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HIGHLIGHTS

* AhR-mediated activities in sediments from Pohang area were characterized.

« Elevated AhR activities in sediments were associated with anthropogenic activity.

* Bioassay-derived TCDD-EQs were correlated with instrumentally-derived TEQs.

« Sources of AhR agonists were mainly explained by localized industrial activities.

« Magnitude and composition of AhR activities were comparable with those of 10 years ago.
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and industrial inputs. In order to characterize aryl hydrocarbon receptor (AhR)-mediated activities in sediments
from the Pohang area, a total of eight locations along the Hyeongsan River were chosen and 16 sediment sam-
ples were collected during two sampling campaigns in 2010. Organic extracts of sediments were characterized
by both quantitative chemical analyses of dioxin-like chemicals and the in vitro H4IIE-Iuc bioassay. Significant
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dioxin-like activities were observed in sediments from industrial and municipal areas, which indicates that

Keywords: most of the dioxin-like chemicals were associated with surrounding anthropogenic sources. In general, re-

Aryl hydrocarbon receptor (AhR) sponses of the H4IIE-luc assay were significantly correlated with concentrations of target compounds including

Dioxin dioxins, furans, co-planar PCBs, and dioxin-like PAHs. A potency balance analysis indicated that instrumentally

In vitro bioassay derived TCDD equivalents (TEQs) explained about 77% of the bioassay-derived TCDD equivalents (TCDD-EQs).

gg?;?nlfalame Among the target chemicals measured, certain penta-chlorinated dioxin and furan compounds accounted for
1

the majority of dioxin-like activities associated with sediments. Compositional analysis of target chemicals
the sources of such dioxin-like activities were mainly derived from the local activities such as the iron and
steel industries. Concentrations and activities of AhR agonists were similar to what was measured approximate-
ly 10 years ago. Thus, while AhR agonists seem to be persistent in sediments there seem to have been no large
increases in these chemicals in the Pohang area.

Steel industry

© 2013 Elsevier B.V. All rights reserved.

* Corresponding author at: School of Earth and Environmental Sciences & Research Institute of Oceanography, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul
151-742, Republic of Korea. Tel.: 482 2 880 6750; fax: +82 2 872 0311.
E-mail address: jskocean@snu.ac.kr (J.S. Khim).

0048-9697/% - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2013.06.112



1518 S. Hong et al. / Science of the Total Environment 470-471 (2014) 1517-1525

1. Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-dependent
transcription factor that mediates many of the biological and toxicolog-
ical actions of diverse synthetic and naturally-occurring chemicals
(Denison and Nagy, 2003; Giesy and Kannan, 1998; Nagy et al., 2002).
The dioxin-like chemicals including polychlorinated dibenzo-p-dioxins
(PCDDs), polychlorinated dibenzofurans (PCDFs), polychlorinated
biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) are
well known environmental AhR agonists (Giesy and Kannan, 1998;
Hilscherova et al., 2000). These chemicals have planar conformations
that are similar to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
thus can bind to the AhR and cause toxic effects (Giesy et al., 2002).

The more dioxin-like chemicals mainly originate from industrial
and municipal activities, and are widely distributed in environmental
media such as air, water, sediment, and soil (Alcock and Jones, 1996).
Due to the presence of complex mixtures of dioxin-like chemicals
having different physico-chemical properties and biological effects,
assessments of risks posed by these chemicals when they occur in
sediment and soil are difficult (Giesy et al., 2002; Hong et al.,
2012a). Both instrumental and bioanalytical methods have been
widely used to measure concentrations and activities of AhR agonists
in the environment (Giesy and Kannan, 1998). The combined use of
chemical analysis and bioanalytical measurements is a powerful tool
to screen, identify, and prioritize the causative agents in environmen-
tal samples (Khim et al., 1999a; Shen et al., 2009). For example, in
vitro H4IIE-luc cell bioassay, combining with instrumental analysis
has been successfully applied to assess potential AhR-mediated activ-
ity in various environmental matrices including soil (Hong et al.,
2012a), sediment (Hilscherova et al., 2001; Khim et al., 1999a; Koh
et al., 2004, 20064, 2006b), and food (Khim et al., 2000).

PCDD/DFs, co-planar PCBs (Co-PCBs), and dioxin-like PAHs
(DL-PAHSs) are emitted by various thermal processes including coking
of coal, sintering, and iron and steel production (Choi et al., 2008;
Hong et al., 2005; Wang et al., 2003; Yang et al., 2002). These com-
pounds can be introduced into aquatic ecosystems via direct sources
such as atmospheric deposition and industrial wastewater or via dif-
fuse sources including surface runoff (Naile et al., 2011; Fang et al.,
2011). Due to their small vapor pressure and large hydrophobicity,
dioxin-like chemicals accumulate in soils and/or sediments of rivers,
lakes, estuaries, and ultimately the sea (Zhang et al, 2008).
Dioxin-like chemicals in sediments pose potential for long-term po-
tential toxic effects on organisms, because of the bioaccumulation
and biomagnification potential of these compounds (Giesy and
Kannan, 1998), thus in place, sedimentary residues are of concern.

Pohang is a heavily industrialized city of South Korea. More than
half of the city encompasses an iron and steel making complex,
which is one of the largest steel making plants in the world. Emission
and transport of hazardous chemicals in Pohang City account for 2%
and 18%, respectively, to the total domestic values (NCIS, 2013). Re-
sults of recent studies have revealed that water, sediment, and the at-
mosphere have been contaminated with organic chemicals, especially
in the area of steel and iron manufacturing industry of study area
(Baek et al., 2010; Choi et al., 2008; Fang et al., 2011, 2012; Koh et
al., 2004). Thus, potential toxic effects of hazardous chemicals emit-
ted from the industrial complex on aquatic wildlife and humans are
of concern.

Previous studies of persistent organic pollutants (POPs) in the at-
mosphere of Pohang showed that sources of PCDD/Fs and PCBs were
related to the thermal processes during production of iron and steel
(Choi et al., 2008; Fang et al., 2011, 2012). In previous studies on sed-
iment assessment in Pohang conducted in 2000 and 2001, the
greatest AhR-mediated potency was found in extracts of sediment
from industrial and municipal areas, and dioxin-like potency was
found to be contributed in descending order of proportion by PCDD/
DFs, DL-PAHSs, and Co-PCBs (Koh et al., 2004, 2006a, 2006b).

In the present study, the Pohang area was resampled 10 years (in
2010) after the previous study to determine the trends in concentra-
tions. Sediments were collected along the Hyeongsan River, targeting
areas that had greater concentrations during the previous study. The
specific purposes of the present study were to i) investigate the
potential AhR-mediated activities in sediments (H4IIE-luc bioassay),
ii) determine distributions and concentrations of AhR agonists
targeting PCDD/DFs, Co-PCBs, and DL-PAHs in sediment (instrumen-
tal analyses), iii) evaluate the contribution of target chemicals to the
total induced dioxin-like activities (potency balance analysis), and
iv) assess sources of AhR agonists.

