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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY :
WASHINGTON, D ¢ 22360

“Haw‘

QFFICE oF
THE ACMINISTRATOR
1990

. July 11, EPA-SAB-EPEC-9O -018

*ﬁ The Honorable William Reilly
Administrator '
U.S. Environmental Protection Aqency
401 M. Street, S.W. .

Washington, D.C. 20460

Dear Mr. Reilly:

The Sediment Criteria Subcommittee of the Science Aadvisory
Board (SAB) has completed its review of the Sediment Methods,
Classification Compendium that was developed by the Office of Water h
Regulaticns and Standards in the Office of Water and EPA's. Sediment :
Oversight Technical Committee. This guidance describes the
strengths, limitations, and applications of ten methods that can
be used to evaluate sediment quality. The guidance is intended for
use by managers and decision makers and it does not make specific

\ recommendations for applying these apptoachee for partlcular sites
. or types of problems. -

This review is the third to be completed in a series of SAB
reviews of’ sediment quality methodology. Previously the Sediment
Criteria Subcounitiea presented recommendations and conclusions to.
EPA concerned with the Apparent Effects Threshold and Equilibrium
Partitioning approaches. These approaches are also included in
the compendium.

The Subcommittee met once, on December 11-12, 1989, to review
and evaluate the compendium. The Subcommittee was asked to address
the following charge: , ' ‘ ‘ ' .

1) identify any eerioueﬁflewe in tﬁe methodologies, expand
the list of advantages and limitations, and evaluate whether

each methodoloqy'is portrayed appropriately as narrow or broad
use.

2) Reco.nend alternative eedinent cleseiticatiou methods.
and research areas. . . . _ t

3) Assess the robustness of each approech.

The Subcommittee . believes that all of the methods in the.
- Compendiun and the advice for their application have scientific
merit except as noted below. The Subcommittes did not identity any I
additional methods for inclusion in the Compendium, however, it-
recommends that whenever possible, a suite of methods should be




- recommends that whenever possible, a suite of - methods should be
, . used to develop sedxment quality values

overall, the Subcommittee believes that the Compendium will
be most useful if it is periodically updated and if the Agency
conducts research to address the limitations associated with .
particular approaches. In addition,. the lntroductzon should
include a summary of references and advice to managers for sample
collection and handling, quality assurance/quallty control, tiered
approaches for mixtures of chemicals, and data analysxs The
Subcommittee suggests that EPA add-a table to the Compendium that
summarizes information on the status and relatlve costs of each
method. .
The Subcommittee recommends that EPA conduct further research
.to address the limitations of the methods. EPA should develop
sediment toxicity test methods for more freshwater and marine
species; develop protocols for handling and collecting samples, for
sample storage, and basic quality assurance procedures; evaluate
applicability of the wastewater procedures for Toxicity
Identification Evaluation to sediments; and lnvesthate the
mechanism and the role of kinetics in the partitioning of
substances on sediments. Additional methods are also -needed to
‘assess chronic and sublethal endpoints.  The Subcommittee also
recommends that the EPA consider further development of the Tissue
Residue approach which has the potential to be used as a major tool
in assessing sediment quality. The method could have even wider
_applicability if -research could define the mechanisms of
partitioning in the "“real world" and the relationship between
tissue residues and toxicity. ' ‘

: The Subcommzttee appreciates the opportunity to conduct this
scientific review. We look forward to receiving the Agency
response to the scientific advice transmitted in the attached
report. .

'sincerely,‘

Dr. Raymond Lo , Chalrman DOr. Kenneth Dickson, Chairman

Executive Committee : Ecological Processes and
Science Advisory Board Effect Committee
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Dr. Robert Huggett,/gZhairman
. Sediment Criteria Subcommittee
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u.s. ENVIRONMENTAL PROTECTION AGENCY
NOTICE

This report has been written as a part of the activities of
the Science Advisory Board, a public advisory group providing
extramural scientific information and advice to the Administrator
and other officials of the Environmental Protection Agency. The
Board 1is structured to provide a balanced expert assessment of
scientific matters related to problems facing the  Agency. This
report has not been reviewved for approval by the Agency: and,
hence, the contents of this report do not necessarily represent
the views and policies of the Environmental Protection Adency or
other agencies in Federal government. Mention of trade names  or
ccnmercial products does not constitutée a recommendation for use.
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1.0 EX 8

The Sediment Methods Classification Compendium was developed
by the Office of Water Regulations and Standards to serve as a
reference for methods that can be used to assess the quality of
chemically contaminated sediments. The compendium describes each
‘method, associated strengths and limitations and existing
applications. The guidance is intended for general use by

“.. managers and decision makers and it is dces not make spec1f1c

recommendations for particular sites or problems.

Overall, the Subcommittee believes that the Compendium will
be useful if it is periodically updated and if the Agency
conducts research to address some of the limitations associated
with particular approaches.. In addition, the introduction should
be expanded to include a discussion of references and advice for
sample collection and handling, quality assurance/quality
control, tiered approaches for mixtures of chemicals, and data

analyszs.

The Subcommittee recommends that EPA conduct research to
expand the battery of freshwater and marine species that can be
tested in the Bulk Sediment Toxicity Test Approach. For all )
“approaches, protocols should be developed for handling and -
collecting samples, .for sample storage, and basic quality
assurancé procedures. This should be added as introductory
material to the compendium. Additional methods are needed to
~assess other endpoints, such as chronic.toxicity and
teratogenicxty. ' ‘

The Subcommittee recommends that EPA investigate the effects
. of “aqlng" of spiked sediments and examine the extent to which -
the Spiked Sediment Toxicity Approach can be used to estimate the
effects from mixtures.

The Subcommittee recommends that EPA expand the discussion
‘of the Interstitial Water Toxicity Approach to emphasize its
strengths for identifying sediment toxicity. Additional research
should be performed to evaluate the applicability of the TIE
procedures to sediments. '

The Subcommitteo reiterates its recommendations from an
earlier review of the Equilibrium Partitioning approach (EPA-SAB-
EPEC-90-006, February, 1990). The compendium should caution
users of this method to express the uncertainties in the
assumptions and to avoid cumulative errors in the calculation of
the partition values. The availability of compounds associated
with sediment nuy L& controlled by kinetics rather than by
partitioning. The possible influence of kinetics should be
considered when the equilibrium partitioning approach is used to
establish sediment quality values J ‘ ‘

1




The Subcommittee recommends that the EPA consider further
development of the Tissue Residue approach which has the
potential to be used as a major tool in assessing sediment
quality. The method could have even wider appllcabxllty if
research could define the mechanisms of partitioning in the "real
world" and the relationship. between tissue residues and toxicity.

