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Abstract There have been numerous sediment quality
guidelines (SQGs) developed during the past 20 years to
assist regulators in dealing with contaminated sediments.
Unfortunately, most of these have been developed in North
America. Traditionally, sediment contamination was
determined by assessing the bulk chemical concentrations
of individual compounds and often comparing them with
background or reference values. Since the 1980s, SQGs
have attempted to incorporate biological effects in their
derivation approach. These approaches can be categorized
as empirical, frequency-based approaches to establish the
relationship between sediment contamination and toxic
response, and theoretically based approaches that attempt
to account for differences in bioavailability through
equilibrium partitioning (EqP) (i.e., using organic carbon or
acid volatile sulfides). Some of these guidelines have been
adopted by various regulatory agencies in several countries
and are being used as cleanup goals in remediation activities
and to identify priority polluted sites. The original SQGs,
which compared bulk chemical concentrations to a refer-
ence or to background, provided little insight into the eco-
system impact of sediment contaminants. Therefore, SQGs
for individual chemicals were developed that relied on field
sediment chemistry paired with field or laboratory-based
biological effects data. Although some SQGs have been
found to be relatively good predictors of significant site
contamination, they also have several limitations. False
positive and false negative predictions are frequently in
the 20% to 30% range for many chemicals and higher
for others. The guidelines are chemical specific and do not
establish causality where chemical mixtures occur. Equilib-
rium-based guidelines do not consider sediment ingestion
as an exposure route. The guidelines do not consider spatial
and temporal variability, and they may not apply in dynamic

or larger-grained sediments. Finally, sediment chemistry
and bioavailability are easily altered by sampling and subse-
quent manipulation processes, and therefore, measured
SQGs may not reflect in situ conditions. All the assessment
tools provide useful information, but some (such as SQGs,
laboratory toxicity and bioaccumulation, and benthic
indices) are prone to misinterpretation without the avail-
ability of specific in situ exposure and effects data.
SQGs should be used only in a “screening” manner or
in a “weight-of-evidence” approach. Aquatic ecosystems
(including sediments) must be assessed in a “holistic”
manner in which multiple components are assessed (e.g.,
habitat, hydrodynamics, resident biota, toxicity, and phy-
sicochemistry, including SQGs) by using integrated
approaches.

Key words Criteria · Guidelines · Benchmarks · Ecological
risk · Sediment quality

Introduction

The sediment problem

Sediments accumulate contaminants and serve as sources of
pollution to the ecosystems they are connected with. Patho-
gens, nutrients, metals, and organic chemicals tend to sorb
onto both inorganic and organic materials that eventually
settle in depositional areas. If the loading of these contami-
nants into the waterways is large enough, the sediments
may accumulate excessive quantities of contaminants that
directly and indirectly disrupt the ecosystem, causing sig-
nificant contamination and loss of desirable species. Many
studies have documented the importance of sediment
contamination for ecosystem quality and the widespread
incidence of sediment contamination (e.g., Burton 1991;
US Environmental Protection Agency 1997).

These repositories of contaminants were once ignored
when the major problem of pollution was easily identified
industrial discharges. As those discharges have improved in
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quality, diffuse sources of pollution, such as stormwater
runoff and sediments, are recognized as long-term, wide-
spread sources of pollutants to aquatic systems. Substantial
impacts on the ecosystem from sediment-associated con-
taminant have been found to range from direct effects on
benthic communities (e.g., Canfield et al. 1994, 1996; Swartz
et al. 1994) to substantial contributions to contaminant
loads and effects on upper trophic levels through food chain
contamination (e.g., for tree swallows, Bishop et al. 1999;
McCarty and Secord 1999; for Caspian terns, Ludwig et al.
1993; for mink, Foley et al. 1988).

Why are sediments contaminated when water quality has
improved in many areas? This contamination primarily oc-
curs because many chemicals bind to organic or inorganic
particles that eventually settle to the bottom of our streams,
rivers, reservoirs, lakes, estuaries, and marine waters. Once
contaminants are bound to a particle surface or sorb into
its interior matrix, they become less likely to be biotrans-
formed and desorption is usually very slow; therefore,
sorbed contaminants will reside for long periods in the
sediment. Sediment-associated contaminants tend to accu-
mulate onto small, fine-grained particles and settle in depo-
sitional areas. This is promoted largely by the very high
surface area of these particles and the tendency for higher
concentrations of organic matter in the fine particles that
sorb organic contaminants.

Are sediments important? Without a doubt they are
essential to the functioning of aquatic ecosystems (Burton
1991). From a contamination perspective, we understand
that sediments are extremely important to the food web and
serve as a reservoir of contaminants for bioaccumulation
and trophic transfer. Once the chemical contamination con-
centration reaches a point at which it causes adverse effects
to biota, it is considered polluted.

The ecosystem is an interconnected series of pathways
whereby chemical, physical, and biological contaminants
move between the four primary compartments of air, sur-
face and ground waters, land, and biota (Mackay 1991).
This means that discharges to any one of these compart-
ments may result in transport to another compartment. This
multicompartment transport has been well documented
with the cycling of polychlorinated biphenyls (PCBs) and
pesticides throughout the Northern Hemisphere, even
reaching into the Arctic (Barrie et al. 1992). Such move-
ment among compartments ultimately results in reposito-
ries of sorptive, persistent contaminants in sediments.

