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HIGHLIGHTS

e Bioaccessibility of AhR-active PAHs in oil-contaminated sediments were assessed.

e EDA was performed using a battery of H4IIE-luc in vitro bioassay and GC/MSD analysis.
o Concentrations of PAHs in Tenax extracts were ~20-fold less than Soxhlet extracts.

e Major AhR-active PAHs were identified as C1- and C3-chrysene, and C4-phenanthrene.
e Bioaccessibility of PAHs appeared to depend on hydrophobicity and oil-weathering.
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processes and bioaccessibility of residual oil is often not sufficient and clear. In the present study, bio-
accessibility of aryl hydrocarbon receptor (AhR)-active polycyclic aromatic hydrocarbons (PAHs) in
coastal sediments near the site of the Hebei Spirit oil spill (Korea, 2007) was assessed by Tenax extraction
in effect-directed analysis (EDA). Sediment samples collected 6 years after the oil spill were extracted
using Soxhlet or Tenax, and EDA was performed using a battery of H4IIE-luc bioassay and GC/MSD
analysis. Concentrations of PAHs and alkyl-PAHs in Soxhlet extracts ranged from 210 to 53,000 pg kg~!
dry mass. However, concentrations of PAHs and alkyl-PAHs in Tenax extracts were approximately 20-fold
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GC/MSD less compared to those in Soxhlet extracts. In Soxhlet and Tenax extracts, the major AhR-active PAHs
Potency balance were identified as Cl-chrysene, C3-chrysene, and C4-phenanthrene. Concentrations of 2,3,7,8-
Sediment tetrachlorodibenzo-p-dioxin (TCDD) equivalents (TEQpaps) explained 31% and 60% of the bioassay-
Yellow sea derived TCDD-EQ concentrations in Soxhlet and Tenax extracts, respectively. Overall, bioaccessibility of

PAHs and alkyl-PAHs in sedimentary residual oils depended on hydrophobicity (log Kow) and degree of
weathering of crude oil. The results of the present study provide further evidence in support of the
biological and ecological recoveries of oil spill sites.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Oil spills in marine environments, particularly heavily popu-
lated coastal areas, remain one of the most serious threats to eco-
systems and humans worldwide (Allan et al., 2012; Hong et al,,
2014; Peterson et al, 2003). Crude oil consists of a complex
mixture of hydrocarbons with varying properties that can cause
adverse effects among all levels of biological organization (Jung
et al., 2011; Peterson et al., 2003; Seo et al., 2014). Polycyclic aro-
matic hydrocarbons (PAHs) are one of the well-known classes of
toxic compounds in crude oil (Allan et al., 2012). Once crude oil is
spilled at sea, it undergoes natural processes of degradation and
dissipation, referred to collectively as weathering (Hong et al.,
2012; Yim et al.,, 2012). Weathering of petroleum hydrocarbons
(PHs) in crude oil, involves biological, chemical, and physical
changes, including volatilization, photolysis, microbial trans-
formation, and, ultimately, mineralization. These changes occur
over varying time periods depending on environmental conditions
(Dutta and Harayama, 2000; Garrett et al., 1998; Peterson et al.,
2003; Prince, 1993). Residual hydrocarbons are relatively persis-
tent in sediments compared to air, water, and biota (Hong et al.,
2014). Concentrations and relative compositions of residual PHs
including PAHs and alkyl-PAHs change during natural weathering,
and their potencies to cause adverse effects on benthic organisms
can change due to degradation and bioavailability (Lee and Page,
1997; Peterson et al., 2003). Bioavailability of toxic substances in
sedimentary residual hydrocarbons are crucial factor(s) that need
to be considered before accurate assessments of risks of spills of
PHs can be made (Neff et al., 2006). However, information on
processes involved in weathering and bioavailability of PHs is often
not available.

The Hebei Spirit oil spill (HSOS) was the worst oil spill that has
ever occurred in South Korea. On December 7, 2007, approximately
10,900 tons of crude oil, including Iranian Heavy Crude, Kuwait
Export Crude, and UAE Upper Zakum, were spilled along the Taean
coast (west coast of South Korea) (Hong et al., 2012, 2014; Yim et al.,
2012). Results of previous studies have indicated that concentra-
tions of PAHs in water and biota along the Taean coasts had fully
recovered five years after the HSOS (Hong et al., 2014). However,
residual PHs in sediments could potentially be toxic to benthic
communities, which have not yet fully recovered (Hong et al.,
2014). PHs derived from spilled crude oil (e.g., PAHs and alkyl-
PAHs) and potential toxicity (e.g., aryl hydrocarbon receptor
(AhR)- and estrogen receptor (ER)-mediated activities) persist,
particularly in semi-closed areas and mudflats (Hong et al., 2012,
2015; Ji et al., 2011). Major AhR agonists in residual oils contained
in sediments were classified as three to four ring PAHs, in particular
alkyl-PAHs, determined by use of effect-directed analysis (EDA)
(Hong et al., 2015).

