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GRAPHICAL ABSTRACT

Spatial distribution and composition of traditional and emerging PTSs in the offshore sediments of Korea
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ABSTRACT

While the coastal pollution of persistent toxic substances (PTSs) has been widely documented, information on
offshore environments remains limited. Here, we investigated the spatial distribution and sources of PTSs in
the offshore sediments (n = 34) of South Korea. Sediment samples collected from the Yellow Sea (n = 18),
the South Sea (n = 10), and the East Sea (n = 6), in 2017-18 were analyzed for a total of 71 PTSs. Target com-
pounds include 31 PCBs, 15 PAHs, 9 emerging PAHs (e-PAHs), 10 styrene oligomers (SOs), and 6 alkylphenols
(APs). Sedimentary PCBs showed relatively low concentrations with no significant difference across the three
seas (0.16-6.9 ng ¢! normalized organic carbon, OC). Low-chlorinated PCBs (tri- and tetra CI-CBs) were pre-
dominant (mean: 77%), primarily indicating atmospheric inputs. PAHs widely accumulated in the three seas
with low to moderate level (22-250 ng g~ ' OC), and dominated by high molecular weight PAHs (4-6 rings).
PMF analysis revealed coast-specific PAHs sources; i.e., originated from mainly coke production (77%) in the
Yellow Sea, vehicle emissions (68%) in the South Sea, and fossil fuel combustion (49%) in the East Sea. SOs
showed significant contamination than other PTSs, with elevated concentrations in the Yellow Sea (mean:
350 ng g~! OC). APs showed a similar regional distribution to SOs, but concentrations were much lower
(mean: 17 ng g~! OC). SOs and APs seemed to be introduced from rivers and estuaries on the west coast of
Korea, where industrial and municipal activities are concentrated, then might be transported to offshore through
tide or currents. Overall, the novel data presented for various PTSs in offshore Korean sediments warrant the ne-
cessity of a long-term monitoring effort and urgent management practice to protect marine ecosystem.
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1. Introduction

Persistent toxic substances (PTSs) originate from various anthropo-
genic activities, and are transported to the marine environment through
wastewater, rivers, and the atmosphere (Yoon et al., 2020). These PTSs
pose potential hazards to marine ecosystems (Wolska et al.,, 2012). PTSs
mainly accumulate in coastal sediments, because of their hydrophobic-
ity and particle adsorption properties. However, less hydrophobic PTSs
are transported farther to the offshore regions through the atmosphere
and via ocean currents. For example, high concentrations of PTSs, such
as polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocar-
bons (PAHs), have been detected in the remote sites of the Arctic
(Dachs et al., 2002; Galban-Malagén et al., 2012). In addition, PTSs are
highly persistent and accumulate both in coastal sediments and deep-
sea bottoms (Montuori et al., 2016; Sobek and Gustafsson, 2014,
Webster et al., 2011). To date, studies on the distribution and sources
of PTSs have primarily focused on coastal sites, and offshore environ-
ment has received little attention for the sediment PTSs study until
lately. Thus, it is necessary to monitor a wide area extending from the
coastal areas to offshore sites in order to accurately understand the be-
havior and fate of PTSs in marine environment.

Recent concerns of PTSs identified on the coasts of South Korea en-
compass PCBs, PAHs, styrene oligomers (SOs), and alkylphenols (APs)
(Hong et al., 2016a; Lee et al., 2017; Yoon et al., 2017, 2019). Although
PCBs designated as persistent organic pollutants (POPs) in 2001 by the
Stockholm Convention were banned in the early 1980s globally, they
are still detected in marine environments, including from Korean seas
(Hong et al.,, 2016b). PAHs have negative effects on aquatic organisms,
including genotoxicity and developmental toxicity. Consequently, the
United States Environmental Protection Agency (US EPA) prioritizes
16 PAHs (traditional PAHs). Although PAHs are managed as controlled
substances, they continue to be present at great concentrations in the
marine environment, due to their multiple sources (Gong et al., 2018;
Kannan et al., 2005; Neff, 2002). Since 2007, APs have been completely
banned from domestic usage in South Korea, but they were frequently
reported to occur in river and coastal sediment, thus remains under sig-
nificant concern (Hong et al., 2016b; MOE, 2014, Lee et al., 2017; Soares
et al., 2008). SOs have been recently reported in coastal sediments
(Hong et al., 2016a). SOs negatively impact marine organisms, such as
genotoxicity and reproductive toxicity; yet, monitoring data remain
much limited, impeding effective management (Kwon et al., 2014;
Ohyama et al., 2001; Tatarazako et al., 2002).

