient, Kow. The impor-
tant particle property is the weight fraction of or-
ganic carbon, foc. Another important environmental
varisble appears to be the particle concentration
itself.

In many experiments using particle suspen-
sions, the partition coefficients have been observed to
decrease as the particle concentration used in the ex-
periment is increased [26]. Very few experiments
have been done on settled or undistusbed sediments;
therefore, the correct interpretation of particle sus-
pension experiments is of critical importance. 1t is
not uncommon for the padition coefficient to de-
crease by two lo three orders of magnitude at high
particle concentrations. If this partitioning behavior
is characteristic of bedded sediments, then quite tow
purlition coeflicients would be appropriate, which
would result in fower sediment chemical concentra-
tions for SQC. If, however, this phenomenon is an ar-
tifact or a resuit of a phenomenon that does not apply
to bedded sediments, then a quile different partition
coefficient would be used. The practical importance
of this issue requires a detailed discussion of the par-
licle concentration effect.

Particle concentration effect. For the revers-
ible {or readily desorbabie) component of sorption, a
particle interaction model (PIM) has been proposed
that accounts for the particle concentration effect and

predicts the partition coefficient of nanionic hydro-
phobic chemicals over a range of nearly seven orders
of magnitude with a logio prediction standard error
of 0.38 (27]. The reversible component partition coel-
ficient, Kp, is the ratio of reversibly bound chemical
concentration, Cs (ug/kg dry weignt), to the dis-
solved chemical concentration, Cd (kg/L):

Ci=KpCa. {9}
‘The PIM model for K 5. is
. JocKee (10}

1+ mfoc Koc/vx
where

» = reversible component partitit;n coefficient
(L/kg dry weight)

Kec = particle organic carbon partition
coefficient {L/ kg organic carbon}

Joc = particle organic carbon weight fraction (kg
organic carbon/ kg dry weight)

m = particle concentration in the suspension
(kg dry weight/L)

vx =14, an empirical constant (unitless).

The regression of Koc to the octanol/water coeffi-
cient, Kaw, yields
log10Koc = 0.00028 + 0.983 logioKow  (11)
which is that essentially Koc approximately equais
Kow. Figure 9 presents the observed versus predicted
reversible component partition coefficients using this
model {27). A substantial fraction of the data in the
regression is at high particle concentrations {mfacKow
> 10), where the partitioning is determined only by
the solids concentration and vx. The low particle con-
centration data (mfocKow < 1) are presented in Figure
1D for the conventional adsorpiion {ieft) and revers.
ible component {right) pactition caefficient, Kp, nor-
malized by foc, that is Koc = Kp/foc, The relationship
Kec = Kow is demonstrated from the agreement be-
tween the tine of periect equality and the data. It is
important to note that while Equation 10 applies only
to the reversible component partition coefficient, Kp,
the equation: Kp = foc Kow applies to the conventional
adsorplion partition coelficient as well (Fig. 10, left).
A number of explanalions have been offered
far the particle concentration effect The most popu-
lar is the existence of an additional third sorbing
phase or complexing component that is associaled
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with the particles but is inadvertently measured as
part of the dissolved chemical concentration because
of experimental limjtations. Colloida! particles that
remain in solution after particle separation [28, 29]
and dissolved ligands or macromolecules that desorb
from the particles and remain in solution [30-33]
have been suggested. It has also been suggested that
increasing particle concentration increases the degree
of particle aggregation, decreasing the surface area
and hence the partition coefficient [34]. The effect has
also been attributed to kinetic effects [25).

Sorption by nonseparated particles or com-

‘ plexing by dissolved organic carbon can produce an

apparent decrease in partition coefficient with in-
creasing particle concentration if the operational
method of measuring dissolved chemical concentration
does not properly discriminate the truly dissolved or
free chemical concentration from the complexed or col-
loidally sorbed portion. However, the question is not
whether improperly measured dissolved concentra-
tions <an lead to an apparent decrease in partition coef-

" fident with increasing particle woncentrations. The
~ question is whether these third-phase models explain

all {or most) of the observed partition cocfficient-parti-
cle concentration relationships.

An alternate possibility is that the particle
concentration effect is a distinct phenomena thatis a
ubiquitous feature of aqueous-phase particle sorp-
tion. A number of experiments have been designed
explicitly to exclude possible third-phase interfer-
ences. Particle concentration effects are displaved in
the resuspension experiment for polychlorinated
biphenyls (PCBs) and metals {35-37), in which parti-
cles are resuspended into a reduced volume of super-
natant, and in the dilution experiment in which the
particle suspension is diluted with supernatant from
a parallel vessel {35]). It is difficult to see how third-
phase models can account for these results because
the concentration of the colloidal particies is constant
while the concentration of the sediment particles var-
ies substantially.

The model (Eqn. 10) is based on the hypothe-
sis that particle concentration effects result from an
additional desorption reaction induced by parlicle-
particle interactions [27]. It has been suggested that
actual particle collisions are responsible {38]. This in-
terpretation relates vx to the collision elficiency for
desorpticn and demonstrates that it is independent
of the chemical and particle properties, a fact that has
been experimentally observed {27, 35}, '

It is not necessary to decide which of these
mechanisms is responsible for the effect if all the pos-
sible interpretations vield the same result for sedi-
ment/pore water partitioning. Particle interaction
models would predict that Koc = Kow because the par-
ticles are stationary in sediments. Third-phase mod-
els would also relate the free (i.e., uncomplexed)

= e

dissolved chemical concentration to particulate con-
centration via the same equation, As for kinetic ef-
fects, the equilibrium concentration is again given by
the relationship Koc = Kow. Thus there is unanimity
on the proper partition coefficient to be used in order

to relate the free dissolved chemical concentration to -

the sediment concentration: Koc = Kow.

Organie carbon fraction. The unifying para-
meter that permits the development of SQC for non-
jonic hydrophobic organic chemicals that are apptic-
able to a broad range of sediment typos is the organic
catbon content of the sediments. This development
can be shown as follows: The sediment/pore water
Ppartition coefficient, Kp, is given by

Kp = focKoc = focKow (12}
Pand the solid phase concentration is given by
' Cs = focKocCd (23}

.where Cs is the concentration on sediment particles.
An important observation can be made that leads to
the idea of organic carbon-normalization. Equation
12 indicates that the partition coefficient for any non-
ionic organic chemical is linear in the organic carbon
fraction, foc. The partitioning data examined in Fig-
ure 10 can be used to examine the linearity of Kp to
Joc. Figure 11 compares Kp/ Kow t0 foc for both the ad-
sorplion and the reversible component partition coef-
ficients. The data are restricted to mfoc Kow < 1 to
suppress patlicle cfects. The line indicates the ex-
pected linear relationship in Equation 12. These data
and an analysis presented below appear to suppont
the linearity of partitioning to a value of foc = 0.2 per-
cend, This result and the toxicity experiments exam-
ined below sugyest that for foc > 0.2 percent, organic
carbon-normalization is valid.

As a consequence of the linear relationship of
Cs and foc, the relationship between sediment con.
centration, Cs, and free dissolved concentration, Cq,
can be expressed as

S KeeCa. g
Joc
iIf we define
Cs.oc - Sz (15)
foc

as the organic carbon normalized sediment concen.
tration (u¥ chemical/kg organic carbon), then from
Equalion 14:

Cs.oc » KocCa. (16)
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Therefore, for a specific chemical with a specific Koc.

. the organic carbon-normalized total sediment con-

centration, Cs.oc, is proportional to the dissolved {ree
concentration, Ca, for any sediment with fo » 0.2 per-
cent. This latter qualification is judged to be neces-
sary because at foc < 0.2 percent the other factors that
influence partitioning (e.g.. particle size and sorption
to nonorganic mineral fractions) become relatively
more important {25}, Using the proportional relation-
ship given by Equation 16, the concentration of free
dissolved chemical can be predicted from the nor-
malized sediment concentration and Koe. The free
concentration is of concern as it is the form that is
bioavailable. The evidence is discussed in the next
section.

Dissolved Organic Carbon (DOC)
Complexing

In addition to partitioning to particulate organic
carbon {POC) associated with sediment particles, hy-
drophobic chemicals can aiso partition to the organic
carbon in colloidal sized particles. Because these par-
ticles are too small to be removed by conventional fil-
tration or centrifugation thev are operationally
defined as DOC, Because sediment interstitia] waters
frequently contain significant fevels of DOC, it must
be considered in evaluating the phase distribution of
chemicals.

A distinction is made between the free dis-
solved chemicai concentration, Cy, and the DOC-

complexed chemical, Cooc. The partition coefficient
for DOC, Kpoc, is analogous to Koc as it quantifies
the ratio of DOC-bound chemical, Cpoc, to the free
dissolved concentration, Ca:

Cooc = mpocKpocld - )

where mpoc is the DOC concentration. The magni.
tude of Kpoc and the DOC concenirahon determine
the extent of DOC complexation that takes place.
Thus, it is important 10 have estimates of these quan.
tities when calculating the level of free dissolved
chemicals in sediment pore waters.

A recent compilation of Kpoe together with
additional experimental determinations is available
{39]. Asummary that compares the pattitioning of six
chemicals to POC, patural DOC, and Aldrich humic
acid (HA) is shown on Figure 12. The magnitude of
the partition coefficients follow the order: POC » HA
» naturat DOC. The upper bound on Kpoe would ap-
pear to be Kpog = Ko, the POC partition coefficient.

Phase Distributlon In Sediments

Chemicals in sediments are partitioned into three
phases: free chemical; chemical sorbed to POC, and
chemical sorbed to DOC. To evaluate the partitioning
among these three phases, consider the mass balance
for total concentration Ct:

C1 = 04 + mfocKocCd + otmipockpocCa (48}
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Figure 12.--Parttion coetficients of chemicals to particu-
Iate organic carbon{POC), Aldrich humic acid, &rd natural

T 00C, Benzolsipyrene {(BaP) 2.2°.4,4'55 bhexathione
tiphenyl (HCBP); DOT; 2,2°,5,5letrachiorobiphenyt (TCBP); |
- -pyreqe {PYR): 4-monochtorobiphenyl (MCBP). Oata from

€adie 6t &t. [39).

where @ is the sediment porosity {volume of water/vol-
ume of water plus solids) and m is the sediment solids
conceritration (mass of solids/volume of water plus
solids). The three terms on the right side of the equa-
tion are the concentration ot free chemical in the in-
terstitial water, and that sorbed to the POC and DOC,
respeciively. Hence, from Equation 18 the free dis-
solved concentration can be expressed as

. Cy (19}
4 o + Mfochoc + aMmpackooc. '

The concentration associated with the particle carbon
{Eqn. 16} and DOC (Eqn. 17) can then be caleulated,
The total pore water concentration is the sum of the
free and DOC complexed chemical, 50 that

Cpore = Cd + Cpog = Call + mpocKpoc)  (20)

Figure 13 illustrates the phase partitioning be-
havior of a system for a unit concentration of a
chemical with the following properties: Koc = Kpog =
10° Lskg, foc = 2.0 percent, m = 0.5 kg solids/L sedi-
ment, and mpoe varies from 0 to 50 mg/L, a reason-
able range for pore waters {40}. With no DOC
present, the pore water concentration equals the free
concentration. As DOC increases, the pore water con-
centration increases because of the increase in com-
plexed chemical, Cpoc. Accompanving this increase
in Cpoc Is a slight—in fact, insignificant—decrease in
Ca (Eqn. 19) and a proportional decrease in Cs
{Eqn. 16). :

Figure 13.—Partition coethicients of chemicals to particy
late organic carvon {POC), Algnich humic acrd, and naturat
DAC. Qentoisipyrene (Bey, 2,2.4.4°.5.5 hexachioto

Jiphenyl (HCBP): DOT; 2,2°.5.5'1etrechiorobiphenyl {TCBP},

pyrene (PYR): 4-monochlorobiphenyl (MCBP). Data from
Eadie et al. {39).

§i is important lo realize that the free chemical con.
centration, Cd, can be estimaled divectly from Ci.q, the or-
ganic carbon-normalized sediment concenbration, using
Equation 16. and that the estimate is inudependent of the
DOC concentration. However, to estimate C4 from the pore
water concentration requires that the DOC concentration
and Kpoc be known. The assumplion Cpore = Cg 15 clearly
not warranted for very Mydropiiobic chemicals. For these
cases Csoc gives a more direct estimate of the free dissolved
bicavailable concentration, Cq, than does the pore water
concentration.

Bloavallability of DOC-Complexed
Chemicals

The proportion of a chemical in pore water that is
complexed to DOC can be substantial (Fig. 13).
Hence. the question of bicavailability of DOC-com.-
plexed chemical can be important in assessing loxic.
ity directly from measured pore waler concentra.
ions. A significant quantity of data indicates that
DOC-complexed chemical is not bioavailable. Fish
(41] and amphipod [42] uptake of palycyclic aromatic
hydrocarbonis {(PAHs) are significantly reduced by
adding DOC. An example is s?lown in Figure 14 fora
freshwater amphipod [42]. For a highly hydrophobic
chemical such as benzo|alpyrene {(Bal) the effedt is
substantial, whereas for less hydrophobic ¢hemicals
{e.g.. phenanthrene) the reduction in uptake rate is
insignificant. This result was expected because, for a
fixed amount of DOC, the quantity of DOC-com-
plexed chemical decreases with decreasing Koo
(Eqn. 17}
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The quantitative demonstration that DOC-
complexed chemicals are not bioavailable requires an
independent determination of the concentzation ci
complexed chemical. Landrum et al. [42) have devel-
oped a Ci3 reverse-phase HPLC column technique
that separates the complexed and free chemical. Thus
it is possible to compare the measured DOC-com-
plexed chemical to the quantity of complexed chemi-
cal inferred from the uptake experiments, assuming
that all the complexed chemical is not bicavailable
{42, 43}. As shown on Figure 15, although the Kooc
inferred from uptake suppression is Jarger than that
inferred from the reverse-phase separation for HA,
these data support the assumption that the DOC.
complexed fraction, Cpoc, is nol bicavailable. Hence
the bicavailable form of dissolved chemical is Cq. the
free uncomplexed component. This is an important
abservation because it is Cd that is in equilibrium
with Cs.oc, the organic carbon-normalized sediment
concemtration (Eqn. 15),

Fleld Observations of Partitioning In
Sediments

An enormous Quantity of laboratory data exists for
partitioning in particle suspensions. However, pore
water and sediment data from field samples are
scarce. Two types of dala from field samples are ex-

Figure 15.—~Compansan of the DOC partition coefficient
calculated from the suppression of chemical uptake versus
the Cya reversed-phase HPLC column estimate. Cuclas are
Aldnch hunwe acid: tiangles are intersutia) water DOC.

Chenucals are hsted in Figure 14 ¢aption {also sativacene

and benzofalanthracens),

amined. The first is a direct test of the partitioning
equation Cy.ec = Koc Ca, which is independent of the
DOC concentratior. The second examines the sedi-
ment and pore water concentrations and accounts for
the DOC that is present.

Organic carbon nornalization. Consider a
sediment sampie that is segregated into vanous size
classes after collection. The particles in each class
were in contact with the pore water. If sorption equi-
librium has been attained for eash class, then, letting
Cs(j) be the particle chemical concentration of the sth
size class, it is true that

Calj) = foclj) KoeCa {21}

where fa{j) is the otganic carbon fraction for each
size class 1. On an organic carbon-normalized basis
this equation becomes

Cioclj) = KocCd (22)

where Csoif) = Cs{s}/foe(f). This result indicates
that the organic carbon-normalized sediment concens
traticn of a chenucal should be equal in each size
class because Koc and Cd are the same for each size
class. Thus a direct test of the validity of both organic
carbon normalization and EgP would be to examine
whelher Cyoctf) 15 constant across size classes in a
sediment sample.
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Data from three field studies, Prahl [44),
Evans et al. {45], and Delbeke et al. {416}, can be used
to test this prediction. In Prahl’s study, sediment
cores were coliected at three stations near the Wash-
ington State coast {Stations 4, 3 and 7). These were
sicved into a silt-and-clay sized fraction (<64 um),
and a sand-sized fraction (>64 mm). This latler frac-
tion was further separated into a low density fraction
(<1.9 g/ecm3) and the remaining higher density sand-
sized particles. The concentrations of 13 individual
PAHs were measured in each size fraction.

