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ABSTRACT .

Some aquatic sediments, especially those near urban and indus-
trial areas, are contaminated with a variety of potentially toxic or other-
wise deleterious chemicgls. The U.S. EPA and water quality regulatory
agencies in several states are developing sediment quality criteria and
standards to be used to survey sediments and judge whether the con-
centrations of contaminants in them are “‘excessive” and therefore in

" need of “remediation.” The U.S. EPA has proposed using equifibrium
partitioning of contaminants with total organic carbon (TOC) as a basis
for regulating some nonpolar organic chemicals (such as chlorinated
hydrocarbon pesticides and polynuclear aromatic hydrocarbons) and
acid volatile sulfide-normalization of noniron heavy metal concen-
trations to determine whether heavy metals are present in excessive
amounts. A review of the technical bases for these chemica}
composition-based approaches shows that neither reliably establishes
the critical concentrations of contaminants for cost-effective protec-
tierr of bereficial ases of waterbedies-

Aquatic sediments contain a variety of other constituents that
detoxify contaminants but are not accounted for in the proposed
approaches. In its sediment quality criteria development efforts, the
U.S. EPA has not considered one of the most significant sediment-
associated contaminants that represents a real threat of toxicity to
aquatic organisms; ammonia. U.S. EPA representatives have
acknowledged that deficiency, although as of the summer of 1991, the
agency had not begun to adequately address it. Based on our work,
ammonia is likely to be a common pollutant of sediments that can
be derived from natural sources.

A review is presented of technical problems with current
approaches for chemical composition-based sediment quality criteria
and standards. Alternative, biological effects-based approaches incor-
porating toxicity tests and assessments of contaminant bioaccumula-
tion in aquatic organism tissue are discussed. These effects-based
approaches effectively evaluate and manage the disposal of dredged
sediments.

BACKGROUND

Some aquatic sediments, especially those near urban and indus-
trial areas, are highly contaminated with a variety of potentially toxic
or otherwise deleterious chemicals such as heavy metals, chlorinated
hydrocarbons and other pesticides, PCBs, aquatic plant nutrients (N
and P), polynuclear aromatic compounds and petroleum hydrocarbons.
While such contamination has generally been known since the late
1960s and measures have been taken to identify potentially hazardous
situations associated with dredging for waterway channel depth-
maintenance, some environmental activist groups have recently stimu-
lated federal and some state legislative bodies to develop additional
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legislation to regulate contaminated sediments.

The U.S. EPA and water quality regulatory agencies in several
states are developing sediment quality criteria and standards (called
“objectives” in California). Those criteria are to be used to survey
sediments and judge whether the concentrations of contaminants in
them are “excessive” and thus in need of “remediation.” They would
also be used to regulate the amounts of chemical contaminants
discharged in (1) municipal and industrial point-source wastewater
effluents and in (2) nonpoint source run-off from urban, agricultural
and rural areas to avoid “‘excessive” accumulations of contaminants
in downstream aquatic sediments.

There is justifiably considerable concern in the regulated com-
munity, including all point and nonpoint source dischargers as well
as the Corps of Engineers who must maintain the navigational depths
of waterways by dredging, that the sediment quality criteria that are
adopted and implemented be technically valid and remediate only those
sediments that do, or could through dredging, adversely affect benefi-
cial uses of waters. From the work that has been done to develop
sediment quality criteria,' however, it is becoming increasing evident
that the criteria and standards being developed at the federal and state
levels have serious technical deficiencies that could unnecessarily and
greatly increase the costs of (1) municipal and industrial wastewater
treatment and (2) management of contaminants in urban and rural
land run-off and in dredged sediments. These deficiencies are recog-
nized and discussed by other groups within the U.S. EPA .2

Since there are few in situ treatment methodologies for contami-
nated sediments, the typical remediation approach will likely involve
(1) excavation of the sediments that have “excessive” concentrations
of one or more contaminants and (2) treatment of the excavated sedi-
ments using one of the many types of procedures being used to treat
contaminated soils from federal and state Superfund sites. Such
remediation approaches can easily cost $100 to $1000 per cubic meter
(ton) of sediment. It is sometimes said that there is going to be a need
for an “Aquatic Superfund” (“Aquafund”) program which may in the
long-term be more expensive than the current terrestrial program.
Considering the funds that will be required to remediate “‘excessive”
contaminants in aquatic sediments, it is very important to use relia-
ble methods to classify their degree of contamination; methods that
do not result in unnecessary expenditures for treating nonproblems.

After spending several million dollars in research, the U.S. EPA
and the Corps of Engineers in the 1970s determined that it was not
possible to use chemical analytical methods to reliably assess whether
contaminants present in sediments could have a significant adverse
impact on the beneficial uses of a waterbody. The U.S. EPA and Corps
of Engineers developed a biological effects-based approach for making
such assessments; aquatic organism toxicity tests and aquatic organ-



ism bioaccumulation evaluations were the foundation of the assess-
ments. Based on the results of those tests, site-specific evaluations
were made regarding how and where polluted dredged sediments could
be deposited. That approach has worked well since it was adopted
in the mid-1970s and it has recently been reaffirmed as the basis for
regulating the ocean disposal of polluted sediments. Since the primary
point of concern with contaminated sediments is the effect of their
associated contaminants on aquatic life, and because the chemistry
of sediment-associated contaminants is complex, the most reliable way
to assess whether contaminants in a sediment potentially adversely
affect aquatic life is to use a number of sensitive aquatic organisms
in toxicity tests of the sediments. That information forms the founda-
tion for a technically valid, cost-effective evaluation of the sediments
and management of those sediments that are excessively contaminated.

The U.S. EPA has announced that it plans to promulgate a number
of chemical composition-based sediment quality criteria each year
for the next several years, beginning in the fall of 1991. It has
announced that those sediment quality criteria will be based on
equilibrium partitioning (EP) and total organic carbon-normalization
for nonpolar organic chemicals and on acid volatile sulfide (AVS)-
normalization of sediment-associated heavy metals. Those approaches,
based on the chemical composition of sediments, will be used to judge
what constitutes an excessive concentration of selected contaminants
in aquatic sediments and, therefore, which sediments require ““remedi-
ation” and contaminant input controls. There is concern that the U.S.
EPA’s sediment quality criteria, as well as standards being developed
by states, could cause unnecessary expenditures of public and private
funds to “‘manage” aquatic sediments that do not need to be remedi-
ated. This could result because of the unreliability of those criteria
for classification of the hazard that contaminants in a particular
sediment represent to aquatic life and other beneficial uses of the water-
body in which they are located.

This paper discusses key technical aspects of the approaches being
used for, and potential problems associated with, developing chemi-
cal composition-based sediment quality criteria such as those being
promulgated by the U.S. EPA. Also presented is an overview of
approaches that have reliably identified and regulated impacts of
sediment-associated contaminants, namely biological effects-based
approaches based on results of toxicity tests and tests of bioaccumu-
lation of contaminants in aquatic organism tissue. This paper is a con-
densation of a more comprehensive discussion of this topic prepared
by the authors. The longer report is available upon request.

