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Netice

The Office of Research and Development (ORD) has produced this document to provide procedures for
the derivation of cquilibrium partitioning sediment benchmarks (ESBs) for mixtures of polycvclic aromatic
hydrocarbons (PAHs). ESBs may be useful as a complement to existing sediment assessment tools.
This document should be cited as:

U.S. EPA. 2003. Procedures for the Derivation of Equilibrium Partitioning Sediment Benchmarks (ESBs)
for the Protection of Benthic Organisms: PAH Mixtures. EPA-600-R-02-013. Office of Research and
Development. Washington, DC 20460

The information in this document has been funded wholly by the U.S. Environmental Protection Ageney.
It has been subject to the Agency’s peer and administrative review, and it has been approved for
publication as an EPA documenit.

Mention of trade names or commercial products does not constitute endorsement or recommendation
for use.

Abstract

This equilibrium partitioning sediment benchmark (ESB) document describes procedures to derive
concentrations of PAH mixtures in sediment which are protective of the presence of benthic organisms.
The cquilibrium partitioning (EqP) approach was choscn because it accounts for the varying biological
availability of chemicals in different sediments and allows for the incorporation of the appropriate
biological effects concentration. This provides for the derivation of benchmarks that are causally linked
to the specific chemical, applicable across sediments, and appropriately protective of benthic organisms.

EqP can be used to calculate ESBs for any toxicity endpoint for which there are water-only toxicity
data; it is not limited to anv specific effect endpoint. In this document, the Final Chronic Value (FCV)
for PAHs derived using the National Water Quality Criteria (WQC) Guidelines was used as the toxicity
endpoint for this ESB. This value is intended to be the concentration of a chemical in water that is
protective of the presence of aquatic life. For this PAH mixtures ESB, narcosis theory was used to (1)
demonstrate that the.slope of the acute toxicity-octanol water partition cocfficient (XK OW) relationship was
similar across species; (2) normalize the acute toxicity of all PAHSs in water to an aquatic species using a
reference K, of 1.0 (where the concentration in water and lipid of the organism would be e¢ssentially the
same); (3) establish an acute sensitivity ranking for individual species at the X, of 1.0 and to use the
rankings to calculate a Final Acute Value (FAV) following the WQC Guidelines; (4) calculate the final
acute-chronic ratio (ACR) from water-only acute and chronic toxicity tests; (5) calculate the Final
Chronic Value (FCV) at the reference K, of 1.0 from the quotient of the FAV and ACR: and (6) to
calculate the PAH-specific FCV.in g/l using the FCV at the reference K. of 1.0, the PAH-specific
Ky the slope of the K, -K . relationship and the universal narcotic slope of the K, -acute toxicity
relationship. The EqP approach and the slope of the K, -K . relationship was then uscd to calculate,
from the product of the PAH-specific FCV and K. the FCV concentration for each specific PAH in
sediment (C,..p,y, 5y H2/E OIZaRIC carbon). Based on this approach, the recommended ESB for total
PAH should be the sum of the quotients of a minimum of each of the suggested 34 individual PAHs ina
specific sediment divided by the C,,. . ,..,..; Of that particular PAH. This sum is termed the Equilibrium
Partitioning Sediment Benchmark Toxic Unit (2ESBTU, ). Freshwater or saltwater sediments
containing <1.0 EESBTU Fov of the mixture of the 34 PAHs or more PAHs are acceptable for the
protection of benthic organisms. and if the ZESBTU__, is greater than 1.0, sensitive benthic organisms

may be unacceplably affected.

The ESBs do not consider the antagonistic, additive or svnergistic effects of other sediment
contaminants in combination with PAH mixtures or the potential for bioaccumulation and trophic transfer
of PAH mixtures to aquatic life, wildlife or humans.
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Foreword

Under the Clean Water Act (CWA); the U.S. Environimental Protection Agency (EPA)
and the States develop programs for protecting the chemical, physical, and biclogical
integrity of the nation’s waters. To support the scientific and technical foundations of the
programs, EPA’s Officc of Rescarch and Deovelopment has conducted cfforts to develop
and publish equilibrium partitioning sediment benchmarks (ESBs) for some of the 65 toxic
pollutants or toxic poliutant categories. Toxic contaminants in bottom sediments of the
nation’s lakes, rivers, wetlands, and coastal waters create the potential for continued
environmental degradation even 'where water column contaminant levels meet applicable
water quality standards. In addition, contaminated sediments can lead to water quality
impacts, even when direct discharges to the receiving water have ceased.

The ESBs and associated methodology presented in this document provide a means to
estimate the concentrations of a substance that may be present in sediment while still
protecting benthic organisms from the effects of that substance. These benchmarks are
applicable to a vanety of freshwater and marine sediments because they are based on
the biologically available concentration of the substance in the sediments. These ESBs
are intended to provide protection to benthic organisms from direct toxicity due to this
substance. In some cases, the additive toxicity for specific classes of toxicants (e.g.,
metal mixtures or polycyclic aromatic hydrocarbon mixtures) is addressed. The ESBs do
not consider the antagonistic, additive or synergistic effects of other sediment
contaminants in combination with PAH mixtues or the potential for bioaccumulation and
trophic transfer of PAH mixtures to aquatic life, wildlife or humans.

ESBs may be useful as a complement to existing sediment assessment tools, to help
assess the extent of sediment contamination, to help identify chemicals causing toxicity,
and 1o serve as targets for pollutant loading control measures.

This document provides technical information to EPA Regions, States, the regulated
community, and the public. It does not substitute for the CWA or EPA’s regulations, nor
is it a regulation itself. Thus, it cannot impose legally binding requirements on EPA,
States, or the regulated community. EPA and State decisionmakers retain the discretion
1o adopt approaches on a case-by-case basis that differ from this technical information
where appropriate. EPA may change this lechnical information in the future. This
document has been reviewed bv EPA’s Office of Research and Development (Mid-
Continent Ecology Division, Duluth, MN: Atlantic Ecology Division, Narragansett, RI),
and approved for publication.

This is contribution AED-02-030 of the Office of Research and Development National
Health and Environmental Effects Research Laboratory’s Atlantic Ecology Division.

Front cover image provided by Wayne R. Davis and Virginia Lec.
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Figures

Figure 1-1, Ring structures of representative polycyclic aromatic hydrocarbons. The numbering and lettering
system for several PAHs is also given. A, naphthalene; B, 2-methylnaphthalene; C, phenanthrene:
D, anthracene; E, beniz[alanthracene; F, pyrene; G benzo[alpyrene; H, benzole]pyrene; 1. {luorene;
I, fluoranthene; K, benzljlaccanthrylenc = cholanthrenc: L, 3-methylcholanthrene; M, chrysene; N, 5-
methylchrysene; O, dibenzofcd jk}pyrene = anthranthrene; P, perylene; Q, benzo[ghi]perylene; R,
coronene; S, indenof1,2,3-cdlpyrene (from Neff 1979).

Figure 2-1.  Schematic diagram of the log, LC50 versus log, X, relationship. Atlog K = 0(K = 1),the
concentration in water cquals the concentration in octanol.

Figure2-2. Comparisons of (A) log K. predicted by SPARC versus measured log, X, using slow stir method
and (B) reported log, L.C50 values versus the aqueous solubility estimated by SPARC. The diagonal
line represents equality.

Figure2-3. Ratios of (A) 48- to 96-hour L.C50 values and (B) 24- to 96-hour LCS0 values versus log K .. The line
in (B) is the regression used to correct the 24-hour LC50 to 96-hour LC50.

Figure2-4. Log, LC50 versus log K, for the indicated species. The line has a constant slope of -0.945. The
y-intercepts vary for cach species. Qutliers are denoted by a plus symbol (+).

Figure 2-5.  Statistical comparison of slopes fitted to individual species to the universal slope of -0.945 showing
(A) the probability that the difference occurred by chance (filled bars) and nuaber of data points in the
comparison (hatched bars) for each species in the database, and (B) the deviations of the individual
cstimates from the universal slope.

Figure 2-6. Chemical class comparisons of residuals from the regression grouped by class with (A) mean+ 2
standard errors and (B) chemical class corrections included in the regression.

Figure2-7. The coefficient of variation of the estimated species-specific body burdens versus (A) the number of *
data points for that species, (B) the log probability plot of the residuals, and (C) the residuals versus
log !(IK o%
Figure2-8. Log LC30versuslog, K . for (A) Lepomis macrochivus, (B) Daphniapulex. and (C) Gambusia
affinis. The line connects the individual estimates of the log, ,LC50 values, including the chemical class
correction.
Figure 2-9. Comparison of target lipid model, line-of-fit and observed LC50 data for individual PAHS, by species.
Figure 2-10. Predicted and observed body burdens for four species.
Figure 2-11, Additivity of type I narcosis toxicity. Comparison of the observed TU concentrations calculated from
four studics to the predicted TU of 1.0.
Figure3-1. Probability distributions of FAV difference statistics to compare water-only toxicity data from (A)
freshwater versus saltwater genera and (B) benthic versus WQC.
Figure3-2. GMAVsatalog K, of 1.0 from water-only acute toxicity tests using freshwater and saltwater genera
versus percentage rank of their sensilivity.
Figure4-1. Probability distribution of the ZESBTU, ., for PAH mixtures in sediments from individual coastal and
estuarine locations in the United States.
Figure4-2. Probability distribution of the ZESBTU . for PAH mixtures in sediments from all of the coastal and
estuarine locations in the United States from Figure 4-1.
X . |
.
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Figure 3-1. Percemt mortality versus predicted interstitial water toxic units for six chemicals and three sediments per
chemical.

Figure 5-2. Percent mortality versus predicted sediment toxic units for seven chemicals and three sediments per
chemical,

Figure 5-3.  Percent mortality of Rhepoxynius abronius in sediments spiked with acenaphthene, phenanthrene,
fluoranthene, or pyrenc concentrations in sediment sormalized to ESBTU

FCVit

Figure 5-4. Percentage rank, based on ESBTU, . of the sensitivities of genera of benthic organisms from spiked
. sediment toxicity tests.

Figure 5-5.  Mortality of the amphipod, Rhepoxynius abronius, from 10-day spiked sediment toxicity tests with four
parent PAHs separately (open symbols) and in combination (closed circles) (A) and in tests with
sediments from the field (B) versus predicted sediment toxic units (PSTUs). PSTUs are the quotients of
the concentration of cach PAH measurcd in scdiments from the individual spiked sediment treatments,
or individual sediments fromthe ficld, divided by the predicted PAH-specific 10-day sediment LC50
values for R. abronius. The predicted PAH-specific 10-day sediment LC50 values for R. abroniusis
were calculated using the critical body burden of 15.8 Limol/g octanol and Equation 5-2. PSTUs were
summed to obtain the total toxic unit contribution of the mixture of PAHs in spiked or field sediments.

Figure 5-6. Response of Ayalelia azteca exposed for 10 days under flow-through conditions to sediment spiked
with a muxture of high £, PAH.

Figure 5-7. Response of Hvalella azteca exposed for 28 days under flow-through conditions to sediment splked
with a mixture of high X |, PAH.

Figure 5-8. Survival (after 28 days) and growth (after 10 days) of Hyalella azteca expressed on the basis of
measured PAH concentrations in tissues (lipid normalized).

Figure 5-9. Response of Hyalella azteca exposed for 10 days (3 repewals) to sediment spiked with a mixture of
high K, PAH.

Figure 5-10. Response of Leptocheirus plumulosus exposed for 10 days under static conditions to sediment spiked
witha mixture of high K PAH.

Figurc 5-11. Amphipod (dmpelisca abdita) abundance versus ZESBTU .

Figure 6-1. Comparison of observed ZESBTU. .., rror to Observed EESBTUFW,, from (A) 13 PAHs and ZESBTU
from (B) 23 PAHs for the combined dataset including U.S. EPA EMAP Louisianian and Carolinian
Provinces.

OV

Figure 6-2. Probability distributionof the (A) ZESBTU ., ,, and (B) ZESBTU,,, values for each sediment from
the entire database.

Figure 6-3. BaP concentration of 539 sediment samples from the EMAP and Elliott Bay datasets versus (A) the
LESBTU, ., values of 34 PAHs and (B) a probability plot of these BaP concentrations at an ZESBTU,
=1.0.

oy

Figure 6-4. Anthracene concentration of 539 sediment samples from the EMAP and Elliott Bay datasets versus (A)
the ZESBTU,, values of 34 PAHs and (B) a probability plot of these anthracene concentrations at an
ZESBTU,, =10.

Figure 6-5. Computed solubilities of nine PAHSs relative to their 25° C solubilities as a function of temperature.

Xi
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Executive Summary

This equilibrium partitioning sediment benchmark (ESB) document recommends an approach for
summing the toxicological contributions of mixtures of 34 polynuclear aromatic hvdrocarbons
(PAHs) in sediments to determine if their concentrations in any specific sediment would be
protective of benthic organisms from their direct toxicity. The combination of the equilibrium
partitioning (EqP’), narcosis theory, and additivity provide the tcchnical foundation for this
benchmark. These approaches were required because PAHs ocour in sediments in a variety of
proportions as mixtures and can be expected to act jointly under a common mode of action.
Therefore, their combined toxicological contributions must be predicted on a sediment-specific
basis. This overall approach provides for the derivation of this Tier 1 ESB that is causally linked
to the specific mixtures of PAHs in a sediment, yet is applicable across sediments and
appropriately protective of benthic organisms.

EqP theory holds that a nonionic chemical in sediment partitions between sediment organic
carbon, interstitial (pore) water and benthic organisms. At equilibrium, if the concentration in any
one phase is known, then the concentrations in the others can be predicted. The ratio of the
concentration in water to the concentration in sediment organic carbon is termed the organic
carbon partition coefficient (K,), which is a constant for each chemical. The ESB Technical
Basis Document (U.S. EPA, 2003a) demonstrates that biological responses of benthic organisms
to nonionic organic chemicals in sediments are different across sediments when the sediment
concentrations arc cxpressed on a dry weight basis, but similar when expressed on a pg chemical/
g organic carbon basis (ug/g,.). Similar responses were also observed across sediments when L
interstitial water concentrations were used o normalize biological availabilitv. The Technical
Basis Document (U.S. EPA, 2003a) further demonstrates that if the effect concentration in water
is known, the effect concentration in sediments on a Lg/g,. basis can be accurately predicted by
multiplying the effect concentration in water by the chemical’s K.

EqP can be used to calculate ESBs for any toxicity endpoint for which there are water-only
toxicity data; it is not limited to any specific effect endpoint. In this document, the Final Chronic
Value (FCV) for PAHs derived using the National Water Quality Critenia (WQC) Guidelines
(Stephan et al., 1985) was used as the toxicity endpoint for this ESB. This value is intended to be
the concentration of a chemical in water that is protective of the presence of aquatic life. For
this PAH mixtures ESB, narcosis theory was used to (1) demonstrate that the slope of the acute
toxicity-octanol water partition coefficient (K, ) relationship was similar across species; (2)
normalize the acute toxicity of all PAHs in water to an aquatic species using a reference X, of
1.0 (where the concentration in water and lipid of the organism would be essentially the same);
(3) establish an acute sensitivity ranking for individual species at the X, of 1.0 and to use the
rankings to calculate a Final Acute Value (FAV) following the WQC Guidelines (Stephan et al.,
1985); (4) calculate the final acute-chronic ratio (ACR) from water-only acute and chronic
toxicity tests; (3) calculate the Final Chronic Value (FCV) at the reference K, of 1.0 from the
quotient of the FAV and ACR; and (6) to calculate the PAH-specific FCV in ug/L. using the
FCV at the reference K, of 1.0, the PAH-specific K, and the universal narcotic slope of the
acute-K , toxicity rclationship. The EqP approach and the slope of the K .-K . rclationship
was then used to calculate, from the product of the PAH-specific FCV and K. the FCV
concentration for each specific PAH in sediment (Co pap, reve 48/8 Organic carbon).

Xiv St
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Importantly, becausc PAHSs occur in sediments as mixtures and their toxicitics in water, tissucs, or
sediments are additive or nearly additive, their combined toxicities must be considered so that the
benchmark is appropriately protective. For this reason, the combined toxicological contributions of
the PAH mixture must be used. In this document, the 34 PAHs monitored in the EMAP program
are used to derive a concentration of “total PAH.” Many monitonng and assessment efforts
mcasurc a smaller group of PAHs, such as 13 or 23 PAHs. Whilc adjustment factors have been
calculated to relate these smaller subscts to the expected concentration of the 34 PAHs, their
imprecision precludes their use in critical sediment assessments. Therefore, this document
recommends that the ESB for total PAH should be the sum of the quotients of the concentrations
of each of the 34 individual PAHs in a specific sediment divided by the Cog payirey; O that
particular PAH. This sum is termed the Equilibrium Partitioning Sediment Benchmark Toxic Unit
(ZESBTU,_, ), which is based on the FCV.. Freshwater or saltwater sediments containing <1.0
ZESBTU, ., of the mixture of the 34 PAHs or more PAHs are acceptable for the protection of
benthic organisms, and if the ZESBTU ., is greater than 1.0, sensitive benthic organisms may be
unacceptably affected, This provides for the derivation of a benchmark that is causally linked to
the specific mixtures of PAHs in a sediment, applicable across sediment types, and appropnately
protective of benthic organisms. A sediment-specific site assessment would provide further
information on PAH bicavailability and the expectation of toxicity relative to the ZESBTU, , and
associated uncertainty.

These ESBs do not consider the antagonistic, additive or synergistic effects of other sediment
contaminants in combination with PAHS or the potential for bioaccumulation and trophic transfer
of PAHs to aquatic life, wildlife or humans. Consistent with the recommendations of EPA’s
Science Advisory Board, publication of these documents does not imply the use of ESBs as stand-
alone, pass-fail criteria for all applications; rather, ESB exceedances could be used to trigger the
collection of additional assessment data. ESBs apply only to sediments having > 0.2% organic
carbon by drv weight.

Tier 1 and Tier 2 ESB values were developed to reflect differing degrees of data availability and
uncertainty. Tier | ESBs have been derived for polyeyclic aromatic hydrocarbon (PAH) mixtures
in this document, and for the nonionic organic insecticides endrin and dieldrin, and metal mixtures
in U.S. EPA (2003c.d.e). Tier 2 ESBs are reported in U.S. EPA (20031).

v
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GlosSary of Abbrevmtlons

ACR Acute-Chronic Ratio
AR Approximate Randomization
ASTM American Society for Testing and Materials
BaP Benzolalpyrene
BCF Bioconccentration factor
C, Freely-dissolved interstitial water concentration of contaminant
L Chemical concentration in target lipid
- Critical body burden in the target lipid fraction of the organism
Coe Chemical concentration in sediments on an organic carbon basis
Cocpari PAH-specific chemical concentration in sediment on an organic carbon basis
Ctenol Chemical concentration in octanol
Corg Chemical concentration in the organism
Cioy Critical body burden in the organism
Cw Total interstitial water concentration of contaminant
Cocpanirevi Effect concentration of a PAH in sediment on an organic carbon basis

COC,PAHi.Rhepox.LCSG

calculated from the product of its FCV and K .

Sediment 1L.C50 concentration on an organic carbon basis for a specific
PAH for Rhepoxinus calculated from the product of its LC50 value ata K,
of 1.0 and K.

C o pasiptaxi Maximum solubility limited PAH concentration in sediment on an organic
carbon basis
Cv Cocfficient of Variation
CWA Clean Water Act
DOoC Dissolved Organic Carbon
EC50 Concentration affecting 50% of the test organisms
EMAP Environmental Monitoring and A ssessment Program
EPA United States Environmental Protection Agency
EgP Equilibrium partitioning
ESB Equilibrium Partitioning Sediment Benchmark(s)
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ESBTU,_,, Equilibrium Partitioning Sediment Benchmark Toxic Unit for PAH, based

on the FCV

ESBTU,,,,.. Equilibrium Partitioning Sediment Benchmark Toxic Unit for PAH, based
on the LCS0 of Rhepoxynius abronius.

ZESBTU,., Sum of Equilibrium Partitioning Sediment Benchmark Toxic Units, where
the unmits are based on FCV values

Siipia Fraction of lipid in the organism

Soc Fraction of organic carbon in scdiment

e Fraction of soot carbon in sediment

FACR Final Acute-Chronic Ratio

FAV Final Acute Valuc

FCV Final Chronic Value

GMAV Genus Mcan Acute Value

TWTU Interstitial Water Toxic Unit

IWTU, ., Interstitial water toxic unit calculated by dividing the dissolved interstitial
water concentration by the FCV

Kooc Dissolved organic carbon: water partition cocfficicnt

K. Lipid: water partition coefficient

K- Organic carbon: water partition coefficient

Kow Octanol: water partition coefficient

K, Sediment: water partition coefficient

K, Setschenow constant

K. Soot carbon: water partition coefficient

LC50 Concentration estimated to be lethal to 50 % of the test organisms within
a specified time period

LFER Linear free energy relationship

MV Molar Volume

NA Not Applicable, Not Available

NAPL Non-aqueous Phase Liquid

ND Not Determined, Not Detected

NOAA National Oceanographic and Atmospheric Administration
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NOEC

NTU
OEC
PAH
PAH,
PCB
POC
PSTU
QSAR

REMAP

SAB
sCvV

SE
SMAV
SPARC
TOC
TU
wQC
WQCTU

FCVi
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No Observed Effect Concentration

Narcotic Toxic Units

Observable Effect Concentration

Polycyclic aromatic hydrocarbon

Organic carbon-nomalized PAH concentration in sediment
Polychlonnated Biphenyl

Particulate Organic Carbon

Predicted Scdiment Toxic Units

Quantitative Structure Activity Relationship

Regional Environmental Monitoring and Assessment Program
Aqueous Solubility

U.S. EPA Science Advisory Board

Sccondary Chronic Valuc

Standard Error

Species Mean Acute Value

SPARC Performs Automated Reasoning in Chemistry
Total Organic Carbon

Toxic Unit

Water Quality Criteria

Water Quality Criteria Toxic Unit based on the FCV

BP-HZN-2179MDL09228008

TREX-013340.000018




Section 1

Introduction

1.1 Genperal Information

Toxic pollutants in bottom sediments of the
Nation’s lakes, nvers, wetlands, estuanes, and
maring coastal waters create the potential for
continued environmental degradation even where
water column concentrations comply with
established WQC. In addition, contaminated
sediments can be a significant pollutant source
that may cause water quality degradation to
persist, even when other pollutant sources are
stopped (Larsson, 1985; Salomonset al., 1987;
Burgess and Scott, 1992). The absence of
defensible cquilibrium partitioning scdiment
benchmarks (ESBs) make it difficult to accurately
assess the extent of the ecological risks of
contaminated sediments and to identify, prionitize,
and implement appropriate cleanup activities and
source controls (UU.S. EPA 1997a, b, ¢).

As a result of the need for a procedure to
assist regulatory agencies in making decisions
concerning contaminated scdiment problems, the
U.S. Environmental Protection Agency (EPA)
Office of Science and Technology, Health and
Ecological Criteria Division (OST/HECD) and
Office of Research and Development National
Health and Environmental Effects Research
Laboratory (ORD/NHEERL) established a
rescarch team to review aliemative approaches
(Chapman, 1687). All of the approaches
reviewed had both strengths and weaknesses, and
no single approach was found to be applicable for

the denivation of benchmarks in all situations (U.S.

EPA, 1989, 1992). The equilibrium partitioning
(EqP) approach was selected for nonionic organic
chemicals becausc it presented the greatost
promise for generating defensible, national,
numeric chemical-specific benchmarks applicable
across a broad range of sediment tvpes. The
three principal observations that underlie the EqP
approach to establishing sediment benchmarks are
as follows:
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1. The concentrations of nonionic organic
chemicals in sediments, expressed on an organic
carbon basis, and in intcrstitial waters correlate to
observed biological effects on sediment-dwelling
orzanisms across a range of sediments.

2. Partitioning models can relate sediment
concentrations for nonionic organic chemicals on
an organic carbon basis to frecly-dissolved
concentrations in interstitial water,

3. The distribution of sensitivities of benthic
organisms to chomicals is similar to that of watcr
column organisms; thus, the currently established
water quality criteria (WQC) final chronic values
(FCV) or secondary chronic values (SCV) can be
used to define the acceptable effects concentration
of achemical freely-dissolved in interstitial water.

The EqP approach, therefore, assumcs that (1)
the partitioning of the chemical between sediment
organic carbon and interstitial water 1s at or near
equilibrium; (2) the concentration in either phase
can be predicted using appropriate partition
coefficients and the measured concentration in the
other phase (assuming the freely-dissolved
interstitial water concentration can be accurately
measured); (3) organisms receive equivalent
exposure from water-only exposures or from any
¢quilibrated phase: cither from interstitial water via
respiration, from sediment via ingestion or other
sediment-intcgument exchange, or from a mixture
of cxposurc routcs; (4) for nonionic chemicals,
effect concentrations in sediments on an organic
carbon basis can b¢ predicted using the organic
carbon partition coefficient (K_) and effects
concentrations in water; (3) the FCV or SCV
concentraton is an appropriate effects
concentration for freely-dissolved chemical in
interstitial water; and (6) ESBs derived as the
product of the K . and FCV are protective of
benthic organisms. ESB concentrations presented
in this document are ¢xpressed as g chemical/g
scdiment organic carbon (fg/g ) and not on an
interstitial water basis because (1) interstitial water
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is difficult to sample and (2) significant amounts of
the dissolved chemical may be associated with
dissolved organic carbon; thus, total concentrations
in interstitial water may overestimate exposure.

Sediment benchmarks generated using the
EqP approach are suitable for use in providing
technical information to regulatory agencics
because they are:

1. Numenc values

Chemical specific

2

3. Applicable to most sediments
4. Predictive of biological effects
5

Protective of benthic organisms

ESBs are derived using the available scientific
data to assess the likclihood of significant
environmental cffects to benthic organisms from
chemicals in sediments in the same way that the
WQC are derived using the available scientific
data to assess the likelihood of significant
environmental effects to organisms in the water
column. As such, ESBs are intended to protect
benthic organisms from the effects of chemicals
associated with sediments and, therefore, only
apply to sediments permanently inundated with
water, to intertidal sediment, and to sediments
inundated periodically for durations sufficient to
pemit development of benthic assemblages.
ESBs should not be applied to occasionally
inundated soils containing terrestrial organisms, nor
should they be used to address the question of
possible contamination of upper trophic level
organisms or the synergistic, additive, or
antagonistic effects of multiple chemicals. The
application of ESBs under these conditions may
result in values lower or higher than those
presented in this document.

ESB values presented herein are the
concentrations of PAH mixtures in scdiment that
will not adversely affect most benthic organisms.
It is recognized that these ESB values may need to
be adjusted to account for future data. They may
also need to be adjusted because of site-specific
considerations. For example, in spill situations,
where chemical equilibrium between water and

1-2
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sediments has not yet been reached, sediment
chemical concentrations less than an ESB may
posc risks to benthic organisms. This is bocause
for spills, disequilibrium concentrations in
interstitial and overlying water may be
proportionally higher relative to sediment
concentrations. In systems where biogenic
organic carbon dominates, research has shown
that the source or “quality” of total organic carbon
(TOC) in natural sediments does not affect
chemical binding when sediment toxicity was
measured as a function of TOC concentration
{(DeWitt et al., 1992). K_.s have also been
demonstrated to not vary in gradients of chemicals
across estuarine scdiments (Burgess ct al., 2000a).
Howecver, in systems where other forms of carbon
are present at elevated levels, the source or
‘quality’ of TOC may affect chemical binding
despite expressing toxicity as a function of TOC
concentration. At some sites, concentrations in
excess of an ESB may not pose risks to benthic
organisms because the compounds are partitioned
to or a component of a particulate phase such as
soot carbon or coal or exceed solubility such as in
the casc of undissolved oil or chemical (c.g.
conditions at a manufactured gas plant site). In
these situations, an ESB would be overly
protective of benthic organisms and should not be
used unless modified using the procedures outlined
in “Procedures for the Derivation of Site-Specific
Equilibrium Partitioning Sediment Benchmarks
(ESBs) for the Protection of Benthic Organisms™
(U.S. EPA, 2003b). If the organic carbon has a
low capacity (¢.g., hair, sawdust, hide), an ESB
would be underprotective. An ESB may also be
underprotective where the toxicity of other
chemicals are additive with an ESB chemical or
where species of unusual sensitivity occur at the
site.

This document presents the theoretical basis
and the supporting data relevant to the derivation
of ESBs for PAH mixtures. The data that support
the EqP approach for deriving ESBs for nonionic
organic chemicals are reviewed by Di Toro et al.
(1991) and EPA {(U.S. EPA, 2003a). Before
proceeding through the following text, tables, and
calculations, the reader should also consider
reviewing Stephan et al. (1985).
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1.2 General Information: PAH Mixtures

The EPA developed ESBs for metal
mixtures (Cd, Cu, Pb, Ni, Ag, Zn) (U.S. EPA
2003c) and the insecticides endrin and dieldrin
(U.S. EPA 2003d,e) and proposed ESBs for the
individual polycyclic aromatic hydrocarbons
(PAHs) acenaphthene, fluoranthene and
phenanthrene (U.S. EPA 1993a,b,c). Because
PAHs occur in the environment as mixtures, rather
than single chemicals, ESBs for individual PAHs
have the potential to be substantially under-
protective because they do not account for other
co-occurring PAHs. This ESB for PAH mixtures
replaces the earlier draft individual PAH

documents.

Numerous cfforts have previously sought to
address and estimate the toxicity of PAH mixtures
in sediments (Barrick et al,, 1988; Long and
Morgan, 1991; PT1 Environmental Services, 1991;
Long et al., 1995; Swartz et al., 1993; Ingersoll et
al., 1996; MacDonald et al , 1996, 2000; Cubbage
et al., 1997, Di Toro and McGrath, 2000, Di Toro
ct al., 2000; Ozretich ct al., 1997, 2000). The
resultant sediment benchmarks have engendered
considerable controversy over such issues as the
correlative versus causal relations between dry
weight sediment chemistry and biological effects,
the bicavailability of sediment contaminants, the
effects of covarying chemicals and mixtures, and
ecological relevance. Overviews of the various
approaches are useful (Mount et al,, 2003; Swartz
etal., 1999). The use of sediment benchmarks
derived in a variety of ways must be linked to the
derivation procedure and specific intent of the
methodology. The U. S. EPA research team has
concluded, based upon additional investigation, that
recommendation of sediment benchmarks for
PAHs based on EqP, narcosis theory and additivity
was necessary to resolve outstanding issues
rclated to causality. Sediment benchmarks for
mixtures of PAHs that are derived using these
approaches are adequately protective of benthic
organisms, as well as ecologically relevant.

The ZPAH model developed by Swartz et al.
(1995} and based upon a combination of the EqP
approach, quantitative structure activity
relationships (QSAR), narcosis theory, and
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additivity models provided initial insight into a
technical approach for resolving these
complexitics. This EqP-bascd ZPAH modcl
provides a method to address causality, account
for bioavailability, consider mixtures, and predict
toxicity and ecological effects. The most
significant contribution 1o the development of the
scientific basis for deriving ESBs for PAH
mixtures is described by Di Toro et al. (2000) and
Di Toro and McGrath (2000). This pioneering
research in developing a methodology for deriving
ESBs for mixtures of narcotic chemicals and
PAHs forms major portions of this document.

1.2.1 PAH Chemistry

Portions of the following overview of PAH
chemistry are directly, or in part from, Neff’s1979
classicbook “Polycyclic Aromatic Hydrocarbons
in'the Aquatic Environment” and to a lesser extent
Schwarzenbach ét al. (1993). PAHs are
composed of two or more fused aromatic or
benzene rings. Two aromatic rings are fused
when a pair of carbon atoms is shared. The
resulting structure is a molecule with all carbon
and hydrogen atoms lying in a single planc.
Naphthalene (C, H,), which consists of two fused
aromatic rings, is the lowest molccular weight
PAH. The ultimatc fuscd-ring aromatic systcm is
graphite, an allotropic form of elemental carbon.
Of primary environmental concern are mobile
compounds ranging in molecular weight from
naphthalene (C, H,, molecular weight 128.17) to
coronene (C, H ., molecular weight 300.36).
Within this range is an extremely large number of
PAHs differing ini the number and positions of
aromatic rings and in the number, chemistry, and
posttion of substituents on the ring system. Figure
1-1 presents a selection of PAH structures.

Physical and chemical characteristics of
PAHs vary in a more or less regular fashion with
molecular weight. Resistance (o oxidation and
reduction tends to decrease with increasing
molecular weight. Vapor pressure and aqueous
solubility decrease almost logarithmically with
increasing molecular weight. As a consequence
of these differences, PAHs of different molecular
weights vary substantially in their behavior and
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s
Figure 1-1. Ring structures of representative polycyclic aromatic hydrocarbons. The numbering and lettering
system for several PAHs is also given. A, naphthalene; B, 2-methylnaphthalene; C, phenanthrene;
D, anthracene; E, benz{ejanthracene; F, pyreac; G, benzo[a]pyrenc; H, benzo[e]pyrenc; , fluorene;
J, fluoranthene; K, benz|jjaceanthrylene =cholanthrene; L, 3-methylcholanthrene; M, chrysene; N,
S-methylchrysene; Q, dibenzolcd jklpyrene = anthranthrene; P, perviene; Q, benzo[ghilperylene; R,
coronene; S, indeno|1,2,3-cdlpyrene (from Neff 1979).

distribution in the environment and their toxic
effects. PAHs undergo three types of chemical
reactions characternistic of aromatic hvdrocarbons -
electrophilic substitution, oxidation, and reduction.
Oxidation and reduction reactions destroy the
aromatic character of the affected benzene nng
but electrophilic substitution does not.

Several systems of nomenclature have been
used to describe PAH ring structures.
Nomenclature used in this document is that
adopted by the International Union of Pure and
applied Chemistry (IUPAC) and described in detail
in The Ring Index (Patterson et al., 1960).

As noted above, there is an extremely large
number of possible PAH structures (>10,000).
Later in this document, 34 PAH structures
(specific non-alkylated compounds and generic
alkvlated forms) are identified as representing a
minimum for “total PAHs™. 1t is recognized that
this subset of all possible PAHs is not complete;
however, the 34 PAHs identified are the ones that
arc generally most abundant and commonly

mieasured as part of cnvironmental monitoring
programs. As analytical techniques improve, the
number of PAHs composing ‘total PAHs” will
most certainly increase and users of this document
are encouraged to include newly quantified PAHs
inthe derivation of benchmark values assuming
good supporting data arc available (¢ g., K 5,
solubilities).

PAH:s found in aquatic environments originate
from three possible sources: pyrogenic, petrogenic
and diagenic. Pyrogenic PAHs result from the
incomplete but high temperature, short-duration
combustion of organic matter including fossil fuels
and biomass (Neff 1979; Mevers and Ishiwatar
1993). These pyrogenic PAHs arc belicved to
form from the breakdown or ‘cracking’ of organic
matter to lower molecular weight radicals during
pvrolysis, followed by rapid reassembly into non-
alkylated PAH structures (Neff 1979). Petrogenic
PAHs are created by diagenic processes at
relatively low temiperatures over geologic time
scales, leading to the formation of petroleum and
other fossil fuels containing PAHs (Mevers and
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Ishiwatari 1993; Boehm et al , 2001). PAHs
formed at relatively low temperatures (~150 °C)
over long periods of ime will be primarily alkylated
molecules. The alkylated structure of petrogenic
PAHs reflects the ancient plant matenial from
which the compounds formed (Neff 1979).
Diagenic PAHs refer to PAHs from biogenic
precursors, like plant terpenes, leading to the
formation of compounds such as retene and
denvatives of phenanthrene and chrysene (Hites
etal., 1980; Meyers and Ishiwatari 1993; Silliman
et al., 1998). Perylene is another common
diagenic PAH. Although its exact formation
process remains unclear, an anacrobic process
appears to be involved (Gschwend et al., 1983,
Venkatesan 1988; Silliman et al., 1998), While
diagenic PAHs are frequently found at background
levels in recent sediments (i.e., deposited over the
last 150 years), they ofien dominate the
assemblage of PAHs present in older sediments
deposited before human industrial activity
(Gschwend et al., 1983). A potential fourth source
of PAHs is biogenic; that is, purely from bacteria,
fungi, plants or animals in scdimentary
environments without any contributions from
diagenic processes. However, attempts to
produce biogenic PAHs have arguably failed,
indicating this sourcc is not significant (Hasc and
Hites 1976; Neff 1979).

The majority of PAHs found in aquatic
environments originate from pyrogenic sources
(Blumer 1976; Suess 1976; Hites et al., 1977;
LaFlamme and Hites, 1978, NRC 1985; Wu et al.,
2001). Howcver, petrogenic PAHSs do also occur
alone or in combination with pyrogenic PAHs
(Lake ct al., 1979; Wakcham ct al., 1980; NRC
1985; Gschwend and Hites 1981; Readman ct al,
1992). In general. petrogenic PAHs appear to be
associatcd with local or point sources, such as
refineries and other petroleum industries, and
adjacent to roads and navigational routes. This
contrasts with the distribution of pyrogenic PAHs,
which occur on a broader geographic scale.
These distribution are also affected by the relative
persistence of pyrogenic and petrogenic PAHs in
the environment. As compared to petrogenic
PAHs, pyrogenic PAHs are found more
extensively in the sediment core record and appear
to be less vulnerable to biotic and abiotic
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degradation (Burgess et al , 2003). Finally,
diagenic PAHs occur at background levels
although anthropogenic sources (¢.g., perylenc)
can contribute to these types of PAHs.

1.2.2 PAH Mixtures

Unlike most other organic chemicals in the
environment, PAHs are not released in a “pure’ or
well-characterized form. Rather, because PAHs
consist of thousands of structures originating from
at least three sources, they always occur in the
environment as complex mixtures (Burgess et al.,
2003). As discussed above, pyrogenic PAHs,
although not generally alkylated, are produced as
mixtures of parent PAHs based on the conditions
of their combustive formation {e.g., temperature,
presence of oxygen, original organic matter).
Similarly, the composition of petrogenic PAHs isa
function of the diagenic conditions under which the
original organic matter was exposed for thousands
of vears (g.g., pressure, temperaturc). Of course,
buman industrial practices convert some crude
petrogenic PAH mixtures into more purified forms
(e.g., fuel oils, creosote). These punfied forms
also contain complex mixtures of PAH molecules.
As a consequence of these factors, when PAHs
are released into the aquatic environment from the
burning of fossil fuels and biomass, discharge of
industrial chemicals, and transport of petroleum
products they eventually accumulate in the
sediments as complex mixtures (Neff 1979).

1.3 Application of Sediment Benchmarks

ESBs as presented in this document are meant
to be used with direct toxicity testing of sediments
as a method of sediment evaluation, assuming the
toxicity testing species is sensitive to the
chemical(s) of interest. They provide a chemical-
by-chemical specification of sediment
concentrations protective of benthic aquatic life.
The EqP method should be applicable to nonionic
organic chemicals with a K, above 3.0.

For the toxic chemicals addressed by the ESB
documents Tier 1 (U.S. EPA, 2003c¢, d, ¢, and this
document) and Tier 2 (U.S. EPA, 20031) values
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were developed to reflect the differing degrees of
data availability and uncertainty. Tier 1 ESBs are
more s¢icntifically rigorous and data intcnsive than
Tier 2 ESBs. The minimum requirements to derive
aTier 1 ESB include: (1) Each chemical‘s organic
carbon-water partition coefficient (K ) is derived
from the octanol-water partition coefficient (K,)
obtained using the SPARC (SPARC Performs
Automated Reasoning in Chemistry) model
(Karickhoff et al., 1991) and the Kyu-Koe
relationship from Di Toro et al. (1991). This K.
has been demonstrated to predict the toxic
sediment concentration from the toxic water
concentration with less uncertainty than K.
values derived using other methods. (2) The FCV
is updated using the most recent toxicological
information and 1s based on the National WQC
Guidelines (Stephan et al., 1985). (3} EqP-
confirmation tests are conducted to demonstrate
the accuracy of the EqP prediction that-the K
nmultiplied by the effect concentration from a
water-only toxicity test predicts the effect
concentration from sediment tests (Swartz, 1991a;
DeWitt et al., 1992). Using these specifications,
Ticr 1 ESBs have been derived for PAH mixtures
in this document, metals mixtures (U.S. EPA,
2003¢) and, the nonionic organic insecticides
endrin and dicldrin (U.S. EPA, 2003d, ¢). In
comparison, the minimum requirements for a Tier
2 ESB (U.S. EPA, 20031) are less rigorous: (1)
The K for the chemical that is used to derive
the K, can be from slow-stir. generator colummn,
shake flask, SPARC or other sources (e.g., Site
2001). (2) FCVs can be from published or draft
WQC documents, the Great Lakes Initiative or
developed from AQUIRE. Secondary chronic
values (SCV) from Suter and Mabrey (1994) or
other effects concentrations from water-only
toxicity tests can be used. (3) EqP cconfirmation
tests are recommended, but are not required for
the development of Tier 2 ESBs. Because of
these lesser requirements, there is greater
uncertainty in the EqP prediction of the sediment
effect concentration from the water-only effect
concentration, and in the level of protection
afforded by Tier 2 ESBs. Examples of Tier 2
ESBs for nonionic organic chemicals are found in
U.S. EPA (2003f).
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1.4 Data Quality Assurance

All data used to derive the FCV used to calculate
the ESB for PAHs from water-only toxicity tests
were obtained from a comprehensive literature
scarch completed in 1995, Discussions in other
sections of this document utilized hiterature
obtained up to 2003. Data were evaluated for
acceptability using the procedures in the Stephan
et al. (1985): Guidelines for deriving numerical
national water quality criteria for the
protection of aquatic organisms and rtheir uses.
Data not meeting the criteria for acceptability
were rejected. All calculations were made using
the procedures in Stephan ct al. (1985). All data
and intermediate values are presented in tables or
appendices in the document. Four significant
figurcs were used in intermediate calculations to
limit the effect of rounding error, and are not
intended to indicatc the truc level of precision.
The ‘document was reviewed as part of a formal
peer review and all original data were made
available as part of the review process. Any
errors of omission or calculation discovered dunng
the peer review process were corrected. The
document was revised according to the comments
of peer reviewers and additional scicntific
literature and significant data identified by
revicwers were incorporated into the document.
Hard copies of peer-review comments and
responses to these comments are available from
the ORD/NHEERL Atlantic Ecology Division -
Narragansett, Rhode Island. Hard copies of all
literature cited in this document reside at ORD/
NHEERL Atlantic Ecology Division -
Narragansett, Rhode Island.

1.5 Overview

This document presents the theoretical basis
and supporting data relevant to the derivation of
ESBs for mixtures of PAHs.

Section 2 of this document “Narcosis Theory:
Model Development and Application for PAH
Mixtures” contains an analysis of the narcosis and
EqP models to demonstrate the scientific basis for
the derivation of WQC and ESBs for mixtures of
narcotic chemicals, including PAHs. Data are
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presented that demonstrate that the toxicity of
narcotic chemicals when based on concentration in
watcr increase with their K, and that the slope
of the K, -toxicity relationship is not different
across specics. The umversal slope of this
relationship (-0.945) is applicable for all narcotic
chemical classes, whereas the intercept is
chemical class-specific. The intercept.of this
slope at a K, of 1.0 predicts the tissuc effect
concentration. The toxicities of mixtures of
narcotic chemicals in water are shown to be
approximately additive, thus the toxic unit concept
is applicable to mixtures. The toxicities of narcotic
chemicals are shown to be limited by their
solubilities in water, hence their toxicities in
sediments are limited.