It is important to realize that these size frac-
tions are not pure clay, silt, or sand but are natural
particles in the size classes denoted by clay, silt, and
sand. Thiz organic carbon fractions, shown on Figure
16, range from 0.2 percent for the high-density sand-
sized [raction to greater than 30 percent for the low-
density fraction. This exceeds two orders of
magnitude and essentially spans the range usually
found in practice, For example, 90 percent of the es-

_ tuarine and coastal sediments sampled for the Na-

tional Status and Trends program exceed 0.2 percent | _

© organic carbon {37).

toc (%)
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Figure 17 {top) compares the dry weight-nor-
malized clay/silt sized fraction sediment PAH cop-
centrations, Cs(f), to the sand-sized high- and
low-density PAH concentrations on 2 dry weight ba-
sis. The dry weight-normalized data have distinctly
differept concentrations—the low-density high-or-
ganic carbon frachon is highly enriched, whereas the
sand-sized fraction is substantially beiow the clay/silt

N
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fraction concentrations, Figure 17 (bottom) presents
the same data bul on an organic carbon-normalized
basis, Cs.oct§}. In contrast to dry weight normahiza-
tion, the PAH concentrations are essentially the same
in each size class, as predicted by Equation 22,

In the field data from Evans et al. [45] sed:.
ments were callected at five sites along the River
Derwent, Derbyshire, United Kingdom, 2nd sepa-
rated into six sediment size classes. The size classes
were representstive of clay and silt (<63 um) to
course sand (1.0 to 2.0 mm). Organic carbon content
and total PAH were measured in cach sediment size
class, Figure 18 preserts the size classes and assod-
ated organic carbon ¢.ntent. Evans et al. attribute the
bimodal distribution of fae to two types of organic
matter. Urganic-matter in the 1.0 to 2.0 min size class
may be from fragmentary plant material while the
size classes less then 500 um organic carbon content
is the result of aging humic matedal. The organic
content in this study ranges from 2.0 to 40 percent.

Figure 19 presents a comparison of PAH con-

-centration for different sediment classes for dry

weight normalization and organic carbon nornitaliza-
tion. The top left panel compares PAH concentrations
on sand (63 um - 500 pm) and clay/silt (< 63 um)on a
dry weight basis. The top right panel compares PAH
concentrations on course sand (0.5 ym - 2.0 pm) and
clay/silt {< 63 ym) on a dry weight basis. The data in.
dicates that the PAH concentration is higher in the
course sand fraction of sediment. Recall {rom Figure
18 that the clay/silt and course sand fractions contain
higher fraction organic carbon content. The boltom
panels of Figure 19 present the organic carbon nor-

malized comparison of PAT! concentrations by sedi- -

ment class. For both panels, the organic carbon
normalized PAH concentralions are similar regard.
less of the sediment size class as predicted by
Equation 22, o

Lastly, Delbeke et al. {46] collected sediments
from seven sites in the Belgian continental shelf and
the Scheldt estuary. These sites were analyzed for
eight PCB congeners and organic carbon in the bulk
sediment and clav/silt (< 63 um) sediment fraction.
In addition, analyses of the samples were done to de-
termine the percent of size fractions ranging (rom
500 um to 3 um which made up the sampte. The PCB
congeners tested for in this study were IUPAC num-
bers 28, 52, 101, 116, 153, 138, 170 and 180.

Using concentrations reporied for buik sam-
ples, concentrations for clay/silt samples, and per-
cent size fractions of each sample, calculations were
done to estimale concentrations on the greater than

63 um portion of the sample. Similar calculstions .
were done to determine organic carbon content on

the >63 um portion of the sampte. Organic content
varied from 0.01 percent to 10 percent inclusive of
both <63 wm and >63 pm portions of the sediment.
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Flgure 18.—The organic carbon fractions

course sand {1.0 to 2.0 mmy. Stations are indicated by hatch type. Data from {45

(% dry weight) in five sediment size classes ranging from clay and st (<63 im) to
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Flgurs 29.—Cornparisan of PAH concentrations of the sand-sized and course sand-sized fractron sediment particieS nd-
Caled by symbols. ordinate. to the clay/silt lraction, abscissa {Stations C, Da. G. H. K). Top paneis are tor dry weight normati-
zatan; bottem penels are for orgamic carbon normalization, Data from (45).

Figure 20 presents the percent organic carbon on the Organlc Garbon Fractions

<63 um portion of the sample (filled bar) and on the 100 T — T T T T
_ >63 ym porlion of the sample (shaded bar). A com- E g0 > 63um

parison of the PCB congener concentrations on a dry < 63um

weight basis {top) and on an organic carbon basis wE

(boltom) is shown {n Figure 21. Organic carbon con-
tentin the >63 um class size at stations 2 and 4 is 0.01
peicent and 0.06 percent respectively, as indicated in -~ .,
Tigure 20. The data for these stations are shownon ¥
Figure 21 wusing filled symbols. Though an foc » 02 :
percent has been presented as the value for which or- 8
ganic carbon normalization applies, normalizationat %
these foc values seems approptiate for this data set.

The top panel of Figure 21 indicates no evi- 0.01 &
dent relationship between PCBs in the <63 um sam-
ple and PCBs in the 63 um sample on a dry weight
basis. When concentrations in either class size are

normalized to organic carbon content then the con- ¢ t T 3 ¢+ 8 © 71 &
centrations are similar for both class sizes a5 shown

in the bottom panel. This indicates that PCB concen- STATION

trations are similar across sediment class sizes which Flgute 20.~The orgamic carbon fractians (% dry warghtl
supports organic carbon novinalization.

two sedment size classes, <63 um and >63 um. Soven
stalions arg ingicoted, Oate from [46).

wamﬁmnmmsunm e e
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oco0mder
| I T T |

w
o
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PCB (ng/g OC)< B3 um

Figure 21,~Comparison of eight PCB congener concentra-
tons of >63 um sized paruiclies, ordinate, 1o <63 pm sized
parucles. abscissa {Stations 1-7). Top panel 1§ for ory
weght normalization: bottom panel 15 for organic carbon
narmiglization. PCB congeners are IWPAC Nos 28, 52, 104,
118, 138, 153, 179 and 180, Data from {47).

2

It can be concluded from the data ot Prahl,
Evans et al., and Delbeke et al., that the organic car-
bon-normalized PAH and PCB concentrations are
relatively independent of particle size class and that
organic catbon is the predominant controlling factor
in determining the partihon coefficient of the differ-
ent sediment size particles in a sediment sample. The
organic carbon concentration of the high-density
sand-sized fraction in Prabl’s data (0.2 to 0.3 percent}
suggests that arganic carbon normalization is appro-
priate at these low levels. The data from Evans el al.
suggests that EqP can be applied to organic carbon
originating from more than one source, that is, frag-
mentary plant matter and aging humic material.

YRR R PR R

Sediment/pore water partitioning. Normally
when measurements of sediment chemical concen-
tration, Cs, and total pore water chemical concentra-
tions, Cpore, are made, the value of the apparent
partition coefficient is calculated directly from the ra-
tio of these quantities. As a consequence of DOC
complexalion, the apparent partition coefficient, Kp,
defined as

G (23}

K¢ = Coon

is given by

. Kp

X (24

foeKoe

" 1+ mpocKpoe . 1+ tipocKpoc

As mpoc increases, the quantity of DOC-complexed
chemical increases and the apparent partition coeffi-
cient approaches

. focKoc (26}

P = MpocKpoc

which is just the ratio of sorbed to complexed chemi-
«cal. Because the solid-phase chemical concentration
is proportional to the free dissolved portion of the
pore water concentration, Cd, the actual partition co-
cfficdent, Kp, should be calculated using the free dis-
solved concentration. The free dissolved concentration
will typically be lower than the total dissolved pore
water chemical concentration in the presence of signifi-
cant levels of pore water DOC (e.g.. Fig. 13). As a result,
the actual partition coefficient calculated with the free
dissolved concentration is higher than the apparent
partition cocfficient calculated with the total dissolved
pore water conceniration.

Direct observations of pore water partition
coefficients are vesiricted to the apparent partition co-
efficient, Kp (Eqn. 23), because total concentrations
in the pore water are reported and DOC complexing
is expected to be significant at the DOC concentra-
tions found in pore walers. Dala reported by
Brownawell and Farrington in 1986 (48] demonstrate
the importance of DOC complexing in pore water.
Figure 22 presents the apparent partition coefficient,
measured for 10 PCB congeners at various depths in
a sediment core, versus foc Kow, the calculated parti-
uon coefticient. The line corresponds to the relation-
ship, Koc = Kow. which is the expected result if DOC
complexing were not significant. Because DOC con-
centrations were measured for these data, it is possis
ble to estimate Cqa with Equation 20 in the form:

. Cpare (26}
o mpocKooc
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Flgura 22.—0bserved partition coefficient versus the prod-
uct of argenic carbon fraction and oclandi/water partition
coefficient. The ling represents equality, The partition coet-
ficlents are computed by using total dissoived PCB
{agusres). and free PCO (circles) which is computed with
Eavation 26 with Kpog = Kow. Oata from (48],

and to compute the actual partition coefficient: Kp =
Cs/C4d. The data indicate that if Knoc = Kow is used,
the results, shown on Figure 22, agree with the ex-
pewted partition equation, namely that Kp = foc Kaw.
A similar three-phase model was presented by
Brownawell and Farrington in 1984 |49ﬁ

Other data with sediment/pore water parti-
tion coefficients for which the DOC concentrations
have not been reported [50, 51} are available to assess
the significance of DOC partitioning on the apparent
sediment partition coetficient. Figure 23 presents
these apparent organic carbon-normalized partition
coefficients, that is Kge = Kp /foc versus Kow- The ex-
pected relationship for DOC concentrations of 0, 1,
10, and 100 mg/L is also shown. Although there is
substantial scatter in these data, reflecting the diffi-
culty of measuring pore water concentrations, the data
conform to DOC levels of 1.0 to 10 mg/L, which is well
within the observed range for pore waters [40. 48).
Thus, these results do not refute the hypothesis that Ko
= Kow in secliments but show the need to account for
DOC complexing in the analysis “of pore water -
chemical concentrations.

Laboratory toxicity tests. Another way to
verify Equation 22 is from data collected during sedi-
ment toxicity tests in the Jaboratory. These tests yield
sediment (Cs,oc) and pore water (Ca) chemical von-
centrations at several dosages bounding an experi-
menially estimated toxic concentration for the test
organism. The organic content of the sediment must be
measured also. Sediment toxicity tests are done under
quiescent conditions and sediment and pore water are
in equilibrium, The results of these tests can be used to

& Oltver {Various)
2 Boths (PAH)

-~
1

Log10 K'oc (L kg oc)
-]
L]

aac
ting/L)
1.0
10
[ @0 .
100.0
4
L 1
6 7 8

Ltog10 Kow
el

Figure 23.~Observed apparen partition coefficient Lo organkc carbon versus the oclanal/water partition coefficient, The
lines represent the expectod relationstvwp for DDC concentrations of 0, 1, 10, and 100 mg/L Hpog = How. Data from {51] for
PCB congenors ang othgr ghemicals and from [60) for phenanthrene, tluoranthene, and perylong.
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compiute the crganic carbon partition coefficient Koe.
To verify Equation 22, estimates of Koc computed
from Equation 11 using laboratory wmeasurements of
Kow are then compared to partitioning in the sedi-
ment toxicity test. Sediment toxicity tests and Kow
measurements are available for five chemicals: en-
drin [20, 21, 52], dieldrin [54, 55]. acenaphthene [56),
phenanthrene [56], and fluoranthene |19, 57]. Sediment
toxidity tests for these chemicals were performed as
part of the development of SQC. Mortality results for
these tests were presented in Figures 2 and 3.

Figure 24 shows organic carbon normalized
sorplion isotherm for acenaphthene, endrin, phenan-
threne and fluoranthene, where the sediment concen-
tration (ug/g OC) is plotted versus pore water
concentration (ug/L). These tests represent fresh.
walter and marine sediments having a range of or-
ganic carbon content of 0.07 to 11.0 percent, In each

ACENAPHTHENE

O« Swariz et o, 191

TITM” Y O TY

TV

O — Nebeker et ol, 1989
O -~ Schuytema ot o, 1989
V - Stehly, 991

o 1 ©

] 000
PORE WATEI} WA‘I’W

Sediment Quality Criterin Using Equilibrium Partitioning

SEDIMENT CONCENTRATION

(ug/g OC)

SEDIMENT CONCENTRATION
{ug/g OC)

panel, the line corresponds to Equation 16 where Koc
is derived from Kow measurements in the labaratory.
A full discussion of laboratory Kew measurements is
presented subsequently. in each of the panels the toxic-
ity test dala are in agreement with the line computed
from experimentally determined Koc. For these chemi-
cals DOC measurements are unavailable and partition-
ing to DOC in the pore water has not been considered.
The figure indicates, however, that DOC complexing in
these experimenis appears 1o be negligible.
Partitioning in the dieldrin experiment indi-
cated that DOC complexation may have been signifi-
cant. The partitioning isotherm for dieldrin, Figure
25), represents organic carbon normalized sediment
concentration, versus total (top panel} and computed
dissolved {boltom panel) pore walter concentrations.
Dissolved pore water concentrations are computed

o}
o}
v |
0 :_.n_a.umd._u.u.r
1 LY 0o w03 000

O = Swartz st o, WO
0« De Wilt ot of, 1992

o1 -1 0 o 000 10000

FORE WATER CONCENTRATION
{ug/L)

Figure 24,—Comparison of organic carbon partition coefficrent (Koe) oDSEIVED 1IN toxICity tests (Symbals) 10 o detwed from
laboratory #ow an0 Equation 11 (500 hine). Symbois are sediment concentration, ordinate, versus pore waler concentration,
abscissa. Solid Ing 15 Ca,0c = Hoe * Co, where Logao Hoc 1s 3.76 for acenaphthena, 4.84 for engnn, 4.46 for phenanthrena,
and 5.00 for fluoranthene. These Logio Ko vBlues are estimated fram Logio Kow vOIups measured at the U.S. EPA Environ.
memel Resoarch Laboralory al Athens, Georgia. Data sources as indiceted.



@ - Mokg ond Ankley, 1997

a1
o ot $ ] L Lo

TOTAL PORE WATER CONCENTRATION {ugiL)

o -
o ot ¥ » w a

COMPUTED PORE WATER CONGCENTRATION (ug/L)

Figure 28.—~Comparison of organic carben pertition coelfi-
cient (Hoc) observed in toxicity lests (symbols) to Hoc de-
nved from laboratory Hew and Equation 11 (Sohd binel.
Symbols are sediment cancentration, ordinate, versus total
{top panel} ard free (bottormn panel) pore waler concentra-
tions, abscissa. Sofid ling is Cy.oc = Moo * Co. where Loguo
Moz 15 5.25 Tor dieldrin, The Logio #oe value 15 estimated
from Legio How value measwred at ihe .5, EPA Emviron.

mental Research Laboratory #t Atnens, Georgia. Data
source #9 indicated.

using Equation 26, DOC measurements and an esti-
mated log Kpoc = 5.25. Log Kpac is estimated from
log Koc = 5.25 for dieldrin. Figure 25 represents data
from Hoke and Aukley {55] since Hoke [56) did not
measure pore water. Adjusting for partitioning on to
the DOC in the boltom pane] results in better agree-
ment with the experimentally determined Koc. These
data represent one sediment with an organic carbon

content of 1.6 percent. It is important to note that
dieldrin has the highest Koc of the five chemicals
(LogioKoc dieldrin = 525, acenaphthene = 3.76. en-
drin = 4.84, phenanthrene = 446, fuoranthene = 5.00.
DOC complexing increases with an increasing parti-
tion coefficient which explains why DOC complexing

© s significant for dieldrin,

Organic Carbon Normallzation of
Blological Responses

The resulls discussed above suggest that if a concen.
tration-response curve correlates to pore water con-
centration, it should correlate equally well to organic
catbon-normalized total chemical concentration, in-
dependent of sediment properties. This is based on
the partitioning formula Csoc » KocCa (Eqn.16),
which relates the free dissolved concentration to the
organic carbon-normalized particle concentration,
This applies only to nonionic hydrophobic organic
chemicals because the rationale is based on a parii-
tioning theory for this class of chemicals,

Toxicity and bioaccumulation experiments. To
demonstrate this relationship, concentration-re.
sponse curves for the data presented in Figures 5 and
7 are used to compare results on a pore water-nor-
malized and organic carbon-normalized chemical
concentration basis. Figures 26 to 28 present these
comparisons for kepone, DDT, endrin, and fluoran-
thene. The mean and 95 percent confidence limits of
the LCso and ECsp values for each set of data are
listed in Table 2. The top panels repeat the response-
pore water concentration plots shown previously in
Figures 5 to 7, while the lower panels present the re-
sponse versus the sediment concentration, which is
organic carbon-normalized (microgram chemical per
gram organic carbon).