Widespread nutrient and pesticide contamination has
been observed in both urban and agricultural areas (US
Geological Survey 1999). The best documentation of the
extent of sediment contamination is in the United States;
however, it undoubtedly occurs wherever there are popula-
tion, industrial, or agricultural centers. There are approxi-
mately 12 billion cubic yards of surface sediments (upper
5cm) in the United States, of which approximately 1.2 bil-
lion can currently be considered contaminated to levels that
pose potential risks to fish and to humans and wildlife who
eat fish (US Environmental Protection Agency 1997). This
estimate is derived from a literature search for data on
sediment contamination and represents 65 percent of the

watersheds in the continental United States. However, only
11% of the nation’s rivers had data with any toxicity infor-
mation available, and of those 77% had at least one station
that was sufficiently contaminated that adverse effects were
probable or possible. This leaves 89% of the data sets with
no available toxicity data (US Environmental Protection
Agency 1997). Therefore, the true extent of sediment con-
tamination remains unknown.

Sediment-associated contaminants are found in every
type of aquatic environment within the United States from
mountain streams to large rivers, from small lakes to the
Great Lakes, and in estuaries and bays (US Environmental
Protection Agency 1997). Recent investigations have found
sediment pollution in areas previously not thought to be
contaminated (e.g., estuarine areas of North Carolina; Pelly
1999). Although the true extent of sediment contamination
is not known, it is apparent that huge quantities of sedi-
ments in the United States and other industrialized coun-
tries are contaminated with metal and organic chemicals
at levels that pose risks both to aquatic life and to humans
consuming aquatic species.

A tremendous amount of effort, resources, and money
has been expended in many areas of the world in at-
tempts to clean up or remove contaminated sediments
from waterways in order to restore ecosystem quality and
beneficial uses, such as improved fisheries. These restora-
tion (remediation) activities often cost millions of dollars,
requiring dredging and disposal of thousands of cubic
meters of sediments in confined (or hazardous) disposal
facilities. Thus, it is apparent that sediment quality manage-
ment is a tremendous challenge, requiring regulations that
address the interests of the private sector and the public
(US Environmental Protection Agency 1998).

Given these complex concerns and potential high costs
associated with restorations, the determination of whether
or not sediments are contaminated becomes a paramount
issue. To incorrectly determine that sediment is contami-
nated and needs to be removed can result in the wasting of
thousands to millions of dollars. Conversely, failing to iden-
tify sediment that is contaminated poses both an ecological
and human health risk. Thus, the process of identifying
sediments as contaminated becomes extremely critical and
subject to intense scrutiny.

The term “criterion”

Regulators have routinely relied on chemical-specific,
numerically based criteria to assess whether the environ-
ment (i.e., air, water, soil, sediment, or tissue) is contami-
nated. The prevalence of this approach is due to its ease
and simplicity for the regulator. The measurement of the
chemical is usually straightforward and uses standardized
analytical methods. If the chemical concentration exceeds
the criteria (or “standard,” “guidelines,” “value,” “indica-
tors,” or “alert or action level”), then the sample is contami-
nated and exceeds the regulatory limit, therefore prompting
regulatory action. Although numerous criteria have existed
for freshwater and marine water for the past three decades,
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and have been widely accepted, such is not the case for
sediments, soil, air, or tissues.

The term “criterion” denotes a standard on which a judg-
ment may be made (Webster 1991). In the United States,
the US Environmental Protection Agency (USEPA) devel-
ops criteria and then recommends adoption by the states as
“standards.” Criteria are not enforceable regulations, but
state standards are. Although this process has worked well
for water quality programs, it has not for sediments. There
has been a huge degree of resistance from the US Army
Corps of Engineers (who are responsible for navigable
waterway dredging) and industry against the development
of sediment quality criteria (and state adoption as stan-
dards). They contend that our understanding (the science)
of sediment chemical bioavailability is inadequate for de-
velopment of reliable sediment quality criteria. They con-
tend that sediment quality criteria will be used as cleanup
criteria and may incorrectly designate noncontaminated
sediments as contaminated, thereby requiring expensive,
and unnecessary, removal and remediation actions. The
USEPA has responded to these pressures and no longer
uses the terms “standards” or “criteria” when referring to
sediment threshold levels. Rather, they now refer to sedi-
ment quality criteria as “guidelines,” which do not carry the
same regulatory mandate. Others have preferred the use of
terms such as “values” (Chapman et al. 1999b) or “indica-
tors” (Burton 1991). Although these arguments may seem
silly to those outside the regulatory umbrella, these later
terms of “guidelines,” “values,” and “levels” are all meant
to imply the screening-level nature of the sediment quality
criteria. It is ironic, however, that the water quality criteria
have not been challenged to such a degree, although they
are subject to many of the same limitations as sediment
quality criteria (see discussion below).

The development of sediment quality criteria

Sediment criteria (i.e., guidelines) have been developed to
deal with many environmental concerns and in response to
regulatory programs. These have included determinations
of whether sediments are contaminated in the context of
restricted disposal of dredged materials, cleanup of indus-
trial and municipal sites, effluent contamination, spatial
extent of contamination in an area, ecological or human
risk, fish tissue contamination, ranking of problem sites, and
beneficial use impairments.

Traditionally sediment contamination was determined
by assessing the bulk chemical concentrations of individual
compounds and comparing them with background or refer-
ence values (US Environmental Protection Agency 1987;
Great Lakes Water Quality Board 1982; Gambrell et al.
1983; Thomas 1987). Then, in the early 1980s, interstitial
(pore) waters were proposed as good “sediment quality
indicators” by the USEPA Region VI (F.E. Phillips,
Deputy Regional Adminstrator; Region VI Sediment
Quality Indicators memorandum of August 19, 1981, to J.
Hernandez, Deputy Adminsitrator, USEPA, Washington,

DC). This approach compared interstitial water contami-
nant levels to the USEPA water quality criteria. This ap-
proach suggested that interstitial water was a primary route
of uptake by aquatic organisms and used the extensive
USEPA water quality criteria database. Though the ap-
proach was rejected by the USEPA, they soon embarked
on a similar sediment criteria development program that
focused on equilibrium partitioning (EqP) of contaminants
in the interstitial water (US Environmental Protection
Agency 1989).