2. Materials and methods
2.1. Sampling and sample preparation

Sediments were collected in June and August, 2010 from 8 locations
that were classified as industrial or municipal regions of Pohang
(Fig. 1). Surface sediments (0-10 cm) were collected by a hand shovel
and pebbles and twigs were removed. Most showed sediment type of
mixed sand through the locations (P1-P5) in Hyeongsan River and
dominated mud at locations P6, similar to the previous study in 2001
(Koh et al., 2004). After a thorough mixing, sediments were then trans-
ferred into pre-cleaned glass jars, and then immediately transported to
the laboratory where they were stored at —20 °C until lyophilization.
Sample preparation and handling details for instrumental analyses
and H4IIE-luc in vitro bioassay are described elsewhere (Khim et al.,
1999a; Koh et al, 2004). In brief, a 20 g of freeze-dried sediment
was extracted with 350 mL of dichloromethane (Burdick & Jackson,
Muskegon, MI) on a Soxhlet extractor for 24 h. Elemental sulfur in sed-
iment extracts was removed by the addition of activated copper
(Merck, Darmstadt, Germany), and concentrated to 1 mL, then divided
into two aliquots for use in the chemical analyses and bioassay, respec-
tively. The portion of the extract to be used in the bioassay was re-
placed with dimethyl sulfoxide (DMSO, Burdick and Jackson).

2.2. H4IIE-luc bioassay

The HA4IIE-luc bioassay was performed according to the modified
method of Khim et al. (1999b). First, cell viability and overall cytotox-
icity of samples were determined by use of the MTT assay (Yoo et al.,
2006). Dilution factors for samples were determined from the results
of the MTT assay, viz., samples of % live cell > 80% used for bioassay
(Table S1 of Supplemental Materials (S)). Trypsinized cells from a
culture plate were prepared with a density of approximately 8.0 x
10 cells mL™! and seeded into the 60 interior wells of 96 well
microplates at 250 pL per well. After incubation overnight, test and
control wells were dosed with 2.5 pL per well (1% dose) of the appropri-
ate standards, sample extracts, or solvent controls. All samples were
tested in triplicate in the same assay. Luciferase assays were conducted
after 72 h of exposure using a microplate reading luminometer (Tecan,
Infinite 200, Mannedorf, Switzerland).

2.3. Bioassay data analysis

Both full-strength and diluted extracts were analyzed to develop full
dose-response curves. Responses of the bioassay, expressed as mean
relative luminescence units, were converted to percentages of the max-
imum response (%TCDDy,,x) observed for a 30 nM (1% dose (300 pM)
=100%TCDDynax) 2,3,7,8-TCDD standard (Wellington Laboratories inc.,
Guelph, OT, Canada). The magnitude-based %¥TCDD,.x is given for
screening purpose, thus not normalized for the diluted samples. Signif-
icant responses (1.4%TCDD,,,x) were those produced responses that
were three times as great as the standard deviation of the mean solvent
controls. Potencies of samples, expressed as TCDD standard equivalents
(TCDD-EQs) were determined directly from the sample dose-response
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Fig. 1. Study area showing sampling locations in Pohang, South Korea. Eight locations (P1-P6 & R1-R2) were surveyed twice in June and August, 2010 (this study) and sampling
locations surveyed in 2000 (Koh et al., 2006a, 2006b) and 2001 (Koh et al., 2004) are also given for a comparison purpose.

relationships generated by testing samples at multiple (3 points) of
dilutions.

2.4. Chemical analysis

Methods for identification and quantification of target AhR
agonists have been described previously (Khim et al., 1999a; Naile
et al,, 2011). Seventeen 2,3,7,8-substituted PCDD/DF congeners were
quantified by use of a high resolution gas chromatography (HRGC,
Hewlett-Packard 5890 series, Palo Alto, CA) interfaced with a high
resolution mass spectrometer (HRMS, Micromass, Beverly, MD)
(target congeners are present in Table S2). Chromatographic separa-
tion was achieved on a DB-5MS fused silica capillary column (60 m
long, 0.25 mm id. 0.1 ym film thickness, Agilent, CA). Fourteen
Co-PCBs and 5 indicator PCBs were analyzed by a GC-%Ni electron
capture detector (ECD, Shimadzu GC-2100, Shimadzu, Tokyo, Japan)
(target congeners are present in Table S3). Sixteen priority PAHs
were measured by GC-mass selective detector (Agilent 5975, Agilent
Technologies, Palo Alto, CA) (target chemicals are present in Table
S4). Method detection limits (MDL) for individual PCDD/DF, PCB,
and PAH chemicals were 1 pg g~ ! dm (dry mass), 0.01 ng g~ ! dm,
and 0.1 ng g~ ! dm, respectively.

2.5. Potency balance analysis

Concentrations of TCDD-EQs determined by use of the bioassay
were compared to TEQs. Total TEQs of target AhR agonists were calcu-
lated as the sum of TEQs by multiplying the concentration of individ-
ual AhR-active chemicals by assay-specific relative potency values
(RePs). This comparison or potency balance analysis was used
to identify the relative contribution of each chemical to total
AhR-mediated response induced (Koh et al., 2004). The RePs of

PCDD/DFs and Co-PCBs were used to calculate the TEQpcpp,prs and
TEQpcgs according to Behnisch et al. (2003) and Lee et al. (2013).
Seven DL-PAHSs viz. BaA, Chr, BbF, BKF, BaP, IcdP, and DBahA were
used to calculate the TEQpay using RePs reported by Villeneuve et
al. (2002). RePs used in the present study are presented in Tables
S2-54.

2.6. Statistics

Correlation-based principal component analyses (PCA) were
conducted using relative contribution of PCDD/DF congeners in sedi-
ment samples and known sources. The PCA was used to convert the
contribution of variables into two principal components (PCs)
through which were identified the sources of PCDD/DFs in sediments
of Pohang area. SPSS 12.0 (for Windows, SPSS Inc., Chicago, IL) was
employed for statistical analyses. Concentrations that were less than
the MDL were set equal to the limit of detection divided by two be-
fore conducting PCA. The Varimax method was selected for rotation
and 25 iterations were performed in the PCA.