OBJECTIVES OF DEVELOPING
SEDIMENT QUALITY CRITERIA

Protection of Water Quality

In accord with the law (PL 92-500 and its amendments), water
quality regulatory programs should be designed to protect the desig-
nated beneficial uses of a waterbody. All waters of the United States
have had their designated uses delineated in public processes in which
federal and state regulatory agencies and the public have determined
the uses that are to be protected for each particular waterbody. Those
uses typically include fish and aquatic life, domestic water supply,
recreation, wildlife habitat, navigation, agricultural water supply,
industrial water supply, waste-heat dissipation and wastewater dilution.
The U.S. EPA and the states must develop water quality criteria and
standards that will protect the designated beneficial uses. Typical
standards are numeric concentration limits for the designated benefi-
cial use(s) of the given waterbody that are not to be exceeded beyond
the edge of a mixing zone for wastewater discharges to the waterbody.
The states, with approval of the U.S. EPA, can designate the size of
the mixing zone.

Typically, the general phrase “protection of water quality”’ means
the protection of all designated beneficial uses which usually include
fish and aquatic life, recreation and, for freshwater, the domestic water
supply as well. With few exceptions, the water quality criteria that
will protect those uses will also protect other uses.

The Water Quality Criteria Model for Sediment Quality Criteria

The U.S. EPA' repeatedly referred to the numeric water quality
criteria’s serving as a model for the development of sediment quality
criteria. DiToro et al.* stated in their discussion of the technical basis
for developing sediment quality criteria, “They are intended to be
predictive of biological effects. As a consequence they could be used
in much the same way as the chronic water quality criteria—as the
concentration of a chemical which is protective of benthic aquatic
life.” The issue is not simply developing an approach that is protective
of aquatic life. The issue is the development of an approach to provide
protection or enhancement of aquatic life-related beneficial uses
without unwarranted expenditures for unnecessary “remediation.”

That notwithstanding, it must be recognized that significant
difficulties have arisen with the use of water quality criteria and state
standards equivalent to them for attempting to control potential subtle
and chronic impacts of chemical contaminants in water. The U.S. EPA
water quality criteria were developed to be chronic exposure, safe
concentrations of available forms of certain potentially harmful con-
taminants. However, when those values are used as numeric standards
in a particular waterway, they are typically applied to the total con-
centrations of the contaminants, irrespective of the ability of the forms
of the contaminants present to impair beneficial uses of the water-
body. That approach toward criteria and standards implementation
does not recognize that (1) for many, chemicals exist in aquatic systems
in a variety of forms only some of which are toxic-available or that
(2) there are many situations in which organisms do not or cannot
receive a chronic exposure to the contaminants. That approach also
does not properly consider the wide range of physical, chemical and
biological factors that affect the impact of a contaminant on aquatic life.

State water quality standards equivalent to chronic exposure, safe
concentration criteria tend to be unnecessarily overly conservative;
that is, they can result in the regulation of chemicals that are not
adversely affecting water quality. Unjustifiably overly restrictive
standards can lead to the construction of unnecessary treatment works
and/or the development of unnecessarily expensive contaminant control
programs in the name of protecting water quality (designated beneficial
uses) of a waterbody without effecting benefits to water quality beyond
those which could be attained using a more technically valid approach.
This problem will be even more pronounced for sediment quality
criteria and standards being developed today because of the wide
variety of detoxification mechanisms well-known to be associated with
sediments that convert potentially toxic forms of chemicals to non-
toxic forms but are not being considered by the U.S. EPA and because
of the implementation approach the U.S. EPA has indicated.*

‘Implementation of Criteria and Standards

Inadequate attention has been given to the implementation of
criteria and standards developed by federal and state agencies into
technically valid, cost-effective regulations. The authors have repeat-
edly heard individuals responsible for developing criteria and stan-
dards state that they do not have to consider whether the criteria and
standards can be implemented into contaminant control programs;
they indicate that that is “‘someone else’s responsibility.”

That apparent dichotomy of responsibility has given rise to some
of the problems encountered in the development of technically valid,
cost-effective approaches for managing the potential chronic toxicity
from heavy metals in point and nonpoint source discharges and run-
off from urban and rural sources. For example, it has been well-known
since the late 1960s that many heavy metals occur in aquatic systems
in forms that are not toxic; the toxic and nontoxic forms cannot be
separately quantified using chemical analytical techniques. However,
the U.S. EPA has been unable to develop contaminant control programs
for heavy metals in wastewater discharges that are based on those forms
of heavy metals that are, in fact, toxic in the receiving waters. Until
recently, that situation was not a significant problem since neither
federal nor state regulatory agencies were attempting to enforce criteria
or standards equivalent to chronic exposure, safe concentrations of
available forms of heavy metals in ambient waters. Today, however,
it is becoming a pivotal issue in many parts of the country in the
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regulation of heavy metals in aquatic systems.

Since the U.S. EPA has been unable to develop technically valid
water quality criteria for heavy metals that focus on available forms
of contaminants using chemical analytical procedures, it is highly
unlikely that federal and state agencies will be able to develop sediment
quality criteria and standards based on chemical analyses that will
properly assess those parts of the contaminants present in aquatic
sediments that can impair beneficial uses of the waters in which the
sediments are located. The development of that type of approach for
sediments will be even more difficult to achieve than for the water
column. The U.S. EPA* has indicated that the sediment quality
criteria that are being developed supposedly to meet chronic safe water
quality criteria in interstitial water, will be “‘not-to-exceed” values,
a step that further disregards realities of contaminant transport and
organism exposure discussed elsewhere herein.

It is essential that those developing sediment quality criteria
designed to protect and, where appropriate, enhance the designated
beneficial uses of a waterbody, properly and appropriately consider
how those criteria and standards are going to be implemented into
pollutant control programs that will protect beneficial uses without
unnecessary expenditures. Sediment quality criteria and standards are
being developed in the “‘abstract” by the U.S. EPA and the agencies
of some states such as California; the ability to implement the criteria-
and standards is not being properly considered. This program can
readily result in the same kinds of problems that resulted from the
“Jensen” bulk sediment composition criteria used to regulate dredged
sediment disposal in the early 1970s; such problems caused massive
waste of public and private funds for control of contaminants that had
no adverse impact on water quality.

Contaminants versus Pollutants

Because chemicals exist in aquatic systems in a variety of forms
and only some of those forms are available to affect water quality,
making the distinction between “‘contaminants” and “pollutants” is
critical to appropriate regulation of chemicals for water quality
protection. A “contaminant” is any material added to an environmental
medium; in the context of this discussion, to a sediment. A “pollutant”
is a contaminant that is present in sufficient concentrations of available
forms and to which exposure is sufficient to result in an adverse impact
on beneficial uses of the waterbody. This distinction reflects the fact
that the mere presence of a particular chemical does not demonstrate
that there is an adverse impact on water quality. Only if the concen-
trations of available forms of that chemical contaminant are present
in sufficient concentrations in relation to the duration of exposure of
sensitive organisms is there a potential for adverse impacts to occur.
That distinction is also recognized in the federal water pollution con-
trol legislation; pollutants, not contaminants, are the focus of water
quality control requirements.