As more than 40% of the population in South Korea is concentrated
along the coastline, human impacts on the coastal environment would
be inevitable (MOE, 2008). Since the 1960s, coastal pollution and envi-
ronmental deterioration caused by traditional PTSs have long been rec-
ognized due to the rapid industrialization and increased population
density (Ahn et al., 1995; Choi et al., 2009; Hong et al., 2006; Koh
et al,, 2005; Moon et al.,, 2008; Yim et al., 2007). Consequently, interest
and research on PTSs in the coastal areas of South Korea have sharply
grown since the 1990s (Khim and Hong, 2014). Yet, few studies have fo-
cused on offshore pollution, despite the persistence and long-range
transport potential of PTSs. In fact, the extent of PTS contamination in
the coastal environment of Korea would vary primarily depending on
oceanographic settings and the size and type of surrounding human ac-
tivities. In particular, Lake Sihwa in the Yellow Sea, Masan Bay in the
South Sea, and Ulsan Bay and Yeongil Bay in the East Sea are seriously
contaminated by PTSs (Khim and Hong, 2014).

More recently, numerous emerging toxic substances have been iden-
tified and introduced in Korean coastal waters (Cha et al., 2019; J. Kim
et al,, 2019). Examples include 11H-benzo[b]fluorene (11BF), benzo[b]
naphthol2,3-d]furan (BBNF), benzo[b]naphtho[2,1-d]thiophene (BBNT),
5-methylbenzo[a]anthracene (5MBA), and benzolj]fluoranthene (BjF).
These substances can cause cancer, genotoxicity, and developmental tox-
icity (Cha et al., 2019; J. Kim et al., 2019; Mimura and Fujii-Kuriyama,
2003). In addition, benzo[e]pyrene (BEP) and 1,12-dimethylbenzo

Science of the Total Environment 789 (2021) 147996

[c]phenanthrene (BCP) are potential toxic substances, while 2-
methylphenanthrene (2MA) and 9-ethylphenanthrene (9EP) are
mutagenic substances (Gibson et al., 1978; LaVoie et al., 1983;
Onodera et al., 1994). Thus, to understand the potential toxicity
and fate of these emerging-PAHs (e-PAHs) in marine environments,
monitoring studies are indeed necessary and timely significant
(Amamiya et al., 2019; Kwon et al., 2015).

Here, we investigated the distribution characteristics and potential
sources of traditional (PCBs, PAHs, and APs) and emerging (e-PAHs and
SOs) PTSs in the offshore surface sediment of South Korea. The objectives
were to i) determine the distribution of PTSs in the sediment of the three
Korean seas, ii) identify potential sources of PTSs, and iii) compare the
degree of offshore sedimentary contamination of target PTSs with
those reported in coastal regions of Korea and elsewhere. Our results
are expected to provide baseline data and information on PTSs in off-
shore sediment that will be of use to future research and management.

2. Materials and methods
2.1. Study area, sampling, and sample preparation

The present study focused on the three seas around the Korean
Peninsula, namely the Yellow Sea, the South Sea, and the East Sea.
These three seas represent somehow typical and independent charac-
teristics in oceanographic settings and geomorphological features
(Khim et al., 2021). First, the Yellow Sea, westward from the mainland,
is a shallow water system (mean: 51 m), characterized by macrotidal
environment (4-10 m) with extensively developed coastal wetlands
due to larger river inputs of sediments and organic matters. The South
Sea, southward from the mainland, shows a mesotidal environment
(1.3-4.3 m), having many semi-closed bays and islands, but slightly
deeper (mean: 71 m) than the Yellow Sea. Finally, the East Sea, eastward
from the mainland, is a small marginal sea with relatively deep waters
(mean: 1497 m; max: 2985 m) compared to the other two seas, and fea-
tured by the typical rocky shore and beaches along the coast.

A total of thirty-four sediment samples were collected in the Yellow
Sea (n = 18), the South Sea (n = 10), and the East Sea (n = 6) during
August 2017, August 2018, and May 2017, respectively (Fig. 1). In the
East Sea, due to the deep water depth, wide-area sampling was unavail-
able, and sediment samples were collected from a total of six sites, from
shallow to deep water depth. Each station of the Yellow Sea was classi-
fied into three groups (A: inner; B: middle; and C: outer) depending on
the distance from the land (Fig. 1). Surface sediments (0-2 cm) were col-
lected using a box corer on board. Sediment samples were homogenized
and stored in pre-cleaned 125 mL glass jars, and were immediately fro-
zen at —20 °C until laboratory analysis. Mud contents in sediments
were measured from partial analysis by wet-sieving (Buchanan, 1984).
All samples were freeze-dried and sieved (2-mm mesh) in the laboratory
before analyses for organic matters and target PTSs.