Scction 3 of this document “Toxicity of PAHs
in Water Exposure and Derivation of PAH-
specific FCVs” presents an analysis of acute and
chronic water-only toxicity data for freshwater
and saltwater aquatic organisms ¢xposed to
individual PAHs. It cxamincs (1) the relative
sensitivitics of freshwater and saltwater organisms
to determine if separate FCVs are required, and
(2) the relative sensitivities of benthic organisms
and organisms used to derive WQC to determine if
the WQC FCV should be based only on benthic
organisms. These data are used with the narcosis
model presented in Section 2, the EqP approach
(U.S. EPA, 2003a), and the U.S. EPA National
WQC (Stephan et al., 1985) to derive the FCV
for individual PAHs (PAH-specific FCV).

Section 4 “Derivation of PAH XESBTU, "
contains the approach used for deriving the
ZESBs for mixturcs of PAHs. The Cocpaircy: 15
derived for each individual PAH as the product of
the PAH-specific FCV and the respective K.
value as recommended by the EqP approach. The
use of the C.c payyzoy: value for individual PAHs is
inappropriate for use as the ESB because PAHs
occur as mixtures. The toxicitics of mixtures of
narcotic chemicals has been shown to be
approximately additive, therefore, combined toxic
contributions of all PAHs in the mixture can be
determined by summing the quotients of the
concentration of each PAH in the sediment divided
by its Coopamrov, [0 determine the sum of these
Equilibrium Partitioning Sediment Benchmark

CONFIDENTIAL

Toxic Units (SESBTU_ ). If theXESBTU , is
<1.0, the sediment benchmark for the PAH
mixturc is not cxcecded and the PAH
concentration in the sediment is protective of

benthic organisms. If the ZESBTU, ,, exceeds
1.0, the sediment benchmark for the PAH mixture
is exceeded and sensitive benthic organisms may
be affected by the PAHs. The ZESBTU__, is
derived for PAH mixtures in sediments from
national monitoring programs to reveal the
incidence of sediment benchmark exceedences.

Section 5 “Actual and Predicted Toxicity of
PAH Mixtures in Sediment Exposures” examines
the applicability of the EqP methodology for
Cocpamroy; and ESB derivation. The C o oo
and ESB are compared to (1) databases of
observed sediment toxicity, and (2) amphipod
abundance in sediments from the ficld where
PAHs are the probable contaminants of concem.

Section 6 “Implementation” defines the PAHs
towhich the ESB apply. An example calculation
is provided to explain the conversion of
concentrations of individual PAHs on a dry weight
basis into the benchmark. The photo-activation of
PAHs in UV sunlight and teratogenicity and
carcinogenicity of certain PAHs in the mixture are
examined. The importance of equilibrium and the
partitioning of PAHs to other organic carbon
phases (¢.g.. soot and coal) is described. An
approach for calculating PAH solubilitics for
temperatures or salinities at specific sites is
provided.

Section 7 “Sediment Benchmark Values:
Application and Interpretation” presents the
sediment benchmark values and lists several
factors to consider when applying and interpreting
these values.

Section § “References” lists references cited
in all sections of this document.

Appendices provide supplementarv tabulated
information.
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Section 2

Narcosis Theory:

Model Development and
Application for PAH Mixtures

2.1 Section Overview

This section of the ESB document presents a
model of the toxicity of narcotic chemicals to
aquatic organisms that is applicable to the
derivation of WQC and ESBs for mixtures of
narcotic chemicals, including PAHs. Both the
model and this section of the document are largely
excerpted from the publications of Di Toro et al.
(2000) and Di Toro and McGrath (2000) which
should be consulted for information on components
of'the overall modcl that arc not included in this
ESB document. The narcosis model includes a
scientific analysis of the toxicities of narcotic
chemicals fundamental to the derivation of WQC
and ESBs for their mixtures. The ESB for PAH
mixtures described in Section 4 of this document is
derived using this model and toxicity data
exclusively for PAHs (see Section 3).

The narcosis model is used to describe the
toxicity of all type I narcotic chemicals. Since
PAHs are expected 1o be tvpe [ narcotic
chemicals (Hermens, 1989; Verhaaret al,, 1992),
the toxicological principles thatapply to them
should be more accurately characterized by an
analysis of the principles that apply to narcotic
chemicals overall. Model development utilizesa
database of LC50 values comprising 156
chemicals and 33 aquatic species, including fish,
amphibians, arthropods, molluscs, annelids,
coelenterates and echinoderms. The analysis
detailed in this section is used to demonstrate that
(1) the toxicities of narcotic chemicals, and
therefore PAHs, are dependant on the chemical’s
K w: (2) the slope of the K ~toxicity relationship
is the same for all species of aquatic organisms
and classes of narcotic chemicals with the

CONFIDENTIAL

mtercepts being species and chemical class-
specific; (3) the species-specific LC50 values
normalized to a K, =1.0 permit ranking of
species sensitivities and are equivalent to the body
burden LC50 on alipid basis; and (4) the toxicities
of mixtures of narcotic chemicals are additive.

The analysis of narcotic chemical toxicity data
presented in this section shows that the proposed
model accounts for the variations in toxicity due to
differing species sensitivities and chemical
differences. The model is based on the idea that
the target lipid is the site of action in the organism.
Further, it is assumed that target lipid has the same
lipid-octanol linear free energy relationship for all
specics. Thisimplics that the log, LC50 vs
log, K slope is the same for all species.
However, individual species may have varying
target lipid body burdens of narcotic chemicals that
cause mortality. The target lipid LC50 body
burdens estimated by extrapolations from the
water-only acute toxicity data and K, valucs arc
compared to measured total lipid LC50 body
burdens for five species. They are essentially
cqual, indicating that the extrapolation in the model
1s appropriate for estimation of LC50 body
burdens, i.e., that the target lipid concentration is
equal to the total extracted lipid concentration.

The preeise relationship between target lipid and
octanol is established.

2.2 Narcosis Model Backgronnd

A comprehensive model of type I narcosis
chemicals which considers multiple species has
been presented by Van Leeuwen et al. (1992).
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They developed QSARs for individual species and
performed species sensitivity analysis. The
analysis and model presented below and in Di Toro
et al. (2000) and that of Van Leeuwen et al.
(1992) are similar. The key differences in the Di
Toro et al. (2000) model are the use of a single
universal slope for the log LC50 versus log, K
QSAR for all the species, the inclusion of
corrections for chemical classcs, such as PAHs,
that are slightly more potent than reference
narcotics, and the interpretation of the y-intercepts
as the species-specific critical body burdens for
narcosis mortality.

2.3 Body Burden Model

The initial QSAR models for narcotic toxicity
relied on correlations of log, 1.C50 and log, K,
(Konemann, 1981: Veith et al., 1983). An
interesting and important interpretation of this
inverse relationship which relates the toxicity to
chemical body burden has been presented by
McCarty et al. (1991), and proceeds as follows.
The relationship between the LC30 (mmol/L) and
K, for the narcosis LC50 for fish is
approximately

log,,LC50 = -log, K., +1.7 2-1)

(8}"
For each LC30, a fish body burden, on a wet
weight basis, corresponding to narcosis mortality
can be computed using a bioconcentration factor
BCF (L/kg) which is defined as the ratio of the
chemical concentration in the organism C__
(mmol/kg wet weight) to the chemical
concentration dissolved in the water C, (mmol/L)

BCF= Car 2-2)
G
Using the BCF, the organism concentration
corresponding to the LCS0, which is referred to as

the critical body burden and denoted by C*_, can
be computed using

C*, = BCF x LC50 (2-3)

The superscript * indicates that it is a critical body
burden corresponding to the LC50. The BCF also

2-2
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varies with K. For fish, the relationship is

log, ,BCF = log, K, -1.3 (2-4)

Therefore, the critical body burden corresponding
to the LC30 for fish narcosis can be computed
using the narcosis LC50.and the BCF

log,,C%,, = log,,BCF +log, LC50

= log, Koy - 1.3 -log, K,y +1.7

oow
= (.4 (2-5)
or
Che = 2.5 umol/g wet wt (2-6)

Thus, McCarty et al. (1991) rationalized the
relationship between LC50 values and K, by
suggesting that mortality is caused as a resultof a
constant body burden of the narcotic chemical.

The reason the critical body burden is a
constant concentration for all the narcotic
chemicals represented by the narcosis LC50is a
consequence of the unity slopes for log K | in
Equations 2-1 and 2-4. For example, if the
fraction of lipid in the fish is ass umed to be 5%
(Jyipie = 0.05), then the cnitical body burden in the

lipid fraction of the fish is
Ct .
Ct= 9% = =50umol/glipid 2-N
f Lipid

which is the estimate of the chemical
concentration in the lipid of these fish that causes
50 % mortality. The model presented below is an
extension of this idea.

2.4 Target Lipid Model

The body burden model relates the narcosis
concentration to a whole body concentration using
a BCF. If different species are tested, then
species-specific BCFs and lipid concentrations
would be required to convert the LC50
concentration to a body burden for each species.
A more direct approach is to relate narcotic
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lethality to the concentration of the chemical in the
target tissue of the organism, rather than to the
concentration in the wholc organism. If the
partitioning into the target tissue is independent of
species, then the need for species-specific BCFs 1s
obviated. The identity of the target tissue is still
being debated (Abermnethy et al., 1988; Franks and
Lieb. 1990), but we assume that the target is a lipid
fraction of thc organism. Hence the name, target
lipid.

The target lipid model is based on the
assumption that mortality occurs when the
chemical concentration in the target lipid reaches a
threshold concentration. This threshold is assumed
to be species-specific rather than a universal
constant that is applicable to all organisms (s.g., 50
pumol/g lipid, scc Equation 2-7). The formulation
follows the body burden model (McCarty et al.,
1991). The target lipid-water partition coefficient
K,,, (L/kg lipid) is defined as the ratio of chemical
concentration in target lipid, C_ {pmol/g lipid =
mmol/kg lipid), to the frecly-dissolved aqueous
concentration C. (mmol/L)

(2-8)

This equation can be used to compute the
chemical concentration in the target lipid phase
producing narcotic mortality, 1.¢., the critical body
burden in the lipid fraction C¥, when the chemical
concentration in the water phase is equal to the
LC50

C* =K, x LC50 (2-9)

Assuming the narcosis hypothesis is true, i.¢., that
50% mortality occurs if any narcotic chemical
reaches the concentration C¥, then the LC50 for
any chemical can be calculated using the same
critical target lipid concentration C¥and the
chemical-specific target lipid-water partition
coefficient

Lcso = C1

K 2-10)

w
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(2-11)

log,LC50 = log, ] - log, K.,

The problem is determining the K, for narcotic
chemicals. It is commonly observed for many
classes of organic molscules that the logarithms of
the partition cocfficicnt between two liquids arc
related by a straight line (Leo, 1972). For target
lipid and octanol, the relationship would be

IOgIOKLW =3, + 4, IOgtoKow (2‘12)

Such a relationship is called a linear free energy
relationship (LFER) (Leo et al., 1971; Brezonik,
1994). Combining Equations 2-11 and 2-12 yields
the following linear relationship between

log, L.C50 and log, K .

log, LC50 =log, C* -a,-a log, K, (2-13)

where log, C¥ - a_ is the y intercept and -a, is the
stope of the line.

This derivation produces the linear relationship
between log, LC50 and log, K, which is found
expenimentally (see, for example, Table 6 in
Hermens ct al., 1984)

log, ,LC50 = m log, K, +b (2-14)

where m and b are the slope and intercept of the
regression, respectively. Inaddition, it identifies the
mcanings of the parameters of the regression line.
The slope of the line m is the negative of the slope
of the LFER between target lipid and octanol, a,.
The intercept of the regression b =log, C% -a,is
composed of two parameters: C¥ is the target lipid
concentration at narcosis mortality, and a, is the
constant in Equation 2-12.

The difference between the target lipid model
and the McCarty et al. (1991) body burden model
is that for the latter, the cocfficients a, and a, for
fish are assumed to be known: a,=-13 anda =
1.0. His interesting to examine the consequences
of asimilar assumption applied to the target lipid
model. Ifit is assumed that the partitioning of
narcotic chemicals in lipid and octanol are equal,
i.e., thatlipid is octanol, a common first
approximation, then a, = 1 and a, = 0 and the y-
intercept becomes

b =log,,C} (2-15)

2-3

BP-HZN-2179MDL09228018

TREX-013340.000028




which is the target-lipid concentration producing
50% narcosis mortality.

This result can be understood by examining
Figure 2-1. The y-intercept b is the LC50 value for
a chemical with a log, K . =0orK = 1. The
K, 18 the ratio of the chemical’s concentration in
octanol to its concentration in water. Hence, for
this hypothetical chemical (an example would be
2~chloroethanol for which log, K, = -0.0481 0 the
chemical’s concentration in water is equal to its
concentration in octanol. However, if the K,
equals the K, i.e., lipid is octanol, then its
concentration in water must be equal to its
concentration in the target lipid of the organism.
Therefore, the y-intercept is the target lipid phase
concentration at which 50% mortality is observed.
That is
(2-16)

sctanol L

LCS0|, _,=b=C*_ =C*

Note that this interpretation is true only ifa, =0
(see Equation 2-13).

-

Log ;oL CS50 (mmol/L)

Log,oKow

Figure 2-1. Schematic diagram of thelog, L.C50
versuslog, K . relationship. Atlog K
={ (K, = 1), the concentration in water
equals the concentration in octanol,

Thus, the target lipid narcosis model
differentiates between the chemical and biological
parameters of the log, L.C50 - log, K, regression

2-4
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coefficients in the following way

slope chemical
1 L 1 L) . L]
m = -a,
intercept chemical  biological 2-17)

H i 1 if 1
e - &
b a, + log C*

The chemical parameters a, and a, are associated
with the LFER between octanol and target lipid
(Equation 2-12). The biological parameter is the
critical target lipid concentration C}. This result is
important because it suggests that the slopem = -
a, of the log, L.C50- log, K . relationship should
be the same regardless of the species tested since
itis a chemical property of the target lipid - the
slope of the LFER. Of course this assumes that
the target lipid of all species have the same LFER
relative to octanol. This seems 10 be a reasonable
expectation since the mechanism of narcosis is
presumed to involve the phospholipids in the cell
membrane and it appears to be a ubiquitous mode
of action. However, the biological component of
the intercept C} (Equations 2-13 and 2-17) should
vary with species sensitivity to narcosis since it is
commonly found that different species have
varving scnsitivity to the cffects of cxposurc to the
same chemical. The expectations that follow from
the target lipid model - that the slope should be
constant among specics and that the intercepts
should vary among species - is the basis for the
data analysis presented below.

2.5 Acute Lethality Database Compilation

An acute lethality (LC50) database for type 1
narcotics from water-only toxicity tests was
compiled from available literature sources. The
principal criterion for acceptance was that a
number of chemicals were tested using the same
species so that the slope and intercept of the
log, LC50 - log, K relationship could be
estimated. The data were restricted to acute
exposurcs and a mortality cnd point to limit the
sources of variability. A total of 33 aquatic species
including amphibians, fishes, arthropods (insects
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and crustaceans), molluscs, annelids, coclenterates
and protozoans were represented. Seventy-four
individual datascts were sclected for inclusion in
the database which provided a total of 796
individual data points. Details are provided in
Appendix A. The individual chemicals which
comprise the database are listed in Appendix B.
There are 156 different chemicals including
halogenated and non-halogenated aliphatic and
aromatic hydrocarbons, PAHs, alcohols, ethers,
furans, and ketones.

The log, K, values and aqueous solubilities
of these chemicals were determined using SPARC
(SPARC Performs Automated Reasoning in
Chemistry) (Karickhoff et al., 1991), which utilizes
the chemical’s structure to estimate various
propertics. The rcliability of SPARC was tested
using log, K ,,, values measured using the slow
stir flask technique (de Bruijn et al., 1989). Fifty
three compounds such as phenols, anilines,
chlorinated monobenzenes, PAHs, PCBs and
pesticides were employed. A comparison of the
log, K., valucs mcasured using the slow stir flask
technique to the SPARC estimates demonstrates
that SPARC can be used to reliably estimate
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measured log, K, values over nearly a seven
order of magnitude range of log, K, (Figure 2-
2A). Note that this comparison tests both SPARC
and the slow stir measurements, since SPARC 1s
not parametenzed using octanol-water partition
coefficients (Hilal etal., 1994).

2.5.1 Aqueous Solubility

The toxicity data were screencd by
comparing the LCS0 value to the aqueous
solubility, S, of the chemical (Figure 2-2B). (Note:
For this and other figures in this document where a
large number of data points are available, the
plotting procedure limits the actual number of data
plotted.) Individual LC50 values were eliminated
from the database if the LC50 > §, which
indicated the presence of a separate chemical
phase in the experiment. For these cases,
mortality must have occurred for reasons other
than narcosis - for example, the effect of the pure
liquid on respiratory surfaces - since the target
lipid concentration cannot increase above that
achieved at the water solubility concentration. A
total of 55 data points were eliminated. decreasing
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Figure 2-2. Comparisons of (A) log, K, predicted by SPARC versus measured log, K, using slow stir method
and (B) reported log, L.C50 values versus the aqueous solubility estimated by SPARC. The diagonal

linc represents equality.

CONFIDENTIAL

N’

BP-HZN-2179MDL09228020

TREX-013340.000030




the number 1o 736 and the number of individual
chemicals to 145 (Appendix B).

2.5.2 Exposure Duration

The duration of exposure varied in the dataset
from 24 to 96 hours (Appendix A). Before the
data could be combined for ana ysis, the individual
datasets should be adjusted to account for this
difference. The required cquilibration time may
vary with both organism and chemical. An
increase in cither organism body size or chemical
hyodrphobicity may increase the time to reach
equilibrium.

To determine if acute lethality for narcotic
chemicals varied with exposure time, cata were
sclected where toxicity was reported at multiple
cxposurc times for the same organism and the
same chemical. For seven fish species, data were
available for 96 hours and either 24, 48 or both 24
and 48 hours of exposure. Arithmetic ratios of the
LC50 values for 48 to 96 hours and for the 24 and
96 hours exposure are compared to log 10 K.
The 48 to 96 hour ratio is 1.0 for cssentially all the
data (Figure 2-3A). The 24 to 96 hour ratio is
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larger, approaching 1.4 for the higher Kow
chemicals (Figure 2-3B). A linear regression is
uscd to fit the rclationship in Figurc 2-3B.

LC50,,,/LC50, =0.0988 log, K,,,, +0.9807  (2-18)

where LC50,, and LC30,, are the LC50 values
for 24 and 96 hour exposures. Since
approximately 46% of the data points in the overall
database represent narcosis mortality after
exposure of fish to a chemical for 24 hours, these
data were converted to 96 hour LC30 values using
Equation 2-18 for chemicals having log K ..
values of >1. No correction factor is applied to 24
hour toxicity data for invertebrates and fishes
exposed to chemicals having log, K, values of
<} {Di Toro et al., 2000),

2.6 Data Analysis

The analysis of the toxicity data is based on
the target lipid modcl assumption that the slope of
the log, K__ is the same for all species. This
assumption was tested using a linear regression
model to estimate the species-specific body
burdens and the universal narcosis slope.

b
L dan aae o
i

Z4-hr LCS0/96-hr LCS50

=1 g i 2 3 4 b 6
Log; oK ow

Figure 2-3. Ratios of (A) 48- to 96-hour 1.C50 values and (B) 24- to 96-hour L.CS values versus log, K, owe The
tine in (B) is the regression used to correct the 24-hour LCS0 to 96-hour LC50,
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2.6.1 Regression Model

Consider a specices k and a chemical j. The
LCSOU for that species-chemical pair is

log ,LC50, = log,,C¥(k) -a,-a, log, K, ()  (2-19)
=b, -a, log, K, () (2-20)

where
b, = log,,CHk) - a, 2-21)

is the v-intercept. The problem to be solved is:
how to include all the b, k= 1,.. N corresponding

The solution is to use a set of indicator
variables * ; that are either zero or one depending
on the species associated with the observation
being considered. The definition is

3,=1 k=i
8,=0 kr i (2-22)

which is the Kronecker delta (Kreyszig, 1972).
The regression cquation can be formulated using
8,, as follows

=1 . . .
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multiple linear regression model equation. - . Z
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Equation 2-23 is now a linear equation with N +1
independent variables: log K., ()and , . k=
1,..,N,.. There are N +1 coefficients to be fit: a,
and b, k= 1,..,N_. Foreach LC50,
corresponding to species i and chemical j, one of
the b, corresponding to the appropriate speciesk =
i has a unity coefficient 3, = 1 while the others
are zero. The way to visualize this situation is to
realize that cach row of data consists of the LC50
and these N+1 independent variables, for example
forj=landi=3

log,, (LC50)) log,, (K, G) 8, 8, b, . &

% 3i el
0.788 1.175 0 0 10 0
(2-24)

which is actually the first of the 736 records in the
database. The result is that b, is entered into the
regression equation as the intercept term
associated with specics 1 = 3 because that 8 is
one for that record. By contrast, the slope term

alog K . () is always included in the regression
because there is always an entry in the
log, K., () column (Equation 2-24). Hence, the
multiple linear regression estimates the common
slope a, and the species-specific intercepts b, k =
L,...N..
A graphical companson of the results of fitting
Equation 2-23 to the full dataset are shown in
Figure 2-4 for each of the 33 species. The
regression cocfficients are tabulated and discussed
subsequently afler a further refinement is made to
the model. The lines appear to be representative
of the data as a whole. There appear to be no
significant deviations from the common slope. A
few outliers, which are plotted as +, were not
included in the regression analysis. An outlier is
identified if the difforonce between predicted and
observed LC50 values are greater than one log
unit when they are included in the regression. This
decreases the total number of data points from 736
to722.
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Figure 2-5 Statistical comparison of slopes fitted to individual species to the universal slope of -0.945 showing
(A) the probability that the difference occurred by chamce (filled bars) and number of data pointsin
the comparison (hatched bars) for each species in the database, and (B) the deviations of the indi-
vidual estimates from the universal slope.
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2.6.2 Testing Model Assumptions

The adequacy of the regression model is tested by
answering three questions:

1. Are the data consistent with the assumption that
the slope is the same for each species tested?

2. Does the volume fraction hypothesis
(Abernethy et al., 1988) provide a better fit?

3. Arc there systematic variations for particnlar
chemical classes?

The first assumption, that the slope estimated
for a particular species is statistically
indistinguishable from the universal slope a,
=-0.97 without chemical class correction (see
Section 2.5.4), can be tested using conventional
statistical tests for linear regression analysis
(Wilkinson, 1990). The mcthod is to fit'the data
for each species individually to determine a
species-specific slope. Then, that slope is tested
against the universal slope a, =-0.97 without
chemical class correction to determine the
probability that this difference could have occurred
by chance alone. The probability and the number
of data points for cach species arc shown in
Figure 2-5A. The slope deviations are shown in
Figure 2-5B. Some of the slope deviations are
quite large. However, onlv three species equal or
exceed the conventional significance level of 3%
for rejecting the cqual slope hypothesis.

Testing at the 5% level of significance is
mislcading, however, because there is aone in
twenty chance of rejecting one species falscly
when 33 species are being tested simultaneously.
The reason is that the expected number of
rejections for a 5% level of significance would be
33x0.05 = 1.65, i.e., more than one species on
average would be rejected due to statistical
fluctuations even though all the slopes are actually
equal, In fact, only 20 tests at 5% would, on
average, vield one slope that would be incorrectly
judged as different. The correct level of
significance is (1/33)(1/20) = 0.152% so that the
expected number of rejections is 33 x 0.00152 =
0.05 or 5% (Wilkinson, 1990). This level of
significance is displayed together with the slope
data presented in Figure 2-5A. As can be scen,
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there is no statistical evidence for rejecting the
claim of equal slopes for the tested species. As
would be expected, when 5% was uscd as the Ievel
of significance two species were identified as
having unique slopes. When the current level of
significance (0.00152) was used for the 33 samples
none were significantly different.

2.6.3 Volume Fraction Hypothesis

The volume fraction hypothesis asserts that
narcotic mortality occurs at a constant volume
fraction of chemical at the target site of the
organism (Abemethy et al., 1988). Basically, this
mnvolves expressing the LC50 as a volume fraction
of chemical rather than a molar concentration.
This is done using the molar volume of the
chemicals (see column MV in Appendix B).

The L.C50 on a molar volume basis is

LC50(cm’ L)=LC50 (mumol/Ly x MV (cm’/minol)
(2-25)

The question is: does using molar volume as the
concentration unit improve the regression analysis?
The results are shown below

Mbplar concentrations Molar volumes

(mmol/L) (em®/L)
Slope  -0.97 0.012 -0.90 4 0.012
R? 0.94 0.96

The coefficient of determination (R* value) for the
volume fraction analysis {0.96) is slightly greater
than that for the molar concentration (0.94).
Because they are essentially the same, this
document uscs the molar concentration rather than
those based on the volume fraction. Importantly,
the slope for both volume and weight units of
concentration is not unity.

2.6.4 Chemical Classes

The analysis presented above assumes that all
ofthe 145 chemicals listed in Appendix B are
narcotic chemicals. That is, the only distinguishing
chemical property that affects their toxicity is K.
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A criteria has been suggested that can be used to
determine whether a chemical is a narcotic
(Bradbury et al., 1989), namely that it
demonstrates additive toxicity with a reference
narcotic. However, it is not practical to test each
possible chemical. The more practical test is
whether the toxicity can be predicted solely from
the log, LC50 - log, K, regression. In fact, this
is uscd in methods that attompt to discriminate
reference narcotics from other classes of organic
chemicals (Verhaar et al., 1992).

Using this approach, differences in toxicity
among chemical classes would be difficultto
detect if differing species were aggregated or
different slopes were allowed in the regression
analysis. However, with the large dataset
cmployed above, these differences can be scen by
analyzing the residuals grouped by chemical class.

The critenia for choosing the relevant classes
arc not obvious without a detailed understanding of
the mechanism of narcotic toxicity. Hence, the
conventional organic chemical classes based on
structural similaritics, e.g. ethers, alcohols, ketones,
etc., are used. The results are shown in Figure 2-
6A. The means +2 standard crror (SE) of the
means are shown for each class. Although not a
rigorous test, the 2 SE range does not eneompass
zero for certain classes. Thus, it is likely that there
are statistically significant chemical class effects.

2.6.4.1 Statistical Analysis of K, »Toxicity
Relations hips

A ngorous testis conducted by including
correction constants for each of the chemical
classes in a manner that is analogous to Equation
2-23. The model equation is formulated using N -
1 corrections, Ac,, corresponding to the #=1,...N_
- 1 chemical classes. These are interpreted as
corrcetions relative to the reference class which is
chosen to be aliphatic non-halogenated
hydrocarbons. The regression equation is
formulated as before with a variable G, that is one
if chemical j is in chemical class -and zero
otherwise

if chemical j is in class ¢

2-10
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5@_ =0 otherwise

The regression equation that results is

Nl
log,,L.C50, =1 log OKN(])+2” & + ZACMJ
2-27)

Each data record now contains t he dependent
variable log, LCSO S the mdgpundcm variables
log, K (), and the 6 LN and { 0=
1,..,N,, - 1 indicator vanabk:s whmh are {) ori
dependlng on which species and which chemical
class is represented by the LC50,,.

Only N, - 1 chemical class corrections are
required because including N, class corrections
under-determines the equation set with one too
many unknowns. The reason is that every
equation would have one b, and one Ac, for
speeics | and chemical j in chemical class 0. Since
this condition would occur in every equation there
is no unique solution for the b, and the Ac, values.
One of these constants could be adjusted by an
arbitrary amount and the rest could then be
adjusted to compensate while still achieving the
same fit of the data. Thus, a reference chemical
class is chosen: non-halogenated aliphatic
hydrocarbons for which Ac, = 0. The remaining
regression constants Ac, = L...N_ -1 are then
the differential toxicity of chemical class ¢ relative
to the teference chemical class. This is the reason
for the Ac notation.

The requirement for a chemical class
correction is decided using a statistical test that
compares the Ac, values that result from the
regression to the hypothesis Ac, = 0. For the
classes which are not statistically different, they
are included in the reference class and the
parameters are re-estimated. This is continued
until all the remaining Ac, values are statisticalty
different from zero. Afier a number of trials, it
was found that trcating halogen substitutions as a
separate additive correction gave the least number
of statistically significant class corrections. Thus,
chemical class corrections are apphied to the base
structure, if necessary, and an additional correction
is made if any substitute is a halogen. Therefore,
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Figure 2-6. Chemical class comparisons of residuals from the regression grouped by class with (A) mean +2
standard errors and (B) chemical class corrections included in the regression.

for halogenated chemicals it is possible that two
g, = 1 in Equation 2-27. The chemical classes are
listed in Appendix B.

The results of the final regression analysis are
listed in Tablc 2-1. Both the logarithmic b, and
arithmetic 10% values of the intercepts are
included together with their standard errors.
Chemical classes which demonstrate higher
potency than the reference class are ketones and
PAHs. Halogenation increases the potency as
well. After accounting for different potencies in
the chemical classes, the mean residuals are
statistically indistinguishable from zero
(Figure 2-6B).

2.6.4.2 Standard Errors and Residuals

The standard errors of the body burdens
SE(b,) found from the regression (Equation 2-27)
are in an almost one-to-one correspondence with
the number of data points for that species. Thus,
the b, for Pimephales promelas {fathcad minnow)
with 182 data points has a 10% coefficient of
variation, CV(b) = SE (b) /b, whilc the b, for
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Neanthes arenaceodentata {polychaete worm)
with 4 data points has a 50% coefficient of
variation (Table 2-1). The relationship of the
sample size (N) to the cocfficient of variation of
the estimated critical body burden, CV(b)), is
shown in Figure 2-7A.

The residuals are log normally distributed
(Figure 2-7B) and exhibit no trend with respect to
K., (Figure 2-7C):which confirms the assumption
underlying the use of regression analysis. The
reason they are restricted to =1 order of
magnitude is that 14 data points outside that range
were originally excluded as outliers (for some
values previously less than + one order of
magnitude, chemical class corrections produced
values slightly greater than one order of magnitude
as shown in Figure 2-7C).

2.6.4.3Chemical Class Corrections

The cormrections duc to chemical classcs
reduce the critical body burden by a factor of
approximately one-half for ketones and PAIIs.
Correction for halogenation reduces it further by
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0.570 (Table 2-1). Thus, a chlonnated PAH would
exhibit a critical body burden of approximately
one-third of a reference narcotic. The cocfficients
of variation for these corrections are
approximately 10%.

The chemical class differences among the
type 1 narcotics affect the LC50-K |, relationship.
The model no longer predicts a single straight line
for the log, LC50-log, K, relationship for all
narcotic chemicals. What is happening is that the
y-intercepts are changing due to the changing )¢,
values. The model (Equation 2-27) when applied
1o a single species k is

Ne~1
IOgmLCSOq =alog, K., () +b, + Z Acléj
=]
(2-28)

This is a straight line if only reference narcotics
arc considered Ac, = 0 orif only onc chemical
class correction is involved, e g, all halogenated
reference narcotics. Otherwise, more than one
Ac,, enters into Equation 2-28 and the line.is
Jjagged. Figure 2-8 presents three examples. The
deviations from the reference narcosis straight line
are caused by the different chemical class
potencies.

2.7 Universal Narcosis Slope

The universal narcosis slope: m = -0.945+0.014
which results from the final analysis that includes
chemical class corrections (Table 2-1) is smaller
than that determined above without chemical class
corrections (-0.97+0.012). Itis close to unity, a
value commonly found (Hansch and Leo, 1993),
and larger than the average of individual slopes
(-0.86=0.14) reported by Van Leeuwen et al.
(1992), but comparable with a recent estimate for
fathcad minnows of -0.94 (Di Toro ot al., 2000).

The fact that the slope is not exactly one
suggests that octanol is not quite lipid. However, it
1s also possible that for the more hydrophobic
chemicals in the database, the exposure time may
not have been long enough for complete
equilibration of water and lipid to have occurred.
To test this hypothesis, the regression analvsis is
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restricted to successively smaller upper limits of
log, K. The results are listed below

Maximum log K, 3.5 40 4.5 50 55

Slope -0.959 0970 0958 -0950 -0.945

Standard Exrror 0.018 0015 0015 0.014 0015

The variation is within the standard errors of
estimation, indicating that there is no statistically

significant difference if the higher log, K data
are removed from the regression. This suggests
that the universal narcosis slope is not minus one
but is actually -0.945 £ 0.014.

One consequence of the use of a universal
narcosis slope is that the species sensitivity ranking
derived from comparing either the water-only
LC50 values or the critical body burdens of
various species are the same. This occurs
because the cntical body burden is calculated from
the LC30 value and the universal slope (Equations
2-14 and 2-13)

log, Ci*=log, L C50 +0.945log, K, (2-29)

oW

If this were not the case, then the species
sensitivity order could be reversed if LC50 values
or C* were considered.

Equation 2-29 is important because it can be
used to compute the critical body burden of any
type I narcotic chemical. Thus it predicts what the
critical body burden should be for a particular
species at its LC30 value. This would be the
concentration that would be compared to a directly
measured critical body burden. Tt can'be thought
of as a normalization procedure that corrects tvpe
I narcotics for the varying K, and places them
on a comunon footing, namely, the critical body
burden.

The motivation for the development of the
target lipid modcl was to apply it to mixtures of
PAHs and other persistent narcotic chemicals in
sediments. The narcosis database used to
determine the universal narcosis slope and the
critical body burdens consists of 145 chemicals, of
which 10 are un-substituted and substituted PAHs
(Di Toro et al,, 2000). A comparison of the LC50
data for just these chemicals and the target lipid
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Figure 2-8. Log, LCS0 versus log, K, for (A) Lepomis
macrochirus, (B) Daphnia pulex, and (C)
Gambusia affinis. The line connects the
individual estimates of the log, 1.C50 values,
including the chemical class correction.

model is shown in Figure 2-9. The solid

log, LC50 - log, K lines are computed using the
vniversal narcosis slope and the appropnate body
burdens for PAHSs for each organism listed. The
dotted lines apply to the chloronaphthalenes which
have a stightly-Jower critical body burden due to
the halogen substitution. The lines are an
adcquate fit of the data, although the scatter in the
D. magna data is larger than some of the other
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Table 2-1. Regression resulis: y-intercepts and chemical class corrections® (Table from Di Toro et al., 2068).
108 SE(10%)

Species i e b Sk(b) (pmol'g octanol)
Americamysis bahia 30 1.54 0.082 343 6.7
Portumis pelagicus 4 1.56 0.19 36.1 i8.2
Leptocheirus phemulosus 4 1.56 0.191 36.2 184
Palaemmetes pugio 8 1.68 0.137 482 164
Oncorhynchus mykiss 44 1.79 0065 61.7 94
Jordanella flovidae 18 1.82 0096 66.1 15.2
Iewalurus punciabus 7 1.87 0.139 74.8 259
Pimephales promelas 182 202 0044 105 108
Lepamis macrochirus 70 2.03 0.0056 108 14.1
Daphnia magna 113 2.04 0.049 111 12.6
Cyprinodon variegatus 33 2.05 0078 11 20.5
Oryzias latipes 4 2.05 0.182 112 539
Carassius auratus 43 213 0065 134 205
Rana cailesbian 5 2.13 0.162 135 55.9
Lanytarsus dissimilis 9 2.14 0.125 137 42
Orconectles inmmunis 6 2.14 0.149 139 523
Alburnus alburnis 2.16 0.137 144 49.1
Nitocra spinipes 6 27 0.148 147 54.7
Gambusia affinis 8 217 013 149 479
Leucisus idhs melanotus 26 2.18 0075 152 268
Neanthes ar denitat 4 223 019 168 85
Artemia salina nauplii 32 2.26 0077 181 328
Lymmaea sagnalis 5 2.29 0.163 195 81.5
Xenopuslaevis 5 233 0.163 213 839
Hydra oligactis 5 233 0.163 214 89.5
Culex pipiens 5 2.34 0.163 216 90.4
Poecilia reticulata 14 236 0101 228 552
Mewidia beryllina 8 237 0.134 233 73
Daphnia pulex 6 2.38 015 240 91
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Table 2-1. Continued
108 SE(10%)

Species i N by SEM) (umoVg octancl)
Ambyswma mexicanum 5 2.39 0.163 245 103
Daphnia cucullata 5 2.4 0.163 249 104
Aedes aegypti 5 242 0.163 261 109
Tefrahymena elliotsi 10 2.46 0.121 286 85
Chemical Class ¢ N Ac SE(Ac) 104, SE(10%)
Aliphatics 215 0 & I -
Ethers 13 0 “ I -
Aleohols 134 0 - I .
Aromatics 241 0 - | -
Halogenatoed 319 -0.244 0.33 0.57 0.044
Ketanes 49 -0,245 0.059 0,569 0.078
PAHs 84 -0.263 0.057 0.546 0.073
Slope -0.945 0.014

+See Equation (2-27).

N = Number of data points.

b, = v-intercept.

SE(b,)=Standard crrorof'b,.

Ac, =chemical class correction to the v-intercept.

SE(Ac )=standard error of Ac,.

*=Standard errors of 10% and 104« are based on the assumption that the estimation errors for b_and

Ac, are gaussian. The formulas follow from the standard error of a log normally distributed random

variable (Aitchison and Brown, 1957). Forx =b, or Ac,, g, =2.303x, 0,=2.303 SE(x), and

SE(10%)= SE(c? 3 = v 2 2 -

e“ve —e

species with multiple sources of data and there is a
clear outlier for Americamysis bahia. It is for this
reason that the slope representing all data for
narcosis chemicals is used to derive the target lipid
concentration from water-only toxicity data for
PAHs in Section 3 of this document.

2.8 Comparison to Obsered Body Burdens

The target lipid model predicts the
concentration in octanol (the y-intercept) that
causes 50% mortality in 96 hours. The question is:

CONFIDENTIAL

how do these compare to measured critical body
burdens? The species-specific y-intercepts, b, are
related to the target lipid concentration by the
relationship

y-imtercept =b, = log, CXi) - a, (2-30)
or, with chemical ¢lass corrections,
y-imercept = b, + Ac, = log, CHi) - 3, (2-31)

for specics i and chemical class £, wherce a is the
parameter in the LFER between octanol and
target lipid (Equation 2-12).
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Figure 2-9. Comparison of target lipid model, line-of-fit and observed L.CS0 data for individual PAHs, by species.
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The relationship between the predicted
concentration in octanol, b, + Ac,, to the
concentration measured in extracted lipid, log, .Cf,
is examined in Tablce 2-2 which lists observed
LC50body burdens (pumol/g lipid) and predicted
critical body burdens (pumol/g octanol) for
organisms in the database for which measured
lipid-normalized critical body burdens were
available. Three fish species: Gambusia affinis
{mosquito fish), Poccilia reitculaia (guppy) and P.
promelas, and a crustacean: Porfunus pelagicus
(crab) are compared in Figure 2-10. The
predicted and measured body burdens differ by
less than a factor of 1.6. The fish were observed
to have higher critical body burdens than the
crustacean, which the model reproduces.

The apparent near equality between the
estimated and measured cntical body burdens,
which core from two independent sets of data,
strongly suggest that in fact

a, =0 (2-32)
so that
log, CXi) = b, + Ac, =y-intercept (2-33)

This relationship implies that the target lipid is
the lipid mcasurced by the extraction technique
used in the body burden datasets. This is an
important practical result since it suggests that
bodv burdens normalized to extracted lipid are
expressed relative to the appropnate phase for
narcotic toxicity. Since the intercepts appear to be
the organism’s lipid concentration, the y-intercepts
(b, + Ac) in the discussion presented below are
referred to as body burden hipid concentrations
although the units (uimol/g octanol) are retained
since these are, in fact, the actual units of the
intercepts.

2.9 Mixtures and Additivity

Narcotic chemicals, including PAHs, occur in
the environment as mixtures, therefore, their
mixture effects need to be appropriately resolved.
Ifthe toxicity of mixtures is additive, mixture
effects can be assessed using the concept of toxic
units. A toxic unit (TU) is defined as the ratio of
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the concentration in a medium to the effect
concentration in that medium.

The additivity of the toxicity of narcotic
chemicals in water has been demonstrated by a
number of investigators. The results of mixture
experiments which employed a large enough
number of narcotic chemicals so that non-additive
behavior would be detected is presented in Figure
2-11 as adopted from Hermens (1989). Three of
the four expeniments demonstrated essentially
additive behavior and the fourth, a chronic
exposure, was almost additive.

2.10 Agqueous Solubility Constraint

The existence of the need for a solubility cut-
off for toxicity was suggested by Veith et al.
(1983) bascd on data from fathcad minnows (P,
promelas) and guppies (P, reficulata). The
highest dissolved concentration in water that can
be achieved by a chemical is its aqueous solubility
(8). Therefore, the maximum lipid concentration
that can be achieved is limited as well. Itis for
this reason that the LC50 database is limited to
chemicals with log, K <5.3. This is also the
reason that the LC50 database that was used to
generate the FCVs for specific PAHs in Section 3
of this document, was screened initially for LC50
values < S, using the solubilities from Mackay et
al. (1992), rather than log, K., <5.3 used by Di
Toro ct al. (2000).

For sediments, a solubility constraint should be
applied as well. This is readily calculated using the
relationship between interstitial water and the
organic carbon-normalized sediment concentration.
Since the interstitial water concentration is limited
by S, the sediment concentration should be limited
by the concentration in sediment organic carbon
that is in equilibrivim with the interstitial water at
the aqueous solubility. Therefore, observed
sediment concentrations are limited by the
condition

Cor < Corm = KocS (2-34)
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Figure 2-10. Predicted and observed body burdens for four species.
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Figure2-11. Additivity of type I narcosis toxicity. Comparison of the observed TU concentrations calculated from
four studies to the predicted TU of 1.0.
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Table 2-2. Comparison of body burdens observed in aquatic organisms acutely exposed to
narcotic chemicals and body burdens predicted from target lipid narcosis theory
{Table from Di Toro et al., 2000).
£y
Obs  Mean Pred.
bog e (gmo!; {pmolig
| Organism Cherical Kow ey g lipidy oetanndy  Relerences
Mosquiwofish, Lad-dibromonbenzene 353 96 85.0 Chaisuksant and
Gambusia affinis 1.2 mchlombenzent 39¥ * UG ComelL 197
| L2 d-wichlombenzens 4.0 * 92,0
pentachlorobenzene 532 * 69.0 932 853
Guppy, Ld-difluarobenzene 21t LA 4440 Sym etal.. 1993
Paecilta retivalats 1 2-dichlorobenzene 331 a1 34.0
LA-dichlombenzene 324 41 4p0.0
L2dibromobenrene 356 4 4.0
Libdibromobenzone 355 & 120,06 8 24 130
Fathead munow, 1, 2-dichlorobenzene 331 % 780 Sqjm et ul. 1993
| Pimpphales promélat. L 4-dichlnmbenzene 324 1G 68,0
L2dibromobehzene 356 7 66,0
Lad-dibromabenz ene 355 10 54.0
L A-inchlombenzene 400 S0.2 van Wezel of af.,
L1 22=etmeblorobenzene 231 57.2 1995
dichlorobenzens 327 755 i
dichlorabenzene 3.27 129 \a—ﬂ/
1, 2-dychlombenzene 331 62.3
L2<dichlorobenzene 331 98.9 van Wezel et al.,
L 4<dichlombenzene 324 173 1996
1 d-dichlorobenzene 324 121
L=l d-dichlorobumzens 107
121 d-dichlorehunzene 110
Fodelot-hehlorobenz ene 138
L=l A-dichlorobenz ene 150
faphihalene 336 123 deMaagd etal,
L2 drichlombenzens 4.00 215 95 39.9 1996
Crab, L A-dichlombenzene 3.24 96 96 Mortimer and
Porwunus pelagicus L2 nchlembenzens 398 96 45.0 Connell, 1994
L2384 tetmchlorobenzens 4.64 96 119
pentachlorobenzene 332 96 1t 49.9 20.6
2-19 i i
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Section 3

Toxicity of PAHs in Water

Exposures and Derivation
of PAH-Specific FCVs

3.1 Narcosis Theory, EqP Theory and WQC
Guidelines: Derivation of PAH-Specific
FCVs for Individual PAHSs

Polycyclic aromatic hydrocarbons occur in the
environment as mixtures. Therefore, in order to
adequately protect aguatic life the approach used
to derive a WQC FCV or sediment benchmark for
PAHSs must account for their interactions as a
mixture. In this section, we present an approach
for deriving FCVs for individual PAHs which can
be used 1o denive the ESB for mixtures of PAHs.

