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EDITOR’S NOTE:

This is the first of a two-part review article on the assessment and management of contaminated sediments. Part Il, “Evaluating
Risk and Monitoring Sediment Remedy Effectiveness,” is available in the online edition of IEAM Volume (1), Number (1).

ABSTRACT

This is the first of a two-part review of the current state-of-the-science pertaining to the assessment and management
of contaminated sediments. The goal of this review is to introduce some of the major technical and policy issues stemming
from the assessment and management of contaminated sediments, highlight a number of aspects of contaminated
sediment assessment and management found to be successful, and, when appropriate, address the barriers that still
exist for improving contaminated sediment management. In this paper, Part I, the many key elements of an effective
investigation and risk evaluation strategy are reviewed, beginning with the development of a conceptual site model (CSM)
and including a discussion of some of the key factors influencing the design of sediment investigations and ecological risk
assessment of sediment-bound chemicals on aquatic biota. In Part Il of this paper (Apitz et al. 2005), various approaches
are reviewed for evaluating sediment risk and monitoring sediment remedy effectiveness. While many of the technical and
policy issues described in this review are relevant to dredged material management, the focus of this paper is on sediment

assessment for environmental management.
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INTRODUCTION

Sediments are the ultimate reservoir for the numerous
potential chemical and biological contaminants that may be
contained in effluents originating from urban, agricultural,
and industrial lands and recreational activities. Contaminat-
ed sediments in rivers and streams, lakes, coastal harbors, and
estuaries have the potential to pose ecological and human
health risks. It has been shown in numerous studies in which
water quality criteria are not exceeded that adverse effects
are possible in aquatic organisms that reside or forage in or
near sediment (Chapman 1989). It is widely understood that
sediment contamination can have many detrimental effects
on an aquatic ecosystem, some of which may be readily evi-
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dent and others more subtle or unknown. In most receiving
waters, however, the effects are difficult to observe and re-
quire the use of a variety of investigation and risk assessment
tools, such as benthic macroinvertebrate community analy-
ses, chemical testing, hydrodynamic and sediment transport
modeling, habitat analysis, and toxicity testing (Wenning
and Ingersoll 2002).

Contaminated sediment investigations have features that
make them more complex than water evaluations and, to a
lesser degree, soil or terrestrial investigations (NRC 2001).
The simple fact that sediments lie under water makes mea-
surement, observation, and mapping of contaminant and eco-
system characteristics technically challenging and expensive.
Sediments integrate contaminant input from multiple sourc-
es within a watershed or coastal region, creating difficulties
in tracking the potential sources of contamination. This can
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Table 1. Definitions of key terms used in assessment and management of contaminated sediments®

Contaminated sediments

Sediment assessment

Sediment management

Contaminated sediment
management strategies,
or options

2From Apitz and Power (2002), with the exception of the first term.

lead to ubiquitous, regional “background” levels of anthropo-
genic contaminants that are difficult to separate from site-
specific sources (Crommentuijn et al. 2000). For the same
reasons, sediments are often contaminated with multiple
chemicals (Long et al. 1995), making risk assessment and
management decision-making difficult and complex. The hy-
drodynamics and geochemistry of aquatic ecosystems are also
quite different than those of terrestrial ecosystems. While
soils and groundwater can often be isolated from receptors
during remediation, similar isolation or removal approaches
for contaminated sediments are more difficult to implement
successfully; sensitive aquatic biota are more likely, and at
times unavoidably, directly affected during the implemen-
tation of the remedy (USEPA 2002a). Because the benthic
community in direct contact with sediments is often near
the base of the aquatic food chain, cleanup targets can be
orders of magnitude lower than those at most contaminated
land sites.

Together, these and other factors often push the limits of
assessment methods and cleanup technologies for sediment
and can increase costs significantly over what may be needed
to address similar contaminant conditions in soil and ground-
water. In addition, while the benefits of ownership and clean-
up of contaminated land, which can subsequently be sold or
developed (or both) to offset the costs of remediation, are
clear, such benefits are less obvious in aquatic ecosystems.
However, the management of sediments cannot be complete-
ly separated from that of soil and water, as these systems are
interrelated and linked, hydrodynamically, if not always in
regulatory terms (Apitz and White 2003).