The EDA method has become a powerful tool for identification
of key toxicant(s) in complex mixtures such as sediments, soils, and
crude oil (Brack and Schirmer, 2003; Vrabie et al., 2012). EDA
provides useful information on chemicals of concern and mecha-
nisms of toxic effects in sediments contaminated with oil. However,
since most EDA methods are based on sequential extraction with
organic solvents, thus environmental realism could not be consid-
ered and organic pollutants in environmental samples often over-
estimate their environmental risk (Schwab et al., 2009). For
example, the water solubility and volatility of PAHs decrease as
molecular mass increases, and greater molecular mass chemicals
are less soluble in the water column and persistent in sediments
more (Peterson et al., 2003). PAHs in solution are the most
bioavailable and toxic to marine organisms. Thus, PAHs of greater
molecular mass containing four or more rings seem to cause fewer
effects in living organisms due to their lesser solubility in water

(Neff, 2002), even though concentrations are greater in residual
PHs in sediment. Indeed, two years after the HSOS, macrofaunal
communities exhibited signs of recovery despite relatively great
concentrations of crude-derived hydrocarbons and great AhR-
mediated potencies in sediments along the Taean coast (Hong
et al., 2012). Matching chemical analyses of sediments with re-
sponses of benthic communities might be improved by considering
bioaccessibility of chemicals in sedimentary residual oils.

Several experimental methods, including partial extractions (e.g.,
Tenax extraction) and passive samplers (e.g., semipermeable
membrane devices, SPMDs), have been developed to assess
bioavailability and/or bioaccessibility of hydrophobic organic con-
taminants (HOCs) in environmental samples (Cui et al., 2013).
Extraction with Tenax has been widely used to estimate the rapidly
desorbing fraction of HOCs in sediments and soils (Cornelissen et al.,
2001; You et al,, 2006), and applied in EDA and toxicity identifica-
tion evaluation for identifying putative toxicants in sediments
(Schwab and Brack, 2007; Yi et al,, 2015). A single-point Tenax
extraction (24 h) is the simplest and quickest method of deter-
mining bioaccessibility of HOCs in sediments, of which fraction is
comparable to rapidly desorbing fractions determined by consecu-
tive Tenax extraction (Cornelissen et al., 2001). Studies have shown
that HOCs from 6 or 24 h Tenax extraction were well correlated with
bioaccumulation in benthic animals (You et al, 2011). However,
studies using Tenax extraction to determine bioaccessibility of AhR-
active PAHs in oil-contaminated sediments are scarce.

In the present study, bioaccessibilities of AhR-active PAHs in
coastal sediments were assessed using a single point Tenax
extraction as part of the EDA. The aims of this work were to: i)
assess the bioaccessibility of PAHs and alkyl-PAHs in sediments
using Tenax extraction, ii) determine changes of bioaccessibility of
PAHs and alkyl-PAHs in sediments according to the oil weathering,
and iii) revisit the major AhR-agonists in sediments and their
contributions using EDA six years after the HSOS.

2. Materials and methods
2.1. Preparation of oil-coated sand

Oil-coated sand was prepared to determine bioaccessibility of
crude oil in sediments during initial stages of an oil spill. Clean sand
was collected from a beach (Ganghwa Island, Incheon) located on
the west coast of South Korea. It was passed through a 2 mm sieve,
homogenized, and air-dried. Baseline PAH concentrations were
measured prior to oil spiking (sum of 36 PAHs and alkyl-PAHs: <
10 pg kg~ ! dry mass (dm)). One kilogram of sand was placedina 1L
brown glass bottle and spiked with 1 g of crude oil (28.8% mass loss
of Iranian Heavy Crude) to obtain a nominal oil concentration of
1000 mg kg~! dm. The glass bottle with oil-spiked sand was placed
on a rolling mixer for three days. Oil-coated sand was dried in a
fume hood for 24 h, mixed for 24 h, then stored at 4 °C until use.

2.2. Sampling and sample preparation

Sediments contaminated with spilled crude oil that had
weathered, were collected from the Taean coast approximately six
years after the HSOS (September, 2013) (details in Fig. S1 of
Supplemental Materials (S)). Three sites, Gureumpo, Shinduri,
and Euihangri, were selected based on results of previous moni-
toring studies (Hong et al,, 2012, 2014, 2015). Sediments were
collected after visual confirmation of residual oil in situ. All samples
were immediately transferred to the laboratory and stored at 4 °C
until analysis. Organic carbon (OC) content of the sediments was
analyzed using an Elementar Vario Micro cube (Hanau, Germany)
after removing inorganic carbon by 1 M HCl. OC contents were
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0.08%, 0.31%, 0.57%, and 0.32% for oil-coated sand, Gureumpo,
Shinduri, and Euihangri sediments, respectively.