Concepts developed by Di Toro et al. (2000)
and presented in Section 2 of this documerit
provide the technical framework for screening
and analyzing aquatic toxicity data on PAHs
(Tables 3-1, 3-2). In particular, Scction 2
demonstrated that: (1) the universal slope of the
K .-toxicity relationship for narcotic chemicals is
the same for all aquatic species; and (2) the
intercept of the slope at a K, of 1.0 for cach
species provides the LCS0/ECS30 in pmol/g octanol
that indicates the critical body burden in and
relative sensitivities of each species.

These concepts permit the use of the U.S.
EPA National WQC Guidelines (Stephan et al.,
1985) to derive WQC FCVs for individual PAHs
and PAH mixtures. The universal slope is used
with PAH-specific LC50/EC50 values to denve
test-specific K, normalized reference acute
values ata K, of 1.0. This normalization was
performed to put the data on the toxicities of
narcotic chemicals on an intemally consistent
scale. This was also performed using hardness
when WQC were denived for metals. These K,
normalized reference acute values are used to
calculate species mean acute values (SMAVs) and
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genus mean acute values (GMAVs): (1) because
only acute and chronic toxicity data from water-
only tests with freshwater and saltwater species
exposed to individual PAHs are used, a PAH
chemical class correction is not necded; (2) the
data are screened for acceptability following the
requirements for use of species resident to North
America, tost durations, test quality, ete. of the
U.S. EPA National WQC Guidelines {Stephan et
al., 1985); (3) the PAH-specific species mean
acute values (PAH-specific SMAVs) from
Appendix C are adjusted using the universal slope
of the K -toxicity relationship from the narcotic
chemical analysis that was shown to apply to all
aquatic spceics in Scction 2 (Equation 2-29) to
derive the acute value for that species at a K, of
1.0 (K, normalized PAH-specific SMAV)
(Appendix C); (4) the intercept of the slope at a
K,w of 1.0 provides the LCSO/EC50 in umol/g
octanol that indicates the relative sensitivity of
each tested species and PAH, which was used to
calculate SMAVs and GMAVs in pmol/g octanol,
which are indicative of critical tissue
concentrations in organisms on a umol/g lipid basis.
The GMAVs are used to calculate the final acute
value (FAV) applicable to PAHs ata K, of 1.0
(Stephan et al., 1985). This FAV at aK_ of 1.0,
when divided by the Final Acute-Chronic Ratio
(FACR), becomes the FCV at a K, of 1.0.
Importantly, the FCV for any specific PAH can
then be derived by back calculating using FAV at a
K., of 1.0, the K of the specific PAH and the
universal narcosis slope. When the PAH-specific
FCV exceeds the known solubility of that PAH,
the maximum contribution of that PAH to the
toxicity of the mixture is set at the K muliplicd
by the solubility of that PAH.
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Table 3-1. Summary of the chronic sensitivity of freshwater and saltwater organisms to PAHs;
test specific data.
Observed
Common Effects Chronic
Name, NOEC® OEC® (Relativeto  Value
Species Test* Habitat® PAH Duration (ug/L) (ug/L) Conurols) (pg/L) Reference
Cladoceran, LC W Anthracene 21d 2.1 5.3% fewer <2.1 Holstand
Daphnia magna broods Gicsy, 1989
4  8.0%fewer
broods
8:2 13.8%fewer
broods
Cladoceran, LC W Flooranthene 21d 69-17 35 17% reduction 245 Speharet al,
Daphniamagna in kength 1999
73 25% reduction
in kength, 37%
fewer
young/adult
148 No swvival
Cladoceran. LC W Phenanthrene 21d 4657 163 Survival 96.39 Calletal,
| Daphniamagna reduced 83%, 1986
98Y% fewer
broods
Midge, LC B Acenaphthene 26d 32-295 575 Survival 411.8 Northwestemn
Paratanytarsus sp. reduced Aquatic %
~90%, ~60% Sciences, A
reduction in 1982
growth, no
reproduction
Midge, LC B  Acenaphthene 26d 27-164 315 Survival 227.3 Northwestem
Paratanytarsus sp. reduced Aquatic
~20%, ~30% Sciences,
reduction in 1982,
growth Thursby,
1991a
676 Survival
reduced ~60%
Fathead minnow, ELS W  Acenaphthene 32d 50 109 5% reduction 73.82 Academy of
Pimephales in growth Natural
promelas Sciences,
1981;
Thursby,
1991a
410 26% reduction
in growil,
Survival
reduced 45%
630 No survival
3-2 ;
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Table 3-1. Continued Observed

Common Effects Chronic

Narne, NOEC® OEC” (Relativeto  Value

Species Test* Habitat® PAH Dumation (ug/L) (ug/L) Controls) (ng/ly Reference

Fathead minnow, FELS w Acenaphthene 32d 50-109 410 20%reductionin  211.4 Academy of

Pimephales growth, Survival Natural Sciences,

promelas reduced 66% 1981; Thursby,
1991a

630 Nosurvival

Fathead minnow. ELS Y Acenaphthene  32-35d  67-332 495 54%reductionin 4(5.4 Cairnsand
Pimephales growth Nebeker, 1982
| promelas

Fathead minnow, ELS W Acenaphthene  32-35d  197-345 509 30%reductionin 419 Caimsand
| Pimephales growth Nebeker, 1982
promelas
682 52% reduction in
growth, Survival
reduced 45%
1153 87% reduction in
growth, Survival
reduced 97%

Fathead minnow, ELS W Acenaphthene  32d 64 98  Survival rduced 792 ERCO, 1981
Pimephales 24%
promelas
149  Survival reduced
65%
271 Survival reduced
75%
441 Survival reduced
80%

Fathead minnow. [LS W Acenaphthene  32d 50-91 139 Survival reduced 112.5 LRCO, 1981

Pimephales 20%
promelas
290 Survival reduced
50%
426 Survival reduced
52%

Fathead minnow, ELS \ Fluoranthene ¥4 37-104 217 Suwival rduced 1502 Speharetal.,

Pimephales G7%. 50% 1999
promelas reduction in

growth
Rainbow trout, ELS B/W Phenanthrene 90d s 8 Survival educed 6325 Call et al., 1986
Oncorhynchus 41%, 33% |
mykiss reduced growth

14 Survival reduced
48%, 44%
reduced prowth

32 Sumvival reduced
52%, 15%
reduced @owth

66  Nosurwvival

3-3

CONFIDENTIAL BP-HZN-2179MDL09228037

TREX-013340.000047



{Table 3-1. Continued
Observed
Common Effects Chronic
Name, NOEC® OEC® (Relativeto Value
Specics Test* Habitat® PAH Duration (ug/Ly (pug/l) Controls) (ug/l) Reference
Mysid, LC B/W  Acenaphthene 35d 100-240 340 93%reduction 2857 Homeetal,
Americamysis inyoung 1983
bahia
510 No survival
Mysid, LC B/W  Accnaphthenc  25d 20.5-  91.8 91%reduction 63.99 Thursby etal, ‘
Americamysis 4.6 inyoung 198%
bahia
168 No
reproduction,
34% reduction
in growth
354  Survival
reduced 96%,
no repmduction
Mysid, LC B/W  Fluioranthene 28d 35926 21 Sumvival 1587 U.S.EPA,1978
Americamysis reduced 26.7%,
bahia 91.7%
reduction in
young
43 No survival
Mysid, LC B/W  Fluoranthene 31d 0.41- 188 Survival 1444 Speharetal,
Americamysis 111 reduced 23%, 1999 :
bahia no reproduction
Mysid, LC B/W  Phemanthrene 32d 15-5.5 11.9 No survival 8129 Kuhnand
Americanysis Lussier, 1987
bahia
Mysid, LC BW Pyrene 28d 382 537 46%rcduction 4.53  Chanplin and
Americamysis in yourng Poucker, 1992b
bahia
697 47% reduction
inyoung
982 73% reduction
inyoung
15.8  85% reduction
in young
20.9 90% reduction
inyoung,
Survival
reduced 37%
38.2 No survival
3-4
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Table 3-1. Continued

Obscrved

Common Effects Chronic

Namg, NOEC® QECP (Relativeto Valuc

Species Test® Habitat® PAH Duration (ug/Ly (ug/L) Controls) (ug/l) Reference
i Sheepshead ELS B/W  Accnaphthene 28d 240-520 970  Suwvival 7102 Wamd etal.,
| mnnow, reduced 70% 1981
Cyprinodon

variegalus

2000 No sunvival
2800 No survival

ATest: LC =life<cycle, PLC = partial life-cycle, ELS = early life-stage

B Habitat: I = infauna, E = epibenthic, W = water column

“NOEC = Concentrations where no significant cffects were detected.

? QEC = Concentrations where significant effects were detected on survival, growth, or reproduction.
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Table 3-2. Summary of acute and chronic values, acute-chronic ratios and derivation of the final acute values,
final acute-chronic values and final chronic values, .
Species
Mean

Common PAH-Specific  Acute-
Name, PAH Value Value Chronic. Mean Acute- Chronic
Species Tested (ug/L)y (ug/Ll) Ratio Chronic Ratio Ratio Reference
TRESHWATER SPECICS
Cladoceran, Anthracene - <21 - - - Holst and Giesy,
Daphnia magna 1989
Cladooeran, Fluoranthene 117 245 4.78 478 - Speharetal., 1999
Daphnia magna
Cladoceran, Phenanthrene 117 96.4 1.21 1.21 241 Calletal, 1986
Daphnia magna
Midge, Accnaphthene  2,0404 411 4.9 - - Northwestem
Paratarytarsus sp. Aquatic Sciences,

1982
Midge, Acenaphthene  2,040% 227 9 6.68 ¢.68  Northwestern
Paratanyiarsus sp. Aquativ Scienues,

1982

Thursby 19914
Fathead Minmow, Acenaphthene 608 405 1.5 - - Caims and Nebeker,
Pimephales 1982: Thursby,
promelas 1991 a
Fathcad Minnow, Accnaphthenc 608 419 1.45 1.48 - Caims and Nebeker,
Pimephales 1982 e
promeias N
Fathead Minnow. Acenaphthene - 73.82 - - - Academy of Natural
Pimephales Sciences, 1981
promelas
Fathead Minnow, Acenaphthene - 211 - - - Academy of Natural
Pimephales Sciences, 1981
promelas
Fathezd Minnow, Acenaphthene - 792 - - - ERCO. 1981
Pimephales
promelas
Fathead Minnow, Acenaphthene - 112 - - - ERCO, 1981
Pimephales
promelas
lathead Mimow, Fluormthene 69¢ 15 4.6 4.6 2.61  Speharetal, 1999
Pimephales
promelas
Rambow trout, Phenanthrene 50¢ 6.32 79 19 7.9  Calletal, 1986
Oncorhynchus
mvkiss
3-6 -

=
BP-HZN-2179MDL09228040

CONFIDENTIAL

TREX-013340.000050




Table 3-2. Continued

Species

Mean
Commion PAH-Specific  Acute-
Name. PAH Value  Value Chronic MeanAcute- Chronic
Species Tested (ug/L) (ug/L) Ratio Chronic Ratio Ratio  Reference
SALTWATER SPECIES
Mysid, Acenaphthene 466 286 163 - - Home et al,, 1983
Americamysis bahia
Mysid, Acenaphthene 460 64 719 3.42 - Thursby etal.,
Americamysis bahia 1989b
Mysid, Fhuoranthene 40 159 232 - - U.S. EPA, 1978
Americamysis bahia
Mysid, Fluoranthene 31 144 215 2.33 - Speharetal.,
Americamysis bahia 1999
Mysid, Phenanthrene 27.1 813 333 333 - Kubn and Lussier,
Americamysis bahia 1987 ‘
Mysid, Pyrene 283 453 624 6.24 359 Champln and
Americamysis bahia Poucher, 1992b
Sheepshead minnow, Acenaphthene 3I00B . 710 436 436 436 Ward etal., 1981
Cyprinodon
variegatus
* Geometric mean of two flow-through measured tests from the same laboratory as conducted the life~cvcle tests.
BLCS0 concentration slightly greater than acenaphthenc‘s water solubility.
CEC50 based on immobilization used as the acute value instead of the LC50.
Final Acute Value = 9.31 pmol/g octanol
Final Acute-chronic Ratio =4.16
Final Chronic Value = 2.24 pmol/g octanol
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The FCV at a K, of 1.0 for PAHs derived in
this section of the document differs slightly from
that which would be derived for other narcotic
chemicals according to Di Toro et al. (2000) in that
it: (1) is derived using only acute and chronic
toxicity data from water-only tests with freshwater
and saltwater species exposed to individual PAHs,
therefore, the data do not require the PAH
chemical class cormrection; (2) the data are
rigorously screened for acceptability following the
requircments for the use of specics resident to
North America, test durations, test quality, etc. of
the U.S. EPA National WQC Guidelines (Stephan
et al, 1985). All other steps in the derivation of
FCVs are the same as those used by Di Toro et al.
(2000).

3.2 Acute Toxicity of Individual PAIIS:
Water Exposures

3.2.1 Acute Toxicity of PAHs

One hundred and four acute water-only
toxicity tests with 12 different PAHs have been
conducted on 24 freshwater species from 20
genera that meet the requirements of the U.S.
EPA National WQC Guidelines (Stephan et al.,
1983, see Appendix ). The tested life-stages of
15 of the genera were benthic (infaunal or
cpibenthic). The most commonly tested
freshwater species were the cladocerans
(Daphria magna and D. pulex), rainbow trout
(O. mykiss), fathead minnow (P. promelas) and
bluegill (Lepomis macrochirus). The most
commonly tested PAHs with freshwater
organisms were acenaphthene, fluoranthene,
fluorene, naphthalene, phenanthrene and pyrene.

Seventy-seven acute water-only toxicity tests
with 8 different PAHs have been conducted on 30
saltwater species from 29 genera (Appendix C).
The tested lifc-stages of 21 of the genera were
benthic (infaunal or cpibenthic). The most
commonly tested saltwater species were the
annelid worm (N. arenaceodentata), mysid
(Americamysis bohia), grass shnimp
(Palaemonetes pugio), pink salmon
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(Oncorhynchus gorbuscha), and sheepshead
minnow (Cyprinodon variegatus). The most
commonly tested PAHs with saltwater organisms
were acenaphthene, fluoranthene, naphthalene,
phenanthrene and pyrenc.

3.22 Acute Valuesata K, of 1.0

The rules for test acceptability of the National
WQC Guidelines (Stephan et al., 1985) were used
toidentify the LCS50 values or EC50 (ug/l.) values
from individual acute aquatic toxicity tests
{Appendix C) and these values were used to
derive the K, normalized GMAV (umol/g
octanol) in the following manner. The goal of this
process was to convert individual LC50 or EC50
values that vary for a species across PAHs into a
PAH-specific GMAV normalized to a K, of 1.0.
The usc of normalizing factorsin FCV derivation
is not unique to this ESB document. The use of
K,,, to normalize the toxicity of PAHs to put the
toxicity data on an internally consistent scale is
analogous to the hardness normalization applied to
the freshwater WQC for cadmium, copper, lead,
nicke! and zing and the pH and temperature
normalization applied to the freshwater WQC for
ammonia. For multiple PAHs tested against one
species, the K, normalization should result in
similar PAH-specific SMAVs. The first step in
the analysis of published LC50 or EC30 values
was to compare them to the known solubility in
water of the PAH tested. If the LCS0 or EC50
concentration exceeded the solubility of the tested
PAH, the published LC50/EC50 is in parentheses
in Appendix C, the solubility is listed inbold in
Appendix C as a “greater than” acute value to
indicate that the actual toxicity of the dissolved
PAH was unknown. For thesc tests, this greater
than solubility value, and not the published LC50 or
EC50 value, was used in further calculations only
when there were no acute values for that species
at concentrations less than the solubility. Next, the
LC50, EC50 or greater than solubility value was
converted to mmol of the tested PAH/L. When
the same PAH was tested more than once against
a species, the geometric mean of all LC50 or
EC50 values was calculated to determine the
PAH-specific SMAV using the rules in Stephan et
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al. (1985). The -0.945 universal slope of the
toxicity/K ,, relationship (Equation 2-29) was
applied to the PAH-Specific SMAVs (umol/L) to
calculate the PAH-specific SMAV (pmol/g
octanol) at a K, =1.0. The SMAV for all tested
PAHs is the geometric mean of the PAH-Specific
SMAVs ata K, of 1.0. The GMAV (umol/g
octanol) at a K of 1.0 is the geometric mean of
the SMAVs at a K, of 1.0.

The SMAVs at a K, of 1.0 were similar for
multiple PAHs (Appendix C). For 18 freshwater
and saltwater species, two to nine different PAHs
were tested. The ratios of the highest to lowest
acute values for multiple PAHs tested against an
individual species before normalization was 1.37 to
1170; an average ratio of 105. In contrast, the
range in the ratios of the highest to lowest PAH-
specific SMAVsata K of 1.0was 1410 12.2;
average ratio 0of 4.27. For 10 of the 18 (56%)
species tested against multiple PAIls, the ratio of
high to low SMAVs at a K, of 1.0 was 4.0 or
less. This compares favorably with the factor of
four or less difference in the acute values for 12 of
19 (63%) of the same species in multiple tests with
the same PAH. Therefore, the vanability of
SMAVs ata K, of 1.0 across PAHs is similar to
the variability inherent for these data in acute
toxicity testing with only one PAH. This suggests
that the GMAVs provide data across PAHs that
indicate the relative sensitivity of that species that
can be used to describe species at risk and to
calculate the FAV.

The K, ,-normalized GMAVs (not including
values greater than the solubility of the tested
PAH) range from 7.63 pmol/g octanol for
Americamysisto 187 umol/g octanol for
Tgnytarsus, a factor of only 24. Saltwater genera
constitute four of the five genera with GMAVs at
a K, of 1.0 within a factor of two of the most
sensitive genus (Americamysis). Of the 49
genera, the most sensitive one-third include a
freshwater hydra, two amphipods, an insect,
saltwater fish, a crab, two mysids, two shrimp, and
three saltwatcr amphipods. All of these 16 gencra
have GMAVs at a K, of 1.0 that are within a
factor of three, and 14 of the genera are benthic.
Benthic and water column genera are distributed
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throughout the sensitivity distributions indicating
that they have similar sensitivities. Genera that
are benthic have been tested more frequently than
water column genera.

3.3 Applicability of the WQC as the Effects
Concentration for Benthic Organisms

The use of the FAV or FCV as the cffects
concentration for calculation of ESBs assumes
that benthic (infaunal and epibenthic) species,
taken as a group, have sensitivities similar to all
aquatic (benthic and water column) species used
to derive the WQC FCV. The data supporting the
reasonableness of this assumption over all
chemicals for which there were published or draft
WQC documents were presented in Di Toro et al.
(1991) and U.S. EPA (2003a). The conclusion of
similarity of sensitivity was supported by
comparisons between (1) acute valucs for the
most sensitive benthic species and acute values for
the most sensitive water column species for all
chemicals; (2) acute values for all benthic species
and acute values for all species in the WQC
documents across all chemicals after normalizing
the LC50 values; (3) FAVs calculated for benthic
species alone and FAVs in the WQC documents;
and (4) individual chemical comparisons of benthic
species versus all species. The following analysis
examines the data on the similarity of sensitivity of
benthic and all aquatic species for PAHs.

For PAHs, benthic life-stages were tested
for 15 of 20 freshwater genera and 21 out of 29
saltwater genera (Appendix C). An initial test
of the difference between the freshwater and
saltwater FAVs for all species (water column and
benthic) exposed to PAHs was performed using
the Approximate Randomization (AR) Method
(Noreen, 1989). The AR Method tests the
significance level of a test statistic when compared
to a distribution of statistics generated from many
random sub-samples. The test statistic in this case
was the difference between the freshwater FAV
(computed from the GMAVs at a K, of 1.0 for
combined water column and benthic organisms)
and the saltwater FAV (computed from the
GMAVs at a K, of 1.0 for combined water
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column and benthic organisms) (Appendix C). In
the AR Method, the freshwater and the saltwater
GMAVs at a K, of 1.0 were combined into one
dataset. The dataset was shuffled, then separated
back so that randomly generated “freshwater” and
“saltwater” FAVs could be computed. The LC50
values were re-separated such that the number of
GMAVs ata K of 1.0 used to calculate the
sample FAVs were the same as the number used
to calculate the original FAVs. These two TAVs
were subtracted and the difference used as the
sample statistic. This was done iteratively so that
the sample statistics formed a probability

distribution representative of the population of FAY
differences (Figure 3-1A). The test statistic was
compared to this distribution to determine its level
of significance. The null hvpothesis was that the
GMAVs ata K, of 1.0 that comprise the
freshwater and saltwater data bases were not
different. . If this was true, the difference between
the actual freshwater and saltwater FAVs should
be common to the majority of randomly generated
FAV differences. For PAlls, the test-statistic
occurred at the 93.5 pereentile of the gencrated
FAV differences (Table 3-3). This percentile
suggests that saltwater genera may be somewhat
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Figure 3-1 Probability distributions of FAV difference stafistics to compare water-only toxicity data
from (A) freshwater versus saltwater gemera and (B) benthic versus WQC.
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Table 3-3.Results of approximate randomization (AR) test for the equality of the freshwater and
saltwater FAV distributions at a K of 1.0 and AR test for the equality of benthic and
combined benthic and water column FAVs for freshwater and saltwater distributions.

Comparison Habitat or Water Type* AR Statistic? Probability®
Fresh vs Salt Fresh (20) Salt (29 5.746 93.5
Freshwater: Benthic vs WQCP WQC (49 Bemhic (33) 0.852 82.8

A Values in parantheses are the number of GMAVS ata K, of 1.0 used in the comparison.
B AR statistic = FAV difference between original compared groups.
CProbability that the theoretical AR statistic < the observed AR statistic given that all samples came

from the same population.
°Combined freshwater and saltwaler.

more sensitive than freshwater genera as
illustrated in Figure 3-2 and Appendix C.
However, since the probability was less than 95%
in the AR analysis, the null hyvpothesis of no
significant diffcrence in sensitivity for freshwater
and saltwater species was accepted (Table 3-3).

Since freshwater and saltwater species
showed no significant differences in sensitivity, the
AR Mcthod was applicd jointly for the analysis of
the difference in sensitivity for benthic and all
aquatic organisms (benthic and water column
species are always combined to derive WQC,
therefore, the complete GMAY dataset is
hereafter referred to as “WQC™). Using the
criteria in U.S. EPA (2003a), each life stage of
cach test organism, hence each GMAV at a K,
of 1.0, was assigned a habitat (Appendix C). The
test statistic in this case was the difference
between the WQC FAV, computed from the WQC
GMAVs ata K, of 1.0, and the benthic FAV,
computed from the benthic organism GMAVsata
K. of 1.0. The approach used to conduct this
analysis was slightly diffcrent than that used in the
previous test for freshwater and saltwator
GMAVs. The difference was that freshwater and
saltwater GMAVs in the first test represented two
separate groups. In this test, the GMAVs at a
K of L0 for benthic organisms were a subset of
the GMAVs ata K, of 1.0 in the entire WQC
datasct. In the AR analysis for this.test, the
number of data points coinciding with the number
of benthic organisms were selected from the
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WQC datasct to compute cach “benthic” FAV.
The original WQUC FAV and the “benthic” FAV
were then used to compute the difference statistic.
This was done iterativelv and the distribution that
results was representative of the population of
FAV difference statistics. The test statistic was
compared to this distribution to determine its level
of significance. The probability distributions of the
computed FAV differences are shown in Figure 3-
IB. The test statistic for this analysis occurred at
the 82.8 percentile and the null hypothesis of no
difference in the sensitivities between benthic
species and species used to derive the WQC FCV
was accepted (Table 3-3). This analysis supports
the derivation of the FCV for PAHs based on all
GMAVsata K, of 1.0.

3.4 Derivation of the FAV ata K, of 1.0

The FAV is an estimate of the concentration
corresponding to a cumulative probability of 0.05 in
the GMAVs at a K, of 1.0. The analysis above
demonstrates that the acute sensitivitics of
freshwater and saltwater gencra and the
sensitivities of benthic and benthic plus water
column genera do not differ. Therefore, for
calculation of the FAV, the GMAVs ata K, of
1.0 for all freshwater and saltwater genera can be
grouped together to represent the relative
sensitivitics of all benthic organisms (Figure 3-2).
The FAV ata K, of 1.0 is calculated using the
procedure in Stephan et al. (1985), the GMAVs at
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aK , of 1.0 of 7.63 umol/g octanol for
Americamysis, 8.51 pmol/g octanol for

Grandidierella, 9.83 umol/g octanol for Crangon,

11.0 umol/g octanol for Oncorhynchus and the
total number of genera tested (N'= 49). The FAV
ata KOW of 1.0 1s 931 pmol/g octanol. This FAV
is greater than the GMAV's of the two most
acutely sensitive genera as would be expected
given the calculation procedure and the presence
of 31 GMAVs.

3.5 Chronic Toxicity of Individual PAHs:
Water Exposures

3.5.1

Chronic lifc-cycle toxicity tosts have boon
conducted with acenaphthene with the freshwater
midge (Paratanytarsus sp.) and the saltwater
mysid (A. bahia), and carly lifc-stage tests have
been conducted with the fathead minnow
(P, promelasy and sheepshead minnow
(C. variegaruy) (Table 3-1). For each of these
species, one or more benthic life-stages were
exposed. Other chronic toxicity tests have been
conducted with the freshwater chironomid
(Paratanytarsus sp.) and P. promelas (Lemke et
al.,1983; Lemke, 1984; Lemke and Anderson,
1984) but insufficient documentation is available to
permit use of these results (Thursby, 19913a).

Acenaphthene

Two acceptable life-cycle toxicity tests have
been conducted with Paratanytarsus sp. (North-
western Aquatic Sciences, 1982). In the first test,
575 pg/L reduced survival 90%, reduced growth
60%, and all eggs failed to hatch (Table 3-1). No
adverse effects occurred at acenaphthene
concentrations up to 295 pg/L acenaphthene. In
the sccond test, survival was reduced 20% and
growth 30% at 315ug/L.. Egg hatchability was not
affected in the highest concentration of 676 g/,
although survival of hatched larvae was reduced
~60%. No significant effects were observed at
acenaphthene concentrations up to 164 pug/L.

A total of six carly lifc-stage toxicity tests
have been conducted with P promelas as part of
a round-robin test series; two each from three
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laboratories (Table 3-1) (Academy of Natural
Sciences, 1981; ERCQ, 1981, Cairns and Nebeker,
1982). The lowest observed effect concentrations
{LOEC) across laboratories and tests ranged from 93
10 509 pg/L, a factor of 5.2. Growth (dry weight),
survival, or both growth and survival were reduced.
Only one of these test pairs had a suitable measured
acute value that allowed calculation of an ACR
(Caims and Nebeker, 1982). The concentration-
response relationships were similar for the two tests of
Cairns and Nebeker (1982). In the first tost, the carly
life-stages of this fish were unaffected in
acenaphthene concentrations ranging from 67 to 332
ug/L, but 495 ng/l. reduced growth 54% relative to
contro! fish. In the second test, growth was reduced
30%at 509 pg/L, but no effects were detected in fish
exposed to 197 to

345 pg/L.

Data from saltwater chronic toxicity tests with
acenaphthene are available for A. bahia and C.
variegatus. Reproduction of A. bahia was affected
by acenaphthene in two life-cycle tests from two
different laboratories. In the first test (Home et al.,
1983), 340 pg/L reduced reproduction 93% relative to
controls and all A. bakia died at 510 ug/L. No effects
were observed on the parental generation at 100 to
240 pg/L and second generation juveniles were not
affected at < 340 pg/L.. In the second test (Thursby
ct al., 1989b), no effects were observed at < 44.6
ug/L., but a concentration of 91.8 up/l. reduced
reproduction 91%. No reproduction occurred at
higher concentrations, and growth was reduced 34%
at 168 pg/L and survival 96% at 334 pg/L.

A test with early life-stages of C. variegarus
showed that 240 to 520 ug/L had no effects, but that
concentrations of 970, 2,000 and 2,800 pg/L reduced
survival of embryos and larvae by >70% (Table 3-1;
Ward et al., 1981).

In general, the above results show that the
diffcrence between acute and chronic toxicity of
acenaphthene is small and differed minimally between
species (Table 3-2). Species mean acate-chronic
ratios for acenaphthene are 6 68 for Paratanytarsus
sp., 1.48 for P. promelas, 3.42 for A. bahia and 4.36

for C. variegatus.
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3.5.2 Anthracene

A single life-cycle toxicity test has been
conducted with 2. magna exposed to only three
concentrations of anthracene (Holst and Geisy,
1989). Minimal decreases were observed on the
number of broods produced in all three of the
concentrations tested: 2.1 mg/L (5.3%), 4.0 ug/L
(8.0%) and 8.2 pg/L (13.8%). No acute toxicity
tests were conducted by the authors. Therefore, an
ACR could not be derived for anthiracene.

3.5.3 Fluoranthene

Fluoranthene has been tested in life-cycle
toxicity tests with the freshwater cladoceran, D.
magna (Spchar ct al., 1999) and the saltwater
mysid, A. bahia (U.S. EPA, 1978, Spehar ¢t al,,
1999), and carly life-stage tests have been
conducted with the fathead minnow (Spehar et al.,
1999) (Table 3-1). Mo effects were observed with
D. magna at <17 ng/L, but growth was reduced
17% at 35 pg/L and 25% at 73 pg/l.. There were
37% fewer voung per adult at 73 ug/L and no
daphnids survived at 148 pug/L.. An early life-stage
toxicity test conducted with the fathead minnow
showed no effects at <10.4 pg/L, but reduced
survival (67%) and growth (50%) at 21.7 pug/L.

Saltwater mysids (4. bahia) were tested n two
life-cvcle toxicity tests. In the first test, the mysids
were exposed to fluoranthene for 28 days (U.S.
EPA, 1978). There was no effect on survival or
reproduction (growth was not measured) in
concentrations ranging from 5-12 ug/L. Ata
fluoranthene concentration of 21 pg/l. survival was
reduced 26.7% and reproduction 91.7%, relative to
the controls. At the highest concentration of
fluoranthene, 43 pg/L, all 4. bakia died. In the
second test, A. bahia were exposed to fluoranthene
for 31 days (Spehar et al., 1999). Effect
concentrations were similar to those inthe U.S.
EPA (1978) test. 4. bahia were not affected at
fluoranthene concentrations from 0.41-11.1 pg/L.
At the highest concentration tested, 18.8 ug/L,
survival was reduced 23% relative to controls and
there was no reproduction. Reproduction was
reduced by 77% in 11.1 ug/L, but this was not
significantly different from controls even at a=0.1.
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The difference between acute and chronic

sensitivity to fluoranthene varied minimally between
species (Table 3-2). Three species mean ACRs are
available for fluoranthene: 4.78 for D. magna, 4.60

for P. promelas, and 2.33 for 4. bahia.

3.5.4 Phenanthrene

Phenanthrene has been tested in life-cycle
toxicity tests with D. magna and A. bahia and an
carly life-stage test has been conducted with
rainbow trout (O. mykiss) (Table 3-1). There were
no cffects of phenanthrene on D. magna at <57
ug/L, but survival was reduced 83% and repro-
duction 98% at 163 pg/L. (Call et al., 1986). Ina
test with O. mykiss, no effects were observed at 3
ug/L. The percentage of abnormal and dead fry at
hatch was significantly increased at the highest
exposurc concentration of 66 pug/L and survival of
hatched fry was reduced with increase in exposure
concentration (Call et al., 1986). Mortality was 41,
48,52 and 100% at R, 14, 32, and 66 pg/l.,
respectively. Wet weight was reduced 33, 44, and
75%at 8, 14 and 32 pg/L, respectively.

A life-cycle toxicity test with A. bahia exposed
to phenanthrene showed that the effect
concentrations were similar to those that affected
0. mykiss (Kuhn and Lussier, 1987) (Table 3-1).
Survival, growth and reproduction were not
affected at <5.5 ug/L. However, at the highest test
concentration of phenanthrene (11.9 pg/L), all
mysids died.

The difference between acute and chronic
sensitivity to phenanthrene vanied minimally
between D. magna (PAH-specific ACR= 1.21),

O. mykiss (ACR=7.90) and 4. bahia (ACR=
3.33). The ACR for O. mykiss (Call et al., 1986)
was derived using the EC50 for immobilization (50
ug/L) and not the 96-hour LC50 of 375 pg/L as was
required in Stephan et al. (1985).

3.5.5 Pyrene

A life-cycle toxicity test with A. bahia exposed
to pyrene was conducted by Champlin and Poucher
(1992b). There were no effects at 3.82 pg/L, but
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20.9 pug/L. reduced survival 37%.and no mysids
survived at the next higher concentration of 38.2
ug/L (Table 3-1). Reproduction was significantly
reduced in >5.37 ug/L. The ACR from this test was
pyrene is 6.24.

3.5.6 Naphthalene

Fathead minnows were exposed to naphthalens
1 an carly life-stage toxicity test (DeGracve et al.,
1982). Hatching of frv was significantly reduced in
4.38 and 8.51 pg/L and none were alive in these
concentrations at the end of the 30-day test. Weight
and length of fish surviving the test were significant-
Iy reduced in 0.85 and 1.84 ug/L.. No significant
effects were detected in concentrations <0.45 pg/L.
Control survival was only 42%, which does not meet
requirements according to the American Society of
Testing and Matcrials (ASTM, 1998). Also, the
carrier methanol was absent from the control.
These data are summarized in the text for complete-
ness, but the ACR of 127, chronic value of (.62 pg/
L, and 96-hour LC50 of 7.9 pg/L for naphthanlene
are not included in Tables 3-1 and 3-2.

The calanoid copepod (Eurytemora affinis)
was exposed indvidually to 14.21 pg/L naphthalene.
15.03 pg/L 2-methylnaphthalene, 8.16 g/l 2,6-
dimethylnaphthalene and 9.27 pg/L. 2,3,5-trimethyl-
naphthalene in life-cvcle toxicity tests (Ottet al,
1978). Survival and reproduction were affected by
cach of the naphthalenes, but ACRs could not be
derived because the duration of the acute test was
too short (24 hours) according to WQC Guidelines
(Stephan et al., 1985), and no other concentrations
were tested chronically,

3.5.7 Derivation of the Final Acute
Chronic Ratio

The FACR for the six PAHs is 4.16. This
FACR is the geometric mean of all species mean
ACRs for Daphnia (2.41), Paratanytarsus (6.68),
Pimephales (2.61), Oncorhynchus (7.90),
Americamysis (3.59), and Cyprinodon (4.36)
(Table 3-2).
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3.6 Derivation Of FCVs

3.6.1 Derivation of the FCV ata K, of 1.0

The FCV is the value that should protect 95%
of the tested species. The FCV is the quotient of
the FAV and the FACR for the substance. The
FAV ata K, of 1.0 15 9.31 mmol/g octanol. It is an
cstimatc of the acutc LC50 or EC50 concentration
corresponding to a cumulative probability of 0.05 for
the GMAVs at a K, of 1.0. The FACR of 4.16 is
the mean ratio of acute to chronic toxicity for six
species exposed exposed both acutely and chronic-
ally to onc or more of six individual PAHs in 15
experiments. {For more information on the calcula-
tion of ACRs, FAVs, and FCVs see the U.S. EPA
National WQC Guidclines (Stephan ct al., 1985.))

The FAV at a K, of 1.0 of 9.31 umol/g
octanol is divided by the FACR of 4.16 to obtain a
FCVataK , of 1.0 of 2.24 umol/g octanol (Table
3-3). Because nonionic organic chemicals partition
similarly into octanol and lipid of organisms, the
FCV ata K, of 1.0 in pmol/g octanol approxi-
mately equals tissue-based “acceptable™
concentration of about 2.24 umol/g lipid.

3.6.2  Derivation of the PAH-Specific FCVs

The PAH-specific FCVs (ng/L) (Table 3-4,
Appendix D) are calculated from the FCV ata K,
of 1.0 (umol/g octanol), the slope of the K, -K
relationship, the universal narcotic slope of the
K, -acute toxicity relationship, and the PAH-
specific K, vatues (Equation 3-1, 3-2, and 3-3).

log, PAH-specific FCV = (slopollog, K +log, FCV
ataK , of 1.0 (3-1

log, PAH-specific FCV = -0.945log, K., +

log,(2.24) (3-2)

PAH-specific FCV (mmol/L) = 1000(antilog

(-0.945log, X, +0.3502)) (3-3)
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Table 3-4. C .o CODTENETations and properties reguired for their derivation®,
PAII FPAIL
FCV,  specific  specific
SPARC® (umolg  FCV,  FCV,  Compuren Cocrammax”
PAHP log Ky log K, octanol) (umolL) (mg/L)  (ug/goc)  (pa/goc)
indan 3.158 3.108 2.24 2322 2745 34¢ 127200
naphthalene 33356 3299 224 1.509 193.5 385 61700
Cl-maphthalenes 38 373 224 05744 8169 444 .
1-methynaphthalenc 3.837 37 2.24 0.53 75.37 446 1657
2-methyinaphthalene 3857 3792 2.24 0.5074 72.16 447 154800
scenaphthylene 3223 3.168 224 2016 306.5 452 24000
ucenuphthene 4.012 3944 224 0.3622 55.85 491 33400
1 -ethyInaphthalene 4221 415 2.24 0.2298 35.91 507 142500
2-ethylnaphthalene 4283 421 2.24 0.2008 3137 509 129900
C2-naphthalenes 43 4227 2.24 0.1935 30.24 510 -
1 4-dunettyinaphthalene 43 4227 2.24 0.1935 30.24 510 192300
1,3-dimetiylnaphthalene 4,367 4293 2.24 0.1673 26.13 513 157100
2,6-dimethy naphthalene 4,373 4299 2.24 0.1651 2379 513 33800
2 3-dimetlyInaphthalene 4,374 43 224 0.1647 2574 513 49900
1,5-dimethy Inaphthalene 4378 4304 224 0.1633 25.52 514 62400
fluorene 4208 4.137 224 0.2364 393 538 26000
C3-maph thalenes 48 4719 2.24 0.0652 111 581 -
2.3,5-trimethynephtholene 4858 4.77% 224 0.05747 9,785 584 -
1.4,5-trimethy Inaphthalene 4.872 4789 2.24 0.05575 9488 584 129300
anthracene 4.534 4457 224 0.1163 20.73 594 1300 :
phenanthrene 4571 44%4 224 0.1073 19.13 596 34300 N
Cl-fluorenes 4.72 4.64 2.24 0.0776 13.99 611 -
1-methylfluorenc 4739 4.659 2.24 0.07445 13.42 612 49700
Ci-naphthalenes 53 521 2.24 0.02197 4.048 657 .
2-methylathracene 4.99] 4.906 2.24 0.04303 8273 667 2420
1-methylarthracene 4,998 4913 224 0.04238 8.148 667 -
9-methylathracene 5.006 4921 2.24 0.04165 8.007 G668 21775
2-methylphenanthrene 5.029 4544 2.24 0.03961 7616 669 -
1-methylphenanthrene 5037 4952 224 003893 7485 670 24100
Cl-phensnthrene/anthracenes 504 4955 2.24 0.03868 7436 670 -
9-ethylflucrene 4.973 4889 224 0.04475 8.693 673 -
C2-fluorenes 52 5112 224 002731 5305 686 -
pyrene 4922 4839 224 0.05 10.11 697 9090
fluoranthe me 5084 4998 224 (.03515 7105 T07 2387
2-ethylanthracene 5357 5266 224 0.0194 4003 739 -
(2-phenanthrene/anthracenes 546 5367 224 0.01551 3199 146 -
9,10-dimethy lanthracene 5.494 5401 2.24 0.0144 24971 748 14071
3 6-dimethylphenanthrene 5515 5422 224 001376 2838 749 -
(3-fluorenes 57 5603 2.24 0.009199 1.916 769 -
Cl-pyrenc/fluoranthenes 5287 5197 224 0.0226 4887 770 -
2 3-bemotlucrene 5539 5445 224 001306 2824 787 558
3-16
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Table 3-4. Continued
PAH PAH
FCV,; specific specific
SPARCY {pmol/g FCV, FCV, Cocrireyi  Cocpaimad

PAH? log, K  log K, octanol) (umoll)  (ug/l)  (ugfgoc)  (ugfgoc
benzo(a)tluorenc 5.539 5.445 224 0.01306 2824 TET 12500
C3-phenanthrene/anthracenes 5.92 5.82 224 0.0057 1236 829 -
naphthacene 5.633 5.538 224 001064 243 838 a7
benz(g)anthracene 5.673 5577 224 0.00975% 2227 841 4153
chrysene 5713 5616 224 0.008943 2042 844 06
triphenvlene 5752 5.654 224 0.008215 1875 846 19400
C4-phenunthrenes snthrucenes 6.32 6.213 224 0.002387 0.5554 913 -
Cl-benzanthracene/ chrysenes 6.14 6.036 224 0.003531 0.8557 929 -
C3pyrene/fluoranthenes 6.284 6177 224 0.002581 06307 949 -
benzofa)pyrenc 6.107 6.003 224 0.0037% 09573 965 3840
perylene 6.135 6.031 224 0.00357 0.9008 967 431
benzofe pyrene 6.135 6.031 224 0.00357 09008 967 4300
benzo(b)fiuoranthene 6.266 6.16 224 0.002685 06774 979 2169
benzo()fluoranthene 6.291 6.184 224 0.002542 06415 981 3820
benzo{kfivoranthene 6.291 6.184 224 0.002542 0.6415 981 120
(2-be nzanthracene/ chrysemes 6.429 6.32 224 0.001883 0.4827 1008 -
9,10-dimethvlbenz(a)anthracenc 6.567 6.456 224 0.001395 0.3575 1021 124200
7.12-dimet hvibeng a)anthracene 6.575 6.464 224 0.00137 03513 1021 145300
7-metlyibenzo(a)pyrene 6.537 6.426 224 0.00148 0.3965 1058 -
benzo(ghi)perylene 6.507 6.397 224 0.001589 44391 1095 648
(3-bezanthracene/ chrysenes 6.94 6.822 224 0.0006194  0.1675 ne -
indenn(1,23-cd)pyrene 6.722 6.608 224 0.0009953 0275 1115 -
dibeme(a,h)anthracene 6.713 6.599 224 0.001015 0.2825 1123 2389
dibenz(uj)unthracene 6713 6.599 224 0.001015 0.2825 1123 47680
dibenz(a,c)anthracene 6.78 6.665 224 0.0008773 0.2442 1129 7400
Ci-herzanthracene/ chrysenes 7.36 7.235 224 0.0002483 007062 124 -
C1-dibernz{a.h)anthracenes 7.113 6.992 224 0.0004251 0.1243 1221 -
COTOnCNe 6.885 6.768 224 0.0006981 0.2097 1230 81
C2-dibereia.hianthracenes 7.513 7.386 224 0.000178  0.05454 1325 -
C3-diber(a h)anthracencs 7913 7779 224 0.0000746  0.02389 1435 -

A Four significant figures are used even when fewer are appropriate for the pataneter to limit the effects of rounding
error when calculating ZESBTU, ., which has two significant fignres

P See Appendix E for solubilities.