Much of the current discussion among scientists focuses
on the need for a framework to guide sediment management
(Apitz and Power 2002; Wenning and Ingersoll 2002; Apitz
and White 2003). Several of the components inherent in any
such framework are discussed throughout this review. For
example, the final report of a Pellston Workshop on sedi-
ment quality included recommendations for sediment assess-
ment frameworks addressing different management purpos-
es (Wenning and Ingersoll 2002). The different frameworks
should be flexible and guided by specific questions that ad-
dress toxicity to, and bioaccumulation by, sediment-dwell-
ing organisms or risks to wildlife or human health. Sediment
assessment frameworks should also be driven by site-specific
questions, which may require a tiered evaluation involving a

Defined by the U.S. EPA as “soils, sand and organic matter or minerals that
accumulate on the bottom of a water body and contain toxic or hazardous materials
that may adversely affect human health or the environment” (USEPA 1998).

The process used to characterize sediment for a given purpose (e.g., evaluations-
for risks to environmental health, dredged material disposal, land farming, habitat
enhancement, creation, and construction).

The process of making decisions and taking actions on sediments (including no
action), taking into consideration a wide range of factors.

The range of actions that can be taken once the potential risks have been assessed
and risk managers balance those risks against various objectives and goals. Objectives
and goals may range from no action (either because risks do not exist, or because
the risks are not controllable), to institutional controls, to more aggressive in situ
containment strategies and ex situ treatment and removal actions.

suite of assessment tools chosen to appropriately answer the
questions established a priori and to generate specific bio-
logical or chemical lines of evidence. Workshop participants
concluded that the development of a relevant set of site-spe-
cific questions is best done in conjunction with a site-specific
model, such as a conceptual site model (CSM), and that a
scientifically defensible weight of evidence approach is the
appropriate framework in which to place the results from
multiple lines of evidence to provide a meaningful interpre-
tation of ecological significance and to make sound manage-
ment decisions (Wenning and Ingersoll 2002).

While it is entirely feasible to develop decision frame-
works based on goals other than risk, this paper focuses on
the development of contaminated sediment management ap-
proaches within a risk-based framework; namely the assess-
ment and management of sediments based on their potential
risk to human health and the environment.

From a risk-based perspective, a range of sediment man-
agement options exist on a continuum, beginning with those
requiring no containment or engineering controls, through
more aggressive in situ treatment and containment technolo-
gies, to options that typically involve short-term ecological
damages such as dredging and ex situ disposal or treatment
technologies (USEPA 2002a). In general, risk management
for in-place sediments typically consists of exposure pathway
interdiction, while ex situ approaches often involve mass re-
moval. If contaminants are to be left in place, it is critical to
evaluate the potential exposure pathways by which contami-
nants might pose ecological or human health risks. For in
situ approaches, it is important to monitor and to minimize
or eliminate potential exposure pathways, while at the same
time assessing the potential for various natural processes or
engineered attenuation approaches to reduce the potential
threats posed by the contamination (USEPA 2002a; Brenner
et al. 2004). On the other hand, if sediments are to be re-
moved, it is essential to understand sediment characteristics
as a function of depth, determine the volume of sediment or
mass of contaminants to be removed, and evaluate the treat-
ability of the dredge material and the potential consequences
of any disturbance or disposal activities (NRC 1997; USEPA
2002a).

In this two-part paper, the current state-of-the-science
pertaining to the assessment and management of contami-
nated sediments is reviewed, including the various sediment
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Table 2. Lines of evidence useful in ecological risk assessment of contaminated sediments

Nature and extent of the contamination

Expected or acceptable indices of benthic diversity and abundance in the absence of contamination

Estimates of the potential for bioavailability, bioaccumulation, and adverse effects posed by chemicals and mixtures
of chemicals (the potential for chronic and acute effects) on aquatic organisms