3. Results and discussion
3.1. Potential AhR-mediated activity of sediment extracts

All the sediment samples induced significant dioxin-like potencies
with $TCDDy,.x ranging from 3.3 to 68% (Table 1 and Fig. 2a). No cy-
totoxic effects were observed in concentrations of diluted sediment
extracts (~0.8 g sediment mL™!) based on MTT assay (>80% cell sur-
vival) (Table S1). Potency-based TCDD-EQs in extracts of sediments
ranged from <DL to 800 pg g~ ' dm. Concentrations of TCDD-EQs at
industrial (P4 and P5) and municipal areas (P6) during both sampling
events were significantly greater than what would be considered
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background values (Fig. 2b). Concentrations of TCDD-EQs at P4, P5,
and P6 exceeded sediment quality guidelines (50 pg TEQ g~ ! dm)
of the United States for dioxin-like compounds (Zhang et al., 2009),
which suggests potential for adverse effects on aquatic wildlife.

Concentrations of TCDD-EQs in sediments varied between the two
samplings with greater concentrations observed in June than August.
This result was most likely due to dilution by heavy rainfall of approx-
imately 75 mm that occurred in the Pohang area approximately
five days before the later sampling period. Although no obvious
sources of pollution exist around the reference site R2, measurable
AhR-mediated potency was observed in June. This observation
was associated with direct atmospheric deposition of dioxin-like
chemicals from local combustion as well as the steel and iron
industries. Overall, the results of the in vitro bioassay suggested that
dioxin-like compounds such as PCDD/DFs, PCBs, and/or PAHs were
accumulated in sediments collected near both industrial and munici-
pal areas of Pohang.

3.2. AhR agonists: PCDD/DFs, Co-PCBs, and DL-PAHs

A total of fifty two individual PCDD/DFs, PCBs, and PAHs were
identified in sediments of the Pohang area (Fig. 2c-d and Tables S2-
S4). PCDD/DFs were commonly detected in sediments with concen-
trations ranging from 51 to 5230 pgg !dm (sum of the 17
congeners). The greatest concentrations of 3PCDD/DFs were found
at site P6 (municipal area), followed by P4 and P3 (industrial area).
OCDD was the predominant congener in sediments at P6 and P3,
while 2,3,4,7,8-PeCDF was more dominant at P4 (Table S2). Concen-
trations of sedimentary PCDD/DFs in industrial areas were likely
due to the presence of point source emission, whereas contaminants
in sediments of municipal areas could be attributed to more diffuse
sources and/or legacy pollution (Liu et al., 2012). Concentrations of
1,2,3,7,8-PeCDD and 2,3,7,8-TCDF in sediments from the industrial
area (P4) were significantly greater at P4 than at P6, while concentra-
tions of OCDD were greater at P6 than at P4. Endocrine disrupting
chemicals including alkylphenols and bisphenol-A were also detected
with greater concentrations in sediment of P6 than those of P4 and P5
(Kim et al., 2014).

Concentrations and distributions of PCDD/DFs in sediments were
also different between the two sampling periods. For example, con-
centrations of SPCDD/DFs at P4 were significantly greater in June by
a factor of ~3 than those in August, while concentrations at P6 of

August were 2 times greater than those of June. Concentrations of
3PCDD/DFs in industrial areas of P3 and P4 locations seemed to re-
flect a dilution effect during the rainy season. While, the greater con-
centrations of SPCDD/DFs found in the municipal area (P6) during the
rainy season could be explained by non-point sources, such as surface
runoff, during the period of precipitation (Zhao et al., 2011).

Co-PCBs were also commonly detected in sediments of the Pohang
area with concentrations ranging from <DL to 1600 pg g~ ! dm
(Fig. 2e and Table S3). Relatively greater concentrations of XCo-PCBs
found in locations near industrial areas suggested that they mainly
originated from industrial activities. Concentrations of Co-PCBs in
sediments also varied seasonally, but with a different trend than
that exhibited by PCDD/DFs during the same season. For example,
the greater concentrations of £Co-PCBs found in industrial areas of
P3 and P4 locations during the rainy season could suggest non-point
sources, similar to the case for XPCDD/DFs in P6 (Zhao et al., 2011).

DL-PAHs were also widespread in the Pohang area (Fig. 2f and
Table S4). Concentrations of 3DL-PAHs ranged from 12.6 to
1270 ng g~ ! dm with maximum concentrations at P4, followed by
P6 and P5. Spatial distribution of DL-PAHs exhibited a similar trend
to those of PCDD/DFs, which indicates that sources of PAHs were sim-
ilar to those of some dioxin-like chemicals in the study area.

While maximum concentrations of XPCDD/DFs were found at P6,
concentrations of TEQpcpp,prs Were greatest at P4 (730 pg g~ ' dm)
(Table 1). This could be explained by the fact that less toxic congeners
such as OCDD (ReP = 5.0 x 10~ %) while abundant did not contribute
significantly to the concentrations of TEQpcpp,prs at P6, while the
more potent congener 2,3,4,7,8-PeCDF (ReP = 5.0 x 10 !) contrib-
uted to TEQpcpp,prs (Behnisch et al, 2003; Lee et al, 2013). As
expected, concentrations of both TEQpcgs and TEQpans constituted a
lesser proportion of the TEQpcpp,prs. However, at some locations with
small concentrations of TEQs (<50 pg g~ ! dm), the %-contribution of
PCBs and PAHs reached ~50% (location P1) and ~20% (locations P1
and P2).

3.3. Potency balance: bioassay vs. Instrumental analysis

A potency balance analysis between bioassay TCDD-EQ and TEQs
(TEQpcpp/prs + TEQpcs + TEQpans) in sediments was conducted to
evaluate the contribution of individual chemicals to the total induced
dioxin-like activities. In general, concentrations of TCDD-EQs in sedi-
ments from the Pohang area were consistent with concentrations of

Table 1
Results for H4IIE-luc bioassay and instrumental analyses of sediments collected from the Pohang area, South Korea.
Sampling Site %TCDDmax” TCDD-EQ" TEQs® TEQpcpps TEQpcprs TEQpcas TEQpans
(%) (pgg~ ' dm) (pg g~ ' dm) (pg g~ ' dm) (pg g~ ' dm) (pgg ' dm) (pgg ' dm)
June 2010 P1 12 <0.1 6.4 1.0 43 0.32 0.76
P2 29 21 11 1.5 6.6 nd¢ 25
P3 5.6 0.22 82 17 61 0.86 33
P4 68 800 750 130 600 1.1 22
P5 36 78 55 15 37 0.71 3.0
P6 34 180 130 40 75 nd 15
R1 3.9 <0.1 2.8 0.86 1.0 0.12 0.81
R2 26 55 21 6.2 13 nd 23
August 2010 P1 33 <0.1 1.5 0.16 0.56 0.46 0.30
P2 29 10 20 33 12 0.72 3.2
P3 20 0.33 27 11 12 1.6 25
P4 55 310 240 37 190 2.8 9.3
P5 43 84 74 12 56 nd 5.6
P6 42 170 220 81 120 0.0071 18
R1 4.7 <0.1 2.1 0.87 0.83 0.14 0.24
R2 8.2 <0.1 12 3.7 1.8 6.2 0.42