CFor C#-PAHs, reported log K . values are the avemge log, K values of all structures.

P C o passinam 15 based on solubility; if Coppunrev 18 » Cocpamiptans Cooraninie May be used to calculate ESB toxic

units (sce Scction 6).

CONFIDENTIAL

3-17

BP-HZN-2179MDL09228051

TREX-013340.000061



Section 4

Derivation of PAH ESBFCVS

4.1 Derivation of Potencies for Individual
PAHSs in Sediments (Coc pam rev)

The critical concentration of a PAH in scdiment
(Cocpamrov) that is related to the FCV is denved
following the EqP method (U.S. EPA, 2003a; Di
Toro et al., 1991) because the interstitial water-
sediment partitioning of PAHs follows that of other
nonionic organic chemicals. Therefore, a sediment
effects concentration for anv measure of effect
can be derived from the product of the water-only
cffcets concentration for that cffect and the K,
for that particular PAH. The use of K . to derive
a sediment effects concentration for PAHs is
applicable because partitioning for these chemicals
1s primarily determined by the organic carbon
concentration of the sediment.

The partitioning equation between the organic
carbon-normalized sediment concentration. C
(umol/g . =pmol/kg ), and the free interstitial
water concentration, C, (mmol/L), is given by the
cquation

Coe =K. C, @-1)

where K. (Lkg,, ), defined above, can be
calculated from a K, obtained from SPARC
(Hilal et al., 1994) using the following equation
from Di Toro (1985)

log, K, =0.00028+0.983 log, K, (4-2)

Cocpanirev: for individual PAHSs are then
calculated using Equation 4-1 with the FCV as the
water concentration

CCC,PAHI,I'L“/) = lcoc F CV; (4'3)

Since K. is presumed to be independent of
sediment type for nonionic organic chemicals, so
also 18 Cocpamirov:

Table 3-4 contains the Cocpumipevi (H/800)
for 74 PAHs found in sediments, including the 34
PAHs (in bold) analvzed by the U.S. EPA in their
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EMAP program (U.S. EPA, 1996a,b; 1998).
Cocpanrow Values for PAHs not in Table 3-4 can
be calculated in a similar manner (see Section 7.2
for discussion on the PAHs to which the ESB
applies). The range in the Cocpyy 5y values for
the 74 PAHs listed in Table 3-4, which were
derived using only data for PAHs, is from 349 to
1435 pg/g .. In contrast, the range of the same
value, termed the C, . by Di Toro and McGrath
(2000), was about the same (655 to 1940 ug/g )
for the 23 PAHs commonly measured when
derived using the database for narcotic chemicals
with a PAH correction.

4.2 Derivation of the ESB, . for PAH
Mixtures

The correct derivation of the ESB for a mixture
of PAHS is based on the approximate additivity of
narcotic chemicals in water and tissue (Di Toro et
al., 2000; Section 2.8 of this document) and in
sediment (Section 5.2). Because WQC and ESBs
arc based on FCVs they are not intended to cause
toxicity in water or sediments fo most species, the
term toxic unit could be misleading. Therefore, we
refer to the quotient of the concentration of 2
specific chemical in water and its WQC FCV as
water quality criteria toxic units (WQCTU ..).
Similarly, the quotient of the sediment
concentration for a specific PAH (Cpc pyyp) and
the Coe panijcvi in sediments should be termed
cquilibrium partitioning sediment benchmark toxic
unit (ESBTU__, ). Thus, the ESB for the mixture
of PAHs is the sum of the ESBTU ., for all of
the PAHs in the particular sediment termed the
TESBTU

Fov

2 Cocym,
ZESBTU, ., = COC,PAHLFCV: (4-4)

¥
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For a particular sediment, if the ZESBTU
for “total PAHs™ is less than or equal to 1.0, the
concentration of the mixture of PAHs in the

oV

sediment 1s acceptable for the protection of
benthic organisms (see Section 7.2 for the
technical basis for defining total PAH as the
ZESBTU, ., for the 34 PAHs monitored in the

U.S. EPAEMAP). The equilibrium partitioning
sediment benchmark is given by the equation

ESB=ZESBTU, ., < 1.0 (4-5)

For a particular sediment, if the EESBTU . is >
1.0, the concentration of the mixture of PAHs in
the sediment may not acceptable for the protection
of benthic organisms

ESB=ZESBTU_.,>10 {4-6)

FCV

4.3 Agueous Solubility Constraint

A solubility constraint is applied to sediment
concentrations when computing their individual
contributions to the effect of the PAH mixture
because the C; payipcy; derived for each PAH is
solubility imited, i.c., the interstitial water
concentration of the PAH is limited by the
solubility 8. Therefore, Coe pagizoy: 15 limited by
the concentration in sediment organic carbon that
1s in equilibrium with the interstitial water at the
aqueous solubility (Equation 4-7). This is termed
the maximum Cogpapnm (Table 3-4)

Coc_mx-u,rcw SCOC,PAHLMaxi = Kocs (4‘7)

Thus, only the contribution up tothe maximum
Cooc panina 15 counted in the ZESBTU . for the
PAH mixture.

Narcosis thcory suggests that highly insoluble
PAHs should contnbute fractional toxic units and
ESBTU,, limited by the solubility constraint, to
the sum of the effects of the mixture when these
PAHs are present in mixtures. If so, then this
points out thc importance of knowing the agucous
solubility of these PAHS so that Equations 4-4 and
4-5 can be applied correctly.

The question of whether highly insoluble
chemicals that are not by themselves acutely or
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chronically toxic, ¢.g., high molecular weight
PAHS, contribute fractional toxic units to the total
toxicity when present as mixtures is discussed in
Section 5.2.8 of this document and in Spehar ¢t al.
{(In preparation). Spehar et al. (In preparation)
demonstrate that high K, PAHs do contribute to
the total toxicity of the PAH mixture.

4.4 Comparison of the ZESBTU__, for
Mixtures of PAHS in Estuarine
Sediments

Coastal and estuarine monitoring data were
compiled from eight sources to obtain a
preliminary assessment of the ZESBTU, ., values
for PAHs in the sediments of the Nation’s water
bodies (NOAA, 1991; Adams etal., 1996;
Anderson et al., 1996; Fairev et al., 1996, U.S.
EPA, 1996a,b, 1998; Hunt et al., 1998). Data
sources which were identified had measured
concentrations for the 23 PAHSs (18 parent and §
alkylated groups) (see Table 6-2) as well as the
comesponding sediment organic carbon
measurements. Sediments analvzed were from
randomly selected and specifically targeted
locations, samples of surficial grabs and vertical
profiles, and studies where the relative frequency
and intensities of sampling varied. This analysisis
presented as an aid in assessing the range of
reported PAH concentrations, and the extent to
which they may exceed 1.0 ZESBTU . The
sediments analyzed were not randomly selected
from the entire United States. Therefore, this
analysis is not intended to reflect expected
occurrence nationwide or at any specific site of
concem. Sediments where 23 PAHs were
analyzed will underestimate the ZESBTU ., if 34
PAHs had been analyzed. LESBTU, ., values
were computed by summing the ESBTU ., for
each PAH measured in the scdiment sample. For
insoluble PAHS, the Cog pag; e (Table 3-4) was
used to calculate ZESBTU

ECV

The probability distribution for the
ZESBTU,, data are shown on Figure 4-1. The
number of data points used to generate cach
distribution is provided in the lower right hand
comer of each graph. For visual effect, only non-
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Figure 4-1. Probability distribution of the BESBTU .., for PAH mixtures in sediments
from individual coastal and estuarine locations in the United States.
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P

overlapping data are shown. For comparison
purposes, a line indicating 1.0 ZESBTU,, is also
shown. Data presented are from sediments with
0.201 to 15.2% organic carbon. - With the
exception of the Louisianian and Carolinian
Province EMAP datascts, all of the datasets had
only 23 PAHs measured. The Louisianian and
Carolinian Province EMAP datasets had a total of
34 measured PAHs (18 parent and 16 alkylated
groups). The PAHs in addition to the 23 were the
C1 through C4 alklvated forms of some of the
parent PAHs. To assess the total number of PAHS,
a C1-PAH series was considered as one PAH.
Computed ZESBTU ., values are based on the
total number of PAHs measured. The distributions
across the different locations are relatively similar.
With the exception of the Southem Californian data,
all of the datasets had ZESBTU, ., values greater
than 1.0 at the 95% percentile. Although the
ZESBTU,, from the Lousianian and Carolinian
Province EMAP data are computed from 34 PAHs,
these sediments do not contain greater ZESBTU

values than sediments from the other studies which
measwed only 23 PAHs.

A single probability distribution using all of the
data is shown in Figure 4-2. The total number of
sediments 15 1979. ZESBTU_ ., values computed
from 23 PAHs are denoted by open circles, and for
the 34 PAHs, by open squares. The median
ZESBTU,, was about 0.06. Approximately 6% of
the samples (109 sediments) had YESBTU,,

values greater than 1.0.

Although the EqP-based ESBs for nonionic
organic chemicals are not intended for use with
largely sandy sediments having <0.2% TOC, the
EMAP Lousianian and Carolinian Provinces (34
PAHs) and the Elliot Bay (31 PAHs) monitoring
databases were examined to determine the
frequency of ESB exceedences. A total of 115 of
the 654 sediments in these databases had <0.2%
TOC. Only two of these sediments (1.7 percent)
exceeded the ESB of >1.0 ZESBTU, ..
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Figure 4-2. Probability distribution of the ZESBT'U_ . for PAH mixtures in sediments from all of the
voastal and estuarine locations in the United States from Figure 4-1.
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Section 5

Actual and Predicted Toxicity
of PAH Mixtures in Sediment

Exposures

5.1 Introduction

The Co papipey for individual PAHs and ESBs
for their mixtures were derived using water-only
toxicity data (Appendix C) and both equilibrium
partitioning (U.S. EPA, 2003a; Di Toro et al., 1991)
and narcosis theory (D1 Toro et al., 2000, D1 Toro
and McGrath, 2000). This section examines data
from toxicity tests with spiked and field sediments
contaminated with individual PAHs and their
mixtures to demonstrate the strength of the technical
approach used to derive ESBs and the applicability
of ESBs to sediments from the field.

5.2 Spiked Sediment Toxicity Tests

$.2.1 Intersiitial Water Concentrations and
Sediment Toxicity: Relevance to Water-
Only Toxicity Tests and WQC FCVs

The key hypothesis in the derivation of ESBs
from EqP and narcosis theory is that effects
concentrations from water-only aquatic toxicity
tests data using benthic species are similar to
cffccts concentrations in sediment toxicity tosts
based on interstitial water concentrations or
sediment concentrations predicted to be toxic
using EqP. This hypothesis has been tested in two
ways: 1) by comparing LCS0 values determined in
water-only experiments to interstitial water LCS0
values determined in spiked-sediment exposures,
and 2) by comparing organic carbon-normalized
sediment LC50 values observed in spiked-
sediment exposures with those predicted from
water-only LC50 values multiplied by the K,
using the equilibrium partitioning model (Di Toro
et al, 1991).

CONFIDENTIAL

The interstitial water and water-only LC50
values for 28 experiments with a variety of PAHs
and several freshwater and marine species are
listed in Appendix F (Swartz et al., 1990; Swartz,
1991a; DeWitt et al., 1992; Suedel et al, 1993;
Driscoll et al., 1997a,b, 1998). The mean ratio of
the water-only LC50 to interstitial water LC50
from 20 experiments with definitive LU50 values
was 1.60,indicating agreement generally within
less than a factor of two. Interstitial water 1.C50
values almost always slightly exceeded water-only
L.C50 values. Three factors mayv contribute to that
result: 1) some test species, especially epibenthic
or tube-dwelling organisms, frequently encounter
unspiked, overlying water and, thus, are not
exclusively exposed to interstitial water:

2) interstitial water near the sediment surface may
be slowly diluted by overlying water because of
bioturbation and other transport processes; and
3)chemical analvses of interstitial water may
include a portion of the non-bioavailable PAH
fraction that is bound to dissolved organic matter.
Despite these hmitations, the interstitial water and
water-only LC50 values are remarkably close,
especially for sensitive, free-burrowing, infaunal
species like R. abronius. These data support the
evaluation of the risks of sediment-associated
chemicals by comparisons between dissolved
concentrations in interstitial water and water
concentrations of concern from water-only
toxicity tests.

A morc comprchonsive cvaluation of the
degree to which the response of benthic organisms
can be predicted from contaminant concentrations
in interstitial water can be made utilizing
organism responses in each treatment from
toxicity tests with sediments spiked with various
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chemicals, including acenaphthene (Swartz,
1991a), phenanthrene (Swartz, 1991a),
fluoranthene (Swartz et al., 1990; DeWitt et al.,
1992), endrin (Nebeker et al., 1989, Schuytema et
al,, 1989), dieldrin (Hoke, 1992), DDT (Nebeker
ctal., 1989; Schuytema ct al., 1989) or kepone
(Adams et al., 1985) (Figure 5-1). Interstitial
Water Toxic Units (IWTU) are calculated by
dividing the concentration of a chemical in the
interstitial water (ug/L) of a treatment by the
watcr-only LC50 (ug/L). Theorctically, 50%
mortality should occur at 1.0 IWTU. Mortality
should be <50% at interstitial water
concentrations < 1.0 IWTU, and > 50% at
concentrations > 1.0 IWTU. Figure 5-1 presents
the percent mortality in individual treatments for
each chemical versus the IWTUs. Mortality was
generally low at concentrations <1.0 IWTU, and
increased sharply at > 1.0 IWTU as would be
cxpected if intorstitial water concentrations
account for the bioavailability of nonionic organic
chemicals across sediments and water-only LC50
values are surrogates for interstitial water LCS0
values.

5.2.2 Sediment Toxicity: Prediction Using
Water-Only Toxicity and K,

The equilibrium partitioning model predicts
the organic carbon-normalized sediment PAH
concen-tration (PAH,_ ) as the product of the PAH-
specific partition coefficient between organic
carbon and water (K__) and the water-only effect
concentration for the PAH in water (example, 10-
day LC50 or FCV)Y(Di Toro ct al., 1991).

Predicted LC50 (Ug/g,, )=water-only LCS0 (ug/L)x K, (L'kg,.)
(5-1)

Equation 5-1 was used with the water-only LC50
values in table 5-1 and the K s in table 3-4 to
predict the sediment LC50s (ug/g,,) for 22
combinations of a varicty of PAHs and test
species (Table 5-1). Corresponding LC50 values
were also determined for each combination in
standard sediment toxicity tests. The mean ratio
of observed/predicted LC30 values was 2.07,
indicating that Equation 5-1 predicts PAH LC50
values ug/g, . in sediment with an accuracy within

52
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a factor of two (Table 5-1). This result is
essentially equal to the ratio of the interstitial
water and water-only LC50 values and may be the
result of the same factors listed previously.

As in the case of IWTU, predicted sediment
toxic units (PSTU) can be estimated by dividing
the measured PAH concentration in sediments
from individual treatments of spiked-sediment
toxicity tesis (ug/g,.) by the predicted LC50
(ugf/go)- This standardization allows a compre-
hensive analysis of the efficacy of the EqP
prediction of a sediment ¢ffect concentration from
the product of the K. and watcr-only cffccts data
for that chemical and duration of exposure.
Figure 5-2 combines PSTU-response data for
diverse chemicals including acenaphthene
{Swartz, 1991a), phenanthrene (Swartz, 1991a),
fluoranthene (Swartz et al., 1990; DeWitt et al.,
1992), endrin (Nebeker et al., 1989; Schuytema et
al., 1989), dieldrin (Ioke, 1992) or kepone
{Adams et al., 1985) (Figure 5-2). As with the
IWTU plot, 50% mortality should occur at about
1.0 PSTU. Figure 5-2 shows that mortality was
generally low at PSTU < 1, increased rapidly at
PSTU = |, and was high for most samples with
PSTU > L.

These analvses support the concept that
water-only LC50 values and K, s can be used to
predict the sediment concentrations on an organic
carbon basis that are toxic to benthic organisms.
It seems probable that this EqP prediction of
sediment effect concentrations from water-only
effect data is applicable to other measures of
aquatic toxicity, including WQC final chronic
values. Therefore, an FCV for a specific PAH
multiplied by its K, value should be applicable to
the derivation of a value analogous to the FCV,
but based on a sediment concentration. This
concentration is the ESB.

5.2.3 Toxicity of Individual PAHs

Spiked-sediment toxicity tests have provided
an important tool for investigating the effects of
sediment-associated PAIls and the applicability of
the EqP approach for the derivation of sediment
benchmark concentrations. The toxicity test
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Figure 5-1. Percent mortality versus predicted interstitial water toxic units for seven chemicals and
three sediments per chemical (each sediment represented by unique symbol).

method involves: 1) addition and thorough mixing
of the PAH into a reference sediment that contains
little or no background contamination and is not
toxic, by itself, to the test species; 2) storage of
the spiked scdiment for up to 28d to allow the
PAH to reach an equilibrium of the partitioning of
the PAH between interstitial water and dissolved
and particulate sedimentary materials; 3) conduct
of a sediment toxicity test following standard U.S.
EPA (1994) or ASTM (1993) procedures; and 4)
analytical measurements, typically of the
sediment/interstitial water concentration of the
PAH, organic carbon, and other sediment
variablcs. The method viclds a datasct on the
relation between the measured PAH concentration
and the toxicity responsc, from which a LC50,
TWTU, PSTU, and other statistical parameters can
be calculated.

Sediment contaminant concentrations of
noniomc organic chemicals arc typically
normalized to either the dry weight or organic
carbon content of the sediment. To facilitate
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comparisons among the four PAHs from spiked
sediment toxicity tests with R. abronius, PAH
concentrations in sediments from each treatment
in ¢ach spiked sediment toxicity test are
normalized in this section to the PAH-specific
Cycpamirev: (see Table 3-4). This ratio is termed
the ESBTU,,..,.. which is the ratio of the measured
PAH concentration in sediments from the toxicity
tests (ng/g, ) 10 the Cocparirev cOncentration (ug/
£oo) for that PAH, i.e, the fraction of ESBTU,.,
represented by the observed PAH concentration in
sediment. The Cqcpaypov; Normalization does not
alter the original variability in concentration-
response but allows comparison of PAH cffects
among species, compounds, and response criteria,
For example, the Cocpayrey-normalized raw data
for effects of individual PAHs on the amphipod.
R abronius, indicates similar patterns of
concentration-response for acenaphthene,
phenanthrene, fluoranthene, and pyrene (Figure 5-
3). The individual LC50 values for the four PAHs
ranged from 3.3 to 4.5 ESBTU__,, (mean = 3.8)

FCwvi
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Table 5-1. Water-only and spiked-sediment LC50 values used to test the applicability of narcosis
and equilibrium partitioning theories to the derivation of ESBs for PAHs. See
Appendix F for water-only and interstitial water LC50s (ug/L).

Ratio: . . R

Tnterstitial Water Organic Carbon-Normalized LC50 (pg/goc)
Chemical LC50/Water-only LC30 Ratio
Test Species Method* LC30 Observed  Predicted®  Obs/Pred Refererme
Freshwater
Fluorarthene
Diporeiasp. FTM10 - - - - Driseoll et al, 1997u.b
Hyalella azteca FTM10 > (.58 - - - Driscollct al, 1997a b
Hyalella ageca SMI0 1.02¢ 500 4490 0.11¢ Suedeletal, 1993
Hyalelln azteca S5.M/10 52T 1480 4490 033  Suedeletal, 1993
Hvalelly azeca SM/10 217 1250 4490 0.28° Suedelet al, 1993
Chironomus lent s SM/10 2.86° 1587 3190 0.507 Suedel et al., 1993
Chironomus leve ans SM/10 7.87¢ 1740 3190 0.55¢ Suedel et al., 1993
Chironomus lentans 5,M10 237 682 3190 0.21°  Suadeletal, 1993

T
Accraphthene
Eohaustorius estuarius FTM10 2.14 4330 2152 201 Swartz, 1991a
Eohaustorius estuarius FIM10 1.63 1920 2152 089 Swartz, 1991a
Eolwasstorius estuarius FT M/10 1.45 1630 2152 0.76 Swarz, 1991a
Leplochemrus plunedosus  FTMI0 >2.54 >23,500 /00 >602 Swarz, 199]a
Leptocheirus plumudosus — FTM10 208 T730 3900 198 Swarle, 1991a
Leptocheirus plumidosus  FTM10 2.2 11200 3500 2.87 Swartz, 1991a
Fluoranthens
Leprocheirus plunulusus 10 . >21,200 3500 >5.44  Driscoll etal, 1998
Phenart wene
Eohaustorius estuarius FIMI0 1.05 4050 3778 107 Swartz, [991a
Kohaustorius estuarius FIM10 1.06 3920 3778 104 Swarz, 1991a
Eohaustorius estuarius FIM10 1.1 IR0 3778 101 Swartz, 1991a
Leptocheirus plunadosus  FT M0 2m 8200 5335 1.54 Swarnz, 1991a
Leplocheirus plunmilosus  FIT M10 1.65 6490 5335 1.22 Swartz, 1991a
Leprocheirus plundosus  FTM10 1.95 8200 5335 154 Swartz, 1991a
2.6-dimethy naphthlene
Rhepoxynius abronius SM/10 - 8120 - - Ozretichet al, 2000a
2.3,5-tnethy naphthlene
Rhepoxymius abronius S.M/10 - 3190 - - Ogzretichet al, 2000a
l-methylfluorene
Khepoxynius abronius S,M/10 . 1950 - - Ozretichet al, 2000a
Z-methylphenanthrenc
Rhepoxymius abronius SM/10 . 2270 - - Quretichet al, 2000a
S-methylantlraceaie
Rhepoynius abronius SM10 - 6810 - - Ozretich et al, 2000a
Acenaphihene
Rhepoxyrius abronius SM/10 = 2110 - - Swartz o al., 1997
Rhepoxynius abronius 5,M/10 = 2310 - - Swartz et al., 1997
5-4
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Table 5-1. Continued
Ratio:
Interstitial Water Organic Carbon-Normatized LC50 (pg/gac)
LC50/Water-only LC350 Ratio
Test Species Method* LC50 Observed Predicted®  Obs/Pred Reference
TPhenanthrene
Rhwpoxywius abronius SM/10 - 3080 - - Swartz et al, 1997
Rhepoxymius abrorius SM10 - 2220 - - Swartz et al., 1997
Pyrene
Rhepoxyrius abronius SM10 - 1610 - - Opretich et al, 2000a
Rhepoxyrius abronius SM10 - 1220 - - Swartz et al, 1997
Rhepoxyrius abronius SM10 - 2810 - - Swarlz o al, 1997
Fuoranthere
Rhepoxyrius abromius SMI10 - 2320 1390 1.66 Swarlz e al, 1997
Rhepoxyrivus abrorius SM10 - 3310 1390 238 Swartz et ol., 1997
Rhepoxyriis abronius SM/10 1.63 1850 1390 1.36 Swartz et al , 1990
Rhepoxyvius abroriws SM/I10 2.12 2100 1390 1.51 Swantz et al., 1990
Rhepoxymius abrovius SM/10 1.74 2230 1390 1.6 Swartz ¢l al., 1990
Rhepoxyrius abronius SM/10 > 22660 >4360 1390 404 DeWitt et al, 1992
Rhepoxymius abrorius SM10 1.01 4410 1390 3.17 DeWiit et al, 1992
Rhepoxvvius abronius SM10 19 3080 1390 222 DeWitetal, 1992
Rhepoxyrius abronius SM/10 1.38 3150 1390 226 DeWitt et al, 1992
Rhepoxyrius abrornius SM10 0.67 2790 13 2.01 DeWitt et al, 1992
Mean LC50 rutio = 1.6 Meun LC50 wtio = 2.07 N

A Test conditions for water-only toxicity tests: S = static, FT = flow-through, M = measured, 10 = 10-d duration.

® Predicted LC50 (wg/g,,.) = water-only LC50 (vg/Ly K (L/kg,) 1 kg, /1000g,,..

< Sediments spiked with fluoranthene by Suedel ¢t al. (1993) were not af equilibnum. therefore, are not included
in the mean.

D Source of organic carbon was fresh plant material, not naturally aged organic matter, therefore, value was not
included in the mean.

£ }0-day LCS0 vatue from R. Swartz. Environmental Consultant (personal communication).
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indicating that sediment concentrations would
have to exceed the C . ... o, Y about a factor of
four to cause 50% mortality in this amphipod
during a 10-day exposure. The presence of
mortality only at PAH concentrations in excess of
the C would be expected.

OCPAHLFCVI

5.2.4 Comparison of Sediment Toxicity

10 Coc pay, rev,

The degree to which ESBs derived from
narcosis and EqP theory and FCVs derived from
water-only toxicity databases are appropriately
protective of benthic organisms can be
independently tested using data from spiked-
sediment toxicity tests, The individual PAH
concentrations in sediment (C_,_) affecting benthic
organisms in toxicity tests were divided by the
Cocpamipcoy W determine the ESBTU .. If most
benthic organisms are sensitive at the ESBTU
greater than 1.0 then the ESB for the PAH nmuxture
may be appropriately protective of benthic
organisms (sce Section 4.2).

A review of the literature on spiked-sediment
toxicity tests vielded 54 estimates of LC30, EC50
or EC235 (concentration affecting 25% of the test
organisms) values for four individual PAHs
(acenaphthene, phenanthrene, fluoranthene,
pyrene; Appendix F). The duration of most of the
tests was 10 days, but a fow were longer-term
tests that measured sublethal effects on
reproduction or emergence (sediment avoidance).
Over all the data, there was a substantial range
(500 to 147.000 ug/g_.) in the estimates of the
median response concentrations, For example, the
relative sensitivity of marine amphipods in this
dataset was Rhepoxynius abronius > Eohaustorius
estuarius > Leptocheirus plumulosus. This range
in median response concentrations reflects
differences in specics sensitivity, PAH
bioavailability and probably, most importantly,
specific experimental conditions,

The data from some of the toxicity tests with
individual PAHs spiked into sediments needed to
be modified or not included in further analyses.

CONFIDENTIAL

Some tests with Diporeia sp., Lumbriculus
variegatus, Limnodrilus hoffineisteri and Hyalella
azteca were condiicted at concentra-tions in the
sediment that could not have been at equilibrium
with the concentration of the PAH at solubility in
interstitial water (Kukkonen and Landrum, 1994,
Landrum et al., 1994; Lotufo and Fleeger, 1996;
Driscoll et al., 1997a,b). The reported median
effect concentration is in parenthesis and
maximum sediment concentration at water
solubility (given in Tablc 3-4) for cach PAH is
indicated in bold in Appendix D. To facilitate
comparisons of species sensitivity and to account
for bioavailability, median response concen-
trations were divided by the Ci. 1 oy values to
obtain the test-specific ESBTU ., values. Then
PAH-specific SMAVs and GMAVS across PAHSs
were calculated only for 10-day lethality tests.
The maximum solubility-limited sediment
concentration was used to calculate the test-
specific ESBTU,,.,, and PAH-specific SMAVs and
GMAVs only if there insufficient no data from
tests that lacked this solubility constraint. Some
tests were conducted with newly spiked
sediments where time was likely insufficient to
permit cquilibrium to be achicved between the
interstitial water and organic carbon and other
sediment partitioning phases (Suedel et al., 1993).
Data from these tests were not used because the
median effect concentration in sediments would
be lower than that expected if sediments and
mnterstitial water were at equilibrium.

For the seven species tested acceptably
against one or more PAH, the 43 test-specific
ESBTU, ., ranged from 1.47 to 57.8, a factor of
39.3, with no values below 1.0 ESBTU,., (Figure
5-4; Appendix D). Within cach individual
species, the range of test-specific ESBTU, .,
across multiple tests with one or more PAH, based
on 10-day LC50 values, was within only a factor
of 1.5 10 4.1 (mean 3.0). For the three saltwater
amphipods tested against multiple PAHS the range
of PAH-specific SMAVs was within a factor of
1.4 to 2.0 (mean 1.7). These observations indicate
that the species tested differed in their sensitivities
to PAHs, but that within a species there was a
similarity of response across tests with the same
or multiple PAHs. The range and frequency
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Figure 5-4. Percentage rank, based on ESBTU,, , of the sensitivities of genera of benthic organisms

from spiked sediment toxicity tests.

distribution of contaminant sensitivity among
aquatic species is comparable to that of benthic
species in water-only tests (see Section 3.4),

This analysis of data from spiked-sediment
toxicity tests with individual PAHs supports the
conclusion that the C . oy derived from water-
only toxicity tests, narcosis theory and national
WQC are appropriately protective of benthic
organisms. These comparisons befween
sediments spiked with individual PAHs and their
respective Copay; roy; have value in suggesting the
validity of the EqP and nascosis approaches.
However, PAHs accur in nature not as individual
compounds, but as mixtures.

5.2.5 PAH Mixtures

Sediments spiked with PAH mixtures have
been used to resolve two issues that are relevant to
the validaticn of the ESB for PAHs (Swartz ct al |
1997; Landrum et al., 1991; Boese et al., 1999;
Burgess et al., 2000b; Spehar et al., In
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preparation). The first concems the toxicological
additivity of the effects of the individual
componcnts of the mixture. If cffects arc additive,
relatively simple models can be used to predict the
effects of mixtures. The second issue concemns
the low solubility of PAHs with high octanol-
water partitioning coefficients (i.e., PAHs with
K, >5.5). The predicted LC50 of many high
K, compounds exceeds their solubility limit.
Accordingly, experimental attempts to establish
the LC50 for individual high K, PAHs spiked
into sediment have observed little or no acute or
chronic toxicity. High K. PAH mixtures have
been recenty tested to see if individual high K,
PAHs contribute fractional toxic units that arc
additive with cffects of other PAHs (Spehar ctal.,
In preparation).

5.2.6 Additivity of PAH Mixtures

There is a wealth of aquatic toxicological data
that supports the additivity of PAHs and other
narcotic chemicals in water (Konemann, 1980;
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Hermens et al., 1984; Broderius and Kahl, 1985;
Fig. 2-11). The additivity of sediment-associated
contaminants is less well documented, although
several publications indicate that PAHs in
sediment are either additive or slightly less than
additive (Swartz et al., 1995, 1997; Landrum ¢t
al, 1991, 1994), Landrum et al. (1991) found that
the effects of a mixture of 11 sediment-associated
PAHs on the freshwater amphipod, Diporeia sp.
were “approximately additive with no overt
evidence of synergism or antagonism.” Landrum
et al. (1991) also noted that additivity is further
supported by the fact that LD30 values, expressed
as PAH molar concentration in amphipod tissue,
were the same for a single compound (pyrene) and
the mixture of 11 compounds.

The results from some of the above 10-day
studies were analvzed by dividing the
concentrations of cach of the PAHSs in the
sediments by the Ceopappey; and summing the
quotients to derive the ZESBTU_,, for the
mixture (Table 5-2). No acute toxicity was
observed with Diporeia exposed to a ZESBTU .,
for all PAHs up to 3.08 (Landrum et al., 1991),
but none would be expected given the 10-day
LC50 value of >34.0 ZESBTU ., for this species
(Table 5-2). Toxicity to R. abrenius was absent in
several tests with mixtures of PAHs in treatments
from 1.42 to 27.8 ZESBTU, ., and occurred in
treatments with 5.80 and 10.3 ZESBTU
(Swartz et al., 1997; Boese etal., 1999). ForR
abronius, the GMAV from 10-day spiked
sediment tests with individual PAHs was 3.67
ZESBTU, ., (Table 5-2). This suggests a less than
additive toxicity of the PAH mixtures tested. The
amphipod 4. abdita was exposed to a total of 2.38
and 6.05 ZESBTU, ., by Burgess ct al. (2000b).
Toxicity was absent from both treatments, and
none probably should have been expected given
the 4-day LCS50 at 13.8 ZESBTU ., (Table 5-2).

Additivity of mixtures of 13 PAHs was
assumed in the development of the ZPAH model
that was used to accurately classify PAH-
contaminated, ficld-collected sediment as toxic or
not toxic (Swartz et al., 1995). Swartz et al.
(1997) concluded that sediment spiked with a
mixture of acenaphthene, phenanthrene,

CONFIDENTIAL

fluoranthene and pyrene caused effects on R.
abronius that were slightly less than additive.

Di Toro and McGrath (2000) reanalyzed these
data and concluded that the mixture was additive
{also see Section 5.2.7). Even if PAH interactions
arc slightly less than additive, the potential error
introduced by the assumption of additivity in the
derivation of an ESB for PAH mixtures would be
relatively small and would be environmentally
protective (i.e., the toxicity of mixtures would be
slightly over-cstimated).

5.2.7 PAH Additivity Demonstrated Using
the Universal Narcosis Slope

The additivity of mixtures of PAHSs spiked
into sediments was tested using narcosis theory to
calculate PAH-specific 10-day LC50 values in
sediments for R. abronius. The experimental data
from Swartz ct al., (1997) was rccxamincd using
predicted PAH-specific 10-day sediment LC50
values for R. abronius. The narcosis methodology
was used to test additivity, rather than the actual
sediment LC50 values as was presented above and
by Swartz et al., (1997). This is because the
predicted sediment LC50 values were derived
using data from many tests with a variety of
PAHSs. Also, because sediment LC50 values could
be predicted for the 31 or 34 PAHs analyzed from
field sediments used in 10-day toxicity tests with
data from toxicity tests with R abromius to test
narcosis and EqP predictions (See Section 5.3.1).

Interstitial water concentrations were used in
place of water-only LCS0 values in this process
because water-only toxicity data were not
available. This is justified because interstitial
water and water-only LC350 values have been
shown to be nearly the same (see Section 5.2.1),
The 10-day interstitial water LC50 values were
for eight PAHs (fluoranthene, naphthalene,
pyrene, 1-methylfluorene, 2-methylphenanthrene,
9-methvlanthracene, 2,6-dimethylnaphthlene, and
2,3,5-trimethylnaphthlene) tested in separate
experiments. The interstitial water LC50 values
for fluoranthene were from scven scparate
experiments (mean LC50 = 19.5 pg/L) (Swartz et
al., 1990; DeWitt et al., 1992), whereas the LC50
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fluor-fluorene; 2

| Table 5-2. Percent mortality of benthic invertebrates in relation to the ZESBTU__, values of
mixtures of polycyclic aromatic hydrocarbomns spiked into sediment.
ZESBTUrv ZESBTUrev
PAH Kow PAH K& ZESBTUgy Percent
Specigs?® <5.5 >55 All PAHs  Mortality PAH Mixture® Reference
Diporeia sp. 0.01 0.02 0.03 3 fluor, phen, anthr, flu, pyr, chry, Landrumetal., 1991
b )lu; bie)pyr, ba)pyr. pery,
bighi)pery
Diporeia sp. 0.21 036 0.57 10 floor, phen, anthr, flu, pyr, chry. Landmmeral., 1991
bib)fiu, bie)pyr. halpyr. pery,
bighi)pory
Diporeia sp. 0.49 0.6 1.1 i} fluor, phen, anthr. flu, pyr, chry, Landrumetal., 1991
b(b)flu, bie)pyr, ba)pyr, pery,
bghi)psry
Diporeia sp. 1.37 1.71 3.08 {2 fluor, phen, anthr, fln, pyr, chry. Tandmmetal., 1991
b(b)flu. bie)pyr, ba)pyr. pery,
b(ghi)pery
R. abronius 10.32 0 10.3 100 ace; phen; flu; pyr Swartz et al., 1997
R. abronius 5.8 0 58 38 ace; phen; fu; pyr Swartz et al., 1997
R. abronius 5.12 0 5.12 8 ace; phen; fh; pyr Swartz @ al., 1997
R. abronius 3.25 0 325 11 ace; pher flo; pyr Swartz e al., 1997
R. abronius 2.5 0 25 4 ace: phen; flu; pyr Swartz et al., 1997
R. abronius 1.8 0 18 2 ace; phen; flu; pyr Swartz et al., 1997
R. abrovius 1.42 0 1.42 3 ace; phen;, flu; pyr Swartz et al., 1997
R. abronius 2.7 0 2.77 5 anthr, flu Bocse et al., 1999
R. abronius 4.91 5.02 993 3 b(a)anthy, flu Boese et al., 1999
R. abronius 5.88 0 5.88 5 2-methylanthr, flu Boese et al., 1999
R. abronius 371 0 s 2 9.10-dimethylanth; flu Boescet al., 1999
R. abronius 27 223 494 3 bl fu Boese et al.. 1999
R. abrovius 2.06 0.79 234 2 chr, flu Boese et al., 1999
R. abronius 0,63 1.57 22 1 3 G-dmethylphen; fu Boese et al., 1999
R. abronius 191 2589 27.8 4 anthg, b(ajanthr; 2-methylanthr, Boese et al., 1999
bb)flu; chr; 3,6-dimethylphen
R abronis 0.58 803 861 5 anthr, b(a)anthr; 2-methylanthr, Boese et al., 1999
b(b)flu; chr; 3,6-dimethyiphen
R. abronius 1.55 8.03 9.58 9 anthr; b(ajanthr; 2-methylanthr, Boese et al., 1999
bb)u; chry; 3,6-dimethylphen: (u
R. abronius 0.9 34 43 0 anthr, b(a)anthr, 2-methylanthr, Boese et al., 1999
bb)}lu; chry; 3,6-dimethylphen; flu
A. abdit 5.41 064 605 7 9.10-dimethvlanthr: chry Burgess ctal., 2000b
A. abdila 0 2.58 2.58 7 b@)pvr; cor Burgess etal., 2000b
A. abdita 5.41 322 8.63 10 9,10-dimethylanthr; chry; b(a)pyr, cor Burgess etal., 2000b
A. bakia 5.41 0.64 6.05 3 9,10-dimethylanthr; chry Burgess etal., 2000b
A. bahia 0 258 2.58 7 b(a)pyr, cor Burgess etal., 2000b
A. bahia 5.41 322 863 7 9.10-dimethylanthr; chry; b(a)pyr; cor Burgess etal | 2000b

ATest Species: amphipods: Diporeia sp., Rhepoxvitius abronius. Ampelisca abdita; mysids: dmericamysis bahia
BPAH Code: ace - acenaphthene; anthr - anthracene; b(a)anthe - benz(ayanthracene; blaypry - benzo(ajpyrene;
b{ghipery - benzo(ghiperylene; bib)flu - benm{h)ﬁmmnﬁmne chry -chrysene. cor - coroneng; 9, 10-
dimethylanth - 9.10-dimethylanthwacene; 3,6-dimethyiphen -3 Gdimethylphenanthrene; fla - ﬁuommhene
2-miethylanthr - 2-methy lanthracenc; pery - perylenc; phen - phenanthrenc; pyr- pyrene.
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log, PAH-specific LCSOy 4, = -0.945 log, K, +
log,(15.8 pmol/g octanol) (5-2)

The PAH-specific LC50;, ... 1s used to calculate
the PAH-specific sediment LC50 (ug/,,.) for R
abronius (equation 5-3),

PAH-specific sediment LC50, 4., = K. X PAH=specific
LC50 & atvomies -3

values for the remaining seven PAHs are from
single experiments (Ozretich et al., 1997) (Table
5-1). The individual LC50 values, and mean
value for fluoranthene, were normalized to a K,
of 1.0 using the universal narcosis slope (Equation
2-29). The geometric mean of these LC50 values
ata K of 1.0is the critical body burden of 15.8
umol/g octanol (octanol serves as a surrogate for
lipid). The critical body burden is used to
calculate the PAH-specific 10-day LC50 values
(ug/L) for R abronius (Equation 5-2)." This
equation is analogous to Equation 3.2 which is
used to calculate the PAH-specific WQC.

The mortality of R abronius in the standard
10-day sediment tests where the sediments were
spiked individually (acenaphthene, fluoranthene,
phenanthrene or pyvrene (open symbols)), ora
mixture of these four PAHSs (solid circles), is
compared to the predicted sediment toxic units
(PSTU) to test the utility of this approach to
normalize the toxicity of individual PAHs and,
most importantly, to test the additivity of the PAH
mixture experiment of Swartz ¢t al. (1997) (Figure
5-5A). PSTUs are the quotients of the
concentration of each PAHs measured in the
individual spiked sediment treatments divided by
the predicted PAH-specific 10-day sediment LC50
values for R abronius. For the mixture, PSTUs
were summed to obtain the total toxic unit
contribution (in Section 5.3.1, sediments from the
field are similarly analyzed; Figure 5-3B). The
percent mortality-PSTU relationship is similar for
the individual PAHSs and the mixture. Apparent
LC50 values are approximately within a factor of
two of 1.0 PSTU. This analysis based on the
universal narcosis slope and a similar analysis for
narcotic chemicals in water-only experiments
(Section 2.10), suggests that the assnmption of
near additivity of mixtures of PAHs is a
reasonable approximation.
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5.2.8 Addinivity of Mixtures of High K ,,
PAHs

The solubility of PAHs in water generally
decrcascs with incrcasing K, whilc the water
column toxicity of PAH increases with increasing
K. Although the solubility of individual PAHs
are a function of their structure and polarity rather
than just K, the general relationship between
solubility and K, is such that solubility
decreases with increasing K slightly faster than
toxicity increases. The net result of this
relationship is that PAHs with high K | (roughly
log, K, of 3.5 and higher) have solubilities
below their predicted LC50. This has led to the
conventional wisdom that high K PAHs are not
toxic (at least on an acute basis) because they are
insufficiently soluble to cause toxicity. For
example, high K, PAHs are generally not toxic
in water-only toxicity tests (Appendix C).

This argument is founded, however, on the
basis of single chemicals. PAHSs do not occur as
single chemicals in the environment, and available
experimental evidence indicates that their
toxicities are additive, or slightly less than
additive, when present in mixtures. This has
special significance for the higher K, PAHs;
although they may be too insoluble to cause
toxicity wndividually, they could still contribute
fractional toxic units to the overall toxicity of
PAH mixtures.

Historically, toxicity experiments with
nuixtures have been conducted by testing the
toxicity of individual chemicals to determine their
potency, then testing mixtures of these chemicals
to determine the potency of the mixture.
Comparing the toxicity of the mixture to the toxic
units contributed by each chemical allows
evaluation of the interactive toxicity of the
mixture. In the case of high K, PAHs, this
experimental approach cannot be used, because
the toxicity of the individual chemicals cannot be
measured. Usc of the narcosis model. however,
allows prediction of toxicity for the mixture
components and can be used to evaluate the
overall toxicity of the mixture.

