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Abstract—A method is presented for developing scientifically defensible, numeric guidelines for residual petroleum-related con-
stituents, specifically monoceyclic aromatic hydrocarbons (MAHs) and polycyclic aromatic hydrocarbons (PAHs), in the water column.
The guidelines are equivalent to a HCS (i.e., hazard concentration to 5% of the tested species, or the concentration that protects
95% of the tested species). The model of toxicity used in this evaluation is the target lipid model (TLM) that was developed for
assessing the toxicity of type | narcotic chemicals. An acute to chronic ratio is used for chronic expression and sublethal effects.
The TLM is evaluated by comparing predicted and observed toxicity of these petroleum components. The methodology is capable
of predicting both the acute and chronic toxicity of MAHs and PAHs in single exposures and in mixiures. For acute exposures,
the TLM was able to predict the toxicity to within a factor of three to five. The use of toxic units was an effective metric for
expressing the toxicity of mixtures. Within the uncertainty bounds, the TLM correctly predicted where sublethal effects of edemas,
hemorrhaging, and other abnormalities were observed to occur in early life-stage exposure to PAHs. The computed HCS5s were
lower than no-observed-effect concentraticns based on growth, reproduction, and mortality endpoints and sublethal effects. The
methodology presented can bhe used hy the «il spill community to compare residual concentrations of PAHs against defensible,

numeric guidelines to assess potential ecological impacts.

Keywords—Polycyclic aromatic hydrocarbons

INTRODUCTION

The toxicity of fresh petroleum often is attributed to the
water-soluble monocyclic aromatic hydrocarbons (MAHSs; i.e.,
benzene, toluene, ethylbenzene, and xylene, commonly re-
ferred to as BTEX) and the polycyclic aromatic hydrocarbons
(PAHs). The low-molecular-weight BTEX compounds usually
do not persist in the environment, because they are volatile
compounds and are highly biodegradable. The high-molecular-
weight PAHs are less volatile and degrade more slowly, and
the heavier PAHs (those with four or more rings) persist and
can potentially have a long-term impact on the aquatic envi-
ronment. A method 1s presented here tor evaluating the toxicity
of low levels of residual petroleum based on these constituents.
The model used is the target lipid model (TLM) that was
derived for type I narcotic compounds, such as MAHs and
PAHs. Other water-soluble compounds (e.g., phenols and het-
erocyclic compounds) are present in petroleum and may con-
tribute to the toxicity; however, because the majority of the
toxicity literature focuses on MAHs and PAHs, these are the
primary compounds evaluated in the present paper.

The TLLM and the concept of toxic units ('I'Us) have been
used to assess the toxicity of MAHs and PAHs in water [1]
and sediments [2]. The TLM was developed using toxicity
data for type I narcotic chemicals in general rather than toxicity
data for MAHs and PAHs specifically. The 1.S. Environmental
Protection Agency (EPA) developed sediment benchmarks for
PAH mixtures based on the TLM [3]. These benchmarks were
derived with the objective of protecting sediment organisms
from long-term effects on mortality, growth, and reproduction.

Recent literature suggests that exposure to PAHs during an
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organism’s early life stage results in various sublethal effects,
such as yolk sac edemas, pericardial edemas, craniofacial mal-
formations, und hemorrhaging [4-6]. These sublethal effects
were not addressed in the original model development or in
the U.S. EPA sediment benchmarks. The present study ex-
amines the degree to which the TLLM can predict the toxicity
of MAHs and PAHs as single chemicals and in mixtures for
acute and chronic exposures. Additionally, the TLM is eval-
uated to determine if computed endpoints are protective of the
various larval abnormalities and sublethal endpoints that are
observed from early life-stage exposure to PAHs.
MATERIALS AND METHODS

Target lipid model

Acute toxicity. The TLM [1,2] is based on the hypothesis
that the aqueous concentration for a toxic endpoint, such as
the mediun lethal concentration (LC50), can be predicted [rom
the critical body burden in the target lipid of an organism,
C{, which can be calculated from the target lipid—water par-
tition coefficient, K, ,:

Ci = (Kpw)(LC50) (D

The superscript * denotes the concentration at which the toxic
endpoint occurs. Two assumptions of the TLM are that the
species-specific critical target lipid body burden (CTLBB)
Cjt is the same for any narcotic chemical and that the chemical-
specific target K, is the same for any aquatic organism. The
validity ol these assumptions is tested implicitly by the com-
parisons of observed and predicted endpoints.

To apply the TLM, both Cf and Ky are needed to predict
the LC50. The target K|, is obtained from a linear free-energy
relationship:

log(Kyy) = a, + a,log(Koy) (2)
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where Ky is the octanol water partition coefficient of the
chemical. Equations 1 and 2 are combined to produce a single
linear relationship between log(ILC50) and log(Kqy):

log(LC50) = log(C¥) — ay — alog(Kow) or 3

log(LC50) = m log(Kow) + & )

where m and b are the slope and intercept, respectively, of the
regression line relating log(L/C50) to log(Kow). The slope m
= —aq, is the slope of the linear free-energy relationship be-
tween the target lipid and octanol (Egn. 2). Assuming the target
lipid has the same chemical partitioning property in all or-
ganisms, the slope should be the same for all species. The
intercept b = —a, + log(C¥) involves a parameter g, (Eqn.
2) and the critical target lipid concentration C¥. In the TLM,
it is assumed that g, = 0 and that the intercept is the CTLBB.
The assumption is validated by comparing the CTLBB esti-
mated from Equation 4 and measured critical body burdens
(see Fig. 10 in Di Toro et al. [1]).

The TILM has been validated extensively using a large da-
tabase to predict the aquatic toxicity of type I narcotic chem-
icals. The CTLBBs for 33 aquatic species | 1] and five algae
[7] were computed using the K,y values determined from a
1997 version of SPARC (Sparc Performs Automated Reason-
ing in Chemistry), a U.S. EPA—sponsored computer program
that estimates physicochemical properties for chemicals based
on chemical structure [8]. To take advantage of recent en-
hancements to SPARC, a 2006 version was used to determine
Kow values for all chemicals in the narcosis toxicity database,
and revised coefficients for the TLM were computed (see Ap-
pendix 1 for coefficients).

The following TLM equation predicts the critical aqueous
concentration:

log(C¥) = m log(Kow) + log(CH) + Ac &)

where C¥; is the critical aqueous concentration (mmol/L; i.e.,
LC50 for a mortality endpoint), Cf is the CTLBB (umol/g
octanol), and Ac is a chemical class correction (log,
mmol/L) [I]. The CTLBBs range from 24.5 to 500 pmol/g
octanol. An assumption of this model is that octanol is a good
surrogate for the lipid of an organism. Therefore, although the
CTLBB is expressed as per gram of octanol, the CTLBB is
the chemical concentration in the organism lipid needed to
cause 50% mortality of the organisms. The universal slope m
was determined to be —0.936. The chemical class correction
Ac ranges from zero for baseline narcotics (e.g., alkanes and
alcohols) to —0.109 for MAHs and —0.352 for PAHs.

The CTLBBs for nine additional species not included in
the original model development have been computed from
more recently available acute toxicity data. A total of 47
CTLBBs are available and are provided in Appendix 1. If the
acute toxicity data for a particular species included four or
more data points, the corresponding standard errors were com-
puted. For the two species that had three data points, Hyalella
azteca and Chironomus tentans, standard errors were not com-
puted, because the three data points were all for the same
compound.

Chronic toxicity. The critical aqueous concentrations, C,
computed from Equation § are acute concentrations that pro-
duce an effect in a short-term test (i.e., 96-h LC350). To convert
the acute critical concentration to a chronic effect concentra-
tion, the TLM adopts the acute to chronic ratio (ACR) meth-
odology used by the U.S. EPA in deriving water-quality criteria
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[9]. The ACR is computed from paired acute and chronic
toxicity data for a particular chemical to a specific organism
as follows:

acute effect concentration

ACR = e - 6)
chronic effect concentration

where the concentrations are in the same units. The chronic
effect concentrations are those that cause an adverse effect on
the organism’s ability to survive, grow, or reproduce on a long-
term basis as appropriate for the species.

The ACR is an empirical method for estimating chronic
toxicity from acute toxicity. It does not assume that the toxic
mode of action is the same for acute and chronic toxicity. For
the application of the TLM, the mechanism for acute effects
is assumed to be narcosis. For chronic effects, the mechanisms
can be diverse. In the TLM development, ACRs for 34 paired
acute and chronic data sets from six different species and
several type I narcotic chemicals were analyzed [1]. The ACRs
ranged from 1.2 to 23, with a geometric mean of 5.09. Because

the ACRs were similar for narcotic chemicals, an averace ACR

the ACRs were similar for narcotic chemicals, an average ACR
was appropriate. A similar approach is used below, with ACRs
computed from toxicity data for MAHs and PAHs.

Computation of uncertainty. The uncerlainty associated
with the critical acute and chronic aqueous concentrations,
C¥, results from the uncertainty in the variables in Equations
5 and 6. A method has been presented that adapts the HC3
methodology for computing the hazard concentration at which
5% of species are affected [7]. This method is appropriate for
small sample sets and assumes that the effect concentrations
conform to a log-normal or log-logistic distribution. The meth-
od has been used to compute the concentration that protects
95% of the tested species from adverse effects by considering
the variance in all the available CTLBBs, Cj [7]. Here, the
method is used to compute the 5 and 95% confidence limits
(CL) for computed aqueous concentration for a particular spe-
cies. The result is

102C 57057 = log(Kow)E(m) + E[log(C{)] + E(Ac)
— Elog(ACR)]
* ke {llog(Kow) V() + V(log Cf)
+ V[log(ACR)]}'2 (D
where C¥sq0s¢ (mmol/L) are the 5% (—) and 95% (+) CL

and {Ac;} is the chemical class correction factor for chemical
class i. T'or a specific aquatic species, if the measured water
concentration is below C¥ 54, we have a 95% lcovel of confi-
dence that adverse effects will not be observed. The E{ } and
V{} terms in Equation 7 represent the mean and variance,
respectively, of the slope, Cf¥, and ACR. The k; is the 95%
confidence sample size—dependent extrapolation factor [10]
and will vary for each aquatic species depending on how many
data are available. These values are provided in Appendix 1.
The C¥sq and Cfys, values represent the lower and upper
CL, respectively, of the acute and chronic concentrations. The
ACR terms are only considered when computing chronic effect
concentrations.