The general impression of these data is that
there is no reason to prefer pore water normalization
over sediment organic carbon normalization. In
some cases, pore water normalization is supedor to
organic carbon normalization, for example, kepone-
morlality data (Fig. 26) whereas the converse some-
times occurs, for example kepone.growth rate (Fig.
16), A more quantitative comparison can be made
with the LCsos and ECsos in Table 2. The variation of
organic carbon-normalized LCsos and ECsgs between
sediments is Jess than a factor of two to three and is
comparable to the variation in pore water L.Csgs and
ECsos. A more comprehensive comparison has been
presented in Figures 2 and 3, which also examine the
use of the water-only LCsp to predict the pore water
and sediment organic carbon LCsps.

Bioaccumulation faciors calculated on the basis
of organic carbon-normalized chemical concentrations
are listed in Table 3, for pectnethein, cypermethrin, and
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Pore Water Normalization
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Flgura 28.~Comparison of peicent survival of R. abronius

- lo fluorantheng concentration in pore water {{0p) and burk

sediment, using organic carbon normalization {bottom) lor
sedimants with vatying organic cardon contentrations (19].

kepone, Again, the variation of organic carbon nor-
tnalized BAFs between sediments is less than a factor
of two to three and is comparable o the variation in
pore waler BAFs.

Bioaccwmwlation and organic carbon nor-
malization. Laboratory and field data aleo exist for
which no pore water or DOC measurements are
available but for which sediment concentration, or-
ganic carbon fraction, and organism body burden
have been determined. These data can be used to test
organic carbon normalization for sediments and to
cxamine organism normalization as well. 1t is con-
ventional to use organism lipid fraction for this nor-
malization (see references in Chiou [58]). If Gy is the
chemical concentration per unit wet weight of the or-
ganism, then the pantitioning equation is

Cb = KyfiCd (27)
where

KL = lipid/water partition coefficient (L/kg
lipid)

f = weight fraction of lipid (kg lipid/kg
OtgAnism)

Sediment Quality Critcria Usjog Equilibrium Partitioning

Ca = free dissolved chemicalconcémration
ng/L)

The lipid-normalized organism concentration, Cp.L. is

G 28)

Cor= £ KiCa,

The lipid-normalized body burden and the organic
carbon-narmatized sediment concentration can be
used to compute a bicaccumulation ratio, which can
be termed the BSF [59):

JCot K, Ki (29)
BSF Csoc Ko Kow.

The second equality results from using the partition.
ing Equations 16 and 28 and the third from the ap-
proximation that Koc = Kow. The BSF is the partition
coefficient between organism lipid and sediment or-

~ ganic carbon. 1f the equilibrium assumplions are

valid for both organisms and sediment particles, the
BSF should be independent of both particle and or-
ganism properties. In addition, if lipid solubility of a
chemical is proportional to its octanc] solubility, K\ «
Kow, then the lipid normalized-organic carbon not-
malized BSF should be a constant, independent of
particles, organisms, and chemical properties {59, 60,
61], This result can be tested directly,

The representation of benthic organisms as
passive encapsulations of lipid that equilibrate with
external chemical concentrations is clearly only a first-
order approximation. Biomagnification effects, which
can occur via ingestion of contaminated food and the
dynamics of internal organic carbon metabolism, can
be included in a more comprehensive analysis {59]. It
is, nevertheless, an appropriate initial assunption be-
cavse deviations from the first-order representation
will point to necessary refinements, and for many
purposes this approximation may suffice.

A comptehensive experiment involving four
benthic organisms—two species of deposit-feeding

" marine polychaetes, Nereis and Nephiys, and two

species of deposit-feeding marine clams, Yoldia and
Macoma—and fiveé sediments has been performed by
Rubinstein et al. [62]. The uptake of various PCB con-
geners was monitored until steady.state body buyr-
dens were reached. Sediment organic catbon and
organism lipid content were measured. Figures 29
and 30 present the log mean of the replicates for the
ratio of organism-to-sediment concentration for all
measured congeners versus Kow for each organism.
Dry weight normalization for both orgsnism and
sediment (left pancls), organic carbon normalization
for the sediment {cemter panels), and both organic
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Figure 29.—Plots of the BSF (ratio of orgarmsmelo-sediment

concentration) for tree sediments for a series of PCB congeners

versus the logiofow for that congener. The ory weight normalization for both organism and sediment {left panels); erganic
carbon normalization for the sediment (muddie panels): and organic and lipid normalizauon (fight pancls) as ingicated. The or-

ganisms are Nereis {top) and Nephtys (bottom). Data from |

catbon and lipid normalization (tight panels) are
shown. The resulls for cach sediment are connected
by lines and separately identified.

‘The BSFs based on dry weight normalization
are quite different for each of the sediments with the
fow carbon sediment exhibiting the largest values.
Organic carbon nonnalization markedly reduces the
variability in the BSFs from sediment to sediment
{center panels). Lipid normalization usually further
reduces the variability. Note that the BSFs are reason-
ably constant for the polychaetes, although some
suppression is evident at logioKow > 7. The clams,
however, exhibit a marked declining relationship.

Results of a similar though less extensive ex-
periment using one sediment and cligochaete worms
have been reported [52). A plot of the organic carbon-
and lipid.-normalized DSF versus Kow from this ex-
periment is shown on Figure 31, together with the
averaged polychaete data (Fig. 29). There appears lo
be a systematic variation with respect (o Kow, which
suggests that the simple lipid equilibration model
with a constant lipid-octanol solubility ratio is not
descriptive for all chemicals. This suggests that a
more detalled model of benthic organism uptake is
required to describe chemical body burduns for all

62).

nonionic chemicals as a function of Kow [59]- How-
ever, for a specific chemical and & specific organism,
for example Nercis and any PCB congener (Fig. 29)
ofganic carbon nurmalization reduces the effect of
‘the varving sediments. This demonstrates the utility
of organic carbon normalization and supports its use
in generating 5QC.

A further conclusion can be reached from
these results. It ha: been pointed out by Bierman [63]
that the lipid- and carbon.normalized BSF is in the
vange of 0.1 to 10 (Figs. 29 to 31) supports the conten-
tion that the partition coefficient for sediments is Koc
= Kow and that the particle concentration effect does
nat appear to be affecting the free concentration in
sediment pore waler. The reason is that the lipid- and
carbon-normalized BSF is the ratio of the solubiiities
of the chemical in lipid and in particle carbon (Eqn.
29}, Because the solubility of nonionic organic ¢hemi.
cals in various nonpolar solvents is similar [64], it
would be expected that the lipid-organic carbon solu-
bility ratio should be on the order of one. If this ratio
is taken to be approximately one, then the conclusion
from the BSF data is that Ko is approximalely equal
to Kow for sediments {63].
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A finel observation can be made. The data
analyzed in this section demonstrate that organic
casbon normalization accounts -for much of the re-
ported differences in bioavailability of chemicals in

. sediments for deposit-feeding polychactes, oligo-
‘chaetes, and clams. The data presented in previous
.sections are for amphipods and midges. Hence these
data provide important additional support for or-

anic carbon normalization as a determinant of
bicavailability for different classes of organisms.

Determination of the Route of Exposure

The exposure route by which organic chemicals are
accumulated has been examined in some detail for
water cofumnn organisms {e.g., by Thomann and Con-
nolty [65]). It might be supposed that the toxicit and
bicaccumulation data presented above can be used to
examine the question of the route of exposure. The in-
itial observations were that biological effects appear
to correlate o the interstitial water concentration, in-

—- —dependent of sediment type. This has been inter-

preted to mean that exposure is primarily via pore
water. However, the data correlate equally well with
the organic carbon-normalized sediment concentra-
tion {see Figs. 2 and 3). This observation suggests that
sediment organic carbon is the route of exposure. In
fact, neither conclusion follows necessarily from these
data because an alternate explanation is available that
is independent of the exposure pathway.

Consider the hypothesis that the chemical po-
tential or, as it is sometimes called, the fugacity (66]
of a chemical controls its biological activity. The
chemical potential, pg, of the free concentration of
chemical in pore watet, Cd, is

#d = flo + RT In(Cd) (30)

where uo is the standard state chemical potential and
RT is the product of the universal gas constant and
absolute temperature {67]. For a chemical dissolved
in organic carbon-—assuming that particle organic
carbon can be characterized as a homogeneous
phase—its chemical potential is

Hoe= (o + RTIN(Cye0) (31} -

where Cs,oc is the weight fraction of chemical in or-
ganic carbon. If the pore water is in equilibrium with
the sediment organic carbon then

1d ™ poc. {32)

The chemical potential that the organism experiences
from either route of exposure (pore water or sedi-
ment} is the same. Hence, so long as the sediment j<
in equilibrium with the pore water, the roule of expo-

Scdiment Quality Criteria Using Equilibrium Partitioning

sure is immatenial. Equilibrium experiments cannot
distinguish between different routes of exposure.

The data analysis presented above, which
normalizes biological response to either pore water
or organic carbon-normalized sediment concentra-
tion, suggests that biological effects are proportional
to chemical potential or fugacity.

The issue with tespect to bicavailability is
this: In which phase is i most easily and reliably
measured? Pore water concentration is one option.

However, it is necessary that the chemical
complexed to DOC be a small fraction of the total
measured concentration or that the free concentra-
tion be directly measured, perhaps by the ¢1a column
technique {42]. Total sediment concentration normal-
ized by sediment organic carbon fraction is a second
option. This measurement is not affected by DOC
complexing. The only requirement is that sediment
organic carbon be the only sediment phase that con-
tains significant amounts of the chemical. This ap-
pears to be a reasonable assumplion for most aqualic

‘sediments. Hence, SQC are based on organic carbon

normalization because pore water normalization is
complicated by DOC complexing for highly hydro-
phobic chemicals.

ArpLICABILITY OF WQC as
THE EFFECTS LEVELS FOR
BENTHIC ORGANISMS

The EqP method for deriving SQC utilizes partition-
ing theory to relate the sediment concentration to the
equivalent free chemical concentration in pore water
and in sediment organic carbon, The pore waler con-
centration for SQC should be the effects concentra-
tion for benthic species.

This section examines the validity of using
the EPA WQC concentrations to define the effects
concentration for benthic organisms. This use of
WQUC assumes that (a) the sensitivities of benthic
species and species tested to derive WQC, predomi-
nantly water column species, are similas, {b) the lev-
els of protection afiorded by WQC are appropriate
for benthic organisms, and ¢) exposures are similar
regardiess of feeding tvpe or habitat. This section ex-
amines the assumption of similarity of sensitivity in
two ways. First, a comparative loxicological exami-
nation of the acute sensitivities of benthic and water
column species, using data compiled from the pub-
lished EPA WQC for nonionic organic chemicals as
well as meials and ionic organic chemicals, is pre-
sented. Then a comparison of the FCVs and the
chronic sensitivities of benthic saltwater species in a
series of sediment colonization experiments is made.
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Method-Relative Acute Sensitivity

The relative acute sensitivities of benthic and water
column species are examined by using LCss for
freshwater and saltwater species from draft or pub-
lished WQC documents that contain minimum data-
base requirements for calculation of final acute
values (Table 4). These data sets are selected because
exposures were via water, durations were similas,
and data and test conditions have been scrutinized
by reviewing the original references. For each of the
2,887 tests conducted in fresh water, using 208 spe-
cies with 40 chemicals, and the 1,046 tests conducted
in salt water, using 118 species with 30 chemicals, the
chemica), species, life stage, salinity, hardness, tem-
perature, pH, acute value, and teut condition {i.c,
static, renewal, fow-through, nominal, or measured)
were entered into a database. 1f necessary, original
references were consulted to determine the tested life
stage and any other missing information. Each life
stage of the tested species was classified according to
habitat (Table 5). Habitats were based on degree of

...assoriation with sediment. A life stage that occupied

more than one habitat was assigned to both of the ap-
propriate habitats.

For each chemical, if a life stage was tested
more than once or more than one life stage was
tested, data were systematically sorted in a three-step
process to arrive at the acute value based on the most
experimentally sound testing methodology and the
most sensitive life stages. First, if a life stage for a
species was tested more than once, flow-through
tests with measured concentrations had precedence,
and data from other tests were omitted. When there
were no flow-through tests with measured concen-
trations, all acute values for that life stage were given
equal weight. I the remaining acute vaiues for that
life stage differed by greate; «.nan a factor of four, the
higher values were omitted and the geometric mean
of the lower acute values was caleulated to derive the
acute value for that life stage. Second, life stages were
classified as cither “benthic” {infaunal species {habi-
tats 1 and 2] or infaunal and epibenthic species [habi-
tats 1, 2, 3, and 4}), or “water column” (habitats 5 to
8). Third, if two or more life stages were classified as
cither benthic or water column and their acute values
differed by a factor of four, the higher values were
omiited and the geometric mean of the lower acute
values was calculated to derive the acute value (or
that life stage of the benthic or water column species.
This procedure is similar to that used for WQC (8],

Comparison of the sensitivity of
Benthlc and Water Column Specles
Most Sensitive Species. The relative acute sensitivi-

ties of the most sensitive benthic and water column
species were examined by comparing the sinal acute

Sediment Quality Criteria Using Equilibrium Partitioning

values (FAV) for benthic and water column organ-
isms, using acute LCsp concentrations from the 40
freshwater and the 30 saltwarer WQC documents.
When benthic species were defined as only Infaunal
organisms (habitat types 1 and 2) and water column
species were defined as all others (habitat t);ges e
8), the water column species were typicalty the most
sensitive. The results are cross-plotted on Figure 32
{top). The line represents perfect agreement.

Data on the sensitivities of benthic infaunal
species are limited. Of the 4G chemicals for which
WQC for {reshwater organisms are available, two or
fewer infaunal species \were tested with 28 (70 per-
cent) of the chemicals, and five or fewer species were
tested with 34 (85 percent) of the chemicals. Of the 30
chemicals for which WQC for’ saltwater organisms
are available, 2 or fewer infaunal species were tested
with 19 (63 percent) of the chemicals, and 5 or fewer
species were tested with 23 (77 percent) of the chemu.
cals. Of these chemicals only zinc in salt water has
been lested using infaunal species from three or more
phyla and cight or rmore families, the minimum acute

“toxicity database required for criteria derivation. Asa

result, FAVs could not be computed for several of the
chemicals. Therefore, it is probably premature to con.
clude from the existing data that infaunal species are
more {olerant than water ¢column species.

A similar examination of the most sensitive
benthic and water column species, where the defini-
tion of benthic includes both infaunal and epibenthic
species (habitat types 1 to 4), is based on more data
and suggests a similarity in sensitivity (Fig. 32, bot-
tom}. In this comparison, the number of acute values
for [reshwater benthic species for cach chemical aver-
aged nine, with a range of 2 to 27; the number of
acute values for saltwater benthic species for each
chemical substance averaged 11, with a range of 4 to
26. The variability of these data is high, suggesting
that for soine chemucals, benthic and water column
species may differ in sensitivity and that additional
testing is desirable, or that this approach to examin-
ing species sensitivity is not sufficiently rigorous.