Spehar et al. (In prepararion) conducted a
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Figure 5-5. Mortality of the amphipod, Rhepoxynius abronius, from 10-day spiked sediment tosicity tests
with four parcnt PAHSs separately (open symbols) and in combination (closcd circles) (A) and in
tests with sediments from the field (B) versus predicted sediment toxic units (PSTUs). PSTUs
are the quotients of the concentration of each PAH measured in sediments from the individoal
spiked sediment treatments, or individual sediments from the field, divided by the predicted
PAH-specific 10-day sediment L.C50 values for R. abronius. The predicted PAH-specific 10-day
scdiment LCS0 values for R. abroniusis were caleulated using the critical body burden of 15.8
Fmol/g octanol and Equation 5-2. PSTUs were summed to obtain the total toxic unit
contribution of the mixture of PAHS in spiked or field sediments.
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series of sediment toxicity tests using a mixture of

13 PAHs with log, K ranging from 53610 6.76
(Table 5-3). Potency of each chemical was
predicted using an earlier version of the narcosis
model, and the concentration for each chemical in
the highest concentration of the mixture was
established at an estimated 0.5 TU for Hyalella
azteca (re-analysis using current models and the
H. azteca GMAV from Appendix C predicts more
than 0.5 TU for most PAHs). For some of these
chemicals, solubility would be expected to limit
their TU contribution (Table 5-3). The PAH
mixture was spiked into a clean freshwater
sediment at several concentrations, and into a
clean marine sediment at the highest concentration
only.

Several toxicity tests were conducted. A 42-
day survival, growth, and reproduction study with
H. azteca (Spehar ¢t al., In preparation) was
conducted in a flow-through system (2x daily
renewal of overlying water) using four
concentrations of the PAH mixtarc. In this study,

chemical analysis of the bulk sediment showed
that about 80% of the nominal PAH spike was
measured in the sediment at the start of the
exposure, and concentrations of PAH in the
interstitial water were generally within a factor of
2 of the concentrations predicted from K. and
solubility. After 10 days of exposure, significant
effects on the dry weight of the amphipods were
observed in the three highest concentrations of the
PAH mixture (Figure 5-6), but there were no
cffccts on survival. After 28 days of cxposure,
survival was significantly reduced in the two
highest treatments, although the growth effects
observed at day 10 were no longer present (Figure
3-7). As per the test protocol, organisms were
removed from the sediment at day 28 and held for
14 more days in clean water to assess
reproduction. No further effects on survival,
growth, or reproduction were observed between
days 28 and 42.

Toxicity of the PAH mixture was lower than
would have been predicted based on narcosis

Table 5-3. Chemicals included in the high K, PAH mixture experiment (Spehar et al.,
In preparation). .
Nomina] Estimated porewater
Molccular Ftimated  Scdimem  cOPCONtration (ug/L)
Weight Solubility®  Concentration Nominal® Limited by
Chemical Name (gmol)  logio Kow* logi Koc® (pe/l) {umoligoc)  (Sed. Conc /Koac)  Solubitity
2-Ethvimthracene 206.29 536 5.27 5962 3932 4394 4394
3,6 Dimethylphenanthrene 20629 552 542 7798 2.38 3312 3312
2.3 Benzofluorene 216.28 554 5.44 2530 42.88 3327 2530
Benzo(a)anthracene 22829 567 5.58 1228 4580 2770 1228
Triphenylene 2283 575 5.65 511 47 66 2411 5.1
2{teri-butyljanthmeene 23434 588 578 3304 5091 19,78 1978
Benzo(a) pyrene 25231 611 6.00 2.88 57 46 1438 288
Benzob)foranihene 25232 627 6.16 8.28 62.75 1096 8.28
Benzo(k)fluoranthene 25232 629 6.18 835 63 .64 10.50 8.5
9-Phenylanthrecens 25433 631 6.2 364 64.22 1630 3.64
T-Methylbenzo(a)pyrene 266.35 654 6.43 146 7337 732 1.46
7.12Dimcthylbenz{n)anthracen 256.35 658 6.46 1341 75.04 6.62 6.62
3-Mcthylcholanthrene 268.38 676 6.64 i 83.92 5.1 in
TOTALPAH 749.4 247.1 173.9
* Predicted by SPARC.
B Predicted from D1 Toro et al. (J991).
¢ Predicted by SPARC in distilled water at 25°C.
DNominal concentration predicted by K, regardless of solubility limits; highest concentration only.
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theory. However, concentrations of PAH
measured in the tissue of exposed Hyalella were
considerably lower than would be in equilibrium
with interstitial water, suggesting that the Hyalella
may have avoided the test sediment, thereby
reducing their exposure. Avoidance of toxic
sediments by Hvalella has been reported
previously (e.g., Whiteman et al., 1996), When
10-day growth and 28-day survival responses are
compared on the basis of measured tissue burden,
the thresholds for responsc fall in the same range
as is predicted by narcosis theory (Figure 5-8).
Thus, although Hyalella had lower uptake of these
PAHs, they did show a response to the high K
PAHs suggesting that these chemicals can cause
toxicity to benthic organisms. Moreover, the
relationship of measured tissue concentrations to
biological responses was consistent with that
expected from a narcotic mode of action and
additivity among PAHs in the mixture. It should
be noted that because the toxicity of the individual
mixture components was predicted rather than
measured (which would not be possible if they are

not individually toxic at solubility). we can only
conclude that these results are consistent with the
additivity, or approximate additivity, hypothesis,
but they are not, by themselves, proof of
additivity.

Because of concems that Hyalella may have
avoided exposure to PAH in the flow-through test
by spending more time in the overlying water
which was being replaced 2x daily, an additional
test was conducted using the same PAH-spiked
sediments, but conducting the test with renewal of
overlving water-only three times during the entire
10-day test. This reduced frequency of rencwal
should have increased the concentrations of PAH
in the overlying water (not measured), thereby
increasing exposure of Hyalella to the PAH
mixture. While the flow-through test showed
effects only on growth after 10 days of exposure,
results of the second test showed a concentration-
dependent response of both survival and growth
(Figure 5-9). When expressed on the basis of total
PAH molar concentration in the sediment
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Figure 5-6. Response of Hyalella azteca exposed for 10 days under flow-through conditions to sediment

spiked with a mixture of high X PAH.
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Figure 5-7. Response of Hyalella azteca exposed for 28 days uader flow-through conditions to sediment
spiked with a mixture of high X, PAH.
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Figure 5-8. Survival (after 28 days) and growth (after 10 days) of Hyalella azteca expressed on the basis
of measured PAH concentrations in tissues (lipid normalized).
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Figure 5-9. Response of Hyalella azteca exposed for 10 days (3 renewals) to sediment spiked with

a mixture of high K PAH.

(normalized to organic carbon), the threshold for
survival and growth effects were close to the
sediment concentration predicted 1o cause acute
effects based on the narcosis model. Similary,
the tissue concentration of the mixture in the
amphipods compared favorably with the critical
body burden predicted to cause cffects based on
the narcosis model.

In addition to the freshwater experiments
described above, additional experiments were
conducted using marine organisms (Spchar ct al,,
In preparation). Two marine organisms, a mysid
(Americamysis bahia) and a marine amphipod
{(Ampelisca abdita), were cxposed to a marine
sediment spiked with the highest concentration of
thc PAH mixturc. After 10 days of cxposure to
the sediment in a static system, both species
showed marked mortality, with 85% mortality of
mysids and 95% mortality of the amphipods.
Because this sediment would be predicted to
contain a large number of acute TU based on the
GMAVs for these species (41 acute TU for
mysids; 10 acute TU for A. abdita), these results
cannot be used to evaluate accuracy of the
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narcosis model rigorously; however, they provide
further support to emphasize that mixtures of high
K, PAHs can cause toxicity.

In a separate test, another species of marine
amphipod (Leptocheirus plumulosus) was exposed
for 10 days to a series of concentrations of the
PAH mixture spiked into the freshwater sediment
used in the freshwater studies (L. plumudosus is
tolerant of the lower salinity in the freshwater
sediment, while A. bahia and A. abdita are not)
(Spchar et al., In preparation). After 10 days
under static conditions, L. plumulosus showed
reduced survival in the four highest PAH
concentrations (Figure 5-10). The obscrved toxic
unit threshold for mortality was within a factor of
2 of that predicted using narcosis theory and the
GMAV:s in sediment from Appendix C for L.
plumulosus.

Taken together, the results of these
experiments with high K PAHs clearly
demonstrate that they can cause toxicity to benthic
organisms when present in mixtures. Thresholds
for toxicity in several experiments were slightly
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higher than would be predicted directly from the
narcosis model, though this may reflect
uncertainties in the GMAYV values as well as
exposure-related factors (e.g., avoidance).
Measured tissue concentrations in freshwater
amphipods from treatments where toxicity was
observed were consistent with those shown to be
toxic for lower K PAHs. Therefore,
ZESBTU__,, for mixtures must include the partial

contributions of high K, PAIT in the mixture to

ow
insurc that the ESB is not under protoctive.

5.3 Field Sediments Versus ESB,, for
PAH Mixtures

The ultimate test of validity of sediment

benchmarks is their predictive ability. That s, can

they be used to predict effects seen in field

collected samples. Unfortunately, the problem of

validation using ficld collccted samples has no
straightforward solution. It is extremely difficult
to separate actual cause and effect from simple

correlation. The primary reason is the presence of
covariation of many chemical contaminants in
field collected sediments, some of which may be
unmeasured. Therefore, it cannot be presumed
that the response observed is due to only the
chemical(s) being mvestigated.

Howevecr, if the PAH benchmark predicts an
effect at a certain ZESBTU .., for a mixture of
PAHs (e.g., 50% mortalitv of a test organism), and
the organism survives exposures significantly
above the ZESBTU_ , value, then the benchmark
may not be valid No other comparison is morc
definitive. Of course, mortality at ZESBTU,
valucs below those predicted to cause effects may
be due to other causcs, and provide no evidence
for the validity or invalidity of the prediction.
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Figure 5-10. Response of Leptocheirus plumulosus exposed for 10 days under static conditions to sediment

spiked with a mixture of high K, PAH.
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Figure 5-11, Amphipod (4dmpelisca abdita) abundance versus ZESBTU ..

5.3.1 Toxicity to R. abronius of Field
Sediments Containing PAH Mixtures
vs. ZPSTUs Derived from Narcosis
Theory

A sct of 10-day toxicity data using R abronius
exposed to sediments from locations where 13
PAHs were measured and PAHs are suspected to
be the primarv cause of toxicity has been
assembled by Swartz ct al. (1995). A similar set
of data from Elliott Bay where 32 PAHs (18
parent and 14 alkylated groups) were measured
(Ozretich et al., 2000) is also available (See Table
3-4 for the list of PAHS). As explained in Section
5.2.7, predicted PAH-specific 10-day sediment
LC50 values for R abronius were derived using
narcosis theory and 10-day LC50 values based on
interstitial water concentrations of eight PAHs for
R. abronius., The mortality of R. abronius in the
standard 10-day sediment tests in each of these
sediments from the field is compared to the sum
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of the PSTUs for that sediment (Figure 3-5B}).
PSTUs are the quotients of the concentration of
each PAHs measured in the individual field
sediments divided by the predicted PAH-specific
10-day sediment L.C50 values for . abronius.
The sum of the PSTUs for the sediments where
only 13 PAHs were analyzed were multiplied by
the uncertainty factor of 2.75 (the mean ratio of
the toxic contribution of the 34 PAHs analyzed by
the U.S. EPA EMAP program to the 13 PAHs (see
Table 6-1)). The uncertainty factor of 2.75, rather
than the 95% percent uncertainty factor, was used
to adjust for fower than 34 PAHs becausc the goal
was 10 use the best estimate of the sum of the
toxic units to compare to the observed amphipod
mortality in a specific sediment,

Consider, first, the data for which the sum of
the PSTUs of the 13 PAHSs (termed “predicted 34
PAH” in the figure as represented by the open
circles in Figure 5-3B). There is only one
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sediment where the sum of the PSTUs exceeds
two where mortality was less than 50%. The
important point here is that all, except one, of the
sediments exceeding this concentration exhibited
>50% mortality consistent with the prediction.
There could be several explanations why the
exception might occur in that one sediment. For
example, the 13 PAHs multiplied by the mean
uncertainty factor may bave under-represented the
true total PAII concentration.

For the remaining data, the total PAH
concentrations are from ficld sediments where 31
of the 34 PAHs wcre measurcd (open squarcs).
For all of these data there appears to be a
congcentration-response relationship with an
apparent LC50 approximately at the predicted
LC30 + a factor of two, and only one sedument
with less than 50% mortality had >2.0 PSTUs.
This suggests that the assumption of near
additivity of mixtures of PAHs is a reasonable
approximation for predicting the toxicity of
sediments from the field and for deriving ESBs
for PAH muxtures.

5.3.2 Organism Abundance vs. ESB,, for
PAH Mixtures

Another test of this sediment benchmark is the
observations of the abundance of sensitive
amphipods versus the total PAH concentrations in
field collected sediments. Figure 5-11 presents
the observed A. abdita abundance versus
ZESBTU,.., when 34 PAHs were measured or
estimated using the 50% uncertainty factor of 1.64
(see Table 6-1) when 23 PAHs were measured.
The data are from sediments collected as part of
the Virginian and Louisianian province EMAP
(U.S. EPA, 1996a.b) and the New York/New
Jersey Harbor REMAP (Adams ct-al., 1996)
sediment sampling programs. The vertical line is
at the ESB of 1.0 ZESBTU, . The results are
very encouraging. The absence of scdiments
having high abundances of A. abdita at slightly
above 1.0 ZESBTU,, and the decrease in
amphipod abundance as the ZESBTU, ., increases
above 1.0 is consistent with that predicted by this
ESB for PAH mixtures.

CONFIDENTIAL

It is tempting to conclude from the
coincidence of ZESBTU_, values >1.0 and the
drop in amphipod abundance, that in fact, these
data support the validity of the ESB. However, it
should be pointed out again that these data can
only be used to demonstrate that the ESB is not in
conflict with observations. They cannot be used
to validate the ESB. However, these data, and
those in Figure 5-5A and B, might have cast doubt
on the ESB if effects were predicted and none
were observed.

The validation procedure requires sediments
for which the naturc of all the bioavailable
chemicals are known and quantified. This is
usually only satisfied with laboratory spiked
sediments. This is why the experimental validity
of the narcosis mixture theory as is demonstrated
in Section 5.2 and illustrated in Figure 5-5A is so
important.
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Section 6

Implementation

6.1 Intreduction

This section on implementation defines “total
PAHS” for usc with this ESB for PAH mixturcs,
presents an example ESB calculation, provides
guidance on the interpretation of the ESB relative
to sediment toxicity tests, describes the role of
photo-activation of PAH toxicity by ultraviolet light
and the relative importance of teratogenicity and
carcinogenicity as a mode of toxic action for
PAHs, and cntically examines equilibrium of
PAHs in sediments, including the presence of soot
carbon, coal and similar materials as sediment
binding phases other than natural organic carbon.
The section cnds with an approach for calculating
PAH solubilities for temperatures or salinities at a
specific site. This information is needed to apply
this ESB and assess the risks of mixtures of

groups) measured in the U.S. EPA EMAP (U S.
EPA, 1996b, 1998) (Table 6-1). This pragmatic
definition is required because databases from
sediment monitoring programs that have measured
a greater number of PAHs are rare, methodologies
for quantification of greater than the 34 PAHSs are
not standard. and the use of fewer than 34 PAHs
may greatly underestimate the total toxicological
contribution of the PAH mixtures. We recommend
that the uncertainty factors developed in this
section for the 13 or 23 commonly quantified
PAHs NOT be used to estimate the ESB for the
34 PAHs when important decisions are to be made
based on the ESB. Howcver, uncertainty values
may be useful in specific non-ESB related
decisions. The recommendation to not use the
uncertainty factors for derivation of ESBs is
intended to prevent the under- or over-gstimation

:g:}:lr;sﬁ;asﬁoaated PAHs based on the EqP of an ESB acceptable for the protection of benthic
ey organisms and to encourage the analvsis of a
minimum of the 34 PAHs using readily available
6.2 Defining Total PAH Concentration in ;I;:Igy::: r(rxgxzfliggé)for newmonitoning
Field Collected Sediments ’
“Total PAHs™ required for deriving the ESB Itbl A xg: cted thaI ma;ly sedlr?;:g: az;cssors
for PAH mixtures is defined in this subsection as ;1;1&)_ j mn (;' f)osm(?n ;j Ag: aval 1 3e fa are
the sum of the ESBTU,_,, values for a minimum sl;?)ﬁtu?c)do:o}m(:oﬁgs) and 1£esg;npr:;; calto re
f the 34 PAHs (18 pare 16 alkyl St -
ot the s (18 parents and 16 alkylated analyze all samples for the full suite of PAHs, but
Table 6-1. Relative distribution of BESBTU, ., . to ZESBTU ., and ZESBTU, . ,, for the combined EMAP
dataset (N=488).
Percentile ZESBT Urcvror/ZESBT Urcvas ZESBTUrcvror/ZESBT Uscv.s
50 2.75 1.64
80 6.78 28
%0 845 3.37
95 11.5 414
99 16.9 6.57
6-1
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also undesirable to accept uncertainties stemming
from the incomplete PAH characterization. In this
instance, an intermediate approach may be to
analyze a subset of sediment samples for the full
suite of PAHs and use these data to develop a
site-specific correction factor. This approach
requires the assumption that this correction factor
is consistent across the site, but it seems likely that
the uncertainty with this assumption will be less
than the uncertainty involved in using the generic
correction factors from Table 6-1.

The following subscction presents the analysis
that Icd to the adoption of the 34 PAHs as total
PAH. Hereafter, mention of “total PAHs™ in this
document refers to use of a minimum of the 34
PAHs to denve the ZESBTU .

6.2.1 Introduction

PAHs are present in sediments as mixtures
rather than as singlc compounds. It has been
shown that the toxicity of sediment associated
PAHs is approximately additive, and that PAHs
with both low and high K |, values contribute to
the total toxicity (Section 5), Therefore,
assessment of the toxicological contribution from
the total PAH concentration present in sediments
would theoretically require the measurement in
every sediment of all PAHs. If the compounds
formed by the alkvlation of parent PAHs are
included. there are more than s¢veral hundred
possible structures, and quantifying all of them is
impractical and costly.

As an altemative to measuring all PAHs, it
may be possible to estimate the total PAH
concentration in sediments using a subset: of the
commonly measured PAHs. This is desirable
because the number of individual PAHs measured
in field sediment monitoring programs varies and if
too few PAHs are measured, the toxicity of
sediment-associated PAHs will be underestimated.
For some historical scdiment monitoring data. only
13 PAHs identified by the U.S. EPA as
parameters of concern were measured (Table 6-
2). The National Oceanic and Atmospheric
Administration (NOAA, 1991) began to quantify
10 additional PAHs in sediments, bringing the total
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number of PAHs measured to 23. Since then, the
majority of sediment monitoring programs have
measured these 23 PAHs (Table 6-2). More
recently, the U.S. EPA EMAP has increased the
number of PAHs measured from 23 to 34 by
quantifying the C1 through C4 alkylated seres for
some patent PAHs where the C# indicates an
alkyl group substitution (Table 6-2). The C1
represents one methyl substitution at any location
on the PAH. The C2 represents either two methyl
substitutions at-any two locations or one ethyl
substitution at any one location. The C3
represents cither three methy! groups, one methyl
and one ethyl group or one propvl group
substitution. Similarly, the C4 represents any
combination of methy], ethyl. propyl and butyl
groups so that the total number of carbons added
to the parent PAH is four (Table 6-2). Although a
C# PAH series by itself represents several
diffcrent structures, for simplicity a C# PAH
series was considered as one PAH. In total, this
C# PAH alkylated series represents 16 groups of
compounds as listed in Table 6-2.

In this section, the uncertainty limits are
derived for estimating the total PAH toxicological
contribution of the 34 PAHs from the 13 or 23
commonly measured PAHs. Data are presented
using ESBTU_ ... to sum the contributions of the
individual PAHs and determine the total PAH
toxicity of the mixture as represented by the
ZESBTU,

FONT

6.2.2 Data Collection

Coastal and estuarine sediment data from the
Nation’s water bodies were compiled from nine
sources (NOAA, 1991; Adams et al., 1996;
Anderson et al., 1996, Fairey et al., 1996, U.S.
EPA, 1996a,b,1998; Ozretich et al., 2000: Hunt et
al., 1998). With the exception of the Elliott Bay
data (Ozretich et al., 2000), all of the data sources
were from state and/or govemnment funded
sediment monitoring programs. In Elliott Bay, the
PAHs were suspected to be causing the toxicity
due to their elevated levels. Data sources that
were identified had measured concentrations for at
least the 23 PAHs identified by NOAA and
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Di Toro and McGrath (2000) for data sources.

Table 6-2. PAH measured in various sediment monitoring programs. See

San  Southem  NY/NJ  Virginian  Flliott Carolinian  Louisianin
Parameter NOAA SFEl Diggo Cdlifomia REMAP* EMAP? Bay EMAP EMAP

Acenaphthene
Acensphthylene
Anthracene

Chrysene

Fluoranthene

Fluarene

naphthalene
phenanthrenc

pyrene

Benzo{ K)fluoranthene
Benzo{ p)flucranthens
Boma(8)pyrone

Benzo gyenthracens
Benzo{ e)pyrens
Benao{gh i)perviene
Dibenz(a, h)anthracene
26-dimethvinaghthalane
Indeno(1,2,3-cdpyrene
1-methylnaphthalene
Z-methylnaphthalene
pervene

I-methyIph cnanthrane
2.3, Srimethyiraphthdene
2-methylanthracenc
2-methyiph enaathrene
3.6-dimettryiphenanthrene
S-methvianthrecens N
9, 10-dimethylanthracene

C1-bermo{a)anthracenes /chryseres
C2-bemro(a)anthracenes /chrysenes
C3-bemzo(a)anthracenes /chrysenes
CA-berzo{a)anthracenes /chryserss
Cl-flucranthenos/pyroncs

CZ-fucranthenes'pyrenes

Cl-Hwrenes

C2-flucrenes

C3-flucrenes

Cl-napithalenes

C2-naphthalenes

C3-papithalencs

Ch-papithalencs

Cl-phenanthrencs/anthracencs
C2-phenanthrenes/anthracenes
C3-phenanthrenes/anthracenes
C4-phenanthrenes/anthracenes

A

PR M M oM K R

L A A I A A
s o XM oM oM oMM R Mo MM MR KM MM W
T A T T T B A
B I L I S I I I T s TR o B T B
L A I - A L

A I I A TR T I

»
LA L A A L L I

ERE L O R

MoM oM M om

EE I A R T I R - T

EEE A A A A A IR

Pope o K M
POop o

B I S A
EAE L O

Total Number of PAHS pi] 28 23 23 n 23 32
Number of data points 640 137 182 40 153 318 30

4 Benzo(b)fluoranthene and benzodk flouranthene were measured together.
" A specific C1-PAII was not included in the total if the C1 alkylated PAII series was measured.
For example, 1-methylnaphthalene was not included in the total if the C1.naphthalenes were m

easured.
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corresponding sediment organic carbon
measurements. Three sources, Elliott Bay, EMAP
Louisianian Province and EMAP Carolinian
Province, had measurements for some of the
alkylated PAH series. The two EMAP sources
analyzed for the same alkylated PAH series. The
Elliott Bay dataset had some alkvlated PAHs that
were similar to the EMAP sources and some
alkylated PAHs that were not included in the
EMAP sources. A listing of the PAIls measured
in cach datasct is provided in Table 6-2. The first
13 PAHs in the list are the initial 13 PAHs
identified by the .S, EPA as PAHs of concem.
The first 23 PAHs in the list include the additional
PAHs monitored by NOAA. The total number of
PAHs mcasurcd in cach datasct is also provided.
To prevent duplicate counting, a specific C1, C2,
C3 or C4 PAIH was not included in the total
number of PAHs if the alkylated PAH senics was
measured. As an example, for Carolinian EMAP,
1-methylnaphthalene was not included in the total,
because the Cl-naphthalenes were measured.

To screen for insoluble PAHS, interstitial water
concentrations were computed from measured
solid phase concentrations using EqP theory (Di
Toro et al., 1991). If the resulting interstitial water
concentrations were greater than the
corresponding solubilities, insoluble PAHSs were
assumed to be present i the sediment. For these
cases, the measured solid phase concentrations
were replaced by solid phase concentrations based
on the aqueous solubility of each compound

( C OC,PAHi.Maxi) .

The data were converted to ESBTU,, for
individual PAHs by dividing the concentration of
the specific PAH in the sediment (C,.ug/g,.) by
the Cocpuprew- SESBTU . for each sediment
sample were computed by summing the
ESBTU,,,, for each PAH measured. For
purposes of this scction, ZESBTU.,,.., for the 34
PAHs is denoted by ZESBTU,, ., Equation 6-1

was used to compute ZESBTU

FCV,TOT

Coc
ESRTU ey gop = ZESBTU = 3 —=5—<1.0 (4.1)

i CocpaHiFCVi

CONFIDENTIAL

6.2.3 Methodology

The objective was to determine the
uncertainty of using the 13 PAHs or the 23 PAHs
to predict the ZESBTU ;. Only the
monitoring databases containing 34 PAHs were
used in this analysis. The 13 PAHs were selected
since the majority of the existing sediment
monitoring data include these PAHs. The
uncériainty values for cstimating total PAHSs from
datasets where 13 or 23 PAHs were measured
were developed from a database of ratios of
LESBTU o to ZESBTU or

4 FCV13
ZESBTU,.,. In addition, regression analyses of
LESBTU o 10 ZESBTU ., Or t0
ZESBTU, 1o, to ZESBTU,,,, on a log-log

linear basis were conducted to demonstrate the
utility of the ratio approach across the range of
ZESBTU,, values.

6.2.4 Uncertainty in Predicting
2ESBTUpcyror

Foruse in determining the uncertainty in
predicting ZESBTU ., ..., from datascts consisting
of the 13 or 23 PAHs, the two EMAP data
sources that measured the 34 PAHs were
combined and treated as a single data source. In
doing this, a larger dataset that represents both
atkylated and parent PAHs, and therefore,
inherently has the correlative relationships of both
tvpes of PAHs, was generated (N=488). The
relative distributions of the ZESBTU, ... to the
ZESBTU,, for the 13 and 23 PAHs for this
dataset are provided in Table 6-1. Based on the
observed ratios, the measurcd ZESBTU ., , for
the 13 PAHs must be multiplied by 11.3 to obtain
an accurate estimation of the ZESBTU .., with
95 % confidence. Similarly. the measured
ZESBTU,,., for the 23 PAHs must be multiphed
by 4.14 to obtain an estimate of the
ZESBTU, ., With 95% confidence. High
adjustment factors needed to estimate
ZESBTU, ., particularly from 13 PAHs,
indicate the importance of having real
measurements of the 34 PAHs from sediments
where the PAH concentrations are of likely

toxicological significance, In contrast, for
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Figure 6-1. Comparison of observed ZESBTU, ., ., to observed (A) ZESBTU,, ,, from13 PAHSs and

(B) ZESBTU ., from 23 PAHsfor the combined dataset including U.5. EPAEMAP
Louisianian and Carolinian Provinees.
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sediments where the ZESBTU_, , or
ZESBTU,,., times the uncertainty factors does
exceed the ESB, additional measurements

mcluding the 34 PAHs would not be warranted.

The ZESBTU, ..., can be plotted against the
ZESBTU,.,, for the 13 PAHSs and regression
analysis conducted to show that the ratios can be
used fairly well to estimate the ZESBTU,,, for
the 34 PAHs from the sum of the 13 PAHs across
a wide range of ZESBTU,, ., because the slope
isnearly 1.0 (0.9595) (Figure 6-1A). The solid linc
is the mean (50%) ratio of 2.75 from Table 6-1
and the dashed line is the line representing 95% of
the data with a ratio of 11.5. The resulting linear
regression equation from a log-log relationship 1s
log, ZESBTU, .0 =0.95951og, ZESBTU

FOVTOT FOVI3 +

0.4251 (R? = 0.8236) 6-2)

A similar analysis using the ZESBTU ..., ,
plotted against the sum ZESBTU,, ,, of 23 PAHSs
with a regression analysis conducted to show that
the slope of the regression is also nearly 1.0
(1.038) (Figure 6-1B). The solid line is the mean
(50%) ratio of 1.64 from Table 6-1 and the dashed
line represents 95% of the data with a'ratio of
4.14. The resulting linear regression equation from

alog-log relationship is

o+
FOV,23

log,, BESBTU, o = 1.038 log,, ZESBIU

FCV,TOT

0.3576(R* = 0.9272) (6-3)

The regression approach has been used to
derive uncertainty factors for estimating the
ZESBTU o, for the 34 PAHSs using
cormbinations of as few as three to as many as 13
or 23 PAHs (McGrath and D1 Toro, 2000)

The probability distributions of the
ZESBTU ., , and ZESBTU_,, values for each
sediment from the databases in Table 6-2 were
plotted in Figure 6-2 (A and B, respectively). The
actual ZESBTU ., , values (triangles) exceeded
1.0 for 5.22% of the 1992 sediment samples
(Figure 6-2A) and the ZESBTU ., ., values

(triangles) exceeded 1.0 for 6.55% of the 2001
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Figure 6-2. Probability distribution of the (A)
ZESBTU and (B) ZESBTU values

FCVAIJ N FCV1a
for each sediment from the entire database.

sediment samples (Figure 6-2B). To estimate the
50% uncertainty of ZESBTU, . ., (plotted as
diamonds in Figure 6-2), the mean ratio of the
ZESBTU, o to ZESBTU ., (2.75; see Table
6-1) was applied to the sediment-specific
ZESBTU,,, values and the mean ratio of
ZESBTU, oy to ZESBTU,,., (1.64) was
applicd to the sediment-specific ZESBTU
values. The ZESBTU, ., estimated from the
ZESBTU,.,, exceeded 1.0 for 12.9% of the
1992 sediment samples and the ZESBTU,, . ...,
estimated from the ZESBTU . exceeded 1.0
for 9.85% of the 2001 sediment samples. The
95% uncertainty estimates of the ZESBTU . ...
for each sediment (plotted as circles in Figure 6-2)
was determined by multiplving the sediment-
specific ZESBTU,.,, , values by 11.5 and by
multiplying the sediment-specific ZESBTU,, ,, by
4.14 (Table 6-1). The 95% limits on the
ZESBTU,,, estimated from the ZESBTU, .,
exceeded 1.0 for 35.5% of the 1992 sediment
samples and the 95% limits on the EESBTU,
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estimated from the EESB'[UFW23 exceeded 1.0
for 23.7% of the 2001 sediment samples.
Therefore, if the 95% uncertainty ratios are
applied to the ZESBTU or the ZESBTU ., ,,
the predicted ZESBTU ., for about one-third
of the sediments are in ¢xcess of the ESB for
PAH mixtures of 1.0 ZESBTU, .. This strongly
suggests that new monitoring programs should
quantify a minimum of the 34 PAHs monitored by
the U.S. EPA EMAP program. In addition, field
scdiments containing PAHSs of principally
petrogenic origin will contain a greater proportion
of alkalyated PAHs and PAHs not quantified in
the 34 “total PAHs " (Bence et al., 1996; Means,
1998; Ho et al., 1999; Page et al., 2002).
Therefore, the uncertainty factors derived above
from sediments containing mostly pyrogenic
PAHSs, will underestimate the total PAH toxic unit
contrnibution of the PAH mixture in sediments
contaminated with mostly petrogenic PAHs. Itis
important to repeat that at present, the uncertainty
of using the 34 PAHs to estimate the total
toxicological contributions of the unmeasured
PAHs is unknown and needs additional research.

FCV,13

Forexisting databases, individuals may wish to
utilize uncertainty factors for sediment assessment
applications other than the derivation of an ESB
for PAH mixtures. An example, the use of the
50% uncertainty factors from Table 6-1 to provide
the “best estimate” of the ZESBTU ., .. for the
34 “total PAHs” in field sediments to compare
with amphipod abundance (Section 5.3.1, Figure 5-
11). If the number and kinds of PAHs are of
similar proportions from a database from a specific
site, uncertainty factors for adjusting the
concentrations of the PAHs at that site may be
denved using the approach detailed above.
Research to determine the toxicological
contributions of PAHs in sediments that are not
included in the 34 PAHs is encouraged so that the
uncertainty of this definition of “total PAHs™ can
be estimated.

6.3 Example Calculation of ESBgy, for
PAHs and EqP-based Interpretation

To assist the users of this ESB for mixtures of
PAHs, example calculations for deriving the ESB

CONFIDENTIAL

are provided in Table 6-3. For each of three
sediments, the calculations began with measured
concentrations (in bold) of individual PAHs (ug/g
dry wt.) and TOC (%) in each sediment. All other
values were calculated. The specific
concentrations in cach sediment were sclected to
provide examples of how the chemical
measurements are used with the ESB to determine
the acceptability of the mixture of PAHs in a
specific sediment and how the risks of sediment-
associatcd PAHs can be cvaluated within the
technical framework of the EqP and narcosis
approaches. The 34 PAHs constituting what 1s
defined as “total PAH” in Section 6 are listed.
Alsolisted are the critical concentrations in
sediment of each of the 34 individual PAHs

(C ) from Table 3-4.

OC,PAHIFCVi

Sediment A is provided as an example to
demonstrate how to calculate the ZESBTU when
less than the required 34 PAlIs have been
chemically analyzed. Itis important to remember
that because of the uncertainty in such calculations
the resultant TESBTU must not be considered as
an ESB nor used in important sediment
management decisions. Uncertainty factors
applicd to the ZESBTU have value, for example,
indetermining if additional chemical analyses are
required and prioritizing which sediments require
the additional analyses.

Sediment A is from a historical monitoring
database, it contains concentrations of 13 PAHs
measured as yg PAH/g drv sediment and has
0.81% TOC. First, the dry weight concentrations
for each PAH were converted to ug PAH/g
organic carbon (C_ .. ng/g ) by dividing by the
fraction organic carbon (f .= 0.0081), where £
= %TOC/100. Second, the organic carbon-
normalized PAH concentrations in the sediment
were divided by the PAH-specific sediment
concentration of concem (Cy i 4c0y) 10 derive
the toxic umit-like ESBTU, ., for each individual
PAH. ‘In this sediment, none of the measured C,,
exceed the corresponding Coe pyyive. SO solubility
constraints do not affect the calculation of
ESBTU, ., for this sediment. The ESBTU, . for
the 13 PAHs were added to derive the ZESBTU
for the 13 PAHs (ZESBTU ) which is 0.348
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Table 6-3A. Example calculations of ESBs for PAH mixtures: three sediments.

Sediment A
(TOC=0.81%; £=0.0081)

AT i

ZESBTUrcv.ia=0.3479

Sum total of ESBTUrew:

A PAHs and corresponding Coc pa revi 30 Coc papi e VaINES are from Table 3-4 (bold).
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Table 6-3B. Continued.

Sum total of ESBTUpev: POSBTUrew o7 =4.408

* PAHs and corresponding Co i revi 81 Coc s nins Yalues are from Table 3-4 (bold),
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Table 6-3C. Continued.

i \ . f
Sumtotal of ESBTUrcwi ZESBTUrev,ror = 3.831
* PAHs and corresponding Coc ps sow AN Coc pagi e Values are from Table 3-4 (bold).
® Because Cocexceeds Coc pa v » Cocmums 15 Substituted for C,. to calculate ESBTU,,, (see text).
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(Table 6-3). Importantly, only 13 of the 34
individual PAHSs defined as total PAH were
measured. Because the toxicological contributions
of'all 34 PAHs must be considered if the ESB is to
be protective of benthic organisms, some
assumption must be made regarding the
contribution of the unmeasured PAHs. Fora
confidence level of 95%, the uncertainty factor
from Table 6-1 is 11.5, which is then multiplied by
the calculated EESBTUFCV’1 , of 0.348 for an
cstimated valuc of ZESBTU ., ,, of 4.00. Since
this valuc is greater than one, it suggests the
potential for adverse effects from PAHs,
However, one must realize that this finding 15, in
part, a function of the correction factor selected to
relate the data for 13 PAHs to an estimated
ZESBTU for 34 PAHs. If the value for 50%
confidence was selected from Table 6-1 (2.75),
the estimated ZIESBTUFCV_34 drops to 0.957, which
is much lower than the value predicted for the
95% confidence interval. This difference
illustrates the importance of measuring all 34 PAH
compounds in order 1o eliminate unnecessary
uncertainty in applying the PAH ESB.

Sediment B is a PAH-contaminated sediment
from one of the U.S. EPA EMAP monitoring
programs where all 34 of the PAHs in the
sediment and TOC (0.886%) were measured.
The concentrations of cach PAH on a «g PAH/g
organic carbon (C,,., ug/g, ) basis were derived
by dividing the dry weight concentrations by the
fraction organic carbon (.= 0.00886), where f__
= %TOC/100. The organic carbon-normalized
PAH concentrations in sediment were divided by
the PAH-specific sediment concentration of
concem (C . uimov) 0 denive the ESBTU
each individual PAH. As was the case for
Sediment A, none of the measured C, exceeded
C o pasiinai SO solubility constraints did not factor
into the calculation of ESBTU ... The
ESBTU,.,, values for the 34 PAHs were summed
to determine the ZESBTU,, which was 4.41,
which exceeds the ESB (ZESBTU, ., >1.0) for
PAH mixtures. Further examination of this
scdiment suggested that it 1s contaminated with
primarily petrogenic PAHs:; i.e.. the ratio of
ZESBTU rovas (which contains no alkylated
PAHs) to ZESBTU_ ., for the 34 PAHs is low

o for

FCV
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(approximately 0.1). Chemical analysis of the
PAHs in interstitial water indicated that this
sediment may be unacceptably contaminated by
the mixture of PAHs because i contained 5.6
interstitial water toxic units (IWTU_ ). Ten day
toxicity tests, which were part of the monitoring
project, showed 64% montality of R. abronius
which is consistent with the IWTU, _, and the 10-
day spiked sediment LC50 for R. abronius at 3.68
ZLESBTU,, values (Appendix D). This suggests
the EqP--and narcosis-bascd ESB is appropriatc to
the sediment. The sediment is unacceptable for
the protection of benthic organisms due to the
PAH mixture present and additional studies to
quantify the spatial extent of contamination are
desirable.

Sediment C is also a PAH-contaminated
sediment from an U §. EPA EMAP monitoring
program where the 34 PAHs and TOC of 6.38%
were measured. The concentrations of each PAIL
on a ug PAH/g organic carbon (C,., ug/g,) basis
were denived by dividing the dry weight
concentrations by the fraction organic carbon (£,
=0.0638), where f__=%TOC/100. Except for
perviene, the organic carbon-normalized PAH
concentrations in sediment were divided by the
PAH-specific sediment concentration of concem
(€ oasmiroyy) 1o derive the ESBTU, . for each
individual PAH. The concentration of perylenc
442.2 up/g .. exceeded the solubility-constrained
solid phase concentration (CUL‘,PAH Mm). Thus, the
ESBTU, ., for perylene was calculated as the
quctient of the solubility-constrained solid phase
concentsation over the pervlene-specific solid
phase concentration equivalent to the FCV
(ESBTUscypayiene = Cocperytoneiani /Coc perytenerev)-
The ESBTU, ., values for the 34 PAHs were
summed to determine the ZESBTU  , which was
3.83, a similar value as in sediment B. The PAH
mixture in sediment C exceeds the ESB
(ZESBTU, ., >1.0) for PAH mixtures. In contrast
to scdiment B, scdiment C was not toxic to R
abromius in 10-day sediment toxicity tests. This
sediment is contaminated with primarily pyrogenic
PAHS; 1.c., the ratio of ZESBTU,,,, (which
contains no alkylated PAHs) to £ESBTU ., for

FCV

the 34 PAHs 1s high (approximately 0.3).
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Because this PAH mixture appears to be
combustion related, it suggests the potential for the
presence of soot carbon, coal, or other carbon
forms that show unusual partitioning behavior
relative to normal diagenetic carbon (see Section
6.8). Indeed, chemical analysis of interstitial water
from this sediment showed <0.12 IWTU ., of
PAHs. If normal partitioning behavior was
occuring, one would expect the IWTU . to be
very close to the calculated ZESBTU ., (in this
casc, 3.89) is indicative of this unusual partitioning
behavior. Physical examination of the sediment
showed the presents of soot-like particles. The
presence of soot and associated differences.in
chemical partitioning make the directly calculated
ZESBTU, ., overly protective for this sediment.
However, one could apply the general PAH ESB
approach to the interstitial water using IWTU .,
or develop site-specific partition coefficients and
recalculate ZESBTU,, using site-specific
COC’MH Fovi values calculated from the site-
specific partition coefficients, as described in U.S.
EPA (2003b).

6.4 Interpreting ESBs in Combination
with Toxicity Tests

Sediment toxicity tests provide an important
complement to ESBs in interpreting overall risk
from contaminated sediments. Toxicity tests have
different strengths and weaknesses compared to
chemical-specific benchmarks, and the most
powerful inferences can be drawn when both arc
used together.

Unlike chemical-specific benchmarks, toxicity
tests are capable of detecting any toxic chemical,
if it is present in toxic amounts; one does not need
o know what the chemicals of concem are to
monitor the sediment. Toxicity tests are also
useful for detecting the combined effect of
chemical mixtures, if those effects are not
considered in the formulation of the applicable
chemical-specific benchmark. However, if the
sediment requirements of the test species are not
mct, obscrved mortality may not be duc to
chemical contaminants in the sediment.

On the other hand, toxicity tests have
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weaknesses also; they provide information only for
the species tested, and also only for the endpoints
measured. This is particularly cnitical given that
most sediment toxicity tests conducted at the time
of this writing measure primarily short-term
lethality; chronic test procedures have been
developed and published for some species, but
these procedures are more resource-intensive and
have not vet seen widespread use. In contrast,
chemical-specific benchmarks are intended to
protect most species against both acute and
chronic effects.

Many asscssments may involve comparison of
sediment chemistry (e.g., using ESB values) and
toxicity test results. In cases where results using
these two methods agree (either both positive or
both negative), the interpretation is clear. In cases
where the two disagree. the interpretation is more
complex; some investigators may go so far as to
conclude that one or the other is “wrong,” which 1s
not necessarily the case.

Individual ESBs consider only the effects of
the chemical or group of chemicals for which they
are derived. For this reason, if a sediment shows
toxicity but does not exceed the ESB fora
chemical of interest, it is likely that the cause of
toxicity is a different chemical or group of
chemicals.

In other instances, it may be that an ESB is
exceeded but the sediment is not toxic. As
explained above, these findings are not mutually
exclusive, because the inherent sensitivity of the
two measures is different, ESBs are intended to
protect relatively sensitive species against both
acute and chronic effects, whereas toxicity tests
are performed with specific species that may or
may not be sensitive to chemicals of concem, and
often do not encompass the most sensitive
endpoints (e.g., chronic survival, growth or
reproduction). It is also possible for a sediment
above the ESB to be non-toxic if there are site-
specific partitioning conditions that run counter o
the equilibrium partitioning model and its
assumptions (see Section 7.2).

The first step in interpreting this situation 1s to
consider the magnitude of the ESB exceedance
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and the sensitivity of the test organism and
endpoint to the suspect chemical. For example,
the acute~chronic ratio used for the PAH mixtures
ESB is 4.16 (Section 3.3.7); as such, if
ZESBTU ., =4, one would anticipate lethal
cffccts only for highly sensitive species. Between
ZESBTU, ., of 1 and 4, one would expect only
chronic effects, unless the test species was
unusually sensitive. If ZESBTU, ., for PAHs was
2, for example, one would not generally expect to
sce Iethality from PAHSs in short term scdiment
lethality tests.

A morc precise method for cvaluating the
results of toxicity tests is to calculate effect
concentrations in sediment that are species
specific. For species contained in the toxicity data
for the PAH mixtures ESB (Section 3.2.1), effect
concentrations in sediment can be-calculated that
are specific for that organism (using procedures in
Section 4). These values could then be used to
directly judge whether the absence of toxicity in
the toxicity test would be expected from the
corresponding level of sediment contamination.

