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Abstract

The use of oil dispersants is a controversial countermeasure in the effort to minimize the impact of oil spills. The risk of ecological

effects will depend on whether oil dispersion increases or decreases the exposure of aquatic species to the toxic components of oil. To

evaluate whether fish would be exposed to more polycyclic aromatic hydrocarbon (PAH) in dispersed oil relative to equivalent

amounts of the water-accommodated fraction (WAF), measurements were made of CYP1A induction in trout exposed to the

dispersant (Corexit 9500), WAFs, and the chemically enhanced WAF (dispersant; CEWAF) of three crude oils. The crude oils

comprised the higher viscosity Mesa and Terra Nova and the less viscous Scotian Light. Total petroleum hydrocarbon and PAH

concentrations in the test media were determined to relate the observed CYP1A induction in trout to dissolved fractions of the crude

oil. CYP1A induction was 6- to 1100-fold higher in CEWAF treatments than in WAF treatments, with Terra Nova having the

greatest increase, followed by Mesa and Scotian Light. Mesa had the highest induction potential with the lowest EC50 values for

both WAF and CEWAF. The dispersant Corexit was not an inducer and it did not appear to affect the permeability of the gill

surface to known inducers such as b-napthoflavone. These experiments suggest that the use of oil dispersants will increase the
exposure of fish to hydrocarbons in crude oil.

r 2003 Published by Elsevier Inc.

Keywords: Crude oils; Dispersant Corexit EC9500; CYP1A; EROD activity; Water-accommodated fraction
1. Introduction

Dispersants have been in use in oil spill clean-up since
the 1950s. Chemical dispersion of oil in spill contingency
exercises was not favored due to the toxicity of the early
dispersant formulations to aquatic organisms. Labora-
tory studies of their observed toxicity (Linden, 1974;
Hartwick et al., 1982; Carr and Linden, 1984) were
further validated by field reports (Smith, 1968) from the
Torrey Canyon and more recently the Sea Empress oil
spills for which dispersants were used (Lewis and
Aurand, 1997). However, many effective and less toxic
dispersants have since been developed.
Risks to aquatic organisms from chemical dispersion

could arise from exposure to the dispersant as well as to
the dispersed oil. Much research has been conducted on
the toxicity of dispersants (Nelson-Smith, 1977; Singer
et al., 1993; Law, 1995; Carr and Linden, 1984; Cotou
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et al., 2001), but in general less is known about the
combined effects of oil and dispersants (Linden, 1975;
Cohen et al., 2001; Gagnon and Holdway, 2000).
Aquatic organisms are unlikely to be exposed to
dispersant alone but instead to both dispersant and oil
in combination, which may either exacerbate or mitigate
toxic effects (Getter and Baca, 1984).
Dispersants are essentially surfactants comprising

anionic and nonionic molecules in fixed ratios that
render both hydrophilic and hydrophobic properties to
the dispersant. Their purpose is to orient at the oil–
water interface and lower interfacial tension, thus
facilitating the formation of small (o100 mm) mixed
oil–surfactant micelles (Canevari, 1978). These oil
emulsion droplets are driven into the water column
forming a plume, thus breaking up the slick. The
observed increased toxicity of dispersed (chemically or
mechanically) oil has been attributed to particle size in
dispersion (Bobra et al., 1989) and to aromatic
hydrocarbon content (Anderson et al., 1974). The
primary route of hydrocarbon uptake is via the gills
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(Thomas and Rice, 1981); thus, the dissolved fraction
would be the most available form to animals.
The majority of studies of the toxicity of oil and oil–

dispersant treatments concerns their impacts on inverte-
brate species, presumably because they are relatively
sessile compared to fish. However, recent studies of the
impacts of oil from the Exxon Valdez spill on embryonic
and larval stages of salmon and herring demonstrated
both exposure and chronic toxicity in situ. The
coincidence of spawning and oil deposition in spawning
shoals resulted in CYP1A induction, blue sac disease of
larvae, and recruitment failure, and effects were
associated with exposure to the polycyclic aromatic
hydrocarbon (PAH) fractions (Carls et al., 1999). The
risk to fish from oil and oil–dispersant treatments can be
assessed in terms of exposure to PAH, and changes in
exposure after the use of dispersants. PAH exposure can
be estimated by a standardized laboratory bioassay of
CYP1A induction in juvenile rainbow trout, Oncor-