2.3. Soxhlet extraction and fractionation

Detailed preparation of Soxhlet extracts for EDA has been
described previously (Brack and Schirmer, 2003; Hong et al., 2015).
Briefly, 30 g of oil-coated sand or sediment was extracted in a
Soxhlet extractor for 24 h with 350 mL dichloromethane (DCM,
Burdick and Jackson, Muskegon, MI) (Mazeas and Budzinski, 2002).
Extracts were concentrated and separated into three fractions (F1:
saturates; F2: aromatics; F3: polar and resins) using an activated
silica gel column chromatography (70—230 mesh, Merck, Darm-
stadt, Germany) with 40 mL of hexane (F1), 50 mL of 20% DCM in
hexane (F2), and 50 mL of 60% DCM in acetone (F3), respectively.
The aromatic fraction (F2) was fractionated into six sub-fractions
based on the number of aromatic rings using a normal phase
HPLC column (Nucleosil 100—5 NO», 250 mm length, 5 pum particle
size, 4.6 mm i.d., Macherey—Nagel, Diiren, Germany) (Brack and
Schirmer, 2003; Hong et al., 2015). Separation and collection of
fractions were performed using an Agilent 1260 HPLC System
(Agilent technologies, Avondale, PA). The hexane:DCM (95:5, v/v)
mobile phase was delivered isocratically at a flow rate of
0.7 mL min ™. Detailed HPLC conditions and information of F2 sub-
fractions are provided in Table S1.

2.4. Tenax extraction

Tenax extraction of oil-coated sand and field sediments was
conducted using previously described methods with some modi-
fications (Cornelissen et al., 1997; You et al., 2007). Tenax TA beads
(60—80 mesh, Supelco, Bellefonte, PA) were rinsed with deionized
water, acetone, and hexane containing 10 mL g~! of Tenax (two
rinses each) and dried overnight at 80 °C. For oil-contaminated
sediments, 2 g of sediment, 20 mg of HgCl,, 0.4 g of Cu powder
(for removing sulfur), 35 mL of deionized water, and 0.5 g of Tenax
beads were added to each test tube and placed on a horizontal
shaker for 24 h. After extraction, Tenax beads were floated and
separated by filtration (GF/F, Whatman Ltd., Kent, UK). All experi-
ments were conducted in triplicate. Target PAHs and alkyl-PAHs
were extracted from harvested Tenax beads with a mixture of
hexane and acetone (50:50, v/v). After concentration with N gas,
extracts were fractionated using a silica gel column and HPLC, and
instrumental analyses and bioassays were performed according to
methods described for Soxhlet extracts above.

2.5. PAHs and alkyl-PAHs analyses

Concentrations of PAHs and alkyl-PAHs were identified and
quantified by use of a previously described method (Hong et al.,
2012). A total of 36 PAHs and alkyl-PAHs were quantified using an
Agilent 7890 gas chromatograph (GC) coupled with a model 5975C
mass-selective detector (MSD, Agilent Technologies). Target PAHs
and alkyl-PAHs were detected primarily in the F2 fraction of the both
Soxhlet and Tenax extracts of sediments, with these chemicals not
being detected in the F1 and F3 fractions. Detailed instrumental
conditions for PAHs and alkyl-PAHs analyses are provided in the
Table S2. In a separate experiment, QA/QC for PAHs analysis was
conducted using NIST standard reference material (1941b, n = 3),
and recoveries were generally acceptable, ranging from 57 (for
naphthalene) to 105 (for fluoranthene) (details in Table S3).

2.6. HA4IIE-luc in vitro bioassay

The HA4IIE-Iuc bioassay was performed according to previously

reported methods (Hong et al., 2012). Viability of cells and cyto-
toxicity of all samples were determined using the MTT assay.
Dilution factors of each sample were determined (% live cell > 80%).
Trypsinized cells (~8.0 x 10 cells mL~!) were seeded into the 60
interior wells of 96 micro-well plates at a volume of 250 pL per well.
After 24 h, test and control wells were dosed with the appropriate
standards (2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 0.1% dose),
sample extracts (all fractions of Soxhlet and Tenax extracts, 0.1%
dose), and solvent controls (0.1% DMSO). Six concentrations of the
calibration standard or extracts were tested and each exposure was
in triplicate. After 72 h of exposure, luciferase was quantified by use
of a ML3000 microplate reading luminometer (Tecan, Infinite 200,
Mannedorf, Switzerland). Responses of the H4IIE-luc bioassay
(expressed as average relative luminescence units, RLU) were
converted to percentages of the maximum response (%-TCDDpax)
observed for a 300 pM (= 100%-TCDDpax) of 2,3,7,8-TCDD. Finally,
AhR-mediated potency was expressed as a TCDD standard equiv-
alent concentration (TCDD-EQ). Duplicates of the same samples
exhibit variations that are accepted in the error range (%RSD < 15).

2.7. Potency balance analyses

Potency balance analyses between bioassay-derived TCDD-EQs
and instrument (GC/MS)-derived TEQs were conducted to deter-
mine the contribution of each known chemical to total induced
AhR-mediated potency. Concentrations of TEQs were calculated as
the sum of the products of concentrations of individual PAHs and
alkyl-PAHs multiplied by their assay-specific relative potency
values (RePs) reported previously (Villeneuve et al., 2002; Hong
et al., 2015) (Table S4).

3. Results and discussion
3.1. PAHs and alkyl-PAHs in Soxhlet and Tenax extracts of sediments

Concentrations of PAHs and alkyl-PAHs in oil-coated sand were
3,420 and 19,100 pg kg~! dm for Tenax and Soxhlet extracts,
respectively (Fig. 1). The relative bioaccessibility of PAHs and alkyl-
PAHS (Crenax/Csoxnlet) Were compound-specific, ranging from 2.7 (for
C3-chrysene (Chr)) to 95% (for naphthalene), with a mean of 23%
(details in Table S5). Bioaccessibility was significantly correlated
with hydrophobicities of target chemicals, which decreased with
increasing log Ko, values (Table S5 and Fig. S2). This result was in
agreement with several previous studies (Cornelissen et al., 1997;
Yang et al., 2010; You et al., 2007).