If the exceedance of the PAH ESB is
sufficient that one would expect effects ina
toxicity test but they were not observed, it is
prudent to initially evaluate the partitioning
behavior of the chemical in the sediment based on
sediment organic carbon content. Later
evaluations may require evaluating partitioning
based on other partitioning phases as described in
Section 6.8. This is performed by isolation of
interstitial water from the scdiment and analyzing it
for the same PAHs measured in the solid phase.
Predicted concentrations of chemicals in the
interstitial water can be calculated from the
measured concentrations in the solid phase
{normalized to organic carbon)

Cd = Cr.uc / Ko«: (6'4)

For chemicals with log, K, greater than 5.5,
corrections for DOC binding in the interstitial
water will be neecssary

C,=C, /K

O T EhoT

(6-5)

If the measured chemical in the interstitial
water is substantially less (e.g., 2-3 fold lower or
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morc), it suggests that the organic carbon in that
sediment may not partition similarly to more typical
organic carbon, and derivation of site-specific
ESBs based on interstitial water may be warranted
(U.S.EPA, 2003b).

6.5 Photo-Activation

6.5.1 Overview

Research over the last decade has shown that
the presence of ultraviolet (UV) light can greatly
enhance the toxicity of many PAHs. This “photo-
activated” toxicity has been shown to causc rapid,
acute toxicity to several freshwater and marine
species including fish, amphibians, invertcbrates,
plants and phytoplankton (Bowling etal., 1983;
Cody et al., 1984; Kagan etal., 1984; Landrum et
al., 1984a,b; Oris etal., 1984; Allred and Giesy,
1985; Kagan et al., 1983; Onis and Giesy, 1985,
1986, 1987; Gala and Giesy, 1992; Huang et al.,
1993; Gala and Giesy, 1994; Renet al |, 1994,
Arfsten et al., 1996; Boese ¢t al., 1997; Huang et
al., 1997; McConkey ct al., 1997; Pclicticr ct al.,
1997; Diamond and Mount, 1998; Hatch and
Burton, 1998; Boese et al ,1999; Monson et al.,
1999; Spehar et al., 1999; Pelletier et al., 2000,
Barron et al., 2003). Depending on the organism
and exposure regime, photo-activation can
crease toxicity of certain PAHs by one to four
orders of magnitude over that caused by narcosis.

The mechanism for phototoxicity has been
related to the absorption of ultraviolet radiation
{UV) by the conjugated bonds of selected PAH
molecules

PAH+UV -PAH*+0, 'PAH+0*  (6-6)
This excites the PAH molecules to a trplet
statc (PAH*) which rapidly transfors the absorbed

energy to ground state molecular oxygen (Q.)
forming excited singlet oxygen intermediaries
(0_*) (Newsted and Gicsy, 1987). Although
extremely short-lived (2 to 700 ps), oxygen
intermediaries are highly oxidizing and can cause
severe tissue damage upon contact. Despite the
many different parent PAHs and related alkylated
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forms, not all PAHs induce photo-activated
toxicity. Those PAHs that are photo-activated can
be predicted using various molecular physical-
chemical variables (Newsted and Giesy, 1987,
Oris and Giesv, 1987); however, the Highest
Occupied Molecular Orbital - Lowest Unoccupied
Molecular Orbital gap model (HOMO-LUMO)
has been the most successful (Mekenyan et al.,
1994a,b; Veith et al., 1995a.b; Ankley et al, 1996,
Ankley et al., 1997). As research on the nature of
photo-activated toxicity has cvolved, certain key
elements of this phenomena have been better
defined including interactions of UV and PAH
dose, effects of temperature, humic substances,
organism behavior, turbidity, dissolved oxygen,
nixturcs, photoperiod and additivity (Oris ctal.,
1990; McCloskey and Oris, 1991; Ankley etal.,
1995, 1997; Ircland et al., 1996; Hatch and
Burton, 1998, 1999; Erickson ctal., 1999; Nikkild ot
al., 1999; Weinstein and Oris 1999, Weinstein
2002).

Several studics have been performed with
sediments contaminated with PAHs to assess the
importance of photo-activated toxicity in the
benthos (Davenport and Spacie, 1991; Ankley et
al., 1994; Monson ¢t al., 1995; Sibley ctal., 1997,
Swartz et al., 1997; Boese et al., 1998; Kosian et
al., 1998; Boese et al., 1999; Spehar et al., 1999;
Wernersson et al., 1999; Pelleticr ¢t al., 2000).
These studies conclude that photo-activated
toxicity may occur in shallow water environments;
however, the magnitude of these effects are not as
well characterized as in water-only exposures and
are probably not as dramatic as those observed in
the water column. Comparisons by Swariz et al.
(1995) suggest that responses of benthic
communitics in PAH-contaminated sites corrclate
well with the toxicity that 1s predicted based on
narcosis, suggesting that photo-activation was not
a major confounding factor for those environ-
ments. However. Boese et al., (1997) and
Pelleticr et al. (In prepartion) show that life history
of benthic organisms is critical to assessing
whether or not photo-activated toxicity will occur.
For example, several marine species which
frequently encounter ultraviolet radiation during
low tide are not vulnerable to photo-activated
toxicity due to light protective adaptation (¢.g..
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shells, pigments, borrowing). Additionally, there is
evidence that maternal transfer of PAHs from
benthic adult bivalves to pelagic embryos docs
occur (Pelletier et al., 2000).

6.5.2 Implications to Derivation of ESB

Because the PAH mixture ESB derived here
isbased on narcosis, if there is additional toxicity
caused by photo-activation it may cause the ESB
to be underprotective. At present, the magnitude
of potential errors can not be specifically
quantified, and are the subject of scientific debate
(Swartz et al., 1997; Boese et al., 1999; Diamond
and Mount, 1998, McDonald and Chapman, 2002).
If photoactivation of PAHs is ecologically relevant,
itis probably most significant primarily for
organisms that inhabit very shallow or very clear
water. This is because of the rapid attenuvation of
ultraviolet radiation in the water column (Pickard
and Emery 1982; Wetzel, 1983). For example,
<25% of incident UV penetrates below the first
meter of water in productive aquatic systems. In
areas where PAH-contaminated sediments are
present in shallow environments the nisk of photo-
activated toxicity is greater and a site-specific
ESB may need to be generated that considers this
potential risk (U.S. EPA, 2003b).

6.6  Teratogenicity and Carcinogenicity

This subsection presents an analysis intended
to determing if the ESB for PAH mixtures of <1.0
ZESBTU,_, is protective for non-narcosis modes
of toxic action of individual PAHs. Published
articles were screened for applicable data on
teratogenic (Appendix G) and carcinogenic
(Appendix H) effects of individual PAHs and
their mixtures. Five laboratory studies with
benzo(a)pyrene (BaP), predominantly water
exposures, and one with anthracene were selected
for analysis of teratogenic cffccts; two laboratory
studies with BaP were selected for analysis of
carcinogenic effects (Table 6-4). In the teratogen
studies, tvpically radio-labeled BaP was used to
quantify the accumulation of the PAH and its
metabolites in fish ranging in hifestage from
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Table6-~4. Teratogenic and carcinogenic effects of benzo(a)pyrene (BaP) aud anthracene on freshwater and
saltwater fishes. Mcasured concentrations of cxposure arc converted to scdiment concentrations
(C,o) likely to result in the equivalent effectusing EqP and SAR methodology.
Measured C4-derived Measured
Organismy/ Ce Coc Corg® C? 4 Cu-derived
Chemical g/l (pglgoc) (w@/8) fum (pg/glipid) Coo (pglee) Referenecs
TERATOGENIC EFFECTS
FRESHWATER
Fathead minnow eggs - - 88 0406 147 219 Hall and Oris, 1991
Anthracene
Topmnnows >3.81¢  >3810 9 0.06 150 256 Goddard et al,, 1987
BaP (1,000)
Raimbow trout eggs 0.21 210 1.9 005 386 66 Hannah etal., 1982
BaP Hose ¢l al., 1984
SALTWATER
English sole eggs - - 157 0.03 52330 8,937  Hoseetal, 1981
BaP
Sand sole egps 0.1 100 2.1 0.03 70 120 Hose et al., 1982
BaeP
Calif. grunion eggs >3 81 >3810 1 0.03 333 57 Winkleret al, 1983
(5)
Calif. grumion eggs >381 >3810 165 0.03 350 598 Winlder et al,, 1983
(24)
Calif. grunion eggs >3 81¢  >3810 20 0.03 666 1137 Winkler et al,, 1983
(869)
CARCINOGENICEFFECTS
ERESHWATER
Japanese medaka >3 81¢ >3840 - - - - Hawkins et al., 1988,
@6n 1990
Cuppy >3 R1¢ >3840 - - - - Hawkins et al, 1988,
(209) 1990
*If the concentration of BaP exceeded ifs solubility of 3.81 ug/L, the published concentration in water is listed in parenthesis
with the solubility of 3.81 ;.g/L listed above as the concentration of exposure. Therefore the maximum C value for these
exposures is 3840.p BaPrg .
¥ Concenirations in eggs on a wet weight basis are converted to concentrations on a lipid basis using lipid concentrations
() from Table | in Karnler (1992).
“Whater concentrations of BaP were not stable throughout the duration of the experiment.
©''he solubility of BaP in water theoretically limits the maximum concentration in eggs to ~3,840 p/g lipid and in sediments
to - 3,840 ug/g .. but metabolites of Bal® will likely be included in radio-labeled quantification of total Bal’ equivalents.
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embrvo to adults. The water PAH concentrations
associated with teratogenic and carcinogenic
effects were generally high and steady-state was
not always achieved. The solubility limit in water
for BaP of 3.81 pg/l. was exceeded in 6 of 8
experiments (Table 6-4). In contrast, for seven of
the experiments, the BaP concentration in eggs or
fish tissue was also listed as an observed effect
concentration. The theoretical solubility-limited
maximum of 3840 ug BaP/g lipid was exceeded
only in onc of the experiments. For these reasons,
when the concentration of BaP plus metabolites
was measured in the eggs or tissue of the
organism, this concentration was considered the
most valid representation of the true observed
exposurc concentration and the water
concentration was not used in further analysis.
Elutriates from crude oil contained non-PAT
compounds and the relationship of total PAH
concentrations in the study vs total PAH as
defined in this document were difficult to
determine in the Carls et al. (1999) study;
therefore, these data were also excluded from this
analysis. Although mctabolism of PAHs is known
to occur in invertebrates such as polychagtes,
mollusks and crustaccans (McElroy ct al., 2000),
data on the potential carcinogenic effects of the
metabolites 1s unknown,

As indicated in Table 6-4 and Appendix H, the
database for carcinogenic effects of PAHs on
aquatic (fish) species from laboratory studies is
limited. Most of the available data are from
studies of epizootic outbreaks of neoplasia
(tumors) from highly contaminated field sites such
as the Black River, Ohio (se¢ Baumann and
Harshbarger 1998 for a review) or Puget Sound,
WA (Malins ct al., 1987, Myers et al., 1990), to
mention only a notable few. The applicability of
these field studies to a causal relationship between
carcinogenic effects observed and PAH
concentrations is limited by the possible interactive
effects of the PAHs with PCBs and other
simultaneously occurring chemicals. The bulk of
laboratory experimental evidence for carcinogenic
effects of PAHs is based on the distribution of
neoplasms in fish species exposed to PAH-
enriched sediment extracts (Black, 1983; Metcalfe
et al., 1988; Fabacheret al., 1991), dietary
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exposures or inter-peritoneal injection (Hendricks
et al., 1985), or intermittent water exposures of
7,12-dimethylbenzanthracene (Schultz and Schultz,
1982). These studies are listed in Appendix H for
completeness, but were not included in Table 6-4
for further analvsis. This is because the exposure
regime or concentrations of individual or mixtures
of PAHs were not provided in sufficient detail to
pemmit critical measured sediment concentrations,
or sediment concentrations derived from
concentrations in water or tissue, to be compared
to the observed carcinogenic effects. The study
with 7,12-dimethylbenzanthracene (Schultz and
Schultz, 1982) was not considered for analysis
because this PAH is not commonly measured as
part of environmental monitoring programs (see
Table 6-2).

A far more extensive database exists on the
influcnce of PAHs on various aspects of tumor
biology, such as PAH-DNA adduct formation and
phase I (oxidation, reduction, and hydrolysis
reactions) and phasc Il (glucuronidation and
glutathione conjugation) metabolism of individual
compounds. However, as indicative of cytotoxicity
as these biomarkers may or may not be, they have
been excluded from the analysis for the explicit
purposes of this subsection. The methods of PAH
exposure that were useful for this analysis were
aqueous (Hannah et al., 1982; Hose etal., 1982,
1984; Winklerct al., 1983; Goddard et al., 1987,
Hawkins et al., 1988, 1990), matemal (Hall and
Oris, 1991), or inter-peritoneal injection of adult
English sole (Parophrys vetulus) followed by
measurement of concentrations in embryos (Hose
etal, 1981).

6.6.1 Calculations

When the measured concentration of the PAH
dissolved in water (C; ug/L) associated witha
teratogenic or carcinogenic effect was available it
was multiplied by its K (I/kg ) x 107 to derive
an equivalent effect concentration in sediment (C
derived C,; u8/g,,)> as per the EqP methodology
(Table 6-4; Appendix G and H). When the
measured concentration of the PAH in eggs or
tissue (C,; ug PAH/g lipid) associated with an
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Figure 6-3. BaP concentration of 539 sediment samples from the EMAP and Elliott
Bay datasets versus (A) the BESBTU ., values of 34 PAHs and (B) a
probability plot of these BaP concentrations at an ZESBTU, ., =1.0.

effect was available, its equivalent ¢ffcct
concentration in sediment (C, -derived C_ . ug/
8. was calculated using the equation.

log,,C,. = 0.00028 +log,,C +0.038log K . (6-7)

6.6.2 Critical Sediment Concentrations for
Teratogenic and Carcinogenic Effects
versus ESBs for PAH Mixtures

The critical sediment concentrations (ie.,
C4- or C -derived C_.) that would be expected to
cause leratogenic or carcinogenic effects on the
five freshwater and three saltwater fishes exposed
to BaP ranged from 37 t0 8,937 ug/g_ ; the only
€, for anthracene was 219 pg/g . (Table 6-4).

CONFIDENTIAL

The majority of C,,. values were derived using
concentrations measured in fish eggs. Six of the
nin¢ C__ concentrations for BaP were less than
the solubility-limited maximum concentration of
3,840 ug/g.,. The C  value of 8,937 g /g . is
retained because the concentrations in the ¢ggs
probably included metabolites of BaP that are
quantificd as total BaP cquivalents in the radio-
label analysis. The C__ values for individual
PAHs in sediments were then compared to PAH
concentrations in monitored field sediments to
determine if teratogenic or carcinogenic effects
might occur in sediments having <1.0 ZESBTU
This analysis was used o determine if the ESB
derived from the narcosis mode of action was
protective of teratogenic or carcinogenic effects.

rev:
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Figure 6-4.

Anthracene concentration of 539 sediment samples from the EMAP and

Elliott Bay datascts versus (A) the ZESBTU valucs of 34 PAHs and (B) a
probability plot of these anthracene concentrations at an ZESBTU . 1.0.

The database from the U.S. EPA EMAP
(U.S. EPA 1996b, 1998) and Elliot Bay (Ozretich
et al., 2000) sediment monitoring programs were
used to compare the BaP (Figure 6-3A) or
anthracenc (Figure 6-4A) concentration of 539
sediment samples where 34 PAHs, or 33 of 34
PAHs for Elliott Bay, were measured versus the
ZESBTU__, for all PAHs measured in those
sediments. The lowest critical sediment
concentration for teratogentic or carcinogenic
effects is indicated with a solid line at 57 ug/g_ for
BaP and at 219 ug/g . for anthracene. None of
the sediments having <1.0 ZESBTU, ., contained
BaP or anthracene at concentrations likely to
cause the teratogenetic or carcinogenic effects
reported in Table 6-4. The samc databasc of PAH
concentrations in field sediments was used to
calculate the sediment-specific BaP:ZESBTU

6-18
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ratio and the sediment-specific anthracene;
ZESBTU,, ratio. The total PAH concentration
in cach of the 539 sediments was multiplied by its
sediment-specific ratio to determine the BaP or
anthracene concentration for the sediment if the
ZESBTU;,,, was equal to 1.0. Probability plots of
the calculated concentrations for BaP and
anthracene at 1.0 ZESBTU ., arc in Figures 6-3B
and 6-4B, respectively. The dashed lines
represent the critical sediment concentration of 57
ng/g,, for BaP and 219 pg/g,, . for anthracene.
Based on this analysis, none of the sediments for
anthracene and only 3.53% of the sediments for
BaP would be expected to produce teratogenic or
carcinogenic effects if the proportions of BaP or
anthracene in these sediments were maintained
and the concentrations of each of the other PAHs
were increased so that all sediments contained 1.0
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ZESBTU__,. The approach of examining these
relationships individually with BaP or anthracene
may be flawed because it may under-represent the
teratogenic of carcinogenic contributions of other
PAHs with the same mode of action in the PAH
mixtare. However, at present insufficient data arc
available to appropriately sum the contributions of
multiple teratogenic or carcinogenic PAHs.

6.7  Equilibrium and ESBs

Care must be used in application of ESBs in
disequilibrium conditions. In some instances site-
specific ESBs may be required to address this
condition (U.S. EPA, 2003b). Benchmarks based
on EqP theory assume that nonionic organic
chemicals are in equilibrium with the sediment and
interstitial water, and that they arc associated with
the scdiment primarily through absorption into
sediment organic carbon. In order for these
assumptions to be valid, the chemical must be
dissolved in intcrstitial water and partitioned into
sediment organic carbon. The chemical must,
therefore, be associated with the sediment fora
sufficient length of time for equilibrium to be
reached. With PAHs, the absence of toxicity
when the ESB is exceeded mav be because of the
presence of less available PAHs associated with
soot, coal or similar materials in sediments (see
discussion in Section 6.8). Altematively,
disequilibrium exists, and ESB may be over-
protective, when PAHs occur in sediments as
undissolved liquids or solids; although the use of
solubility limited acceptable sediment
concentrations should adequately account for this.

In very dynamic locations, with highly
erosional or depositional sediments, the partitioning
of nonionic organic chemicals between sediment
organic carbon and interstitial water may only
aftain a state of near equilibrium. Likewise,
nonionic organic chemicals with high tog, K
values may come to equilibrium in clean sediment
only after a period of weeks or months.
Equilibrium times are shorter for chemicals with
low log, K, values and for mixtures of two
sediments with similar organic carbon-normalized
concentrations, each previously at equilibrium,

CONFIDENTIAL

This is particolarly relevant in tidal situations
where large volumes of sediments are continually
eroded and deposited, vet near equilibrium
conditions between sediment and interstitial water
may predominate over large spatial areas. For
locations where times are sufficient forequilibrium
to occur, near equilibrium is likely the rule and
disequilibrium uncommon. In many environments,
disequilibrium may occur intermittently, but in those
cases ESBs would be expected to apply when the
disturbance abates. In instances where long-temm
disequilibrium is suspected, application of site-
specific methodologies may be desirable (U.S.
EPA, 2003b).

6.8  Other Partioning Phases

6.8.1 Overview

In general, laboratory studies with PAHs have
shown the same partitioning behavior
demonstrated by many classes of nonpolar organic
contaminants (Chiou et al., 1979,1983; Karickhoff
ctal., 1979: Mcans ct al., 1980; Di Toro ct al.,
1991). However, there are some data indicating
that PAHs do not always follow equilibrium
partitioning behavior in the environment.
Specifically, some studies have reported larger
partitioning coefficients for PAHs in field-collected
sediments than is predicted based on laboratory or
theoretically-generated log, K, /K . values
(Prahl and Carpenter, 1983; Socha and Carpenter,
1987; Broman et al., 1990; McGroddy and
Farrington, 1995; Maruya et al,, 1996; McGroddy
etal., 1996). The observed differences in
partitioning of PAHs may relate to differences in
PAH sources with the speculation that PAHs from
pyrogenic sources (€.g., soot carbon, coal or
similar matcrials) may be morc strongly associated
with the particulate phase than PAHs from some
petrogenic sources (Readman et al., 1984; Socha
and Carpenter, 1987; McGroddy and Farrington,
1995; Meadoret al.. 1995; Naes et al., 1995;
Chapman et al., 1996; Maruya et al., 1996
McGroddy ct al., 1996; Gustafsson and Gschwend,
1997; Gustafsson et al., 1997; Naes and Oug,
1997; de Maagd et al. 1998; Naes and Oug 1998,
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Naes et al., 1998; Bucheli and Gschwend 2000; ](p =f K .+ K. (6-8)
Jonker and Smedes 2000; Ozretich et al., 2000; . . .

Jonker and Koelmans 2001, 2002a,b; Accardi-Dey  Where, K, is the partition coefficient for the

and Gschwend 2002, 2003). The result is that expanded partitioning equation, £, and £, are the

fraction orgamic carbon and fraction soot carbon,
respectively, and K . and K. arc the organic
carbon and soot carbon partition coefficients.
Recently, Bucheli and Gustaffson (2000) and
Accardi-Dey and Gschwend (2002; 2003)
proposed a new version of Equation 6-8 which
includes a non-lingar term for the soot carbon

PAH concentrations in interstitial water are
significantly lower compared to the organic
carbon-based sediment concentration from
laboratory or theoretically-predicted K values
and, presumably, exhibit correspondingly lower
bioavailability. Several studies have proposed that
the lack of obscrvable biological effccts from

sediments (and other samples) containing high contribution fo partitioning

concentratiqns of presumably'b?oavaﬂab]e PAHsis K =f K +f K_CM (6-9)
related to this phenomena (Farrington et al., 1983,

‘Varanasi et al., 1985; Benderetal ., 1987; Hickey where, the exponential *n’ is the Freundlich term

etal., 1993, Knutzen, 1995; Chapman ct al., 1996; used to fit the non-linear relationship between
Paine et al., 1996; Maruya et al., 1997; Oug et al,, particulate and dissolved PAH. This description of
1998; Lamoureux and Brownawell 1999, Naes ¢t the interaction of PAHs and soot carbon is more
al., 1999; West et al,, 2001; Talley ctal., 2002). accurate but is currently limited in practicality by

the lack of values for K. and n for many PAHs.
The mechanisms causing these field v ¢ Y

observations of unusual PAH partitioning ar¢ not Another phase for which there is less data
well understood. One explanation proposes that available as compared to soot carbon but which
PAHs condense into the soot matrix dunng particle  may also alter the partitioning and bicavailability of
tormation, and are thereby sterically inhibited from  PAHs is non-aqueous phase liquids (NAPLs) like

partitioning to interstitial water as would be coal tar found at manufactured gas plant sites W .
expected under equilibrium conditions. A second (Lane and Loehr 1992; Luthy etal., 1994;
perspective assumes that the soot fraction Mahjoub et al., 2000). The significance of these
represents a second partitioning phase in addition liquids relative to the benthic toxicity of PAHs is
to normal organic carbon. The partitioning of not vetunderstood fully.
PAHs from this phase approximates the
equilibrium behavior assumed for normal organic
carbon, but have a much higher partition 6.8.2 Implications to Derivation of ESB
coefficient than biologically-derived organic carbon . . .
(represented by K ) (Gustafsson and Gschwend, Inespec[xv; of the mcchamsms? Lt}ese issues
1997, 1999). Methods for measuring the soot have the potential to affect tbe predictive power
carbon fraction in sediments (f ) continue to be and accuracy 0? 1},16 PAH npxlurcs .ESB‘ For
developed and cvaluated (Ve rardo 1997: soot, f;oal anq similar matenals, the}r presence are
Gustafsson et al., 1997; Karapanagioti etal.. 2000; associate d with reduced concentrations of PAH n
Gelinasetal., 2001‘ Currie et al., 2002; Guﬁafsson mtersnt.lal water, one .woulq presume that this
etal., 2001: Song et’ al., 2002) but no 0;1 e method results in decreased bioavailability of PAHs, a
is recogm'zéd as most accurate, although those phgnqmenon demonstrated by West e? al. (2001).
based on Gustaffson et al. (1997) are probably Thl.s +intum, would mak(? the PAH mixtures ESB
used most frequently. . derived here overprotective, because thg K.
l based partitioning model would overpredict

Onee partition coeffificnts are available and chemical activity and, therefore, concentrations of
fSC can be measured, the soot phase can then be PAH in interstitial water and in organisms.
izf;ﬁ?;:iu}za?:;? nﬁlsded partitioning equation Importantly, most sediments are expected to
6-20 T
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contain insufficient concentrations of PAHs to
exceed the ESB. Therefore, even if partitioning to
soot, coal and similar materials reduces the
interstitial water concentration and biological
availability of the PAHs, the partitioning ¢ffect is
not important becausec PAH concentrations in the
sediment are judged by the ESB as acceptable
without invoking complex measurements of
partitioning 1o soot, coal and similar materials.
Further, most sediments where ¢mpirical data on
partitioning that demonstrates soot, coal and
similar matcnials arc important arc scdiments that
relative to the ESB are uncontaminated. Also, for
sediments that have concentrations of PAHs in
excess of the ESB, data suggest minimal error in
ignoring partitioning to soot, coal and similar
materials and ascribing partitioning to only organic
carbon. Most applications of the PAH mixture
narcosis model to toxicity data for field-collected
sediments show good predictive ability forthe ESB
{see Section 5.3), This may be because most
sediments that are sufficiently contaminated to
causc narcosis arc contaminated by PAH sources
that exhibit normal partitioning behavior, such as
creosote and other petrogenic sources. In their
study of PAH-contaminated sediments, Ozretich et
al. (2000) found that discrepancies between
measured and predicted partitioning behavior
predominated in sediments with lower PAH
concentrations, while those with higher PAH
concentrations showed partitioning behavior closer
to that predicted from published K /K .

relationships. Thisdifferential behaviorwas
attributed to the presence of two PAH sources,
with creosote being the source causing the highest
levels of contamination and toxicity.

In cases where it 1s suspected that soot, coal,
or other materials including coal tars and other
NAPLs may be causing unusual partitioning, direct
measurement of PAH concentrations in interstitial
water may be used to evaluate this possibility and,
where necessary, derive site-specific sediment
benchmarks which account for local differences in
partitioning behavior (see U.S. EPA 2003b).

6.9  Aqueous Solubility Under Non-
Standard Conditions

It has been long established that organic
compounds are generally less soluble in agqueous
solutions at colder temperatures than at warmer,
and in salt solutions such as scawater, than in
freshwater, a phenomenon termed the salting-out
effect (May, 1980; Schwarzenbach et al., 1993;
Xicctal, 1997). Setschenow (1889) derived an
empirical relationship for the magnitude of the
salting-out effect

log,('S,/'S, ) =K, C_, (6-9)

where 'S and 'S, are the aqueous solubilities of
the solute in fresh and saltwater (mol/L) at a given
temperature (t in the units °C), respectively, Kis
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Figure 6-5. Computed solubilities of nine PAHs relative to their 25°C solubilities as a function of temperature.
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the Setschenow constant (L/mol) for the salt
solution and the solute of interest, and C_ is the
molar salt concentration. A one molar salt solution
(NaCl) is approximately equivalent to 48%. sea
water (Owen and Brinkley, 1941), and K was
found to be essentially invariant with temperatures
from 1 to 30°C, averaging 0.28 + 0.02 (mean *
SE) (May, 1980) for 9 PAHs. Temperature has
been shown Lo have a non-linear effect on PAHs
solubilities (May, 1980). Concentrations of niifie
PAHS (naphthalcnc, fluorcne, phenanthrene, 1-
methylphenanthrene, anthracene, fluoranthene,
pyrene, benz(a)anthracene, and chrysene) were
computed for distilled water at temperatures
between S and 30°C using the relationships of
May (1980) and arc comparcd with the
compound’s concentrations at 25°C (Figure 6-3).
The least-squares exponential representation of
the data is as follows

(S, =%8,) =0261¢"% r=0959 (6-10)

where #S is the commonly reported solubility of a
compound at 25°C in freshwater. Although
naphthalene’s solubility has the least response to
temperature of PAHs, estimates from Equation 6-
10 arc only +8% and -30% inaccuratc for S
naphthalene at the temperature extremes (Figure

6-5).

The solubility of PAHs under environmental
conditions can be estimated from the following
relationship that is a combination of Equations 6-9
and 6-10 using the average Setschenow constant

‘S% - ;SU ] (-0-000583% (6-11)

where %o is the salinity of the sea water. This
correction for solubility can be used as part of the
procedures to modify this ESB for site-specific
conditions.
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Section 7.

Sediment Benchmark Values:
Application and Interpretation

7.1 Benchimark Value

The procedures described in this document
and in the “Technical Basis for the Derivation of
Equilibnum Partitioning Sediment Benchmarks
(ESBs) for the Protection of Benthic Organisms:
Nonionic Organics™ (U.S. EPA, 2003a) indicate
that, except possibly where a locally important
species is very sensitive or benthic organisms are
exposed to both significant amounts of PAHs and
UV light, benthic organisms should be acceptably
protected from the effects of PAH mixtures in
freshwater and saltwater sediments if the
EESBTU,, is less than or equal to 1.0:

ESB=2ESBTUp, =y —£2a <9

-t
i Cocparisovi

(7-1)

Freshwater or saltwater sediments containing
<1.0 ZESBTU,, of the mixture of the 34 PAHSs
or more PAHs are acceptable for the protection
of benthic organisms, and if the ZESBTU, ., is
greater than 1.0, sensitive benthic organisms may
be unacceptably affected. PAHs.

As indicated. this sediment-specific benchmark
is the sum of the quotients of the concentrations
of individual PAHSs in a sediment, on an organic
carbon basis, cach divided by its rospective
Coc,wmcw At a minimum, the definition of total
PAHs for this ESB requires quantification of the
34 PAHs analvzed by the U.S. EPA as part of the
EMAP and REMAP programs (PAHs are
identified in bold in Table 3-4),

The ESB is intended to protect benthic
organisms from direct toxicity associated with
exposure to PAH-contaminated sediments. The

CONFIDENTIAL

ESB does not consider the antagonistic, additive or
synergistic effects of other sediment contaminants
n combination with PAHs or the potential for
bioaccumulation and trophic transfer of PAHs to
aquatic life, wildlife or humans.

7.2 Special Considerations

To ¢stablish a national benchmark that is
widely applicable, certain issues must be
considered. It is possible that site-specific
conditions may affect the broad applicability of
such a benchmark. These include:

I. Fewer than 34 PAHs have been measured.
Particularly in cases where historical data are
being examined, chemistry data may be available
for fewer than the 34 PAHs recommended for this
benchmark. Calculating ZESBTU ., directly
using fewer PAHs will cause the benchmark to be
underprotective becaunse PAH mixtures found in
the environment typically contain substantial
concentrations of PAHs outside the suites of 13
or23 PAHs commonly measured in monitoring
programs. The analvsis of PAH distributions
across many geographic regions has been used to
develop uncentainty factors that can be used to
adjust ZESBTU.,, based on subsets of 13 or 23
PAHs with varying degrees of certainty (see
Section 6.2). In some applications using these
uncertainty factors, it may be important to
minimize the frequency of false negatives
{sediments judged to be acceptable when they are
not). For these cases, the ZESBTU ., calculated
from a subset of 13 PAHs (sec Table 6-1 for
listing) can be multiplied by 11.5, orthe
ZESBTU,, calculated from a subset of 23 PAHs

BP-HZN-2179MDL09228097
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(see Table 6-1 for listing) can be multiplied by 4.14
to achieve 95% confidence that the actual

ZESBTU, ., for all 34 PAHs would not be higher
than the calculated value. In this case, the
ungcertainty for the 95% confidence level is
applied. This means that most of the sediments
may actually contain fewer ZESBTU, ., than
indicated by the calculation. In cases where less
conservative assumplions are appropriate, factors
with lower confidence can be applied, as detailed
in Scction 6.2.

Use of the uncertainty factors from Section 6.2
assumcs that the rclative frequency distributions of
PAHs in sediments used to calculate the factors
are similar to those of the sediments to which the
uncertainty factors are applied. This assumption is
likely significantly violated for sediments containing
predominately petrogenic PAHs. While the
uncertainty factors can be used to denive the
ZESBTU,_.,, this value should not be considered
as an ESB. In principal, ESBs based on the
ZESBTU, ., calculated using a minimum of the 34
specified PAHs and can be used to make
important sediment decisions. In contrast,
important sediment decisions should not be made
using ZESBTU,., values when fewer PAHs, such
as the 13 or 23 PAHs commonly quantified, and
uncertainty factors. To avoid errors introduced by
the use of uncertainty factors, wherever possible,
amore complete PAH chemical analysis should be
undertaken with concentrations for a minimum of
the 34 specified PAHs analyzed.

2. Interaction of PAHs with UV light.
Benchmarks calculated in this document are based
on narcotic toxicity only and do not consider
enhanced toxicity that can occur if PAH-¢xposed
organisms are simultancously exposed to UV light.
In cnvironments where significant sunlight
penetrates to-the sediment and benthic organisms
are exposed to UV light, the ESB may be
underprotective. Consult Section 6.5 for additional
details.

3. Influence of soot carbon and coal on PAH
partitioning. PAHs may partition less to interstitial
water in sediments that contain soot and/or coal
particles or similar materials that expected with

7-2
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typical organic carbon partitioning. This could
cause the benchmark to be overprotective. The
influence of these phases can be assessed by
measuring concentrations of PAHs directly in
interstitial water and comparing these measures
with concentrations predicted by EqP or through
quantification of partitioning to these other
sediment phases. See Section 6.8 and the site-
specific ESBs (U.S. EPA, 2003b) for further
discussion. NAPLs are not directly addressed by
this document, but may be expected to result in
reduced interstitial water concentrations of PAHs.

4. Unusual composition of organic carbon.
Partition coefficients used for calculating the
national PAH mixture ESB are based on measured
partitioning from natural organic carbon in typical
field sediments. Some sediments influenced
heavily by industrial activities may contain sources
of organic carbon whose partitioning propertics arc
not similar, such as rubber, animal processing
wastes (e.g., hair or hide fragments), or wood
processing wastes (bark, wood fiber or chips).
Relatively undegraded woody debris or plant
matter (.., roots, leaves) may also contribute
organic carbon that results in partitioning different
from that of typical organic carbon. Sediments
with large amounts of these materials may show
higher concentrations of chemicals in interstitial
water than would be predicted using genenc K.
values, making the ESB underprotective. Direct
analysis of interstitial water can be used to
evaluate this possibility (see U.S. EPA, 2003a,b).

5. Presence of additional narcotic compounds.
The PAH mixture ESB is based on the additivity
of the narcotic toxicity of PAHs. However, some
sediinents may coritain additional nonionic narcotic
chemicals that would contribute to narcotic
toxicity, such as chlorobenzenes or PCBs (notce:
PCBs may also cause adverse effects through
biocaccumulation and transfer to higher trophic
levels; these bioaccumulative effects are not
addressed by this narcosis-based ESB and should
be evalvated scparaicly). The presence of
additional nonionic narcotic chemicals may make
the PAH mixture ESB underprotective, because
the ESB itself only addresses that part of the
narcotic potency caused bv PAHs. Di Toro et al.
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(2000) and Di Toro and McGrath (2000) describe
methods by which the contributions of other
narcotic chemicals can be incorporated into an
ESB-type assessment.

6. Site-specific temperature and salinity
corrections. Temperature and salinity both affect
solubility of PAHs and can therefore affect the
solubility-constrained maximum contribution of
individual PAHs to the overall ESB. Solubilities
used in this document are calculated for 25°C and
salinitics less than 1%.. Solubilities can be
recalculated to meet site specific conditions using
procedurcs doscribed in Scetion 6.9. Within a
temperature range of 0 to 35°C and salinities from
0 to 35%o, solubility can be expected to decrease
by a factor of about 30 to 40% with decrease in
temperature or increase in salinity. Site-specific
recalculation of solubilities will only affect
ZESBTU,, in cases where the contribution of
one or more PAHSs are solubility constrained (see
Section 6.9).

7.3  Summary

Benthic organisms should be acceptably
protected from the narcotic effects of PAH
mixtures in freshwater and saltwater sediments if
the E}ESBTUFCV 1s less than or equal to 1.0, and if
the ZESBTU ., is greater than 1.0, sensitive
benthic organisms may be adversely affected.
This ESB is intended to protect benthic organisms
from direct toxicity associated with exposure to
PAH-contaminated scdiments. This ESB does not
consider the antagonistic, additive or synergistic
effects of other sediment contaminants in
combination with PAH mixtures or the potential
for bicaccumulation and trophic transfer of PAH
mixtures to aquatic life, wildlife or humans.
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Appendix A

Individual datasets which Comprise
the Acute Lethality Database:
Table from Di Toro et al. (2000).
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Test Conditions

Common Name,

No. of Data
Scientific Name Test Duration (hr) Method* Concentration® Points® References
Freshwater
Paramecium,
Tetrahymena elliott 24 g il 10(12) Rogerson et al., 1983
Hydra, 48 s U 5 Slooff ct al., 1983
Hydra oligactis
Sonil,
Lymnae stagnalis 48 S u 5 Slooff et al,, 1983
Cladoceran, 48 S U 5 Canton and Adema, 1978
Daphnia cucuilaia
Cladoceran, 24 8 1] 21(28) LeBlanc, 1980a
Daphnia magna
Cladoceran, 48 5 u 72(78) Abernethyet al., 1988; U.S. EPA, 1978; Canton and
Daphnia magna Adema, 1978 Rogerson et al., 1983; Bringman and
Kuhn, 1959; Rastman et al., 1984; Dill, 1980
Cladoceran, 48 s U 19 EG&G Bionomics, 1982; Thurston et al,, 1985;
Daphnia magna Adema, 1978; Oris ot al., 1991; Brooke, 1991;
Millemann et al., 1984, Munkrittrick et al., 1991
Cladoceran, a8 FT.R M 12) EGA&G Bionomics, 1982; Brooke, 1994
Daphnia magna
Cladoceran, 48 5 M (N Truceco et al., 1983
Daphnia pulex
Cladoceran, 48 s U 6 Canton and Adema, 1978; Passino and Smith, 1987
Daphria pulex
Brine shrimp, 24 5 N 32(34) Abemethyet al., 1988; Aberpethy et al., 1986
Artemia salina
A2
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Test Conditions

Common Name, No. of Data
Seientific Name Test Duration (hr) Method" Concentration® Points® Reforences
Crayfish, 96 FT M & Thurston et al., 1985; ilolcombe etal., 1987
Orconectes immuniy
Mosguito, 48 S U 5 Slooff et al., 1983
Aedes aegypti
Mosguito, 48 S u 5 Slooff et al., 1983
Culex pipiens
Midge,
Tanytarsus dissimilis 48 S M Y Thurston et al., 1985; Call et al,, 1983
Rainbow tmout, 48 FT M 7 Holcombe et al., 1987; Call et al, 1983
Oncorhynchus mykiss
Rainbow trout, 24 FT M 6 Call et al,, 1983
Oncorhynchus mykiss
Rainbow trout, 24 S U 12) Bently et al., 1975
Oncorhynchus mykiss
Rainbow trout, 48 S U [ Slooff et al., 1983; Bently et al., 1975
Oncarhynchus mykiss
Rainbow trout, 96 FT M 22 Thurston et al., 1985, Call et al., 1983; Holcombe et
Oncorhynchus mykiss al,, 1987; Call et al,, 1986; DeGraeve etal., 1982;
Hodson et al., 1988
Rainbow trout, 96 S M 1 Horne et al., 1983
Oncorhynchus mykiss
Rainbow trout, 96 S 5] 1 Bently ctal, 1975
Oncorhynchus mykiss
Bleak, 96 S 1 7 Bengtsson et al., 1984
Alburnus alburnus
A-3
CONFIDENTIAL BP-HZN-2179MDL09228119

TREX-013340.000129



Test Conditions

Commen Name,

R No. of Data
Scientific Name Tast Duration (hr) Method" Concentration® Points® References
Goldfish, 24 S M 26(28) Bridie et al., 1979
Carasius asrufes
Goldfish, 24 S u 5(6) Pickering and Henderson, 1966
Carasius aurats
Coldfish, 24 FT M 1(2) Breoniman et al,, 1976
Carasius auratus
Goldfish, 96 S U 4 Pickering and Henderson, 1966
Carasius auratus
Goldfish, 96 FT M 12} Brenniman et al., 1976
Carasius auratus
Goldfish, 48 S u 5(6) Pickering and Henderson, 1966
Carasius auratus
Goldfish, 48 FT M 1(2) Brenniman ct al., 1976
Carasius auratus
Colden orfe, 24 s i(ns) 26 Jubnke and Ludemann, 1978
Leuciscus idus melanotus
Fathead winnow, 24 S U 6 Pickering and Henderson, 1966
Pimephales promelas
Fathead minnow, 24 I M 8 Ahmad et al;; 1984
Pimephales promelas
Fathead minnow, 48 S U 11 Pickering and Henderson, 1966
Pimephales promelas
Fathead minnow, 48 FT M 8 Ahmad et al., 1984

Pimephales promelas

A4
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Test Conditions

Common Name, No. of Data

Scientific Name Test Duration (hr) Method® Concentration® Points® References

Fathead minnow, 96 FT M 141(146) Veith et al,, 1983; Thurston et al, 1985; Holcombe et

Pimephales promelas al, 1987; Ahmad et al., 1984, Dil,1980; DeGraeve et
al,, 1982; Alexander etal., 1978; Broderius and Kahl,
1985; Cairns and Nebeker, 1982; Hall et al., 1989;
Hall ctal,, 1984; Call ot nl,, 1985; CLSES, 1984;
CLSES, 1985; CLSES, 1986; CLSES, 1988; CLSES,
1990; Kimball, 1978

Fathead minnow, 96 S M 3(4) Bridie et al,, 1979; EG&G Bionomics, 1982,

Pimephales promelas Gendussa, 1990; Horne etal,, 1983

Fathead minnow, 96 R u 1 Academy Natural Sci., 1981

Pimephales promelas

Fathead minnow, 96 ) U 4 Pickering and Henderson, 1966

FPimephales promelas

Channel catfish, 96 FT.8 M 7 Thurston et al,, 1985; Holcombe etal., 1983;

Ietalurus punctatus Gendussa, 1990

Medaka, 48 S u 4(5) Slooff et al., 1983

Oryzias latipes

American flagfish. Jordanella 24 FT M [ Smith etal,, 1991

Sfloridae

American flagfish, Jordanella 48 FT M 6 Smith etal,, 1991

floridae

American flagfish, Jordanelia 96 FT M 6 Smith et al,, 1991

Sfloridae

Mosquitofish, 24 S u (3) Thurston et al,, 1985

Gambusia affinis

Mosquitofish, 48 S U 3 Thurston et al., 1985

Gambusia affinis

A-5
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Common Name,

Test Conditions

A No. of Data
Scientific Name Test Duration (hr) Method® Concentration® Points® References
Mosquitofish, 96 Fr M 5(6) Thurston et al., 1985;
Gumbusiu affinis Wallen et al., 1957
Mosguitofish, 96 8 u 3 Wallen et al,, 1957
Gambusia affinis
Guppy, 24 S [¢] (H Pickering and Henderson, 1966
Poecilia reticulata
Guppy, 48 S u 10(11) Slooff t al., 1983; Pickering and Henderson, 1966
Poecifia reticulata
Guppy, 96 S U 4 Slooff et al., 1983
Poecilia reticulata
Bluegill, 24 S U 18(19) Pickering and Henderson, 1966; Buccafusco et al.,
Lepomis macrochirus 1981; Hently et al., 1975
Bluegill, 24 Fr M i Calletal., 1983
Lepomis macrochirus
Bluegill, 48 FT M i Callet al., 1983
Lepomis macrochirus
Bluegill, 48 s (8] 6(7) Pickering and lienderson, 1966, Bently et al., 1975
Lepomis macrochirus
Bluegill, 96 [ 8 M R Thurston et al., 1985; Bently et al.,, 1975; Call et al.,
Lepomis macrochirus 1983; Holcombe et al., 1987
Bluegill, 96 5 U 36(40) Pickering and Henderson, 1966; U.S. EPA, 1978;
Lepomis macrochirus LeBlanc, 1980b; ; Buccafusco e al, 1981; Bently et
al.,, 1975; Dawson et al,, 1977.
Tadpole,
Rana catesheiana 96 FT M 5 Thusston et al., 1985
A-6
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S