Examination of individual ¢riteria documents
in which benthic species were markedly less sensi.
tive than water column species suggests that the ma-
jor factor for this difference is that benthic species
phylogenetically related to sensitive water column
species have not been tested. Appatent differences in
sensitivity, therefore, may reflect an absence of ap-
propriate data. Data that are available suggest that,
on the average, benthic and water column species are
similarly sensitive and support the use of WQC to
derive SQC for the protection of infaunal and epiben-
thic species.

All species. A more general comparison of the
species sensitivities can be made if all the LCx data
are used. One approach examines the relative loca-
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Tabls 4.—Draft of published WQC documents and number of wigunat (habitats 1 ang 2}, epoenthic (habitats 3 any 4),
and water ¢olumn (habitats 5-8) spocios tested acutely for each sunstance,

NO. OF SALTWATYER SPECIES WO. OF FRESHWATER EPECIES

DATE OF ! | warea | ol : i | waTER
CHEMICAL PUBLICATION | TOTAL™ 1 INFAUNAL EPIBENTHIC - column votaL® ! INFAUNAL EPINENTHIC * COLUMN

ACKNAPTHENE 9/87° 10 - 3 :
ACROLEIN 9/87° - - - : 1 !
ADRIN 1980 16 ) 11
ALUMINUM 1988 -
AMMONIA 1985;1989 | 20
AHYIMONY {1I1) 9/87° 11
ARSENIC (111 1965 12
CAOMIUM ‘ 1085 38
CHLORDANE 1980 8
CHLORINE 1985 23
QHLORPYRIFOS 1966 15
CHROMIUM (i) 1984 -
CHROMIUM {v1) 1985 23
COPPER 1985 | 25
CYANIDE ;1185 - ¢
poY 1980 17
DIELDAIN 1980 21
2,4, DIMETHYLPHENOL 6/88° 9
ENDOSULFAN 1980 12
EHDRIN 1080 21
HEPTAQHLOR 1980 19
HEXACHLOAGCYCLOKEXANE 1680 19
tEAD 1085 13
MERCURY 1985 33
NICKEL . 1988 23
PARATHION 1936 -
PARATHION, METHYL- 10/88" »
PLATACHLOROPHENGL 1986 1%
PHENANTHRENE 9/87% 10
PHEHOL 5/88° -
SELENIUM (V) 1087 16
SELERIUM {vi) 1987 -
SHVER [ 987" o
THALUUM 11/88° -
TOXAPHENE 1886 15
TRIBUTVLUIR 9/87° 19
1.2, 4TRICHLOROBENZENE 9/88° . 15
24, TRICHLOROPHENOL o1 11
ZING 1987 33

-

[
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s ! 10

10 17 | 45 5 T 0

* The total numoers of lested species MBy noL ba the same o3 the sum of tne AUMBer of spewes Itom each haoitat type because & spe-
Cies M8y OLCUDY Motre han one hatilat.

® Drant aquatic e crtena document, U.§. Enviconmental Prolecton Agency. Otfice of Water Regulations and Standards, Critenia ang
Slanoards dvision, Washinglon, D.C,
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Tatle 4,—~Dratt of published WQC documents and aumber of infaunal {nauitsts 1 and 2), epdenthic (habitats 3 and 4),
and water colymn (habitats 5-8) specias tested acutely for each suonstance,

NO. OF SALTWATER SPECIES HO., OF FRESHWATER SPECIES " i E
DATE OF | . { watza | ol ! | waren R
CHEMICAL PUBLICATION | YOTAL 'INFAUNAL EPIBENTHIC - COLUMN TOTAL® - INFAUNAL EPIBENTHIC “COLUMN i -
ACKHAPTHENE DI R 3 ! 1 ‘ - : .
ACROLON 9/87° -t - C. T T ' s 7 . Sl
ADRIN 1980 | 16 o 11 TIEY 2 16 . 15
AVIMINUM 1088 - . - - L as - s g
AMMONIA wesiaese | 20 ' 2 | TR 2 IR
ANTIMARY {11 g/ 11 ° 3 5 Ps g ! 1 NERNE
ARSENC {11} 1988 | g2 2z 3 ! TR 1 6 . 13 .
CAOMIUM 1965 |38 | 10 | 18 I 13 6 3
CHLOADANE 1980 8 - 1 R P T
i I I H T T
CHLORIN 1985 | 23 . Pas 1 as ! ! 9 1 )
CHLORPYAIFOS 1988 | 15 2 . 8 T 18 2 T L
CHROMIUM (J1I] , o84 - - - - ) HIEY: .
CHAGMIUM {¥1) U 1o 123 ° g | 3 HEIE AT ! 19 o2 _—
- S C0PPER HEC RS 6 Fas Cos7 ¢ 15 ' 3
CYANIDE Poaes ¢ ' 3 s ! 6 12 .
oor 1980 a7 4 ! 11 12 ! a2 3 13 | 29
DISLORIN 980 |21 | 1 . 15 ! 35 ! 19 . T
2.4 OWETHYLPHENOL 6/88° ' 2 6 ! 12 ! 1 N EE
. ENOOSULFAN 1980 |32 - 2 | "8 !0 | 3 A
EHORMN 1980 |21 1 ' aa g Tgg ! ) 12 a1 B
HEPIAOHLOR 1980 (19 1 1 i 14 | 13 | 18 2 ' e Y
HEXACHLOROCYCLOMEXANE | 1860 | 10 | 2 ¢ W a7 )22 . i 4 am )
LEAD 198 13 | 2 3 o D! . BT
MERCUAY wes a3 g0 ! 7 ' 18 D30 | 11 T
¥ T t 1 | ; —+
NICREL 1986 ;23 1 - 10w 9 Ty 2 T 13
PARATHION 1986 - - - [ - ) 37 1 Co14 .23
: PARATHIONR, METHYL- w/e8* § - - - RE 1 R .
PLATAGHLOROPKENOL 1988 |13 | 7 R 9 L3123
: PHENANTHRENE garr Lyg ' & & ' a9} 2 R
PHENOL sragt | . L T s e Vi
: SELEMIVM (iv) 1987 {16 . 1 ! 5 ' a3 23 ) 8 - 19
BELENIUM (Vi) Pogger It - T | 4« 0
SIVER [ oo a1 ! 3 IETHNETR 1 v 13
THALIUM umee | . . ! - oo g 1 )
TOXAPHINE 1986 | 15 - 2 9 IEEE s R .
TRIGUTYLIN 8 1w ' 1 Y g s g 1 1 6 - -
. , 1.8,TRICHLORORENZENE | 9/B6% | 15 | 1 7 Ca 14 z HEE
' 2,4,5-TAICHLORSPHENDL p/a1* |4 | a4 b s g Pagp ! 1 ' g
2ING 1987 | 33 | 10 | s 1 17 | a5 5 P52 T 30

* The total NumMbers of tested spacies may not ba the s3ame as the sum of tng Rumber of 3pcties from each handal ype becayss & spe:
CIES My OCCUDY MOTE than DRE habitsl.

® Dran aguatic life critena gocument, U.§, Eaw Lal Proteciion Agency, Ollice of Water Regulations and Standards. Critenia ang
Stangargs gvision, Wastungton, D.C. :
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Figure 32.—Comparison of LCsy or ECso acule values for
the most sensitive benthic (abscissa) and water column
lordinate) species for chemicals listed in Yable 5. Benthic
species are defined as infaunal species (habitat types 3
and 2, left panal) or infaunal and epibenthic spncies {habi-
tat types i-4); sea Table 6.

tion of benthic species in the overall species sensitiv-
ity distribution, For each chemical in either fresh or
salt water, one can examine the distribution of ben-
thic species in a rank-ordering of all the species’
LCsos. If benthic species were relatively insensitive,
then they would predominate in ranking among the
larger LCso concentrations. Equal sensitivilty would
be indicated by a u' 'orm distribution of species
within the overall ranaung. Figure 33 presents the re.
sults for tests of nickel in salt water. The LCsos are
plotted in rank order, and the benthic species are in.
dicated. Infaunal species are among the most tolerant
(left panet), whereas infaunal and epibenthic species
are uniformly distributed among the species (right
panel),

Sediment Quality Criterla Using Equilibrium Pantitioning

Tabte 85.—Habitat classification system for. fe stages of
organisms.

HABITAT
TYRE DESCRIPTION

Lite stages thet by bt 0 the & &Nt AND whose
1. | fo00 CONSISTA MORtY OF gocHment or o/gamams hving tn
N SeOHMEnY: int 1 nonbitar 1eeders.

Life stages thal usuatly hve i the sedrmant and whose
2 1000 Contibts MOEtly of plankton and/or suspanasd
arganic matter futergd Hom the waler column: infaunat
fiiter foeders,

; Life stages that ususity tive o0 Ine surf lace of segment
3 i and whose food consisis mostly of orgamc mattas i
l sediments end/or organisms Invang in of on the sediment:
bottom §

Lo stages that usually ive on the surface of seciment
4 end whase food iy mostly from the water column,

.| incluthng suspenced detrdus. plankion, and Larger prey:
+ @ptbenthuc water Columb fgeders.

Life stages that ysuatly hve ir ihe water column angd
5 whose food congists mostly of argamsms that ive o0 of
in 1ne geciment.

Lile stages that usudily v in Bng cbian thesr food from,
he water colmn Dot hbve stight intersction with

6 sediment bRCause they Occasionally rest or sit on the
sad angfor 1y cONsUME Orgs that
live 1 Or On the Sediment,

Life stages INAT lve in 07 DN SUCH RO/ gaRE SUDBIIALAS A%
7 $4nd, tock, and gravel. but nave neghigidte conlact with
SEQIMENt CONtAININE OrganIC ¢arbon,

Lite stages that have negugible interactiong with
sedimant becsuse they $pond asaontially &ll thaw time in
8 the waler Column and rrely CONsUMS Sgamams  direct

conLatt with the Sediment: thst s fouling prgenams on
plings. ships, 8nd £0 0f, NG 200RIBNINON, PIBEY fish,
and 36 on,

This companson can be done chemical by
chemical. However, to make the analysis more ro-
bust, the LCso data for each chemical-water type can
be normalized to zere log mean and unit Jog variance
as follows: .

‘ - {33
Lcmn‘l_‘_logLCsmp W {33)

L/}

where i indexes the chemical-water type, p; is the log
mean and si is the log standard deviation, j indexes
the LCs0s within the ith class, and LCsw, is the not-
malized LCso. This places all the LCs04 from each set
of chemical-water type on the same footing. Thus,
the data can now be combined and the uniformity of
representation of benthic species can be examined in
the combined data set.

The comparison {5 made in Figure 34. If the
sensitivity of benthic species is not unique. then a
constant percentage of benthic spedes-normalized
LCsos, indicated by the dashed line, should be repre.
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sented in each 10-petcentile (decile) interval of data
for all species, That is, the 10 vectangles in each histo-
gram should be identical in height. The infaunal
specie: -top panel) display a tendency to be under-
represented in the lowest deciles. However, the in-

* {aunal and epibenthic species {pollom paneis) more

closely follow this idealized distribution. Infaunat
and epibenthic freshwater species are nearly uni-
formly distributed, whereas the saltwater benthic
species are somewhat underrepresented in the
lowest ranks.

Given the limitations of these data, they ap-
pear to indicate that, except for possibly freshivater
infaunal species, benthic species are not uniquely
sensitive or insensitive and that SQC derived by us-
ing the FCV should protect benthic spedes.

Benthic Community Colonization
Experiments
Toxicity tests that determine the effects of chemicals

on the colonization of communities of benthic salt-
water species [68.74] appear to be pasticularly sensi-

_Hve at measuring the impacts of chemnicals on benthic

organisms. This {s probably because the experiment
exposes the most sensitive life stages of a wide vari-
ety of benthic saltwater species, and they are exposed
for a su‘ ient duration to maximize fesponse. The
test typiaily includes three concentrations of a
chemical and a control, each with 6 to 10 replicates.
The test chemical is added to inflowing ambient
seawater containing plankionic larvae and other life
stages of marine orge 1sms that can settle an clean
sand in each replicate aquarium. The test typically
lasts from two to four months, and the number of
species and individuals in aquaria receiving the
chemical are enumerated and compared to controls.

If this test is extremely sensitive and if con-
centrations in interstitial water, overlying water, and
the sediment particles reach equilibrium, then the ef-
fect and no-cffect concentrations from this test can be
compared with the FCV from the saliwater WQC
documents to examine the applicability of WQC to
protect benthic organisms. An FCV is the concentra-
tion, derived from acute and chronic loxicity dats,
that is predicted to prolect organisms from chronic
effects of a chemical [8]. In addition, similarities in
sensitivities of taxa tested as individual species and
in the colonization experiment can indicate whether
the conclusion of similarity o sensitivities of benthic
and water column species is rcasonable,

The benthic colonization experiment is con-
sistent with the assumptions used to detive 5QC. The
initially clean sandy sediment will rapidlv equili-
brate with the inflowing overlying water chemical
concentration as the pore water concentrations reach
the overlying water concentration. The production of

sedimentary organic matter should be siow enough
to permil its equilibration as well. As a consequence,
the organisms will be exposed to an equilibrium sys.
tem with a unique chemical potential. Thus, the as-
sumption of the EqP is met by this design. In
addition, the experimental design guarantees that
the interstitial water.sediment-overlying water {s at
the chemical polential of the overlying water. Hence
there is a direct correspondence between the expo-
sure in the colonization experiment and the water-
only exposures from which WQC ave derived,
namely, the overlying water chemical concentration.
This allows a direct comparison.

Water Quality Criteria (WQC)
Concentrations Versus Colonlzation
Experiments

Comparison of the concentrations of six chemicals
that had the lowest-observable.effect concentration
{LOEC) and the no-observable-effect concentration
{NOEQC) on benthic colonization with the FCVs either
published in saltwater portions of WQC documents
or estimated from available toxicity data (Table &)
suggests that the level of protection afforded by
WQC to benthic organisis is appropriate. The FCV
should be lower than the LOEC and larpcer than the
NOEC. '

The FCV from the WQC document for pen-
tachlorophenol of 7.9 g /L, is less than the LOEC for
colonization of 16.0 ug/L. The NOEC of 7.0 ug/L is
less than the FCV. Although no FCV is available for
Araclor 1254, the lowest concentration causing no ef-
fects on the shcezshead minnow (Cyprinodon vari-
egatus) and pink shrimp (Penaeus duorarum) as
cited in the WQC document is zbom 0.1 ug/L. This
concentration is less than the LOEC of 0.6 ug/L and
is similar to the NOEC of 0.1 ug/L based on a nomi-
nal concentration in a colonization experiment. The
lowest concentration tested with chlorpyrifos (0.1
ug/L) and fenvalerate (0.01 ug/L) affected coloniza-
tion of benthic species, Both values are greater than
either the FCV estimated for chiorpyrifos (0.005
ug/L} or the FCV estimated from acute and chronic
effects data for fenvalerate (0.002 pg/L). The draft
water quality criteria documemt for 1,2.4-trichlo-
robenzene suggests that the FCV should be 50.0
ug/L. This value is slightly above the LOEC from a
colopization experiment (40.0 pg/L) suggesting that
the criterion might be somewhat underprotective for
benthic species. Finally, a colonization experiment
with toxaphene provides the only evidence from
these tests that the FCV might be overprotective for
benthic speties; the FCV is 02 ug/L versus the
NOEC for colonization of 0.8 ug/L.