Concentrations of PAHs and alkyl-PAHs in Soxhlet and Tenax
extracts six years after the HSOS were also determined (Table S6).
Concentrations of 36 PAHs and alkyl-PAHs in Soxhlet extracts from
the three test sites, Gureumpo, Shinduri, and Euihangri, were
53,200, 24,000, and 209 pg kg~! dm, respectively. Compared to
Soxhlet extracts, concentrations in Tenax extracts from the test sites
(Gureumpo, Shinduri, and Euihangri) were 4—50 times less (6,520,
484, and 56.3 pg kg~ ! dm, respectively). The Crenax/Csoxhiet Values of
sediments ranged from 3.4 to 63% (mean = 15%), from 0.1 to 40%
(mean = 6.7%), and from 9.5 to 88% (mean = 41%) in Gureumpo,
Shinduri, and Euihangri, respectively. Chemical compositions
indicated that PAHs and alkyl-PAHs from Gureumpo and Shinduri
were affected by the HSOS, while those in Euihangri did not orig-
inate from the HSOS (Fig. S3). Double ratios of C3-
dibenzothiophene (Dbthio)/C3-phenenthrene (Phe) and C2-
Dbthio/C2-Phe in Gureumpo and Shinduri sediments were associ-
ated with Iranian Heavy Crude and/or mixtures of the three crude
oils that were spilled during the HSOS (Iranian Heavy Crude, Kuwait
Export Crude, and UAE Upper Zakum) (Yim et al., 2011).

Overall, results indicated that six years after the HSOS, residues
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Fig. 1. Desorbed PAHs and alkyl-PAHs from oil-coated sand. Concentrations of PAHs
and alkyl-PAHs in Soxhlet and Tenax extracts.

of crude oils still remain in some more affected areas of the Taean
spill. Weathered PHs penetrated into sediments in the upper
intertidal zone in the case of the Exxon Valdez oil spill (Neff et al.,
2006). The buried oil has persisted in sediments over 16 years after
the oil spill. This was attributed to lesser accessibility to tidal
flushing and wave action (Short et al., 2007). Thus, potential bio-
logical effects of these residual oils might still be of concern.

3.2. Changes of bioaccessibility of PAHs and alkyl-PAHs during oil
weathering

Degree of weathering of oil was estimated using alkyl-PAH
double ratios, such as C2-Dbthio/C3-Dbthio and C2-Phe/C3-Phe
(Hong et al., 2012, 2015) (Fig. 2). Results suggested that oil-coated
sand was categorized into “not weathered” (similar to Iranian
Heavy Crude), while a sediment from the Gureumpo region was
found to be “slightly weathered” (Stage I), and sediment from the
Shinduri region was identified as “severely weathered” (Stage III)
based on results of previous studies (Hong et al., 2012; Yim et al.,
2011). Sediment from the Euihangri region was excluded from
this analysis, because it did not originate from the HSOS. Previous
studies suggested that the degree of residual oil weathering in
sediments could be affected by environmental parameters,
including geographical, physical, and biological conditions
(Douglas, 1996; Short and Heintz, 1997). In the present study, which
was conducted approximately six years after the HSOS, relatively
fresh crude oil (Stage I) was still found in sediments from some
isolated sites, such as Gureumpo.

Bioaccessibility of individual PAHs and alkyl-PAHs in oil-coated
sand and field sediments from Gureumpo and Shinduri were
determined from the percentage of Crenax per Csoxnier (Fig. 2). Values
(Crenax/Csoxniet) of individual PAHs and alkyl-PAHs in sediments
were inversely proportional to log Kow. This trend was similar to
those of the oil-coated sand. Also, bioaccessibility of individual
PAHs and alkyl-PAHs in severely weathered sediments, such as
those from the Shinduri region, were less than those from slightly
weathered sediments from Gureumpo. In particular, bio-
accessibility of PAHs of lesser molecular mass with the log Kow < 4.5
apparently decreased with increasing oil weathering compared to
those of greater molecular mass PAHs (Fig. 2 and Fig. S2). In addi-
tion, types of organic carbon might affect bioaccessibility of PAHs
and alkyl-PAHs in sediments due to affecting sorption of PAHs.
Relatively great organic carbon content was found in the Shinduri

sediment, which also showed small bioaccessibility of PAHs pre-
sumably due to the relatively greater sorption in sediment. Mean-
while, the unresolved complex mixture (UCM) might act as a
sedimentary super-sorbent, which can alter bioaccessibility of
sedimentary PAHs by competition for sorption sites of sediments
(Du et al., 2012; Jonker et al., 2003). Thus, bioaccessibility of PAHs
and alkyl-PAHs in sedimentary residual oils appeared to depend on
the i) hydrophobicity of chemicals, ii) organic carbon contents
associated with grain size, and iii) the degree weathering of the
UCM. Overall, these results suggested that bioaccessibility of AhR-
active PAHs in residual oils in sediments appeared to decrease
with increased oil weathering due to greater sorption of PAHs
(Jonker et al., 2003).