The desire to have chemical parameters to evaluate the
hazard of sediments has focused primarily on two ap-
proaches: an empirical, statistical approach to establish the
relationship between sediment contamination and toxic re-
sponse (Long and Morgan 1991; Persaud et al. 1993; Smith
et al. 1996; Ingersoll et al. 1996; Cubbage et al. 1997; WDOE
2000), and a theoretically based approach that attempted
to account for differences in bioavailability through EqP
(DiToro et al. 1991; NYSDEC 1994; US Environmental
Protection Agency 1997). However, even today, back-
ground and reference values are used extensively in ecologi-
cal risk assessments and by some to determine whether
sediment contamination exists. This may be reported as
percentile values for local to nationwide areas. Each of
these approaches has its own unique strengths and limita-
tions (see below).

The original sediment quality guidelines (SQGs), which
were compared with a reference or with background, pro-
vided little insight into the potential ecological impact of
sediment contaminants; however, they did provide a base
from which to evaluate SQGs. This is particularly important
with metals, which may occur naturally in high concentra-
tions in some areas of the world. The new generation of
empirically based SQGs was developed relying on field
sediment chemistry paired with field or laboratory biologi-
cal effects data. They are often based on frequency distribu-
tions and account for the impact of all chemicals present,
but they do not establish cause and effect. These ap-
proaches have also been shown to be useful and predictive
of biological effects in many (but not all) marine and fresh-
water systems (Long et al. 1998, 2000; Ingersoll et al. 1996;
MacDonald et al. 2000a,b). These empirically based ap-
proaches have utilized large datasets that are being continu-
ally expanded. The derivation of “effect threshold” levels
has varied somewhat between investigators, and they have
evolved through recent years to the latest “consensus-
based” effect levels of MacDonald et al. (2000a,b). These
guidelines are average values of other similar guidelines.

The issue of bioavailability, however, is not well ad-
dressed by the empirical SQGs, since they are based on
total sediment concentrations. The EqP approach attempts
to address this issue specifically. This approach suggests
that interstitial water concentrations represent the primary
route of exposure for aquatic organisms, and that chemical
concentrations can be determined from an EqP calculation
(DiToro et al. 1991). Basically, the sediment criterion is
calculated by multiplying the USEPA water quality crite-
rion by the Kow (octanol–water partition coefficient) by the
fraction of organic carbon in the sediment. With the as-
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sumption that sediment contaminant exposure was driven
by the interstitial water concentration, the toxicity of con-
taminants could be directly linked to the USEPA water
quality database. This then allowed the calculation of sedi-
ment concentrations above which the interstitial water
would be at levels to produce toxic responses. The EqP was
particularly important for attempting to account for the
changes in bioavailability that occur with changes in the
amounts of organic matter in sediments. By normalizing
sediments based on their organic carbon concentration, dif-
ferences in biovailability (toxicity) were largely accounted
for. The method has proven useful for some situations: for
instance, the toxicity of DDT and its metabolites in sedi-
ments was reasonably well described for a field site near
Huntsville, Alabama (Hoke et al. 1994). The method has
also proven effective for sediments from the marine envi-
ronment and the prediction of polycyclic aromatic hydro-
carbons (PAH) toxicity to Rhepoxynius abronius (Swartz et
al. 1995). However, for some nonpolar compounds, carbon
normalization has not completely removed the variability in
expected toxicity (Meyer et al. 1993). In addition, all or-
ganic carbon is not the same, and differences in organic

carbon types affect binding and bioavailability (Landrum
and Faust 1994) by two- to threefold (Landrum 1995).

This method has also been applied to metals by account-
ing for the interactions with acid volatile sulfide. Five
metals, Cd, Ni, Pb, Zn, and Cu, form insoluble sulfides,
and therefore their toxicity is limited by the amount of
sulfide in the sediment. Toxicity is observed when the
amount of metal stoichiometrically exceeds the amount of
sulfide that can bind it. A clear demonstration of the utility
of this approach was shown for Cd toxicity to amphipods,
Ampelisca abdita and Rhepoxynius hudsoni, in marine sedi-
ments (DiToro et al. 1990). As in the case of organic con-
taminants, this approach has sometimes overpredicted
toxicity, usually because of the presence of other ligands
that bind the metals (Ankley et al. 1993).

Comparisons of SQGs

Several empirical approaches have been published (Tables
1–6). These are based on the cooccurrence of benthic

Table 1. Threshold effect sediment quality guidelines for metals (mg/kg)

SQG As Cd Cr Cu Pb Hg Ni Zn Reference

TEL1 5.9 0.6 37.3 35.7 35 0.17 18 123 a
ERL 33 5 80 70 35 0.15 30 120 a
LEL2 6 0.6 26 16 31 0.2 16 120 a
MET3 7 0.9 55 28 42 0.2 35 150 a
CB TEC 9.79 0.99 43.4 31.6 35.8 0.18 22.7 121 a
EC-TEL4 7.24 0.68 52.3 18.7 30.2 0.13 15.9 124 b
NOAA ERL5 8.2 1.2 81 34 46.7 0.15 20.9 150 c
ANZECC ERL5 20 1.2 81 34 47 0.15 21 200 d
ANZECC ISQG-low5 20 1.5 80 65 50 0.15 21 200 d
SQAV TEL-HA286 11 0.58 36 28 37 – 20 98 e
SQO Netherlands Target 2.9 0.8 – 36 85 0.3 – 140 d
Hong Kong ISQG-low7 8.2 1.5 80 65 75 0.15 40 200 d
Hong Kong ISQV-low7 8.2 1.5 80 65 75 0.28 40 200 f
Flanders RV X8 28 1 43 20 0.1 35 28 168 g
EQS Human Health Items (Lake Biwa) 0.01 0.01 0.05 – 0.01 0.0005 – – h
Slightly Elevated Stream Sediments9 8 0.5 16 38 28 0.07 – 80 i