The Subcommittee believes that the Freshwater and Marine

" Benthic Macroinvertebrate Community approaches are useful for

.

screening sediments for potential contamination and for source
identification. Discussion should be added tec the compendium to
help users identify reference sites for both approaches.

: The Subcommittee recommends that the Sediment Triad and the
Appa*ent Effects Threshold (AET) approaches be cross- referenced.
The AET ‘approach should provide a full and balanced discussion of
its strengths and weaknesses. Additional comments were provided
on the AET approach in a separate report (EPA-SAB-EEFTC 89-027,
August, 1989). ,

The'Subccmmittee recommends that EPA highliéht the
International Joint Commission Sediment Strategy for its

-conceptual strength in addressxng the potentlal effects of

contamxnants 1n sediment.

The Subcommlttee did not identify‘any additional sediment
classification methods for inclusion 'in.the compendium.




1".’ 2.0 INTRODUCTION

The Compendium is essentially a Synopsis of methods that can
be used to assess chemically contaminated sediments. It contains
a brief description of each method, associated advantages and
limitations, and existing applications. It is intended to serve

' as a common frame of reference to assist users in assessxng
contaminated sediments and determining whether sediment
contamination exists to a degree that warrants an evaluation of

.. -nheeds for further action. 1t should be noted that these methods
are not at an equal stage of development, and certain ones (or
combinations) are more appropriate for specific management
actions than are others. The Compendium is not meant to provide
guidance on which metheod(s) to apply for specific situations, nor
how they can be used together as. part of a dacision-maklnq
framework. _

2.1 Bggug§;_:9x_5signsg_hdxiagzz_ag;zd_zgziex

At the request of the O0ffice of Water, the Science
Advisory Board (SAB) agreed to conduct a scientific review
of the Sediment Classification Methods Compendium. With the
approval of the Board's Executive Committee, the SAB's Ecological
Processes and Effects Committee authorized the formation of a

Subcommittee to perform a series of tasks related to the
technical aspects of sedlment quality assessment and criteria

. development.

2.1.1 charge to the Subccmmittee

This review is the third to be completed in a series of SAB
reviews related to sediment quality values. The first and.
second reports of the Subcommittee presented recommendations
and conclusions concerned with the Apparent Effects
Threshold (AET) Approach and the Equilibrium Partitionlnq (EQP)
Approach respectively.

The Office of Water Regulations and Standards and the Office
of Marine and Estuarine Programs requested tiaat the Subcommittee
review the Compendium as an encyclopedia of sediment
classification methods, rather than a "how to" manual on

. implementing the methods or as a technical defense of each
method. Specifically, the charge accepted by the Subcommittee
was to:

1) Identitfy any serious flaws 1n the methodologies, expand
the list of advantages and limitations, and evaluate whether
each methodology is portrayed appropriately as narrow or
broad use.

2) Recommend alternative sedinent classification methods.

@ R
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and research areas.

3) Assess the robustness of each approach.

2.2 8ubco s

. The Sediment Criteria Subcommittee met on December 11 and
12, 1989, in Washington, DC,.to begin its review of the

"' sediment Classification Methods Compendium. Following the

meeting, members of the Subcommittee submitted evaluations of
individual chapters of the: compendium. Each evaluation included
an assessment .of the charge. This report contains the advantages
and limitations that the Subcommittee believes were most
important for each method, including some of those listed in the '
Compendium. The Subcommittee did not identify any alternative
sediment classification methods for xncluslon in the compendxum
at this tinme.

-~ 2.3 Expected Future Activities
Other sediment quality assessment'methods; including methods
for assessing metal availability, are expected to be developed
and refined by EPA/OW's Contaminated Sediment Technical
Committee. Periodically, 'revised and new methods will be

submitted to the Sediment Criteria Subcommittee for review, prior
to the final draft of the guidance.

During the course of these critical evaluation processes, it
is 1likely that areas for additional or future research will be
targeted. To facilitate the incorporation of these recommenda-
tions into EPA research planning, the Subcommittee may conduct a
review of the Office of Research and Development's proposed Sedi-
ment Initiative. The time sequence of these proposed events is
: contingent on the completion by Agency staff.

3ommmmmmm
slmml_ﬂ:mmxn.auhummn

The Bulk Sediment Toxicity Test Approach consists of
exposing test organism(s) to sediments. ' At the end of a
' specified exposure period, the response(s) of the test organisms
is examined using several biological endpoints. Endpoints
commonly used include mortality, growth, reproduction,
cytotoxicity, alterations in development, and behavior. Results
are compared to control aund reference sediments to estimate
sediment toxicity. Test organisms routinely used in the Bulk
Sediment Toxicity Testing include amphipods, midges, polychaetes,
and oligochaetes.




. 3.2 Advant jes of t a ach

. The major strength of the Bulk Sediment Tox1c1ty Test’
Approach is that it provides a direct measure of toxicity of the
sediment assayed. It measures the combined toxicities of all
chemical contaminants that are available. By utilizing test
organisms that are in intimate contact with the sediments, the

. test simulates exposure regimes experienced by sediment dwelling-

o organxsms. There exists a long history of using the method for
asse551ng the spatial distribution of sediment contaminants and
in conducting trends analyses.

The available bulk sediment toxicity methods are relatively
simple to perform and do not require expensive equipment nor
highly trained personnel. They are, however, relatively
expensive, because they are labor intensive. . )

3.3 Lmnum_oumm

- The Bulk Sediment Toxicity Test Approach camnnot be used by
itself to generate sediment quality values since the approach may.
not always provide information on the causative toxic agent(s).
However, the method has been integrated into: the Sediment Triad
and the Apparent Effects Threshold (AET) approaches which have
been used to develop numeric estimates of sediment quality.

. : While not a conceptual weakness, the Bulk. Sediment Toxicity
: Test Approach is limited by the relatively few species which are
available for testinq. Control or reference sediments are
clearly criti~cll, "-.ortant to the quality of the toxicity
evaluation, but little information is available on how to choose
them and on what characteristics are important. In addition, the

collection, preparation, and storage of the sediments may
influence the outcome of the test by causing the active chemicals
-to be more or less biologically available.