Common Name,

Test Conditions

e No. ol Data
Scientific Name Test Duration (hr) Method" Congentration® Points® References
Clawed toad,
Xenopus luevis 48 5 U 5 Slooff and Baerselman, 1980
Mexican axolot], 48 S u 5 Slooff and Baerselman, 1980
Ambystoma mexicanum
Saltwater
Annelid worm, 96 g U 4(5) Home et al., 1983; Rossi and Neff, 1978
Neanthes arenaceodentala
Annelid worm, 96 R 1] (N Thursby et al., 1989a
Neanthes arenuceovdentata
Copepod, 96 S | 6 Bengtsson et al;, 1984
Nitocra spinipes
Amphipod, 96 FT M 4 Swartz, 19912; Champlin and Poucher, 1992a; Boese
Leptocheirus plumulosus et al,, 1997
Mysid, 96 8 i 20023) U.S. EPA, 1978; Champlin and Poucher, 1992a;
Americamysis bahia Zaroogian et al., 1085
Mysid, 96 5 M 1 BEG&G Bionomics, 1982
Americamysis bahia
Mysid, 96 R U 1 Thursby et al., [989b
Americamysis bahia 8(9)
Mysid, 96 BT M 8(9) Battclle, 1987; Champlin and Poucher, 1992a; Home
Americamysis hahia et al., 1983; BG&G Bionomics, 1978; US. EPA,
1978; Kuhn and Lussicr, 1987; Thursby, 1991b
Crass shrimp, 96 R L4 2 Battelle, 1987 Thursby et al., 1989a
Palaemonetes pugio
A-7
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Common Name,

Test Conditions

e No. of Data
Scientific Name Test Duration (hr) Method" Concentration® Points® References
Grass shrimp, 96 5 i 4 Champlin and Poucher, 1992a; Home er al., 1983;
Palaemonetes pugio Thursby, 1991b; Tatem et al,, 1978
Grass shrimp, 96 FT M ! Battelle, 1987
Palaemonetes pugio
Grass shrimp, 96 S M 1 Tatem, 1977
Palaemonetes pugio
Crab,
Portunus pelagicus 96 M 4 Mortimer and Connell, 1994
Inland silverside, 96 R u I Thursbyet al., 1989a
Menidia beryllina
inland silverside, 96 S U 7(8) Champlin and Poucher, 1992a; Dawson et al., 1977;
Menidia beryllina Horne et al,, 1983
Sheepshead minnow, 24 s U 7(8) Heitmuller et al, 1981
Cyprinodon variegatus
Sheepshead minnow, 48 s U 11(12) Heitmuller et.al, 1981
Cyprinoadon variegatus
Sheepshead minnow, 96 S U 13(15) Heitmuller et al, 1981:
Cyprinodon variegatus LS. EPA, 1978
Sheepshead minnow, 96 FT M 2 Ward etal.,, 1981; Battelle, 1987
Cyprinodon variegalus
Total Data Points 736 (796)

*Method: Sstatic, FT~flow-through, R~renewal
SCencentration: U=unmeasured (nominal), M=chemical measured, 1=initial
“Number of data points used; (=number of data before screening for concentration>solubility and outliers.
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Acute Toxicity Database for Narcosis
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Chemical CAS"  Chss'  K,®  MWP MV & had

triethylene glycol 112276 a0 -1.48 150.17 131 -
methanol 67561 a0 -0.715 32.04 41.0 13.5
2.4-pentanedione* 123546 k -0.509 100.12 100 7.87
ethanol 64175 a0 -0.234 46.07 59.0 11.9
acetone 67641 k -0.157 58.08 74.0 13.71
2-chloroethanol® 107073 a0 -0.048 80.51 65.0 9.09
2-(2-cthoxyethoxy)ethanol 111900 a0 0.011 134.17 1 -
1-chloro-2-propanol* 127004 ao 0.156 94,54 84.0 44.8
1,3-dichioro-2-propanol* 96231 a0 0.165 128.99 91.0 6.30
2-methyl-2,4-pentanediol 107415 a0 0.246 118.17 120 43.0
2-butanone 78933 k 0.316 72.11 50.0 281
2-propanol 67630 40 0.341 60.10 77.0 13.6
3-chloro-1-propanol* 627305 a0 0.363 94.54 82.0 2.00
1-propanol 71238 20 0.39¢ 60.10 75.0 11.2
cyclopenianone 120923 k 0.453 84.12 89.0 1.11
2-methyl-2-propanol 75650 a0 0.663 74,12 95.0 16.5
methyl chloride 74873 alha 0.677 50.49 56.0 0.0666
2-butanol 78922 20 0.717 74.12 93.0 14.9 N
methy! bromide* 74839 alha 0.791 94.94 37.0 0.154
3-mcthyl-2-butanonc 563804 k 0.792 86.13 108 1.32
2,3-dibromopropanol® 96139 a0 0.819 21790 96.0 597
cyclohexanone 108941 k 0.827 98.14 103 0.445
cyclopentanol 96413 ao 0.849 86.13 89.0 5.19
2-methyl-1-propanol 78831 ao 0.858 74.12 93.0 10.6
4.methyl-3-pente-2-one 141797 k 0.867 98.14 118 2.68
2-pentanone 107879 k 0.877 86.13 107 1.03
I-butanol 71363 80 0.946 74.12 92.0 3.03
3-pentanonc 96220 k 0.954 86.13 108 0.849
2-methyl-2-butanol 75854 a0 1.03 88.15 110 1.62
2-n-butoxyethanol 111762 a0 1.05 118.17 131 8.78
diethyleneglycolmono-n-butylether 112345 et 1.09 162.23 170 40.0
3,3-dimcthyl-2-butanonc 75978 k 1.09 100.16 125 0.954
B-2
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#

Chemical CAS* Class® Koyt Mw® MvE i
diethyl ether 60297 et 1.15 74.122 105 1.16
4-methoxy-4-methyl-2-pentane 107700 k 1.17 130.19 143 41.3
4-methyl-2-pentanonc 108101 k 1.17 100.16 124 0.862
dichloromethane 75092 al,ha 1.18 84.93 65.0 0.211
t-butylmethy] ether 1634044 et 1.20 88.149 122 9.04
cyclohexanol 108930 a0 1.29 100.16 103 1.6l
2-hexanone 591786 k 1.29 100.16 124 0.598
1.2-dichloroethane 107062 al,ha 1.40 98.96 79.0 0.114
{-pentanol 71410 ao 1.49 88.15 109 0.581
3-methyl-3-pentanol 71747 20 1.49 102.18 125 3.79
2-phenoxyethanol 122996 BO 1.50 138.17 122 0.173
2,2,2-trichlorocthanol 115208 a0 1.61 149.4 93.0 48.4
4.methyl-2-pentanol 108112 a0 1.66 102.18 126 2.25
3-hexanol 623370 80 1.66 102.18 125 218
2-heptanone 110430 ke 1.67 114.19 141 0.312
5-methyl-2-hexanone 110123 ke 1.68 114.19 141 0.271
2.4-dimethyl-3-pentanol 600362 a0 1.78 116.2 140 3.08
6-methyl-5-heptene-2-one 110930 ke 1.82 126.2 151 0.487
2-hexanol 626937 ao 1.83 102.18 126 1.13
1.3-dichloropropanc 142289 al,ha 1.84 112.99 97.0 0.0363
1.2-dichloropropane T8RS al.ha 1.86 112.99 95.0 0.0342
diisopropyl ether 108203 et 1.87 102.18 138 0.0918
chloroform 67663 al,ha 1.91 119.38 81.0 0.0319
1,12-trichlorocthanc 79005 al,ha 1.91 133.4 54,0 0.0369
1.4-dimethoxybenzene 150787 ar 1.95 138.165 132 0.0250
2.6-dimethoxytolunene 5673074 ar 1.99 152.19 147 0.0283
benzene 71432 ar 2,00 78.11 89.0 0.0260
1-hexanot 111273 a0 2.02 102.18 125 0.159
2-octanone 111137 ke 2.02 12821 157 0.111
1-chloro-3-bromopropane 109706 al,ha 2.04 157.44 100 0.0184
5-methyl-3-heptanone 541855 ke 2.05 128.21 156 0.111
anisolc 100663 ar 2.06 108.14 111 0.0148
B-3
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Chemical CAS® Class®  Koy® MW MV s* S

2.6-dimethyl-2,5-heptadiene 504201 ke 2,07 138.21 164 0.0171
t-1,2-dichloroethylene 156605 alha 2.10 96.94 81.0 0.0202
1,2,3-trichloroepropane 96184 alha 213 147.43 107 0.0177
1,I-dichloroethylene 75354 alha 2,19 96.94 81.0 0.0141
1,3-dibromopropane®* 109648 alha 2.24 201.9 103 0.00930
bromoform 75252 alha 225 252,73 88.0 0.00650
1.1.2,2-tetrachlorocthane 79345 alha 2.31 167.85 106 0.0181
1,4-dichlorobutane 110565 alha 2.33 127.01 113 0.00990
1.1dichloropropane 78999 alha 236 112.99 101 0.00790
2-nonanone 821556 ke 238 142.24 174 0.0801
1, L1-trichloroethane 71556 alha 2.38 133.4 101 0.00662
1.1,1,2-tetrachloroethane 630206 alha 2.43 167.85 110 0.0050
5-nonanone 502567 ke 2.44 142,24 174 0.0740
1-heptanol 111706 a0 2.57 116.2 142 0.0487
chlorobenzene 108907 ar,ha 2.58 112.56 102 0.00320
2-gthyl-1-hexanol 104767 40 2.58 £30.23 155 0.132
bicyclo(2.2,Dhepta-2,5-diene 121460 al 2.60 92,14 102 0.00490 ;
toluene 108883 ar 2.62 92.14 107 0.00600 e
styrene 100425 ar 272 104.15 116 0.00550
tetrachloromethanc 56235 alha 273 153.82 97.0 0.00248
2-decanone 693549 ke 2.13 156.27 190 0.0599
bromobenzene 108861 arha 275 157.01 106 0.00196
cyclopentane 278923 al 2.76 70.134 95.0 0.00260
1,5-dichloropentane 628762 alha 2,76 141.04 130 0.00286
1.3,5-cycloheptatriene 544252 al 2.77 92.14 104 0.00377
trichloroethylene 79016 al,ha 2.81 131.3% 90.0 0.00360
di-n-butyl ether 142961 et 2.89 130.23 170 0.00614
t-1,2-dicklorocyclohexanc 822866 alha 2,90 153.05 128 0.00162
pentachlorocthane 76017 alha 2.95 202.29 121 0.00111
2.4-hexadienc 592461 al 2.98 82.145 113 0.00237
butylphenyl ether 1126790 et 3.00 150.22 160 0.000790
benzophenone 119619 ke 3.05 182.22 163 0.000480
B4
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Chemical CAS? Class® Kot Mw° MVE SF
ethylbenzene 100414 ar 3.06 106.17 123 0.00219
2.3-dimethyl-1,3-butadiene 513815 al 3.06 82.145 121 0.00162
2-undecanone 112128 ke 3.08 170.29 207 0.0459
1-octano} 118875 a0 3.10 13023 158 0.0161
3-chlorotoluene 108418 ar,ha 3.z 126.59 118 0.000834
4-chiorotoluene 106434 ar,ha 3.13 126.59 118 0.000817
o-xylene 95476 ar 3.13 106.17 121 0.00191
m-xylene 108383 3.19 106.17 124 0.00154
p-xylene 106423 ar 321 106.17 124 0.00146
1 4-dichlorobenzzne 106467 arha 324 147.00 113 0.600381
3.5 5-trimcthyl-1-hexanol 3452979 a0 3.29 144.26 172 0.0117
1,2-dichlorobenzene 95501 arha 3.31 147.00 113 0.000507
1,3dichiorobenzene 541731 ar,ha 3.31 147.00 115 0.000524
napthalene 91203 peh 3.36 128.17 125 0.00110
cyclohexane 110827 al 3.38 84.16 109 0.000919
tetrachlorocthylene 127184 al,ha 338 165.83 99.0 0.000710
2-dodecanone 6175491 ke 3.43 184.32 223 0.0357

’\‘ cumene 98R28 ar 349 120.19 140 0.000762
pentane 109660 al 3.50 72.15 116 0.000592
1,2-dibromobenzene 585539 ar,ha 3.56 235.92 119 0.000196
1,5cycloocladiene 111784 al 3.61 108.18 130 0.000386
-nonane! 143088 80 3.63 144.26 175 0.00552
1,24-trimethylbenzene 95636 ar 3.65 120.19 138 0.000487
n-propyibenzene 103651 ar 3.67 120.19 140 0.000467
dipentyl ether 693652 et 3.69 158.28 202 0.000757
1.3,5-timethylbenzene 108678 ar 3.69 120.19 140 0.000414
hexachloroethane 67721 al,ha 373 236.74 132 0.0000936
2, 4-dichlorotolucne 95738 ar,ha 3.79 161.03 129 0.000457
1-methylnaphthalene 20120 pah 3.84 142.20 140 0.000280
2-methylnaphthalene 21576 pah 3.86 142.20 141 0.000270
2-chloronaphthalene 91587 pah,ha 3.88 162.62 136 0.000100
1-chloronaphthalene 90131 pah,ha 3.88 162.62 136 0.000100
3.4dichlorotoluene 95750 arha 3.88 161.03 129 0.000120
biphenyl 92524 ar 3.9 154.21 150 0.000216

N BS
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Chemical CAS* Class®  K,.° MWP MVF s e
1.3,5-trichiorobenzene 108703 arha 3.97 181.45 125 0.0000933
1.2 3-rrichlorobenzene 87616 ar.ha 3.98 181.45 124 0.0000870
1,2 4-trichlorobenzene 120821 arha 4.00 18145 126 (.0000886
acenaphthene 83329 pah 4.01 154.21 140 0.000100
2,5-dimethyl-2,4-hexadiene 764136 al 4.10 110.20 146 0.000133
methyl cyclohexane 108872 al 4.10 98.19 128 0.000155
1,2.4,5-etramethylbenzene 95932 ar 4.11 134,22 152 0.000159
hexane 110543 al 4.12 86.18 132 0.000131
{,3-diethylbenzene 141935 ar 4.17 134.22 156 0.000135
{-decanol 112301 a0 4,19 158.28 192 0.00181
p-teri-butylioluene 98511 ar 4.26 148.25 173 0.0000995
diphenylether 101848 ct 4.36 170.21 152 0.0000595
amylbenzene 538681 ar 4.52 148.25 173 0.0000502
phenanthrene 85018 pah 4.57 178.23 161 0.0000340
1,2.4,5-1etrachlorobenzene 95943 ar,ha 4.64 215.89 136 0.0000151
1,2.3,4-tetrachlorobenzene 634662 ar,ha 4.64 215.89 136 0.0000145
1,23 S-tetrachlorobenzene 634902 ar,ha 4.64 215.89 136 0.6000148 i
{-undecanol 112425 a0 4,70 17231 207 0.000640 N~
pyrene 129000 pah 4.92 202.26 182 0.0000120
9-methylanthracene 779022 pah 5.01 192.26 175 0.00000980
fluoranthene 206440 pah 5.08 202.26 197 0.0000102
{-dodecanol 112538 a0 5.20 186.34 213 0.000238
pentachiorobenzene 608935 ar,ha 5.32 250.34 147 0.00000218
octanc® 111659 al 5.34 114.23 164 0.00000625
{-tridecanol* 112709 ac 5.75 200.36 224 0.0000793
decanc® 124185 al 6.56 142.28 229 0.000000300
*Chemical is not included: LCS0>S,
ACAS=Chemical abstract number
9Class: ao=alcohol, ar=aromatic, ha=halogensted, erether, al=aliphatic, ke=ketone, pah=PAH
“Kou=log, (Konli
PMW-molecular weight (gm/mol);
EV=molar volume (cnr’/mol);
FS=agueous solubility(mol/L)
B-6
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Appendix C

Summary of Data on the Acute Toxicity
of PAHs to Freshwater and Saltwater Species
and the Derivation of Genus Mean Acute Values.
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oW

PAH Normalized
LCS50/ LCSO/ Specific PAH Specific.  Species
e Iscientifi Life- PAH Tested Log Concen- EC50" ECS0° SMAV! SMAV' SMAV’'  GMAVX
ommon/scicntriic Stage®  Habitat® (CAS#) K,° Method® tration® (/) (pmolMy  (umoll)  (pmolg,)  (pmolig,) (umolig,) References

FRESHWATER
Hydra, J W.E fluvmnihene  5.084 FI M 70 0.3461 0.3461 22.06 22,06 Spehar el al., 1999
ifydre americana (206-44-0)
Hydra, X W.E phenanthrene  4.571 FT M 96 0.5385 0.5386 11.24 11.24 15.7 Calt & al., 1986
Hydre sp, (85-01-8)
Annelid, X 1 phenanthrene  4.57] FT M >419 >2.351 >2.351 >49.07 _ _ Calleral., 1986
Lumbriculus vuriegatus (85-01-8)
Annelid, A I fluoranthene  5.084 FT M >178 >0.8801 >0.8801 >56.09 >52.46 >525  Speharet al, 1999
Lumbriculus variegatus {206-44-0}
Snail, X E fluorene  4.208 s U >[900¢ >11.42 »11.42 >108.2 >108.2 >108.2 TFinger et al, 1985
Mudalia potosensis (86-73-7) (5600)
Snail, X E acenuphlbene 4,012 T M >2040 >13.23 >13.23 >81.82 >81.82 >81.8 Holoumbe et sl 1983
Aplexa hvpnorun (83-32-9)
Spail, X E flucranthene 5.084 s U 137 0.6773 0.6773 43.17 43.17 43.2 Horne and Oblad, 1983
Physa heterostropha (206-44-0)
Snail, A E fluoranthene  5.084 Fr M >178 >{.8501 >{.8301 >56.0% >56.09 >56.1  Speharet al.,, 1999
Physeliu virgata {206-44-0)
Cladoceran, X W naphthalene  3.356 s u 570 66.86 ~ - _ _ {18 FPA, 1978
Daphnia magna (91-20-3)
Cladoceran, [ W naphthalene  3.356 8 ) 4523 36.85 _ B B _ Abemethyetal, 1986
Duphnia magna (91-20-3)
Cladooeran, X w naphthalene  3.356 S M 2160 16.85 34.63 51.39 . ” Millemann etal., 1984
Daphnia magna {91-26-3)
Cladaceran, I W 1-methyl 3.837 S U 1420 9.986 9.986 42.20 _ _ Abemethy et al, 1986
Daphnia magna naphthalene

{90-12-0)
Cladaccran, 1] W 2-methy! 3.857 8 v 1491 10.49 10.49 46.29 _ _ Abemethy ct al., 1986
Daphnia magna naphthalene

(91-57-6)

C-2
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PAH Normalized
LCs50/ LCSO/ Specific PAH Specific  Species
c Iscientif Life- PAH Tested Log Concen- ECS0" EC507 SMAvV" SMAV! SMAV'  GMAVX
-Ommon/scientiiic Stage®  llabitat® (CAS#) K, ° Method® tration® (pg/l) (pmol/ly  (umold)  (pmolg,) (umolg) (umol/p. ) References
Cladoceran, X W ucenaphhene 4.012 S u 3450 2237 _ Raudall und Knopp, 1980
Daphnia magna (83-32-9)
Cladoceran, X w acenaphthene 4.012 S u >3800 >24 64 ~ - - _ LeBlanc, 1980a
Daphnia magna (83-32-9) (41000)
Cladoceran, X w acenaphthene 4.012 S M 320 2075 _ EG&QG Bionomics, 1982
Daphnia magna (83-329)
Cladoceran, X w acensphhene 4.012 S M 1300 8.430 " N _ _ EG&G Bionomics, 1982
Daphniu magna (83-32-9)
Cladoceran, X W acenaphthene 4.012 FT M 120 0.7782 0.7782 4.813 EG&(G Bionomics, 1982
Daphnia magna {83-329)
Cladoceran, x W fluorene 4.208 s U 430 2.585 2.585 24.49 _ B Finger et al, 1985
Daphnia magna {86-73.7)
Cladooeran, 3 W phenanthrene 4.571 S u 207 1160 N . _ _ Abemcthy ct al,, 1986
Daphniu mugnu (85-01-8)
Cladoceran, X w phenanthrene  4.571 S U 843 4.730 Easmmond et al, 1984
Daphnia magna {85-01-8)
Cladoceran, Neaate w phenanthrene 4.571 S M 700 3.928 B _ _ Millemann etal., 1984
Duphniv mugnu (85-01-8)
Cladoceran, Neanate W phenanthrene 4,471 SR M 212 1.18¢ . -~ Brooke, 1994
Daphnia magna (85-01-8)
Cladoceran, Neonate w phenanthrene  4.571 FT M 230 1.260 N B _ Brooke, 1993
Daphnia magna (85-01-8)
Cladoceran, X W phenanthrene 4.571 FT M 17 06565 0.920< 19.21 Call etal., 1986
Daphnic magna (R5018)
Cladoceran, i w pyrene  4.922 5 9] 90.9 04494 0.4492 20.13 . Abemethyetal, 1986
Daphnia magna (129-00-0)
C-3
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KW
PAH Normalized
LC50/ LC50/ Specific PAH Specific  Species
Life- PAH Tested Log Concen- EC50" EC50° SMAV" SMAV- SMAV’ GMAVX

Common/scientific Stage®  Habitat? (CAS#) K,° Method® tration® (ag/) (umol1)  (pumolA) (pmolg)  (pmolig,) (mmol/g) References

Cladocersn, ¥ w 9-methyl 5.006 S U 1248 0:6491 0.6491 3491 - _ Abemethy el al., 1986
Daphniv magna anthracene

(779-02-2)
Cladoceran, ] W fluoranthene 5.084 S u >260 >].285 _ B » . LeBlanc, [980a
Duphnia mugna (206-44-0) (320000)
Cladoceran, 1 w fluoranthene 5.084 8 M 45 0.2225 Oris ctal.. 1991
Duphnia magnu (206-44-0)
Cladoceran, ¥ W fluoranthene 5.084 R M 117 0.5745 i Spehar et al., 1999
Daphnia magna (206-44.0)
Cladoceran, X w fluoranthene 5,084 s M 1057 Q.5226 0.4067 25.92 25.23 Suedd ad Rodgers, 1006
Daphnia magna {206-44-0)
Cladooeran, X w naphthalene  3.356 S U 4663 36.38 36.38 53.99 _ _ Smith et al., 1988
Daphnla pulex {91-20-3)
Cladoceran, X W fluorene 4.208 s U 212 1.275 1.275 12.08 » » Smits st al.. 1988
Daphniu pulex (86-73-7)
Cladoceran, X w 1.3-dimethyl 4.367 R U 767 4.917 4917 65.84 . Smith et al., 1988
Daphnia pulex naphthalenc

{575-41-T)
Cladoceran, X w 26-dimothyl  4.373 S u 193 1.237 1.237 16.78 _ ~ Smith ot al., 1988
Daphnia pulex naphthalene

{581-42-0)
Cladoceran, X w anthracene  4.534 S u >45 >{.2528 >{.2528 >4 869~ _ _ Smith et al., 1988
Daphnia pulex (120-12.7) (754)
Cladooeran, Neonate W phenantinese 4.571 S u 734 4.118 _ _ _ - Passino and Smith, 1987
Daphnia pulex (85-01-8)
Cladoceran, X w phenanthrene  4.571 8 u >1100 >6.472 _ _ _ _ Geiger and Buikema, 1981, 1982
Daphnia pulex (85-01-8) (>1150)
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L
PAH Normalized
LC50/ LCs0/ Specific PAH Specific  Species
Life- PAH Tested Log Concen- EC50" ECS507 SMAVY SMAV? SMAV’'  GMAVX

Commonscientific  grger  labital®  (CAS#) K,° Method® trtion  (pgl)  (umoll) (umoll) (umolg.) (smolig) (umoli.) References

Cladoceran, X W phenanthrene  4.571 5 u 350 1.964 . . " _ Smith et al., 1988
Daphniu pulex {85-01-8)
Cladoceran, * W phenanthrene 4,571 5 M 100 05611 1.656 34.5¢ _ Trucco et al., 1983
Daphniv pulex {(A5-018)
Cladaceran, X W 2~-mothyl 4.991 S U >30 >0.1563 >0.1563 >8.134+ 30.15 27.6 Smith et al., 1988
Daphnia pulex anthracene (96)

(613-12-7)
Amphipod, X E acenaphthene 4.012 S u 460 2.983 2.983 18.45 Horne etal., 1983
Gammares minps (83-324)
Amphipod, A B fluomnthene 5,084 5 u 32 0.1582 0.1582 10.08 13.64 - Horne and Oblad, 1983
Grammarus minus {206-44.0}
Amphipod, X E fluorene 4.208 3 u 600 3.607 3.607 34.18 = _ Tinger et al, 1985
Gammarus {86-73-7
pseudolimnacus
Amphiped, X E phenanthrene 4,571 FT M 126 0.7070 0.7070 14.76 i _ Cellctal, 1986
Gammaras (83-01-8)
pseudolimnaens
Amphipad, A B fluomnthene 5.084 FT M 43 02126 0.2126 13.55 18.98 16.1  Speharet al, 1999
CGammarys {(204-44-0)
pseudolimnacus
Amphipod, I B fluomnthene  5.084 FT M 44 ¢2175 0.2175 13.87 13.87 139  Speharetal, 1999
Hyolella aztecu {206-44-0)
Drgonfly, N E fluoranthene  5.084 T M >178 >0.8801 >0.8801 >56.09 >56.09 >56.1  Speharet al,, 1999
Ophiogomphas sp. (206440}
Stoncfly, X E accnaphhienc 4.012 S U 240 1.556 1.556 9.626 Horncctal., 1983
Peltoperts maria (83-324)
Stonelly, X E fluoranthene  5.084 8 4] 135 0.6675 0.6675 42.54 20.24 20.2 Horne and Oblad, 1983
Peltaperls mariz (206-44-0}
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ow

PAH Normalized

LC50/ LCS0/ Specific PAH Specific  Species
¢ Jecientifi Life- PAH Tested Log Concen- EC50° EC50" sMav! SMAV: SMAV’ GMAV¥
-ommon/scientriic Stage®  Habitat® (CAS#) K,.° Method® tration® (ng/h) (pmoll)  (pmoll) (pmolg,)  (pmolig,) (pmol/g,) References
Midge. L I naphthalene  3.156 S M 2810 21.92 21.92 32.53 - - Millemann et al., 1984
Chironomus tentans (91-20-3}
Midge, 1L T phenanthrene  4.571 S M 450 2.749 2.749 57.39 ~ Millemann et al., 1984
Chironortuy tentany (85-01-8)
Midge, L I fluoranthene  5.084 S M >250 >1.236 >1.236 >78.78 43.21 Suedd ad Rodgers, 1996
Chironorauy tentans (206-44-0)
Midge. L 1 fluorene  4.208 S U >1900 >11.42 >11.42 >108.2 >108.2 >684  Finger et al, 1985
Chironomus ripurius {86-73-7) (2350)
Midge, X E acensphthene 4.012 S M 2000 12.97 _ _ _ _ Northwestern Aquatic Science
Parutanytarsus sp. (83-32-9} Inc, 1982
Midge, X E acenaphthene 4.012 S M 2090 13.55 13.26 82.00 82.00 820  Northwestern Aquatic Science
Paratanytorsus sp {83-32-9) Inc, 1982
Midge. L 1 naphthalone 3356 S U 20760 1615 _ _ _ _ Darville and Withm, 1984
Tanytarsus dissimilis {91-20-3)
Midge. L I naphthalene 3.356 R U 12600 98.31 1260 1870 1870 187 Darville and Wilm, 1984
Tanytarsus dixsinilis {91-20-3)
Coho salmon, E 1 naphthalene  3.356 R M >11800 >52.07 Kom and Rice, 1981
Oncorlynchus kisutch {91-20-3)
Cohw salmon, F w naphthalene 3.356 R M 5600 43.69 43.69 64.84 64.84 - Kom aad Rice, 1981
Oncorhyachus kisutch (91-20-3)
Rainhow trout, pre 8U 1 naphthatene  3.356 8 U 1800 14.04 _ ~ Fdsall, C.C, 1998
Oncorlryrchus myklss {91-20-3)
Rainbow trout, pre SU I naphthalene  3.356 8 U 6100 47.59 _ _ _ - Edsall, C.C,, 1991
Oncorlyyrckus mykiss {91-20-3)
Rainhow trout, pre SU 1 naphthalene  3.356 S U 2600 20.29 _ _ _ _ Fdsall, C.C., 1991
Onrcorfyrchus mykiss {91-20-3)
C-6
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Ko,
PAH Normalized
LCS50/ LC50/ Specific PAH Specific  Species
¢ fscientif Life- PAH Tested  Log Concen- EC50" ECS0" SMAV" SMAV' SMAV'  GMAV*
-ommon/scientific Stage®  Habitat® (CAS#) K,° Method® tration® (ne/) (pmol/l)  (pmoll)  (pmolg,) (pmolg,) (umolp,) References

Rainbow troul, pre SU 1 naphthalene  3.356 5 u 4400 34.33 - = - _ Eduall, C.C., 1991
Oneorkynchus mykiss (91-20-3)
Rainbow trout, pre SU 1 naphthalene  3.356 5 u 5500 42.91 ~ ~ - - Edsall, C.C.; 1991
Oneorkynchus mykiss {91-20-3)
Rainbow trout, J W naphthalene 3.356 FT M 1600 12.48 . _ " _ DeGraeve et al., 1982
Oncorhynchus mykiss {91-20-3)
Rainbow rout, X W naphthalene 3.356 ¥y M 2300 17.94 1497 22.21 - _ Delraeve ot al_, 1980
Oncorhynchus mykiss {91-20-3)
Rainbow traut, I W acenaphthese 4.012 ¥y M &70 £4.345 4.345 26.87 _ _ Holeombe et al., 1983
Oncorkrynchuy mykiss {83-32.9)
Rainbow trout, J w fluorene 4.208 S u 820 4.930 4.930 46.71 - _ Finger et aL, 1985
Uncorhynchus mykiss (86.73.7)
Rainbow trout, pre SU i 1,3-dimethyl 4.367 s u 1700 10.88 14.04 188.1* . - Edsall, C.C, 1991
Oncorhynchus mykiss naphthalene

(575-41-7)
Rainbow trout, L w phenanthrene 4.571 5 U »>1160 >5.172 . _ - _ Edsall, C.C., 1991
Oneprhynchus mykiss (85-01-8) {3200}
Rainbow trout, J w phenantaene 4,571 FT M 375 2104 2.104 43,92 Call & al., 1986
Omecorhynchus mykiss {85-01-8)
Rainbow trout, X W flsomnthens  5.084 5 M 187 09246 Horne and Oblad, 1983
Oncorhynchus mykisy (206-44-0)
Rainbow trout, ¥ W fluoranthene  5.084 FT M 26.0 0.1285 0.1285 8.193 25.13 404  Speharetal, 1999
Oncorhynchus mykiss {206-44-0)
Brown trout, J W acenaphthene 4.012 FT M 580 1761 31.761 23.26 23.26 233 Holeombe et al., 1983
Salmo truna {83-329)
Fathead minnow, I W naphthalene 3,356 s M 1990 15.53 B - - _ Millemann etal., 1984
Pimephales promefas {91-20-3)
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‘KW
PAH Normalized

LCS0/ LC50/ Specific PAH Specific  Species
c scientif Life- PAH Tested Log Concen- ECS0 ECS0° SMAVY SMAV® SMAV'  GMAV®
-ommon/scientihic Stage®  Habitat® (CAS#) K,° Method® tration® (pg/) (pmol/l)  (umoll) (pmolg,)  (pmolig.) (pmol/g,) References

Fathead minnow, I w naphthalene  3.356 FT M 7900 61.64 _ _ _ - DeGraeve et al., 1982
Pimephales promelay (91-20-3)
Fathead minnow, X w naphthalens 3,356 FT M 4900 38.23 N . . - DeGraeve ot ol., 1980
Pimephales promelas {91-20-3)
Fathcad minnow, i W paphthalone  3.356 FT M 6140 47.51 _ _ _ _ Geiger et al., 1985
Pimephales promelas {91-20-3)
Fathead minnaw, I W naphthalene  3.356 FT M 8900 69.44 » - » » DeGraeve et 4., 1980
Pimephales promelas (91-20-3)
Fathead minoow, i w naphthalene  3.356 FT M 6080 47.44 51.77 76.82 _ _ Holcombe et el., 1984
Pimephales promelas (91-20-3)
Fathead minnow, I W l-methyl  3.337 s u 9000 63.38 63.38 2679 - = Mattson ex al., 1576
Pimephales promelas naphthalens

{(90-12-0)
Fathead minnow, ) W acenaphthene 4.0§2 S M 3100 20.10 _ _ _ _ Marine Bioassay Lab., 1981
Pimephales promelas (83-329)
Fathead minnow, I w acenaphthene 4.012 s M 1500 9.727 _ ‘ _ _ _ EG&G Bionontics, 1982
Pimephales promeluy (83-324%)
Fathead minnow, A W acenaphthene 4.012 R U 3700 23.99 - _ _ _ Academy of Natumal Sci, 1981
Pimephales promelas (83-32-9)
Fathead minnow, ¥ W acenaphthene 4.012 FT M 1730 11.22 _ _ _ _ Geigeret al., 1985
Pimephales promelas {83-329)
Fathead minnow, I w acenaphthene 4.012 FT M 608 3.943 _ _ _ _ Cairns and Nebeker, 1982
Pimvphales promelas (R3-129)
Fathcad minnow, ¥ w acenaphthenc 4.012 T M >1400 >9.079 . EG&G Bionomics, 1982
Pimephales promelas {83-32.9}
Fathead minnow, I W acemaphthene 4.012 FT M 1600 10.38 7.713 47.51 N ~ Holcombe et al., 1983
Pimephales promelus {83-32-9
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KO%
PAH Normalized
LCS0/ LC50/ Specific PAH Specific  Species
Life- PAH Tested Log Concen- ECS0" EC30° SMAV! SMAV! SMAV'  GMAVK

Common/scientific Stage®  Habitat® (CAS#)  K,° Method® tration® (pg/) (pmoll)  (umoll)  (pmolg,)  (pmolig,) (pmol/g,) References

Futhead minnow, X W Muorene 4.208 5 U >1900 »11.42 =»11.42 »108.2" _ _ Finger e 8L, 1985
Pimephales promelas (B6-73-7 {100000)
Fathead minnow, 1 W phenanthrene  4.571 3 M >1109 >6.172 6172 >128.8" U.5. EPA, 1978
Pimephales promelns {85-01-8) 1150}
Fathead minnow, ¥ W fluoranthene  5.084 M) M 95 0.4697 » - _ _ Home and Oblad, 1983
Pimephales promelas (206-44-0)
Fathead minnow, ¥ b fluoranthene  5.084 s M 7.71 0.0381 _ N _ _ Gendusa, 1990
Pimephales promelas [206-44-0)
Fathead minnow, A W fluoranthene 5.084 F¥ u >260 >1.285 _ _ _ Birge et L, 1982
Pimephales promelas (206-44.0) (>1000)
Fathead minnow, ¥ A\ fluuranthene  5.084 FT M 69 0.3411 0.2411 2174 67.97 68.0 Spehar el al., 1999
Pimephales promelus {206-44-0)
Channel catfish, ¥ E acenaphthene 4.012 Fr M 1720 11.15 1115 68.99 ~ _ Holcombe et al.. 1983
Ictafurus punctatus (83-329)
Channel catfish, Ji E tluomnthene  5.084 8 M 37.40 0.1849 0.1849 1179 28.51 285 Gendusa, 1990
Teiaturus punciatus {(206-44-0)
Bluegll, 1 W acenaphthene 4,012 5 U 1700 §11.02 11.02 68.18 Buccafusco et al; 1981
Lepomis macrochirus {83-329)
Bluegill, X W fluorene 4.208 8 & 910 5.471 547 51.84 _ _ Finger el sl 1985
Lepomiy macrochirus {(86-73-T)
Bluegill, ¥ W phenantarene 4.571 FT M 234 1.313 1.313 27.41 } Call et al., 1986
Lepomis mucrachirus (85-01-8)
Bluegill, I w fluomnthene  5.084 s U >260 >1.285 ~ B B _ Buceafusco et al, 1981; EPA,
Lepomis macrochirus (206-44-0) (4000) 1978
Bluegill, ¥ w fluomnthene 5.084 FT M 44 0.2175 0.2175 13.87 34,04 340 Speharetal., 1999
Leponmis mucrovhirus (206-44-0)
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PAH Normalized
LCS0/ LCS0/ Specific PAH Specific Species
. Iscientif Life- PAH Tested Log Concen- ECS50° EC50° SMAV! SMAV? SMAV!  GMAVE
Common/scientific Stage®  Habitat® (CAS#) K,° Method® tration® (ngh) (pmol)  (umoll)  (pmolg,.)  (umollg) (pmolg,) References
South afncan clawed frog L w naphthulene  3.3356 FT M 2100 16.38 . - - Edmisten snd Bunike, 1982
Xenopus laevis (91-20-3)
South afvican clawed frog L w naphthalene 3.356 FT M 2100 16.38 16.38 24.31 24.31 243 Edmisten and Bantle, 1982
Xenopus laevis (91-20-3)
SALTWATER
Annelid worm, J I naphthatene  3.356 S U 3800 29.65 29.65 44.00 _ _ Rossi and Neft, 1978
Neanthes (91-20-3)
areznacéodentata
Annclid worm, X i acenaphthene 4.012 S U 3600 23.34 = » - . Horpe 2t af., 1983
Neunthes (83-312-9)
arenaceodentule
Annclid worm, 1 1 accriaphtbene  4.012 R U >3860 >24.64 23.34 144.4 _ _ Thursby etal., 1989
Neunthes (83-329) (16440)
arenaceodentata
Annelid worm,
Neanihes A I phenanthrene s u 600 3366 3.366 70.27 - _ Rossi snd Neff: 1978
arenaceodentate (85-01-8) 4.571
Annelid worm, I I fluoranthene 5.084 S U >260 >1.285 _ _ _ Rossi and Neff, 1978
Neanthes (206-44.03) (500)
arenaceodentata
Annelid worm, J I fluomnthene 5.084 S U >360 > [.285 >1.288 >8] 93 76.43 764 Speharet al., 1999
Neanthes (206-44-0) (20000)
urenucendentuta
Archiannelid, ¥ T phenanthene  4.571 R U 185.40 1.040 1.040 2171 217 217 Rattelle Ocean Sciences, 1987
Dinophitus gyrocitiutus (85-01-8)
Mud snail, A LE phepanthiene  4.571 R M >245 >1.375 >1.375 >28.69 »28.69 >28.7 Battelle Ocean Sciences, 1987
Nassarius obsoletus (85-01-8)
Biue mussel, A EW phenanthsene 4.571 R M >245 »1.375 »1.375 >28.69 =28.69 =287 Battells Ocean Sciences, 1987
Mytilus edulis (83.01.3)
C-10
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KO‘
rAH Normalized
LCs50/ LC50/ Specific PAH Specific  Species
c o/scientif Life- PAH Tested Log Concen- EC50° EC50F SMAVY SMAV! SMAV'  GMAVK
ommon/seientiiic Stage®  Habitat® (CAS#) K,° Method® tration® (ng/) (pmoly  (umoll)  (pmolg,) (pmolg,) (pmol/g,) References
Pacific oyster, E/L W mphthulene  3.356 s U >31000 >241.9 >241.9 »358.9 »>358.9 >359  U.S. EPA, 1980
Crassostrea gigas {91-20-3) {199000)
Coot clan, ¥ E pyrene 4.922 FT M >132 >0.6526 >0.6526 >29.24 N _ Champlin and Poucher, 19922
Mulinia lateralis {129-00-0) (>240)
Coot clam, ¥ E fluormnthene 5.084 s u >260 >1.285 >1.285 >81.93 >48.94 >489 Speharetal, 1999
Mulinia lateralis (206-44-0) (10710
Soft-shell clam, A I phenantarenc  4.571 R M >245 >1.373 >1.375 >2R.69 >28.69 >28.7 Banclic Occan Scicnces, 1987
AMya arenavia (85-01-8)
Calanoid copepod, A X naphthalene 3.350 S U 3798 22.58 22.58 33.51 O, et al., 1978
Eurytemora affinis (91-20-3)
Calanoid copepod, A X 2-methyl 3.857 S v 1499 7.741 1.741 34.17 B Ott, et al., 1978
Lurvterwora affinis naphthalcae
(91-57-6)

Calanoid copepod, A X Z6-dimethryl  4.373 S M B5Z 3.860 3.B60 52.37 _ _ Ott, et al., 1978
Eurytemora affinis naphtaalene

(581-42-0)
Calancid copepod, A X 2,3,5- 4.856 S M 316 1.271 1.271 49.53 41.51 41.5 O, ct al,, 1978
Burytemora affinis timethyl

naphthalene

(2245-38-7)
Mysid, ! E acenaphthene  4.012 8 8] 370 6.290 N n = ~ UK. EPA 1978, Ward et al., 1981
Americamysis hahia (83-329)
Mysid, T E acenaphthene 4.012 s M 160 1.038 . » - _ EG&G Bionomics, 1982
Americamysis bakia (83-329)
Mysid, 3 E acenaphthene 4.012 R U 1190 1717 - " . _ Thursby etal., 198%a
Americamysis hahiz (R3-32-9)
Mysid, ) E acenaphthene 4.012 FT M 460 2.983 ~ _ _ _ Thurshy et al,, 1980b
Americamysis bahia (83-329)
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K,
PAH Normalized

LC50/ LC50/ Specific PAH Specific  Species
. L Life- PAH Tested Log Concen- ECS0° EC50° SMAV" SMAV' SMAV’  GMAV*
Common/scientific A . ; c D i E /
Stage Habitat® (CAS#) K, Method tration’ (ugh)y (pmol/l)  (pmol/d) (pmol/g,.) (pmol/g,) (pmolig,) References
Mysid, ¥ E acenaphlhene 4.012 FT M 190 1232 . _ _ _ EG&G Bionomics, 1982
Americamysis hahia (83-32-9)
Mysid, } E acepaphthene 4.012 FT M 466.1 3.023 . N Horne etal., 1983 Thursby,
Americamysis bahia (83-329) 1991a
Mysid, 1 E acenaphthene 4.012 FT M 219 1.763 2.104 13.01 n _ Home etal., 1983 Thursby,
Americamyyis buhia (83-32-9) 1991a
Mysid, i E phenanthrese 4.571 FT M 27.1 0.1521 . - . . Kubn and Lussier, 1987
Americamysis buhiu {(83-018)
Mysid, ¥ E phénanthrene  4.571 FT M 177 0.0993 0.1229 2.565 - ~ Battelle Ocean Sciences, 1987
Americamysix bahia {85-01-8)
Mysid, ¥ E pyreae 4.922 FT M 28.28 0:1398 0.1398 6.264 ~ _ Champlin and Poucher, 19922
Amervicamysis buhia {129-00-0}
Mysid, I E [uoranthene 5.084 S U 31 0.1533 - ~ _ _ Spehar et al., 1999
Americanysis bahia (206-44-0)
Mysid, J E fluoranthene  5.084 ) U 40 0.1978 . = . = U.S. EPA, 1978
Americamysis bakia {206-44.0)
Mysid, ¥ E fluomnthene 5084 FT M 30.53 0.1509 . B _ _ Speharetal, 1999
Americamysis bahia {206-44-0)
Mysid, i E fluomnthene  5.084 FT M 87 0.4301 0.2548 16.24 7.633 7.63  EG&G Bionomics, 1978
Americamysix bahia {206-44-0)
Mysid, X E naphthalene 3356 S M 1250 9.753 Hargreaves et al., 1982
Neagmyyis umericana (91-20-3)
Mysid, X E paphthalene  3.356 b M 1420 11.08 10.39 15.43 15.43 15.4 Hargreaves et al, 1982
Neomysis americana {91-20-3)
Isapod ¥ LE fluoranthene 5.084 R M >70 >0.3461 >§,3461 >22.06 >22 .06 >221 Boeseetal, 1997
Excirolana {206-44-0)
VARCOUVErensis
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KXW@
PAH Normalized

LC50/ LCS0/ Specific PAH Specific  Species
¢ Jscientif Life- PAH Tested Log Concen- EC50° ECS07 SMAVY SMAV' SMAV'  GMAV®
-omman/scientite Stage®  ilabitat® (CAS#) K,° Method® tration® (ng/l) (pmolll)  (pmoll)  (pmol/g.)  (pmolig,) (pmolip.) References
Amphipod, ¥ 1 acenaphthene 4.012 R u 1125 7.295 7.295 4512 B _ Thursby etal., 1989,
Ampelisca abdita (83-32-9)
Amphipad, ¥ 1 fluoranthene  5.084 5 U 67 03313 0.3313 21.11 30.86 309 Spehar et al,; 1999
Ampeliva abdita (206-44-0)
Amphipod, A El acenaphthene 4.012 Fr M 5894 3.822 31.822 23.64 . - Swartz, 1991a
Leprocheirus plumuloses (83-32-9)
Amphipod, A El phepanthrene 4.571 T M 198.4 1113 1.413 23.24 . B Swariz, 1991a
Lepiocheirus plumulosus (8:-01-8)
Amphipaod, 1 El pyrene 4.922 FT M 66.49 0.3287 0.3287 14.73 - _ Champlin and Poucher , 1992a
Lepiocheirus plumulosus {129-00-0)
Amphipod, X Ed fluoranthene 5.084 R M 51 02522 0.2522 16.07 189y 190  Boeseetal, 1997
Lepiochetrus plumwiosus {206-44-0)
Amphipod, i) 1 fluoranthene 5.084 R M 63 0.3115 0.31158 1985 19.85 199 Boese et al:, 1997
Rhepoxynius abromius (2006-44-0)
Amphipod, ¥ I fluoanthene 5.084 R M >70 >{.3461 >0.3461 >22.06 >22.06 >22.1 Boesesztal, 1997
Eohaustoris estuarius (206-44-0)
Amphipad, i I fluomnthene  5.084 R M 27 0:1335 0.1335 R.508 8.508 8.51 Boeseetal., 1997
Grandidierella japonica (206-44-0)
Amphipod, ¥ I fluomnthene 5.084 R M 54 0.2670 0.2670 17.02 17.02 170 Boeseetal., 1997
Corophium mxidiosum {206-44-0)
Awmphipad, ) LE luomuthene  5.084 R M 74 0.3639 03659 23.32 2332 233 Boeseet al., 1997
Emerite analoga {206-44-0)
Kelp shrimp, X w naphthalene  3.356 FT M 1390 10.84 10.84 16.09 16.09 16.1 Rice and Thoroas, 1989
Bualis suckleyi (91-20-3)
Grass shrimp, X EW naphthalene  3.356 S M 2350 18.34 18.34 27.21 . _ Tatem et al., 1978
Palaemoneles pugio {91-20-3)
C-13
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K..