SQG, Sediment quality guideline; TEL, threshold effect level; ERL, effects range low; LEL, lowest effect level; MET, minimal effect threshold;
CB, Consensus Based; TEC, threshold effect concentration; EC, Environment Canada; NOAA, National Oceanic and Atmospheric Administra-
tion; ANZECC, Australian and New Zealand Environment and Conservation Council; ISQG, Interim Sediment Quality Guidelines; SQAV,
Sediment Quality Advisory Value; SQO, Sediment Quality Objective; ISQV, Interim Sediment Quality Value; RV, Reference Value; EQS,
Environmental Quality Standard; MEL, Median Effect Level; FEDP, Florida Department of Environmental Protection
1 Same as Canadian Freshwater Sediment Guidelinesd

2 Same as Ontario Ministry of Environment Screening Level Guidelinesd

3 Same as MEL in SQAVse

4 Same for FDEP Guidelinesd and Canadian Marine Sediment Quality Guidelinesd

5 Some values in NOAA and ANZECC are the same
6 All other SQAVs are the same as SQGsa

7 ISQG and ISQV are the same for all metals except Hg
8 Reference values and class limits for rivers in Flanders; �X class 1, �Y class 2, �Z class 4, �Z class 5
9 Classification of Illinois Stream Sediments
a MacDonald et al. 2000b
b Smith et al. 1996
c NOAA 1999
d ANZECC 1997
e Swartz 1999
f Chapman et al. 1999
g De Cooman et al. 1999
h Shiga Prefecture 2001
i Classification of Illinois Stream Sediments
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macroinvertebrate effects and total sediment concentra-
tions. Rather than being theoretically based, like the EpQ
approach, these are based on actual field and laboratory
data that show adverse effects to benthic organisms when
exposed to field-contaminated sediments. They differ in the
way they determine the threshold effects, but many are
quite similar. These approaches include the effects range
approach (Long and Morgan 1991; Ingersoll et al. 1996),
effects level approach (Smith et al. 1996; Ingersoll et al.

1996), apparent effects threshold approach (Cubbage et al.
1997), and screening level concentration approach (Persaud
et al. 1993). These approaches generally set two threshold
levels, one below which effects rarely occur [e.g., the lowest
effect level (LEL), threshold effect level (TEL), effects
range low (ERL), minimal effect threshold (MET), and
threshold effect concentration (TEC)], and one above
which effects are likely to occur [e.g., the severe effect
level (SEL), probable effects level (PEL), effect range me-

Table 2. Midrange effect sediment quality guidelines for metals (mg/kg)

SQG As Cd Cr Cu Pb Hg Ni Zn Reference

PEL1 17 3.53 90 197 91.3 0.486 36 315 a
ERM 85 9 145 390 110 1.3 50 270 a
EC-PEL2 41.6 4.21 160 108 112 0.7 42.8 271 b
NOAA ERM3 70 9.6 370 270 218 0.71 51.6 410 c
SQAV PEL-HA284 48 3.2 120 100 82 – 33 540 d
SQO Netherlands Limit 55 2 – 36 530 0.5 – 480 e
Hong Kong ISQV-high5 70 9.6 370 270 218 1 – 410 f
Norwegian Moderate 80 1 300 150 120 0.6 130 700 g
Flanders RV Y6 69 2 107 50 0.3 88 69 422 h
Elevated Stream Sediments7 11 1 23 60 38 0.1 – 100 i
Highly Elevated Stream sediments7 17 2 38 100 60 0.17 – 170 i

SQG, Sediment quality guideline; PEL, probable effects level; ERM, effect range median; EC, Environment Canada; NOAA, National Oceanic
and Atmospheric Administration; SQAV, Sediment Quality Advisory Value; SQO, Sediment Quality Objective; ISQV, Interim Sediment
Quality Value; RV, Reference Value; FDEP, Florida Department of Environmental Protection; ANZECC, Australian and New Zealand
Environment and Conservation Council; ISQG, Interim Sediment Quality Guidelines
1 Same as Canadian Freshwater Sediment Guidelinese

2 Same as FDEP Guidelinese and Canadian Marine Sediment Quality Guidelinese

3 Same as ANZECC ERMe, ANZECC ISQG-highe, ERMj, and ERM/PELj

4 All other SQAVs are the same as SQGsa

5 Same as Hong Kong ISQG-high valuese

6 Reference values and class limits for rivers in Flanders; �X class 1, �Y class 2, �Z class 4, �Z class 5
7 Classification of Illinois Stream Sediments
a MacDonald et al. 2000b
b Smith et al. 1996
c NOAA 1999
d Swartz 1999
e ANZECC 1997
f Chapman et al. 1999
g Helland et al. 1996
h De Cooman et al. 1999
i Classification of Illinois Stream Sediments
j Hyland et al. 1999

Table 3. Extreme effect sediment quality guidelines for metals (mg/kg)

SQG As Cd Cr Cu Pb Hg Ni Zn Reference

TET 17 3 100 86 170 1 61 540 a
SEL1 33 10 110 110 250 2 75 820 a
CB PEC 33 4.98 111 149 128 1.06 48.6 459 a
SQO Netherlands Intervention 55 12 – 190 530 10 – 720 b
Flanders RV Z2 174 6 267 126 0.8 221 174 1057 c
Extreme Elevated Stream Sediments3 28 20 60 200 100 0.3 – 300 d