3.4 Robustness of the approach

" The Bulk Sediment Toxicity Test Approach is extremely robust
‘because sediment toxicity tests for certain species have been
widely used, methods are being standardized, and the data
interpretation of the results is understoed.

3.5 Research recoumendations

Research to expand the battery of both treshwatet and marine
‘test species that can be used in the Bulk Sediment Toxicity Test
Approach is need~4 At present, there are only a limited number
of species available. This is particularly true for marine and
estuarine organisms. Methods are needed which better assess
. chronic toxicity and other effect: endpoints such as

S
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3

reproduction, growth, teratogenicity or genotoxicity.

. Appropriate sampling, handling, and testing methods for sediment

to be used in the Bulk Sedipent Toxicity Test Approach should be
determined. Improper sampling, handling, and storage of sediment.
samples may complicate the Lnterpretgtion of contaminant effects.

4.0 SPIKED SED : T '
4.1 General description of the approach -

This approach establishes relationships between sediment
contaminants and .organisms by spiking sediments in the laboratory
with known concernitrations of specific chemicals and exposing
organisms to those sediments. In that sense it is similar to the
conceptual - development of water quality data. The approach can
be useu with many different types of chemicals, potentially any
sediment, and a variety of toxicity testing methods. It is
assumed with this test that the. chemicals and biota behave the
same in a laboratory spiked sediment as they would under real

- world conditions.

4.2 Advantages of the approach:

A major advantage of this approach is the potential to use
almost any combination of sediment and chemical. Since the
toxicity evaluation is conducted in the laboratory, it is
possible to add a wide variety of chemicals. Sediments from
diverse sources can also be used, including both marine and
freshwater. This is one of the few approaches that can
potentially address guestions of chemical interactions
(synergism, antagonism, etc.), although results from mixtures
with a large number of chemicals may be difficult to interpret.

S

Any of a number of toxicological methods can be used to
assess the bioclogical impact of the added materials. These can
include acute or chronic tests with a variety of endpoints
(mortality, growth, reproduction, cytoctoxicity, respiration,
and/or alteration in development). Due to the controlled
laboratory environment, it may be possible to derive cause-and-
effect relationships from the data generated. ;

4.3 Lipitations of the spiked sediment approach

Many ot'thc advantages of this approach are due. to the

control that the use of laboratory spiked sediments gives over

the parameters to be tested. This factor is also the major - i
problem with the approach. The basic assumption of the method is
that "laboratory results for a given sediment and overlying water

. represent biological effects of similar sediments in the field,

and that. the behavior of chemicalc in spiked sediments is similar
to that in natural in situ sediments.® This major assumption

A




has not been justified. Real sediments contain mixtures of
materials that will be difficult to simulate in ‘the laboratory
‘even if one knew the exact compositicn.

-Major differences in sorption properties of sediment-bound
chemicals have been reported depending on whether the chemical
was artificially spiked into sediment or’ occurred naturally
(Karickhoff and Morris (1985) and DiToro and Horzempa (1982)].
Slower desorption from "aged” spiked sediments may reduce
bloavallablllty of contaminants, and, hence, the toxlczty of the
sediments. If the chemicals desorb more rapidly. in spiked-
sediments tests, there may be an overestimate of the toxicity.
There are insufficient data to evaluate the magnitude of this
problem and whether it applies to all classes of chemicals and
all types of sediments.

T.aerse are a number of ways to incorporate or spike chemicals
into sediments. Toxicity results will likely vary depending on
whether the chemical is added to intact sediments or a slurry
_-approach is used. Procedures for "aging" spiked sediments should
also be addressed. The document gives little guidance as to the '
nature of the various choices to be made and their significance.

4.4 Robust "of the appro

The approach appears to be in an early developmental staqe.
Assuming that the proper spxking and aging scenarios are
followed, the method would require effort that is equxvalent to
the  Bulk Sediment Toxicity Approach.

45:5.953935511231

The spiked-sediment method is conceptually. attractive
-because controlled conditions can be used, specific chemicals and
mixtures assessed, and cause-effact relationships explored. :
However, more data are needed on the influences of sediment aging
on sorption of spiked contaminants. Most of the testing has
involved acute toxicity tests; comparison using chronic and life
cycle tests need to be conducted. The extent to which the
approach can estimate effects from mixturus needs to be examined.

s.omnsm;nm;ngmm_ummu
- INTERSTITIAL WATER TOXICITY ARPROACH

5.1§.¢nml._4munnn_9.t_tnunmﬂ R B

. This approach tor assessing the toxicity of chenicals sorbed
to sediments is based cn the idea that once a sediment is
determined to be toxic to aquatic organisms the toxicity can be;
linked to one or more chemicals. The chemical or chemicals
responsible for the toxicity are then identified by taking bulk

7




© sediments and carrying them through various extraction or

. .fractionation schemes which allow for separatxon of the chemicals
into chemlcal classes, such as orqanlcs versus Lnorganxcs and
polar organics versus non-polar organics. This is accompanied at
each step of the fractionation procedure with an aquatic bxoassay
to determine the toxicity of the separated class of chemical.
Subsequently, the specific chemicals within the class are
identified using specific analytical techniques for
identification of various chemicals (e.g., HPLC, GC/MS).

5.2 Advantages of the approach

The advantages of this approach are that this is the only

' method to date other than sediment spiking approaches which
describes a procedure for identifying classes of chemical agents
which may be responsible for the toxicity associated with a

. particular bulk sediment. Identification of -the causative agent
potentially offers the opportunity to apply corrective action to
either eliminate the source of the problem or to remediate the
sediment. Additionally, this method should be useful for
demonstrating that site remediation has been successful in
"reducing the toxicity of the sediments to agquatic life.

" Additional advantages of this method that may be proven with
time and usage of the method include: (1) suitability for a broad
" array of sediment types; (2) suitability for many different
. classes of chemicals; (3) suitability for predicting effects on
several different organisms; and (4) suitability for determining
the adequacy of point-source controls.

‘5.3 Limjtations of the approach o ‘

The state of development of this toxicity identification
evaluation (TIE) approach for sediments is in its infancy. There

- are no peer-reviewed published papers at this time. Therefore,
the extent to which this method will become useful is yet to be
'determined. . ) ,

At the present time one would have to list ”ease of use® as

a limitation for TIE procedures, both for sediment and waste
water. Only a few laboratories can successiully perform TIE
studies. One of the main reasons is that the method requires a
high degree of skill, a multi-disciplined team, as well as state-
of-the-art analytical capabilities for identitication of specxfxc
chemicals. .