Toxicity of mixtures. The TLM approach incorporates TUs
to compute the toxicity of PAH mixtures in water, tissue, and
sediments [2]. The TLM and TU concept were validated for
predicting the toxicity of gasoline, a complex mixture of hy-
drocarbons [11]. Swartz et al. [12] used the TU approach for
assessing the toxicity of PAH mixtures in sediments. The pres-
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ent discussion is limited to the water phase only, but it applies
to other phases, such as sediment and tissue of an organism.
Equations 8 and 9 can be used after modification with param-
eters relevant to sediment or tissue. In water, a TU for a specific
organism is defined as

TUy, = Cw,i / C‘#;l,i 8

where Cy; is the measured concentration of chemical 7 in the
water (mmol/L) and C3; is the critical effect concentration for
chemical 7 computed from Equation 5. The individual TUs (Eqn.
8) are then summed to compute the toxicity of the mixture:
TU = X TUy, ©)
If the total TUs of the mixture are greater than or equal to 1,
the mixture is predicted to be toxic. Using the LC50 as an
example of an acute effect concentration, Equation 8 becomes

TUy, = Co /LC50, (10)

Data compilation

More than 140 references were reviewed for water-column
effect data resulting from exposure to MAHs or PAHs, both
as single compounds and as mixtures. For data to be used in
this analysis, the following four criteria needed to be met. First,
a CTLBB must be available for the test organism. Second, the
concentration of the test chemical(s) must be below water
solubility. If a chemical is tested at a concentration above its
water solubility, then the chemical is present as a pure phase,
which may exert a different toxic mode of action. For single-
chemical exposures, the appropriate liquid or solid sclubility
of the chemical is used, and for mixtures of chemicals that
are solids as single compounds and liquids as mixtures, such
as those in petroleum, the subcooled liquid solubility—that is,
the solubility of the component if it were a liquid at the tem-
perature of interest—is used. Third, the exposure concentra-
tions must be constant with time, particularly for long-term
exposures in which chronic effects are being tested. Dimin-
ishing or varying concentrations over time are difficult to in-
terpret. One cannot assign a specific concentration to the ob-
served effect. Fourth, for exposures to mixtures of chemicals,
such as water-soluble fractions (WSFs) prepared from petro-
leum products, adequate characterization of the chemicals in
the mixture is necessary. Petrogenic-source PAHs are known
to have a large fraction of alkylated PAHs. Alkylated homo-
logues are the parent PAHs substituted with carbon groups
(e.g., methyl, ethyl, and propyl). Data from four nonweathered
and weathered crude oils show that approximately 80 to 91%
of the total PAH mass was present as alkylated material [13].
Similarly, data from nonweathered and weathered North Slope
(AK, USA) crude oil showed that the alkylated PAHs ac-
counted for more than 89 and 95%, respectively, of the total
PAH mass [14]. In recent literature evaluating the toxicity of
weathered oil, the heavy PAHs (e.g., fluoranthene and chrysene
and their alkylaled species) were presentl in exposure walers
prepared trom weathered oil, and their concentrations were
shown to increase with weathering [4,5]. In the derivation of
the sediment benchmarks for PAH mixtures, the importance
of including the alkylated PAHs in a toxicity assessment was
demonstrated [3]. In some cases, only using the 13 parent
PAHs considered priority pollutants by the U.S. EPA to com-
pute toxicity resulted in a 10-fold difference in the toxicity.
Therefore, for petroleum exposures, in addition to measuring
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the water-soluble parent MAHs and PAHSs, measurement for
some representation of the alkylated homologues of parent
compounds is required. Even the heavier PAHs that are of low
water solubility will contribute to the toxicity of the mixture
and should be included in the TU computation [15]. Omitting
these heavy PAHs from the toxicity assessment could result
in an underestimation of the toxicity.

For the analysis presented below, a pragmatic requirement
for PAH measurements in water-column exposures was nec-
essary to eliminate data sets that have too few measurements
such that the toxicity can be severely underestimated. For a
nonweathered petroleum source, representative compounds to
be measured include BTEX, naphthalene, phenanthrene, and
their alkylated homologues. For a weadthered petroleum source,
in addition to the light-molecular-weight PAH material, some
contribution from the heavier PAHs and their alkylated ho-
mologues should be measured.

Physicochemical properties of hydrocarbons

A Ticting

A listing
in Appendix 2. Although the focus is on MAHs and PAHs,
for some data sets in which WSFs were prepared from petro-
leum sources, measurements for other hydrocarbons (e.g., al-
kanes) were provided. Because all hydrocarbons will exert a
toxic potential [15], it is appropriate to include them in the
computation of toxicity for the mixture. The chemical prop-
erties include molecular weight, log(K ), solid solubility, and
subcooled liguid solubility. The computer program SPARC [§]
was used o compute the molecular weight and log(Kqw). Rec-
ommended solid solubility and subcooled solubility values
were taken from Mackay et al. [16—19]. Relationships between
log(solubility) and log(K,,,) were used to compute solid sol-
ubility and subcooled liquid solubility for chemicals that were
not listed by Mackay et al.

of chamicale ngad in tha ~racant manar ig neovided
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RESULTS
Acute exposure effects (lethality)

Single compounds. For MAHs, a total of 164 data points
(i.e., LCS50/median effective concentration [EC50]) from 28
different species were used. The MAH toxicity values were
taken from the data compilations used to develop the TLM
[1,7]. For PAHs, a total of 140 data points from 20 different
species were used. Data sets that comprise the acute lethality
PAH toxicity database are summarized in Table 1. The ob-
served and predicted LC50s are compared in Figure 1. The
solid line represents the 1:! relationship (i.e., where the ob-
served and predicted LC50s are equal). The dashed lines rep-
resent the 90% confidence interval. The CL was computed as
the 5th and 95th percentiles of the residuals (observed-pre-
dicted-effect concentrations). The model tends to slightly un-
derestimate the toxicity. Based on this data analysis, with a
90% confidence level, the TLM predicts acute toxicity to with-
in a factor of approximately three to five of the correct LC50,
which is comparable to other models [20].

Mixtures. Three data sets that tested the toxicity of a mixture
met the four selection criteria presented above. Two data sets
were tests of the toxicity of WSFs prepared from crude and
refined petroleum. The third used a prepared PAII mixture.
All MAHs and PAHs measured in the mixture were included
in the analysis. Details for each data set are provided in Table 2.

The toxicity of WSFs prepared from nonweathered and
naturally weathered North Slope crude oil was measured [21].
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Table 1. Data sets that caomprise the acute lethality polycyclic aromatic hydrocarhon toxicity datahage

Species No. of data points*  Concentration” Test type© Reference?
Artemia salina 6 U S [46]
1 M S [47]
Chlamydomonas angulosa 4 U S [48]
Chlorella vulgaris 3 U S [48]
Cyprinodon variegatus s Unknown R [49]

3 M S [50]

2 U S [51]

3 M FT [52,53]

Daphnia magna 15 (1) u S [46,54-59]; LU.S. EPA, unpublished data

1 M S, R U.S. EPA, unpublished data

8 M S [47.60-63]

2 M FT [61,64]

Daphnia pulex 7 U S [65,66]

1 M S 167]

Ictalurus punctatus 1 M FT [68]
1 M S [69]
Lepomis macrochirus 3 U S [57,701

2 M FT [44,64]

Leptochirus plumulosus 3 M FT U.S. EPA, unpublished data; U.S. EPA,
unpublished data

1 M R {71}

Menidia beryllina ) U R U.S. EPA, unpublished data
ey M R [44]

1 U S [72]

Mysidopsis bahia 3 U S 152]; U.S. EPA, unpublished data

1 U R .S, EPA, unpublished data

1 M S [61]

8 M FT [44,53,61,72]; U.S. EPA, unpublished data

Neanthes arenaceodentata 3 (D) U S [72,73]
Oithona davisae 6 (3) M S [23]
Oncorhynchus mykiss 7 u S [57,74]

1 M S [75]

5 M FT [44,64.68,76]; G. DeGraeve, unpublished data,
University of Wyoming, Laramie, Wyoming

1 Unknown R [77]

Palaemonetes pugio 1 U S [72]; U.S. EPA, unpublished data

2 U R [53]; U.S. EPA, unpublished data

1 M S [78]

1 M R [44]

1 M FT [53]

3 M Unknown [50]

Pimephales promelas s u S [79]

3 M S [60,61,69,75,80]

1 U R [81]

8 M FT [68,76,82-84]; G. DeGraeve, unpublished
data, University of Wyoming, Laramie, Wy-
oming

Tanytarsus dissimilis 2 U S [85]
Tetrahymena elliotti 1 M S [86]
Xenopus laevis 1 M FT [87]

(D Unknown R 88]
Rhepoxynius abronius 7 Unknown Unknown [89]

* Numbers in parentheses represent data points limited by solubility (i.e., exposure concentration > aqueous solubility).

®M = measured; U = unmeasured or nominal.
¢ FT = flow-through; R = renewal; S = static.
¢ EPA = Environmental Protection Agency.

The total TU for the 100% WSF from nonweathered and
weathered oils were 0.62 and 0.28, respectively. For the non-
weathered oil, BTEX contribute significantly to the TU (~60%
of the computed TU). This is not the case [or weathered oil,
in which BTEX account for less than 10% of the TUs. This
analysis suggests that BTEX are important contributors to the
toxicity of nonweathered oil compared to their toxic contri-
bution in weathered oil, as was demonstrated by Neff et al.
[13]. The effect of weathering on the toxicity of petroleum
has been evaluated using the TLM [15].

The observed mortality versus total TU is presented in Fig-
ure 2A. Solid lines at a TU of 1.0 and 50% mortality are shown
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for guidance. The dashed lines represent the 5 and 95% un-
certainties in the TLM predictions for Pimephales promelas
and are computed using Equation 7 without the terms for ACR.
For this data set, the dose-tesponse pallern was correctly pre-
dicted by the TLM. The one data point where greater than
50% mortality occurs falls slightly to the left of the lower
uncertainty limit of the TLM. All the other data points that
have low observed mortality and corresponding low total TU
fall to the left of the lower uncertainty bound, where low
mortality is expected. The data set where greater than 50%
mortality was observed was for nonweathered oil (Fig. 2A,
open circles). A WSF prepared from nonweathered oil could
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Fig. 1. Acute exposures to single compounds: Target lipid model
predicted acute aqueous median lethal concentration (LC50) versus
observed LC50 for monocyclic aromatic hydrocarbons (V) and poly-
cyclic aromatic hydrocarbons (O). Solid line represents a 1:1 rela-
tionship. Dashed lines represent the 90% confidence interval.

contain other, unmeasured water-soluble components that
might contribute to the toxicity, which would result in a low
computed TU.

States et al. [22] investigated the acute toxicity of WSFs
prepared from no. 2 fuel oil and a solvent refined coal liquid
to Daphnia magna. The total computed TU in the 100% WSF
for no. 2 fuel oil was 0.36, suggesting that no toxic effects
are expected. This result was in agreement with the reported
no observed effects for the 100% WSF [22]. The total TUs
computed for the 100% WSF from the coal liquid were 8.4,
indicating that the 100% WSF would be predicted to be toxic.
Reported data indicated that 0.25% WSF from the coal liquid
was toxic. The equivalent TU at this dilution is 0.021, and at
this level, no toxicity would be predicted from the aromatic
hydrocarbons. In this cuse, the TLM predictions were not in
agreement with the observed effects (low TU, high effect lev-
els). States et al. [22], however, attributed the toxicity of the
coal liquid to phenolic compounds, which are not type I nar-
cotic chemicals and are not included in the TLM analysis. The
phenolic compounds were present at significantly higher levels
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Fig. 2. Acute exposures to mixtures: Percentage mortality versus pre-
dicted aqueous toxic units. (A) Data for Pimephales promelas exposed
to water-soluble fractions prepared from neat and weathered Alaska
(USA) North Slope crude oil [21]. (B) Data for Oithona davisae
exposure to water-soluble fraction prepared from a mixture of nine
polyeyclic aromatic hydrocarbons (PAHs) [23]. Solid lines represent
30% mortality (horizontal) and 1 toxic unit (vertical). Dashed vertical
lines represent 5 and 95% uncertainty for each species.

2ol id il

on the coal liquid WSF (1,360 mg/L) compared to the no. 2
fuel oil WSF (1.7 mg/L). If the phenolic compounds are the
main contributors to the toxicity, it is not surprising thut the
TLM did not predict the effects correctly, because they are
not included in the TLM and TU calculation.

Barata et al. [23] tested the acute toxicity to the adult co-
pepod Oithona davisae after 48 h of exposure to a mixture of
nine PAHs. The observed mortality as a function of total TU

Table 2. Toxicity data scts for polycyclic aromatic hydrocarbon (PAH) mixturcs?