PAH Normalized
LC50/ LCSs0/ Specific PAH Specific  Species
¢ sscientif Life- PAH Tested Log Concen- ECS50° ECS0° SMAV! SMAV? SMAV'  GMAVK
-ommon/scientific Stage" Habitat® (CAS#) K,° Method®  tration® (ng/h) (pmoll)  (pmoll)  (pmolig.)  {(pmolig,) (pmol/g,) References
Grass shrimp, X EW acenaphthene 4.012 B U 676.8 4.389 _ _ Home etal., 1983, Thursby,
Palaemonetes pugio (83-32-9) 1991k
Girass shrimp, L EW acenaphthene  4.012 R u 1697 1100 6.950 42.98 Thurshy et al., 1989%a
Painemonetes pugio (83-32-9)
Girass shrimp, A EW phcpanthiene 4,571 R U 2008 1127 Battelle Occan Sciences, 1987
Paluemonetes pugio (85-01-8)
Grass shrimp, A EW phenanthrene  4.571 FT M 1454 0.8158 0.8158 17.03 - ~ Battelle Ocean Sciences, 1987
Paluemanetes pugio {85-01-8)
Grass shritp, J EW fluoranthene  5.084 S U 142 0.7021 0.7021 44.75 30.72 30.7  Speharet al,, 1999
Palaemonetes pugio (206-44-0)
Sand shrimp, X E acenaphthene 4.012 S U 245 1.589 1.589 9.826 9.826 9.83  Home etal., 1983;Thursby ,
Crangor seemspinosus (83-32-9) 1991k
American Lobster, L - fluoranthene  5.084 R u >260 1.285 1.285 81.93 81.93 819  Speharet al, 1999
Homarus americary (206-44-0} 317
Hermit crab, A E phenanthrene  4.571 T M 163.7 0.9185 0.9185 19.17 19.17 192 Battelle Ocean Sciences, 1987
Pagurus longicarpus (85-01-8)
Slipper lirper, L w acenaphthene 4.012 R o] 3426 22.28 22.28 137.8 1378 138 Thurshy etal., 19892
Crepidula fornicate {(83-32-9)
Sca urchin, E W ucenaphthene 4.012 s U >3R00 >24 64 >24 64 >152.4 _ _ Thursby et al., 19892
Arbacie punctalata {83-32-9) (8163)
Sea urchin, E w fluoranthene  5.084 s U >260 =>1.285 >1285 >81.93 >117.2 >117  Speharet al., 1999
Arbaciv puncialata {206-44.0} {20000}
Pink salmon, Fry W naphthalene 3356 FT M 960 7.490 . - - . Rice and Thomas, 1989
Onecorhynchus gorbuscha {91-20-3)
Pink salmon, Fry W naphthalene  3.356 FT M 900 7.022 B _ _ _ Rice and Thomas, 1989
Oncorlynchus gorbuscha {91-20-3)
C-14
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PAH Normalized
LC50/ LC50/ Specific PAH Specific  Species
. Life- PAH Tested Log Concen- ECS0° EC50° SMAV" SMAV! SMAV'  GMAVX
Common/scientific A . N , © D s /
Stage Habitat® (CAS#) K, ° Method tration (pg/l) (pmol/l)  (umolA) (pmol/g,)  {pmolg,) (pmol/g,) References
Pink valmon, Fry w naphibalene  3.356 FT M 990 7.724 _ _ _ _ Rice and Thomas, 1989
Oncorhvachus gorbuscha {91-20-3)
Pink salman, Fry w naphthalene  3.356 FT M 1010 7.880 _ _ _ _ Rice and Thomas, 1989
Oncorkynchus gorbuscha (91-20-3)
Pink salmon, Fry w naphthalene  3.356 FT M 890 6.944 7.40 10.99 10.99 118 Rice and Thomas, 1989
Oncorhyndhus gorbuscha (91-20-3)
Sheepshead mitmow, J EW acenaphthene 4.012 s U 2200 14.27 _ B _ _ Heitrmuller er al, 1981
Cyprinodon variegatus {83-32-9)
Sheepshead mimow, § EW acenaphthene 4.012 R U 3800 >25.00 _ ~ _ _ Thurshy etal., 1989a
Cyprinodon variegatus (83-32.9) {50000}
Sheepshead minnow, A EW acenaphihene 4.012 FT M 3100 20.10 20.10 1243 _ ~ Ward et al., 1981
Cyprinodon variegatus (83.32.9)
Sheepshead minnow, J EW phepanthrene 4.571 R U >245 >1.375 Battclic Occan Scicnccs, 1987
Cyprinodon variegatus {85-01-8)
Sheepshead minnow, ¥ EW phesanthrene  4.571 FT M 4294 2.409 2.409 50.29 _ _ Battelle Ocean Sciences, 1987
Cyprinodon variegatus (85-01-%)
Sheepshead minnow, J EW pyTene 4.922 FT M >132 >0.6526 >0.6526 >29.24 _ _ Champlin and Poucher, 1992a
Cyprinodon variegatus {129-00-0) {640)
Shieepshead minnow, J EW tluoranthene  5.084 S u »>260 >1.285 _ _ _ _ Spehar et al., 1999
Cyprinodon variegatus (206-44-0) {>20000)
Sheepshead minnow, l EW fluoranthene 5.084 s u >260 >1.285 >1.2858 >81.93" 79.07 79.1  Heitmuller et al., 1981;US EPA,
Cyprinodon variegatus (206-44-0) (>560000) 1978
inland silverside, X W acenaphthene 4.012 s u 2300 14.91 _ _ _ _ Homeetal, 1983
Menidia bervilina {83-32-9)
Inland silverside, J w acenaphthene 4.012 R ¢) >3800 >24.64 >19.17 >118.6 _ _ Thurshy ctal., 19892
Menidia bervilina (83-32-9) (5564) :
C-15
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K‘D‘/
PAH Normalized

LC50/ LC50/

c cientif PAH Tested Concen- ECS507 EC507 GMAVK

-ormon/scientine (CAS #) tration® (pp/l)y (umol/) (pmol/g,) (pmol/g,) References
Inland silverside, pyrenc M >132 >0.6526 _ Champlin and Poucher, 1992a
Menidia beryilina {192-00-0) {(>188.17)
Inland silverside, fluoranthene U >260 >1.285 Spehar et al., 1999
Menidia beryllina (206-44-0) {>616)
Atlantic silverside, phenanthene M 108 (1.6060 288 Rattelle Ocean Sciences, 1987
Menidia menidia {85-01-8)
Winter flounder, fluoranthene M >188 >{3.9295 >59.2  Speharet al, 1999
Pseudopleuronectes (206-44-0)
americanus

ALife-stage: A = adult, J - juvenile, L = larvae, E = embryo, U = life-stage and habitat unknown, X = life-stage unknown but habitat known.
®Habitat: | = infauna, E = epibenthic, W =~ water column,

Yog Kqw: Predicted using SPARC (K arickoff et al, 1991).

PMethod: S= static, R = renewal, FT= flow-through.

EConcentration: U = unmeasured (nominal), M = chemical measured.

F Acute Values: 96 hour LCSO or ECSU, except for Daphnia and Tanytarsus which are 48 hours duration.

G Bolded acute values are the water solubilities of the PAH (Mackay et al., 1992). For these tests the acute values exceeded solubility. Therefore, solubilities are used instead of the
acute valuc for further calculations.

R pAH-specific SMAV: Geometric mean of the acute values by PAH and species.

"pAH-specific SMAVs at a log Kqw=1.0; calculated as antilog (log,LC50 + 0.945log,,K ow)/1000 (see Equation 2-33).

! Species SMAV: Geometric mean of Koy-normalized SMAV s for a species across PAHs.

KGMAV: Geometric mean of SMAVs for all species within a genus.

" Not used in calculations,
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Appendix D

Comparison of PAH-specific Equilibrium
Partitioning Sediment Benchmarks (ESBs)
Derived from Narcosis Theory and the
Median Response Concentration
of Benthic Species for Individual PAHSs
in Spiked-sediment Toxicity Tests.
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Median Test-

Response Specifie PAH-
Common Nume, Conc.™ CocpariFen ESBTUpy? Specific
Scieniific Name Chemical Response (ng/goc) (pg/goc) {Unitlcss) SMAV®  GMAVP References®
Oligachaete, pyrene 7dLC50 >9090 694 >13.1 - - Kukkonen and Landrum, 1994
Lumbriculus variegatus (61100)
Oligochacte, pyrenc 7 d EC50-SA >90%0 694 >13.1 - - Kukkonen and Landrum, 1994
Lumbriculus variegatus (51400
Oligochaete, phenanthrene 10 A LCS0 >34300 593 >57.8 >57.8 >578  Lotufo and Fleeger, 1996
Limnodrilus hoffmeisieri (42500
Oligochaete, phenanthrene 28 d EC25-R 5790 593 9.80 - - Lotufo and Fleeger, 1996
Limnodrilus hoffmeisteri
Oligochaete, pyrene 28 d EC25-R 8440 694 12.2 - - Lotufo und Fleeger, 1996
Limnodrilus hoffmeisteri
Cladoceran, fluoranthene 10dLCS0 2380 704 - - - Suedel et al., 1993
Daphnia magna
Cladoceran, fluoranthene 10 d LC50 955 704 - - - Suedel et al., 1993
Daphinia magne
Cladoceran, fluoranthene 10dLCs0 3260 704 - - - Suedel et al, 1993
Daphnia magna
Amphipod, fluoranthene 10 dLCS0 >23900 704 - - - Driscoll ct al., 19972
Hyalella azteca (37649)
Amphipod, flupranthene 10d LCS50 1250 704 - - - Suedel ct al,, 1993
Hyalella azteca
Amphipod, fluoranthene 106 d LC50 1480 704 - - - Suedel et al., 1993
Hyalella azteca
Amphipud, fluoranthene 10 d LC50 500 704 - - - Suedel et al, 1993
Hyalella azteca
Amphipod, fluoranthene 10dLCS0 22000 704 313 - - Harkey et al.,, 1997
Hyaleila azteca
Amphipod, fluoranthene 10d LC50 5130 704 7.29 15.1 15.1 DeWitt et al., 1989
Hyaleila azteca
Amphipod, fluoranthene 104 LC50 2830 704 402 - - Swartz et al,, 1990
Corophium spinicorne
D-2
CONFIDENTIAL BP-HZN-2179MDL09228148

( ( (

%

TREX-013340.000158



Median Test-
Response Specific PAH-
Common Name, Cone.® Cocpamrcri  ESBTUpey? Specific A
Scientific Nume Chemical Response (ng/goc) (ng/goc) (Unitless) SMAV® GMAVP References®
Amphipod, fluoranthene 10d LCS0 4390 704 623 5.01 5.01 Swartz et al., 1990
Corophium spinicorne
Amphipod, acenapthene 10dLC50 10900 489 223 “ - Swartz et al., 1991a
Leptocheirus plumulosus
Amphipod. acenapthene 10d LCSO 23500 489 48.1 - - Swartz et al, 199]a
Leptacheirus plumulosus
Amphipod, acenapthene 10d LCE0 8450 489 17.3 264 - Swartz et al., 1991a
Leptocheirus plumulosus
Amphipod, phenanthrene 10d LC30 6870 593 11.59 - “ Swartzet al,, 1991a
Leptocheirus plumulosus
Amphipod, phenanthrene 104LCs0 8080 593 13.63 - - Swartzet al, 1991a
Leprocheirus plumulosus
Amphipod, phenanthrene 10 d LC50 818¢ 593 13.8 13.0 18.5 Swartzet al, 19912
Leptocheirus plumuloyus
Amphipod, acenapthene 104 LC50 2310 489 4.72 - - Swartz et al., 1997
Rhepoxynius abronius
Ampbipod, acenapthene 10dLCS50 2110 489 4,31 4.51 " Swartz et al.,, 1997
Rhepoxynius abronius
Amphipod, phenanthrene 10d LC50 3080 593 5.19 - - Swartz et al., 1997
Rhepaxynius abronius
Amphipod, phenanthrene 10dLC50 2220 593 374 4.41 E Swartz et al, 1997
Rhepoxynius abronius
Asuphipod, pyrene 10d LC30 1220 694 1.76 - " Swartz et al,, 1997
Khepoxynius abronius
Amphipod, pyrene 10d LC50 2810 694 4.05 2.67 - Swartz et al., 1997
Rhepoxynius abronius
Amphipod, fluoranthene 10 d LC50 >4360 704 >6.19 - - DeWitt et al., 1992
Rhepoxynius abronius
Amphipod, fluoranthene 10dLCS0 4410 704 6.26 - “ DeWitt et al., 1992
Rhepoxynius abronius
D-3
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Median Test-

Response Specific PAH-
Common Name, Conc.* Cocramren ESBTU rcwe Specific
Beigntific Nume Chemical Respunse (ng/goc) (ngigoc) (Unitless) SMAV® GMAVP® References®
Amphipod. fluoranthene W04 LOsh 3080 704 438 - - DeWitt et al., 1992
Rhepoxynius abronius
Amphipod, fluoranthene 10 d LC50 2230 704 3.17 S - Swartz ¢t al., 1990
Rhepoxynius abronius
Amphipod. flaoranthene 10 d LCS0 3150 704 4.50 - - DeWitt et al.. 1992
Rhepoxynins abronius
Amphipod, fluoranthene 10 d LCSO 1890 704 2.68 . - Swartz et al., 1990
Rhepoxynins abronius
Amphipod, fluoranthene 10d LC50 2790 704 3.96 B . De Witt et al., 1992
Rhepoxynius abronius
Amphipod, fluoranthene 10d LCSO 2320 704 130 “ - Swartz et al., 1997
Rhepoxynius abronius
Amphipod, fluoranthene 10 d LC50 170¢ 704 2.41 - - DeWitt et al., 1989
Rhepoxynius abronius
Amphipod, fluoranthene 10d LCSO 103¢ 704 1.47 - - Swartz ot al., 1988
Rhepoxynius abronius
Ampbipod, fluoranthene 10d LCS5O 2100 704 2.98 B - Swartz et al., 1990
Rhepoxynius abronius
Amphipod, fluor anthene 104 LCSO 3310 704 4.70 3.56 3,67  Swartz et al., 1997
Rhepoxynius abronius
Amphipod, acenapthenc 10 d LC50 1630 489 3.33 » - Swartz ¢t al., 1991a
Eohaustorius estuarius
Amphipod, acenapthene 10d LCSO 4180 489 8.55 - ~ Swartz et al., {9912
Eohaustorius estuarius
Amphipod, accnapthenc 10d LC30 1920 489 3.93 4,82 - Swartz ct aL, 1991a
Eohaustorius estuarius
Arnphipod, phenanthrene 10d LCSO 4210 593 7.10 - - Swartz et al., 1991a
Eohaustorius estuarius
Amphipod, phenanthrene 10 d LCSO 3760 593 6.34 - - Swartz et al., 1991a
Eohaustorius estuarivs
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Median Test-
Response Specific PAH-

Commen Name, Cone. Cocramecn  ESBTUgy®  Specific i
Scientific Name Chemical Response {Lg/guc) (pg/goc) (Unitless) sMAvVE GMAV® References®
Amphipod, phenanthrene 10 d LC50 4060 593 6.85 6,75 - Swartz et al., 1991a
Evhaustorius estuarius
Amphipod, fluoranthene 10 d LC50 3100 704 4.40 w - DeWitt et al., 1989
Eohausiorius estuarius
Amphipod, fluoranthene 10 d LCS0 3930 04 5.59 " - DeWitt etal., 1989
Eohaustorius estuarius
Amphipod, fluoranthene 10 d LCS50 3570 704 5.07 5.00 5.46  DeWitt etal., 1989
Echaustorius estuarius
Midge, flaoranthene 10d LCS0 1590 704 - “ - Suedel et al,, 1993
Chironomus tentans
Midge, fluoranthene 10 d LC50 1740 704 B - - Suedel et al., 1993
Chironomus tentans
Midge, fluoranthene 10 d LCS0 682 704 - - - Suedel et al., 1993
Chirvnomus tentans
Amphipod, pyrene 31 dLCsS0 >8090 694 >13.1 - - Landrum et al., 1994
Diporeia sp.

(147000)
Amphipod, fluoranthene 16 d LC50 >23900 704 =34.8 >34.0 >34.0  Driscoll et al., 1997a
Diporeia sp. (29300)

* Bolded median response concentration (acute) values are the Coc.panna based on the water solubilitics of the PAH (Mackay ct al., 1992). For these tests the
interstitial water concentration at the median response concentration exceeded solubility, Therefore, solubilities are used instead of the acute value for further calculations,

[}

solubility inchuded only if they are the sole 10-d LC50 for the species.

mog
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GMAV: Geometric mean of the PAH-specific SMA Vs for all species within a genus.
Spiked sediments from Suedel et al. (1993) were unlikely at equilibriumy; i.e., organisms were tested after only 18 to 24 hours after spiking.

Test-specific ESBTUs: Quotient of the median response conventration (pg/gov) und Cocpanrcv, (from Table 3-4),
PAH-specific SMAV: Goometric mean of the test-specific ESBTU.,; valies from 10-d LC50 tests by species and PAH. Test-specific ESBTU,; values greater that
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Appendix E
CAS#, Molecular Weight
and Solid Solubility
of Selected PAHs.
N
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Mackay

Molecular Solid
Weight Solubility®
PAH CAS #* (pg/pmol) (ug/L)
indan 496117 118.18 100600
naphthalene 91203 128.17 30995
Cl-naphthalenes o 142.20 ?7?
I-methylnaphthalene 90120 142.20 28001
2-methylnaphthalene 91576 142.20 25000
acenaphthylene 208568 152.20 16314
accnaphthene 83319 154.21 3800
1-ethyinaphthalene 1127760 156.23 106100
2-ethylnaphthalene 939275 156.23 H001
C2-naphthalencs " 156.23 7
1 4-dimethylnaphthalene 571584 156.23 11400
1,3-dimethyinaphthalene 575417 156.23 8001
2.6-dimethyvinaphthalene 581420 156.23 1700
2,3-dimethylnaphthalene 581408 156.23 2500
1.5-dimethylnaphthalene 571619 156.23 3100
fluorene 86737 166.22 1900
C3-naphthalenes - 170.25 2?
2,3.5-trimethyinaphthalene 2245387 170.26 77
1,4 5-mmethylnaphthalenc 213411 170,20 2100
anthracenc 120127 178.12 45.00
phenanthrene 85018 178.23 1100
Cl-fluorenes - 180.25 77
| -methvifluorene 1730376 180.25 1090
C4-naphthalenes - 184.28 7
2-methyvianthracene 613127 192.26 29.99
I-methylanthracene 610480 192.26 "
9-methylanthracene 779022 192.26 261.1
2-methylphenanthrene 2531842 192.26 7
1-methyiphenanthrene 832699 102.26 268.9
C1-phenanthrene/anthracenes - 192.26 7
9-ethylluorene 2294828 194.28 ka4
C2-fluorenes - 194,27 77
pyrene 129000 202.26 1319
fluoranthene 206440 202.26 239.9
2-ethylanthracene 52251715 206.29 2
C2-phenanthrene/anthracenes “ 206.29 ”
9.10-dimethylanthracene 781431 206.29 55.90
3,6-dimethylphenanthrene 1576676 206.29 7
C3-1luorenes - 208.3 7
Cl-pyrene/{luoranthenes - 216.29 ?
2,3-benzofluorene 243174 216,28 2.001
E-2
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Mackay
Molecular Solid
Weight Solubility®
PAH CAS #* (ug/pmol) {ug/L)
benzo(a)luorene 238843 216.29 45.00
C3-phenanthrene/anthracenes - 220.32 2
naphthacene 92240 228.3C 0.600
benz(a)anthracene 56553 22829 11.00
chrysene 218019 228.29 2.000
triphenylene 217594 228.3 43.00
C2-pyrene/fluoranthenes - 230.13 7
C4-phenanthrenes/anthracenes 234.23 7
Cl-benzanthracene/chrysenes 242.32 27
C3-pyrene/fluoranthenes - 24432 7
benzo(a)pyrene 50328 252.31 3.810
perylene 198550 252.31 0.4012
benzo(e)pyrene 192972 252.32 4.012
benza(b)fluoranthene 205992 252.32 1.501
benzo(j)fluoranthene 205822 25232 2.500
benzo(k¥luoranthene 207088 252.32 0.7999
C2-benzanthracene/chrysenes - 256,23 7
9.10-dimethylbenz{a)anthracene 56564 256.35 43.50
7,12-dimethylbenz{a)anthracene 57976 256.35 49,99
7-methylbenzo(a)pyrene 63041770 266.35 77
benzo(ghi)perylene 191242 276.23 0.2600
C3-benzanthracene/chrysenes - 270.36 2 N
indeno(l,2,3-cd)pyrene 193395 276.23 e
dibenz(a,hanthracene 53703 278.35 0.6012
dibenz(s,))anthracene 58703 278.35 12.00
dibenz(a,c)anthracene 215587 278,35 1.601
Cd-benzanthracene/chrysenes - 284,38 n
C1-dibenz{s.hjanthracenes - 292.37 7
coronene 191074 300.36 0.1400
C2-dibenz(a,hjanthracenes - 306.39 2?
C3-dibenz{a.hjauthracenes - 320.41 7
ATFor CHi-PAHs, a CAS is not available.
B Mackay et al. (1992).
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Appendix F

Water-only and Interstitial Water
LC50s used in Table 5-1.
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Water-only  Interstitial Water

Chemical LC50 LC50
Test Species Method” {ugh) {ug/L} References
Ereshwater
Fluoranthene
Diporeia sp. FIM/10 >194 >381.3 Driscoll et al., 1997ab
Hyalella azteca FI,M/10 130.7 >75.4 Driscollet al., 1997a,b
Hyalella azteca S,M/10 44.9 45.9 Suedel et al., 1993
Ihvalella azteca SM/10 44.9 236.5 Suedel et al., 1993
Hyalella azteca S.M/10 4.9 97.6 Suedel et al., 1993
Chirononus tentans S.M/10 319 91.2 Suedel etal., 1993
Chironomus tentans S.M/10 319 251 Suedel etal., 1993
Chironomus tentans S.M/10 319 75.7 Suedel etal., 1993
Saltwater
Acenaphthene
Eohaustorius estuarius FT,M/10 374 800 Swartz, 1991a
Eohaustorius estuarius FT,M/10 374 609 Swartz, 1991a
Eohaustorvius estuarius FT,M/10 374 542 Swartz, 1991a
Leptocheirus plumulosus FI,M/10 678 >1,720 Swartz, 1991a
Leptocheirus plumulosus Fi.M/10 678 1410 Swartz, 1991a
Leptocheirus plumulosus FIM/HO 678 1490 Swartz, 1991a
Fluoranthene
Leptocheirus plunulosus 5/10 352 “ Driscoll et al,, 1998
Phenanthrene
Eohaustorius estuarius FI.M/10 131 138 Swartz, 1991a Sl
Eohaustorius estuariuy FT.M/10 131 139 Swartz, 1991a
Eohaustorius estuarius FT.M/10 131 146 Swartz, 1991a
Leptocheirus plumulosus FIM/10 185 387 Swartz, 991a
Leptocheirus plumulosus FT,M/10 185 306 Swartz, 1991a
Leptocheirus plumulosus FL,M/10 185 360 Swartz, 1991a
2,6-dimethylnaphthlenc
Rhepoxynius abronius S.M/10 B 200 Qzretich et al., 2000a
2.3,5-trimethylnaphthlene
Rhepoxynius abronius S.M/10 . 153 Ozretich ct al., 2000a
| -methytfluorene
Rhepoxynius abronius S.M/10 = 44 Ozxetich et al., 2000a
2-methylphenanthrenc
Rhepaxynius abromius 3.M/10 = 10 Ouxetich et al., 2000a
9-methylanthracene
Rhepoxynius abronius S.M/10 - 32 Qgzretich et al., 2000a
Accnaphthene
Rhepoxynius abronius SM/10 - - Swartz etal., 1997
Rhepoxynius abronius S.M/10 - B Swartz et al., 1997
F-2
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Water-only  Interstitial Water

Chemical LC50 LCS50
Test Species Method”® {ng/L) (pg/L) References
Naphthalene
Rhepaoxynius abronius 5,M/10 - 10440 Ozrctich et al, 2000a
Phenanthrene
Rhepoxynius abronius S,M/10 - = Swartz ct al., 1997
Rhepoxynius abronius S M/10 - - Swartzet al., 1997
Pyrene
Rhepoxynius abronius S, M/10 - 28.1 Quretich et al,, 20002
Rhepoxynius abromius S.M/10 - - Swartz et al., 1997
Rhepoxynius abronius S.M/10 - - Swartz et al., 1997
Fluoranthene
Rhepoxynius abronius S,M/1G 139 - Swariz et al., 1997
Rhepoxynius abronius S,M/10 139 - Swanz et al., 1997
Rhepoxynius abronius S,M/10 139 22.7 Swanz et al,, 1990
Rhepaxynius abronius S,M/10 139 294 Swantz et al., 1990
Rhepoxynius abronius S.M/10 139 24.2 Swartz et al., 1990
Rhepoxynius abronius S,M/10 139 > 315 DeWitt et al,, 1992
Rhepoxynius abronius S,M/10 139 4.1 DeWitt et al., 1992
Rhepoxynius abronius SM/10 139 26.6 DeWil et al., 1992
Rhepoxynius abronius S,M/10 13.9 19.2 DeWitt et al., 1992
Rhepoxynius abronius S,M/10 139 9.38 DeWitt ctal., 1992
Mean LC50 ratio = 1.6

* Test conditions for water-only toxicity tests: § = static, FT = flow-through, M =measured,
10 = 10-d duration.
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Appendix G

Teratogenic Effects from Laboratory Exposure to PAHs.
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Exposure
Mode Conce
of Associated Exposurc
Species Exposure Method PAH with Effect Time Toxic Effect(s): Tissue Conc Comments: References
fathead minnow maternal lab; Anthracene  6.66 pg/L 6 wks -yolk-sac malormations 8.8a pg/g (eges) Effects on embryos Hall and COris,
(embryos), via water flow- 116 pg/L 3 wks -edema incubated with solar 1991
Pimephales through -eye deformitics ultraviolet light radiation
promelas
freshwater watcr; lab; BaP 1,000 pg/l 24h -increascd AHUH and 9.0 pg/g converted Implicd cffeet - increased Goddard ctal.,
topminnows, acetone carrier static nominal; followed by ~ EROD activities from 35.7 nmol/g AHH and EROD activity 1987
Poeciliopsis renewal 1,250 pg/l 6 mo. of wet wt. indicative of carcinogenic
monacha was acutely  monitoring and teratogenic metabolites
Poeciliopsis lethal formed during metabolism of
lucida BaP by MFO-system
English sole matemal lab; BaP 8,000 pg/L - -maiformation of tail 512 and 263 -Eggs maintained 11 Hose et al,, 1981
(cmbryos), via oral wild- (B mglkg regions Hele (cggs) - avg. = days until yolk-sac
Parophyys caught force-fed) -insufficient yolk-sac 157; Tissue conc, absorbed; static,
vetulus -reduced fin-fold size from 80 mg/kg i.p. -Incidence of effect 4
-reduced hatching matemnal injection times greater than controls
suecess (Chai-square d=3.81)
Rainbow trout agneous from lab; BaP 0.2]1 pg/L through to -nuclear pycnosis 1.93 pg/g (eggs), Poor control survival Hannah et al.,
(embryos}, BaP spiked to static measured 36d -lack of body pigment 12.34 pg/g (alevins), (52% mortality) 1982;
Oncorhynchus sediment renewal post-hatch -insufficient yolk-sac from exposure to 2.40 Hose et al,, 1984
mykiss (7-10d) -abnormalitics of eyes ng/l Bal
-increased mortality (at
2.40 pg/L in aqueous)
-muscle necrosis
-abnormal mitosis in
eyes andd brains
Sand sole water; lab Bap 0.1 pe/l through to -overgrowth of tissucs 2.1 pgig effects only exhibited n 5%  Hose ot al., 1982
(embryos), static measured; yolk-sac -arrested development wet weight of animals; average hatching
Psettichthys range absorption -twinning; Effects only success of controls only 57%
melanostichus (A8 -0.12)  (7-10d) after 48 b, i.e, during versus 28% BaP-treated
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Exposure

Mode Conc
of Associated Exposure
Species Exposure Method PAH with Effect Time Toxic Effect(s): Tissuc Conc Comments: Refercnces
Flathead sole water; lab BapP 4.2 gyl through to -hatching success sig. - very low hatching successin -~ Hose et dl,, 1982
(embryos), static boundto  decreasing yolk-sac decrease controls and experimentals;
Hippoglossoide bovinc to <Q.Us absorption -nuclear pycnosis and 5.5 and 11.5%, respectively
selassadon RErum pg/L (L) (7-104d) general disruption of
albumin neural and ocular tissues

English sole waer lab BaP 2.1 pg/l through to nomne - B Hose et al., 1982
(embryos), measured yolk-sac
Parophrys absorption
vetulus {(7-10d)
gizzard shad, water via fab; BaP 1.38 pp/g 224 nome BDL inal but 2 fish  -40 ligated shad in 250 Kolok etal,,
Dorosoma treated static sediment on day 4 - L H,Owith4.15kg 1996
cepedianum sediment {initial); {0.001 and 0.0002 sediment

0.74 pg/e pg/g wet weight) -no sig. decline in

sediment sediment conc. after day 4.

{mean of

days 4,8

and 15)
gizzard shad, water nnd/or lab; BuP 1.02 pg/g 22 days none ligated fish: 0.010 -50 shad, 30 ligated; 20 Kolok et al.,
Dorosoma sediment static sediment pg/g wet weight (n=4) non-ligated, in 500 L 1996
cepedianum ingestion (initial); non- ligated: 0,012 H,0 with 3.15 kg sediment

0.63 ng/g ug/g wet weight -no sig. decline in sediment

sediment (n=14) conc, after day 4

(mean of -all other tissue concs.

days 4.8, BDL (n=26 ligated;

and 15) n=6 non- ligated)
estuarine clams, water; acetone lab; BaP 30.5 ug/L 24h nong 72 pgle -majority of BaP Neffand
Rangia cuneata Carrier static wet weight concentrated in the Anderson, 1975

viscera (~75%)
-n=5
estuarine clams, water; acetone lab; BaP 30.5 pg/l 24 h none 5.7 ug/g -majority of BaP Neffand
Rangia cuneata carrier static wet weight concentrated in the Anderson, 1975
viscera (~65%)
-n=8
G-3
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Exposure
Mode Conce
of Associated Exposure
Specics Exposure Mcthod PAH with Effect Time Toxic Effect(s): Tissue Conc Comments: References
coho salmon water; 0.5% lab; BaP 25000 pg/l. 24 b none - Effects on hatching, Ostrander et al,,
(24 h Post DMSO static orientation, and foraging 1988
fertilization), exposure only.
Oncorkynchus then flow-
kistich through
coho salmon, water; 0.5% lab; BaP 25,000 pg/l. 24N none - Effects on hatching, Ostrander et al,,
(32 d post DMSO static orientation, and foraging 1988
fertilization), exposure only.
Oncorhynchus then flow-
kistaeds through
coho salmon, water; 0.5% lab; BaP 25000 pg/l. 24k none 0.54 decreasing to Conc. of BaP in tissuc arc Ostrandcr ct al.,
(24 b Post DMSO static 0.15 nmol/mg protien not converted because wet 1989
fertilization), eXposure from 2 to 68 d post weights were not given; only
Oncorhynchus then flow- fertilization the mg protein/animal. Can
kisutch through possibly borrow weights
from ecarlier paper.
coho salmon, water; 0.5% lab; BaP 25,000 ug/L. 24 h none 4.47 decreasing to Conc. of BaP in tissue are Ostrander et al.,
(32 d post DMSO static 0.33 nmal/mg protien  not converted becanse wet 1989
fertilization), exposure from 2 to 68 d post weights were not given; only
Oncorhynchus then flow- fertilization the mg protein/animal. Can
kiswtch through possibly borrow weights
from earlier paper.
Calif. grugion water lab; BaP measured: IS days -reduction in % haich day 15: 0.992 ppm steady state concentration
(embryos), static 5 pg/l -lateral folding of tail {wet weight); 6.872  reached in 4 to 10 days Winkler et al,
Leuresthes (steady- -absence of caudal fin folds  ppm (dry weight) 1983
tenuis statc); -hemorrhagic lesion or
24 pe/L congested vasculature in
(initial) caudal region
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Exposure

Mode Conc
of Associated Exposure
Speeies Exposure Method PAH with Effect Time Toxic Effect(s): Tissue Conc Comments: References
Calif, grunion water lab; BaP measured: 15 days -retarded growth (14d) day 15:0.92 to 10.48  steady state concentration Winkleret al.,
(embryos), static 5-24 pg/L -sporadic heart beat nglg wet weight; 6.87 reached in 4 to 10 days 1983
Leuresthes (steady -displaced head relative to to 62.80 pg/g (dry
tenuis state); 24- yolk-sac weight)
361 pg/l -absence of melanophores
(initial) near lateral lines
-absence of lens formation
-lesions as larvae (above)
Calif, granion water lab; BaP measured: 15 days -retarded growth (14d) day 15-1998 pg/g  steady-state concentration
(embryos), static 869 ppb -lateral curvature mid-body  wet weight; 112.03 never reached Winkler et al.,
Leuresthes (initial); -absent melanophores pg/g dry weight 1983
tenuis steady-state -unused yolk sac
not reached -lesions as larvae (above)
Pacific herring seawater lab; static Field 9.1 /L 16 days -yolk sac edema 13,7 pg/p wet weight  Crude Oil characterized for Carls et al., 1999
(embryos), contaminated Mixture® PAHs only; concentrations
Clupea pallasi by contact with of individual PAHs pot given
oiled grawei -
experiment 1;
less weathered
Pacific herring seawater lab; state Field 041 wlto 16 days - yolk sac edema 0.022 pg/g wet Crude Oil characterized for Caris etal., 1999
(embryos), contaminated Mixtare®  0.72 w/L -pericardial edema weight PAHs only, concentrations
Clupea paliasi by contact with - skeletal, spinal, and of individual PAHs not given
oiled grawl - craniofacial abnormalities

experiment 2,
more weathered

- anaphase aberration

*Artificially weathered Alaska North Slope crude oil.
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Appendix H

Carcinogenic Effects from Laboratory
and Field Exposure to PAHs and PAH Mixtures.

CONFIDENTIAL BP-HZN-2179MDL09228163

TREX-013340.000173



Mode Exposure Conc
of Associated Exposure Tissne
Species Exposure Method PAH with Effect Time Toxic Effect(s): Conc Comments: References
Japanese Medaka, Water; Lab: static Bap 261 pg/L 2x6h1 Neoplastic lesions in - Exposures carried oul at Hawkins et al,
Oryzia latipes dimethyl- week apart  livers and other 26°C in the dark; 1988;
(6-10d old) fornmamide tigsues after 36 weeks concentration exceeds 1lawkins et al.,
carrier. 36% vs 1% (controls); saturation solubility of BaP 1990
20 figh with adecnoma,
6 with hepatocellular
carcinoma
BUPPY, Water, Lab; static BaP 209 pg/l 2x6h, 1 Neoplestic lesions io " Studies carried out longer Hawkins ct al,
Poecilia reticulata dimethyl- week apart  livers and other because mmorigenic 1988;
{6-1C d old) formamide tissues afier 52 weeks response in guppy is 1lawkms et al,,
CAITICE. 23% vs 0% (controls); slower than in medaka 1990
1 altered foci, 5
adénoms, 4 with
hepatocellular
carcinoma
Reinbow trout oral Lab BaP 1,000 ppm per 12and 18  Incidenceof - MFO info also available Ilendricks et al.,
(fingerlings), feeding months neoplasms on liver 0% at 6 months 1985
Oncorhynchus mykiss 15% (1.0/liver) at 12 0% on othcr organs
months
25% (7.7/liver) at 18
months
Rainbow trout ip injection Lab BaP 1 mg B(a)P in 18 months  Incidence of - Organs examined = Hendricks et al.,
(juvenile), 0.4 ml PG (6 months  neoplasms in various gonads, swim bladder, 1985
Oncorkynchus mykiss {1/month for 12 after final  organs =46% (x = 7.7 liver, spleen, head and
(10 mo) months) injcction)  tumors/organ) trunk kidecys, pancreas,
intestines, and stomach
Poeciliopsis lucida and water,; Lab: (multiple 7,12~ 5 ppm (per 7-8 incidence ofhepatic - only survivors examined =  Schultz and
Poeciliopsis monacha acetone exposures) 3 dimethylbenz(a)-  exposure) months tumors = 48% (55% mortality in 5 ppm Schultz 1982
(1-7 months old) carrier 10 4 exposure anthracene (from ticatment)
periods of 5- initiak (13% morlity in control)
20 hours each exposure)
woek
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Mode tixposure Conc
of Associated Exposure Tissue
Species Exposure Method PAH with Effect Tirne Toxic Effect(s): Cone  Comments: References
Poeciliopsis lucida and water; Lab: (multiple 7.12- 3 ppm (per 6-7 Incidence of hepatic - 22% wmontality in reatment  Schultz and
Poeciliopsis monacha acetone exposures) S dimethylbenz(s)-  exposure) months tumors = 41.8% 16% mortality in control Schultz 1982
(1-6 weeks old) carrier EXposures anthracene Tumor-bearing livers
periods of 6 enlarged, yellow-white to
howrs vach greenish and granular,
week
Bullheads Direct skin Lab Field Mixture® 5% K51 painted 18 months  23% of survivors - Survival of control and Black, [983
(river once per week hyperplastic experimental fish was

sediment 9% with multiple 31%.

extract) papillomas
Japanese Medaka, Water via Lab Field Mixture® 182 ppb TPAH 24h hepatocellular - No incidence of
Poecilia reticulata Sediment Black River, OH carcinoma - Black carcinornas in controls up Fabacheretal,
(6-10 d old) extract re- extract; River Ex. (2/15 fish); to 270 days post-exposure; 1991

dissolved in 254 ppb TPAH Pancreatic-duct cell one incidence of
acetone Fox River, Wl adenoma - Fox River lymphoma after 360 days
extract Ex. (1/15 fish) of exposure,

Rainbow mout injection of Lab Field Mixture® Doses”: I year Hepatic carcinomas o Note; PCBs also present Metcalfe et al
{embryos), sediment (Exp 1) 0.006 g (1) 8.9% (11/123) sediment from Hamilton 1988
Qncorhynchus mykiss extract into {(Exp B)0.0i2 g (i) 8.1% (12/148) Harbour

yolk sac 0.006 ¢ 4.0% (5/148%)

0.003 g 3.1% (2/65)

* Buffalo River, NY; total no. PAlls measured = 13, fotal no. of carcinogenic PAHs = 6,
® Black River, OH. And Fox River, Wi; full compliment of measured PAHs.

© Humikion Harbor, ON, Canada; total no. PAHs meuasured = 13, total no. of carcinogenic PAHs = 6

" Doses are calculated as gram equivalent wet weight of sediment represented by the volume of extract micro-in jected into each trout sac-fry,
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