Cost is also a limitation for this methodology. Since
expenses could exceed $100,000 for samples which are highly
contaminated. In some cases cost could be much less, but it is
clearly not a routine procedure. However, in some cases the cost
of this analysis could be justitied due to better data and hence

better remediation efforts, ,

. . . N .
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The level of ‘acceptance of this method for sedlments may be
a limiting factor. There are a number of scientists who believe
that the interstitial water apprcach for measuring sediment
toxicity underestimates the potential toxicity of chemicals
sorbed to sediments. This is because the availabllxty of
contaminants sorbed on particles is not taken into account. For
some species ingestion may be the primary route of chemical
uptake.

The method is somewhat limited by the fact that the sediment
interstitial water samples must come from the site of concern and
that a sufficiently large amount of sediment and water must be
collected and stored for extended periods of time. To insure the
integrity of the interstitial water, the sediment samples often
are processed on site. This increases the level of complexity
required for obtaining samples.

-There is no universally accepted method for collecting
sedxment interstitial water from sediment nor is there any -
consensus that the chemical ‘properties of interstitial water

“collected from laboratory or field sediments are the same as that
- which exists in situ. Several of the steps in the TIE evaluation

can introduce chemical artifacts or contaminants which
necessitate the use of both positive and neqative controls.

The approach is theoretically suitable for applicatzon to a
wide variety of organisms, but to date it has only been val;dated
using freshwater sediments and Pimephales nzgmglgg
sp. and Daphnia magna. Although other organisms can be used, a
51gn1f1cant amount of baseline data is needed for these other
species (e.g., rcw mich methanol, EDTA, or thiosulfate can be
tolerated?, what is the background control mortality?).

5.4 Robustness of the approach

The information presented is basically sound; However the

.-method is in an early state of development. Most of what the

authors have presented is speculation about how the method should
perform and how it could be used for various sediment assessment
purposes. The comments, to a large extent, are based on data
developed for wastewater TIEs and there are only a few
laboratories that have successfully performed these tests. The
application of these same wastewater procedures to sediment
interstitial water has been performed at only one laboratory to
date. Therefore, it is premature to draw conclusions as to their
ease of use or direct application for sediment interstitial water
samples. This is because humic and fulvic acids, as well as
other substances that could bind materials in sediments, present
special problems “ha* will have to be overcone.

It appears to otfor a useful teol for evaluating sediment
toxicity. - This methed should not be presented as one which is




ready for use, ‘but rather.as one that is belnq considered for
future development because it appears ta be wvery promising.
Sections 2. 2 2.3 and 3. l should be rewritten to reflect this
v1ewp01nt.

"It is stated on page 4-4 “"the ma]or assumptzon of the method -
is that chemicals that cause toxicity in pore water. are the same
as those chemicals that cause toxicity in the sediment". 1In
addition to this assumption, it should be mentioned that the
current procedure measures acute toxicity to a surrogate sediment
orqanlsm (ggxigggnnn;; Sp.) and it is assumed that this organism

.is as sensitive or more sensitive than representative sediment-

N

dwelllng organisms. This method also implies that the chemicals
causing acute toxicity will cause chronxc toxicity. This
probably is not the case.

. In applying this method for ln-place pollutant control
(section 3.1.4) the authors have crossed the line between usan

. interstitial water for identifying the toxic component and using .

interstitial water toxicity tests as a way of controlllnq and
monitoring pollution. - The thrust of the present paper is not.
aimed at demonstrating that an interstitial water toxlcxty test
is the best approach for monitorlng sediment toxicity, but only
that it appears to be the best for toxicant identxflcatlon.

This approach is descrxbed as being suitable for source
control. This may or may not prove to be true depending on cost,
ease of use, reliability, etc., all of which have yet to be

, determined. It appears to be useful to identify toxic components

in sediments. {clic.o .zore simple toxicity procedures may be more

~suitable for routine source control monitoring.

- 5.5 Recommendations

The title of this method could be changed to bhe more
descriptive of the procedure described. The existing title
W ) would lead one to believe

-that this is a sediment classification method based on an

approach similar to the Equilibrium Partitioning Approach. What
is really described is a sediment toxicity identification method.
The title could be modified to read: Sediment Toxicity
Identification Evaluation: Interstitial Water Approach

It is recommended that additional research be done to
evaluate the applicability of TIE procedures to sediments.
Initial research efforts need to concentrate on: developing the
necessary separation steps for sediments, developing several
sediment inters%!+~‘i! %!ocassays, and publishing data sets for
several different sediments and different chemicals.

It is difficult to assess s:nerqisti¢ and antagonistic
10 '




interactions in TIE Procedures. A large amount of data now

‘indicate that synergism rarely occurs in acute toxicity test with

aquatic organisms. Statementg relating to antagonisms and
synerglsm are pure speculation and should be dropped.

The authors should acknowledge ‘that other TIE schemes exist
(e.g., Doi and Grothe, 1988) and that a .successful TIE sometimes:
requires the use of more -that one method. :

6.0 EQUILIBRIUM PARTITIONING APPROACH

6.1 ﬁﬂ&m—‘hﬂﬂmmﬂ

Equilibrium Partitioning (EqP) is a method which predicts
concentrations of chemicals in pore water from the.concentrations
sorbed to sediments. It ig assumed that hydrophobic chemicals
partition to the organic carbon portion of the sediment and that

the racio of chemicals between organic'carbon and pore water is

approximated by the n-octanol-water pPartitioning coefficient.
Therefore, if one knows the fraction of organic carbon in the
sediments, the n-octanol-water partitioning coefficient, and the
"safe" level for a chemical in water, one can calculate the ‘
acceptable concentration of the material in sediment. '

6.2 Advantages of the approach

The method relies on a fundamental chemical parameter,
fugacity. The n-octanol-water partitioning coefticient.(xw) is
rather easily measured, and therefore, these data are often
available for given chemicals. When a concentration of a
chemical is known in one medium, such as sediment, the

concentration can be predicted in water, within certain

confidence limits and subject to some restrictions. The method
reduces the amount of analytical work necessary and thus provides
a quick and relatively easy method to make preliminary estimates
water quality critqria_concentration, forms a basis for
estimating whether the surrounding sediment concentrations are of
suitable quality. : . ' :

- of concentrations in interstitial water. This, when compared to

6.3 wnmm_amn

There is great lack of understanding of the uncertainties
associated with the bagic assumptions used in this approach. For
instance, does all sediment organic carbon sorb/desorb
hydrophobic chemicals equally? How well does the octanol-water
pPartitioning coefficient approximate the sediment partitioning
coefficient normalized to organic carbon? 1Is the only
bialogically avajilable fraction of a hazardous chemical that -

11
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controlled by kinetics rather than partitioning. These and other
limitations have been presented in a previous Science Advisory
Board evaluation of this method (EPA-SAB-90-006, 1990). Without
a better understanding of these uncertainties, the accuracy and
precision of the method will remain in doubt.