PAH source Specics PAH mecasurcd Endpoint Reference

Alaska (USA) North Slope  Pimephales promelas  BTEX, biphenyl, 19 parent PAHs, 21 al- 48-h mortality [21]
crude oil (nonwcathered kylated PAHs
and weathered)

No. 2 fuel oil and coal lig-  Daphnia magna Indan, tetralin, benzenes, naphthalenes 48-h immobilization [22]
uid

Preparcd PAH mixture Oithona davisae Naphthalenes, phenanthrencs, pyrene, fluo-  48-h mortality [23]

rene, fluoranthrene, dibenzothiophene

Three prepared PAH mix- Oryzias latipes

Mixture 1: 3 parent PAHs; mixture 2: 3
tures dimethylated PAIls; mixture 3: oils
sands extract (16 parent PAHs and their

After 18 d of exposure preva- [28]
lence of BSD, % hatch,
time to hatch, % normal

alkylated species) larvae

* BSD = blue sac discasc; BTEX = benzene, toluene, ethylbenzene, and xylene.
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Table 3. Acute and chronic values used in the development of acute to chronic ratios (ACRg)?

Chemical Acute LC3W/EC50 Chronic
Species and chemical code® (mg/L) Chronic endpoint (ug/L) ACR Reference®
Cyprinodon variegatus
Acenaphthene PAH 3,100 Survival 710 4.36 [52]
Daphnia magna
Fluoranthene PAH 117 Growth 24.5 4.78 [44]
Phenanthrene PAH 117 Survival and reproduction 96.4 1.21 [64]
Biphenyl MAH 362 322 .12 [90]
Methyl-fert-butyl ether ALI 472,000 Not specified 42,000 11.2 [91]
Mysidopsis bahia
Acenaphthene PAH 466 Reproduction 286 1.63 [72]
Acenaphthene PAH 460 Reproduction 64.0 7.19 [88]
Fluoranthene PAH 30.5 Survival and reproduction 14.4 2.11 U.S. EPA, unpublished data
Fluoranthene PAH 40.0 Survival and reproduction 15.9 2.52 U.S. EPA, unpublished data
Phenanthrene PAH 27.1 Survival 8.13 3.33  U.S. EPA, unpublished data
Pyrene PAH 28.3 Reproduction 4.53 6.24 U.S. EPA. unpublished data
Methyl-fert-butyl ether ALI 187,000 Not specified 36,000 5.2 [S1]
Oncorhynchus mykiss
Phenanthrene PAH 50.0 Survival and growth 6.32 791 [64]
Paratanytarsus sp.
Acenaphthene PAII 2,040 Survival, growth, and re- 411 4.96 [92]
production
Acenaphthene PAH 2,040 Survival and growth 227 8.97 [92]; U.S. EPA, unpublished
data
Pimephales promelas
Acenaphthene PAH 608 Growth 405 1.50  [82]; U.S. EPA, unpublished
data
Acenaphthene PAH 608 Growth 419 1.45 [82]
Naphthalene PAH 7,900 Survival and growth 620 12.7 [76]
Fluoranthene PAH 69.0 Survival and growth 15.0 4.60 [44]
Methyl-fert-butyl ether ALI 980,000 Not specified 289,400 3.39 [91]
Brachionus calyciflorus
Xylene MAH 243,500 40,300 6.17 [93]
Ceriodaphnia dubia
Toluene MAH 3,750 2.780 1.35 [94]
Ethylbenzene MAH 3,200 1.680 1.90 [94]
Selenastrum capricornutum
Benzene MAH 100,000 Biomass growth 8.300 12 [95]
Cyclohexane ALI 9,317 Biomass growth 952 9.8 [96]
Methyl-zert-butyl ether ALIL 491,000 Biomass growth 103,000 4.8 [97]
Pentane ALIL 10,700 Biomass growth 2.040 5.2 981
Skeletonema costatum
Cthylbenzene MAII 7,700 4,500 1.7 [99]
Oncorhynchus gorbischa
Naphthalene PAH 1,200 Growth 380 32 [100]

* Chronic endpoints are those effecting growth, reproduction, or mortality of an organism. Median lethal concentration (LC50) and median
effective concentration (EC50) are the median concentrations producing 50% mortality and effects, respectively, in the test organisms.
b ALI = aliphatic hydrocarbon; MAH = monocyclic aromatic hydrocarbon; PAH = polycyclic aromatic hydrocarbons.

¢ EPA = Environmental Protection Agency.

is shown in Figure 2B. The dashed lines are the 5 and 95%
uncertainties for O. davisae (Eqn. 7). For O. davisae, the dose
response was correctly predicted by the TLM, where 50%
mortality occurs at approximately 1.0 TU.

Chronic exposure effects

Single compounds. The analysis presented previously
[1,2,7] suggests that the TLM, which was developed for chem-
icals that have @ narcotic mode of toxic action, can be used
to predict the acute toxicity of BTEX (and other MAHs) and
PAHs. To convert the acute TLM endpoint to a chronic end-
point, an ACR is applied (Eqn. 6). A mean ACR of 5.09 was
computed from the original database [1] that included BTEX
and PAHs as well as other chemicals, such as chlorinated
alkanes and MAHs (i.e., 1,2-dichloroethane and 1,2,4-trichlo-
robenzene). More than half the acute and chronic paired data
sets were chlorinated compounds. Because petroleum products

CONFIDENTIAL

do not contained halogenated components, an analysis of the
ACRs from nonhalogenated compounds is more appropriate.

A total of 29 paired data sets for aliphatic hydrocarbons,
MAHs, and PAHs are available (Table 3), of which 17 are
PAHs, six are MAHSs, and six are aliphatic hydrocarbons. The
distributions for each chemical class are shown in Figure 3A
through C. The distributions are similar, spanning an ACR
range of approximately 1 to 11. Becuuse the distributions were
similar, the data sets are combined (Fig. 3D). The geometric
mean ACR from the combined data sets is 3.83.

The use of an ACR to convert an acute endpoint to a chronic
endpoint does not imply that the toxic mode of actions for
acute toxicity and chronic toxicity are the same. Rather, an
ACR is a means of estimating the chronic toxicity from the
acute toxicity of a chemical. It is used together with its variance
to estimate the 5 and 95% CL.

Mixtures. Anderson et al. [24] investigated the hatching
success of three marine species: Cyprinodon variegatus
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Fig. 3. Chronic effects of single compounds: Distribution of acute to chronic ratios (ACRs) for aliphatic hydrocarbons (A); polycyclic aromatic
hydrocarbons (PAHSs; B); benzene, toluene, ethylbenzene, and xylene (BTEX; C); and the combined data set (D).
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Fig. 4. Chronic effects of mixtures: Observed mortality versus pre-
dicted aqueous toxic units. Data are for Cyprinodon variegatus cm-
bryos exposed to water-soluble fraction prepared from no. 2 fuel oil
[24]. Dashed vertical lincs represent 5 and 95% confidence limits
based on variations in critical target lipid body burden and acute to
chronic ratio. TU = toxic unit.
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(sheepshead minnow), Fundulus heteroclitus (mummichog),
and Fundulus similus (longnose killifish) from chronic ex-
posure to no. 2 fuel oil. A CTLBB is only available for C.
variegatus. Concentrations of 31 hydrocarbons (11 alkanes, 8
MAHs, and 12 PAHs) in the WSF were reported [25]. With
the exception of the lowest dilution, 100% mortality was ob-
served in all exposures. The observed mortality versus pre-
dicted aqueous TUs is shown in Figure 4. For this data set,
the TLM correctly predicted the observed effects: 100% mor-
tality occurred at greater than 1 TU and low mortality occurred
at less than 1 TU.

Moles [26] compared the sensitivity of 10 aquatic species
to long-term exposure to WSFs prepared from Cook Inlet (AK,
USA) crude oil. Organisms were exposed to various dilutions
of the WSFs for 4 and 28 d. Although the concentrations of
individual components in the WSFs were not measured, the
4- and 28-d LC50s were reported and used to compute ACRs.
The computed ACRs ranged from 1 to 2.5 (data for which
4-d LC50 could not be computed were omitted from the anal-
ysis). These ACRs for crude oil are similar to the ACRs com-
puted for individual chemicals that comprise petroleum and
further support using a mean ACR of 3.8 for petroleum-related
components.

Sublethal effects

Single-compound exposure. Recent literature suggests that
exposure to PAHs during a fish’s early life stage can result in
a variety of sublethal effects (e.g., yolk sac edema, pericardial
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edema, hemorrhaging, craniofacial and spinal deformities, le-
sions, defects in cardiac function, and reduced growth) [4—
6,27,28]. Many of these symptoms are similar to those of blue
sac disease (BSD), which is related to exposure to planar,
halogenated aromatic compounds, such as 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin [29]. These sublethal effects were not in-
cluded in the development of the ACRs. Therefore, it is nec-
essary to determine if the TLM is protective of these effects.

Fourteen data sets were identified for analysis; however,
only six data sets satisfied all four criteria discussed above. In
all 14 data sets, the chemical exposure concentrations were
less than the chemical’s water solubility, and species-specific
CTLBBs were available for all test organisms. For some of
the exposures, the reported test concentrations were nominal
rather than measured values, and the exposure conditions were
static (i.e., not constant) rather than flow-through or static
renewals (i.e., constant). Following the spirit of U.S. EPA
water-quality criteria guidelines |9], the data sets were given
a ranking number, where 1 represents data of the lowest quality
(nominal concentrations and static conditions) and 4 represents
data of the highest quality (measured concentrations and flow-
through conditions). Data with a ranking number of 2 or 3
were based on measured concentrations determined under stat-
ic/static-renewal test conditions. Data with a ranking number
of 3 or 4 are more comparable with the TLM, because the
effect concentrations were measured concentrations and rel-
atively stable throughout the test. Six data sets were given a
ranking number of at least 3.

Data were available for five fish species and nine chemicals
(Table 4). The reported concentrations included lowest-ob-
served-effect concentrations (LOECs), no-observed-effect
concentrations (NOECs), and observed-effect concentrations
(OECs). The TLM chronic endpoint, C¥, and corresponding
C§ 55 and C§ o5, values are provided. The observed effect con-
centrations and TLM chronic endpoints are compared in Fig-
ures 5 through 7. The symbols represent the TLM endpoint
coemputed using species-specific CTLBB and the average ACR.
The upper and lower bars around the symbol represent the
Ci9se and C s, respectively, and are computed based on the
uricertainty in the CTLBB and the ACR (Eqn.7). Because the
same ACR data set is used to compute the C§ g5 and C§ .
valucs for all organisms, the differcnce in the degree of the
uricertainty is dependent on the uncertainty associated with the
CTLBB. A large uncertainty results from having a small acute
toxicity data set from which the CTLBB is determined. More
acute toxicity would be needed to confirm the CTLBB and
lower the uncertainty.

The results for early life-stage Japanese medaka (Oryzias
latipes) exposed to different aromatic hydrocarbons are shown
in Figure 5. The lowest-effect concentration was a 17-d EC50
of 10 ug/L of retene for BSD symptoms [30]. The highest-
effect concentration was a LOEC of 200 pg/L of dibenzo-
thiophene for endpoints of percentage hatch, time to hatch,
prevalence of BSD, and percentage normal larvae [28]. In
comparison, the TLM chronic endpoints range from 4.0
wg/L for retene and 240 pg/L for dibenzothiophene, which are
close to the observations. For benzo[alanthracene, the tested
concentrations were greater than its water solubility of 11
wg/L; therefore, the data were not considered [28]. No effects
were observed for phenanthrene and 3,6-dimethylphenanthrene
at any of the concentrations tested (e.g., up to 200 p.g/L) [28].
For these two PAHs, the TLM endpoints were within the tested
concentration ranges, and the TLM would have predicted ef-
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fects to occur. Thus, the TLM predictions are protective for
these two PAHs.

Several studies investigated the impacts of exposing early
life-stage rainbow trout (Oncorhynchus mykiss) to PAHs (Fig.
6). The 27-d LC50s based on mortality and teratogenesis for
naphthalene and phenanthrene were 110 and 40 p.g/L., respec-
tively [31]. Another study with phenanthrene reported signif-
icant mortality and abnormal larvae after 12 d of exposure and
the prevalence of BSD after 22 d of exposure at a concentration
of 500 p.g/L [32]. The TLM chronic endpoint for phenanthrene
is 70 p.g/L and is consistent with observations. The TLM pre-
diction of 800 wg/L for naphthalene is well above the obser-
vation of 110 pg/l.. The ohserved effect concentration, how-
ever, is only slightly less than the C¥ 5, of 170 ug/L.