hynchus mykiss (Hodson et al., 1996).
Dispersant effectiveness is usually influenced by a

number of factors, which include sea energy, tempera-
ture, salinity, and the nature of the crude oil itself.
Crude oils are a complex matrix of organic compounds,
which, upon spilling, evaporate or dissolve and disperse
into the water column. Light oils are known to have a
higher proportion of volatile aromatics, some of which
dissolve more readily (Volkmann et al., 1994). Dis-
persant effectiveness on these oils is less noticeable than
in medium and heavy crude oils that comprise a higher
proportion of longer and branched carbon chains with
reduced solubility.
The objective of this study was to determine the

effects of the dispersant Corexit 9500 on the exposure
and toxicity to fish of hydrocarbons from three kinds of
crude oil of varying viscosities. Fish were exposed to the
water-accommodated fraction (WAF) and chemically
enhanced (dispersed) WAF (CEWAF) of the oils. The
hepatic CYP1A activity in juvenile rainbow trout
exposed to WAF and CEWAF was used to measure
the changes in exposure to dissolved and dispersed PAH
created by the use of dispersant. Lethality was used as
an index of toxicity. Total petroleum hydrocarbon
(TPH) and PAH concentrations in the test solutions
were also measured as an index of actual exposure
concentrations.
2. Materials and methods

2.1. Experimental design

Tests (48 h) were conducted to assess the effects of
Corexit on the extent of hydrocarbon uptake, which was
indicated by CYP1A induction in fish exposed to
mixtures of WAF and CEWAF. Test conditions were
determined by preliminary assays to evaluate the
lethality and CYP1A induction potential of Corexit
alone, and the duration of the tests required to produce
maximal CYP1A activity.

2.2. Crude oil and dispersant

Three kinds of weathered crude oil of varying
viscosities were tested (1) Mesa sour crude (viscosity of
42.3 cP), (2) Terra Nova crude (viscosity of 50.1 cP), and
(3) Scotian Light crude (viscosity of 3.76 cP) at 21�C.
Mesa oil was weathered by evaporation (sparging with
air for 130 h) to simulate the loss (approximately 14%)
of volatile components at sea shortly after a spill
(Hodson et al., 2002). The Terra Nova and Scotian
Light crude oils were not weathered. Dispersant-type
Corexit EC9500 was used for dispersing the oils. Corexit
9500 is a hydrocarbon-based reformulation of water-
based Corexit 9527 and is meant to be used on higher
viscosity oils and emulsions. The acute aquatic toxicity
of Corexit 9500 was reported to be not much different
from that of Corexit 9527and Corexit 9554 (Singer et al.,
1996).

2.3. Fish stock

Juvenile rainbow trout (8–10 weeks of age) were
obtained from a trout farm (Rainbow Springs, Tha-
mesford, ON, Canada) and acclimatized for at least 1
week in dechlorinated water (12–15�C) prior to the
bioassays. During acclimation, the trout were fed daily
with a commercial fish food (Martins Feed Mills, ON,
Canada) daily at a rate of 3% body weight per day. Feed
was withheld 48 h prior to bioassay and throughout the
exposure period.

2.4. Exposure experiments

2.4.1. Preparation of WAF and CEWAF

The WAF was prepared fresh daily by the stirring of
crude oil with dechlorinated municipal water at a ratio
of 1:9 in sealed containers with minimum head space for
18 h at 18�C. The vortex was adjusted to no more than a
third of the height of the mixture from the oil–water
interface (Singer et al., 2000). This particular ratio of oil
to water has been reported as the optimum to maximize
the TPH content of the water column (Gagnon and
Holdway, 2000). The mixture was allowed to settle for
1 h for the separation of the water and oil phases, and
the water phase was drained off for testing via a tap at
the bottom of the tank.
CEWAF was made by mixing oil and water in the

same ratio as that for WAF and by stirring for the same
duration. The dispersant Corexit 9500 was added with a
Pasteur pipette to the surface of the oil–water mixture at
the recommended ratio of 1:20 dispersant:oil (Gilbert,
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1996) and allowed to stir for an additional hour. The
resulting solution contained droplets of dispersed oil,
and was allowed to settle for another hour before the
cloudy emulsion layer at the bottom was drained.