The taxa most sensitive to chemicals, as indi-
cated by their LCsps and the results of colonization
experiments, are generally similag although, as

19782




Scdiment Quality Criterla Using Equilibrium Partitiontng

Table 6. —~Compariscn of WQC FCVs and concentrations aflecting (LOEC) and not affectng (NOEC)

benhic colonization,
" COLONIZATION |
AUASTANCE VERSUSFCVE | CONS. g/l SENSITIVE TAXA REFERENCE
Colonization LOEC  :  16.0 Maliuscs. Abungance 69.70] )
PENTAGHLOROPHENOL eV " 7.9 Mollyscs, Crustaces, Fisn -
* Colonlization NOEC 1.0 -
Colordzalion LOEC ;0.6 Crustaces (734 -
EstimMled FCV 0.1 Ciustacea. Fish (68| -
AROGLOR 1284 Colonization NOEC 0.1 - i
Colonitation LOEC ! 0.1 Crystacea, Molluscs, species nchness | 12 H
Fev I 0.005 | Crestacea :
CHLORPYRIFOS Colonitation NOEC - - \
Colomeation LOEC | 0.01 | Crustacea, Chordates 173
Estimated FCV I 0002 |cuswces
FEHVALERATE P —— - N
Estimsleg FCV . 50. Grustaces, Fish - - i14) -
Colonizatgn LOEC  40. Molluscs, sbyndance R
1.2, 4TRICHLORODENZENED N S
Colontzation NQEC ! - - SR - .
- Colonization LOEC  : 11D, Cruslacea. specres nchness C68] : : J
ColomistonNOEC ! 0.8 |- ! ; A
TEXAPHENE FCV ! 0.2 i Crutiscea. hsh ! g

*gix gay exposure (o es1ebiished benthie community

might be expected, differences occur. Both the WQC sitive than the most sensitive water column (epiben-

documents and the colonization experiments suggest
that crustacea are most sensitive to Aroclor 1254,
chlorpyrifos, fenvalerate, and toxaphene. Coloniza-
tion experiments indicated that molluscs are particu-
larly sensitive to three chemicals, an observation
noted only for pentachlorophenol in WQC docu-
ments. Fisﬁ, which are not tested in colonization ex-
periments, are particularly sensitive lo four of the six
chemicals,

Conclusions

Comparative toxicological data on the acute and
chronic sensitivities of freshwater and saltwater ben-
thic species in the ambient WQC documents are lim-
ited. Acule wvalues are available for only 34
{reshwater infaunal species from four phyia and only
28 saltwater infaunnrspecies from five phyla. Only
seven [reshwater Infaunal species and 24 freshwater
epibenthic species have been tested with five or more
of the 40 WQC chemicals. Similarly, ninc saltwater
infaunal species and 20 epibenthic species have been
tested with five or more of the 30 substances for
which saltwater criteria are available.

In spite of the paucity of acute toxicity data on
benthic species, available data suggest that benthic
specles are not uniquely sensitive and that SQC can
be derived from WQC. The data suggest that the
most sensitive infaunal species are typically less sen.

thic and water column) species. When both infaunal
and epibenthic species are classed as benthic, the sen-
sitivities of benthic and water column species are
similar, on average. Frequency distributions of the
sensitivilies of all species to all chemicals indicate
that infaunal species may be relatively insensitive
but that infaunal and epibenthic species appear al-
most evenly distributed among both sensitive and in-
sensitive species overall,

Finally, in experiments to determine the ef-
fects of chemicals on colonization of benthic saltwa-
ter organisms, concentrations affecting colonization
were generally greater, and concentrations not affect-
ing colonizalion were gencrally lower, than esti-
mated or actual saltwarer WQC FCVs.

GENERATION OF SQC

Parameter Values
The equation from which SQC are calculated is

5QC0c = KocFCV =34
{see Eqns. 2 to 7 and associated text). Hence, the 5QC
concentration depends only on these two parame-
ters. The Ko of the chemical is calculated from the
Kow of the chemical via the regression Equation 11,
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The reliability of SQCoc uepends directly on the reli-
abllity ¢. Kow. For most chemicals of interest, lhe
avallable Kows (e.g. [75]) are highly variable—a
range 0 wo orders of magnitude is not unusual.
Therefore the measurement methods and /or estima-
+ tion methodologies used to oblain each estimate
must be critically evaluated to ensure their validity.
The technology for measuring Kow has improved in
recent years. For example, the generator column [76]
and the slow stirring [73] method appear to give
comparable results, whereas earlier methods pro-
duced wmore variable results. Hence, it is recom-
mended that literature val o3 for Kows not be used
unless they have been m-  ured using the newer
techniques,

Measure ment of Kow -

The Kow i3 defined as the ratio of the equilibrium
concentrations of a dissolved substance in 8 system
consisting of n.octanol and water and is ideally de-
peadent only on temperature and pressure:

Kow = Cocr/Cw "~ {35)

where Cocy is the concentration of the substance in
n-octanol and Cw is the concentration of the sub-
- stance in water. The Kaw is frequently reported in the
form of its logarithm to base ten as log P

At the EPA Environmental Research Labora-
tory (ERL) at Athens, Georgia, three methods were
selected for measurement and one for estimation of
Kow for the five chemicals for which 5QC are being
developed. The measurement methods were shake-
centrifugation {5C), generator column {GC), and
slow-stir-flask (S5F). The estimations were made us-
ing the computer expert system SPARC. The discus-
sion of these methods is adapted from ERL at Athens
research protocols.

The ST method {78] is routinely used to meas-
ure the parlition‘ﬂlzg of compounds with Kow values
on the order of 10° 1o 10”. The method Involves add-
ing & layer of octano] containing the compound of in-
terest onto the surface of the water contained in a
centrifuge tube. Both phases were mutually presatu.
rated before beginning the measucements. Equilibra-
tion is established by gentle agitation and any
emulsions formed are broken by centrifugation. The
concentration in each phase is determined, usually
b a chromatographic method, and the Kow value
calculated using Equation 35.

_ The original GC method, limited to com.
pounds with Kow values of less than 10%, was modi-
fied {76] and used to determine Kaw values up to 10°.
Brieily, the method requires the packing of a 24-em
length of tubing with silanized Chromosorb W. Oc.
tanol, containing the chemical in a known concentra.

tion, is then pulled through the dry support by gentle

:<tion until the octanol appears at the exit of the col-
- Water is then pumped through the column at &
rate of less than 2 ml per minute to allow equilibra-
tion of the chemical between the octanol and water.
The first 100 mL are discarded followed by collection
of an amount of water sufficient to determine the
chemical concentration=The Kow is calculated using
Equation 35.

The S5F method {77} achieves equilibrium of
the compound between octanol and water by a gen-
tle stirring of the phases contained in a six-iter flask,
One liter aliquots of the aqueous phase are with-
drawn at two-day intervals and the concentration of
the chemical determined. Equlilibrium is considered
to "¢ established when the concentration of the
chemical is constant in successive samples (usually
after two to six days}. The procedure is to set up three
she-liter flasks in a constant temperature room. Five
liter- of water are adaed to each flask and the water
is s.rred with teflon-coated magnetic stir bars over-
night to achieve temperatute equilibration, The tem.
perature equilibrated octanol is added very gently

“along the side wall to avoid mixing of the two

phases. At the time of sampling, a one-liter aqueous
sample is drained from a sampling port a1 the base of
the flask without disturbing the octanol layer. The
<oncentration in each phase is determined, usually
by a chromatographic method, and the Kow value
<calculated using Equation 35.

When repetitive measures were made in the
Athens laboratery, a protocol was established to as-
sure compatibility with future experiments. These
protocols described the entire experimental scheme
including planning, sample requirements, experi-
mental set up and chemical analysis, handling of
data, and quality assurance. Only established ana-
iytical methods for solute concentration measure.
ment were applied and the purity and identity of the

chemical was determined by spectroscopic means. .

The name on the label of the chemical’s container
was not proof of identity.

Standard reference compounds (SRCs) were
tested with each experiment. SRCs are compounds
that are used as quality assurance standatds and as
references in inter-laboratory generation of data. The
value of the process constant(s) has been established
by repetitive measurements for an SRC and serves as
baseline information for evaluating all experimental
techniques and all aspects of quality assurance. Be-
cause the SRC is taken through the entire experimen-
tal scheme, its acceptable result assures the
experimenter that equipment and measurement
methods are functioning satisfactorily. Table 7 shows
the logioKow values for endrin, dieldrin, acenap-
thene, phenantherene, and flucranthene and the
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Table 7.~Log10How values maasured by shakecentrifugation (SC), Generator column (GC), and
slow-stirflask (SSF) for Endrin, Dieldrin, Acenapthene, Phenanthrene, Fluorahthene and
Concurrently analyzed standard reference compounds.

CHEMICAL ! s T o0 I o
ENDRIM 4.65 . 4.87 4.88
491 : 5.01 4,59
4.1¢ ! 4,73 4.97
a.16 j 4.62 4.95
4.84 : 5.0 .02
4.93 ' 5,28 4.82
484 '. 5.04
4.83 : 491
! 5.07
: J 4.93
: P 4.96
' : 4.78
DIELORIN 5.04 ) 4.89 ! 523
B 5.00 f 4.88 . 5.43
5.04 5.18 1 5.38
5.03 ! 5.18 K 5.33
: 5.04 ! 5.26 5.43
4.88 5.38 H 5.08
4.99 5,67 ! 5.28
5,04 :
ACENAPHTHINE 3.82 4.18 N 3.81
3,84 4.7 . 3.84
3.68 4.16 i 384
3.84 ' 447 .
PHENANTHRENE 4.29 ' a.47 : 4.57
4.25 4.41 4.53
4,33 4.46 : 4,50
4,33 4.24 :
FLUORANTHENE 4.99 5.19 } 4.98
5.00 : 5.35 : 5,02
5.01 ' 5.47 ) 502
5.48 : 5.10
! : 514
! 5.23
BIPHENYL 4.08 ! 1
PYRENE 5.7 i !

Soutee: U.S. EPA Environmental Research Ladoratory, Athens Georga.

SRCs, biphenyl and pyrene, measured at the Athens
laboratory by the SC methods. The SRCs were not
measured by the GC or S5F methods,

The logie of the average of eight previous
measurements of Kow by the shake-centrifugation
method for biphenyl is 4.06. The logio of the average
of 13 previous measurements of Kow by the shake-

centrifugation method for pyrene is 5.17. These aver-
age Kows are in good agreement with the SQC shake-
centrifugation measuremnents for bipheny! and
pyrene made concurrently with the measurements
for the five chemicals providing quality assurance for
the experimental techniques (sce Table 7).
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Literature Kow: An extensive literature search
was performec for the five compounds and two
standard reference compounds, biphenyl and py-
«ene, Generally, problems encountered in compiling
and reponting fate constants from published dats and

- from databases during a several years have ranged

(rom rettieval of misquoted numbers vo solution of
nested citations [79], Some citations were three or
more authors removed from the original work or
contained data referenced as unpublished data or as
personal communication. 'The same problems were
experienced during a ERL, Athens literature search.
The largest difference in misquoting numbers was six
orders of magnitude. For these reasons, ERL ob-
tained data from the primary sources and released
values only from these primary sources. Unpub-
lished data or data that originated through personal
communication were rejected as well as data that
were {nsufficiently documented to determine their
credibility and applicability or reliability.

Tables 8 and 9 show the measured and esti-

- mated log1oKew values, respectively, retrieved by this

literature search, Each of the measured values was
experimentally determined by the researcher using
one of several laboratory methods. The individual
experimental methods are not identified here. The es-
timated literature values were computed by the re.
searchers by one of several published techniques.
The individual computational techniques also ate not
identified here,

Estfmated Kow. A promising new computa-
tional method for predicting reactivity is the com-
puter expert system SPARC (SPARC Performs
Automaled Reasoning in Chemistry) being devel-
oped by ERL's Samuel W, Karickhoff and scientists at
the University of Georgia [106], The system has the
capabllity of crossing chemical boundaries to cover
all organic chemicals and uses algorithms based on
fundamental chemical structural theory to estimate
parameters. Organic chemists have in the past estab-
lished the types of structural groups ar atomic amays
that impart certain types of reactivity and have de-
scribed, in “mechanistic” terms, the effects on reac-
tivity of the structural constituents appended to the
site of reaction. :

To encode this knowledge base, Karickhoff
and his associates developed a classification scheme
that defines the role of structural constituents in af-
fecting or modifying reactivity. SPARC quantifies re-
activity by classifying molecular structures and
selecting appropriate “mechanistic” models-It uses
an approach that combines principles of quantitative
structure-activity relationships, linear tree energy the-
ory {LFET), and perturbed molecular orbital (PMO)
or quantum chemistry theory. in general, SPARC uses
LFET to compute thermal properties and PMO theory
to describe quantum effects such o~ detocalization en-
ergies or polarizabilities of pi electrons,

Sediment Quallty, Criterla Using Equilibrium Partitioning .

Table 8.~Measured {0810How values found in the
literature.

CHEMICAL | Leo10KOW VALUE | REFERENTE
ENDRIN a.40 {80l
442 181
5.01 {82}
5.195 I
DIELDRIN; 4,08 1811
; 4.84 {83)
! 4.68 (84]
I 5.401 [77)
Y 1a8)
Acsuamm_ii 292 186}
PHENANTHRENE 1.28 (671
N 4,46 188}
! . 4.562 (LA
i 4,57 17B)
! 4.83 (as}
FLUORANTHENE! 5.158 ir7)
BIPAENYL; 3.16 (Y]
! 263 84)
; 375 193)
i am 192)
- am 180)
I ae9 L
{ 4008 T
. 401 182)
4.0 {es)
P a09 (84]
| 4,10 189)
PYRENE 4,96 (80}
5,05 {84}
5.00 193)
: 5.18 [r8y
] 522 (89
5.52 {94)

SPARC comp.utes Kow values from activity co-
efficients in the octanol (~1o) and water (~1w) phases
using Equation 36:

LogioKaw = l0gte(~Las ~ 1o} + logrolMo/ My} {36}

where Mo and Muw are solvent molecutarities of oc-
tanol and water, respectively. SPARC compules activ-
ily coefficients for any solvent/solute pair for which
the structure parser can process the structure codes.
Ultimately, any solvent/solute combination can be
addressed, New solvents can be added as easily as
solutes by simply providing a Simplified Molecular
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Tabis 5.—Esumated iog10Hew velues found in the
literature, )

cHEMIAL [ 10020K0w VAL AEFERENCE

ENDRIN 3.54 95 -
5.6 198)
DIELDAIN 3.64 {05)
ACENAPTHENE 2.70 1981
3.92 197
3.58 (95)
4.03 198)
4.15 (99]
4.22 {100)
4,33 {101)
.43 [102}
PHENANTHRENE 444 (100)
4,45 (95
4.63 (99}
_ 484 - {96
" FLUORANTHENE, 4.90 (951

U3, EPA, Grapmcar

4.85 Expogure Modeting

System [GEMS)

5,22 198]
5.29 199)
5.33 i 1103
BIPHENYL 3.79 [96]
2.85 (o7
3.98 {100
4,14 (o9}
4.25 (103)
! 4.42 {103]
mmu" 4.50 [104]
4,85 1400Y
4,88 {105}
4.90 195}
8,12 {95j
5,22 196}
5.32 {103

* Yhe Graphical Exposure Modeimg System (GEMS) Is an inter-
achwe computer systern focated on the VAX Ciuster in the No-
{ronat Computer Center 1n Resealth Tnzngle Park, North
Caroling, under management of EPA's Office of Toxie Sub-
stonces. PC GEMS Is the version for personal computers,

Interactive Linear Entry System (SMILES) string (107,
108}, Activity coefficients for either solvent or solute
are computed by solvation models that are built from
structural conslituents requiring no data besides the
structures,

A goal for SPARC is to comptite a value that is
as accurate as a value obtained experimentally for a
{raction of the cost required to measure it. Because

Sediment Quality Criterla Using Equitibrivm Partitioning

SPARC does not depend on laborz'ory operations
conducted on compourids with structures closely re-
tated to thai of the solute of interest, it does not have
the inherent problems of phase separation encoun-
tered in measuring highly hydrophobic compounds
{log1oKow > 5). For these compounds, SPARC's com-
puted value should, ther2fore, be more reliable than
a measured one. Reliable experimental data with
good documentation are still necessary, howaver, for
further testing and validation of SPARC,

CLOGP [109] is a computerized program thal
estimates the logioKow. based on Leo's Fragment
Constant Method [105], CLOGP provides an estimate
of logioKow using fragment constants {fi) and siruc-
tural factors (Fi) that have been empirically derived
for many molecular groups. The estimated logipKow
is cbtained from the sum of constants and factors for
each of the molecular subgroups comprising the
molecule using Equation 37.