Brinkworth et al. [27] exposed early developmental stages
of rainbow trout to many different regimes of retene. One
condition was a constant exposure to 9 pg/L. of retene. Ad-
ditional exposures were either not continuous or at concen-
trations greater than the water solubility of retene (ie., 16
ue/L). After 45 d of exposure to 9 wg/L of retene, 85% of the
larvae showed signs of BSD. The TLM chronic endpoint for
retene is 2.4 pg/L.

The LOEC for morphological abnormalities in trout alevins
resulting from exposure to benzo[a]pyrene was 0.21 jng/L [33].
At this concentration, the number of effects observed in or-
ganisms was significantly different than in controls; however,
no statistical differences were found at higher concentrations
of 0.37 and 1.48 pg/L of benzo[alpyrene. Statistical differ-
ences were reported at benzo[a]pyrene concentrations of 0.21,
2.4, und 2.99 pg/L. Even though the dose response for ben-
zo[a]pyrene is inconsistent, the LOEC of 0.21 pg/L is retained,
both because it is a very low concentration and because the
U.S. EPA included it in their assessment of teratogenic effects
from PAHs [3]. The TLLM chronic endpoint for benzo[a]pyrene
is 1.9 pg/L (CL, 0.36-11 pg/L), which is in the range of where
effects were observed.

Middaugh et al. [34] investigated the teratological effects of
naphthalene on the embryos of Inland silverside (Menidia ber-
yllina). The LOEC was 550 pg/L for cardiovascular effects and
2,350 pg/L for craniofacial and skeletal effects. The TLM chronic
endpoint for naphthalene is 3,900 pg/l., which is greater than the
lowest reported LOEC (Fig. 7). For fathead minnow (P. pro-
melas), heritable reductions in larval survival were reported at a
LOEC of 1 pg/L [35]. The TLM chronic endpoint of 3.6 pg/L
(CL, 0.83-16 ng/l.) is greater than the TLOEC, but the LOEC is
within the CL (Fig. 7). For zebrafish (Brachydanio rerio), the
reported LOEC for sublethal effects of deformities and hemor-
rhages from exposure to benzo[k|flucranthene is 0.72 wg/L [36].
The corresponding NOEC for growth is 0.23 pg/L. The TLM
chronic endpoint of 3.8 pg/LL (CL, 0.47-30 pg/L) is greater than
the reported effect values.

The TLM chronic endpoint was higher than the reported
LOEC/OEC for eight of the 15 cases, suggesting that the TLM
chronic endpoint may not be protective of these sublethal effects.
When the uncertainty is considered, however, then with the ex-
ception of one naphthalene data point for rainbow trout, the
C¥ 5, values are below the reported LOEC for sublethal effects.

Mixtures. Several laboratory studies demonstrated that long-
term exposure to petrolenum results in various sublethal effects
in early life-stage pink salmon (Oncorhynchus gorbuscha) and
Pacific herring (Clupea pallasi) [4,5,37]. Data from these stud-
ies could not be analyzed, because the chemical exposure con-
centrations were not constant and drastically decreased (by
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Fig. 5. Sublethal effects of single compounds: Comparison of ob-
served-effect concentration (OEC)/lowest-observed-effect concentra-
ticn (LOEC)/no-observed-effect concentration (NOEC) observed
from early life-stage fish exposures (Oryzias latipes) to single com-
pounds to target lipid model (TLM) chronic cffect concentrations. The
symbols represent the TLM chronic endpoint. The lines associated
with the TLM chronic endpoints represent 5 and 95% confidence limits
based on variations in critical target lipid burden body (CTLBB) and
acute to chronic ratio (ACR). See Table 4 for references. Phen =
phenanthrene; DB1 = dibenzothiophene; DiMetPhen = 3,6-dimeth-
ylphenanthrene; DiMetDBT = 4.6-dimethyldibenzothiophene; Di-
MetB(a)A = 7.12-dimethylbenzo[a]anthracence).

orders of magnitude) during the exposure period. Because of
the variable exposure concentrations, linking the observed ef-
fects to the exposure concentrations was not possible.
Rhodes et al. [28] determined the effects of three PAH mix-
tures on embryonic development of early life-stage medaka (Table
2). The exposure system was static renewal, and nominal con-
centrations were reported for the two mixtures prepared from
three PAHs. For the oil sands extract, the concentrations of PAHs
were measured. Figure 8 presents a comparison of the incidence
of effects as a function of TLM-predicted total TUs for the three
different mixtures. Solid lines at 50% effects and a TU of one
are shown for guidance. The filled symbols indicate the response
was significantly different than the control response. For the par-
ent PAH mixture, the predicted total TUs were greater than 1
(ie., 1.2 and 2.4) in the two highest exposure concentrations, and
effects would be predicted to occur at these concentrations. The
most sensitive endpoints to the parent PAH mixture were per-
centage abnormal larvae and percentage egg hatch, which were
significantly different at the highest exposure concentration that
had an equivalent total TU of 2.4. For the dimethylated PAH
mixture, the predicted total TUs were greater than one in four
exposures and ranged from 1.5 to 12. The most sensitive endpoint
o the dimelhylaled PAH mixture was percentage egg nalch, for
which significant cffccts were observed in the three highest ex-
posures, where the total TUs ranged from 3 to 12. The oil sands
extract exposures had total TUs ranging from 0.2 to 3.9. The
most sensitive endpoint to the extract was hatch length, for which
all exposures were impacted. This is an interesting result, because
no impact on hatch length was observed for other mixtures. The
percentage abnormal larvae and BSD score were significantly
different from controls only in the two highest exposure concen-
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Fig. 6. Sublethal effects of single compounds: Comparison of oh-
served-effect concentrations observed from early life-stage fish ex-
posures (Oncorhynchus mykiss) to single compounds to target lipid
madel (TI.M) chranic effect concentrations. The symbols represent
the TL.M chronic endpoint. The lines associated with the TLLM chronic
endpoints represent 5 and 95% confidence limits. See Table 4 for
references and Figure 5 for symbol identification.

trations, where the total TUs were greater than 1. The dose re-
sponse for percentage egg hatch was sporadic.

For the parent and dimethylated PAH mixtures, the TLM
and TU approach gave reasonable predictions for the most
sensitive endpoints. For the exposures thal had significant ef-
fects as compared to controls, the total TUs were greater than
two. Some exposures had total TUs of greater than 1 but with
no effects observed. For the oil sands extract, the TLM and
TU approach did not accurately predict the most sensitive
endpoint of hatch length. The model did have a correct pre-
diction for abnormal larvae and BSD score.

The 5 and 95% uncertainty bounds for the medaka TU
prediction were omitted from Figure 8. The computed uncer-
tainty bounds are very large, ranging from a TU of 0.02 to
50, and as such, they do not provide a good representation of
the true uncertainty. The large uncertainty in predictions for
medaka (i.e., wide range in C§ 54 and C§; ;) results from the
large k, value of 4.47. The data set used to compute the CTLBB
only consisted of five data points. With such a high &, value,
it is almost certain that the C§ s, will be lower than the ob-
served effect concentration. Medaka is a commonly used test
organism, and additional acute toxicity data are needed to
better quantify the statistics of the CTLBB.

DISCUSSION
HCS for decision making

The method for computing C¥§ 5, for a specific species based
on the CTLBB and its associated uncertainly was presented
(Eqn.7). This method also can be used to compute a hazard
concentration for 95% species protection (i.e., HC5) by using
the probability distribution of the CTLBB (Fig. 9) to obtain
the geometric mean CTLBB (119 pmol/g octanol). Then, the
computed endpoint is the aqueous concentration that protects
95% of species for which a CTLBB is available.

The resulting equation to compute the chronic HCS5s for
PAHs is
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Fig. 7. Sublethal effects of single compounds: Comparison of ob-
served effect concentrations observed from early life-stage fish ex-
posures to single compounds to target lipid model (TLM) chronic
effect concentrations. The symbols represent the TLM chronic end-
point. The lines associated with the TLM chronic endpoints represent
5 and 95% confidence limits. See Table 4 for references and Figure
5 for symbol identification.

log(HCS)
= (—0.930)log(Kyy) t+ log(52.9) — log(3.83)

— 2.3V{0.000225[log(Kow)?]] + 0.105 + 0.112  (11)

The resulting equation to compute the chronic HCSs for
MAHs is

log(HCS)
= (—0.936)log(Kyy) + log(92.7) — log(3.83)

— 2.3V {0.000225[log(Kow)?]} + 0.105 + 0.112  (12)

where the appropriate Ac; corrections (Appendix 1) are in-
cluded.

The 95% confidence sample size—dependent extrapolation
factor (k; = 2.3) is based on the number of ACRs (29) rather
than the number of CTLBBs (47) to ensure that the results are
conservative. A summary of predicted chronic HCSs for some
common MAHs and PAHs is provided in Table 5.

A comparison of the aqueous HCS5s and 27 NOECs based
on growth, reproduction, and mortality endpoints for seven
different PAHs is presented in Table 6 and Figure 10. In ad-
dition, the five NOECs for sublethal cffects (Table 4) arc shown
in Figure 10. Two NOECs fall below the HCS line. Both of
these NOECs are for phenanthrene and range from 5 to 5.5
wg/L, which is considerably lower than NOECs for other com-
pounds. The excursion of two data points below the HCS is
consistent with the goal of a4 95% protection level (i.e., 93.8%
(30/32)). The HCS derived trom the TLLM is very close to the
expected level of protection for growth, reproduction, mor-
tality, and sublethal effects. Therefore, these values are ap-
propriate for use as numeric, chemical-specific benchmarks,
and they can be used to assess the ecological risk of contam-
inated sediments and/or establish safe levels for cleanup ac-
tivities. Of course, one needs to consider the assumptions of
the TLM and the conditions that can impact the toxicity of
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Table 5. Predicted chronic 5% hazard concentrations (HCSs) for
monocyclic and polycyclic aromatic hydrocarbons

HCS5
Chemical log(Kow) pmol/L g/l
Benzene 1.943  30.892 2413
Toluene 2438 10.600 977
0-Xylene 2.946 3.534 375
Ethylbenzene 3.006 3.104 330
m-Xylene 3.032 2935 312
p-Xylene 3.051 2.816 299
Naphthalene 3.256 1.033 132
Acenaphthylene 3.436 Q.700 107
1-Methylnaphthalene 3.781 0.332 472
2-Methylnaphthalene 3.789 0.326 46.3
Acenaphthene 3.878 0.269 41.5
Fluorene 3.93 0.240 399
Biphenyl 3.936 0.415 64.0
1,3-Dimethylnaphthalene 4.257 0.118 18.5
2,6-Dimethylnaphthalene 4.27 0.115 18.0
Dibenzothiophene 434 0.0988 182
1-Methylfluorene 4.37 0.0926 16.7
Anthracene 4.546 0.0633 11.3
2.3.5-Trimethylnaphthalene 4.57 0.0601 10.2
Phenanthrene 4.584 0.0583 104
9-Methylanthracene 4.996 0.0239 459
1-Methylphenanthrene 5.036 0.0219 421
Pyrene 5.126 0.0180 3.64
Fluoranthene 5.19 0.0157 317
Benzo[a]anthracene 5.744 0.00471 1.08
Chrysene 5.782 0.00434 0.99
Retene 6.12 0.00208 0.488
Indeno[1,2,3-cd]pyrene 6.158 0.00192 0.530
Benzo[b]fluoranthene 6.341 0.00129 0.325
Benzo[k]fluoranthene 6.4 0.00113 0.286
Benzo[a]pyrene 6.409 0.00111 0.281
7,12-Dimethylbenzo[aJanthracene  6.42 0.00109 0.278
Perylene 6.447 0.00102 0.258

MAHs and PAHs (e.g., constant exposure) to determine the
appropriatencss of applying these guidelines to a specific lo-
cation.