2.2. Analysis of organic carbon and nitrogen and their stable isotopes

Sedimentary organic carbon (OC) and total nitrogen (TN) were ana-
lyzed using the previously reported methods (Kim et al., 2018). To mea-
sure OC and carbon stable isotopes in sediment samples, inorganic
carbon was removed by adding 1 M hydrochloric acid. TN and nitrogen
stable isotopes were analyzed using freeze-dried sediment without acid
treatment. OC, TN, and their stable isotopes were analyzed by use of an
elemental analyzer coupled with an isotope ratio mass spectrometer
(EA-IRMS). Isotopic compositions were expressed as 6 notation, based
on the following Eq. (1):

613C or 8]5N () = [(Rsample/Rreference) _]] % 1000 (])

where R is the ratio of '3C/'2C or '>N/'N of a given sample and refer-
ence material. Vienna Peedee Belemnite and atmospheric N, were used
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Fig. 1. Map showing the study area and sampling locations around South Korea in the Yellow Sea (n = 18), the South Sea (n = 10), and the East Sea (n = 6). Coastal location (blue square)
refers to the data available for a regional comparison presented in Fig. 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

as reference materials for carbon and nitrogen, respectively. Analytical
errors were 0.05%. for 6'>C and 0.1%. for 6'°N, and were estimated from
working standards (CH6 for 6'3C and N1 for 6'°N, International Atomic
Energy Agency, Vienna, Austria).

2.3. Analyses of PTSs

Standard materials of 31 PCB congeners were purchased from
Sigma-Aldrich (Saint Louis, MO). Fifteen traditional PAHs were obtained
from ChemService (West Chester, PA), nine e-PAHs from Sigma-Aldrich,
10 SOs from Wako Pure Chemical Ind. (Osaka, Japan) and Hayashi Pure
Chemical Ind. (Osaka, Japan), and six APs from Sigma-Aldrich.

Analyses of PTSs in sediments were conducted following the methods
described elsewhere, with minor modifications (Hong et al.,, 2016a; Lee
et al.,, 2017; Cha et al., 2019; J. Kim et al., 2019; An et al., 2020). Ten
grams of freeze-dried sediment samples were extracted, and placed for
16 h on a Soxhlet extractor with dichloromethane (DCM, Burdick &
Jackson, Muskegon, MI). For quality control, 12 surrogate standards
were added before extraction. These included '3C-labeled CB-28, -52,
-101, -153, -138, -180, and -209 for PCBs; acenaphthene-d10 (Ace-d10),
phenanthrene-d10 (Phe-d10), chrysene-d12 (Chr-d12), and perylene-
d12 (Pery-d12) for PAHs and SOs; and bisphenol A-d16 for APs. Organic
extracts were concentrated with rotary evaporator and were exchanged
to hexane (Burdick & Jackson). Activated copper powder (Merck,
Darmstadt, Germany) was added to remove elemental sulfur for 1 h.
The extracts were subsequently cleaned and fractionated through an
open column chromatography with activated silica gel (70-230 mesh,
Sigma-Aldrich). The first fraction (F1) was collected to obtain PCBs by

the elution with 30 mL hexane. The second fraction (F2) was collected
to obtain PAHs and SOs by the elution of 60 mL hexane:DCM (8:2, v/v).
The third fraction (F3) was collected to obtain APs by the elution of
50 mL 60% DCM in acetone (J.T. Baker, Center Valley, PA). Each fraction
was concentrated to 1 mL under N, gas flow, and 100 ng internal standard
(2-fluorobiphenyl, ChemService) was added before the instrumental
analyses.