2.4.2. Exposure group

For each oil treatment, groups of five fish were
exposed to a series of WAF and CEWAF concentra-
tions in 10L of water. Waterborne b-napthoflavone
(10 mg/L in 10L), a known CYP1A inducer, served as a
positive control while Corexit EC9500, mineral oil, and
dechlorinated municipal water were used as negative
controls. All solutions were renewed every 24 h.
Exposure concentrations causing CYP1A induction

and lethality were determined from range-finder tests.
Solution concentrations ranged from 0.0001 to 0.56% of
WAF or CEWAF (v/v) for Mesa, 0.0001–0.10% of
WAF or CEWAF (v/v) for Terra Nova; and 0.001–
1.0% of WAF or CEWAF (v/v) for Scotian Light. The
exposure duration was fixed at 48 h because preliminary
tests showed that 48 and 96 h of exposure caused
comparable CYP1A induction. At the end of each 48 h
test, exposed fish were sacrificed and their livers
removed for the CYP1A assay. Physicochemical factors
(temperature, pH, dissolved oxygen, and conductivity)
were measured daily in each experiment. The concentra-
tion of ammonia was measured at the end of each test.
Test conditions are presented in Table 1.

2.5. EROD assay

CYP1A activity (ethoxyresorufin-o-deethylase, or
EROD, activity) was assessed by a fluorometric method
that measures the rate of deethylation of ethoxyresor-
ufin (Hodson et al., 1996, modified by Fragoso et al.,
1998). Livers were homogenized in HEPES/KCl buffer
at pH 7.4 and centrifuged at 9000g for 20min at 4�C to
isolate the microsomes (S9 fraction), which were quick-
frozen in liquid nitrogen and stored at �86�C until
assayed. The rate of resorufin production was measured
using a microplate spectrofluorometer at excitation and
emission wavelengths of 530 and 586 nm, respectively.
The values were normalized against crude protein
concentrations assayed by the Bio-Rad Protein Kit
and measured on a microplate spectrophotometer at
600 nm. All assays were performed in triplicate. EROD
activity was expressed as picomoles of resorufin
produced per minute per milligram protein in the S9
Table 1

Test conditions for juvenile trout 48-h static bioassays with daily renewal

Fish weight (g) pH Temperature (�C) Conductivity (mS

2.6271.34 7.9870.31 13.771.2 265741

n ¼ 2 days� three oils� 14 buckets; mean7SD.
fraction (pmol/min/mg Pr). EROD values were normal-
ized to water controls. The mineral oil exposures
provided a baseline induction.

2.6. Analysis of hydrocarbons

Water samples of 250 and 300mL were taken during
the daily renewal for TPH and PAH analysis, respec-
tively. Samples for PAH extraction were spiked with
1.0mL of surrogate standard comprising nine PAHs
prior to solvent extraction. Samples for TPH analysis
were extracted in three 50-mL lots of hexane, while
those for PAH were extracted in three 20-mL lots of
AR-grade dichloromethane and dried by filtration
through sodium sulfate. The extract was concentrated
by roto-evaporation and further reduced to 1.0mL by
drying with compressed nitrogen. TPHs were analyzed
by gas chromatography, and concentrations in three
boiling point fractions, C10–C16, C 16–C34, and C34–
C50, were calculated from calibration curves derived for
the C10, C16, and C34 hydrocarbons. The analytical
method used was an adaptation of a Canadian Council
of Ministers of the Environment Tier 1 Method
(CCME, 2000).
Dichloromethane extracts for PAH analysis were sent

to the Centre for Offshore Oil and Gas Environmental
Research (COOGER–CREPGE), Bedford Institute of
Oceanography (Nova Scotia, Canada), for analysis by
gas chromatography/mass spectrometry (Garcia-Blanco
et al., 2001).

2.7. Statistical analysis and LC50 calculations

Statistical analyses were performed using SigmaStat
software. For each oil, EROD activity values were log
transformed to achieve a normal distribution, as
demonstrated by the Kolmogorov–Smirnov normality
test and the Levene median equal variance test. One-way
analysis of variance with treatment as a factor was
applied to detect differences among treatments (control,
WAF, and CEWAF). The post hoc Bonferroni multiple
comparison test was used to identify treatment concen-
trations that were significantly different from each
another. Median effects concentrations (EC50 as percen-
tage of maximum EROD activity) for the WAF and
CEWAF exposures of each oil were calculated from
induction curves using Graph Pad–Prism software to fit
a linear regression.
/cm) Dissolved oxygen (% saturated) Total ammonia (ppm)