Range of application

The TLM was validated for use in predicting the toxicity
of petroleum-related compounds. Once validated, the HCSs
were derived for use in assessing the impacts of residual levels
of these compounds on the aquatic community. It is imprac-
tical and probably impossible to develop guidelines that
address every situation that may occur in the environment.
The following are some conditions and assumptions of the
TLM that can impact the toxicity of petroleum-related com-
ponents that were not addressed in the present research but
are important to consider when determining the effects from
petrolenm.

The TLM assumes that octanol is a good surrogate for
organism lipid and that the K, describes the partitioning of
the chemical between the water and the organism lipid. Some
dald suggest that a toxicily cutoff exists [or compounds with
log(Kow) greater than approximately 5.5 (i.e., compounds with
log(Kow) = 5.5 have similar toxicity), and toxicity assessments
have included a Ky cutoff and rely on the membrane—water
partition coefficient, Ky, to be the descriptor for toxicity [38].
The K has been shown to be a better surrogate than the Ky
for describing the partitioning of a chemical into the organism
lipid membrane [39-41]. The log(Kyw)—log(Koyw) relationship
is linear until a log(Kqow) of approximately 5.5, at which point
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Fig. 8. Sublethal effects of mixtures: Comparison of percentage effects versus predicted rotal toxic units for three prepared mixtures exposed to
early life-stage Oryzias latipes [28]. Solid lines represent 50% mortality (horizontal) and 1 toxic unit (TU; vertical). Filled symbols indicate the
response was significantly different than the control response. PAHs = polycyclic aromatic hydrocarbons.

the log(Kyw) no longer increases linearly with log{Kqw) 141].
The TLM, however, ignores a cutoff and relies on the Kqw to
be the descriptor for the toxicity, both because a cutoff point
for PAHs has not been confirmed or identified and because
toxicity from PAHs with log(Kqy,) greater than 5.5 has been
observed. In a recent paper by Jonker and Van Der Heijden
[42], PAHs with log(Kqoyw) of up to 7.5 were shown to bioac-
cumulate in worms, and the relationship between
log(bioconcentration factor) and log(Kow) was linear. The

CONFIDENTIAL

TLM would not have correctly predicted the toxicity if 4 cutoff
or the Ky had been used in the analysis. While some evidence
indicates that a toxicity cutoff does exist for narcotic chemi-
cals, a universal cutoff has yet to be identified, because it varies
for each chemical. It is recommended that this methodology
be used for chemicals that are similar to those used in this
derivation. For practical purposes, an upper bound of log(Kqw)
would be 6.4, the highest log(Ky,) for chronic experimental
data that are in agreement with the predicted HCSs.
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Fig. 9. Probability distribution of critical target lipid body burdens.

. . - P
CTLBB = critical target lipid body burden. Fig. 1. Chronic HCS (the hazard concentration aflecting 5% of the

test species) concentration for polycyclic aromatic hydrocarbons
(PAHs) versus log octanol-water partition coefficient (K,w). The HCS
is bascd on the fifth percentile critical target lipid body burdens for

Thé MAHs and PAHs were afss.umed to be the primary all species in the database. The units (g/L) were computed using a
causative agents of petroleum toxicity. There may, however, molecular weight of 20¢ g/mol. The no-observed-effect concentrations
be other water-soluble components of petroleum that could (NOECs) for growth, reproduction, and mortality endpoints for PAHs

are denoted as O (Table 6); the NOECs based on sublethal endpoints

exert toxicity. The TLM could be applied to any chemical, but are denoted as A (Table 4).

the toxicity computed would be considered as the chemical’s
baseline or minimum toxicity. Additionally, some PAHs exert
photoenhanced toxicity after accumulation in the tissues of
organisms and exposure to ultraviolet radiation. Photoinduced

Table 6. Polycyclic aromatic hydrocarbon (PAH) no-observed-effect concentration (NOEC; growth, reproduction, mortality) toxicity data for
various specics?

Chemical Species Endpoint Endpoint (ug/L) Reference®
Naphthalene Daphnia magna 21-d NOEC, reproduction 600 [102]
Oncorhynchus kisutch 40-d NOEC, larval growth 370 [103]
Pimephales promelas 30-d NOEC. larval growth 450 [76]
Acenaphthene Paratonytarsus sp. 26 d NOEC, survival/growth/reproduction 295 [92]
Paratonytarsus sp. 26-d NOEC, survival/growth/reproduction 164 [921
Pimephales promelas 32-d NOEC, growth 109 [81]
Pimephales promelas 32-d NOEC. growth 50 [R1]
Pimephales promelas 32- to 35-d NOEC, growth 332 [82]
Pimephales promelas 32- to 35-d NOEC, growth 345 [82]
Pimephales promelas 32-d NOEC., survival 64 [104]
Americamysis bahia 35-d NOEC, survival 240 [72]
Americamysis bahia 25-d NOEC, survival/reproduction 44.6 U.S. EPA, unpublished data
Cyprinodon variegatus 28-d NOEC, survival 520 [52]
Phenanthrene Daphnia magna 21-d NOEC. reproduction 180 [105,106]
Daphnia magna 21-d NOEC, survival 56 [105,106]
Daphnia magna 21-d NOEC, growth 32 [105,106]
Daphnia magna 21-d NOEC. reproduction 57 [64]
Brachydanio reric 42-d NOEC. growth 56 [105,106]
Oncorhynchus mykiss 90-d NOEC., survival/growth 5 [64]
Americamysis bahia 32-d NOEC, survival 3.5 U.S. EPA, unpublished data
Fluoranthene Brachydanio rerio 41-d NOEC. growth 22 [107]
Daphnia magna 21-d NOEC, growth 17 [44]
Pimephales promelas 32-d NOEC, survival/growth 10.4 [44]
Americamysis bahia 31-d NOEC, survival/reproduction 11.1 |44}
Pyrene Americamysis bahia 28-d NOEC. reproduction 3.82 U.S. EPA, unpublished data
Benzo[k]fluoranthene Brachydanio rerio 42-d NOEC. growth 0.23 [36]
Benzo[a]pyrene Brachydanio rerio 42-d NOEC, growth 6.3 [106]

« Only measured data are considered.
" EPA = Environmental Protection Agency.
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toxicity can be orders of magnitude greater than baseline tox-
icity (i.e., narcosis) [43-45].

The physicochemical properties of the MAHs and PAHs
used in the present research were determined at 25°C. These
parameters vary with temperature. For example, organic com-
pounds usually are less soluble in colder temperatures. There-
fore, the computed guidelines would be conservative for tem-
peratures less than 25°C.

CONCLUSION

It has been demonstrated that the TLM can be used to assess
the acute and chronic toxicity of petroleum-related components
in the water column and that the use of a single ACR to relate
the acute toxicity to an equivalent chronic toxicity is appro-
priate without consideration of the toxicity mechanism. Within
the uncertainty of the model, the TLM has been shown to be
protective of sublethal effects that result from exposure to low
levels of PAHs during an organism’s early life stages. The
TLM and the additivity of TUs can be used to predict the
toxicity of mixtures of chemicals present in petroleum. Toxic
units are a weans of normalizing the toxicity of different chem-
icals. It should be noted that the available toxicity data for
mixtures that met the criteria for inclusion, both on an acute
and a chronic basis, are limited. Additional research is needed
to determine the toxicity of mixtures of chemicals resulting
from exposure to petroleum regarding species for which a
CTLBB is available. These data would further validate that
the TELM and TU concept are appropriate for predicting the
toxicity.

Acknowledgement—Funding for this project was provided by the Na-
ticnal Oceanic and Atmospheric Administration/University of New
Hampshire Coastal Response Research Center (grant NA17022607)
and the National Institute of Environmental Health Sciences through
a Superfund Basic Research Program Grant (SRO1ES(G15444) for
D.M. Di Toro.

REFERENCES

1. Di Toro DM, McGrath JA, Hansen DJ. 2000. Technical basis
for narcotic chemicals and polycyelic aromatic hydrocarbon eri-
teria. 1. Water and tissue. Environ Toxicol Chem 19:1951-1970.

. Di Toro DM, McGrath JA. 2000. Technical basis for narcotic
chemicals and polycyclic aromatic hydrocarbon criteria. 11 Mix-
tures and sediments. Environ Toxicol Chem 19:1971-1982.

3. U.S. Environmental Protection Agency. 2003. Procedures for
the derivation of equilibrium partitioning sediment benchmarks
(ESBs) for the protection of benthic organisms: PAH mixtures.
LEPA/600/R-02/013. Office of Research and Development, Wash-
ington, DC.

4. Carls MG, Rice SD, Hose JE. 1999. Sensitivity of fish embryos
to weathered crude oil: Part 1. Low-level exposure during in-
cubation causes malformations, genetic damage, and mortality
inlarval pacific herring (Clupea pallasi). Environ Toxicol Chem
18:481 493.

5. Heintz RA, Short JW, Rice SD. 1999. Sensitivity of fish embryos
to weathered crude oil: Part 1. Increased mortality of pink salm-
on (Oncorhynchus gorbuscha) embryos incubating downstream
from weathered Exxon V.
18:494 503.

6. Incardena JP, Collier TK, Scholz NL. 2004. Defects in cardiac
function precede morphological abnormalities in fish embryos
exposed to polycyclic aromatic hydrocarbons. Toxicol Appl
Pharmacol 196:191 205.

7. McGrath JA, Parkerton TE Di Toro DM. 2004. Application of
the narcosis target lipid model to algal toxicity and deriving
predicted-no-cffect concentrations. Environ Toxicol Chem 23:
2503-2517.

8. Karickhoff SW, McDanicl VK, Mclton C, Vellino AN, Nutc DE,
Carreira LA, 1991. Predicting chemical reactivity by computer.
Environ Toxicol Chem 10:1405-1416.

[

ez crude oil. E

CONFIDENTIAL

10.

11.

12.

13.

14.

[
L

16.

17.

18.

19.

20.

21.

22.

24.

26.

Environ. Toxicol. Chem. 28, 2009 1143

. Stephan C, Mount D, Hansen 1), Gentile I, Chapman G, Brungs

W. 1985. Guidelines for deriving numerical national water qual-
ity criteria for the protection of aquatic organism and their uses.
PB 85-22-7049. Naticnal Technical Information Services,
Springfield, VA, USA.

Aldenberg T, Slob W. 1993. Confidence limits for hazardous
concentrations based on logistically distributed NOEC toxicity
data. Ecotoxicol Environ Saf 25:48-63.

McGrath J, Parkerton T, Hellweger E Di Toro D. 2005. Vali-
dation of the narcosis target lipid model for petroleum products:
Gasoline as a case study. Environ Toxicol Chem 24:2382-2394.
Swartz RC, Schults DW, Ozretich RJ, Lamberson JO, Cole FA,
DeWitt TH, Redmond MS, Ferraro SP. 1995. 2PAH: A model
to predict the toxicity of polynuclear aromatic hydrocarbon mix-
tures in field-collected sediments. Environ Toxicol Chem 14:
1977-1987.

Neff JM, Ostazeski S, Gardiner W, Stejskal 1. 2000. Effects of
weathering on the toxicity of three offshore Australian crude
oils and a diesel fuel to marine animals. Environ Toxicol Chem
19:1809-1821.

Stubblefield WA, Hancock GA, Ford WH, Ringer RK. 1995.
Acute and subchronic toxicity of naturally weathered Exxon Val-
dez crude oil in mallards and ferrets. Environ Toxicol Chem 14:
1941-1950.

T TS RA~Tontl T Qi bd 5613 WA DNANT Dendicting

™G 1 V1 A a B
< D0 LOLO 2L, IVICUOTAUL J A, SIUDUICHCIU YYA. LUV /. FICUICUILE

the toxicity of neat and weathered crude oil: Toxic potential and
the toxicity of saturated mixtures. Environ Toxicol Chem 26:
24-36.