¢ %TCDDmax: response magnitude presented as percentage of the maximum response observed for a 30 nM TCDD standard (set to 100%TCDDynax) elicited by 100% sediment raw

extracts (Significant level = 1.4%TCDDax)-

> TCDD-EQ: potency-based TCDD-EQs (TCDD-EQs,) was obtained from sample dose-response relationships generated by testing samples at multiple levels of dilution (Detection

limits = 0.1 pg g~ ' dm).
€ TEQs: sum of the TEQpcpps, TEQpcprs, TEQpcas, and TEQpaps.
4 nd: not detected.
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Fig. 2. Results of H4IIE-luc bioassay and instrumental analysis. (a) Magnitude-based %TCDD,,.x, (b) potency-based TCDD-EQ, (c¢) sum of PCDD concentration, (d) sum of PCDF con-
centration, (e) Sum of Co-PCB concentration, and (f) sum of DL-PAH concentration in sediment samples from the Pohang area, South Korea.

TEQs with a coefficient of determination (%) of 0.97 (p < 0.01) (Fig. 3
and Fig. S1). In particular, concentrations of TCDD-EQs in more
contaminated samples, such as P4, P5, and P6, were comparable to
concentrations of TEQs, while some samples with lesser concentra-
tions of TCDD-EQs could not be explained by identified compounds
used to calculate the concentration of TEQs. In general, PCDFs were
the predominant contributors to the overall dioxin-like activities
(TCDD-EQ) followed by PCDDs, PAHs, and PCBs (Fig. 3a-b). Contribu-
tions of individual AhR agonists to TCDD-EQ were significantly differ-
ent among locations. For example, at site P4, some chemicals such as
2,3,4,7,8-PeCDF and 1,2,3,7,8-PeCDD accounted for the majority of
TCDD-EQs, whereas other chemicals collectively contributed to total
AhR activity in site P6 (Fig. 3c).

Some previous studies that conducted potency balance analysis
for environmental samples could not successfully explain the
observed AhR activity with known AhR agonists. There are several
possible reasons for this, including large portions of unknown
compound(s), matrix effects, synergisms, additive, or antagonistic
effects (Hecker and Giesy, 2011; Hong et al., 2012a, 2012b). However,
sometimes there is concordance between TCDD-EQ and TEQ (Koh et
al., 2004; Luo et al., 2009; Shen et al., 2009). In the potency balance
for Pohang most of the TCDD-EQ measured in extracts of sediments
could be accounted for by identified dioxin-like chemicals. Overall,
the combined use of chemical analysis and bioanalytical measure-
ments was useful to characterize contamination of dioxin-like com-
pounds, screen, identify and prioritize the causative agents in
sediment of the Pohang area.

3.4. Sources of AhR agonists

Profiles of relative concentrations of PCDD/DFs have been used to
identify the potential sources (Naile et al.,, 2011; Ren et al., 2009;

Zhang et al., 2009). However, PCDD/DF congeners have different
physico-chemical properties due to their Cl numbers, so that the rel-
ative composition will change through transformation, degradation
(photo and/or microbial), phase partition, adsorption, bioaccumula-
tion, and other processes occurring in water column (Gaus et al,
2002; Ren et al., 2009). Thus, profiles of PCDD/DFs in sediment sam-
ples are often not well-matched with those of emission gases. Despite
this limitation, a PCA was conducted by use of concentrations of 17
PCDD/DFs and the pattern observed in this study compared to
patterns of documented sources (Zhang et al., 2010).

Results indicated that most of the sites in the Pohang area, except
for some of the most contaminated locations, were closely associated
with pentachlorophenol (PCP), PCP-Na, and domestic burning of coal
(Fig. 4a). Results of the present study were consistent with those of
previous studies in which results of PCA indicated that PCDD/DFs in
sediments were associated with PCP and PCP-Na due to their great
portions of OCDD and OCDF (Naile et al., 2011). In general, OCDD
and OCDF are often the predominant PCDD/DF congeners in sedi-
ments due to the fact that they are generated in many combustion
sources and are generally persistent and lipophilic (Shen et al.,
2008). But, it is not clear whether such PCDD/DFs observed in this
study originated from PCP and PCP-Na or were the result of transfor-
mation in the water column. PCDD/DFs derived from PCP and PCP-Na
contain greater proportions of OCDD and OCDF (Ren et al., 2009).

In South Korea, uses of PCP and chloronitrofen (CNP) as paddy
field herbicides have been banned since 1996 (Kim et al., 2008,
2009) and are thus not likely sources. Also, it has been reported that
profiles of the dominant congeners of impurities for OCDD, OCDF,
and 1,2,3,4,6,7,8-HpCDD in PCP and PCP-Na were 76%, 10%, and 10%,
respectively (Ren et al., 2009). Such a pattern was not observed in
sediments in the Pohang region. Thus, PCP and PCP-Na are not likely
to have been the major sources of PCDD/DFs in sediments of Pohang
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Fig. 3. Comparison between bioassay-derived TCDD-EQ and instrumentally-derived TEQs in sediments from (a) June and (b) August and relative contribution to identified TEQs in
sediment samples from industrial (P4) and municipal (P6) locations of the Pohang area, South Korea.

area. PCA was applied to samples from Pohang by using 15 PCDD/DF
congeners except for OCDD and OCDF, for identifying possible sources
(Fig. 4b). Results indicated that PCDD/DFs in sediments of the indus-
trial area (P3, P4, and P5) originated from local industrial activities as-
sociated with iron and steel manufacturing, which was in good
agreement with known sources of the area. Also domestic burning
of coal was the likely source of PCDD/DFs in sediments from the mu-
nicipal area (P6). The PCA using 15 PCDD/DF congeners provided use-
ful matching patterns to plausible sources. However, the proportion
of the variance explained by PC1 and PC2 was only about 42%. Thus,
a separate study on source identification of PCDD/DFs in sediment
samples would need to be conducted in the future.

Diagnostic ratios between individual PAHs in sediments from the
Pohang area were determined to assess relative contributions of
petrogenic and pyrogenic sources, or specific combustion sources of
PAHs (Fig. 5). Source identification of PAHs using diagnostic ratios is
useful because isomer pairs are distributed to a similar extent on
fate, transformation and transport in water column due to their
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comparable thermodynamic partitioning and kinetic mass transfer
coefficients (Dickhut et al., 2000; Liu et al., 2009). The ratios of Ant/
(Phe + Ant) and Fl/(FI + Py) in sediments indicated pyrogenic ori-
gins, including combustion of petroleum, grass, and wood, and coal
combustion was predominant in Pohang area (Chen et al., 2012; Liu
et al., 2009; Yunker et al., 2002) (Fig. 5a). While the isomer ratios of
BaA/(BaA + Chr) and IcdP/(IcdP + BghiP) in sediments were consis-
tent with combustion of petroleum as a source (Fig. 5b). Among the
various sources of PAHs considered for diagnostic ratios, combustion
of oil was found to be common in the Pohang area (Yunker et al.,
2002). Overall, PAHs identified in sediments of Pohang likely originat-
ed from mixed sources dominated by combustion of petroleum.