SQG, Sediment quality guideline; TET, toxic effect threshold; SEL, severe effect level; CB, Consensus Based; PEC, probable effect concentra-
tion; SQO, Sediment Quality Objective; RV, Reference Value; SQAL, Sediment Quality Advisory Level; ANZECC, Australian and New
Zealand Environment and Conservation Council
1 Same as Ontario Ministry of Environment Screening Level Guidelinesb

2 Reference values and class limits for rivers in Flanders; �X class 1, �Y class 2, �Z class 4, �Z class 5
3 Classification of Illinois Stream Sediments
a MacDonald et al. 2000b
b ANZECC 1997
c De Cooman et al. 1999
d Classification of Illinois Stream Sediments
e Swartz 1999
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dian (ERM), toxic effect threshold (TET), and probable
effect concentration (PEC)]. For examples of empirical
SQGs and their sources, refer to Tables 1–6 [see also the
Screening Quick Reference Table web site for AETs, TELs,
PELs, ERLs, ERMs, and Background Levels (NOAA
1999)].

One of the first empirical approaches was that of Appar-
ent Effects Thresholds (AETs), which are used by the State
of Washington (USA). Field data on sediment concentra-
tions are compared with synoptic, adverse ecological ef-
fects, such as toxicity, benthic community structure, or
tissue abnormalities in fish. The database is analyzed to
determine the concentration above which significant effects
are always expected. The reliability of this threshold is

heavily dependent on the size of the database, because ef-
fect levels are a function of the contaminant-effects distri-
bution (Barrick et al. 1988). This threshold may be
underprotective because it is set based on “always” having
an effect.

The ERLs and ERMs are set at distribution percentiles
of 10 and 50, respectively. The TEL and PEL approach uses
geometric means of percentiles of effects and no-effects
distributions for slightly differing threshold levels.

Recently, investigators have compared SQGs and found
that in many cases there is a large degree of similarity that
allows for the development of “consensus” guidelines.
Swartz (1999) developed consensus guidelines for the sum
of PAHs, since they almost always occur as mixtures.

Table 4. Threshold effect sediment quality guidelines for organics (µg/kg)

Substance SLC TEL1 ERL LEL MET CB TEC Ontario Minimum NOAA NOAA NOAA
95% CI Environmental freshwater TEL ERL1

Screening TEL3 marine2

Level-low

Acenaphthene 60 10 20 6.71 16
Acenaphthylene 50 10 40 5.87 44
Anthracene 160 50 90 46.85 85.3
Fluorene 100 20 20 21.17 19
Naphthalene 410 30 160 34.57 160
Phenanthrene 270 90 240 41.9 86.68 240
LMW PAHs 311.7 552
B(a)Anthracene 260 70 260 31.7 74.83 261
Benzo(b)fluor 320 70 320
Benzo(k)fluor 280 60 280
Benzo(a)pyrene 400 90 430 31.9 88.81 430
Dibenzo(a,h)anthracene 6.22 63.4
Chrysene 380 110 380 57.1 107.77 384
Fluoanthene 640 110 600 111 112.82 600
Pyrene 660 150 660 53 152.66 665
HMW PAHs 655.34 1700

2900
Total PAHs 4090 870 3500 1190–4610 2000 1684.06 4022
p,p�-DDD 3.54 2 8 10 4.88 3.54 1.22 2
p,p�-DDE 1.42 2 5 7 3.16 1.42 2.07 2.2
p,p�-DDT 1 8 9 4.16 1.19 1
Total DDT 7 3 7 9 5.28 7 6.98 3.89 1.58
Chlordane 4.5 0.5 7 7 3.24 7 4.5 2.26 0.5
Dieldrin 2.85 0.02 2 2 1.9 2 2.85 0.715 0.02
Endrin 2.67 0.02 3 8 2.22 3 2.67 0.02
Heptachlor epoxide 0.06 5 5 2.47 5 0.6
Lindane 0.09 3 3 2.37 3 0.94 0.32 0.32
Total PCBs 3 34 50 70 200 35 70 34.1 21.55 22.7

Reference a a a a a a b c c b,c

SLC, screening level contamination; TEL, threshold effect level; ERL, effects range low; LEL, lowest effect level; MET, minimal effect threshold;
CB, Consensus Based; TEC, threshold effect concentration; CI, confidence interval; NOAA, National Oceanic and Atmospheric Administration;
LMW, low-molecular-weight; PAHs, polycyclic aromatic hydrocarbons; HMW, high-molecular-weight; DDD, dichlorodiphenyldichloroethane;
DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; PCBs, polychlorinated biphenyls; ISQG, Interim Sediment
Quality Guidelines; ISQV, Interim Sediment Quality Value; ANZECC, Australian and New Zealand Environment and Conservation Council;
FDEP, Florida Department of Environmental Protection
1 Same as Hong Kong ISQG-lowb, does not include DDT, DDE, DDT, chlordane, dieldrin, endrin, heptachlor epoxide, and lindane
Same as Hong Kong ISQV-lowd, does not include DDT, DDE, DDT, chlordane, dieldrin, endrin, heptachlor epoxide, and lindane
Same as ANZECC ISQG-lowb, does not include heptachlor epoxide
Same as ANZECC guidelines for sediments sea disposalb, screening level effects range low, except Chlordane and Dieldrin
2 Same as Canadian sediment quality criteriae

Same as FDEP Guidelinesb

Same as Canadian Marine Sediment Quality Guidelinesb

3 Same as Canadian Freshwater Sediment Quality Guidelinesb

a Swartz 1999
b ANZECC 1997
c NOAA 1999
d Chapman et al. 1999a
e Smith et al. 1996
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MacDonald et al. (2000a,b) developed “consensus” guide-
lines for total polychlorinated biphenyls (PCBs) using an
approach similar to that of Swartz and then SQGs for
freshwater sediments for 28 compounds, including metals,
PAHs, PCBs, and pesticides. These later guidelines were
the geometric means of guidelines, such as an EqP-based
sediment quality advisory level (SQAL), ERLs, LELs,
TELs, METs, SELs, ERMs, and PELs, and resulted in
TECs and PECs. It is also useful to determine the magni-
tude of exceedances of multiple SQGs by using a hazard
quotient approach (Long et al. 1998; MacDonald et al.
2000b). In this approach, the concentration of each chemi-
cal is divided by the SQG. MacDonald et al. (2000b) found
that a mean PEC quotient of 0.5 is a useful threshold for

determining whether or not sediment samples are toxic
(Long and MacDonald 1998).