Mackay D, Shiu WY, Ma KA. 1992. Hlustrated Handbook of
Physical-Chemical Properties and Environmental Fate for Or-
ganic Chemicals, Vol II—Polynuclear Aromatic Hydrocarbons,
Polychlorinated Dioxins, and Dibenzofurans. Lewis, Boca Ra-
ton, FL. USA.

Mackay D, Shiu WY, Ma KC. 1992. Hlustrated Handbook of
Physical-Chemical Properties and Environmental Fate for Or-
ganic Chemicals, Vol —Monoaromatic Hydrocarbons, Dhlo-
robenzenes, and PCBs. Lewis, Boca Raton, FL, USA.

Mackay D, Shiu WY, Ma KC. 1993. Hiustrated Handbook of
Physical-Chemical Properties and Environmental Fate for Or-
ganic Chemicals, Vol 111—Volatile Organic Chemicals. Lewis,
Baoca Raton, FI., UJSA.

Mackay D, Shiu WY, Ma KC. 1995. Hlustrated Handbook of
Physical-Chemical Properties and Environmental Fate for Or-
ganic Chemicals, Vol IV—Oxygen, Nitrogen and Sulfur Con-
taining Compounds. Lewis, Boca Raton, FL, USA.

Di Toro DM, McGrath JA, Ilansen DJ, Berry W, Paquin PR,
Mathew R, Wu KB, Santore RC. 2007. Predicting sediment met-
al toxicity using a sediment biotic ligand model: Methodology
and initial application. Environ Toxicol Chem 24:2410-2427.
ENSR. 2001. Acute toxicity of water accommodated fractions
of Alaska North Slope crude oil and weathered Alaska North
Slope crude oil to the fathead minnow (Pimephales promelas)
under static renewal test conditions. Project 2620-184. TFort Col-
lins, CO, USA.

States JB, Fallon WE, Barraclough SA, Dauble DD, Skalski JR,
Bean RM. 1982. Comparative toxicity to a freshwater inverte-
brate from water-soluble fractions of a cola liquid and two ref-
erence oils. In Mahlum DD, Gray RH, Felix WD, eds, Coal
Conversion and the Environment: Chemical, Biomedical and
Ecological Consideration. CONI'-801039. National Technical
Information Services, Springfield, VA, UJSA, pp 223-236.

. Barata C, Calbet A, Saiz E, Ortiz L, Bayona JM. 2005. Predicting

single and mixture toxicity of petrogenic polycyclic aromatic
hydrocarbons to the copepod Qithona davisae. Environ Toxicol
Anderson JW, Dixit DB, Ward GS, Foster RS. 1977. Effects of
petroleum hydrocarbons on the rate of heart beat and hatching
success of estuarine fish embryos. In Vernberg FJ, Calabrese A,
Thurberg FP. Vernberg WB, eds, Physiological Responses of
Marine Biota te Pollutants. Academic, New York, NY, USA,
pp 241-258.

. Anderson JW, Neff JM, Cox BA, Tatem HE, Hightower GM.

1974. Characteristics of dispersions and water-soluble extracts
of crude and refined oils and their toxicity to estuarine crusta-
ceans and fish. Mar Biol 27:75-88.

Moles A. 1998, Scngitivity of 10 aquatic species to long-term
crude oil exposure. Bull Environ Contam Toxicol 61:102-107.

BP-HZN-2179MDL09309323

TREX-013457.000014



1144

27

31

32.

34.

35.

36.

38.

39.

40.

41.

42.

45.

46.

. Hornung MW, Spitsbergen JM, Peterson RE. 1999. 2,

Environ. Toxicol. Chem. 28, 2009

Brinkworth I.CC, Hodson PV, Tabash S, Tee P 2003. CYPIA
induction and blue sac disease in early developmental stages of
rainbow trout (Oncorhiynchus mykiss) exposed to retene. J Tox-
icol Environ Health 66:627-646.

. Rhodes S, Farwell A, Hewitt LM, MacKinnon M, Dixon DG.

2005. The effects of dimethylated and alkylated polycyclic ar-
omatic hydrocarbons on the embryonic development of the Jap-
anese medaka. Ecotoxicol Environ Saf 60:247-258.

3,7,8-Tet-
rachlorodibenzo-p-dioxin alters cardiovascular and craniofacial
development and function in sac fry of rainbow trout (Onco-
rhynchus mykiss). Toxicol Sci 47:40-51.

. Kiparissis Y, Akhtar P, Hodson PV, Brown RS. 2003. Partition-

controlled delivery of toxicants: A novel in vivo approach for
embryo toxicity testing. Environ Sci Technol 37:2262-2266.
Black JA, Birge WJ, Westerman AG, Francis PC. 1983. Com-
parative aquatic toxicology of aromatic hydrocarbons. Fundam
Appl Toxicol 3:353-358.

Hawkins SA, Billard SM, Tabash SP, Brown RS, Hodson PV.
2002. Alternating cytochrome P4501A activity affects polycy-
clic aromatic hydrocarbon metabolism and toxicity in rainbow
trout (Oncorhynchus mykiss). Environ Toxicol Chem 21:1845—
1853,

. Ilannah JB, Ilose JE, Landolt ML, Miller BS, Felton SF, Iwaoka

wIT 109 IO IR PR R,

WT. 1982. Benzofa pyrene- induced iuoxpuul‘\ ¢ and ucvcmp-
mental abnormalities in rainbow trout. Arch Environ Contam
Toxicol 11:727-734.

Middaugh DP. Hemmer MJ, Lores EM. 1988. Teratclogical ef-
fects of 2,4-dinitrophenol, “produced water” and naphthalene
on embryos of the inland silverside Mendia beryllina. Dis Aquat
Org 4:53-65.

‘White PA, Robitaille S, Rasmussen JB. 1999. Heritable repro-
ductive effects of benzo[a]pyrene on the fathead minnow (Pi-
mephales promelas). Environ Toxicol Chem 18:1843-1847.
Hooftman RN, Evers-de Ruiter A. 1992. The toxicity and uptake
of benzo[k]fluoranthene using Brachydanio rerio in an early life
stage test. Draft OECD Guideline. IMW-R 92/218. Institute for
Inland Water Management and Waste Water Treatment (R1IZA)
and Ministery of Housing, Lelystad, The Netherlands.

. Marty GD, Short JW, Dambach DM, Willits NH, Heintz RA,

Rice SD, Stegeman JJI, Hinton DE. 1997. Ascites, premature
emergence, increased gonadal cell apoptosis, and cytochrome
P4501A induction in pink salmon larvae continuously exposed
to oil-contaminated gravel during development. Can J Zool 75:
989-1007.

IlydroQual. 2006. PETROTOX: CONCAWLE’s petroleum prod-
uct ecotoxicity calculator. CONC002. Mahwah, NJ, USA.
Gobas FA, Clark KE, Whiu WY, Mackay D. 1989. Bioconcen-
tration of polybrominated benzenes and biphenyls and related
chemicals in [ish: Role of bioavailability and eliminalion into
the feces. Environ Toxicol Chem 8:231-245.

Vaes WHI, Urrestarazu Ramos E, Verhaar HIM, Cramer CJ,
Ilermens JLM. 1998. Understanding and estimating membrane—
water partition coefficients: Approaches to derive quantitative
structure—property relationships. Chem Res Toxicol 11:847-854.
Verbruggen E. 2004. Environmental risk limits for mineral oil
(total petroleum hydrocarbons). RIVM Report 601501021/2004.
National Institate for Public Health and Environment, Bilthoven,
The Netherlands.

Jonker MTO, Van Der Ileijden SA. 2007. Bioconcentration fac-
tor hydrophobicity cutoff: An artificial phenomenon reconstruct-
ed. Environ Sci Technol 41:7363-7369.

. Ankley GT, Collyard SA, Monson PD, Kosian PA. 1994. Influ-

ence of ultraviolet light on the toxicity of sediments contami-
nated with polyeyelic aromatic hydrocarhons. Environ Toxicol

Chem 13: 1791 1796

. Spehar RL, Poucher S, Brooke LT, Ilansen DJ, Champlin D,

Cox DA. 1999. Comparative toxicity of fluoranthene to fresh-
water and saltwater species under fluorescent and ultraviolet
light. Arch Environ Contam Toxicol 37:496-502.

Lyons BP, Pascoe CK, McFadzen IRB. 2002. Phototoxicity of
pyrene and benzo[alpyrene to embryo-larval stages of the pa-
cific oyster Crassostrea gigas. Mar Environ Res 54:627 631.
Abernethy S, Bobra AM, Shin WY, Wells PG, Mackay D. 1986.
Acute lethal toxicity of hydrocarbons and chlorinated hydro-
carbons to planktonic crustaceans: The key role of organism—
water partitioning. Aquat Toxicol 8:163-174.

CONFIDENTIAL

47.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

65.

66.

J.A. McGrath and D.M. Di Toro

Macl.ean MM, Noe KG. 1989. The comparartive toxicity of crude
and refined oils to Daphnia magna and artemia. Environmental
Protection Services, Environment Canada, Ottawa, ON.
Hutchinson TC, Hellebust JA, Tam D, Mackay D, Mascarenhas
RA, Shiu WY. 1980. The correlation of the toxicity to algae of
hydrocarbons and halogenated hydrocarbons with their physi-
cal-chemical properties. In Afgan BK, Mackay D, eds, Hydro-
carbons and Halogenated Hydrocarbons in the Aquatic Envi-
ronment. Plenum, New York, NY, USA, pp 577-586.

Moreau CJ, Klerks PL, Haas CN. 1999. Interaction between
phenanthrene and zinc in their toxicity to the sheepshead min-
now (Cyprinodon variegatus). Arch Environ Contam Toxicol
37:251-257.

Anderson JW, Neff JM, Cox BA, Tatem HE, Hightower GM.
1974. The effects of oil on estuarine animals: Toxicity, uptake
and depuration, respiration. In Vernberg ['J, Vernberg WB, eds,
Pollution and Physiology of Marine Organisms. Academic,
New York, NY. USA. pp 285-310.

Heitmuller PT, Hollister TA, Parrish PR. 1981. Acute toxicity
of 54 industrial chemicals to sheepshead minnows (Cyprinodon
variegatus). Bull Environ Contam Toxicol 27:596-604.

. Ward GS, Parrish PR, Rigby RA. 1981. Early life stage toxicity

tests with a saltwater fish: Iffects of eight chemicals on survival,
growth, and development of sheepshead minnows (Cyprinodon
variegatus). J Toxicol Environ Health 8:225-240.

Battelle Ocean Sciences. 1987. Acute toxicity of phenanthrene
to saltwater animals. Project 8919-2550. Battelle Ocean Sci-
ences, Duxbury, MA, USA.

Crider 1Y, Wilhm I, Harmon HI. 1982 Effects of naphthalene
on the bemoglobin concentration and oxygen uptake of Daphnia
magna. Bull Environ Contam foxicol 28:52-57.

Eastmond DA, Booth GM, Lee MIL.. 1984. Polycyclic aromatic
hydrocarbons: Accumulation and elimination of polycyclic ar-
omatic sulfur heterocycles in Daphnia magna. Arch Environ
Contam Toxicol 13:105-111.

Randall TL, Knopp PV. 1980. Detoxification of specific organic
substances by wet oxidation. J Water Pollut Control Fed 52:
2117-2130.

Finger SE, Little EE Henry MG, Fairchild JE Boyle TP. 1985.
Comparison of laboratory and field assessment of fluorine—Part
1: Effects of fluorene on the survival, growth, reproduction, and
behavior of aquatic organisms in laboratory tests. In Boyle TP,
eds, Validation and Predictability of Laboratory Methods for
Assessing the Fate and Effects of Contaminants in Aquatic Eco-
systems. STP 865. American Society of Testing Materials, Phil-
adelphia, PA, pp 120 133.