3.5. Comparison with previous studies
Potential AhR-mediated potencies, contribution, and sources of

AhR agonists from Pohang sediments in 2010 were compared to
those of previous studies conducted in the same area in 2000 and
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Fig. 4. Results of principal component analysis (PCA) of PCDD/DFs. (a) PCA using relative compositions of 17 PCDD/DF congeners and (b) PCA using relative compositions of 15
PCDD/DF congeners except for OCDD and OCDF (HCB: domestic burning of coal; PCP: pentachlorophenol; PCP-Na: sodium pentachloropenate; Al: secondary Al metallurgy; Cu:
secondary Cu metallurgy; SOB: agricultural straw open burning; CP: cement plant: IOS: iron ore sintering plant; WPM: wastewater from pulp mill, data from Zhang et al. (2010)).
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Fig. 5. Results of diagnostic ratios of PAHs. (a) Ratios of Ant/(Phe + Ant) and FlI/(Fl + Py) and (b) ratios of BaA/(BaA + Chr) and IcdP/(IcdP + BghiP) in sediments from the Pohang
area, South Korea (W: wood; C: coal; D: diesel; G: gasoline; OC: oil combustion; V: vehicles; RD: road dust, data from Yunker et al. (2002)).

2001 (Koh et al., 2004, 2006a, 2006b). In general, AhR-mediated po-
tencies in sediments of 2010 were comparable to those of 2000 and
2001 (Fig. 6a), as well as concentrations of AhR agonists. Individual
PCDD/DFs were the major contributors to TEQs in extracts of sedi-
ments, particularly in the more contaminated area Y3 in both 2001
and 2010 (e.g., P4) (Fig. 6b). Co-PCBs and DL-PAHSs contributed rela-
tively lesser proportions of the total TEQs both in 2001 and 2010.
The composition of individual AhR agonists based on contributions
to total TEQ was not notably different between 2001 and 2010, indi-
cating persistent chemical property, environmental stability, and/or

—
QO
~

continuing possible input of dioxin-like compounds in the study
area (Fig. S2). Altogether, the efforts on source identification and
characterization towards environmental monitoring and manage-
ment in Pohang area would be of continuing concerns.

4. Conclusions
In the present study, several trends and findings in potential activ-

ities, concentrations, distributions, and sources of AhR agonists in
sediments were observed in Pohang area.
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data: Koh et al. (2004)) and (b) contribution (%) of PCDD/DFs, Co-PCBs, and DL-PAHs to total TEQs in sediments of the Pohang area, South Korea.
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Potential AhR-mediated activities were significantly induced in sed-
iment extracts of Pohang area which seemed to be affected by sur-
rounding industrial and municipal activities.

AhR agonists including PCDD/DFs, Co-PCBs, and DL-PAHs were highly
accumulated in sediments and varied in site- and seasonal-specific
manner.

Potency balance analysis revealed that certain PeCDD and PeCDF
were major contributors in the industrial area, while several PCDD/
DF congeners successfully contributed in the municipal area.

AhR agonists in sediments were mainly originated from localized in-
dustrial and municipal activities associated with iron and steel mak-
ing complex and oil and petroleum combustion.

AhR activities and agonists in sediments were fairly consistent in mag-
nitude, composition, and TEQ contribution, over a period of 10 years.

Acknowledgments

This work was supported by the projects entitled “Development of
Technology for CO, Marine Geological Storage” and “Qil Spill Environ-
mental Impact Assessment and Environmental Restoration (PM56951)”
funded by the Ministry of Oceans and Fisheries of Korea and "Eco
Health Action Project (ARQ201303082)" funded by the Korea Minis-
try of Environment given to Prof. ].S. Khim. Prof. Giesy was supported
by the Canada Research Chair program, a Visiting Distinguished Pro-
fessorship in the Department of Biology and Chemistry and State Key
Laboratory in Marine Pollution, City University of Hong Kong. He was
also supported by the program of 2012 “High Level Foreign Experts”
(#GDW20123200120) funded by the State Administration of Foreign
Experts Affairs, the PR China to Nanjing University and the Einstein Pro-
fessor Program of the Chinese Academy of Sciences.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2013.06.112.

References

Alcock RE, Jones KC. Dioxins in the environment: a review of trend data. Environ Sci
Technol 1996;30:3133-43.

Baek SY, Choi SD, Park H, Kang JH, Chang YS. Spatial and seasonal distribution of
polychlorinated biphenyls (PCBs) in the vicinity of an iron and steel making
plant. Environ Sci Technol 2010;44:3035-40.

Behnisch PA, Hosoe K, Sakai SI. Brominated dioxin-like compounds: in vitro assess-
ment in comparison to classical dioxin-like compounds and other polyaromatic
compounds. Environ Int 2003;29:861-77.

Chen HY, Teng YG, Wang JS. Source apportionment of polycyclic aromatic hydrocar-
bons (PAHSs) in surface sediments of the Rizhao coastal area (China) using diagnos-
tic ratios and factor analysis with nonnegative constraints. Sci Total Environ
2012;414:293-300.

Choi SD, Baek SY, Chang YS. Atmospheric levels and distribution of dioxin-like
polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs)
in the vicinity of an iron and steel making plant. Atmos Environ 2008;42:
2479-88.

Denison MS, Nagy SR. Activation of the aryl hydrocarbon receptor by structurally di-
verse exogenous and endogenous chemicals. Annu Rev Pharmacol 2003;43:
309-34.

Dickhut RM, Canuel EA, Gustafson KE, Liu K, Arzayus KM, Walker SE, et al. Automotive
sources of carcinogenic polycyclic aromatic hydrocarbons associated with particu-
late matter in the Chesapeake Bay region. Environ Sci Technol 2000;34:4635-40.

Fang M, Choi SD, Baek SY, Park H, Chang YS. Atmospheric bulk deposition of
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) in the vicinity
of an iron and steel making plant. Chemosphere 2011;84:894-9.

Fang M, Choi SD, Baek SY, Jin G, Chang YS. Deposition of polychlorinated biphenyls and
polybrominated diphenyl ethers in the vicinity of a steel manufacturing plant.
Atmos Environ 2012;49:206-11.

Gaus C, Brunskill GJ, Connell DW, Prange J, Miiller JF, Papke O, et al. Transformation processes,
pathways, and possible sources of distinctive polychlorinated dibenzo-p-dioxin signa-
tures in sink environments. Environ Sci Technol 2002;36:3542-9.