Sediment quality criteria that are based on the chemical compo-
sition of sediments do not discriminate between control of pollutants
and the unnecessary control of contaminants. A water quality con-
trol program that focuses on contaminants will likely be protective
of beneficial uses of water. However, such a program does not make
use of the technical information available regarding the behavior and
impact of chemical contaminants. Such a program will cause unwar-
ranted expenditures to control chemicals that are not adversely
affecting water quality; the program will not achieve greater protection
of beneficial uses than could be afforded with an appropriate pollutant
control program.

AQUATIC SEDIMENTS—COMPLEX CHEMICAL SYSTEMS

Chemical Aspects

If a sediment-associated contaminant is going to have an adverse
impact on aquatic life, it must be available to the aquatic organisms
within the sediments, at the sediment/water interface, or in the water
column above the sediments. It is generally found that dissolved,
uncomplexed contaminants are available to aquatic life and, therefore,
could be toxic to them if the organisms are in contact with the dissolved
chemical species for a sufficient period of time. Particulate forms of
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many contaminants, on the other hand, generally are not available
and therefore are not toxic to aquatic life. While that fact has been
known for many years, recent work by the U.S. EPA laboratories
associated with the development of sediment quality criteria has
provided additional demonstration that particulate forms of many con-
taminants such as nonpolar organics and heavy metals are nontoxic.

A significant and recurrent problem associated with the develop-
ment of programs for control of sediment-associated contaminants has.
been the failure to recognize that concentrations of contaminants in
sediments do not carry the same meaning as the concentrations of
contaminants in water. In water, the background matrix (H,O) is of
known, constant composition. In sediments, however, the background
matrix is a solid phase that is of highly variable composition. A sedi-
ment can be composed of widely variable proportions of constituents
from both natural and anthropogenic sources, such as organic and
inorganic erosional materials, clays, detrital material, carbonate
precipitates, calcarious organism remains, plant material, etc.
Furthermore, sediments are often highly heterogeneous; their nature,
composition and contaminant characteristics can vary greatly within
small areas.

The importance of understanding that many forms of heavy metals
and other contaminants in aquatic systems are unavailable to affect
aquatic life is echoed throughout the technical literature. For exam-
ple, Tessier and Campbell® concluded from their study of the parti-
tioning of trace heavy metals in sediments, “.. the total concentrations
of a metal in sediments provides little indication of the potential
interactions of the sediments with the abiotic [non-living] and biotic
[living] components...” They noted the complexity of heavy metal/sedi-
ment associations, pointing out that heavy metals in sediments can
be associated with clay surfaces, clay structural matrices, fumic acids,
iron and manganese hydrous oxide surfaces, detrital as well as freshly
precipitated carbonates, nodules, detrital organic matter of terrestrial
and aquatic origin, and crystalline and amorphous sulfides. The
complexity of the chemistry of heavy metals and other chemical con-
taminants in sediments makes their significance to aquatic life difficult
to ascertain by chemical means. This complexity is recognized by
groups within the U.S. EPA who are developing toxicity identifica-
tion evaluation procedures for sediments.?

Particulate (insoluble) forms of heavy metals, such as those which
result from precipitation reactions and sorption (attachment of
dissolved species onto sediment particle surfaces), are essentially
unavailable to be toxic to or accumulate within aquatic organisms.
Further, while the ionic aquo-species of many heavy metals are
generally considered available, not all other soluble forms of con-
taminants are available to be toxic to aquatic life. For example, soluble
heavy metals can react with organics and inorganics to form soluble
chemical complexes that are not toxic to aquatic life. Both the insoluble
and the nontoxic soluble forms of heavy metals reduce the impact
that the total concentration of any has on aquatic organisms.

The availability of a sediment-associated contaminant is controlled
by the bonding affinity of the contaminant for the various solid phases
present in the sediments. In general, contaminants are present in
sediments because they are particulate or tend to bind to some
component of the sediment that has a density greater than water causing
it to settle under quiescent conditions. The solid-phase components
of sediments that tend to bind contaminants include sulfides and
polysulfides; carbonates; clay minerals and clay-sized particles;
hydrous oxides of iron, manganese and aluminum; natural terrestrial
and aquatic detrital organics and organic carbon introduced from the
activities of man; and coatings on inorganic particles, detrital minerals,
etc.

The affinity that a contaminant has for any of those particles
depends on a variety of factors, many of which are poorly character-
ized and understood. Since the solid-phase matrix differs from one
sediment to another, the potential water quality impact that a particular
concentration of a contaminant in sediments may have on beneficial
uses of a water is different. A low concentration of a contaminant
in a sediment with low binding capacity for the contaminant can be
much more damaging to the beneficial uses of a waterbody than a



high concentration of the same contaminant in a different sediment.
The U.S. EPAs attempt to relate all of the detoxification ability of
sediments for groups of chemicals to analytically-defined parameters
is unjustifiably simplistic and inadequate.

Trying to Make the System Simple

‘While much is known about the general reactions and mechanisms
that render chemical contaminants associated with sediments less-
available or nontoxic to aquatic life, the details of the chemical and
biological processes that occur in sediments to regulate the toxicity
of a particular contaminant to aquatic life cannot be reliably measured
or quantified. The understanding and quantification capabilities are
inadequate to allow the meaningful ‘“‘normalization” of bulk consti-
tuent concentrations in sediment in the development of sediment
quality criteria for the evaluation and regulation of sediment-associated
contaminants. Ignoring the complexity of those systems can readily
result in an inappropriate assessment of the true hazards that chemical
contaminants in sediments represent to aquatic life-related beneficial
uses of a waterbody.

As discussed above, the affinity that a contaminant has for solids
depends on a variety of factors, many of which are poorly understood
and characterized. It is well-known, however, that attempting to relate
all of the detoxification ability of sediments for groups of chemicals
to analytically-defined parameters is unjustifiably simplistic and
inadequate (i.e., the U.S. EPA attempts based on the natural organic
carbon content of the sediments for nonpolar organics and the acid
volatile sulfide content for non-iron heavy metals.)

Since the primary impact that ¢ontaminants in sediments could
have on aquatic life is toxicity, it is far more technically valid to assess
toxicity directly with toxicity tests rather than trying to infer it from
some overly simplistic relationships and some chemical characteri-
zation of the sediments. There are many detoxification mechanisms
of aquatic sediments other than natural TOC and acid volatile sulfides.
As discussed below, equilibrium partitioning-TOC and acid volatile
sulfide-normalization of contaminant concentrations in aquatic sedi-
ments do not properly consider the wide variety of factors that control
the toxicity of contaminants to aquatic life in aquatic sediments.
Chemical analysis may not include all potentially toxic parameters
and the toxicity of many chemicals is not known.