Stability (fate and transport) of the sediments and contaminants

Estimates of the potential risks posed by contamination to aquatic biota and associated resources

assessment approaches that support remedy design such as
CSM development; contaminant distribution, fate, and be-
havior, including the use of novel screening tools; linking
sediment chemistry with biology, including toxicological
and bioaccumulation studies; assessing the natural recovery
potential for contaminated sediments; and predicting and
monitoring remedy effectiveness. In Part I, the many key
elements of an effective investigation and risk evaluation
strategy are reviewed, beginning with the development of a
CSM through the evaluation of environmental fate and the
factors influencing the effects of sediment-bound chemicals
on aquatic biota. In Part II of this paper (Apitz et al. 2005),
various approaches are reviewed for evaluating ecological
risk and monitoring sediment remedy effectiveness.

For clarity, several of the key terms used throughout this
review are defined in Table 1, because these terms can have
different engineering and regulatory connotations. The goal
of this review is to introduce some of the major technical and
policy issues stemming from the assessment and management
of contaminated sediments, highlight a number of aspects of
contaminated sediment assessment and management found
to be successful, and address the barriers that still exist for
streamlining contaminated sediment management. While
many of the technical and policy issues described in this re-
view are relevant to dredged material management, the focus
of this paper is on sediment assessment for environmental
management.

KEY ELEMENTS OF AN EFFECTIVE SEDIMENT
ASSESSMENT STRATEGY

A common approach to achieving the explicit management
goals inherent in different sediment assessment frameworks
in the United States and elsewhere is the use of ecological
risk assessment (ERA) (USEPA 1997). An ERA is defined as
“the practice of determining the nature and likelihood of ef-
fects of our actions on animals, plants, and the environment”
(SETAC 1997). An ERA provides information relevant to
the management decision-making process (Stahl et al. 2001).
It should be performed in a scientifically based, defensible
manner that is cost-effective and protective of human health
and the environment (CNO 1999).

Data collection at sediment sites can be difficult and re-
source intensive, and requires extensive sampling and sub-
sequent laboratory analyses for speciﬁc contaminants. Data
collection within the ERA process should be tiered to mini-
mize costs and improve efficiency.

Tiered ERA frameworks such as that proposed by the U.S.
Environmental Protection Agency (U.S. EPA) (USEPA 1997)
are used by environmental agencies to design ecological in-
vestigations, define sampling objectives, and direct how data
will be utilized in the decision-making process. Tannenbaum
(2002, 2003) cautions that, in some cases, traditional ERAs
performed at terrestrial sites should be viewed with caution

or replaced with “impact assessments,” because, at many of
these sites in the USA, impacts are rarely, if ever, observed in
wildlife receptors, despite the predictions based on predic-
tive exposure models and the use of hazard quotients based
on comparisons to ecotoxicological benchmarks. Increasing-
ly, sediment assessments address this concern through the
use of multiple lines of scientific and site-specific evidence as
the basis for decision-making.

Sediment sites have a number of features that differenti-
ate them from the typical terrestrial assessment, and a num-
ber of sediment-specific guidance documents are referenced
throughout this paper. The U.S. EPA is in the process of de-
veloping sediment-specific guidance for Superfund sites, and
has published a set of principles to guide the Agency’s man-
agement of contaminated sediment risks at hazardous waste
sites (USEPA 2002b). Several tiered sediment frameworks
for various sediment assessment and management needs have
been proposed or continue to be developed in the U.S. and
other countries (ANZECC-ARMCANZ 2000; MacDonald
and Ingersoll 2002; den Besten et al. 2003).

While the various tiered approaches may differ in detail,
they generally are designed to specify an appropriate de mi-
nimis level of information required for decision-making. A
de minimis approach initially applies conservative tools (and
criteria) that screen out the majority of sites that pose neg-
ligible risks to ecological receptors and human health, with
a minimum of false negatives and only a slight bias towards
false positives. At sites where uncertainty remains, tools, or
suites of tools, are applied in later tiers to reduce the uncer-
tainties in such a manner that the bias towards false positives
also is reduced. A tiered framework provides several decision
levels such as no further action, immediate management, or,
if uncertainty remains, more detailed analyses. A well-de-
signed, tiered framework is an explicit statement about how
regulatory policy, scientific methods, and mathematical mod-
els will be combined.