Giesy JP, Kannan K. Dioxin-like and non-dioxin-like toxic effects of polychlorinated bi-
phenyls (PCBs): implications for risk assessment. Crit Rev Toxicol 1998;28:511-69.

Giesy JP, Hilscherova K, Jones PD, Kannan K, Machala M. Cell bioassays for detection of
aryl hydrocarbon (AhR) and estrogen receptor (ER) mediated activity in environ-
mental samples. Mar Pollut Bull 2002;45:3-16.

Hecker M, Giesy JP. Effect-directed analysis of Ah-receptor mediated toxicants, muta-
gens, and endocrine disruptors in sediments and biota. In: Brack W, editor.
Effect-Directed Analysis of Complex Environmental Contamination. Berlin Heidel-
berg: Springer; 2011. p. 285-313.

Hilscherova K, Machala M, Kannan K, Blankenship A, Giesy JP. Cell bioassays for detec-
tion of aryl hydrocarbon (AhR) and estrogen receptor (ER) mediated activity in en-
vironmental samples. Environ Sci Pollut Res Int 2000;7:159-71.

Hilscherova K, Kannan K, Kang Y-S, Holoubek I, Machala M, Masunaga S, et al. Charac-
terization of dioxin-like activity of sediments from a Czech River Basin. Environ
Toxicol Chem 2001;20:2768-77.

Hong SH, Yim UH, Shim WJ, Oh JR. Congener-specific survey for polychlorinated biphe-
nyls in sediments of industrialized bays in Korea: regional characteristics and pol-
lution sources. Environ Sci Technol 2005;39:7380-8.

Hong S, Khim JS, Naile JE, Park ], Kwon BO, Wang T, et al. AhR-mediated potency of sed-
iments and soils in estuarine and coastal areas of the Yellow Sea region: a compar-
ison between Korea and China. Environ Pollut 2012a;171:216-25.

Hong S, Khim JS, Ryu J, Park ], Song SJ, Kwon B-0, et al. Two years after the Hebei Spirit
oil spill: residual crude-derived hydrocarbons and potential AhR-mediated activi-
ties in coastal sediments. Environ Sci Technol 2012b;46:1406-14.

Khim JS, Villeneuve DL, Kannan K, Lee KT, Snyder SA, Koh CH, et al. Alkylphenols, poly-
cyclic aromatic hydrocarbons, and organochlorines in sediment from Lake Shihwa,
Korea: instrumental and bioanalytical characterization. Environ Toxicol Chem
1999a;18:2424-32.

Khim JS, Villeneuve DL, Kannan K, Koh CH, Giesy JP. Characterization and distribution
of trace organic contaminants in sediment from Masan Bay, Korea. 2. In vitro
gene expression assays. Environ Sci Technol 1999b;33:4206-11.

Khim JS, Villeneuve DL, Kannan K, Hu WY, Giesy ]JP, Jang SG, et al. Instrumental and
bioanalytical measures of persistent organochlorines in blue mussel (Mytilus edulis)
from Korean coastal waters. Arch Environ Contam Toxicol 2000;39:360-8.

Kim K-S, Shin S-K, Kim K-S, Song B-J, Kim J-G. National monitoring of PCDD/DFs in en-
vironmental media around incinerators in Korea. Environ Int 2008;34:202-9.
Kim K-S, Lee SC, Kim K-H, Shim W], Hong SH, Choi KH, et al. Survey on organochlorine
pesticides, PCDD/Fs, dioxin-like PCBs and HCB in sediments from the Han river,

Korea. Chemosphere 2009;75:580-7.

Kim S, Lee S, Kim C, Liu X, Seo ], Jung H, et al. In vitro and in vivo toxicities of sediment
and surface water in an area near a major steel industry of Korea: endocrine dis-
ruption, reproduction, or survival effects combined with instrumental analysis.
Sci Total Environ 2014;470-471:1509-16.

Koh CH, Khim JS, Kannan K, Villeneuve DL, Senthilkumar K, Giesy JP. Polychlorinated
dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), biphenyls (PCBs), and polycyclic
aromatic hydrocarbons (PAHs) and 2,3,7,8-TCDD equivalents (TEQs) in sediment
from the Hyeongsan River, Korea. Environ Pollut 2004;132:489-501.

Koh CH, Khim ]S, Villeneuve DL, Kannan K, Giesy JP. Characterization of trace organic
contaminants in marine sediment from Yeongil Bay, Korea: 1. Instrumental analy-
ses. Environ Pollut 2006a;142:39-47.

Koh CH, Khim JS, Villeneuve DL, Kannan K, Giesy JP. Characterization of trace organic
contaminants in marine sediment from Yeongil Bay, Korea: 2. Dioxin-like and es-
trogenic activities. Environ Pollut 2006b;142:48-57.

Lee KT, Hong S, Lee JS, Chung KH, Hilscherové K, Giesy JP, et al. Revised relative potency
values for PCDDs. PCDFs, and non-ortho-substituted PCBs for the optimized
HA4IIE-luc in vitro bioassay. Environ Sci Pollut Res Int 2013. http://dx.doi.org/
10.1007/s11356-013-1770-2.

LiuY, Chen L, Huang Qh, Wy Li, Yj Tang, Jf Zhao. Source apportionment of polycyclic ar-
omatic hydrocarbons (PAHs) in surface sediments of the Huangpu River, Shanghai,
China. Sci Total Environ 2009;407:2931-8.

Liu Y, Beckingham B, Ruegner H, Li Z, Ma L, Schwientek M, et al. Comparison of sedi-
mentary PAHs in the rivers of Ammer (Germany) and Liangtan (China): differ-
ences between early- and newly-industrialized countries. Environ Sci Technol
2012;47:701-9.

Luo ], Ma M, Zha ], Wang Z. Characterization of aryl hydrocarbon receptor agonists in
sediments of Wenyu River, Beijing, China. Water Res 2009;43:2441-8.

Nagy SR, Sanborn JR, Hammock BD, Denison MS. Development of a green fluorescent
protein-based cell bioassay for the rapid and inexpensive detection and character-
ization of Ah receptor agonists. Toxicol Sci 2002;65:200-10.

Naile JE, Khim JS, Wang T, Wan Y, Luo W, Hu W, et al. Sources and distribution of
polychlorinated-dibenzo-p-dioxins and -dibenzofurans in soil and sediment from
the Yellow Sea region of China and Korea. Environ Pollut 2011;159:907-17.

NCIS (National Chemicals Information System). Available online http://ncis.nier.
go.kr, 2013.