Target PTSs were quantified using an Agilent 7890B GC coupled with a
5977B mass spectrometer detector (MSD, Agilent Technologies, Santa
Clara, CA). Instrumental conditions for analyzing PTSs are presented in
Tables S1 and S2 of the Supplementary Materials. Method detection limits
(MDLs) were calculated as 3.707 x standard deviations of standard mate-
rials quantified seven times. MDLs were 0.01-0.03 ng g~ ' dry weight
(dw) for PCBs, 0.07-0.89 ng g~ ! dw for PAHs, 0.06-0.52 ng g~ ! dw for
e-PAHs, 0.11-0.89 ng g~ ! dw for SOs, and 0.08-3.7 ng g~ ' dw for APs.
The average recovery of surrogate standards for PCBs was 106%, 99%,
102%, 109%, 110%, 114%, and 115% for '*C-labeled CB-28, -52, -101,
-153, -138, -180, and -209, respectively. Surrogate recoveries for Ace-
d10, Phe-d10, Chr-d12, and Pery-d12 were 72%, 76%, 88%, and 90%, re-
spectively. Average recovery of bisphenol A-d16 was 75% (see Table S1
for details). Concentrations of PCBs in the offshore sediments of South
Korea were partially reported in a previous study (Y.N. Kim et al., 2019).

2.4. Positive matrix factorization receptor model
The EPA positive matrix factorization receptor (PMF) model (Ver.

5.0) was utilized to estimate the sources of PAHs. This model is a type
of factor analysis used to apportion the sources of PAHs (Paatero and
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Tapper, 1993). PMF uses a generic factorization method to quantify the
contribution of source compositions (Larsen and Baker, 2003; Norris
et al., 2014). Each contribution and composition of factors are derived
by minimizing the objective function Q. Q is based on Eq. (2).

(2)

Xij_2£:lgikfl<j ’
Ui

where x;; is the concentration of species j in sample i, u; is the uncer-

tainty of x;; and p is the number of factors. The relative contribution of

factor k is gj, and fi; is the profile of each source. Based on PMF user

guidelines, uncertainties (Unc) were calculated using Eqgs. (3) and (4).

Unc = 5/6 x MDL (3)

Unc = \/ (ErrorFraction x concentration)? + (0.5 x MDL)? 4)

When PTS concentrations were below the MDL, Unc was calculated
using Eq. (3), and when PTS concentrations exceeded the MDL, Unc
was calculated using Eq. (4). The Error Fraction was calculated as the
standard deviation of compound j. In this study, datasets with 15
PAHs x 34 sites were used as input data for the PMF model. In the
model analysis, the category of phenanthrene (Phe) was considered
weak, because of its low correlation with the predicted value (r? =
0.21). All other PAHs had strong correlations (r? > 0.90). After the
base model was run 100 times, the Q values with 2-5 factors were cal-
culated, and Qrrye/Qexp values were 2.4, 1.2, 1.3, and 1.5, respectively. In
this study, the 3-factor solution was selected that exhibited the lowest Q
(robust) value (1.2). To evaluate the accuracy, the modeled PAH con-
centration was compared to the measured concentration. The coeffi-
cient of determination formula was 0.99 (R?) in the linear regression,
indicating that the PMF model result is satisfactory.

2.5. Statistical analysis

SPSS 24.0 (SPSS Inc., Chicago, IL) was used to confirm the relation-
ship between physicochemical properties and PTS concentrations.
Principal component analysis (PCA) was used with varimax rotation.
We also performed Bartlett's and Kaiser-Meyer-Olkin (KMO) tests.
When the index exceeded 0.6, the correlation matrix was considered
suitable for PCA analysis.

3. Results and discussion
3.1. Distribution and sources of sedimentary organic matter

OC content in the sediment from the offshore regions of the three
seas (Yellow Sea, South Sea, and East Sea) ranged from 0.12 to 0.82%
(mean: 0.37%), 0.22 to 1.5% (mean: 0.87%), and 0.24 to 3.2% (mean:
2.3%), respectively (Fig. 2a). Relatively greater OC content was detected
in the East Sea sites, due to the smaller grain size and higher mud con-
tent (MC) (Table S3 and Fig. S1a), supporting the previous studies
(Lee et al., 2008; Song et al., 2014). Significantly greater OC content in
the East Sea than the Yellow Sea and the South Sea (p < 0.05) was at-
tributed to higher export production and lower inputs of terrestrial
minerals (i.e., substances were less diluted in the East Sea) (Lee et al.,
2008) (Fig. 2a). OC contents in sediments were also greater in the
outer sites (YC group) of the Yellow Sea (Fig. 2a). The central part of
the Yellow Sea contains areas of mud deposits, due to its hydrodynamic
properties and oceanographic settings. These phenomena led to rela-
tively high OC content in this region (Qiao et al., 2017). TN content of
the Yellow Sea, the South Sea, and the East Sea were 0.02-0.14%
(mean: 0.06%), 0.04-0.14% (mean: 0.09%), and 0.07-0.35% (mean:
0.27%), respectively (Table S3). The C/N ratio (ratio of OC and TN; rang-
ing from 6 to 20) was used to determine the origin of organic matter
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(Fig. S2a).Itis indicated that sedimentary organic matter in the offshore
areas of South Korea mainly originated from marine phyto- and zoo-
plankton (Nakai et al., 1982).