Bioaccessibility results for sediments from Taean seemed to
support data showing that organisms and macrofaunal community
have recovered since the HSOS (Hong et al., 2014). Concentrations
of PAHs in muscles of pelagic and benthic fishes collected from the
Taean area decreased to background concentrations within 11
months of the HSOS (Jung et al., 2011), and total concentrations of
PHs in seawater from the Taean coast decreased to match the
Korean marine water quality standard of 10 pg L~! within 10
months of the oil spill (Kim et al, 2010). These results are in
contrast with reports of oil-impacted sediments approximately
four years after the HSOS (Hong et al., 2014, 2015). It is important to
note that despite concentrations of residual PHs in sediments,
macrofaunal communities in intertidal areas were recovering two
years after the oil spill (Hong et al., 2012). In addition, macrobenthic
communities achieved a stable faunal composition 3 years after the
HSOS, even though other aspects of the ecosystem had not yet fully
recovered (Seo et al., 2014). Taken together, these data suggest that
benthic community structures recover over time due to degrada-
tion of toxic chemicals and reduction of bioaccessibility of toxic
compounds, regardless of whether sedimentary residual oils
remain. Thus, ecological risk posed by chemical and/or toxicological
assessment in oil-contaminated sediments could be overestimated
if the bioavailability or bioaccessibility of toxic compounds and oil
weathering are not assessed and considered.

3.3. Effect-directed analysis: Soxhlet and Tenax extracts of
sediments

EDA was performed to identify key toxicant(s) in sediments
from the three test sites (shown in Fig. S1). In particular, bio-
accessibility of major toxicant(s) in sediments contaminated with
PHs were determined. Results of the H4IIE-luc bioassays revealed
that Soxhlet extract F2, which contained aromatics, had the
greatest AhR-mediated potency (Fig. 3a). Fraction F1, which con-
tained aliphatic PHs, and fraction F3, which contained polar resi-
dues and resins, contained fewer or no AhR agonists. This result is
consistent with those of previous studies that have demonstrated
that aromatic compounds, including PAHs and alkyl-PAHs, bind to
the AhR (Hong et al., 2015; Radovi¢ et al., 2014).

Results of a previous study indicated that AhR-mediated po-
tencies in fraction F3 were comparable to those of fraction of F2
crude oil (Iranian Heavy Crude), while extracts of Taean sediments
showed a decreasing trend from 2007 to 2012 (Hong et al., 2015).
Results of the present study were consistent with previous findings
showing that AhR agonists in fraction F3 were degraded or trans-
formed to less toxic chemicals during the oil weathering process.
Another possible explanation of the lesser potency detected in F3
might be due to biotransformation during 72 h exposure. The F2
fraction was sub-fractionated by HPLC into fractions F2.1—F2.6.
Analyses showed the greatest AhR-mediated potency was present
in fractions F2.2 and F2.3 from Shinduri and Gureumpo sediments.
Together, these results indicate that the major AhR agonists were
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three to four ring aromatics (Fig. 3a and Table S1). AhR-mediated
potency was also quantified in Tenax extracts. Greater AhR-
mediated potency was found in fraction F2 of Gureumpo sedi-
ment (Fig. 3b). However, lesser AhR-mediated potency was
observed in F2 sub-fractions from Tenax extracts (range: 1.5—2.0 ng
TCDD-EQ kg~ ! dm). AhR-mediated potencies in F2 Tenax extracts
were approximately 20 times less than those detected in Soxhlet
extracts. These results indicate AhR-active chemicals in sedimen-
tary residual oil are less bioaccessible to organisms.

3.4. Potency balance analysis: contributions of PAHs and alky!-
PAHs

Contributions of PAHs and alkyl-PAHs to overall AhR-mediated
potencies were determined by comparing bioassay-derived