Whereas there is strong evidence of anthropogenic im-
pacts on the benthic community at many sediment sites, the
degree of toxicity (or even its presence or absence) cannot be
predicted by contaminant concentrations alone. According
to Wenning and Ingersoll (2002), a sediment ERA should
include lines of evidence derived from several different in-
vestigations (Table 2). Many of the tools available to carry
out these investigations are described in this paper.

One common approach to developing several of these lines
of evidence in a decision framework is the triad approach.
Triad-based assessment frameworks require evidence of haz-
ard and exposure (generally based on sediment chemistry,
toxicity, benthic community structure, and, perhaps, evi-
dence of bioaccumulation) to designate sediment as toxic or
requiring management (Chapman 1996).

Among the key elements of an effective sediment assess-
ment strategy that guide the technical development of a sedi-
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ment assessment, whether based on a triad approach or some
other set of biological and chemical measures (USEPA 2001),
are a well-designed and site-specific CSM; transparent and
well-thought-out data collection, processing and communi-
cation; explicit discussion of heterogeneity, uncertainty, and
scaling issues; and carefully selected reference sites and deci-
sion criteria.

The importance of a conceptual site model

A CSM is a three-dimensional description of a site repre-
senting what is known (or suspected) about the contaminant
source areas, as well as the physical, chemical, and biological
processes that affect contaminant transport from the sources
through environmental media to potential environmental
receptors (ASTM 1995). The CSM identifies exposure path-
ways, provides a template upon which to base an exposure
assessment, and identifies relevant receptors, habitats, and a
suite of potential response actions. Inasmuch as it describes
the major exposure pathways of concern, and how those
pathways may be examined and managed, it also serves as an
important communication tool between scientists, regula-
tors, and stakeholders across several technical disciplines and
through several phases of an investigation.

Construction of the CSM begins with a thorough litera-
ture review and evaluation of the regional geology, hydroge-
ology, and atmospheric conditions, including maps and aerial
photos, if available. The CSM should describe the region and
associated geomorphology, hydrogeology, and surface water
bodies. This helps in evaluating past and current contami-
nant fate and transport, and in defining and prioritizing in-
vestigation and remedial objectives. The CSM helps identify
the movement of surface and groundwater (and associated
contaminants) that result from large-scale processes (e.g.,
structural geology, hydrodynamics, depositional history,
geomorphology, water body locations, and other sinks or
sources, and atmospheric conditions). Surface water, sedi-
ment porewater, and groundwater transport are also influ-
enced by small-scale processes that must be considered such
as matrix porosity, consolidation, grain size, angularity, de-
gree of fracturing, groundwater—surface water interaction,
bioturbation, bioirrigation, and wave activity (NRC 2003;
Reible et al. 2004).

Recognized as an important communication tool to facili-
tate stakeholder discussions and the decision-making proc-
ess, CSMs are being used with greater frequency by state and
federal agencies in the United States to aid in making sedi-
ment assessments a more focused effort, requiring only those
data necessary to meet the goals of the assessment strategy
and objectives (USEPA 2001; Wenning and Ingersoll 2002).
The CSM should be continuously evaluated and refined as
data become available, and, as the level of uncertainty asso-
ciated with the CSM decreases, it should help identify data
gaps and target additional investigations.

Heterogeneity, uncertainty, and scale issues

In sediment systems, contaminant distribution, behavior,
and effects are usually heterogeneous and uncertain in time
and space (Levin 1992). When possible, assessment and
management should address, quantify, and communicate
this uncertainty at every level of the decision process.

Uncertainty can be divided into two categories: (1) that
which can be reduced by further data collection (e.g., higher
density sampling may better elucidate contaminant distribu-

tions), and (2) that which is based on “ignorance,” which may
or may not be reduced over time with further research (e.g.,
insufficient understanding of the fundamental mechanisms
driving ecosystem response to a given stressor). According
to Levin (1992), heterogeneity is a fundamental and neces-
sary component of ecosystem functioning, and no descrip-
tion of variability and predictability makes sense without
reference to the particular range of scales that are relevant
to the organisms or processes being examined. Thus, care
must be taken to ensure that studies are designed with an
understanding of the mechanisms linking measurements and
the biological communities that may be the focus of protec-
tion, as well as the relevant spatial, temporal, trophic, and
organizational scales.