94.6713.7 0.5570.18
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3. Results

3.1. Toxicity of Corexit EC9500, WAF, and CEWAF

The 96-h LC50 of Corexit EC9500 was estimated to be
between 100 and 1000mg/L. There was no increase in
EROD activity at dispersant concentrations ranging
from 1.0 to 10,000mg/L even though there was lethality
at the higher concentrations. In terms of toxicity,
Scotian Light was the most toxic, as 1% (v/v) CEWAF
was lethal. CEWAF treatments for both Mesa and
Terra Nova were lethal at 10% (v/v). There was no
mortality in all WAF treatments up to 100% (v/v).

3.2. EROD activity in fish exposed to WAF and CEWAF

EROD activity in trout exposed to all three crude oils
increased in response to CEWAF exposure at concen-
trations of 0.0001 (v/v) to 0.32% (v/v) (Fig. 1). Scotian
Light concentrations above 0.32% were lethal. Fish in
both WAF and CEWAF treatments showed up to a
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Fig. 1. EROD activity (pmol/min/mg protein) in trout exposed to a

range of WAF or CEWAF concentrations from crude oils or to one

concentration of mineral oil or 10 mg/L b-napthoflavone (BNF). Error
bars, 95% confidence limits.
60-fold higher EROD activity than fish exposed to
mineral oil and water controls (Po0:05; Bonferroni
pair-wise comparison). In both the WAF and CEWAF
treatments for all three oils, EROD activity increased in
response to increasing exposure concentrations up to
0.1% (v/v). Further increases in concentration (40.1%)
for CEWAF treatments resulted in decreased activity.
The exposure–response curve for Mesa crude oil was

derived from three separate tests, with the second and
third added at successively lower exposure concentra-
tions to define the EC50, as indicated in Fig. 1. There
was very good concordance in EROD activity for
overlapping concentrations among the three tests.
The consistent shift of the CEWAF induction curves

to the left of that of WAF for Mesa and Terra Nova
reflects exposure to higher hydrocarbon concentrations
for CEWAF concentrations for a given percentage v/v.
In the case of Scotian Light, the curves overlapped, but
EROD activity values were significantly higher for
CEWAF treatments than for WAF treatments.
EC50 values (Table 2) for both WAF and CEWAF of

the three oils showed the following rank order of
induction potency: Mesa CEWAF4Terra Nova CE-
WAF4Scotian Light CEWAF4Mesa WAF4Scotian
Light WAF4Terra Nova WAF. PAH concentrations
(estimated from the PAH data in Table 3) correspond-
ing to the EC50 were between 0.60 and 2.00 mg/L for
both treatments from all three oils. The difference in
induction potential calculated from the ratio of EC50

WAF: EC50 CEWAF was greatest for Terra Nova
(1090� ), followed by Mesa (110� ) and Scotian Light
(6� ). Scotian Light was more easily dissolved and
dispersed than the other two oils and was also the most
toxic (0.32% v/v CEWAF; Fig. 1).

3.3. Polycyclic aromatic hydrocarbons

The PAHs shown in Table 3 were detectable in WAF
or CEWAF of Mesa, Terra Nova, and Scotian Light.
However, only three, methylfluorene, dimethyldiben-
zothiophene, and methylphenanthrene, were common
and detectable among most of the exposure solutions.
More PAH compounds were detected in the higher
CEWAF concentrations, such as 0.32 and 0.56% (v/v)
of Mesa and Scotian Light crude oils, but the
concentrations were all below 2.5 mg/L (Table 3;
instrument detection limit of 50 ng/L).
PAH measurements of both WAF and CEWAF test

solutions for the three kinds of oil are shown in Fig. 2.
Increasing concentrations of some PAHs (methylphe-
nanthrene, dimethyldibenzothiophene, and methylfluor-
ene) were observed at the higher concentrations (0.032,
0.056, and 0.10%) (v/v) in CEWAF from Mesa crude
oil. Concentrations of methylphenanthrene were 2–4
times higher in CEWAF compared to WAF, while
dimethyldibenzothiophene was 5–10 times higher.
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Table 2

EC50 values for CYP1A induction (EROD activity) in trout exposed to WAF or CEWAF of three oils