TCDD-EQs and instrument-derived TEQs (Table 1 and Fig. 4). Con-
centrations of TCDD-EQs of Soxhlet and Tenax F2 fractions were
directly compared to concentrations of TEQs (sum of the 13 PAHs
and alkyl-PAHs) (see Table S4) (Hong et al., 2015; Villeneuve et al.,
2002). Percent contributions of AhR-active PAHs in Soxhlet extracts
of sediments from Gureumpo, Shinduri, and Euihangri, were 32%,
56%, and 15%, respectively. The primary AhR-agonists were C1-Chr,
C3-Chr, and C4-Phe, consistent with results from a previous study
(Hong et al., 2015). However, relative contributions of the three
major AhR-active PAHs in sediments were increased in this study.
Unalkylated and analogous alkyl-PAHs in sediment extracts four
years after the HSOS explained approximately 18% of the bioassay-
derived TCDD-EQs (Hong et al., 2015). Compared to other unknown
AhR agonists, these chemicals appeared to persist in coastal sedi-
ments despite natural oil weathering processes.
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Table 1
Bioassay-derived TCDD-EQs and instrument-derived TEQs of Soxhlet and Tenax extracts of oil-contaminated sediments collected from the Taean coast six years after the Hebei
Spirit oil spill.
Analysis Unit Fraction Gureumpo Shinduri Euihangri
Soxhlet Tenax Soxhlet Tenax Soxhlet Tenax
Bioassay-derived TCDD-EQ ng kg~! dm RE 7.7 x 10% 13 x 10 3.0 x 10? 1.0 x 10 6.1 0.72
F1 2.2 - - - 7.8 -
F2 2.5 x 10? 1.2x 10 2.1 x 10? 12 8.3 0.76
F3 24 x 10 1.7 1.1 x 10 0.67 - 0.67
F2.1 7.0 - 3.2 - - -
F2.2 39x10 2.0 1.1 x 10? 1.6 - -
F2.3 1.1 x 10? 19 28 x 10 19 - —
F2.4 3.1x10 1.5 21 x 10 1.5 - -
F2.5 19 x 10 1.6 11 x 10 1.7 — —
F2.6 5.5 - 2.7 - - -
Instrument-derived Parent-PAHs® pg kg~' dm F2 1.6 x 103 1.8 x 10? 6.0 x 10? 2.1 x 10 7.5 x 10 15 x 10
Alkyl-PAHs® F2 5.2 x 10* 63 x 10° 23 x 10* 4.6 x 10? 1.3 x 10? 42 % 10
Total PAHs F2 53 x 10* 6.5 x 10° 2.4 x 10* 4.8 x 10? 2.1 x 10? 5.6 x 10
TEQpans ng kg~! dm F2 8.2 x 10 7.1 1.2 x 10? 1.0 13 0.28
Potency balance %-1dentified” (%) F2 32 61 56 84 15 37

@ Parent PAHs: Sum of the concentrations of parent PAHs.
b Alkyl-PAHs: Sum of the concentrations of alkyl-PAHs.

€ TEQpans: Sum of the TEQ values of all target PAHs calculated using concentrations and ReP values (Hong et al., 2015; Villeneuve et al., 2002).
4 %-Identified: The percentage of total TEQpays to the bioassay-derived TCDD-EQs of F2 fraction.

€ —: below detection limits.
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Fig. 4. Potency balance between bioassay-derived TCDD-EQs and instrument-derived TEQpays in (a) Soxhlet extracts and (b) Tenax extracts of oil-contaminated field sediments.

A greater proportion of compounds were identified in Tenax
extracts compared to Soxhlet extracts (Fig. 4), and known AhR-
active PAHs and alkyl-PAHs explained a greater proportion of the
total AhR-mediated potency. Indeed, known PAHs and alkyl-PAHs
explained 61%, 84%, and 37% of toxicity in Tenax extracts of Gur-
eumpo, Shinduri, and Euihangri sediments, respectively. Among
the target chemicals, three highly potent chemical groups including
C1-Chr, C3-Chr, and C4-Phe were found to be the major bio-
accessible PAHs. Results of a previous EDA study conducted on
various oils and refined products found that the major AhR agonists
were aromatic compounds with log Ko values of 5—8 (Vrabie et al.,
2012), which include C1-Chr (6.11), C3-Chr (6.56), and C4-Phe
(6.07). In addition, major AhR-active compounds in North Sea
crude and heavy fuel oil were alkyl-substituted three and four-ring
aromatic chemicals as well as hetero-aromatic systems (containing
S and N) (Radovic et al., 2014). Those results were consistent with
results of the present study, which indicates that the major AhR
agonists in oil components are three to four ring aromatics. How-
ever, it should be noted that contributions to toxicity and bio-
accessibility of PAHs and alkyl-PAHs in sedimentary residual oil
could vary, depending on the region and duration of exposure.

Overall, the results of the study upon which we report here,
indicated that concentrations of PAHs in sediments contaminated
with crude oil, were generally well matched to potential toxic ef-
fects. However, ecological recovery from the oil spill was not clearly
explained by concentrations or toxic potencies of target chemicals,
such as PAHs and alkyl-PAHs. Difficulties in matching the hydro-
carbon chemistry, crude oil toxicity, and benthic community re-
covery could be explained by several factors, including: i)
bioavailability of residual oils, ii) site-specific oil weathering, and
iii) unknown toxicants in crude oils. Moreover, the toxic effects of
the mixtures could be largely missed and/or masked by each other.
Thus, additional complementary studies on oil spill-affected envi-
ronments would contribute toward integrated assessment in the
future.
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Table S1. HPLC instrumental conditions for the fractionation of aromatics (F2).

HPLC system

Agilent 1200 Series

Column

Mobile phase

Flow rate

Delay time

Injection volume

Fraction 0—4 min

collect 4 —6.6 min (F2.1)
6.6 — 9.2 min (F2.2)

9.2 11.8 min (F2.3)
11.8 — 14.4 min (F2.4)
14.4 — 19.6 min (F2.5)

19.6 — 25 min (F2.6)

Nucleosil 100-5 NO; (25 ¢cm, 5 um, 4.6 mm), Normal phase column
Hexane:DCM (95:5. v/v), Isocratic elution