LeBlanc GA. 1980. Acute toxicity of priority pollutants to water
flea (Daphnia magna). Bull Environ Contam Toxicol 24:684—
691.

Newsted J, Giesy J. 1987. Predictive models for photoinduced
acute toxicity of polycyclic aromatic hydrocarbons to Daphnia
magna, Strauss (Cladocera, Crustacea). Environ Toxicol Chem
6:445-461.

Millemann RE. Birge WIJ, Black HA, Cushman RM, Daniels
KL, Franco PJ, Giddings JM, McCarthy JE Stewart AJ. 1984.
Comparative acute toxicity to aquatic organisms of components
of coal-derived synthetic fuels. Trans Am Fish Soc 113:74-85.
EG&G Bionomics. 1982. Acute toxicity of selected chemicals
to fathead minnow, water flea and mysid shrimp under static
and flow-through test conditions. U.S. Environmental Protection
Agency, Washington, DC.

. Oris JT, Winner RW, Moore MV. 1991. A 4-d survival and

reproduction toxicity test for Ceriodaphilia dubia. Environ Tox-
icol Chem 10:217-224.

. Suedel BG, Rodgers JH Jr. 1996. Toxicity of fluoranthene to

Daphnia magna. Hyalella azteca, Chironomus tentans, and Sty-
laria lacustris in water-only and whole-sediment exposures. Bull
Environ Contam Toxicol 6:239-250.

. Call DJ, Brooke LT, Harting SL, Poirer SH, McCauley DJ. 1986.

Toxicity of phenanthrene to several freshwater species. Final
Report. U.S. Environmental Protection Agency, Washington,
DC.

Smith SB, Savino JIE Blouin MA. 1988. Acute toxicity to Daph-
nia pulex of six classes of chemical compounds potentially haz-
ardous to great lakes aquatic biota. J Gt Lakes Res 14:394-404.
Passino DRM, Smith SB. 1987. Acute bicassays and hazard

BP-HZN-2179MDL09309324

TREX-013457.000015



Validation of the target lipid model for toxicity

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

81.

82.

84.

85.

86.

87.

88.

evaluatian of representative contaminants detected in Great
Lakes fish. Environ Toxicol Chem 6:901-907.

Trucco RG, Englehardt FR, Stacey B. 1983. Toxicity, accu-
mulation and clearance of aromatic hydrocarbons in Daphnia
pulex. Environ Pollut (Series A) 31:191-202.

Holcombe GH, Phipps GL, Fiandt JT. 1983. Toxicity of selected
priority pollutants various aquatic organisms. Ecotoxicol Envi-
ron Saf 7:400-409.

Gendusa AC. 1990. Toxicity of chromium and fluoranthene from
aqueous and sediment sources to selected freshwater fish. PhD
thesis. University of North Texas, Denton, TX, USA.
Buccafusco RJ, Ells SJ, LeBlanc GA. 1981. Acute toxicity of
priority pollutants to bluegill (Lepomis macrochirus). Bull En-
viron Contam Toxicol 26:446-452.

Boese BL, Lamberson JO, Swartz RC, Ozretich RJ. 1997. Pho-
toinduced toxicity of fluoranthene to seven marine benthic crus-
taceans. Arch Environ Contam Toxicol 32:389-393.

Horne JD, Swirsky MA, Hollister TA, Oblad BR, Kennedy JH.
1983. Aquatic toxicity studies of five pollutants. Report 4398.
NUS Corporation, Houston, TX, USA.

Rossi SS, Neff JM. 1978. Toxicity of polynuclear aromatic hy-
drocarbons to the polychaete Neanthes arenaceodentata. Mar
Pollut Bull 9:220-223.

Edsall CC. 199]. Acute toxicities to larval rainbow trout of
representative compounds detected in Great Lakes fish. Bull
Environ Contam Toxicol 46:173 178.

Harne ID, Oblad BR. 1983. Aquatic toxicity studios of six pri-
ority pollutants. Final Report 4380. NUS Corparation, Houston,
TX, USA.

DeGraeve GM, Elder RG, Woods DC, Bergman HL. 1982. Ef-
fects of naphthalene and benzene on fathead minnows and rain-
bow trout. Arch Environ Contam Toxicol 11:487-490.
Kennedy CJ. 1990. Toxicokinetic studies of chlorinated phenols
and polycyclic aromatic hydrocarbons in rainbow trout (Onco-
rhynchus mykiss). PhD thesis. Simon Fraser University, Bur-
naby, BC, Canada.

Tatem HE. Cox BA, Anderson JW. 1978. The toxicity of oils
and petroleum hydrocarbons to estuarine crustaceans. kstuar
Coast Mar Sci 8:365 373.

Mattson VR, Arthur JW, Walbridge CT. 1976. Acute toxicity of
selected organic compounds to fathead minnows. EPA-600/3-
76-097. U.S. Environmental Protection Agency, Office of Re-
scarch and Development, Washington, DC.

. Marinc Bioassay Laboratorics. 1981. Flow-through carly life-

stage toxicity tests with fathcad minnows (Pimephales prome-
Ias). Final Report. Watsonville, CA, USA.

Academy of Natural Sciences. 1981. LCarly life stage studies
using the fathead minnow (Pimephales promelas) to assess the
effects of isophorone and acenaphthene. Final Report. Phila-
delphia, PA, USA.

Cairus MA, Nebeker AV, 1982. Toxicity of acenaplithlene and
isophorone (o early life stages ol fathead minnows. Arch Environ
Contam Toxicel 11:703-707.

. Geiger DL, Northeott CE. Call DJ, Brooke LT. 1985. Acure

Yoxicities of Organic Chemicals 1o Fathead Minnows (Pime-
phales promelas), Vol 2. Center for Lake Superior Environmental
Studies, University of Wisconsin, Superior. W1, USA.
Holcombe GH, Phipps GL, Knuth ML, Felnaber T. 1984. The
acute toxicity of selected substituted phenols, benzenes and ben-
zoic acid esters to fathead minnows (Pimephales promelas).
Environ Pollut 35:67-81.

Darville RG, Wilhm JL. 1984. The effect of naphthalene on
oxygen consumption and hemaoglobin concentration in Chiron-
omus attenuatus and on oxygen consumption and lifecycle of
Tanytarsus diddimilis. Environ Toxicol Chem 3:135-141.
Rogerson A, Shiu W, Huang G, Mackay D, Berger J. 1983.
Determination and interpretation of hydrocarbon toxicity to cil-
iate protozoan. Aguar Toxicol 3:215-228.

Edmisten GE, Bantle JA. 1982. Use of Xenopus laevis larvae
in 96-h, flow-through toxicity tests with naphthalene. Bull En-
viron Contam Toxicol 29:392-399.

Propst 'I'L, Fort DJ, Stover EL. 1997. Evaluation of the devel-
opmental toxicity of benzo[a]pyrene and 2-acetylaminofluorene

CONFIDENTIAL

89.

90.

9l1.

92.

93.

94.

el
th

96.

97.

98.
99.

100.

101.

104.

105.

106.

107.

Environ. Toxicol. Chem. 28, 2009 1145
using Xenapus: Mades of biotranstormation. Drug Chem Tox-
icol 20:45-61.

QOzretich RJ, Swartz RC, Lamberson 1O, Ferraro SP. 1997. An
extension of the 2PAH model to alkylated and other polynuclear
aromatic hydrocarbons. Abstracts, Annual Meeting of the So-
ciety of Invironmental loxicology and Chemistry, San l'ran-
cisco, CA, USA, November 16-20, p 289.

Gersich FM, Bartlett EA, Murphy PG, Milazzo DP. 1989. Chron-
ic toxicity of biphenyl to Daphnic magna Straus. Bull Environ
Contam Toxicol 43:355-362.

Mancini ER, Steen A, Rausina GA, Wong DCL, Arnold WR,
Gostomski FE, Davies T, Hockett JR, Stubblefield WA, Drottar
KR, Springer TA, Errico P. 2002. MTBE ambient water quality
criteria development: A public/private partnership. Environ Sci
Technol 36:125-129.

Northwestern Aquatic Sciences. 1982. Round robin testing of
the midge (Fanytarsus): Acute and chronic toxicity tests of
2.,4,6-trichlorophenol and acenaphthene. Final Report. Newport,
OR, USA.

Snell TW, Moffat BD. 1992. A 2-d life-cycle test with the rotifer
Brachionus calyciflorus. Environ Toxicol Chem 11:1249 1257.
Niederlehner BR, Cairns J J1, Smith EP. 1998. Modeling acute
and chronic toxicity of nonpolar narcotic chemicals and mixtures
to Ceriodaphnia dubia. Ecotoxicol Environ Saf 39:136-146.

. Mayer P, Oldersma H, Hanstveit AQ. 2001. Determination of

the effect of benzene on the growth of the freshwater green alga
Selenastrum capricornutum. TNO Report 00-2360/01 TNO. Nu-
trition and Food Research, Delft, The Netherlands.

Exxon Biomedical Sciences. 1998. Algal inhibition test, test
substance: MRD-97-142, (cyclohexane). East Millstone, NJ,
USA.

European Commission. 2000. Directive 2000/60/EC of the Eu-
ropean Parliament and the Council of 23 October 2000 estab-
lishing a framework for community action in the field of water
policy. OJ L327. Official Journal of the European Union. Brus-
sels, Belgium.

Exxon Biomedical Sciences. 1997. Algal inhibition test. Report
157567. East Milestone, NJ, USA.

Boeri R. 1987. Static acute toxicity of ethyl benzene to the
diatom, Skeletonema costatum. Enseco, Marblehead, MA, USA.
Moles A, Rice SD. 1983. Lffects of crude oil and naphthalene
on growth, caloric content, and fat content of pink salmaon ju-
veniles in seawater. Trans Am Fish Soc 112:205-211.

Stoss W, Ilaines TA. 1979. The effects of toluene on embryos
and [ry of the Japanese medaka (Oryzias latipes) with a proposal
for rapid determination of maximum acceptable toxicant con-
centration. FEnviron Pollut 20:139-148.

. European Commission Joint Research Centre Institute for

Health and Consumer Protection Europcan Chemicals Burcau.
2003. Europcan Union Risk Asscssment Report Naphthalene
CAS: 91-20-3 EINECS: 202-049-5 Scrics: 1st Priority List Vol-
ume: 33. Office for Official Publications of the European Com-
munities, Luxembourg.

3. Moles A, Bates S, Rice SD, Korn S. 1981. Reduced growth of

coho salmon fry exposed to two petroleum components, toluenc
and naphthalene, in freshwater. Trans Am Fish Soc 110:430
436.

Energy Resources. 1981. Toxicity testing interlaboratory com-
parison early life stage test with fathead minnow. Final Report.
Cambridge, MA, USA.

Hooftman RN, Evers-de Ruiter A. 1992. Investigations into the
aquatic toxicity of phenanthrene. TNO Report R 92/290. Insti-
tute for Inland Water Management and Waste Water Treatment
(RIZA) and Ministery of Housing, The Netherlands.
Hooftman RN, Evers-de Ruiter A. 1992. Early life stage tests
with Brachydanio rerio and several polycycli matic hydro-
carbons nsing an intermittent flow-through system. TNO Report
IMW-R 92/210. Institute for Inland Water Management and
Waste Water Treatment (RIZA) and Ministery of Housing, The
Netherlands.

Hooftman RN, Evers-de Ruiter A. 1992. The toxicity and uptake
of fluoranthene using Brachydanio rerio in an carly lifc stage
test. TNO Report IMW-R 92/207. Institute for Inland Water
Management and Waste Water Treatment (RIZA) and Ministery
of Housing, The Netherlands.