Types of crude oil EC50 WAF EC50 CEWAF Induction potential

% (v/v) PAH concentration % (v/v) PAH concentration EC50 WAF

EC50 CEWAF

Terra Nova 3.350 1.80 0.003 1.50 1116

Mesa 0.106 0.72 0.001 0.60 106

Scotian Light 0.390 1.56 0.066 2.00 5.91

EC50 values were calculated from a Graph–Pad Prism using percentage EROD activity values (maximum EROD activity of 100%). PAH

concentrations (mg/L) were the sum of estimated PAH concentrations (see Table 3) corresponding to the EC50s for WAF or CEWAF (% v/v).
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In Terra Nova crude oil exposures, concentrations of
acenapthylene increased in CEWAF and WAF treat-
ments of 0.1% and 1.0% (v/v), respectively, with
concentrations in CEWAF being double those of
WAF at 0.1% (v/v). The concentrations of other
detected PAHs in CEWAF treatments of o0.1% were
equal to those in the more concentrated WAF treat-
ments (Fig. 2). For Scotian Light, the concentrations for
dimethyldibenzothiophene were 10 times higher in the
CEWAF than in the WAF treatments. The PAHs that
were most concentrated in oil were most concentrated in
CEWAF.

3.4. Total petroleum hydrocarbons

Concentrations of TPH for the less concentrated
CEWAF and for all WAF treatments were below a
detection limit of 10 mg/L. Scotian Light CEWAF
treatments of 0.18, 0.32, and 0.56 (v/v) had TPH
concentrations of 30, 83, and 266 mg/L, respectively,
while Terra Nova CEWAF mixtures of 0.10% and
0.32% (v/v) had TPH concentrations of 34 and 53 mg/L
TPH.
4. Discussion

4.1. EROD activity in fish exposed to WAF and CEWAF

EROD activity was a reliable and repeatable measure
of exposure to hydrocarbons from crude oil. The
exposure response curves for all three oils clearly
denoted a greater EROD response to CEWAF than to
WAF. PAHs responsible for CYP1A induction were
presumably at higher concentrations in CEWAF treat-
ments than in WAF treatments. CYP1A induction was
observed at very low concentrations of dispersed oil (as
little as 0.0001% (v/v)), up to 1100� less than in
nondispersed oil, suggesting that fish exposed to
dispersed oil are at greater risk of hydrocarbon toxicity.
Similar observations of higher EROD activity in fish
exposed to CEWAF versus WAF have been reported
(Gagnon and Holdway, 2000; Cohen et al., 2001).
EROD activity decreased at the highest concentra-
tions of CEWAF for all three oils, presumably arising
from liver damage (Gagnon and Holdway, 2000). The
EC50 values confirmed the higher induction potential of
CEWAF compared to WAF. Mesa oil had the lowest
EC50 for both WAF and CEWAF, suggesting the
presence of either high-potency CYP1A inducers or
inducers at higher concentrations. This was further
apparent in the higher number of PAHs detected in
Mesa oil and the correspondingly higher total PAH
concentration.
The ratio of WAF EC50 to CEWAF EC50 (for each

oil) indicates the extent of dissolution of PAH with
dispersion. Terra Nova, being the most viscous, had the
highest ratio, followed by Mesa and Scotian Light.
Thus, Corexit 9500 seems effective for its intended use
on higher viscosity oils.
PAH concentrations at the EC50 estimated for all

three oils show comparable values for WAF and
CEWAF over a narrow range (Table 2), thus lending
weight to the reliability and accuracy of EC50 values.
The finding is consistent with the assumption that PAHs
are primarily responsible for CYP1A induction in fish.
Mesa had the lowest EC50 (i.e., greatest toxicity),
confirming the presence of strong inducers.
There were no confounding factors from hydrocar-

bons present in Corexit EC9500, as it caused no
discernable increase in the EROD activity of exposed
trout. There was, however, some toxic response at
higher concentrations. LC50 values for Corexit EC9500
were similar to reported LC50 values for Corexit 9527
(Gagnon and Holdway, 2000).
EROD activity in the negative controls (water and

mineral oil) was minimal and equivalent to background
levels previously observed for trout (Fragoso et al.,
1998). Corexit EC9500 had no effect on the permeability
of gill surfaces, because EROD activity did not increase
when fish were exposed to b-napthoflavone in the
presence of varying concentrations of dispersant (data
not reported). The robustness of the EROD assay for
measuring exposure was further illustrated by the tight
overlap of three separate induction curves derived from
three tests of Mesa crude oil (Fig. 1).
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Table 3