Spatial and temporal heterogeneity of various parameters
(including, for example, contaminant distribution, toxicity,
and current velocity) can, to a certain extent, be addressed in
sampling design. An examination of available data and CSMs
may help guide sampling design. In some cases, phased sam-
pling, with some range-finding analyses followed by further
sampling, the use of low-cost screening tools to fill data gaps
between sample locations, and acoustic tools to map sedi-
ment stratigraphy can be cost-effective activities that help to
reduce uncertainty in the assessment.

Uncertainty, and how it is handled, can be communicated
in a number of quantitative and qualitative ways, including
various statistical treatments and the use of models such as
Monte Carlo simulations or weighted decision criteria analy-
sis (Coates and Delfino 1993; Johnston et al. 2002). Sampling
design and data interpretation should be done with care. For
instance, insufficient sample replication or sampling over too
short a period can make it difficult to differentiate spatial
heterogeneity and seasonality, possibly leading to incorrect
remedy decisions.

It is widely recognized, however, that no amount of data
collection and assessment will completely remove uncer-
tainty in complex natural systems (Chapman et al. 2001).
According to Levin (1992), to develop the predictive models
that are needed for sediment management, scientists must
learn how to interface the disparate scales of focus inher-
ent in biological, ecological, and chemical studies, which
are typically conducted at different levels. Germano (1999)
observed that because the public views scientists as provid-
ing the facts upon which decisions are made with absolute
certainty and based on known outcomes, it is increasingly
necessary for scientists to acknowledge and clearly commu-
nicate the uncertainties associated with their conclusions to
the public, and to carefully balance conservatism in the as-
sessment with the potential costs of decision-making based
on inaccurate or incomplete information.

Maximizing data utility for sediment assessment and
management

Explicitly identified by U.S. EPA (USEPA 1993), a signifi-
cant stumbling block in environmental assessments contin-
ues to be the inability to compile and integrate or synthesize
environmental data, especially data derived from multiple
studies. The data quality objectives (DQO) process promot-
ed by U.S. EPA as part of the Superfund Program is intended
to help overcome this challenge (USEPA 2000).

While there are many reasons to collect environmental
data at a site, a critical assessment of all currently available
data should be carried out prior to the initiation of any ad-
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Table 3. Critical questions in the preparation of data qual-
ity objectives for sediment assessments

Do the proposed biological, chemical, and physical
parameters to be measured fill important data gaps?

Are these data relevant to the decision criteria identified
in the conceptual site model as the basis for decision-
making?

How will the data be used in the assessment and in any
remedial decision?

Have all stakeholders or decision-makers agreed upon
the need for, and the use of, these data?

ditional sampling (Table 3). Once collected, it is critical that
data are summarized and communicated in a manner that
can address the concerns and priorities of all stakeholders
who will be part of the decision process, including the pub-
lic, regulators, risk assessors, and engineers designing differ-
ent remedy options.

The definition of DQOs and the point in a tiered frame-
work at which they are applied can influence the choice of ap-
propriate sediment benchmarks. Throughout an assessment
framework, a range of generic or site-specific SQGs may be
appropriate, depending on the sophistication of the assess-
ment, the degree of conservatism desired in the analysis of
the potential risks, or even the tiers or specific questions to
which benchmarks are being applied. If the objective is a de-
termination of the potential risk of a contaminant of concern
(COQ) in the sediments, then comparisons between bulk
chemistry measurements and one or more sediment quality
guidelines (SQGs), or benchmarks, describing the likelihood
for adverse biological responses may be most important. Ac-
cording to Wenning and Ingersoll (2002), however, SQGs
based on empirical or mechanistic approaches (e.g., effects
range-low [ER-L], effects range-median [ER-M], thresh-
old-effects levels [TEL], probable-effects levels [PEL], and
apparent effects thresholds [AET]) are intended for differ-
ent purposes, and should be selected carefully. A thorough
review of sediment quality benchmarks is provided in Wen-
ning and Ingersoll (2002).