The 6'3C values in the sediments of the Yellow Sea, the South Sea,
and the East Sea ranged from —22.3 to —20.5%. (mean: —21.6%.),
from —21.6 to —21.1%. (mean: —21.3%,), and from —21.6 to —20.9%.
(mean: —21.2%.), respectively. 8'°N values in sediments ranged from
4.4 to 7.0%. (mean: 5.9%.), 6.3 to 8.1%. (mean: 7.1%.), and 6.2 to 7.7%.
(mean: 6.9%.) in the Yellow Sea, the South Sea, and the East Sea, respec-
tively (Table S3). 6'C values originating from marine organic matter
were previously reported to range from —22 to —20%., while those
originating from terrestrial organic matter ranged from —27 to —25%.
(Peters et al., 1978). Thus, sedimentary organic matter tends to origi-
nate from marine sources (Fig. S2b). In comparison, 6'°N values previ-
ously ranged from —0.9 to 4.4%. for anthropogenic organic matter and
2.9 to 9.8%. for organic matter of marine origin (Liénart et al., 2017).
Thus, 8'°N in the offshore sediments of South Korea obtained from the
present study (4.4-8.1%.) were considered to be of marine origin, in
general. However, relatively lower 6!°N in the sediments of the Yellow
Sea seemed to be more affected by the anthropogenic organic matter
input, due to the large influx of freshwater through estuaries, compared
to the other seas (Wang et al., 2003).

3.2. Distribution and composition of PTSs

PTS concentrations in the offshore sediments were significantly cor-
related with OC content (p < 0.05) (Fig. S3). Comparing PTS contamina-
tion in the offshore sediments between the three seas based on dry
weight might not be appropriate due to the regional heterogeneity of
OC in particles of different size classifications (Huang et al., 2011). As
shown in Fig. 2a, OC content significantly differed in the sediments of
the three sea areas; thus, OC-normalized concentrations of PTSs were
used to assess and compare the extent of contamination in the present
study.

3.2.1. PCBs

PCB concentrations in the sediments of the offshore areas in the
Yellow Sea, the South Sea, and the East Sea were 0.37-6.9 ng g~ ' OC
(mean: 1.4 ng g~ ' 0C), 0.16-1.6 ng g~ ' OC (mean: 0.62 ng g~ ! 0OC),
and 0.59-1.7 ng g~ ! OC (mean: 1.0 ng g~ ' OC), respectively (Fig. 2b
and Table S4). PCB concentrations in the offshore sediments of South
Korea might not impact benthic organisms; they did not exceed sedi-
ment guidelines of the Canadian Council of Ministers of the Environment
(CCME, interim marine sediment quality guidelines: 21.5 pg kg~ dw;
probable effect levels: 189 ug kg~! dw) (CCME, 2002). Low-chlorinated
PCBs, such as tri- and tetra-CBs frequently dominated the offshore sedi-
ments around Korea, with detection rates of 53% and 30%, respectively,
whereas the detection rates of high-chlorinated PCBs, such as penta- to
hepta-CBs, were low. Low-chlorinated PCBs have relatively high volatil-
ity compared to high-chlorinated PCBs, and can travel through the
atmosphere to remote areas (Wania and Mackay, 1996). Thus, the sedi-
mentary PCBs in the offshore areas of South Korea were likely introduced
from neighboring countries through atmospheric deposition (Y.N. Kim
et al,, 2019).

3.2.2. Traditional PAHs

PAH concentrations were 22-180 ng g ! OC (mean: 102 ng g~ OC)
in the Yellow Sea, 35-250ng g~ ! OC (mean: 88 ng g~ ' OC) in the South
Sea, and 83-220 ng g~ ! OC (mean: 130 ng g~ ! OC) in the East Sea
(Fig. 2c and Table S5). In the Yellow Sea, PAHs were more concentrated
in sediments of outer areas (YC group) compared to coastal areas (YA
group). The distribution of PAHs found in the Yellow Sea showed a sim-
ilar pattern reported in the previous studies (J. Li et al., 2015; Lin et al.,
2011, 2017; Wang et al., 2020; Xu et al., 2019). The central parts of
the Yellow Sea contain mud deposits where hydrodynamic effects
cause introduced organic toxic substances to accumulate (J. Li et al.,
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Fig. 2. Distributions and composition of PTSs in the sediments of the Yellow Sea, the South Sea, and the East Sea. (a) Organic carbons, (b) PCBs, (c) PAHs, (d) e-PAHs, (e) SOs, and (f) APs. On
the map, organic carbon is expressed as a percentage, while PTSs are expressed as normalized organic carbon concentration. Compositions of each PTS are given as percentages. Kruskal-
Wallis test was used to examine differences and the asterisk (*) represents significant differences (p < 0.05).