When comparisons were made between the EqP method
and other measures of sediment quality to estimate toxic
response, the SQG values and their predictive ability were
comparable: i.e., in more than 70% of samples, toxicity or
absence of toxicity was correctly predicted (Chapman et al.
1987; Ingersoll et al. 1996). However, when the predictive
ability for field sites was compared, the use of EqP consis-
tently resulted in more type II errors (false negatives) than
other sediment quality guidelines (Ingersoll et al. 1996).
This probably results from failure to account for the wide
variety of compounds that exist in sediments and their inter-
actions. The EqP method has not been well validated in

Table 5. Median effect sediment quality guidelines for organics (µg/kg)

Substance NEC PEL ERM CB MEC NOAA PEL NOAA PEL NOAA Ontario Minimum
95% freshwater1 marine2 ERM3 Environmental
CI Screening Level-severe

Acenaphthene 90 500 88.9 500
Acenaphthylene 130 640 127.87 640
Anthracene 240 1 100 245 1 100
Fluorene 140 540 144.35 540
Naphthalene 390 2 100 390.64 2 100
Phenanthrene 540 1 500 515 543.53 1 500
LMW PAHs 1 442 3 160
B(a)Anthracene 690 1 600 385 692.53 1 600
Benzo(b)fluor 710 1 880
Benzo(k)fluor 610 1 620
Benzo(a)pyrene 760 1 600 782 763.22 1 600
Dibenzo(a,h)anthracene 134.61 260
Chrysene 850 2 800 682 845.98 2 800
Fluoranthene 1 490 5 100 2 355 1 493.54 5 100
Pyrene 1 400 2 600 875 1 397.6 2 600
HMW PAHs 6 676.14 9 600

18 000
Total PAHs 8 040 23 580 6 820–28 540 16 770.4 44 792 110 000
p,p�-DDD 8.51 20 8.51 7.81 20
p,p�-DDE 6.8 15 6.75 374.17 27
p,p�-DDT 7 4.77 7
Total DDT 4500 350 4450 51.7 46.1 120
Chlordane 8.9 6 8.9 4.79 6 60
Dieldrin 6.67 8 6.67 4.3 8 910
Endrin 62.4 45 62.4 8 1 300
Heptachlor epoxide 2.7 2.74 50
Lindane 1.38 1.38 0.99 1 10
Total PCBs 190 277 400 340 277 188.79 180 5 300

Reference a a a a b b b,c c

NEC, no effect concentration; PEL, probable effects level; ERM, effect range median; CB, Consensus Based; MEC, midrange effect
concentration; CI, confidence interval; NOAA, National Oceanic and Atmospheric Administration; LMW, low-molecular-weight; PAHs,
polycyclic aromatic hydrocarbons; HMW, high-molecular-weight; DDD, dichlorodiphenyldichloroethane; DDE, dichlorodiphenyldichloro-
ethylene; DDT, dichlorodiphenyltrichloroethane; PCBs, polychlorinated biphenyls; FDEP, Florida Department of Environmental Protection;
ISQV, Interim Sediment Quality Value; ISQG, Interim Sediment Quality Guidelines; ANZECC, Australian and New Zealand Environment and
Conservation Council
1 Same as Canadian Freshwater Sediment Quality Guidelinesc

2 Same as Canadian sediment quality criteriad

Same as FDEP Guidelinesc

Same as Canadian Marine Sediment Quality Guidelinesc

3 Same as Hong Kong ISQV-highe, not including DDT, DDE, DDT, chlordane, dieldrin, endrin, hepta epoxide, lindane
Same as Hong Kong ISQG-highc, not including PCB, DDT, DDE, DDT, chlordane, dieldrin, endrin, hepta epoxide, lindane
Same as ANZECC sediment quality guidelinesc, does not include heptachlor epoxide
Same as ANZECC guideline for sediments sea disposalc, screen level-low, not acenaphthylene, DDT, chlordane, dieldrin
Same as combined ERM/PELe

a Swartz 1999
b NOAA 1999
c ANZECC 1997
d Smith et al. 1996
e Hyland et al. 1999
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regard to its predictive capability in chronic toxicity or in
regard to adverse food web affects from the bioaccumu-
lation of nonpolar organics.

Other advantages and limitations of SQGs

There are a number of limitations of SQGs that must be
recognized by the user. SQGs have varying rates of false
positive and false negative results in their predictions of
whether sediments are toxic or not. A false positive occurs
when the sediment exceeds an SQG indicating it is toxic,
when in fact it is not. A false negative is the opposite; the
sediment is below the SQG, suggesting it is nontoxic, but it
is toxic to benthic invertebrates. For low effect thresholds,
samples correctly predicted to be non-toxic ranged from a
low of 34.3% for Hg to more common ranges of 72% (Cr) to
89% (PCBs) for the other common metals, PAHs, PCBs,
and chlorinated pesticides. For severe effect thresholds,

Table 6. Extreme effect sediment quality guidelines for organics (µg/kg)