PAH concentrations (mg/L) detected in WAF and CEWAF treatments for three crude oils

Mesa WAF % (v/v) 0.010 0.018 0.032 0.056 0.100 0.18 0.32 0.56

Methylfluorene 0.13 0.28 0.16 0.03 0.24 0.18 0.02

Dimethyldibenzothiophene bdl bdl bdl bdl bdl bdl bdl

Trimethyldibenzothiophene 0.18

Methylphenanthrene 0.47 0.51 0.38 0.38 0.48 0.43 0.42

Mesa CEWAF % (v/v) 0.0032 0.0056 0.010 0.018 0.032 0.056 0.100

Fluorene

Methylfluorene 0.18 0.13 0.29 0.37 0.66

Dibenzothiophene 0.33

Methyldibenzothiophene 0.87 1.45

Dimethyldibenzothiophene bdl bdl bdl 0.15 0.55 1.06

Trimethyldibenzothiophene 0.26 1.13 1.39

Tetramethyldibenzothiophene 0.74 1.10

Phenanthrene 0.54

Methylphenanthrene 0.43 0.46 0.45 1.07 1.89

Dimethylphenanthrene 1.35 2.31

Trimethylphenanthrene 1.29 1.95

Tetramethylphenanthrene 0.55 0.74

Methylpyrene 0.30

Trimethylpyrene 0.29 0.42

Tetramethylpyrene 0.23 0.36

Dimethylpyrene 0.33 0.44

Methylnapthobenzothiophene 0.28 0.39

Dimethylnapthobenzothiophene 0.67 1.02

Dimethylchrysene 0.29 0.39

Trimethylchrysene 0.29

Scotian Light WAF % (v/v) 0.0032 0.01 0.032 0.10 0.32 1.0

Acenaphthylene 1.65 1.72 1.76 1.37 1.40 1.56

Methylfluorene bdl� 0.008 0.04 0.056 0.07 bdl

Methyldibenzothiphene 0.30

Dimethyldibenzothiphene 0.02 bdl 0.04 0.03 0.09 0.05

Scotian Light CEWAF %(v/v) 0.001 0.0032 0.010 0.10 0.18 0.32 0.56

Naphthalene 0.20

Dimethylnaphthalene 0.29

Trimethylnaphthalene 0.41

Tetramethylnaphthalene 1.14

Acenaphthylene 1.68 1.69 1.57 1.80 1.92 2.02 1.77

Methylfluorene bdl bdl 0.19 0.07 bdl 0.30 0.03

Methyldibenzothiphene 0.23 0.98

Dimethyldibenzothiophene bdl bdl 0.36 0.13 0.30 0.87 0.17

Anthracene 0.29 0.18

Dimethylphenanthrene 0.41

Trimethylphenanthrene 0.31 0.43

Methylpyrene 0.19

Dimethylpyrene 0.17

Terra Nova WAF % (v/v) 0.10 0.32 1.0 1.8 5.6 10.0

Acenaphthylene 1.06 1.35 1.47 1.63 1.42 1.58

Methylfluorene 0.09 0.14 0.05 bdl 0.02 0.06

Dimethyldibenzothiophene 0.13 0.17 0.07 0.06 0.10 0.05

Trimethyldibenzothiophene 0.056 0.076 0.17 0.17 0.18 0.17

Methylphenanthrene 0.14 0.21 0.04 0.02 0.10 0.12

Terra Nova CEWAF % (v/v) 0.0001 0.0003 0.0010 0.0032 0.01 0.10 0.32

Acenaphthylene 0.98 1.48 1.39 2.21 1.68

Methylfluorene 0.06 bdl 0.04 0.09 0.04

Dimethyldibenzothiophene bdl 0.12 0.02 0.09 0.30 0.22

Trimethyldibenzothiophene 0.18 0.18 0.15

Methylphenanthrene bdl 0.08 bdl 0.07 0.16 0.42

Dimethylphenanthrene 0.39

Trimethylphenanthrene 0.22

bdl, below detection limit.
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4.2. Polycyclic aromatic hydrocarbons