Ren M, Pa Peng, Chen D, Chen P, Li X. Patterns and sources of PCDD/Fs and dioxin-like PCBs
in surface sediments from the East River, China. ] Hazard Mater 2009;170:473-8.
Shen L, Gewurtz SB, Reiner EJ, MacPherson KA, Kolic TM, Helm PA, et al. Patterns
and sources of polychlorinated dibenzo-p-dioxins and polychlorinated diben-
zofurans in surficial sediments of Lakes Erie and Ontario. Environ Pollut

2008;156:515-25.

Shen C, Chen Y, Huang S, Wang Z, Yu C, Qiao M, et al. Dioxin-like compounds in agri-
cultural soils near e-waste recycling sites from Taizhou area, China: chemical and
bioanalytical characterization. Environ Int 2009;35:50-5.

Villeneuve DL, Khim ]S, Kannan K, Giesy JP. Relative potencies of individual polycyclic
aromatic hydrocarbons to induce dioxinlike and estrogenic responses in three
cell lines. Environ Toxicol 2002;17:128-37.

Wang LC, Lee W], Tsai P], Lee WS, Chang-Chien GP. Emissions of polychlorinated
dibenzo-p-dioxins and dibenzofurans from stack flue gases of sinter plants.
Chemosphere 2003;50:1123-9.

Yang HH, Lai SO, Hsieh LT, Hsueh HJ, Chi TW. Profiles of PAH emission from steel and
iron industries. Chemosphere 2002;48:1061-74.




S. Hong et al. / Science of the Total Environment 470-471 (2014) 1517-1525 1525

Yoo H, Khim ]S, Giesy JP. Receptor-mediated in vitro bioassay for characterization of
AhR-active compounds and activities in sediment from Korea. Chemosphere
2006;62:1261-71.

Yunker MB, Macdonald RW, Vingarzan R, Mitchell RH, Goyette D, Sylvestre S. PAHs in
the Fraser River basin: a critical appraisal of PAH ratios as indicators of PAH source
and composition. Org Geochem 2002;33:489-515.

Zhang H, Ni 'Y, Chen |, Su F, Lu X, Zhao L, et al. Polychlorinated dibenzo-p-dioxins and
dibenzofurans in soils and sediments from Daliao River Basin, China. Chemosphere
2008;73:1640-8.

Zhang S, Pa Peng, Huang W, Li X, Zhang G. PCDD/PCDF pollution in soils
and sediments from the Pearl River Delta of China. Chemosphere 2009;75:
1186-95.

Zhang H, Zhao X, Ni Y, Lu X, Chen ], Su F, et al. PCDD/Fs and PCBs in sediments of the
Liaohe River, China: levels, distribution, and possible sources. Chemosphere
2010;79:754-62.

Zhao X, Zhang H, Fan |, Guan D, Zhao H, Ni Y, et al. Dioxin-like compounds in sediments
from the Daliao River Estuary of Bohai Sea: distribution and their influencing fac-
tors. Mar Pollut Bull 2011;62:918-25.



<Supplemental Materials>

Instrumental and bioanalytical measures of dioxin-like compounds and

activities in sediments of the Pohang Area, Korea

Seongjin Hong, Jong Seong Khim®, Jinsoon Park, Sunmi Kim, Sangwoo Lee, Kyungho Choi,

Chul-Su Kim, Sung-Deuk Choi, Jongseong Ryu, Paul D. Jones, John P. Giesy

Supplemental Materials: Tables

Table S1. Results of MTT viability testing assay (% live cell). «-wc-vereeerererereeneneneeee. S2
Table S2. Concentrations of PCDD/DFs in sediments from Pohang Area in June and August
D), +vvevvrreme et S3
Table S3. Concentrations of PCBs in sediments from Pohang Area in June and August 2010.
........................................................................................................ S4
Table S4. Concentrations of PAHs in sediments from Pohang Area in June and August 2010.
........................................................................................................ S5

Supplemental Materials: Figures

Fig. S1. Relationship between TCDD-EQ and TEQchem in raw extracts of sediments from Pohang

F ) n o TR R R EEERE R S6
Fig. S2. TEQ values of PCDD/DFs, Co-PCBs, and DL-PAHs in sediments from sites P4 and P5
in 2001 and 2010 (2001 data: KOh et al. (2004)) ............................................. S7
References .................................................................................................. SS

*Corresponding Author. E-mail address: jskocean@snu.ac.kr (J.S. Khim).

S1



Supplemental Materials: Tables

Table S1. Results of MTT viability testing assay (% live cell).

Sediment

Samples extracts P1 P2 P3 P4 P5 P6 R1 R2
(gmL™)

June 2010 20 32 25 28 11 31 6 40 45
4 52 63 43 40 67 37 56 61
0.8 80 81 58 80 80 89 91 91
0.16 - - - - - - - -
0.032 - - - - - - - -
0.0064 - - - - - - - -

August 2010 20 40 21 28 11 26 8 92 49
4 89 47 43 51 66 61 101 72
0.8 99 98 105 116 97 92 101 92
0.16 - - - - - - - -
0.032 - - - - - - - -
0.0064 - - - - - - - -

Shaded concentrations of sediment extracts were tested in H4IIE-luc for determination of AhR-mediated activity.

-: Not tested in MTT assay.
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Table S2. Concentrations of PCDD/DFs in sediments from Pohang Area in June and August 2010.

PCDD/DFs Relative June 2010 August 2010
(pg g dw) l(f’l‘{’te‘;,“:)y Pl P2 P3 P4  P5 P6 RI R2 Pl P2 P3 P4  P5 P6 Rl R2
PCDDs
2378-TCDD 1 118 490  5.10 426 123 104
12378-PeCDD 6.0x 107! 198 165 140 271 5.90 153 467 100 482 3.52
123478-HxCDD ~ 1.0x 10"! 215 16.1 120 111 353
123678-HxCDD 5.0 x 107 40.9 365 1.60  6.50 12.0 442
123789-HxCDD 5.0 x 102 31.7 361 220 7.20 630 820 124
1234678-HpCDD ~ 6.0x 10> 163 23.1 817 219 195 214 780 300 24 504 329 40.1 759 459 130 25.0
OCDD 50x10% 117 149 542 749 115 1380 235 288 379 485 240 180 223 3520 176 187
PCDFs
2378-TCDF 3.0x100 530 650 247 991 150 543 340 106 133 55 55 240 257 147
12378-PeCDF 20x10%7 300 580 288 854 740 106 11.0 126 67 138 152 113 221
23478-PeCDF 50x10° 350 720 806 1060 59.4 484 10.7 106 139 345 857 594 1.10
123478-HxCDF 13x10"  3.60 342 962 810 137 13.8 332 123 121 241
123678-HxCDF 39x10% 260 970 270 807 7.60 732 101 171 724 299 212 335 954 1.44
234678-HxCDF 1.8x 10" 210 798 610 374 7.60 531 143 930 173 3.36
123789-HxCDF 1.1x 10" 7.10
1234678-HpCDF ~ 1.0x 102 134  31.1 977 294 195 260 393 312 116 427 121 224 157 442 254
1234789-HpCDF ~ 4.1x 102  1.40 123 469 23.8 L1 132 107 241 44.6 731
OCDF 65x10° 148 365 256 329 230 233 345 112 1152 282 618 114
XPCDDs 133 172 643 1240 153 1720 247 337 403 535 289 301 319 4240 189 216
YPCDFs 476 968 582 2170 146 974 340 103 107 343 206 858 266 988  11.5 408
TPCDD/DFs 181 269 1230 3410 299 2690 251 440 51.0 878 495 1160 584 5230 200 256
TEQrcns 1.04 146 17.1 130 145 40.1 0856 6.7 0.163 327 114 368 123 805 0.868 3.69
TEQpcnrs 426 659 607 600 37.1 751 1.02 127 0563 125 118 189 561 118 0.825 1.1
TEQpcopines 529 805 778 730 516 115 188 189 0726 157 232 226 684 199 169 550