LogioKaw= E {fi + Fi} -
i=]

The method assumes that logioKow is a linear addi-
tive function of the structure of the solute and is con-
stituent parts and that the most important structural
effects are described by available factors. The struc-
ture of the compound is specified using the SMILES
notation. The CLOGP algoerithm is included in the
database QSAR (see Table 10) located at EPA’s Epvi-
ronmentai Research Laboratory at Duluth, Minne-
sota. All CLOGP values reported here were obtained
through QSAR. Table 10 shows the estimated
logioKow values that were computed with SPARC
and CLOGP. :

Talle 10.—QSAR *obiginad LogigHow values estimsted
by SPARC and CLOGP

CHEMICAL ! SPARG cuHap
ENDRIN 5.40 ! -
oI 5.40 ! -
ACENAPTHENE 368 Vo eor
PHENANTHRENE 458, | a4
FLUDRANTHENE 531 ¢ 4.95
BIPHENYL a3 ! a0
PYRENE 513 Vo ass

*Quantiative Structure-Acteaty Retstionsips (35AR) 18 ann-
teractve chanhical database and hazard styessment sysiem
designed to provide Dasic information for the evatustion of
he fate and gifects of chamicals (n the erwtonmant. QSAR
was developed jointly by the U.5. £PA Enwignmenta! Re-
search Laboratary, Quiuth, Minnggola, Montana State Unwer
Sity Center for Data System and Anatysis, and \ho Pomone
Cohiege Modicinal Chamisiry Project.
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Kow Selection, Investigators selected S5F de-
rived Kow values to derive the Koc to calculate SQC
concentrations because S5F is the superior method
for chemicals with low and high Kow values, has the
least statisticat bias, and is highly.reproducible. Use

+of values from one method provides consistency
across chemicals, This choice was made after an
analysis of the Kew values generated by the three
measurement methods discussed above (GC, SC, and
SSF) and the SPARC estimation method for the five
chemicals for whirk 5QC are currently being devel-
oped (acenaphthene, dieldrin, endrin, fluoranthene,
and phenanthrene). Kows were measured with repeat
experiments and a mean Kow was compated for each
method, for each chemical (Table 11).
The mean measured Kows and the SPARC esti-
matio. nethod provide similar Kow estimates. To se-
lect a tnal Kow for computing the SQC, the four
methods were compared and the bias of each ntethod
were quantified. (Bias is defined as the mean differ-
ence botween the best-(it estimate of Kow using all
four methods and the estimates from vach method.)
Figure 35 presénts the mean rmeasured Kows for cach
chemical and the range of values. 5C tends to estimate
- lower values while the GC method estimates higher

values. GC values exhiblt greater variability than the
SC and S5F values, 55F estimates of Kows wete gener-
ally within the range of the 5C and GC methods.

A statistical analysis of the three measure-
ment methods and SPARC method was performed.
The following linear model was used to compute es-
timates of Kow for each chemical {represented by E1,
E2, E3, E4, E5) and the biases contributed by each of
the estimation methods (represented by B1, B2, B3,
B4). The regression model is as foilows:

togiotow & €1 ® Endrin
€2 * Dieidiin &
E3 * Acenaphthene +
€5 * Flupranthene +

B1 * Shake Centrilugetion +
B2 = Qenarator Column +
B3 * Slow-5tir-Flask

B4 = SPARC

Scdiment Quality Criteria Using Equilibrium Partitloning

To compute log10Kow the variables, ENDRIN,
.++ SPARC, are set to either 0 or 1 and the appropriate
coefficient for the themical and method that corre-
sponds to the panticular Kow measurenfent or esti-
male is selected, Table 12 presents the model Kow
results and bias contributed by eath method. Shake
centrifugation and SPARC estimates provide the
greatest bias, followed by the generalor column :
method, Slow-stir-flask provides the least bias. Slow. | k-
stir-flask was chosen as the methad to use to deter- A
mine Kow for use in computing 5QC since it appears
to have the least bias. In addilion, it exhibits simitar
variability te the shake centrifugation method and
less variability than the generator column method.

Table 12.==Model results to determing method biag

COEFRICIENT | ESTIMATE OF Kow ORGIAS FOR | VALUE

£t ! £n0nn ' 488
E2 i Dieignn i 517
€3 [ Acenapnthene ! .04 R
€4 } Phenanthrane ! 4.40 '
—— B
€5 ! Figorantnene Uear .
T .
! B
P
o1 ! Shake Cennfugation ! 115 .
B2 E Gengratos Column ‘ 0.091
83 I stowaur rask ! go40
g4 | spare 0.193

Koc Determinntion. The previous section dis.
cusses selecting the method for measuring Kows for
use in computing 5QC. It is widely accepted that Kocs
can be estimated {rom Kow. The Koc used to calculate
the sediment quality criteria is based on the regres.
sion of log10Kae to logioKow, Equation 11,

Table 11.—#z a3 measured by the EPA Enviranmental Laboratory 8t Athens, GA.

LegaoKow (HUMBER OF SETERMINATIONS)

CHEMIBAL SHAKE CENTAIFIGATION I

QENERATOR COLUMN | SLOW $TIR FLASK

4.6018)

4.97 (6) 4.92 (12

DIELORIN 5.01(8)

S.184N $.34(7)

ACENAPHTHENE 3.85{q

417 14 3.8313)

© PHEHANTHRENE

4.30 (4)

4.40 44} 454 (3)

FLUORANTHENE 5.00(3)

5.39 {4) ! - 5.0916)
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LOG 10 Kow

ACENAMTHOE  ENDRN

PHENANTHRENE DELDRN . FLUORANTHRIE

Figure 3B.—Laboratary /oy values for five chemicals using three expenmental methods with replication. Ko values were

measured at the Environmental Research Laboratory, Athens. GA, For each chemical the average of the methods is indicated

‘by 0 for shake centrifugation, [ or slow stir flask and <> far gensratar column, Ranges are indscated by 1.

This equation is based on any analysis of an
extensive body of experimental data for a wide range
of compound types and experimental conditions,
thus encompassing a wide range of Kows and focs.

Secliment toxicity tests provide a favorable
environment for measuring Kow. Figures 24 and 25
presented plots of the organic carbon-normatized sorp-
tion isotherm from sediment toxicity tests for the five
chemicals where the sediment concentration (ug/g ac)
is plotted versus pore water concentration (pg/L).
Also {ncluded in each panel is the line to the parti-
tion, Equation 16, where Koc is computed from the
slow-stir flask Kow values. These plots can be used to
compare the Koc computed from laboratory deter-
mined Kow and the regression equation with the par-
titioning behavior of the ¢hemical in the sedimenmt
toxicity tests. For each of the chemicals the Ko line is
in agreement with the data demonstrating the valid-
ity of the use of the slow-stir Rask Kow in the SQC
computation,

 Specles Sensitlvity

The FCV s used as the appropriate end point for the
protection of benthic organisms. Therefare, its appii-
cability to benthic species for each chemical should
be verified. The previous work has indicated that this
i5 a reasonable assumption across all criteria chemi-
cals. To test this assumption for a particular chemical
a statistical method known as Approximate Ran-
domization {110] is applied to each chemical. The
idea is to test whether the difference between the §i-
nal acute value (FAV) derived from considering only

benthic organisms is statistically different from the

FAV contained in the Water Quality Criteria (WQC).

The Approximate Randomization method
tests the significance level of the test statistic by com-
paring it to the distribution of statistics generated
{rom many random reorderings of the LCso values.
For example, the test statistic in this case is the differ-
ence between the WQC FAV, computed from the
WQC LCsp values, and the benthic FAV, compuled
from the benthic organism LCso values. Note that the
venthic organism LCso values are a subset of the
WQC LCso values, In the Approximate Randomiza-
tion method for this test, the number of data points
coinciding with the number of benthic organisms are
selected from the WQUC data set. A “benthic” FAV is
computed. The original WQC FAV and the “benthic”
FAV are then used to compule the difference statis-
tics. This is done many limes and the distribution
that results is representative of the population of FAV
difference statistics, The test statistic is compared to
this distribution to determine its level of signilicance.

For each chemical, an initial test of the differ-
ence between the freshwater and saltwater FAVs for
all species (water column and benthic} is performed.
The probability distribution of the FAV differences
for flucranthene are shown in the top panel of Figure
37. The horizontal line that crosses the distribution is
the test statistic computed from the original WQC
and benthic FAVS. For fluoranthene, the test statistic
falls at the 78th percentile. Since the probability is
less than 95 percent, the hypothesis of ne significant
difierence in sensitivity is accepted.
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Since frashwater and saltwater species show
similar sensitivity, a test of difference in sensitivity
for benthic and WQC organisms combining freshwa-
ter and saltwater species can be made. The bottom

_panel of Figure 36 represents the bootstrap analysis
fo test the hypothesis of no difference in sensitivity
between benthic and WQC organisms for flucran.
thene. The test statistic for this analysis falls at the
74th percentile and the hypothesis of no difference in
sensitivity is accepted.

Table 13 presents the Approximate Randomi-
zation analysis for five chemicals for which SQC
dotuments are being devetoped. Four chemicals,
{acenaphthene, phapanthrene, fluoranthene and
dieldrin) indicate that there is no dilference in sensi-
Hvity for freshwater and saltwater species. The test
for endrin fails at the 99 percentile which indicates
that FAVs for freshwater and saltwater are different.
Therclore, separate analyses for the freshwater and

saltwater organisms are performed.

’ Table 14 presents the results of the statistical

analysis for each chemical for benthic organisms and

" WQC organisms. In all cases the hypothesis of no differ-

ence in sensitivity is accepted. Therefore, for each indi-
vidual chemical the WQC is accepied as the appropriate
effects concentrations for benthic organisms.

Quantification of Uncertainty
Assoclated with SQC

The uncertainty in the SQC can be eslimated from
the degree to which the equilibrium partitioning
model, which is the basis far the criteria, can rational-
fze the available sediment toxicity data. The EqP
model asserts that (1} the bioavailability of nonionic
organic chemicals from sediments is equal on an or-
ganic carbon basis; and (2) that the effects concentra-
tion in sediment ¢an be estimated from the product
of the effects concentration from water-only expo-
sures and the partition coefficient Koc. The uncer-
tainty associated with the sediment quality criteria
can be obtained from a quantitative estimate of the
degree to which the available data support these
assertions.

Sediment Quatity Criteria Using Equilibrium Partitioning
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Figure 36.—Probability distributions of rangomly generated
ditffetences between sallwater FAVS ang freshwater FAVs
(top pane!) and randomly generated ‘ferences between
WQC FAVe and benthic FAYs {botlom anel} using the Ap-
praximate Randomization method. Horizontal tine n both
panels indicates the test stalistie wingh i the FAV oif fer-
ance from onginal LCso data sels.

The data used in the uncertainty analysis are
the water-only and sediment toxicity tests that have
been conducted in surpor! of the sediment criteria
development effort. A listing of the data sources used
in the EqP uncertainty analysis is presented in Table
15, These freshwater and sa%wa_ter tests span a range
of hemicals and organisms; they include both water.
only and sediment exposures, and they are replicated
within each chemical-organism-exposure media

Table 13.—Approximate randomization enalysis freshwater versus sattwater organisms.

HUMBER ' FINAL ACUTE VAWE {FAV)

CHEMOAL SALTWATER | FRESWWATER | SAUTWATER |FRESWWAYER] ~ OWF | .
EHORIN 10 ! a5 I vo3 I o1e9 ! 0156 | 9
DIEDRIN a ! 19 I ose2 03 ' o308 |
e — BN 0 1 10 BN 139.05 | 8001 @ spoa | :;

N 1
PHENANTHRENE n ! 8 P oaes ! s2.3 | 4302 13
FLUORANTHENE g ! 12 " 1620 1 2358 | 17.a8 e
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Table 14.~Approximate randomization anatysis benthic versus WQC organiams,

. KUMBER ! FINAL ACUTE VALUE (FAV)
; - l WATER COL s | ! waren covs ‘ ! g
CHEMICAL 1 WATER TYPlL BENTHIC - SENTHIC . BENTHIC BENTHI i DiFE ! %
ENDRIN | fraen s ! =an | oaee 234 0085 | 7
1 H : L
H |
ENDRIN ' san 19 ¢+ 12 b poss o021 o010 ! ee
) : . .
1 Y
DIELDAIN ' Combinen o ! 2 I osn 0.532 009 ! 72
T 1 :
ACEHAPHTHENE T Combined 20 i 1w | o iag ! as3a |t
- 1
PHEHAHTHRIENE | compinea 19 12 E 26.62 1927 135 ! oeo
L
PLUORANTHENE F combinas 20 1 | e 3427 268 | 7a
Tabile 15,~Data for uncertainty analysis number of rephcates/foc,
ENDRIN ome | mvom | Acewar | acewas ! PHEN I eeen
Hy Ay X Re : Le Eo i Le Eo
37y i ) 1 4 4. : 4/ a.
2/41% LN 2448% 2/1.6% wim b 2710% 2/1.0%
4711% &/29% . 2730% | 2/25% 2/28% . 2/2.5% 2/2.5%
3/3.0% a/87% . as48% | 2/36M T 2/3.6% 2/2.3%
3/6.1% : ; | ' ‘
3711% ‘ : | f J
Hy = Hyalslis Ra = Rhapoxynlus Le = Leptochelive Ec = Echaustonivs ]

Data sourcos: enann (20, 21, 52, dieidnn {53) Nuoranthene (19}, acenaphinene {56) phenaninrene |56).

treatment. These data are analyzed using an analysis
of variance (ANOVA) to estimate the uncertainty
(i.e., the variance) assoclated with varying the expo-
sure media and the uncertainty associated with ex-
perimental error. If the EqP model were perfect, then
there would be only experimental error. Therefore,
the uncertainty associated with the use of EqP is the
variance associated with varying exposure media.

Sediment and water only LCsos are computed
from the sediment and wateér-only toxicity tests. The
EqP model can be used to narmalize the datain order
to put it an a common basis. The LCso from water-
only exposuras, LCsow (ng/L}, is related to the LCso
for sediment on an organic carbon basis, LCs0s,0c
{ng/ goc) via the partitioning equation:

LCs0s,0c = Koc LCs0w (3g)

The EqP* model asserts that the toxicity of sedi-
ments expressed on an organic carbon basis equals loxic-
ity in water-only tests multiplied by the Kac. Therefore,
either LCspy,0c (Hg/gOC) from sediment toxicity ex-
periments or Koc x LCsow (ug/ goc), are esimates of
the true LCso for this chemical-organism pait.

In this analysis, the accuracy of Ko is not
treated separately. Any error associated with Koc will
be reflected in the uncertainty attributed 1o varying
the exposure media.

In order to perform an analysis of variance, a
mode! of the random variations is required. As dis-
cussed above, experiments that seck to validate
Equation 38 are subject to various sources of random
variations. A number of chemicals and organisms
have been tested. Each chemical-organism paw was
tested in water-only exposures and in different sedi-
ments. Let « represent the random variation due to
the varying exposure media. Also, each experiment
was teplicated. Let ¢ represent the random variation
due to replication. If the model were perfect, there
would be no random variation other than that result-
ing from the experimental error which is reflected in
the replications. Thus, u represents the uncertainty
dug to the approximations inherent in the mode), and
¢ represents the experimental error. Let au® and o
be the variances of these random variables. Let i in-
dex a specific chemical-organism palz. Let j index the
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exposure media, water-only, or the individual sedi-
ments. Let k index the replication of the experiment.
Then the equation that describes this relationship is

La{L.Caoijk) = pi + & + 1,5k

where  Ln{LCsoppx, are either In{lL.Csow) or
In{LCsopw) corresponding to a water-only or sedi-
ment exposure; ks are the population of In{LCsg} for
chemical-organism pair i. The error structure is as.
sumed to be lognormal which corresponds to assum-
ing that the errors are proportional to the means, for
ex. e, 20 percent; rather than absolute quantities,
for example, 1 mg/L. The statistical problem is to es-
timate wy and the variances og the model error, ao™,

. and the measurement esror, o;". The maximum likeli-
hood method is used to maxe these estimates 109).
The results are shown in Table 16,

Table 18,—Analysis of vanance for danvaton of
critena confidanca Limits.