EQUILIBRIUM PARTITIONING AS A BASIS
FOR DEVELOPING SEDIMENT QUALITY CRITERIA

The U.S. EPA! has proposed the development of sediment quality
criteria for nonpolar organic chemicals such as chlorinated hydrocar-
bon pesticides, PCBs and PAHs, based on estimates of their equili-
brium partitioning between the solid phase organics and the liquid
phase of a sediment. By this approach, the concentration of those
chemicals beyond that which is predicted based on a partitioning with
the organic carbon in sediments is assumed to be toxic to aquatic life.
The octanol/water partition coefficient for a chemical is assumed to
reliably describe the partitioning of that chemical that will occur
between the organic carbon in the sediment and the sediment’s inter-
stitial water. If the estimated interstitial water concentration of the
nonpolar organic chemical exceeds the U.S. EPA’s water quality
criterion, then the chemical is judged to be present in the sediment
in an excessive amount that can cause toxicity to aquatic life. There-
fore, if a chemical such as DDT is found in a sediment at a concen-
tration that, based on the organic carbon content and the octanol/water
partition coefficient, would result in an estimated concentration of
DDT in the interstitial water above the U.S. EPA criterion value for
chronic toxicity of DDT to aquatic life, then the DDT in the sediment
would require remediation. Further, if there was an identifiable source
of DDT, the source(s) would have to reduce the load of DDT
discharged to the waterbody because of the accumulation of DDT in
the sediments above the sediment quality criterion value.

There is some technical basis for using the TOC content of sedi-
ments to estimate one component of the detoxification potential of
sediments for some nonpolar organic chemicals. However, review of
the U.S. EPA’s approach for developing sediment quality criteria using
equilibrium partitioning shows a variety of potentially significant tech-

nical problems with its TOC-normalization. For example, it assumes
that all partitioning of nonpolar organic chemicals (for which the
approach is proposed) between the sediment and interstitial water is
properly described by the octanol/water partition coefficient.

It is well-known, however, that the various types of organic matter
that can be present in sediments can have significantly different binding
capacities (partitioning) for organic contaminants; the affinity is largely
dependant on the source and nature of the carbon. The U.S. EPA
approach assumes that the particulate TOC present in sediments
derived primarily from terrestrial plant detritus is representative of
all the TOC present in all sediments. For sediments in rural areas,
that may be an appropriate assumption; for sediments from industrial
areas that assumption could cause one to significantly underestimate
the binding capacity of the sediments for nonpolar organics and, there-
fore, overestimate the hazards that some nonpolar organics represent
to aquatic life.

While that topic has not been investigated extensively, Boyd and
Sun® found that the sorption of several organics onto petroleum
hydrocarbons was a factor of approximately 20 greater than their sorp-
tion onto natural TOC. Therefore, organics associated with sediments
contaminated with petroleum hydrocarbons would tend to be much
less toxic than those associated with sediments whose organic carbon
is natural TOC.

Work of Wang et al.” on the sorption of pesticides onto aquatic
sediments showed that other organics dissolved in the water can sig-
nificantly affect the uptake of pesticides by aquatic sediments. Wang
et al.” found that some dissolved organics enhanced sorption while
others inhibited sorption of pesticides onto the lake sediments. It has
also been known for many years (from the work on the removal of
specific contaminants from water on activated carbon as part of water
treatment processes) that certain organics such as natural “humics”
tend to bind to the solid surfaces more strongly than other, principally
low molecular weight, organics. Binding by natural dissolved organic
carbon can preclude the sorption of lower molecular weight organics
onto solids. It can therefore be very misleading to assume that uptake
of contaminants on aquatic sediments is a simple equilibrium parti-
tioning described by the octanol/water partition coefficient.

A basic assumption of equilibrium partitioning is that contaminants
in aquatic sediments exist in equilibrium with the water that is in
contact with the sediments. However, it has been known for many
years and discussed in the soils-pesticides literature that many pesti-
cides that are sorbed onto soils and sediments are not in equilibrium
with the waters with which they have contact. Both sediments and
soils tend to form *“bound” pesticide residues that do not participate
it equilibrium reactions with water.

Lee et al.? reviewed the environmental significance of pesticide
residues associated with soils and aquatic sediments. Based on that
review, it is highly likely that those bound residues would be measured
in an analysis of those sediments since they would be extracted with
organic solvents, yet, they would not participate in equilibrium
reactions with the associated interstitial waters. Thus that assump-
tion of equilibrium would lead to an overestimation of the hazard that
the contaminants present in the sediments would represent to aquatic
life in the vicinity of the sediments.

Use of equilibrium partitioning as part of sediment quality criteria
for water quality protection does not address some realities of the
systems to which they are applied. Equilibrium partitioning is supposed
to be between the organic carbon present as particles in the sediment
or as coatings on other particles and the water associated with those
particles. In the case of sediments, the water associated with those
particles is the interstitial water. Aquatic sediments can be from
approximately 30 to 80% water. However, in many sediments, that
water is devoid of oxygen, and in many cases, it contains high levels
of sulfide and ammonia, both of which can be toxic to aquatic life.
It is apparent that many of the organisms cannot be obtaining their
nonpolar organics, or for that matter other contaminants, from the
interstitial water because that is a hostile environment to the organisms.

Another factor that has not been adequately addressed in the use
of the equilibrium partitioning approach is that several of the types
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of test organisms used for aquatic sediment toxicity testing are tube-
dwelling amphipods. The tubes of those amphipods tend to isolate
them from the interstitial water. Further, those tubes are matrices of
organics and inorganics; the tube walls could sorb appreciable amounts
of organic contaminants which could alter the availability of sediment-
associated contaminants to those organisms.

Because of the protection from exposure to sediment-associated
contaminants that could be provided by tubes of tube-dwelling benthic
organisms, some speculate that the source for uptake of the nonpolar
organics from the water is the water at the sediment/water interface.
However, as discussed by Lee,’ the aquatic sediment/water interface
has some special characteristics that cause it to have significantly
different properties than the bulk of the sediments in which the
equilibrium partitioning is said to take place. Of particular impor-
tance is the presence of hydrous iron oxide at the sediment/water
interface. It is well-known that iron hydroxide is a scavenger of organic
and inorganic chemicals, removing them from solution. Lee®
reviewed the role of hydrous metal oxides in the transport of heavy
metals and other contaminants in aquatic systems. Sridharan and
Lee! found that many organic chemicals are strongly sorbed on
freshly precipitated ferric hydroxide. Jones and Lee? and Lee and
Jones® discussed the potential roles of hydrous oxides of iron in
affecting the availability of sediment-associated chemical contaminants
to aquatic life. It would therefore be expected that, at the sedi-
ment/water interface, another solid phase (hydrous iron oxide) would
be available for partitioning organics and thus could influence the
availability of nonpolar organics to aquatic organisms present in that
area.