Dispersing oil markedly increased hydrocarbon con-
centrations in test solutions based on measured con-
centrations of PAH. More napthalenes were detected in
CEWAF than in WAF from Mesa crude oil. Fucik
(1994) found hydrocarbon concentrations in dispersed
Central Gulf oil four to five times higher than WAF
with napthalenes as the dominant fraction. Cohen and
Nugegoda (2000) also reported that dispersed oil WAF
(CEWAF) had the highest concentration of TPHs
compared to crude oil WAF. The increase in hydro-
carbons could be due to the presence of oil droplets in
emulsion or increased dissolution of hydrocarbons from
the surfaces of the numerous droplets (surface area
effects). One must realized that in WAF, hydrocarbon
concentrations are determined by the solubilities of the
various compounds. Conversely, CEWAF concentra-
tions are primarily influenced by the presence of bulk oil
droplets. This is largely due to the emulsifying action of
the dispersant that drives the oil–surfactant micelles into
solution. Therefore, the amount of PAH in solution is
determined by the solubility of each compound, the rate
of partitioning into solution across the oil–water inter-
face, and the size of the surface area available for
partitioning, as determined by droplet size.

4.3. Total petroleum hydrocarbon

For TPH, most of the concentrations were below
detection limits (3 mg/L). The more concentrated solu-
tions of CEWAF from Scotian Light crude oil (0.32 and
0.56% v/v) had TPH concentrations of 60 and 266 mg/L,
respectively, which are comparable to observations of
200 mg/L for the 0.5% (v/v) CEWAF of Bass Strait
Crude Oil (Cohen et al., 2001).
Most TPH concentrations were above the detection

limit, but because of higher blank values, they were not
quantified. Despite this, an exposure–response relation-
ship of EROD activity with hydrocarbon concentration
was observed for C16 in WAF of Terra Nova and C10
and C16 in CEWAF of Scotian Light. A correlation
coefficient (Pearson r value) of 0.952 was calculated
between EROD activity and the C10 TPH fraction of
the CEWAF treatment of Scotian Light crude. Dis-
persant effectiveness is a major controlling factor in the
bioavailability of hydrocarbons. The higher ratio of
hydrocarbons in CEWAF versus WAF for Scotian
Light compared to Terra Nova is an indication that
lighter oils would disperse more effectively as bulk oil
droplets than heavier ones (Fingas, 1995). However, the
EROD response of fish in this experiment suggests that
Corexit EC9500 solubilizes PAH more effectively from
heavier oils than from light oils.
While the preparation of WAF and CEWAF was

carried out as prescribed in the literature, there may
have been some conditions that were overlooked.
Factors relevant to this study include the manner and
order in which the dispersant was added. When
dispersant was added to the oil layer surface and then
vortexed, the likelihood of sufficient dispersant contact
was reduced; oil can be stranded on the vessel walls
because of herding at initial dispersion (Singer et al.,
2000). This would have been especially significant in the
case of the less viscous Scotian Light. A second factor of
relevance is the preparation of the test concentrations.
Test treatments should be derived from a range of oil
loadings and not serial dilutions, because partitioning of
compounds into the aqueous phase is not directly
correlated to the oil:water ratio (Girling et al., 1994).
The following conclusions can be drawn from this

study. Dispersing crude oil increased the bioavailability
of PAHs to fish, as reflected by greater CYP1A
induction in the livers of fish exposed to CEWAF
versus WAF treatments. Second, the action of the
dispersant was influenced by the viscosity of the crude
oils. Terra Nova, which had the highest viscosity value,
had the biggest difference in induction for CEWAF and
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WAF treatments. Scotian Light had the lowest viscosity
value and showed the smallest difference in induction
values, while Mesa was intermediate.
While it was difficult to detect most of the PAHs and

petroleum hydrocarbons at the lower doses of WAF and
CEWAF by sensitive analytical techniques such as gas
chromatography/mass spectrometry, the EROD assay
proved to be much more reliable and sensitive for
detecting effects at low concentrations (o0.0032% v/v).
In an ecological context, this study revealed an

increase in exposure of fish to hydrocarbons with
dispersion for all three oils. Consequently, the risk of
PAH toxicity to pelagic species of fish, especially to
sensitive life stages such as eggs and larvae, is enhanced
by chemical dispersion. The effectiveness of Corexit
EC9500 was most pronounced on Terra Nova oil, while
Mesa oil had the greatest induction potential. Disper-
sing these oils would cause sublethal exposures to PAH,
with Mesa potentially having a greater sublethal effect.
Scotian Light was the most toxic by virtue of its higher
solubility and reached a lethal concentration limit
during dispersion.
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