(39)

dence interval limits, the significance tevel is 1.96 for
normally distributed errors. Thus

I(SQCoclupper » IN{SQCoc) + 1.9605qc (40}

I{SQCoc)lower » It{SQCoc) ~ 1.96a5qc - (41)

The confidence limits are given in Table 17.

Minimum Requirements to
Compute SQC

It has been demonstraied that the computation of
sediment quality criteria for a particular chemical re-
qQuires key parameler values as well as evidenc ¢ that
EqP is applicable for.a particular chemical, Minimum
requirements for these parameters are warranted so
that they provide the level of protection intended by
SQC and that are within the limits of uncettainty sel
forth in this document. This section outlines mini-

“"mum data requirements and guidance for deriving

them. Thas is a necessary step 1o develop reliable pa.

l VALUE rameters to be used in computing SQC. The mini-
SOURCE CF UNCERTAINTY | PARAMETER | (ug/go¢) .mum requirements for an EqP based SC are as
Exposure mede ' e 0.39 follows. o
Replicatron 3 & L * Octancl-Water Parlition Coefficient (Kow)
SeCTuom Qually Critera L _ow i 03 * Finai chronic value (FCV)

DD that D3Qe = Oa o vAHALINLY due {0 EqP

The last line of Table 16 i3 the uncertainty as-
sociated with the SQC, that is, the variance associ-
ated with the exposure media vatiability. The
confidence linits for the SQC are computed using
this uncert. .ty for SQC. For the 95 percent confi-

¢ Sediment Toxicty Tests

Procedures to ensure that these data meet assump-
tions of the EqP approach will also be addressed.
Laboratory octanol-water partition cocfficient.
Kow data developed by the slow stir flask measure:
ment technique is required. This method has been
shown to provide the least amount of variability and

Table 17.—Sedimant quelily critena confidence iimits for five chemicals.

SEOIMENT QUALITY CRITERIA 93% CONROENCE UMITS {1/ Boc)

. : T
- CHEMICAL TYPE OF WATER B0DV u:/c;:‘ ! LOWER UMIT UPPER LIMIT )
- Fresn Water ) 132 ' 615 ' 263
AGERAPRITHE Satt Water f 232 : 103 i 498
o Fresh Water ! 616 ' 290 1,300
FLUDRANTHENE Sat Water : 206 : 140 840
Frash Watar 4 182 : B85 mn
PHEHANTHRENE Satt Water ’ 238 j YR 511
Frash Water ; 422 198 ° 9.06
. ENDRIN San Wates : X' 0354 | 163
: Fresn Water 131 R 5.1 T 238
L DISLOAIN Sah Water 70 4 9.50 = 438
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the least bias when comparisons of Kow estimation
techniques were done for Kows derived for the five
chemicals for which SQC have been developed. A
minimum of three Kow values are required. These
values may be taken from the literature provided

- that methods followed yield a degree of confidence

similar to that provided by the methodology used by
EPA to derive Kow values.

1f slow stirk flask Kow values do not exist then
laboratory experiments must be conducted. Meas.
urements of Kow done at the EPA ERL, Athens, Geor-
gia were presented. At a minimum, these procedures
are recommended. EPA laboratory procedures in-
clude a quaiity assurance and control plan, The plan
includes testing the compound by spectroscopic
means to ensure its identity and purity as well as
running concurrent Kow measurements of reference
compounds which have Kows that have been
verified,

Final chironic value. The FCV is computed as
part of the derivation of the water quality criteria for

" acompound, and is defined as the quotient of the Fi-

nal Acute Value (FAV) and tlie Final Acute-Chronic
Ratio (B). The data required to compute the WQC
FCV are water-only loxicity tests for a variety of or-
ganisms meeting minimum data base requirements.
The FCV computation and minimum database re-
quirements are presented in the EPA document
which describes methods to be used in deriving na-
tional ambient WQC (8).

WQC are based on an assessment of a com-
pound’s acute and chronic toxicity for organisms rep-
resenting a range of sensitivities, most importantly
most sensitive organisms. This is appropriate since
the objective of WQC is to set limits based on the best
estimate of organism sensitivity. The toxicity data
base should therefore include all available data that
meets requitements. That is, a complete search, re-
trieval and revievs for any applicable data must be
conducied, to locate all preexisting taxicity data, For
some compounds a WQC FCV may exist which
would provide a significant amount of toxicity data.
Literature searches are recommended to locate other
sources of loxicity data.

A reevaluation of an already existing FCV is
warranled because data post dating publication of
the national FCV can be incorporated into the FCV
value. Also minlmum database requirements have
changed since some WQC have been published. For
those compounds for which WQC FCVs do not exist,
compiled toxicity data are evaluated to see if mini-
mum data requirements as put forth by EPA {B) are
met. If so an FCV could then be computed. If there is
not enough water only toxicity data to compute an
FCV additional water only tests will be conducted so
that there is enough data to satisfy minimum data-
base tequirements. ‘

Scdiment Quality Criteda Using qu._lll,!_ibrlum Partitioning,

Sediment toxicity test, Verification of applica-
bility of EqP theory is required for each compound.
Sediment toxicity tests can be used for this. These
tests provide a sediment based L.Cso. Comparison of
the EqP predicted LCso with the sediment LCso cone
centration is direct confirmation of the EQP approach.
The validity of EqP is confirmed when the toxicity
test results fall within the limits of uncertainty deter-
mined in this document.

Guidelines for conducting sediment toxicity
tests ensure that the tests are uniform and are de-
signed to incorporae the assumptions of EqP. These
tests must represent 2 tange of organic carbon con-
tent and include organisms that exhibit sensitivity to
the chemical in question. The range of organic carbon
must be no less than a factor of 3 and a factor of 10is
recommended. Organic carbon content shuld be no
less than 02 percent. Replicated toxicity tests for at
least two sediments are required. Organisms to be
used in the sediment toxicity tests are benthic anj.
mals which are most sensitive to the compound in
question. Guidelines on appropriare selection of ben-
thic organisms is given in the American Sodety for
Testing and Materials annual handbook [111].

Several studies are required as part of sedi-
ment toxidt{vlesling, A water-oniy flow through test
is required. Water-only tests are run for five concen-
trations of the compound in question and a control.
The endpoint of interest is the 10-day mortality of the
test species, This value will be compared to the pore
water and sediment mortality from the sediment
spiking tests discussed next.

Two sediment spiking tests are required. The
first test is for the purpose of identifying sediment
spiking concentrations so that pore water concentra.
tions in spiked sediments bracket the LCso deter-
mined in the waler-only test. ln addition, this test is
done to determine the time«to-equilibrium of the
compound between the pore water and sediment.
Sorption equilibrium, and assumption of Equ theory,
is essential for wvalid porewater and sediment
concentrations.

Three spiking treatments are recommended
for this first test: fow, medium and high concentra-
tion. The amount of compound to add to each treat-
ment is calculaled using the initial chemical weight,
the % total organic carbon (TOC), % dry weight and
total volume of spiked sediment. The results are sedi-
ment concentrations that bracket the predicted LCsos
estimated from- the water-only LCso {ng/L) andKoc.
Samples for chemical analyses in bulk sediment and
pore water are collected at various time intervals.
Nominal sediment spike concentrations, measured
sediment TOC and measured and EgP-predicted
compound concentrations in sediments and pore wa-
ters are obtained for cach sample period lo establish
time-to-equilibrium and to verify that spiking pro-
duces the appropriate concentrations in the pore
waler. :
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in the second sediment spiking tests three
sediments representing a range of organic carbon
content are spiked to yield five estimated sediment
concentrations to bracket the predicted sedipent
LCs0. The amount of compunnd for spiking is based
on similar computations as in the first sediment spik-
ing experiment, Each treatment (sediment by concen-
tration) is held for the appropriate lime based on
time to equilibrium established in the first spiking
test. Day { samples are taken for sediment and pore
water analyses. Then organisms are placed in repli-
cated beakers and 10-day sediment toxicity tesls with
the equillbrated spiked sediments are conducted.
Eight replicates for each treatment are requited. Four
replicates are used. for day 10 sediment and pore
water analyses while the remaining four replicates
are used to assess organism mortality.

These experiments provide data to compute
pore water toxic units and sediment toxic units
{Equations 1 and B). The results of these equations
serve as direct comparisons of the predicied toxicity
{Equation | and 8 numerator) to the observed loxic-

-+ ity (Equation 1 and 8 denominator). That is, the va-

lidity of EqP for a chemical is contitmed when the

pore water and sediment toxic units fall within the

limits of uncestainty determined in this document.
Analytical procedures. The piurpose of these

. procedurus is to verify that:

* the WQC FCV applies to benthic organisms

¢ the Koc from the slow stir flask Kow is an
accurate estimate of Kow

A test that the WQC FCV, which is applicable
to the most sensitive waler column organisms, is ap-
plica 1o the most sensitive benthic orgnaisms is
needed for each chemical. In computing SQC tor en.
drin, dieldrin, acenapthene, phenanthrepe and
fluoranthene, the Approximate Randomization test
was applied. This is a statistical test to compare the
WQC toxicity database to benthic organism toxicity.
The methodology is sresented previously. if it is
found that benthic organisms exhibit similar or less
sensitivity to a chemical than those organisms used
to compute WQC, then the WQC FCV can be applied
in computing an SQC. if benthic organisms exhibil a
greater sensitivity than the WQC orgnaisms then tox-
icity experiments for “enthic organisms are required.

A check on the laboratory Koc must be done
by comparing it to the Koc computed from sediment
toxizity tests. Pore water and sediment concentra-
tions from the sediment toxicity test provide data
necessary to compute Koc. This Koc is then compared
to the Ko: from the slow stir flask Kow.

Lastly, when a site’s sediments are being stud-
ied  check to show that the SQC applies to the site ic
nevaed. National $QC may be under or over protec.

Sediment Quality Criterla Using Equilinrium Partltioning

tive if 1) the species at the site are more or less sensi-
tive than those included in the data'set used to derive
5QC or 2) the sediment quality characteristics of the
site alter the bicavailability predicted by EqP and, -
timately, the predicled toxicity of the sediment
bound chemical. Therefore, it Is appropriare that site-
specific guidelines procedures address each of these
conditions separately, as well as jointly. Methods to
determine the applicability of national SQC to a site
and to determine site specific SQC if needed are pre-
sented in the EPA guidelines document for deriving
site specific sediment criteria 112},

Conclusion. Minimum database and analyti-
cal requirements must be set w' 2n deriving national
sediment criteria. The reasons tor this is twofold,
First, the requirements provide that a leve] of protec.
tion intended by the criteria are met. Secondly, the re-
quirements provide that parameters used to compute
the criteria satisfy assumptions underlying the EqP
theory. The key required parameters are Kow using
the slow slir flask measuremer: methed, the WQC
FCV and sediment toxicity tests. Procedures to verify
that these values are appropriate to use in the SQC
computation are also required. It must be shown that
the FCV is protective of benthic organisms. Confi-
dence in the Koc must also be established by compar-
ing the Kow to the observed Koe in sediment toxicity
tests. Individual sites may exhibit greater or lesser
toxicity to a chemical than that predicted by 5QC to
an individual site. EPA procedures to test this as well
as to compule site specific SQC are available.

Example Calculations

Equation 34 can be used to compute SQC« for a range
of Kows and FCVs. The results for several chemicals are
shown in Figure 38 in the form of a nomograph. The di.
agonal lines are for constant FCVs as indicated. The ab-
scissa is log1oKow. For example, if a chemical has an
FCV of 1.0 ug/L and a logioKew of 4, 50 that Kow =
10*, the log1o SQCoc is approximately 1 and the SQC
= 10' 2 100 ng chemical / g organic carbon.

As can be seen, the relationshups between
$QCoc and the parameters that determine its magni-
tude, Kow and FCV, are essentially linear on a log-log
basis. For a constant FCV, a 10-fold increase in Kow
{one log unit) increases the SQCoc by approximately
10-fold {one log unit) because Koc also incizases ap-
proximately 10-fold. Thus, chemicals with simiiar
FCVs will have larger SQCocs if their Kows are larger.

The chemicals listed in Figure 37 have been
chosen to ilustrate the SQCo: concentrations that re-
sult from applving the EqP method. The water qual-
ity concentrations are the FCVs {not the final residue
values) computed a; part of the development of 5QC
for acenaphthene. endrin, phenanthrene, dieldrin
and fluoranthene or from draft or published EPA
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reported in the Log P database [75]. The Kows for acenaphthene, endnn, phenanthreng and dielonn are those measured

{rom the slow stir flask method.

WQC documents (see Table 4) for the remaining
chemicals plotted. Measurement of Kows for ace-
naphthene, endrin, phenanthrene, dieldrin and
flucranthene are from the slow stir flask method as
previously presented. The Kows for the remaining
chemicals are the log averages of the values reported
in the Log P database [75}. While the SQCs for ace-
napthene, endrin, phenanthtene, fluoranthene and
dieldrin meet the minimum database requirements
presented in the previous section, SQCs for the re-
maining chemicals are for illustrative purposes only
and should not be considered tinal 5QC values. Final
SQC, when published, should reftect the best current
information for both FCV and Kow.

The FCVs that are available for nonionic or-
gamic inseclicides range from approximately 0.01
ug/L to 0.3 ug/L, a factor of 30. The 5QCocs range
from approximately 0.01 ug/g organic carbon to in
excess of 10 ug/g organic carbon, a factor of over
1,000. This increased range in values occurs because
the Kows of these chemicals span over two orders of

magnitude. The most stringent 5QCec in this exam-
ple is for chlordane, a chemical with one of the low-
est Kows among the chemicals with an FCV of
approximately 0.01 ug/L.

By contrast, the FAHSs included in this exam-
ple have a range of FCVs and Kows of approximately
an order of magnitude, But these values vary in-
versely: The chemical with the larger FCV has a
smaller Kow. The result is that the SQCu are ap-
proximately the same, 240 ug/pg organic carbon.
Classes of chemicals for which the effects congentra-
tions decrease logarithmically with increasing Kows,
for example, chemicals that are narcotics [113}, will
have 5QC that are more nearly conslant.

Fleld Data

Information on actual levels of the criteria chemicals
in the environment was assembled in order to pro-
vide an indication of the relationship between the
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SQC concentrations and the actual concentration lev-
els observed in the sediments of U.S. surface water
bodies. Three separate databases were examined:

* EPA’s STORET database {114},

» NQAA's {\Iaiional Status and Trends data-
base, which focused on water bodies in
coastal areas (47}, and the

¢+ Corps of Engineers database for San Fran-
cisco Bay [116].

The data that were retrieved have been sum-
marized on probability graphs that are presented in
the subsections that follow for each of the data
sources. A large proportion of the observations are
below detection limit values and indicate only that
the actual concentration is unknown, but less than
the concentration plotted. These data are plotted
with a “less than” symbol. As a result, the probability
plots should not be interpreted as representations of
the actual probability distribution of the monitored
samples. They do, however, provide a useful visual

.. Indication of the range of concentration levels of the

study chemicals in natural sediments,

A suggestion of the probable extent to which
problem sediments might be encountered is pro-
vided by the plot overlay showing the SQC concen-
tration developed by this research, In the case of the
STORET data, the SQC is shown as a band because
the foc is not reported. The lines represent the SQC
for between an foc = 1 to 10 percent. The other two
data bases provide the necessary information on
sediment organic catbon levels, and the results have
been properly normalized.