Nonpolar organics that are not bound by the sediment TOC but
that come in contact with the overlying water would be expected to
be rapidly diluted with the overlying waters. That would tend to reduce
potential toxicity associated with nonsorbed chemicals in equilibrium
with the sediments.

It is known that the TOC-normalization approach proposed by the
U.S. EPA does not work for at least some of the common nonpolar
organics of concern in aquatic sediments. Nebeker et al.* reported,
“While the toxicity in the DDT-spiked sediment decreased with TOC
content, the TOC content of the endrin-spiked sediment had little
apparent effect on toxicity.” Based on the information available today,
it is certainly premature, at best, for the U.S. EPA to promulgate
equilibrium partitioning-based sediment quality criteria for nonpolar
organic chemicals to predict the toxicity of those types of chemicals
in sediments to aquatic life.

From the discussions presented by the U.S. EPA personnel at
sediment quality criteria development workshops in Galilee, Rhode
Island, and New Orleans, Louisiana, in the summer of 1991, it was
clear to the authors that the development efforts have not included
careful consideration of how the equilibrium partitioning approach
could be implemented into a water quality management program to
protect designated beneficial uses of a waterbody without unneces-
sary expenditures for contaminant control. A review of the applicable
chemistry, geochemistry and toxicology of aquatic systems shows that
a variety of factors and situations could cause concentrations predicted
by the equilibrium partitioning approach to significantly overestimate
the amount of nonpolar organics in equilibrium with the sediments
that would be available to aquatic life and cause toxicity to them. The
U.S. EPA’s* recommended approach of establishing “‘not-to-exceed”
concentration criteria to avoid exceeding a chronic exposure safe water
quality criterion in the interstitial water reflects the inadequacy of con-
sideration given to implementation of sediment quality criteria.

ACID VOLATILE SULFIDE-NORMALIZATION AS A BASIS
FOR DEVELOPMENT OF SEDIMENT QUALITY CRITERIA

It has been known for many years that particulate forms of many
contaminants such as heavy metals and organics are generally not toxic
to aquatic life. Since many heavy metals form precipitates in aquatic
systems, precipitation is an important mechanism by which those heavy
metals are detoxified. The organic content of many aquatic sediments
is sufficient to cause the sediment oxygen demand to exceed the rate
of dissolved oxygen transport into the sediment through diffusion and
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mass transport resulting in sediments that become anoxic except at
the surface. Once anoxic, anaerobic conditions are established that
lead to bacterial reduction of sulfate to sulfide. Sulfides in aquatic
sediments exist in a variety of reduced sulfur forms [S(-IT), S(-I) and
S(0)] some of which are polymeric. These sulfides precipitate with'
many of the heavy metals to form highly insoluble compounds. Morse
et al.” reviewed the chemistry of sulfide species in aquatic sedi-
ments. There is also substantial soils chemistry literature devoted to
heavy metal—sulfide interactions in aqueous soils such as those found
in rice paddies and wetlands. W. Patrick and co-workers at the Center
for Wetlands Research at Louisiana State University have published
extensively on the chemistry of sulfides and heavy metal-sulfides in
sediments and wetland soils."*

Some heavy metals also precipitate with other constituents such
as hydroxide and carbonate. Many of the heavy metals tend to be com-
plexed by complexing functional groups such as hydroxyl and amine
groups and organic acids that can exist on particulate matter in
sediments. Such complexes would be expected to detoxify the heavy
metals in much the same way that strong, soluble complexes detoxify
soluble heavy metals. Further, many heavy metals participate in a
variety of sorption reactions with various solid phases in sediments,
thus reducing the availability of the heavy metals to aquatic organisms
and to the overlying waters.

A variety of heavy metals form insoluble species through ligand
exchange reactions with particles in aquatic systems. Some of those
reactions, such as those that take place on MnO,, are highly pH-
dependent; the sorption of the metals on the solids increases by an
order of magnitude for each unit of pH increase in the neutral pH
range. While it is possible that those pH-dependent reactions play
important roles in influencing the toxicity of heavy metals in aquatic
systems, their importance has not been demonstrated. As discussed
by Lee and Jones,"” the significance of dependence of sorption on pH
in aquatic systems is unknown. In summary, it has been known for
many years (as would be expected based on chemistry and geo-
chemistry) that heavy metals in sediments tend to be highly unavailable
to, and therefore nontoxic to, aquatic life.

The U.S. EPA has recently proposed to use the sulfide precipita-
tion reaction with heavy metals as a basis for estimating the capacity
of sediments to detoxify heavy metals. The U.S. EPA proposed that
if the molar sum of the concentrations of noniron heavy metals (i.e.,
Cu, Cd, Zn, Pb, Ni, etc.) in a sediment exceeds the molar sum of
the sulfides in the sediment as measured by acidification and gas-
stripping of H,S (acid-volatile sulfides or AVS), then the heavy
metals in the sediments in excess of the sulfides would be toxic to
aquatic life. The assumption is that the heavy metals not rendered
unavailable by sulfides would be available and toxic to aquatic life.

The use of the noniron heavy metals as an assessment of the poten-
tially toxic heavy metals stems from the fact that those heavy metals
tend to form more insoluble amorphous sulfides than the iron sulfides.
Further, it is well known that except under acid conditions iron does
not tend to be toxic to aquatic life as a result of the precipitation reac-
tions between ferric iron and hydroxide. In the presence of dissolved
oxygen in mildly acidic and alkaline systems, ferrous iron, which
would be the form present in reducing sediments containing sulfides,
is rapidly oxidized to ferric iron which precipitates as ferric
hydroxide.

Some support for the sulfide-normalization of heavy metal
concentrations in sediment to estimate potential toxicity of sediment-
associated heavy metals is derived from the work of DiToro et al.?
Basically, that approach when used as a basis for sediment quality
criteria, simplifies the sediment system to consider the nonmineral
(amorphous) sulfide content of aquatic sediments as the only signifi-
cant detoxification mechanism for heavy metals in sediments.

While for some sediments it is possible that the relative role of
other detoxification mechanisms is small compared with the sulfide
detoxification, there are sediments in which the other detoxification
mechanisms mentioned above can play major roles in rendering heavy
metals in sediments nontoxic. Unpublished data presented at recent
U.S. EPA workshops by U.S. EPA-supported sponsors of that approach
have shown that for some sediments, the sulfide-detoxification (nor-



malization) approach for heavy metals in sediments overestimates
heavy metal toxicity by a factor of about 10. Therefore, using sediment
quality criteria for heavy metals based on an acid volatile sulfide
normalization could result in significant errors in estimates of the
toxicity of heavy metals in sediments; large amounts of public and/or
private funds could be spent remediating heavy metal-contaminated
sediments with little or no improvement in the beneficial uses of a
waterbody since the heavy metals remediated were in nontoxic forms
and therefore had not been adversely affecting the beneficial uses of
the waterbody.