0.7 mL/min

0.3 min

10 uL

discard

Naphthalene (Na), C1-Na, C2-Na, C3-Na, and C4-Na

Acenaphthylene (Acl), Acenaphthene (Ace), Fluorene (Flu), C1-Flu, C2-Flu,
C3-Flu, Dibenzothiophene (Dbthio), C1-Dbthio, C2-Dbthio, C3-Dbthio,
Phenanthrene (Phe), C1-Phe, C2-Phe, C3-Phe, C4-Phe, and Anthracene (Ant)
Fluoranthene (F1) and Pyrene (Py)

Benzo[a]anthracene (BaA), Chrysene (Chr), C1-Chr, C2-Chr, and C3-Chr
Benzo[b]fluoranthene (BbF), Benzo[k]fluoranthene (BkF), Benzo[e]pyrene
(BeP), and Benzo[a]pyrene (BaP),

Indeno[1,2,3-cd]pyrene (IcdP), Dibenz[a,h]anthracene (DbahA), and
Benzo[g,h,i]perylene (BghiP)
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Table S2. GC/MSD instrumental conditions for the determination of PAHs and alkyl-PAHs.

GC/MSD system

Agilent 7890A GC and 5975C MSD

Column

Gas flow

Injection mode
Injection volume
MS temperature
Detector temperature
Oven temperature

Target PAHs and alkyl-PAHs

DB-5MS (30 m long, 0.25 mm i.d., 0.25 pm film thickness)

1 mL/min He

Split 1 mL/min (ratio 1:1)

2 uL

175 °C

280 °C

60 °C hold 2 min

Increase 6 °C/min to 300 °C

300 °C hold 13 min

Naphthalene (Na), C1-Na, C2-Na, C3-Na, C4-Na, Acenaphthylene (Acl),
Acenaphthene (Ace), Fluorene (Flu), C1-Flu, C2-Flu, C3-Flu, Dibenzothiophene
(Dbthio), C1-Dbthio, C2-Dbthio, C3-Dbthio, Phenanthrene (Phe), C1-Phe, C2-Phe,
C3-Phe, C4-Phe, Anthracene (Ant), Fluoranthene (F1), Pyrene (Py),
Benzo[a]anthracene (BaA), Chrysene (Chr), C1-Chr, C2-Chr, and C3-Chr
Benzo[b]fluoranthene (BbF), Benzo[k]fluoranthene (BkF), Benzo[e]pyrene (BeP),
Benzo[a]pyrene (BaP), Indeno[1,2,3-cd]pyrene (IcdP), Dibenz[a,h]anthracene
(DbahA), and Benzo[g,h,i]perylene (BghiP)
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Table S3. QA/QC for PAHs analysis determined using standard reference material of marine
sediment (1941b, NIST, n = 3).

Certified Conc. Measured conc.
Compounds (ug kgh (ug kg %RSD %REC
Mean SD Mean SD
Naphthalene 848 95 483 114 24 57
2-Naphthalene 276 53 161 26 16 58
1-Naphthalene 127 14 76 12 15 60
Acenaphthylene 533 6.4 48 3 6 90
Phenanthrene 406 44 380 19 5 94
Anthracene 184 18 153 9 6 83
2- Anthracene 36 15 38 2 6 104
1- Phenanthrene 73.2 5.9 60 2 4 81
Fluoranthene 651 50 681 30 4 105
Pyrene 581 39 560 25 5 96
Benzo[a]anthracene 335 25 328 11 3 98
Chrysene 291 31 281 12 4 97
Benzo[b]fluoranthene 225 18 221 10 4 98
Benzo[e]pyrene 325 25 296 13 4 91
Benzo[a]pyrene 358 17 325 11 3 91
Perylene 397 45 353 14 4 89
Indeno[1,2,3-cd]pyrene 341 57 336 20 6 98
Benzo[g,h,i]perylene 307 45 304 23 7 99
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Table S4. Relative potency values for AhR-mediated activity of PAHs and alkyl-PAHs reported
previously.

Analytes ReP values References
2,3,7,8-TCDD 1.0 Hong et al., 2015
C4-Penanthrene 1.0x 107

Dibenzothiophene 2.5x 107

Chrysene 2.0x 107

C1-Chrysene 1.0x 10*

C2-Chrysene 2.0x 10

C3-Chrysene 3.5x 107

C4-Chrysene 5.0x 107

Benz[a]anthracene 1.9x10° Villeneuve et al., 2002
Benzo[b]fluoranthene 5.1x 10

Benzo[Kk]fluoranthene 1.4x10%

Benzo[a]pyrene 1.6 x 10°¢

Indeno[1,2,3-c,d]pyrene 1.5x 107

Dibenz[a,h]anthracene 4.6x 10
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Table S5. Concentrations of PAHs and alkyl-PAHs in Soxhlet and Tenax extracts of oil-coated
sand used in the present study (unit: pg kg™! dry mass (dm)).