6.4 Robustness of the Approach , . '
The usefulness of the approach will be limited by three

factors. The first, as mentioned above, relates to the )
-uncertainties inherent in the assumptions. The second is that
the method, as presently proposed, should relate to water quality
criteria or other well-documented protective dissolved levels of
chemicals. There are very few of these for chemicals associated
with sediment. The third limitation is that the method, as
constructed, is not intended to evaluate effects from complex
mix:ira:s of contaminants sorbed to sediments.

‘6.5 Recommendations

. The uncertainties in all of the assumptions used in
determining the EqP should be determined along with the
-probability of cumulative errors in each step of the
calculations. Validation experiments should be conducted using

. The availability of compounds associated with sediment may be

-

the biological availability of chemical(s) in question. These
and other recommendations concerning needed research and
validation exercises are given in the previously mentioned
Science Advisory Board review (EPA-SAB-EPEC-90-006).

7.0 TISSUE RES.DUE ASPROACH

7.1 General description of the approach

‘ The Tissue Residue Approach involves determining

" concentrations of contaminants sorbed to sediments above which
the associated biota will contain unacceptable tissue residues.
Key to success of the method is the determination of acceptable
tissue concentrations. Two basic approaches can be used to :
determine these levels. One is to establish Maximum Permissible
Tissue Concentrations (MPTC) for an organism at the chronic water
quality criterion concentration. An assumption that is made in
this approach is that body burden of a contaminant is correlated
to a toxic effect. Once this number is known, calculations to
determine acceptable water concentrations resulting from sediment
levels (e.g., -the Equilibrium Partitioning approach) can be made.
Field observations which compare tissue residues to associated
sediment contaminant concentrations can also be used to derive
sediment quality .aiues. = -

§

_ Another approach to determining an acceptable tissue ‘
. concentration is to use a human h.1alth Action Level or Tolerance

12

natural or spiked sediment to determine the influence of aging on




acceptable sediment levels.

Level for ‘a contamlnant in freshwater fish or in: seafood and

. back-calculate the level in sediment that would result in these

concentrations.

The linkage between tissue residues and assocxated sediment
concentrations can be approximated through either site~-specific
observations, equilibrium partitxoning modellnq, or
pharmacoklnetxcs-bloenergetics modeling.

7.2 Advantages of the approach

There are a number of advantages to thls approach if

- properly executed and validated. One is that, in many cases,

direct field observations can be made to relate sediment and
tissue concentrations. For example, kepone concentrations were
found in the James River sediments and correlated to
concentrations in fish and shellfish xnhab1t1ng the river. 1In
such a case, the methodology does not require a knowledqe of
biocavailability relationships, because the organisms have already
integrated all the variables. Care must be taken, however, to
properly interpret the tissue residue data relative to spawning
cycle, time of year and migratory patterns. For instance, should
tissue residues be measured immediately after spawning, total
body burdens of lipophilic chemicals which had concentrated in
the eggs, would be less than before spawning. "“Acceptable
sediment levels”" based on these post-spawning measurements may
not be appropriate for pre-spawning conditions.

There is. greater uncertalnty qenerated when )
pharmacokinetics-biocenergetics modeling is used. This is because-
of uncertainties associated with the assumptions used in the
models. For the same reasons, there are uncertainties inherent
with the use of equilibrium partitioning models to back-calculate

7.3 Limitations of this Approach

‘The approach works best for aquatic ecosystems that are
close to steady state. The fact that some rhemicals are
metabolized to substances of higher toxicity, and that such
transformations must be recognized for the approach te be valid, -
is acknowledged in the Compendium. One limitation that needs to
be documented is the fact that our data base and understanding of
the relationship between body burden and toxicity is virtually
non-existent. While this may be less of a problem if one uses
species for which tissue residues have been measured at the
chronic water quality concentration, extrapolation to other
speclies is extremely risky. . ,

The document does not adequately address which tissues are
most appropriately used. This aspect needs further expansion.
The ability of the method to. assess effects ot complex mixtures

: 13

{




. . in sediments should also be better explamed

There are real~world examples whlch support the utllxty of
this appreach. There is also research which shows that
laboratory derived bioconcentratxon factors and depuration rates
are not always the same as those observed in the "real-world.®
Therefore, extreme caution must be used when applying this method
without field validation. This is an area deserving of more
research effort. S .

7.4 Rebustness of the Approach
- The method has been used in the field and had been shown to
.be effective. A major advantage is realized when correlations
between sediment contamination levels and tissue concentrations
can be made in the environment. Such relationships derived in
the laooratory have greater uncertainties which carry over to
sediment quality values thus derived. :

7.5 Recommendation

. It is recommended that this method be considered by the
Agency for further development as a major tool in assessing
sediment quallty Research should be supported to better define
' the relationships between tissue resides and toxicities. Should
a mechanistic understanding be obtained, the method will have a
. much broader 'applicability. . _

' This is an integrated approach which utilizes sediment
chemistry, sediment toxicity, and benthic macroinvertebrate
community structure and function to evaluate sediment quality, in
‘a manner similar to the approaches now used to evaluate surface ’
water quality. - The community structure and function of benthic
macroinvertebrates are used extensively to evaluate water quality
and characterize impacts in lotic and lentic freshwater
ecosystems. Benthic macroinvertebrates inhabit or depend upon
the sedimentary environment for their various life functions,
therefore, they are sengsitive to both long-term and short-term
' changes in sediment and water quality.