The U.S. EPA has developed a standardized acid volatile sulfide
test procedure? that involves acidification of the sediment sample
with hydrochloric acid followed by gas-stripping of the H,S. Based
on the senior author’s experience working on acid volatile sulfide
systems in sediments, he believes the U.S. EPA’s standardized approach
has a number of potentially significant problems. In the early 1960s,
the senior author and his graduate students found that an acid volatile
sulfide test developed by Tomiyama and Kanzaki? involving steam
distillation instead of gas stripping produced a more reproducible
assessment of the amorphous sulfides present in aquatic sediments.
Lee and his graduate students modified the Tomiyama and Kanzaki
procedure by using an AMINCO Kjeldahl steam distillation appara-
tus to steam-strip the H,S from sediment samples after acidifica-
tion.”? That method was found to be rapid, highly reproducible and
easily performed.

While sulfide precipitation of heavy metals is an important detox-
ification mechanism for heavy metals inaquatic sediments, it is clear
that the U.S. EPA’s proposed approach for developing sediment quality
criteria for heavy metals based on acid volatile sulfide-normalization
of sediment heavy metal concentrations and/or equilibrium partitioning
of heavy metals between the solid phase and the sediment’s pore waters
can lead to highly inappropriate classification of heavy metals in
sediments as toxic when, in fact, the heavy metals are having no
adverse impact on the beneficial uses of a waterbody.

In the opinion of the authors, the primary utility of the acid volatile
sulfide-normalization approach will be in toxicity identification evalu-
ations (TIEs) to investigate the cause of measured toxicity of a sedi-
ment. If the molar concentration of acid volatile sulfides exceeds that
of noniron heavy metals, it is clear that the heavy metals would not
likely be the cause of the toxicity. If, however, the molar concentra-
tion of noniron heavy metals exceeds that of acid volatile sulfides,
it must be determined whether the sulfides that could precipitate heavy
metals in the sediments were measured properly and/or whether any
of the variety of other heavy metal detoxification mechanisms that
occur in aquatic sediments are important in the sediments of concern.

SEDIMENT-ASSOCIATED AMMONIA

A significant deficiency in the approaches being proposed by the
U.S. EPA for the development of sediment quality criteria is that they
have not considered one of the most significant sediment-associated
contaminants that in fact represents a real threat of toxicity to aquatic
organisms; that contaminant is ammonia. U.S. EPA representatives
have acknowledged that deficiency, although as of the summer of 1991,
the agency had not begun to adequately address it even though the
agency has been working for a number of years in the development
of sediment quality criteria.

The neglect of ammonia has apparently resulted from the focus
of the agency’s work on sediment toxicity testing with amphipods that
are typically insensitive to ammonia. As discussed below, there are
many other types of organisms that are sensitive to ammonia.

Lee and Jones® reviewed the potential significance of ammonia
in aquatic sediments as a cause of toxicity to aquatic life. Jones and
Lee? and Lee et al.* had found that sediments from many waterways
in the United States contain potentially significant amounts of ammonia
that could be readily released upon elutriation of the sediments. Those
and other studies demonstrated that the interstitial waters of many
aquatic sediments contain sufficient concentrations of ammonia to be
of concern as a potential toxicant in any evaluation of sediment quality
criteria.

It has been well-established that the primary toxic form of ammonia
is the un-ionized form (NH,). The distribution between the ammo-
nium ion and un-ionized ammonia depends on pH, temperature and
ionic strength. Acute toxicity of ammonia (96-hr LC50) is on the order
of 0.1 mg/L NH,; the chronic safe concentration (criterion value) is
on the order of 0.02 to 0.03 mg/L NH, in freshwater and marine
systems.

Jones and Lee? were the first to identify ammonia as a potential
major cause of toxicity in U.S. waterway sediments. From the data
of Lee et al.?*¢ it is evident that many U.S. waterway sediments con-
tain sufficient amounts of free, un-ionized ammonia to be toxic to
some forms of aquatic life. Recently, Ankley et al.?® found that
ammonia was the constituent responsible for sediment toxicity to
aquatic life in the upper Fox River (Wisconsin) sediments (freshwater).
It is now widely recognized that sediment toxicity studies must include
evaluation of the potential for ammonia toxicity as one of the first
tests in sediment toxicity screening.

In the 1970s, the authors conducted an extensive set of studies of
aquatic sediments principally from estuarine and marine United States
waterways in which the total ammonia and a variety of other con-
taminants were determined.>* The mean total ammonia content of
those sediments was 194 mg N/kg dry weight; the concentration range
was 19 to 628 mg/kg with a standard deviation of 172. Following the
U.S. EPAs equilibrium partitioning approach and its assumptions and
based on the chronic toxicity of ammonia, a sediment quality criterion
for ammonia would be 1.5 mg N/kg dry weight for sediments that
are 40 % solids (such as those evaluated by Lee et al.). It is therefore
clear that at least for that set of sediments, which are thought to be
representative of many of the sediments of coastal waters throughout
the United States, the ammonia content of the interstitial waters greatly
exceeds the U.S. EPA water quality criterion for un-ionized ammonia.
Therefore, if equilibrium partitioning is a valid basis for regulating
contaminants in sediments, there appear to be few sediments in U.S.
coastal waters that would not be toxic to some forms of aquatic life
because of the presence of ammonia in interstitial waters.

SUGGESTED APPROACH FOR EVALUATING
WATER QUALITY SIGNIFICANCE OF
SEDIMENT-ASSOCIATED CONTAMINANTS

Abandon Chemical Composition-Based Approach
The U.S. EPA should abandon its efforts to develop numeric, chem-
ical composition-based criteria for assessing sediment quality in favor
of more direct, technically valid, effects-based assessments of the
toxicity and bioaccumulation of sediment-associated contaminants.
If the U.S. EPA wishes to develop numeric values for chemical com-
position of sediments, it should do so only with proper qualification
and after it accomplishes the following:
¢ Develops a technically valid, cost-effective approach for assessing
the availability of chemical contaminants in the water column,
including those contaminants associated with particulates; and
develops appropriate chemical composition-based water quality
criteria that are applicable to particulate forms of contaminants
in urban stormwater drainage, other nonpoint source run-off and
point source discharges.
® Develops water quality criteria of the type outlined above for at
least 10 chemical contaminants and properly field verifies each
of them; exposes those criteria, the approach and basis for their
development, the results of the field verification and the proposed
implementation approach to a proper peer review and publication.
Develops, evaluates and reviews water quality criteria as outlined
in the second item above; proceeds to develop chemical
composition-based sediment quality criteria for specific chemi-
cals; properly field verifies each criterion; develops a manage-
ment strategy for contaminated sediments that is compatible with
the proposed sediment quality criteria; subjects the strategy to
extensive review by the potentially regulated community, by federal,
state and local regulatory agency personnel and by the technical
community; exposes those criteria, the approach and basis for their
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development, the results of the field verification and proposed
implementation approach to a proper peer review and publication.
If the U.S. EPA can accomplish the above, then it would be in a
position to effectively promulgate sediment quality criteria that would
protect beneficial uses of U.S. waters from those chemicals without
unnecessary expenditures for remediation of chemically contaminated
sediments.