Some salient features of the available field
data displayed by the plots are summarized in Tabie
18. The SQC concentration is listed for each of the
five criteria chemicals, together with the number of
sampies and the approximate percentage of the sam-
ples that exceed the SQC. The table aiso lists the sedi-
ment concentrations that are exceeded by 10, 5, and 1
percent of the measurements.

We recognize that the tabulated information
represents only approximate estimales, because of
the presence of large numbers of de' tion limit val-
ues. Nevertheless, it provides what v  onsider to be
a reliable expectation that only a small percentage of
sediment sites in the databases, less than 5 percenl,
will have concentrations that exceed the 5QC Jevels.

We did not attempt a more :  rous analysis
to provide a more definitive characterization of the
spatial and temporal features of the database. Some
of the recorded data clearly represent multiple sam-
ples at a particular site. The very high observed con-
centrations are relatively few in absolule number and
may reftect multiple samples at one or a few particu-

Sediment Qualily Criteria Using Equilibrium Partitioning

larly contaminated sites. Some of the probability
plats also show a discontinuity at the high end. This
is particularly true of the Corps of Engineers data
that pool results from a limited number of stations in
San Francisco Bay. Until 2 more detailed analysis is
performed, the resulis of the preliminary sceening
sheuld be considered approximate, upper bound es-
timates of the probable prevalence of sediment sites
that may exceed the SQC.

STORET data. A STORET data retrieval was
performed to abtain a preliminary assessment of the
concenirations of the criterta chemicals in the sedi-
ments of the nation’s waterbodies. The data tetrieved
was restricted td sampies measured in the period
1986 to 1990, The selection of this recent period elimi.
nated much of the older data with the higher detec.
tiun limits to provide a more accurate indication of
current conditions. Log probability plots concentra-
tions are shown in Figures.38 and 39. Concentrations
are shown on a dry weight basis, because s- .ment
organic carbon is not reported. The SQCs are com-
puted on the basis of a sediment organic carbon con-
tent {foc) of 1 percent and 10 percent, which is the
typical range for inland sediments, The STORET data
distinguishes between the type of waterbody, and
separate displays are provided for stations on
streams, lakes, and estuaries.

Tae PAH data are shown in Figure 38. The to-
tal number of samples, and the number of detected
samples are indicated on the figures. The plotted
points are restricted to a subset of the total number of
samples, so that the plots are legible. A few samples
with detected concentrations, the solid symbols, ex-
ceed the SQC for foc = 1 percent, and fewer exceed
the SQC for foc = 10 percent. The nondetected data,

plotted at the detection limit with “<”, are below the’

value indicated on the plot. In fact with nundetected
data included in the probability plot, the actual plot-
ting positions of the detected data is uncertain, since
the nondetected data may in fact occupy piolting po-
sitions further to the left, at lower probabilities. Thus
the exceedence probabilities for the detected data are
at least as large as is indicated on the p'~ts. Approxi-
mately 5 percent or less of the detectea samples ex-
ceed the foc = 1 percent SQC.

The data for endrin and dieldrin are shown in
Figure 39. Similar results are oblained. Less than 3
percent of the detected dieldrin and endrin samples
exceed the lower SQC.

National Status and Trends Program data.
NOAA's National Status and Trends Program devel-

.oped a database on the qualily of marine sediments

focusing on estuarine and coastal sites that are not in
close proximity to known sources of contamination
[136). Figure 40 displays the distribution of sediment
concentrations from the National Status and Trends
Program sites for four of the five criteria chemicats
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Table 18.~0bserved quality of natural sediments.

-

FLUORANTHENE | PHENANTHRENE | SGENAPTHENE | ENDRIN

BIELDRW
saLr waATER | 5C (/g o) 266 ] 2 22 0.744 20,40
CORPS OF|NO. OF SAMPLES T om 231 130 " 260 b 282
ENQINEERS - +
% that exceed 5QC % 4% 5% o% o%
10% sxcesd - conoc 40 ! e 30 T80 ' 4o
5% 0xCeng + CONDT 200 . 300 200 150 I 80
1% excesd - conc 40,000 ' 25.000 3.000 700 " e00
HOAA KD, OF BAMPLES 797 736 248 - 408
HATICMAL STATUS % THAT EXCEED $QC 0.2% 0% 0% - ! o%
M::;Ff: 10% #xcoad - conc 4 ' 25 4 : - ! 0.3
5% oxcend - ¢onc 7 1 a0 7 ! B ! 0.5
1] T
1% exceed - cone - 40 90 40 ! - 1.0
EPA STORET] SQC tug/g for 3.0-30 2.4-24 2,323 007.0.07 0.02-0.2
© ESTUARIES godimant OC: 1-10% . - &
0. OF SAMPLES es a7 74 150 ! 160
% THAT EXCEED 5C 1% ! <1% 0% < 1% ! 0%
10% excaed - cont 4 E 0.1 0.3 afl : 157/1690
5% taceed - conc | T Y 0.3 .gmaase | ostawre
i% exceeg-cong ! 40 : 1.0 0.5 « DL ! <DL
FRESH WATER{ 5QC (ni/g) tor . | } 08-0. 1e
SQC /g o ow 6.2-62 1.8-18 1.3-13 0.04-0.42 0.1-1
EPA BTORET [HO. OF SAMPLES 186 1 sea 68t 2677 P 3075
STREAMS ] {
X THAT EXCEED 8GO 2% ™ « 4% 1% I T
10% exceed - cone i 1 1 0.01 i 0.005
5X excend - cone . 2 18 0.01 : 0.04
1% aacesd - cone a0 ¢ 2 40 0.04 ! 0.05
EPA GTORET LAXES [ND. OF saMPLES 57 50 58 ars 457
% THAT EXCEED 8GC 5% < 0% ) 2% boax
10% oxcedd - conc " 1(n 0.7 | 0.001 5 0.005
5 excesd - conc 7 2(2) 1 P o005~ om
1% ascead - conc 40 101™ 3 ! 0.100 0.08

(endrin concentrations were not measured). Sedi.
ment organic carbon concentrations were measured
in this program, and ranged from less than 0.20 to
16.2 percent. The availability of fo. permits the plots
to display both observed concentrations and the 5QC
value using organic carbon normalization.

Results are displayed in the plots for all sam-
ples {open symbols) and for the subset that contained
organic carbon fractions greater than 0.2 percent, the
limit of ap_FIlcability for the EqP* derived SQC (filled
symbois). The EQP derived SQC is applicable to the
75 to 85 percent of all sediment samples that have focs
greater than (.2 percent. However, there is only a
nominal effect on estimates of the percentage of the

samples that exceed the SQC, depending on whether

the full set, or the subset of samples is considered.
Approximately one half a percent of subsect samples
exceed the phenanthrene and fluoranthene SQC,
whereas none of the other SQC are exceeded. The
fractions are not greatly increased if the 5QC aze ap-
plied to all samples.

Corps of Engineers data. A set of data from the
US. Army Corps of Engineers moniloring program
for a number of locations in various parts of San Fran-
cisco Bay has been analyzed. Table 19 identifies the
jocations sampled, the number of observations at
each site and the period during which the results
were oblained. These data were collected to examine
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Figure 39.—Comparison of sediment quality critens for sediments contaiming 1 percent and 10 percent organic corbon to
the distributions of two sediment pesticide concentrations from the U.S. EPA STORET Database. Data are from 1988 to
1990. Samples above the detection limit {filled symbols) and samples lass than the dstection limit {less than symbols) are
shown, Date from U.8. EPA[114].

Table 19.—San Francisco Bay sediment samples.

MO, OF BAMPLES

LOCATION PAHS & PESTICIDES YEARS
Part of San Francisco: Plers 27-20, 35. 3B, 48, 70, 80 and 94 21 1866 &ng 1990
Ffigharman's Wherl eno Isiais Creek 2 1590
Suisun Channel L] 1991
West Richmong 11 N 1990
Pingte Show! aa N 1090
Carawinet Strant 10 1990
Mare lgland Stralt 6 1980
Richmond Hargor Chennel 48 1990
Santa Fe Channel 8 1900
Quter and Innar Richmond Herbor Channel 8 1001
Port of Dakiand Ties I1: Berths 20:23, 25, 26-30, 31, 35-38 $063 and 6284 40 19691990
Porl of Dakiang Quler angd Inner Harbor 7 1950-1991
Yeasgure {sland S ¢omposités 1980
San Leandro Bay 1 compoaite 19%0
5an Pablo Bay 6 ;19891950

Notel PAHS = Flucrantihene, Phenanthiene, Acenaplhena; Pesticides = Dietgnn, Endnin,
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Figure 40,=Comparison of sediment quelity crteria to the distributions of acenaphthene, fludranihene, dieldiin, and phen-
anthrene organic carbon normelized sediment concentrations from NOAA'S National Status snd Trends Program. Data are
fram 1984 to 1989, Samples with organic camon greater than 0.2 percent {fillsd symbols} and samples for all organic carb-
on contonls (open symbaols) are shown. Data from NOAA [4T7].

the quality of dredged sediments in order to deter-
mine their suitability for open water disposal. The
database did not indicate what determinations were
macde concerning their acceptability for this purpose.

Investigators compared the frequency of occur-
rence (in individual samples, not dredge sites) with the
SQC criteria developed using the EqP methodology.
The major portion (93 percent) of the samples analyzed
had organic carbon fractions greater than 02 percent,
for which the SQC concentrations are applicable. The
concentrations of each chemical measured in these
seciments was normalized by the organic carbon con-
tent and the results are displayed below as probability
plots to dlustr.  the frequency at which different levels
are observed. Lwsults are presented for the five eriteria
chemicals, A horizontal line at the concentration value
of the 5QC provides a reference that indicates the rela.
tionship between observed range of quality and the
$QC for each chemical.

PAH results are summarized in Figure 41.
Less than 5 percent of the individual samples con-

tained concentrations in excess of the sediment
quality. It is informative to note that the small set of
very high concentrations.are nearly all from one sam-
ple site {Treasure Istand}. These samples are respon-
sible for the discontinuous.patiern of the frequency
distribution.

Figure 42 presenis the monitoring program
results for the two pesticides in the same format. In
this case, virtvally ail of the samples were less than
the varying detection limits of the analytical tests.
Each of the samples for which actual measurements
were obtained were at least an order of magnitude
lower than the SQC. An estimate of the possible fre-
quency distribution of sediment concentrations of
dieldrin and endrin was developed by the applica-
tion of an analysis technique that accounts for the
varying detection limits and the presence of nonde-
tected observations [117]. The results are llustrated
by the straight line, which suggests that no apprecia-
ble number of exceedences is expected. However, the
virtual absence of detected concentrations makes the
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Figurs 43.—~Comparison of sediment quality critena to the distnbutions of acenapthene, flucramheng. ant phenanthrene ot
ganic carbon narmalized sediment concentrations from the U.S, Army Corps of Engineers monitoring program of San Fran-
cisco Bay. Samples with organic carbon greater than 0.2 percent (fitled symbols) and sampies for ali organic carbon contents
{open symbols) are shown, See Tabla 19 for description of location, number of samples, and sample penod, Data from 4.5,

Army GOE [116],

distribution eslimates unreliable. They are presented
only to suggest the probable relationship between
the levels of these hwo pesticides in relation to sedi-
ment quality criteria.

CONCLUSIONS

The technical basis and data that support the use of
the EQP method to generate SQC have been pre-
sented for nonienic organic chemicals. The use of or-
ganic carbon normalization Is equivalent to using
pore water nnrmalizati?‘n as a means of accounting

for varying bicavailability (Figs. 2, 3, 5-8, 26.28). The
variation in organism body burden across sediments
can also be significantly reduced if organic carbon
and lipid normalization are used (Figs. 29-31). For

‘contaminated sediments, particle size effects are re-

moved if organic carbon-normalized concentrations
are compared (Figs. 17, 19, 21). The reason is that or-
ganic carbon is the proper normalization for padi-
tioning between free dissolved chemical and
sediment-bound chemical (Fig. 11).

Using pore water normalization for highly
hydrophobic chemicals is complicated by chemical

~ complexing to DOC (Fig. 13). Partitioning between
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Figure 42.—~Comparison of sediment quatity criterfa to the distributions of endrin.and dialdrin organic carion normalized
sediment cancentrations from the U.S. Army Corps of Engineers monitoring program of San Francisto Bay. See Table 19 for
description of location, number of samples and sampla period. Samples with organic carbon greater than 0.2 percent {Nlled
symbais) and samples less than the detection limit (less than symbols) are shown. AIS0 shown is an estimate of the distriby.
ton developed by accounting for nondetected observations (solid hne). Date from U.S. Aroy GOE {115,

pore water and sediment organic carbon from field-
coltected sediments can be rationalized if DOC com-
plexing is taken into account (Figs. 22 and 23).
However, the complexed chemical appears not to be
bioavailable (Fig. 15).

These observations are consistent with .the
EqP model, which assumes the equivalence of water-
only exposure and the exposure from pore water
and/or sediment organic carbon. Sediment quality
criteria are based on organic carbon normalization
because pore water normalization is complicated by
DOC complexing for highly hydrophobic chemicals.

The justification for using the FCV from the
WQC to define the effects level for benthic organisms
has also been discussed. Water column and benthic
organisms appear to have similar sensitivities for
both the most sensitive species tested (Fig. 32) and all
tested species (Fig. 34), Benthic colonization experi-

ments also demonstrate that WQC can be used 1o
predict effects concentrations for benthic organisms.
A direct statistical test of the equality of the distribu-
tions can be used to confirm or refute this assump-
tion for individual chemicals (Fig. 36).

Equilibrium partitioning cannot remave all of
the observed variation from sediment to sediment. It
does reduce the much larger sediment-to-sediment
variation that exists if no corrections for bioavailabii-
ity are made (Figs. 5-8), A variation factor of approxi-
mately two to three remains (Figs. 2 and 3), which
includes measurement and other sources of variabil-
ity. This is not unexpected as EqP is an idealization of
the actual sitvation, Other factors that are not
considered in the model play roles in determining
biological effects. Hence, it is recognized that a quan-
tification of the uncertainty should accompany the
$QC that reflect these additional sources of variation.
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Research Needs
The final validation of SQC will come from field

studies that are designed to evaluate the extent to
which biological effects can be predicted from SQC.

* The ¢olonization experiments {Table 6) are a labora-

tory simulation of a field validation. Sediment qual-
ity criteria can possibly be validated more easily than
WQC because determining the organism exposure is
more straightforward, The benthic population expo-
sure is quantified by the organic catbon-normalized
sediment concentration.

it has been suggested that the kinetics of PAH
desorption from sediments control the chemical body
burden of a benthic amphipod [118]. The extent to

- which kinetics can be impottant in field situations is

unknown at present, and field studies would be an
important component in examining this question. In
addition, more laboratory sediment toxicity tesls,
pasticularly .chronic tests involving multiple sedi-

‘ments, would also be helpful. In a typical practical

application of SQC, mixtures of chemicals are in-
volved. The extension of EQP methodology to mix-
tures would be of greal practical value. Initial
experiments indicate that it should be possible {119].

The EqP method 5 presently restricied to
computing eifects-based criteria tor the protection of
benthic organisms. The direct extension of this meth-
odology for computing sediment criteria that are
protective of human health, wildlife, and marketabil-
ity of fish and shelllish requires that the equilibrium
assumption be extended to the water column and to
water cobumin organisms. This assumption is, in gen-
eral, untenable. Water column concentrations can be
much lower than pore water concentrations if sulfi-
cient dilution flow is present. Conversely, upper-tro-
phic-level organisms are at concentratiors well
above equilibrium values [120]. Hence, the applica-
tion of the final residue values from the WQC for the
computation of 5QC, as was done for certain interim
criteria {121}, Is not technically justifiable. At present,
organism lipid-to-sediment organic carbon ratios,
that is, BSFs (Eqn. 29), might be useful in estimating
the concentration of contaminants in benthic species,
for which the assumption of equilibrium is reason-
able. However, a site-specific investigation {(e.g., Con-
nolly [122]) appears to be the only available method
for performing an evaluation of the effect of contami-
naled sediments on the body burdens of upper-tro-
phic-level organisms. 3
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