Analytes Soxhlet extracts (n = 3) Tenax extracts (n = 3)? CTenax({C50xh|et
Mean SD Mean SD (%)
Naphthalene 11.0 0.62 10.5 047 95
CI1-Naphthalene 683 45 352 21 52
C2-Naphthalene 3070 240 703 50 23
C3-Naphthalene 3860 310 580 37 15
C4-Naphthalene 2720 230 187 24 6.9
Acenaphthene 119 1.5 417 0.73 35
Fluorene 643 5.7 258 14 40
C1-Fluorene 393 37 112 11 28
C2-Fluorene 397 29 714 14 18
C3-Fluorene 460 52 66.7 4.1 15
Dibenzothiophene 327 30 118 9.2 36
C1-Dibenzothiophene 1450 99 321 41 22
C2-Dibenzothiophene 2160 140 492 82 23
C3-Dibenzothiophene 1870 120 202 15 11
Phenanthrene 158 13 533 7.6 34
C1-Phenanthrene 300 22 39.0 5.1 13
C2-Phenanthrene 395 26 344 42 8.7
C3-Phenanthrene 267 11 159 32 59
C4-Phenanthrene 164 20 5.59 0.99 34
Pyrene 13.3 0.59 2.85 0.66 21
Chrysene 293 2.1 6.80 1.7 23
C1-Chrysene 727 2.9 11.0 0.33 15
C2-Chrysene 103 4.8 4.63 0.86 4.5
C3-Chrysene 100 6.3 273 0.59 2.7
Sum of 24 PAHs 19100 1400 3420 280 18

2 Extraction for 24h with 2 g of oil-coated sand, 0.5 g of Tenax, 20 mg of HgCly, 0.4 g of Cu, and 35 mL of DW.
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Table S6. Concentrations of PAHs and alkyl-PAHs in Soxhlet and Tenax extracts of oil
contaminated sediments (unit: pg kg! dm).

Analytes Soxhlgt extracts . Tenax. extracts . .
Gureumpo Shinduri Euihangri  Gureumpo Shinduri Euihangri

Naphthalene 13.3 7.75 11.7 8.40 2.19 3.32
CI1-Naphthalene 122 18.7 15.1 37.6 1.48 3.07
C2-Naphthalene 2980 82.3 19.9 600 4.92 4.51
C3-Naphthalene 8890 950 27.7 1450 36.4 5.07
C4-Naphthalene 7410 3230 18.2 1080 138 3.30
Acenaphthylene 1.73 2.77 0.42 0.19 0.16 0.19
Acenaphthene 16.5 89.1 0.98 3.58 6.23 0.43
Fluorene 121 10.9 3.15 17.5 0.87 1.19
CI1-Fluorene 551 46.7 2.54 70.6 14.0 2.16
C2-Fluorene 1310 330 2.94 154 10.7 1.93
C3-Fluorene 1670 965 3.39 202 17.0 2.65
Dibenzothiophene 776 37.3 0.62 82.3 2.21 0.42
Cl1-Dibenzothiophene 3570 19.1 1.83 344 7.48 1.61
C2-Dibenzothiophene 6940 2910 2.93 644 41.8 1.36
C3-Dibenzothiophene 7710 7380 6.68 599 69.6 0.78
Phenanthrene 375 29.2 7.96 50.2 3.13 3.42
C1-Phenanthrene 1900 40.2 6.45 242 5.25 3.18
C2-Phenanthrene 3250 1150 3.68 393 34.8 2.85
C3-Phenanthrene 2550 2370 4.64 254 45.4 2.13
C4-Phenanthrene 1450 1910 6.62 141 21.0 2.75
Anthracene 29.9 2.08 0.30 - - 0.21
Fluoranthene 8.08 21.8 9.80 1.26 1.35 1.26
Pyrene 40.2 57.5 11.6 5.70 2.75 1.10
Benz[a]anthracene 8.13 18.5 2.35 1.51 0.63 -
Chrysene 141 215 5.86 4.77 0.11 2.28
C1-Chrysene 353 529 4.19 34.6 5.56 1.19
C2-Chrysene 488 714 3.39 39.2 5.19 1.72
C3-Chrysene 529 764 3.88 39.1 4.41 1.26
Benzo[b]fluoranthene 7.88 25.5 5.47 0.79 0.55 0.53
Benzo[k]fluoranthene 1.17 3.85 2.24 - 0.13 -
Benzo[e]pyrene 17.5 38.9 3.34 3.52 0.72 0.42
Benzo[a]pyrene 5.05 9.72 2.25 1.09 0.14 -
Indeno[1,2,3-cd]pyrene 1.77 10.0 3.13 - - -
Dibenz[a,h]anthracene 1.37 4.04 0.52 - - -
Benzo[ghi]perylene 5.58 16.6 3.00 0.74 - -
Sum of 36 PAHs 53200 24000 209 6520 484 56.3
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Fig. S1. Map showing the sampling sites of surface sediments from Taean study area (September
2013).
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Fig. S2. Scatter plot for percentage of concentrations of PAHs and alkyl-PAHs of Tenax per
Soxhlet (Ctenax / Csoxhlet) vs. log Kow values (Error bar: mean + SD; n = 3). The log Kow values of
PAHs and alkyl-PAHs were referred from Kang et al. (2014).
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Fig. S3. Double ratio plots using alkylated phenanthrenes (C2- and C3-Phe) and
dibenzothiophenes (C2- and C3-Dbthio) for source identifications of oil-contaminated sediments
and crude oil (IHC: Iranian Heavy Crude, KEC: Kuwait Export Crude, UZC: UAE Upper Zakum,
and Mix: mixture of IHC, KEC, and UZC) (refer from Yim et al. (2011)).
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