The structural assessment relates to the numeric taxonomic
distribution of the community, and the functional assessment
involves trophic level and morphological aspects. The proposed
methodology addresses tine specific' benthic community assessment
methods that are available, or being developed, to complement the
chemical and tcxicoloqical portions of this sediment quality '

. assessment. .
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Freshwater benthic macroinvertebrate comnunities can be usedf
to assess sediment or water quality in the following ways:

(a) identification of the quality of ambient

: sites through a knowledge of the pollution
tolerances and life history requlrements of.
benthic macroxnvertebrates,

(b) comparison of the quality of reference (or
least impacted) sites with test (ambient)
sites, and -

(¢) determination of spatial gradients of : ' ’
contamination for point or dirtuss source :
characterization.,

8.2 Advantages of the approach

Perhaps the main advantage_of uszng a4 variety of benthic
macroinvertebrate measures is that, in many cases, it can provide
an econcmical and useful indication of the comparative health and
well-being of the specific aquatic ecosystem under study.

‘A real advantaqe is that it prov1des a direct observation
rather than theoretically derived data. A natural real-world mix
of benthic macroinvertebrates may be more usetul than a standard
list of species for a generalized bioassay or other laboratory
evaluation. Benthic macroinvertebrates provide substantial
information that the chemistry and toxicity data alone cannot
provide. ;

The sampling strategies outlined should detect spatial
differences and temporal trends. These will assist in the
overall process of detecting, quantifying, and attributing the
source or cause of change or, also important, the lack ot change.

Rapid assessment techniques can be very ‘useful to guide
decisions as to how much detailed bioclogical sampling and
analysis is required as well as the level and type of effort
needed for other labor-intensive, long-duration, and expensive
physical -or chemical sampling, analyses, or modeling efforts.
Full quantitative sampling is not needed to determine the
relative abundance of the various species of benthic ‘
macrolnvertebrates.

Benthic community assessments can help determins whether
sediment quality is impairing the designated uses and biotic
integrity.

s




3.3 m ns of the approa

. oo Bentl}ic macroinvertebrates will be effective in helping to
indicate in-place pollutant control needs through site-specific
knowledge of surface water quality, habitat quality, and sediment
chemistry and toxicity. Optimal use of benthic )
macroinvertebrates may be as part of an integrated approach as
described. But. the benthic macroinvertebrate data may well be,
in some instances, more quantitative, more valid, and less

suspect than other sediment toxicity or contamination assessment

N

\

methods included in the compendium.

One limitation is the difficulty in relating the findings to
the presence of individual chemicals and specific concentrations
of those chemicals for numeric in-place pollutant management.
However, this is a problem for many of the methods available to
estimate sediment quality. :
[ B .

By itself, this method should not be used to generate
chemical-specific values in situations where there are multiple
outfalls or a number of pollutants because multiple sources or
peculiar depositional or flow patterns may make interpretations
difficult. In some less complex situations, it probably could be
the basis for remedial actions: but in all cases analysis of
benthic macroinvertebrates can be extremely helpful.

_caused by factors other than water quality impacts including
seasonal differences, poor habitat which may result from an
influx of clean non-toxic inorganic soil, or from some other
physical perturbation. Comparisons should be made among benthic
communities inhabiting similar substrates since different
organisms will inhabit different types of substrate.

. It must be realized that low community diversity can be

8.4 Robuatness of the approach : , -

Benthic organisms are holistically integrating all of the
environmental perturbations which are occurring. Such _
integration is ideal for assessing the overall condition of a
particular environment and is especially useful in simple .
circumstances where sources or inputs of contaminants are limited
and gradients can be established. 1In other cases, cause-and-
effect relationships may be more difficult to determine. For
instance, navigational dredging projects are most commonly found
in highly industrialized or urbanized areas which have a wide ,
variety of perturbations, and navigation itself is a form of
perturbation. The physical effects of traffic and of repeated
dredging in a channel may eliminate or severely reduce the
benthic fauna, pa;ticularly in navigation channels.

‘Likewise, water quality contaminant impacts from outfalls,

thermal discharges, surface runoff, and a host of other
perturbations may completely confound any effects of sediment

. | 16 , ’
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contaminants. Further, it must be remembered that the method is
a "snapshot in time® and the organisms present are representing
the events, and partlcularly the extreme events, which have
occurred over some period of time.
The method can yield two results. Either -a: healthy fauna
will be found, in which case no further action is required, or
. the fauna will not be healthy. 1In the latter, if the cause is
unknown, bioassays may be necessary to separate physxcal effects,
. water-column effects, or episodic events. Biocassays might best
be used instead of benthic community assessments.

8.5 Recommendatjons

Benthic macroinvertebrates alone can be used to screen for
potential sediment contamination and source identification by
disvlayving spatial gradients in community structure, but they
shuuld not normally be used alone to definitively determine
sediment quality or develop chemical-specific guidelines. °

It is probably true that a benefit of reducing complex
benthic community measurements to a single number was that it
could be used by non-bxologxs; decision-makers. It is still’
inportant for scientists to be very sensitive to the needs of
decision-makers and to prov1de them with appropriate output or
results that will be useful in making the sort of decisions
facing them. Some discussion should be provided that would help
users balance the deslrabllxty of providing one or several

. numbers .

9.1 general Description of the Approach

The Marine Benthic Community Structure Assessment Approach
involves a field survey that includes replicated sampling at
stations; sorting and identification of the collected organisms
to the lowest possible taxa; and analyses of species richness,
number of individuals, diversity, and sometimes biomass. Results
of field surveys are interpreted by comparison to reference
stations (sites) which are (should be) ecoloagically similar.
Effects of sediment physical/chemical properties are also
lntegrated into data interpretations. ,

9.2 Advantages of the approach

The Marine Benthic Community Structure Assessment Approach
can directly assess sediment quality since it provides an
empirical determination of the benthic community present in a ‘
sediment sample. When compared to reference (uncontaminated) :
sites, the effects of sediment contaminants on benthic organisms
can be determined. It provides a direct in gitu assessnent.

@ |




9.3 L t s of ¢t approac

The Marine Benthic Community Structure Assessment Approach
can not be used by ‘itself to generate numeric sediment quality

values. The approach provides no information on the
contaminant(s) causing the effects on benthic organisms.

However, the methcod can be inteqgrated into several other -
approaches (i.e., the Sediment Triad and AET) to develop numeric
sediment values, Benthic community structure is impacted by a
variety of factors other than the presence of chemical
contaminants in sediments. Interpretation of Marine Benthic
Community Structure Assessment results must include consideration
of the influence of abiotic factors such as substrate type and
quality. .

Conducting benthic surveys can be expensive and require high
levels of taxonomic expertise. Frequently, available resources
limit the design of studies and statistical power is low due to
insufficient replication. ' Coe E

9.4 Robustness of the approach

The assessment of benthic community structure is a direct
measure of the environmental effects of pollutants and is an:
extremely robust method. In general, the comments in this ,
section apply equally to marine or freshwater benthic community
assessments. . .