However, it is not the recommendation of the authors that the U.S.
EPA expend its resources developing chemical composition-based
water quality criteria. Rather, it is recommended that the U.S. EPA
focus its research efforts on the development of effects-based sedi-
ment quality criteria that make use of the foundation provided by the
work of the U.S. EPA and Corps of Engineers on dredged sediment
disposal criteria. The primary basis for those criteria should be
sediment toxicity tests and proper assessment of the potential for
bioaccumulation. Such tests directly measure whether the myriad con-
taminants in their many and varied forms in sediments are available
and potentially harmful to aquatic life-related beneficial uses of water.

As stated by the U.S. EPA! with reference to some of the
disadvantages of its methods for developing sediment quality criteria,
“Most of these shortcomings can be overcome by using EqP-based
sediment quality criteria in conjunction with biological test methods.”
Since even the U.S. EPA recognizes that its sediment quality criteria
cannot be used alone but need to be augmented by biological (effects-
based) test methods, and since effects-based test methods offer the
opportunity to make proper evaluations of the significance of sediment-
associated contaminants, there is little point in pursuing unreliable,
chemical composition-based criteria.

There can be little doubt that sediment toxicity tests will always
have to be used as the ultimate determiner of whether the sediment
water quality criteria that the U.S. EPA plans to adopt are reliable.
It is the authors’ view that instead of wasting public funds on
developing and using unreliable sediment quality criteria that have
to be evaluated each time with toxicity tests, toxicity tests should be
used as the basis for evaluating the potential water quality significance
of contaminants in sediments. The U.S. EPA should also focus its
attention on developing approaches for assessing excessive bioaccumu-
lation of persistent chemicals that could be adverse to human health.

A high priority for laboratory and especially for field research
should be to develop guidance on how to determine, for a particular
sediment, what constitutes an excessive amount of organism toxicity
that should result in the removal of existing sediments. It is clear from
the work that has been done that the finding of some amount of toxicity
in laboratory sediment toxicity tests does not necessarily reflect adverse
effects of the sediment on the beneficial uses of a waterbody. While
much is understood about problems in translating laboratory results
to field situations, research is needed to ameliorate those problems.
Work is also needed to understand the water quality significance of
results of toxicity tests with benthic organisms, especially tube-dwelling
amphipods, and how they compare with results of standard, commonly
used tests on larvae of fish and other aquatic organisms.

Develop Effects-Based Criteria

Presented below is an overall approach that the authors feel should
be used to evaluate the water quality significance of contaminants in
aquatic sediments.

1. The first step should be to determine if there is a potentially
significant source of contaminants for sediments in the region
of concern, such as municipal and industrial point source
discharges and nonpoint source run-off, agricultural and rural
run-off and atmospheric sources.

2A. If there is reason to believe that the sediments may be con-
taminated, conduct screening toxicity tests with reasonably
sensitive organisms. Determine if the fish and shellfish of
the area have chemical residues in edible tissue above FDA
action levels.
¢ If no toxicity and no excessive tissue residues are found,

do no further evaluation and monitor for changes.
o If toxicity is found, evaluate the cause and water
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quality significance. Conduct tests in Part 2B.
2B. If the potential for contamination exists and substantial funds
are available, determine: pH, temperature, salinity-
conductivity; ammonia, organic N; D.O. just above the sedi- -
ment/water interface; acid volatile sulfides; total Fe;
carbonate; total organic carbon (do not use loss on ignition);
oil and grease; concentrations of heavy metals (Cd, Zn, Cu,
Pb, Ni, Cr, As, Se and Hg); particle size (not deflocculated);
chlorinated hydrocarbon pesticides and PCBs; PAHs; dioxins
if there is a potential source; general numbers and types of
sediment organisms; sediment bioassay-toxicity test using
reasonably sensitive organism(s); and whether organism
tissue residues are above FDA action limits for edible area
organisms. Also make those measurements if there is interest
in understanding the cause of toxicity-availability.
This approach should help direct sediment remediation projects
and prevent future sediment quality problems.

CONCLUSIONS

Some sediments are contaminated with a variety of chemicals that
could be adverse to the beneficial uses of a waterbody. Most of those
contaminants are detoxified-immobilized, and therefore cause little
or no water quality impairment. Ammonia appears to be a common
constituent of many sediments that could cause toxicity to some forms
of aquatic life.

The sorption of contaminants on organic matter in sediments
measured as TOC can prevent manifestation of toxicity of nonpolar
organics such as chlorinated hydrocarbon pesticides, PCBs, dioxins
and PAHs. Precipitation as sulfides and carbonates and the uptake
by hydroxyl and other groups on solid surfaces causes many heavy
metals in sediments to be nontoxic. Equilibrium partitioning using
TOC-normalization and acid volatile sulfide-normalization are not
technically valid, cost-effective approaches for establishing sediment
quality criteria and could lead to unnecessary sediment “remediation.”

Rather than trying to develop numeric chemical composition-based
sediment quality criteria, the U.S. EPA and state regulatory agencies
should focus their efforts on developing effects-based regulatory
approaches using sediment toxicity tests and proper assessment of
bioaccumulation potential of sediment-associated contaminants. Par-
ticular attention should be given to determining the amount of toxicity
that can occur under laboratory toxicity test conditions before there
would be an indication that the sediment should be remediated in order
to remedy impairment of the beneficial uses of a waterbody. The
adoption of this approach will lead to sediment quality assessment
programs that will be technically valid, cost-effective and protective
of beneficial uses of waters without significant unnecessary
expenditures for sediment remediation.

REFERENCES

1. U.S. EPA, “Pre-Draft Guidance on the Application of Sediment Quality
Criteria for the Protection of Aquatic Life,” U.S. EPA Office of Science
and Technology, Washington, D.C., August 1991.

2. Ankley, G., Schubauer-Berigan, M., Dierkes, J. and Lukasewycz, M.,
“Draft Sediment Toxicity Identification Evaluation: Phase I (Characteri-
zation), Phase II (Identification) and Phase III (Confirmation) Modifica-
tions of Effluent Procedures,” Technical Report 08-91, U.S. EPA National
Effluent Toxicity Assessment Center, Duluth, MN, 1991.

3. DiToro, D.M., Zarba, C.S., Hansen, D.J., Berry, W.J., Swartz, RC.,
Cowan, C.E., Pavlou, S.P., Allen, H.E., Thomas, N.A. and Paquin, P.R.,
“Pre-Draft Technical Basis for Establishing Sediment Quality Criteria for
Non-Ionic Organic Chemicals Using Equilibrium Partitioning,” U.S. EPA
Office of Science and Technology, Washington, D.C., August 1991.