In turn, the appropriate SQGs to use in a sediment assess-
ment framework may change depending on the sophistica-
tion of the assessment and the degree of conservatism de-
sired in the analysis of the potential risks. For example, if
the objective is to determine whether, for a given COC, the
contaminant conditions in the sediment differ from those in
sediments from comparable reference areas, then compari-
sons of bulk chemistry values to background, regional, or
reference values may be most appropriate. Chapman et al.
(2001) addresses a number of the challenges and complexi-
ties of this issue.

Although the concentrations of COCs in sediment are an
important part of assessing sediment conditions, contami-
nant chemistry alone does not provide a full understanding
of the potential ecological and human health risks (Apitz
1998). Because most contaminants have a tendency to as-
sociate with fine-grained materials (De Bartolomeo et al.
2004), sediments are often categorized by grain size to dis-
tinguish fine- and relatively coarse-grained sediments. To-
tal organic carbon (TOC) content and acid volatile sulfide
(AVS) levels both play a role in contaminant bioavailability
(Boothman et al. 2001; Simpson 2001). An understanding

of ambient background contaminant levels is important be-
cause, in some cases, it is possible for natural background
COC concentrations to exceed SQG screening levels or risk-
based concentration limits (Hunt et al. 2001). In other cases,
anthropogenic COCs such as PAHs and certain metals also
may be present at elevated background levels due to proxim-
ity of the water body to urban and heavily industrialized ar-
eas (Crawford et al. 1995). Regardless, it may be technically
impracticable to remove COCs to ambient or background
concentration levels on a site-specific basis. The costs and
engineering logistics make it prohibitively expensive to re-
mediate an entire region; furthermore, if COCs at specific
sediment sites are remedied to below local or regional ambi-
ent levels, those sediments are likely subject to recontamina-
tion.

In addition to evaluating risk, several statistical and analyt-
ical tools are available to differentiate COCs among multiple
sources (Barabas et al. 2004; De Bartolomeo et al. 2004).
These tools include the use of multivariate statistics and fac-
tor analysis to examine contaminant profiles in sediment,
determine the isotopic signature of metals or organic com-
pounds, or test for the presence or absence of unique chemi-
cal markers (Barabas et al. 2004). For instance, PAH finger-
printing can provide information on source, background,
weathering patterns, potential toxicity, and the potential for
natural attenuation (Page et al. 1995; Brenner et al. 2001;
Stout et al. 2001). While the field of environmental forensics
has primarily focused on terrestrial sites (Morrison 2000;
Stout et al. 2003), work in aquatic systems and sediments
have advanced rapidly, and methods should be adapted and
standardized for aquatic systems.

SUMMARY

In this paper, Part I of a two-part paper on the current
state-of-the-science pertaining to the assessment and man-
agement of contaminated sediments, the many key elements
of an effective sediment investigation and risk evaluation
strategy have been reviewed, beginning with the develop-
ment of a CSM and including a discussion of some of the key
factors influencing sediment investigations and ecological
risk assessment of sediment-bound chemicals on aquatic bi-
ota. Throughout the process of developing a CSM, identify-
ing DQOs, and planning for investigations, the involvement
of stakeholders in the sediment assessment and management
process is viewed by many as critical (USEPA 2002b). Ac-
cording to the NRC (1997), the most successful sediment
management case studies involved the broadest range of
stakeholders early and often. Stakeholder groups can include
representatives from local communities and governments,
fishermen, industries, ports, environmental and public inter-
est groups, and regulatory and trustee organizations from lo-
cal, state, and national organizations and tribes. This broad
representation allows all interested parties to be involved
with and understand the problems, and their investigation
and resolution, fostering trust and the development of a con-
sensus, if possible (NRC 2001; USEPA 2002b).

In Part II of this paper (Apitz et al. 2005), various ap-
proaches are reviewed for evaluating the potential for ad-
verse effects to aquatic biota and monitoring the effective-
ness of sediment remedies that are intended to reduce those
effects.
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