BP-HZN-2179MDL09309325

TREX-013457.000016



1146

Environ. Toxicol. Chem. 28, 2009

J.A. McGrath and D.M. Di Toro

APPENDIX I. Revised regression coefficients for the target lipid model

CP o SE(CD)
Species common SE¢ (mmol/g  (umol/g
Species scientific same name Environment Habitat n kit log(C®) (log(C[®)) octanol) octanol)
Oncorhynchus gorbuscha Pink salmon Both Water column 18 2.57 1.389  0.029 24.5 L6
Rhepoxyinus abronius Amphipod Salt water Infauna 7 3.59 1494  0.158 31.2 12.5
Hyalella azteca Amphipod Freshwater Epibenthic 3 1.512 325
Mysidopsis bahia Mysid Salt water Epibenthic 29 2.30 1.535  0.087 34.3 7.1
Chlamydomonas reinhardtii  Green algae Many different Variety 9 3.19 1.536  0.141 344 12.1
Chironomus tentans Midge Freshwater Infauna 3 — 1.599 39.7
Eohaustorius estuarius Amphipod Salt water Infauna 2 — 1.617 41.4
Epibenthic,
Leptocheirus plumulosus Amphipod Salt water infauna 4 549 1.634  0.203 43.1 23.8
Selenastrum capricornutum  Green algae Freshwater Variety 24 241 1.687  0.091 48.6 10.5
Flower crab,
Portunus pelagicus sand crab Salt water Epibenthic 4 549 1727  0.203 53.3 294
Ampelisca abdita Amphipod Salt water Infauna 1 — 1.731 53.8
Epibenthic,
Palaemonetes pugio Grass shrimp Salt water water column 10 3.06 1.758  0.127 57.3 17.9
Oncorhynchus mykiss Rainbow trout Freshwater Infauna 47 213 1.820  0.067 66.1 10.4
American flag-
Jordanella floridae fish Salt water Water column 18 2.57 1.827 0.101 67.1 16.3
Ictalirus punctatis Channel catfish ~ Freshwater Epibenthic 7 3.59 1.864 0.149 73.1 27.4
Daphnia pulex Cladoceran Freshwater Water column 26 2.36 1.957 0.089 90.6 19.2
Sheepshead min- Epibenthic,
Cyprinodon variegatus now Salt water water column 24 241 2.055 0.094 114 25.5
Daphnia magna Cladoceran Freshwater Water column 117 1.93 2.062  0.050 115 134
Pimephales promelas Fathead minnow  Freshwater Water column 185 1.87 2,087  (.044 122 12.5
Danio rerio Zebrafish Freshwater Water column 18 2.57 2.099 0.101 126 30.5
American bull-
Rana catesbian frog Freshwater Water column 5 4.47 2,101 0.174 126 57.1
Oryzias latipes Japanese medaka Freshwater Water column 5 4.47 2,104 0174 127 57.5
Lepomis macrochirus Bluegill Freshwater Water column 70 2.04 2,117  0.059 131 18.1
Orconecles immunis Crayfish Freshwater Epibenthic 6 3.93 2.137 0.160 137 56.0
Oithona davisae Copepod Salt water Epibenthic 9 3.19 2,151 0142 142 50.2
Carassius auratus Goldfish Freshwater Water column 43 2.16 2,180  0.067 151 23.8
Leucisus idus melanotus Golden orfe Freshwater Water column 27 2.34 2.183  0.078 152 28.1
South African
Xenopus laevis clawed frog Freshwater Water column 6 393 2214 (160 164 66.9
Alburnus alburnus Bleak Freshwater 7 3.59 2234 0.147 171 63.3
Nitacra spinipes Copepod Freshwater 6 393 2256  0.158 180 72.6
Neanthes arenaceodentata  Annelid worn Salt water Infauna 4 549 2260 0202 182 99.8
Tanytarsus dissimilis Midge Freshwater Infauna 10 3.06 2264 0132 184 59.9
Artemia salina nauplii Brine shrimp Salt water 33 225 2288 0.079 194 36.2
Lymnaea stagnalis Snail Freshwater 5 447 2288 0174 194 87.9
Gambusia affinis Mosquito fish Freshwater 8 3.37 2310 0.147 204 75.4
Hydra oligactis Brown hydra Freshwater 5 4.47 2329 0174 213 96.6
Culex pipiens House mosquito Not applicable 5 4.47 2333 0174 215 97.5
Scenedesmus subspicatus Creen algae Freshwater 24 241 2345  0.086 221 45.2
Ambystoma mexicanum Mexican axolotl  Freshwater 5 447 2388  0.174 244 111
Daphnia cucullata Cladoceran Freshwater Water column 5 4.47 2394  0.174 248 112
Poecilia reticulata Guppy Freshwater 14 2.74 2402  0.108 252 65.8
Yellow fever
Aedes aegypti mosqguito Not applicable 5 447 2415  0.174 260 118
Tetrahymena elliottii Ciliate Freshwater 10 3.06 2.435 0.129 272 86.5
Menidia beryllina Inland silverside  Salt water Water column 8 3.37 2465 0.143 292 104
Chlamydomonas angulosa Green algae Freshwater 29 2.30 2524  0.083 334 65.7
Chlorella vulgaris Green algae Freshwater 34 222 2.650 0.078 447 82.3
Ankisirodesmus fulcains Green algae Freshwater 9 3.19 2699 0.139 500 173
Chemical class corrections
Aliphatic correction 0.000
Alcohol correction 0.000
Ketone correction 0.000
Ether correction 0.000
Halogenated chemical correction —-0.339 0.032 0.458 0.034
Polycyelic aromatic hydrocarbon correction —0.352 0.053 0.445 0.055
Monoaromatic hydrocarbon correction —=0.109  0.034 0.778 0.061
Slope -0.936 0.015

“ k, = extrapolation constants for use in HC5/HC95 calculations [10], where HCS5 is the 5% hazard concentration and HC95 is the 95% hazard

concentration.

v C 1 = log critical body burden in the target lipid of an organism.

¢ Standard error (SE) is based on assumption that the estimation errors are gaussian. See Di Toro et al. [1] for formulas.
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APPENDIX 2. Chemicals and their properties (at 25°CY) measured in various data sets

Molecular weight

Solid solubility

Subcooled liquid solubility

log(Kow)* (g/mol) (mg/L)° (mg/L)°
Ethane 1.730 30.00 1,350,000 1,350,000
Benzene 1.943 78.11 1,780,000 1,780,000
Propane 2.370 44.09 248,000 248,000
Toluene 2.438 92.14 515,000 515,000
Butane 2.868 58.12 61,400 61,400
Isobutane 2.869 58.12 48,900 48,900
0-Xylene 2.946 106.17 220,000 220,000
Cyclopentane 2.991 70.00 156,000 156,000
Ethylbenzene 3.006 106.17 152,000 152000
m-Xylene 3.032 106.17 160,000 160,000
p-Xylene 3.051 106.17 215,000 215,000
9,10-Anthracenedione 3.080 208.22 116,000 130,000
Naphthalene 3.256 128.19 31,000 110,000
Isopentane 3.335 72.15 13,800 13,800
Acenaphthylene 3.436 152.20 16,100 75,000
C3-Benzenes® 3.455 120.00 19,700 19,700
Pentane 3.471 72.15 38,500 38,500
9-Fluorenone 3510 180.20 25,000 48,000
Methylcyclopentane 3.571 84.00 42,000 42,000
1-Methylnaphthalene 3.781 142.26 28,0600 28,000
Cl1-Naphthalenes® 3.788 142.20 7.900 22,000
2-Methylnaphthalene 3.789 142.20 25,000 31,100
Acenaphthene 3.878 154.21 3.800 19.200
Fluorene 3.930 166.20 1,900 15,100
Biphenyl 3.936 154.21 7.000 20,000
2-Chloronaphthalene 3.940 162.64 5,500 18,000
1-Chloronaphthalene 3.950 162.64 5,400 5,400
Methylcyclohexane 3.963 98.19 14,000 14,000
Hexane 4.053 86.00 9,500 9,500
C2-Naphthalenes® 4.244 156.23 1,970 9,400
1,3-Dimethylnaphthalene 4.257 156.23 8,000 8,000
Dibenzothiophene 4.341 184.26 1,700 9,100
1-Methyl fluorene 4.370 180.25 1,090 4,270
C1-Fluorenes® 4.370 180.25 1.510 8,400
Anthracene 4.546 178.20 45 3,500
2,3,5-Trimethylnaphthalene 4570 170.20 580 5,200
2,3,6-Trimethylnaphthalene 4.570 170.20 740 5,200
Phenanthrene 4.584 178.23 1.100 6,210
n-Heptane 4.584 100.20 2.930 2,930
Dimethylbiphenyl¢ 4.692 182.00 530 4,400
C3-Naphthalenes® 4.730 170.25 440 3,800
C2-Fluorenes® 4819 194.27 380 3,600
C1-Dibenzothiophene® 4.859 198.30 340 3.400
9-Methylanthracene 4.996 192.26 261 945
1-Methylphenanthrene 5.036 192.26 270 2,520
C1-Phenanthrene/anthracene® 5.037 192.26 180 2,300
2-Methylphenanthrene 5.040 192.26 180 2,300
Pyrene 5.126 202.26 132 2,610
Fluoranthene 5.190 202.26 260 1,700
C4-Naphthalenes® 5.220 184.28 97 1,500
C1-Fluoranthene/pyrene® 5.257 216.28 101 1,600
C3-TFluorenes® 5.318 208.30 80 1,400
C2-Dibenzothiophene® 5.332 212.30 78 1,400
3,6-Dimethylphenanthrene 5.340 206.29 73 1,300
4,6-Dimethyldibenzothiophene 5.450 212.30 53 1,100
C2-Phenanthrene/anthracene® 5.455 206.29 51 1,000
C2-Fluoranthene/pyrene® 5.557 230.31 40 950
Triphenylene 5.630 228.30 43 2,260
Benzo[alanthracenc 5.744 228.29 11 240
Chrysene 5.782 228.29 2.0 376
C3-Dibenzothiophene® 5.810 226.30 17 560
C4-Phenanthrene/anthracene® 6.357 23434 3.0 190
Benzo[b]fluoranthene 6.341 252.32 1.5 389
C3-Fluoranthene/pyrene® 6.384 24434 2.9 190
Benzolklfluoranthens 6.400 252.32 0.80 63.6
Benzo[alpyrene 6.409 252.31 3.8 116
7.12-Dimethylbenzolajanthracene 6.420 256.35 50.00 455
Benzo[elpyrene 6.447 252.30 4.0 130
Perylene 6.447 252.31 .40 124
C2-Chrysencs/benzo[alanthracene® 6.593 256.34 1.5 130
C4-Fluoranthene/pyrene® 6.687 258.35 1.1 110
C5-Phenanthrene/antracene® 6.700 248.37 1.1 99.5
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Molecular weight

Solid solubility

Subcooled liquid solubility

log(Kow)* (g/mol) (mg/L)° (mg/L)°
C1-Benzofluoranthene® 6.743 266.11 1.0 97.6
Benzo[ghilperylene 6.886 276.34 0.26 83.2
C3-Chrysenes/benzo[a]anthracene® 6.972 270.36 0.47 62
Dibenz[a, hlanthracene 7.129 278.35 0.60 148
C2-Benzolluoranthene® 7.200 280.13 0.23 40.5
C4-Chrysenes/benzo[a]anthracene® 7421 284.38 0.12 26

“Jog octanol—water partition coefficient (K,y) computed from SPARC (Sparc Performs Automated Reasoning in Chemistry) [8].

© Solubility data from Mackay et al. [16—-19] or computed from the following relationships: Solid solubility compured from log(s) = —1.4136
log(Kpw) T 7.1022, where solubility has units of mmol/L; subcooled solubility computed from log(S) = —0.8857 log(K,y) + 5.5367, where
solubility has units of mmol/L; for compounds that are liquid at room temperature, the solid solubility and subcooled solubility are equal.

¢ Mixture of isomers.
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