4. U.S. EPA, “Chronological Development of Water and Sediment Quality
Criteria and National “Guidelines” Concepts,” Printed Notes for “Con-
taminated Sediment Assessment Methods Workshop,” Narragansett, R,
U.S. EPA, Narragansett and Duluth, May 1991.

5. Tessier, A. and Campbell, PG., “Partitioning of Trace Metals in Sediments:
Relationships with Bioavailability,” Hydrobiologia 149, pp. 43-52, 198].

6. Boyd, S.A. and Sun, S., “Residual Petroleum and Polychlorobiphenyl Oils



10.

4.

16.

17.

18.

as Sorptive Phases for Organic Contaminants in Soils,” Environ. Sci. &
Technol. 24, pp. 142-144, 1990.

. Wang, WC., Lee, G.F. and Spyridakis, D., “Adsorption of Parathion in

a Multi-Component Solution,” Water Res. 6, pp. 1219-1228, 1972.

. Lee, G.F., Jones, R.A. and Saleh, EY., “Environmental Significance of

Pesticide Residues Associated with Aquatic Sediments,” Journ. Environ.
Sci. Health Bl4(4), pp. 409-423, 1982.

. Lee, G.F.,, “Factors Affecting the Transfer of Materials between Water

and Sediments,” University of Wisconsin Eutrophication Information
Program, Literature Review No. 1, 1970.

Lee, G.F,, “Role of Hydrous Metal Oxides in the Transport of Heavy
Metals in the Environment,” Proc. Symposium on Transport of Heavy
Metals in the Environment, Progress in Water Technology 17, pp.
137-147, 1975.

Sridharan, N. and Lee, G.F., “Coprecipitation of Organic Compounds
from Lake Water by Iron Salts,” Environ. Sci. & Technol. 6, pp. 1031-1033,
1972

. Jones, R.A. and Lee, G.F., “Evaluation of the Elutriate Test as a Method

of Predicting Contaminant Release during Open Water Disposal of Dredged
Sediment and Environmental Impact of Open Water Dredged Material
Disposal, Vol. 1. Discussion,” Technical Report D-78-45, U.S. Army
Engineer Waterways Experiment Station, Vicksburg, MS, 1978.

Lee, G.F. and Jones, R.A., “Water Quality Significance of Contaminants
Associated with Sediments: An Overview,” Fate and Effects of Sediment-
Bound Chemicals in Aquatic Sediments, Pergamon Press, Elmsford, NY,
pp. 1-34, 1987.

Nebeker, A., Schuytema, G., Griffis, W., Barbitta, J. and Carey, L.,
“Effect of Sediment Organic Carbon on Survival of Hyalella azteca
Exposed to DDT and Endrin,” Environ. Toxicol. & Chem. 8, pp. 705-718,
1989.

Morse, JW., Millero, EJ., Cornwell, J.C. and Rickard, D., “The Chemistry
of the Hydrogen Sulfides and Iron Sulfide Systems in Natural Waters,”
Earth-Science Reviews 24, pp. 1-42, 1987.

Engler, R.M. and Patrick, W.H., Jr., “Stability of Sulfides of Manganese,
Iron, Zinc, Copper, and Mercury in Flooded and Nonflooded Soil,” Soil
Sci. 119, pp. 217-221, 1975.

Lee, G.F. and Jones, R.A., “Translation of Laboratory Results to Field
Conditions: The Role of Aquatic Chemistry in Assessing Toxicity,” Aquatic
Toxicology and Hazard Assessment: 6th Symposium, ASTM STP 802,
ASTM, Philadelphia, PA, pp. 328-349, 1983.

Stumm, W. and Lee, G.F, “The Chemistry of Aqueous Iron,”

20.

21.

22.

23.

24.

25

26.

28.

Schweizerische Zeitschruft fur Hydrology XXII, pp. 95-139, 1960.
Stumm, W. and Lee, G.E,, “Oxygenation of Ferrous Iron,” Ind. Eng. Chem.
53, pp. 143-146, 1961.

DiToro, D.M., Mahony, J.D., Hansen, D.J., Scott, K.J., Hicks, M.B.,
Mayr, S.M. and Redmond, M.S., “Toxicity of Cadmium in Sediments:
The Role of Acid Volatile Sulfide,” Environ. Tox. & Chem. 9, pp.
1489-1502, 1990.

Allen, H.E., Gongmin, F., Boothman, W., DiToro, D. and Mahony, J.D.,
“Determination of Acid Volatile Sulfides and Simultaneously Extracta-
ble Metals in Sediment,” Draft Analytical Method for Determination of
Acid Volatile Sulfide in Sediment, U.S. EPA Washington, D.C., August
1991.

Tomiyama, T. and Kanzaki, K., “A Semi-Micro Method for the Deter-
mination of Sulfide Contained in Muddy Deposits,” Bulletin of the Japanese
Society of Scientific Fisheries 17, pp. 115-121, 1952.

Bortleson, G., “The Chemical Investigation of Recent Lake Sediments
from Wisconsin,” Ph.D. Dissertation, Water Chemistry, University of
Wisconsin, Madison, WI, 1970.

Gardner, W., Oxygenation of Lake Sediments, M.S. Thesis, Water
Chemistry, University of Wisconsin, Madison, WI, 1964.

Lee, G.F. and Jones, R.A., “Discussion of the Toxicity of Ammonia in
Aquatic Sediments and Its Implication in Development of Sediment Quality
Criteria,” submitted for publication, 1991.

Lee, G.E, Jones, R.A. and Saleh, FY., Mariani, G.M., Homer, D.H.,
Butler, J.S. and Bandyopadhyay, P., ‘“Evaluation of the Elutriate Test as
a Method of Predicting Contaminant Release during Open Water Disposal
of Dredged Sediment and Environmental Impact of Open Water Dredged
Materials Disposal, Vol. II: Data Report,” Technical Report D-78-45, U.S.
Army Engineer Waterways Experiment Station, Vicksburg, MS, 1978.
Jones, R.A. and Lee, G.E., “Toxicity of U.S. Waterway Sediments with
Particular Reference to the New York Harbor Area,” Chemical and Bio-
logical Characterization of Sludges, Sediments, Dredge Spoils and Drilling
Muds, ASTM STP 976, pp. 403-417, ASTM Philadelphia, PA, 1988.
Ankley, G.T., Katko, A. and Arthur, J., “Identification of Ammonia as
an Important Sediment-Associated Toxicant in the Lower Fox River and
Green Bay, Wisconsin,” Environ. Toxicol. & Chem. 9, pp. 312-322, 1990.

NOTE
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by writing G. Fred Lee & Associates, 27298 E. El Macero Dr., El
Macero, CA 95618 or calling 916-753-9630.
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