. 9.5 Recommendations

Criteria need to bhe developed to identify reference sites to
.be used in the Marine Benthic Community Structure Assessnent.
Research should be conducted to evaluate the usefulness of
identifying marine macroinvertebrates to different taxonomic
levels (i.e., Is taxonomic family adequate or is genus alwvays
. required?). . :

-t

10.0 SEDIMENT QUALITY TRIAD APPROACHE
10.1 General Desgription |

A In the Sediment Quality Triad Approach, chemical analyses of
sediments, studies of the benthic infaunal communities, and :
laboratory bioassays of sediments are used to provide a .
qualitative and numerical description of sediment quality. The
major emphasis has been on an integrated qualitative description
of sediment quality.’

The Sediment Quality Triad Approach has many similarities to
the AET Approach, in that both methods use sediment chemistry
data, an assessment of benthic infauna, and sediment toxicity

o -




studies. The methods used %or‘thg analysis of the resulting data
. and their interpretation in these two methods djiffer. '

- The Triad Approach develops “ratios to reference" (RTR)

| ' values and combines these in a matrix or in diagrammatic form to

| . illustrate the degree of divergence from the selected reference.

| ; The pattern of divergence is 'used as an aid in the interpretation
of the siqnificancg of the data. , . A

To date the Triad Approach has been used primarily in
setting priorities for addressing sediment contamination..

10.2 Advantages

The major strength of the method isg that it can deal with
interactions of components in the types of mixtures that are en-
countered in a specific locality. The method integrates chemical -
studies, benthic population studies, and 1aboratory_bioas§ays.

The method offers an integrated approcach to prioritizinq
areas of sedimentary contamination within a single geographic
region. g

'10.3 Limitations

The major weakness of the Triad method is its site-
. specific nature. ' In addition, the Triad method does not

concentrations and observed adverse effects. In its original
form the Triad method does not develop numerical sediment quality
values. Data agenarared may be difficult to interpret if

+ normalizing factors for biocavailability are unknown. -

10.4 Robustness of the method
- Conceptually, within its limitations, the method is robust,
-The reliability of the individual Triaa prioritizations is

strongly influenced by the quantity and quality of the data
available for integration. ~ , ' '

10.5 Recommendations B
.~ The section on the Triad Aﬁprqach is well written. The
‘write-up of the Triad method should make more explicit references
to the AET approach, briefly indicating similarities and
pertinent differences. - ;




. 11.0 APRPARENT. EPFE SHOL OACH
" 11.1 Gene description of the approac

For the Apparent Effects Threshold (AET) approach,
biological data (e.g., benthic community structure or laboratory
bicassays) and chemical analyses of contaminants in sediments

. are used to develop sedimentary concentration limits for
.. specific contaminants.

The AET Approach has many similarities to the Sediment
Quality Triad Approach, in that both methods use sediment
chemistry data, an assessment of benthic infauna, and sediment
toxicity studies. The methods used for the analysis of the-
resulting data and their Lnterpretatlon 1n these two methods
dxffer.

. The AET method was orxglnally developed to evaluate
ccndxtlons in Puget Sound on the basis of an extensive data set
that was available for that region.

This method received extensive evaluation by EPA's Science
Advisory Board (SAB), and the reader is referred to the report
of the SAB Subcommittee on Sediment Criteria ("Evaluation of the
Apparent Effects threshold Approach for Assessing Sediment
Quality" SAB-EETFC-89-027, July, 1989) for their : Ve
evaluation. -

The AET method is based upon an assessment of the
concentrationrs »¢ ' -cally encountered contaminants and identifies
those concentrati.ns that are associated at some confidence
level with decrements of benthic biota. Field data may be
augmented by laboratory toxicity screening tests - (e.gqg.,
bacterial bioluminescence, amphipod mortality, "and developmental
abnormalities in oyster larvae). The AET method can establish
sedimentary quality values on the basis of benthic infaunal-
changes, or on the basis of laboratory toxicity data derived from
sediment samples, or on some combination of both field and
laboratory data., ' .

nza_ungm_u_mum

.The major strength of the method is that it can deal with.
interactions of components in the types of mixtures that are en-
countered in a specific locality. Effects measured in the field
as well as in the lahoratory can be accommodated by the method.

_ The AET method can be particularly advantageous when many
. environmental samples are already beinq collected as part of
.other program needs.
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. ;11,3 Limitat ons of t Mathod

The major weakness of the AET method is its
site-specific nature. AET values developed for one location
. cannot be readily exported to other sites without repeating
most of the field and laboratory. - analyses for the new location,

- s0 that the interactions of the various chemzcals’in'the new A
.. sediments on the biota could be determined. ' In addition, the AET -
method does not establish causal relationships between specific
contaminant concentrations and observed adverse effects.  Non-

" protective AETs could be generated if biological results were
‘incorrectly classified. By definition an AET can only increase .

. with additional non-impacted (e.gq., 1ncorrect1y classified) data.
It also requires a large data base and is therefore costly.

11.4 Rebu ass o t metho

: Conceptually, within its limitations, the method is robust.
The rellablllty of the individual AET values is strongly
influenced by the quantity and qualxty of the data ‘available for
their derivation.

11.5 Recoggggdatiogg

The . presentation of the AET method needs to be revised.
-Most of Chapter 10 deals with the history, derivation, and
potential uses of the AET method. The discussions of. the AET
method should make reference to the Sediment Quality Triad
Approach, briefly indicating similarities and pertinent
differences. In an earlier evaluation of the AET method,\this
Subcommittee recommended that EPA use the AET method in
combination with other approaches and that the AET approach could
be strengthened by using replicate sediment samples, devising
criteria for selecting reference sites, including considerations
of physical factors, and developing measures of variance.

The approach developed by the International Joint Commission
(IJC) for the assessment of contaminated sediments in the Great
Lakes differs significantly from the other approaches cited in
the "Sediment Classification Methods Compendium.® The approach
emphagizes strategy rather than methodological details. The IJC
method is focused on large-scale problems and considers the cost-
effectiveness of the initial studies. The major concerns are the




_~ potentials for. biological effects and biéconcentration. The
strategy employs chemical, physical, and biological approaches to
define the qualltatlve and quantxtatzve severity of an impact.
The strategy is comprised of a series of data-gathering
activities: physical mapping, including benthic communities:
laboratory bioassays: and characterizing sediment dynamics, which
may be important in developing remedial options.