Substance TET SEL CB MEC NOAA freshwater NOAA marine
95% CI UET71 AET2

Acenaphthene 290 M 130 E
Acenaphthylene 160 M 71 E
Anthracene 260 M 280 E
Fluorene 300 M 120 E
Naphthalene 600 I 230 E
Phenanthrene 800 I 660 E
LMW PAHs 5 300 M 1 200 E
B(a)Anthracene 500 I 960 E
Benzo(b)fluor
Benzo(k)fluor
Benzo(a)pyrene 700 I 1 100 E
Dibenzo(a,h)anthracene 100 M 230 OM
Chrysene 800 I 950 E
Fluoranthene 1 500 M 1 300 E
Pyrene 1 000 I 2 400 E
HMW PAHs 6 500 M 7 900 E
Total PAHs 100 000 12 000 M
p,p�-DDD 60 60 60 I 16 I
p,p�-DDE 50 190 50 I 9 I
p,p�-DDT 50 710 �50 I 12 E
Total DDT 120 50 I 11 B
Chlordane 30 60 30 I 2.8 A
Dieldrin 300 910 300 I 1.9 E
Endrin 500 1 300 500 I
Heptachlor epoxide 30 50 30 I
Lindane 9 10 9 I �4.8 N
Total PCBs 1 000 5 300 1 600 26 M 130 M

Reference a a a b b

TET, Toxic effect threshold; SEL, severe effect level; CB, Consensus Based; MEC, midrange
effect concentration; CI, confidence interval; NOAA, National Oceanic and Atmospheric
Administration; AET, apparent effect threshold; LMW, low-molecular-weight; PAHs, polycyclic
aromatic hydrocarbons; HMW, high-molecular-weight; DDD, dichlorodiphenyldichloroethane;
DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; PCBs,
polychlorinated biphenyls; TOC, total organic carbon
1 Entry is lowest reliable among AET tests, on 1% TOC basis: I-Infaunal community impacts,
M-Microtox bioassay
2 Lowest value among AET tests: A-Amphipod, B-Bivalve, M-Microtox, O-Oyster larvae,
E-Echinoderm larvae, N-Neanthes bioassay
a Swartz 1999
b NOAA 1999

samples correctly predicted to be toxic ranged from 77% for
As to 94% for Cd; however, heptachlor epoxide was only
37.5% (MacDonald et al. 2000b).

The empirical cooccurrence SQGs are developed from
sites where mixtures of toxic contaminants occur, so bio-
logical responses at these sites are undoubtedly affected by
multiple toxicants. Sediment concentrations are based on
total concentrations per dry weight of sediment, and thus
they do not take into account the bioavailabile fraction.
This raises the question of causality for chemical-specific
criteria, since the chemical-specific guidelines are simply
based on correlations. This is an advantage of the theoreti-
cal EqP approach, which is based on carbon and acid vola-
tile sulfide normalization of bioavailability. Some of the
threshold levels set in these guidelines have been based on
one or a few species (e.g., Hyalella azteca and Chironomus
tentans), which raises concerns when the results are extra-
polated to diverse communities. This suggests that a
complete set of SQGs with a comprehensive set of biologi-
cal data should be used at each site (Michelsen 1999).
Bioaccumulation is not considered in the development of
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SQGs and may only be addressed indirectly, if resident
community data are considered where chronic effects may
have occurred. The EqP approach also does not consider
sediment ingestion as a route of exposure, and therefore
effects may be underestimated (Lee et al. 2000). The
bioavailability of sediment contaminants is influenced by a
wide variety of factors (Burton 1991) that are not con-
sidered in the current SQGs, such as particle surface area
and size, hardness, type of organic matter, pH, redox
gradients, chemical time-of-contact (spatial and temporal
dynamics), pore water convection, resuspension and
deposition (flux), organism acclimation, ingestion, and
bioturbation. Some of these issues have been raised by the
Science Advisory Board to the USEPA on the EqP ap-
proach, using Acid Volatile Sulfides (AVS) as a normaliza-
tion (SAB 1999).

Use of SQGs

SQGs have been used primarily in North America. The
most widely used SQGs are the empirically based ap-
proaches (ERL-ERM, TEL-PEL, TEC-PEC, and AET) on
a site-specific basis. These approaches (or slightly modified
versions) have been used in the United States (e.g., Long
and Morgan 1991), Canada (Smith et al. 1996), Australia
and New Zealand (ANZECC 1997), and Hong Kong
(Chapman et al. 1999a). However, many U.S. states (e.g.,
Texas, Indiana, and Ohio) and some European countries
rely on background percentile-based values, which have no
relationship to biological effects (bioavailability). Although
background comparisons are important in every study, they
rarely provide good indications of where adverse biological
effects may occur, except in cases of extreme contami-
nation. Although the USEPA has promoted the EqP
approach, it is seldom used, and usually is used only
in conjunction with other assessment methods.

Currently, SQGs vary by several orders of magnitude for
metals and metalloids (Chapman et al. 1999c). Although
much of this variation is due to the SQG derivation
approach and use of background and percentile values,
nonetheless there is probably significant real variation in
appropriate SQGs based on site-specific characteristics. It is
doubtful that accurate SQGs will ever be developed for
national and wide geographic areas; rather, they will be
most useful on a site-specific basis where they can be
optimized and verified through multiple assessment
approaches. Only by the use of multiple assessment
approaches (each of which has associated strengths and
weaknesses) can accurate assessments be conducted where
the likelihood of false positive and false negative conclu-
sions is rare. Indeed, current SQGs commonly have errors
of 25% or greater. Essential assessment approaches include
benthic community characterization, habitat analyses, hy-
drodynamic characterization (low vs. high flow, surface–
ground water transition zones), and laboratory and in situ
toxicity and bioaccumulation testing at a minimum. Other
useful assessment tools that will help identify specific

stressors include Toxicity Identification Evaluations (TIEs),
biomarkers [e.g., ethoxyresorufin-O-deethylase (EROD)
and DNA fingerprinting], and sediment spiking
experiments.