Blank: not detected (< 1 pg g dw).
TEQpcppprs Were calculated using ReP values from Behnisch et al. (2003) and Lee et al. (2013).
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Table S3. Concentrations of PCBs in sediments from Pohang Area in June and August 2010.

PCBs Relative June 2010 August 2010
(ng g' dw for conc.,  potency
pg g'l dw for TEQs)  (RePs) P1 P2 P3 P4 P5 P6 R1 R2 P1 P2 P3 P4 P5 P6 R1 R2
Indicator (IUPAC no.)
28 0.020 042 0.027 0.14 0.47  0.047 0.035 0.033
52 0.066 0.29 0.14  0.046 0.064 0.061 0.50 0.016 0.071
101 0.59 0.21 0.093 0.070 046 0.011
138 0.14 0.53 0.10 0.15 0.17 0.65 0.062 0.072
153 0.10 0.69 0.080 0.14 0.62 0.034
Non-ortho
81 3.0x10° 0.11 0.288 0.340 0.236 0.039 0.15 0.24 0.53 0.93 0.044
77 1.0x10* 0.505 0.056 0.093
126 1.0x 10 0.062
169 3.0x 10™
Mono-ortho
105 1.0x 107 0.164 0.116 0.049 0.071 0.092 0.25 0.18 0.16
114 5.0x10° 0.146 0.39
118 1.0x 107 0.10 0.206 0.407 0.24 0.20 0.45
123 1.0x 107 0.292 0.042 0.38 0.020
156 2.0x107° 0.018 0.12
157 40x107° 0.137 0.072 0.062 0.015 0.15
167 1.0 x 107 0.085 0.18 0.034
189 1.0x 107
Di-ortho
170 0.18
180 0.22 0.04 0.07 0.34 0.07
2PCBs 0.21 1.5 3.7 0.64 0.24  0.085 0.20 0.97 1.4 4.9 0.19 1.0 0.34 0.40
2Co-PCBs 0.21 0.60 1.6 0.64 0.039 0.20 0.56 0.86 2.2 0.018 0.95 0.31 0.30
TEQpcgs 0.322 0.864 1.08 0.709 0.116 0.463 0.721 1.58 281 <0.01 <001 0.138 6.18

Blank: not detected (< 0.01 ng g dw).

TEQpcps were calculated using ReP values from Behnisch et al. (2003) and Lee et al. (2013).
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Table S4. Concentrations of PAHs in sediments from Pohang Area in June and August 2010.

PAHs Relative June 2010 August 2010

(ng g' dw for conc.,  potency

pg g'l dw for TEQs)  (RePs) P1 P2 P3 P4 P5 P6 R1 R2 P1 P2 P3 P4 P5 P6 R1 R2

Priority PAHs
Na 6.40 34.7 3.64 0473 1.04 2.97 4.84 15.6 3.67 17.4 2.44 10.8
Anp 0.658  1.88 21.1 1.34 2.42 0.574 1.18 1.61 4.39 2.48 386  0.558 0.623
Ane 0.286 11.6 31.0 8.20 0.661 2.86 104 125 134 204 0598 1.04
Flr 0413 6.09 741 36.6 7.22 441 1.06  5.11 734 240 180 502 1.13  2.67
Phe 378 313 363 266 35.1 150 1.17 227 400 366 335 170 106 180 3.55 11.4
Ant 0.408 4.82 7.58 612 8.07 36.0 3.81 120 588 6.69 343 206 370 1.02 1.02
Fl 645 610 722 455 52.2 325 268 362 429 949 618 285 161 460 1.64  8.05
Py 591 594 824 490 48.7 225 257 276 383 830 708 370 197 447 2.09  6.13
BghiP 9.05 352 437 270 33.5 231 565 221 283 400 357 123 74.3 205 1.90 472

DL-PAHs
BaA 1.9x10° 3.14 165 20.2 169 23.6 264 1.66 141 208 28.1 177 868 509 163 1.99 322
Chr 23x10° 347 169 223 136 206 466 238 149 181 265 173 756 437 124 141 296
BbF 5.1x10° 9.04 403 515 347 46.0 222 568 364 267 428 39.1 139 84.2 275 267 523
BKF 1.4x 10" 3.99 127 168 111 153 752 472 11.6 .70 164 135 479 28,6 95.1 1.28 227
BaP 1.6x10° 606 206 254 226 274 944 325 171 1.88 263 174 883 544 194 208 103
IcdP 1.5x10° 7.55 227 312 223 28.2 193 580 204 235 328 220 887 571 158 2.03 329
DbahA 4.6x10° 433 785 11.8 575 108 461 376 7171 1.13 746 448 16.1 11.1 349 115 1.63

>PAHs 63.6 336 449 2940 370 1670 393 239 332 453 364 1580 927 2460 27.5  66.1

>DL-PAHs 37.6 138 179 1270 172 704 27.3 122 13.6 180 131 542 330 1040 12,6 19.6

TEQpans 0762 247 327 220 300 151 0.808 225 0303 320 254 930 562 181 0.238 0415

Na: naphthalene; Anp: acenaphthylene; Ane: acenaphthene; Flr: fluorine; Phe: phenanthrene; Ant: anthracene; Fl: fluoranthene; Py: pyrene; BghiP: benzo(g,h,i)perylene; BaA:

benz(a)anthracene; Chr: chrysene; BbF: benzo(b)fluoranthene; BKF: benzo(k)fluoranthene; BaP: benzo(a)pyrene; IcdP: indeno(1,2,3-cd)pyrene; DbahA:

dibenzo(a,h)anthracene.

Blank: not detected (< 0.1 ng g™ dw).
TEQpapns were calculated using ReP values from Villeneuve et al. (2002).
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