12.2 ‘gtrengths of this Approach

The major strength of the method is the recognition of
the need for a strateqy to attack a series of problems that may
range from the small to problems of major extent. The 1IJC

. approach clearly recognizes the need to reconcile the costs of
. the  investigation of sedimentary quality with the costs of any
remedial actions, and provides general guidance for a threshold
- for irvestigating sediment associated problems. In addition,
the IJC approach recognizes the need for using multiple avenues.
to demonstrate the extent and depth of the problem.

12.3 gi;gg; ns of this szgggn

The method has the earmarks of a process developed in
a conference room, rather than being developed in accordance
with field experience. The magnitude of required data for Stage
I is irreconcilable with a strategic approcach that would
sequence a reconnaissance investigation with a more descript;ve.
. investigation, followed by a detailed investigation targeted at
remediation, followed by a compliance investigation during and
after the remediation process. Furthermore, the strategy for
_Stage I combires aspects that are extremely specific (e.g., the
analysis of phosphorus) with aspects that are poorly specified
. (e.g., benthic community structure). Ideally, the initial
reconnaissance studies should be the least expensive, the most
‘general, the most inclusive, and the least definitive. This is
clearly not the case for the IJC method, whoro stages I and II
are the most expensive.

The specifications for additional phasos and stages vary
considerably in the general guidanco and spa*iticity of
1nstructions that are provided.

The discussion of the IJC method in the Hothodo Compendium
needs to be improved with regard to any diatinction between
stages and phases in the methodology. . .

12.4. Robustness of the approach

The IJC method is fragile. It has not been proven in the
assegssment of actual environmental conditions. Nevertheless,
certain aspects of this methodology deserve their generalized
incorporation into any conprehensivo nothodology Thus, this
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valuable that it should be incorporated into all methodologies .
associated with the evaluation of sediments. Although the 1J¢C
method was designed specifically for the Great Lakes, its
present methodology is so general that it can be applied
globally: the only exceptions to this may be the emphasis of
the Great Lakes method on bioconcentration and on finding
‘tumors in fish. However, these latter two issues may well be
sufficiently important that they should receive priority

. treatment for the evaluation of sedlments 1n other localities.

. overall strategy for deallng with contaminated sedlments is so

‘Many of the specific methodologies cited as part of the 1IJC
- approach have also been cited previously as part of other
.approaches, especially in the Sediment Triad and the AET
methodologies.

12.5 Recommendations i

Regardless of the shortcomings of the IJC
methodology, the concept of using a strategy to attack this
complex problem has a great deal of merit. It is important that
the concepts of IJC strategy be incorporated into the
resolution of all complex approaches on the potential effects of
contaminants in sediments.

A. The Subcommittee finds that the Compendium is scientifically
acceptable for its intended use and encourages EPA to expand the
introduction with references and discussion for sample collection
and handling, quality assurance/quality control, tiered ,
_approaches for mixtures of chemicals, and data analysis. The
Subcommittee also suggests that EPA add a table to the Compendium
that summarizes information on the status and relative costs of
each method. The status information could include relevant and -
comparative information on: the number and type of species
tested, site gpeciticity, field validation, and the availability
of an uncertainty analysis tor each method. .

- B. The Subcommittee roconnands that EPA conduct research to
expand the battery of freshwater and marine species that can be
tested in the Bulk Sediment Toxicity Test Approach. For all
approaches, protocols should be developed for handling and
collecting samples, for sample storage, and basic quality
assurance procedures. This could be added as introductory
material to the Compendium or published as a separate document.
Additional test methods are needed to assess other endpoints,
such as chronic toxicity and teratogenicity.
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Q. The. Subcommlttee recommends that EPA anesthate the effect
of the effect of "aqing” of spiked sediments and examine the
extent to which the Spiked Sediment Toxicity Approach can be used
to estimate the effects from mxxtures.

D. The Subcommittee recommends that EPA revise the discussion

of the Interstitial Water Toxicity Approach to emphasize its :
strengths for identifying sediment toxicity. Additional research
should be performed to evaluate the applicability of the TIE
procedures to sediments.

E. The Subcommittee reiterates its recommendations from an
earlier review of the Equilibrium Partitioning approach (EPA-SAB-~
EPEC-90~-006, February, 1990). The compendium should caution
users of this method to express the uncertainties in the
assumptions and to avoid cumulative errors in the calculation of
the partition values. The availability of compounds associated

" witn sediment may be controlled by kinetics rather than by

- partitioning. The possible influence of kinetics should be
considered when the equilibrium partitioning approach.is used to
establish sediment guality values,

F. .The Subcommittee recommends that the EPA consider further
development of the Tissue Residue approach which has the
potential to be used as a major tool in assessing sediment

" quality. The method could have even wider applicability if
research could define the mechanisms of partitioning in the "real
world" and the relationship between tissue residues and toxicity.

G. The Subcommittee recommends that the Freshwater and Marine
Benthic Macroinvertebrate Community approaches be used to screen
-for potential sediment contamination and source identification.
‘Discussion should be added to the compendium to help users -
balance the desirability of providing one or several numbers, and
guidance should be added to identify reference sites for the
Marine approach.

_H. The Subcommittee recommends that the s.dinant Triad and the

Apparent Effects Threshold (AET) approaches should be cross-
referenced. Additional comments were provided on the AET
approach in a saparato report (EPA-SAB-EEFTC-89-027, August,\
1989) .

I. The Subcommittee recommends that EPA hithiqht the
International Joint Commission Sediment Strategy for its g
conceptual strength toward addressing the potential effects of -
contaminants in sediment.

24




14.0 REFERENCES CITED

3

DiToro, D.M. and L.M. Horzempa. (1982) Reversible and
Resistant components’ of PCB adsorptlcn-desorption isotherms.

Environ. Sci. Techn. 16(9):594-602.

Doi J. and D.. Grothe, 1988. Use of fractionation chemical:
ana1y51s schemes for plant effluent toxicity evaluations.

o} : Eleventh Volunme, ASTM
STP 1007, G.W. Suter II and M.A. Lewis, Eda., American Society
for Testzng and Materials, Philadelphia, pp. 123 138.

Karlckhoft, S.W. and K.R. Morris. (1985) SOrption dynamxcs of
hydrophobic pollutants in - sediment suspensions. Environ.

- Toxicol, Chem, 4:469-479.