Chapman et al. (1999a) recommended using a composite
of international SQGs for Hong Kong, developing Interim
Sediment Quality Values. As with other empirically based
SQGs, a low and severe effect threshold was set. The range
of concentrations between the two was deemed an area of
uncertain toxicity, and therefore further biological testing
was required before the sediment could be classified as a
hazard. They chose the ERLs and ERMs as being most
appropriate, since the database included values from similar
subtropical environments. For less reliable thresholds, such
as that for Hg where the ERL is below background levels for
Hong Kong, the 95th percentiles of background were used.
Only the ERLs for Ni, PCB, DDE, and DDT were used,
since there is a poor relationship between the guidelines
and the effects. ERLs and ERMs exist for tributyltin
(TBT), and therefore pore water toxicity values were used
from research in Puget Sound, Washington state (PSDDA
1996).

A concern with SQGs is that they are not predictive of
bioaccumulative effects that may affect higher trophic lev-
els. Sediment-associated contaminants have been linked via
food web transfer to impacts on upper trophic levels. Such
transfer occurs with mercury and some organochlorines,
such as PCBs and DDT, that are not well biotransformed
and are hydrophobic; however, with other chemicals these
connections are more difficult to establish. From modeling
exercises, food web transfer of persistent contaminants is
important for maintaining the chemical concentrations
observed in upper trophic levels, and the benthic compo-
nent is essential to account for the observed concentrations
(Thomann et al. 1992; Morrison et al. 1996). In addition to
modeling predictions, research studies have demonstrated
the connection between the sediments and the accumula-
tion of contaminants in the mysid shrimp, Mysis relicta, in
Lake Champlain, Vermont, which have a strong diel migra-
tion and carry contaminants to the pelagic food web (Lester
and McIntosh 1994). Further, trophic transfer of sediment-
associated contaminants has been documented in both
freshwater systems (e.g., Lester and McIntosh 1994) and
marine systems (e.g., Maruya and Lee 1998). This food web
transfer does not have to be limited to the aquatic environ-
ment, and connections have been made to terrestrial spe-
cies, particularly birds (Froese et al. 1998). In Saginaw Bay,
Lake Huron, tree swallows were found to accumulate PCB
from sediments. In some areas of the Great Lakes and in
the Hudson River system of New York State, reproductive
damage has been observed for this species directly linked to
PCBs (Bishop et al. 1999; McCarty and Secord 1999). Im-
pacts on birds were observed in the Saginaw Bay system,
with reproductive effects on the Caspian terns following a
100-year flood event, suggesting impacts through food web
transfer from a latent sediment source (Ludwig et al. 1993).
Thus, fresh pulses of contaminated sediments from the
watershed can recharge the system, resulting in impacts on
the receiving system.
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Summary

The recognition that sediments have detrimental impacts
on the ecosystem and pose significant risks to wildlife and
humans has resulted in extensive remediation activities
to remove the contaminated sediments. A variety of
remediation technologies exist for cleanup; however, all are
expensive, and the most common method is still dredging
(Averett et al. 1990).

Many remediation and hazard assessments have been
based on limited and questionable data. Chemical data
(e.g., SQGs) have been the primary decision-making tool,
with little or no site validation of biological effects. The
occasional laboratory toxicity data have only addressed
acute, short-term effects and not the real-world conse-
quences of realistic in situ short- and long-term exposures.
SQGs do not readily describe microscale variation, inor-
ganic speciation differences, stressor interactions, the dy-
namics of biota, and critical physicochemical parameters.
These shortcomings have resulted from a variety of causes,
including resource limitations, the infancy of the science,
lack of regulatory action, and basic ignorance. Only time
will tell whether or not past remedial cleanup goals and
resulting actions were truly corrective and protective.

Clearly sediments constitute a long-term source of con-
tamination to the food web. Despite the increased aware-
ness that widespread sediment contamination exists in
population centers around the world, its true extent and risk
to wildlife and humans are largely unknown in most water-
sheds. The recent North Carolina study (Pelley 1999)
unexpectedly found that many sediments were polluted in
areas where there was no urban or industrial activity. Just
as increased monitoring of fish tissues has revealed exten-
sive fish contamination, increased sediment monitoring
may reveal much greater pollution than expected. This may
be particularly true for high-volume-use chemicals, such as
gasoline additives, plasticizers, surfactants and polymers,
and “new age” pesticides and their metabolites.

Risk assessment for sediment-associated contaminants is
a relatively new field and is developing rapidly (Ingersoll
et al. 1997). The USEPA and the National Oceanic and
Atmospheric Administration (NOAA) now recommend
that SQGs be used for screening in conjunction with other
assessment methods. Although it is apparent that SQGs will
continue to improve in their accuracy and applicability to
other geographic areas around the world, they will probably
always be relegated to use as screening tools, given the
complexity of sediments and mixture interactions (as dis-
cussed above). The unique strengths and limitations of each
of the various assessment methods dictate that a weight-
of-evidence approach should define the significance of
sediment-associated contaminants and then effects on the
aquatic environment and also through food web transfer to
terrestrial species. This integrated approach ideally should
identify and rank stressors using habitat, physical and
chemical measures, biological community structure, toxi-
city, and bioaccumulation descriptors. Use of these tools
can provide essential characterizations of key watershed

sources, sensitive receptors, natural variation, and both
natural and anthropogenic stressors. Only with these mul-
tiple tools and an understanding of their interactions can
reliable determinations of sediment pollution and long-
term consequences be made. Then cost-effective, environ-
mentally protective management decisions can be made
about the type, extent, and need for sediment remediation.
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