2015; Lin et al,, 2011, 2017; Qiao et al.,, 2017). The relatively high con-
centration of PAHs in the sediment at K7 might be influenced by the sur-
rounding industrial complexes and cities (Han et al., 2016). PAH
concentrations in the East Sea were highest at site E5 (220 ng g~ !
0C). However, it should be noted that the concentrations of sedimen-
tary PAHs across the three seas were not statistically different
(Fig. S1). Overall, PAHs were widely distributed in the sediments of off-
shore areas around South Korea.

Meantime, the composition of PAHs differed among the three seas.
For instance, Phe (mean: 19 ng g~! OC) was the greatest PAH found in
the sediments of the Yellow Sea, whereas indeno[1,2,3-cd]pyrene
(IcdP) dominated in the sediments of the South Sea (mean: 13 ng g~
0C) and the East Sea (mean: 25 ng g~ ! OC) (Table S5). In all three sea
areas, high molecular weight (HMW)-PAHs (4-6 rings) accounted for
a large proportion of total PAHs (Yellow Sea: 55%; South Sea: 66%;
East Sea: 80%) (Table S5). This result indicated that combustion sources
were dominant, including fossil fuel combustion and vehicle emissions
(Gong et al., 2018; Kannan et al., 2005; Neff, 2002). In comparison, 3
ring-PAHs were prevalent in the sediments of the Yellow Sea (contrib-
uting 35%), while 4 ring-PAHs (32%) were prevalent in the South Sea.
Similarly, 4 ring PAHs (33%) 5 ring-PAHs (25%) were prevalent in the
East Sea (Fig. 2c). Overall, in the three seas, PAHs in sediments seemed

to mainly originate from combustion sources; however, the specific
sources in each sea differed slightly.

3.2.3. Emerging PAHs

e-PAH concentrations in sediments ranged from 3.4 to 38 ng g~
OC (mean: 19 ng g~ ! OC) in the Yellow Sea, 4.5 to 44 ng g~ ! OC
(mean: 14 ng g~ ! OC) in the South Sea, and 14 to 35ng g~ ! OC in
the East Sea (mean: 21 ng g~ ! OC) (Fig. 2d and Table S6). e-PAHs
in offshore sediments showed a similar distribution pattern to that
of traditional PAHs (p < 0.05). BEP and BjF accounted for the highest
proportion of PAHs, on average (Fig. 2d). In the Yellow Sea region, 3
ring e-PAHs were the most prevalent (39%), with 2MA occurring in
the greatest contribution. In the South Sea and the East Sea, 5 ring
e-PAHs (such as BEP) had the highest percentages (51% and 52%, re-
spectively). Previously, 2MA was shown to originate from diesel and
wood combustion (Fine et al., 2001, 2002; Westerholm et al., 2001),
while BEP originated from vehicle emissions (Khalili et al., 1995),
and BjF from fossil fuel combustion (Ledesma et al., 2000). Thus,
the major sources of e-PAHs in the offshore sediments of the South
Sea and the East Sea were likely vehicle emissions and fossil fuel
combustion, while diesel and wood combustion potentially repre-
sented the main sources in the Yellow Sea.

1
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3.2.4. Styrene oligomers

SO concentrations in offshore sediments ranged from 80 to 790 ng
g~ 10C (mean: 350 ng g~ ' OC) in the Yellow Sea, with the greatest con-
centration occurring at site YB1 (Fig. 2e and Table S7). In the South Sea,
SO concentrations ranged from 50 to 340 ng g~ ! OC (mean: 140 ng g~ !
0C), with the greatest concentration occurring at site KC1. In the East
Sea, SO concentrations ranged from 69 to 290 ng g~ ! OC (mean:
150 ng 7! OC). SO concentrations in the sediments of the Yellow Sea
were significantly greater than those found in the South Sea and the
East Sea (Fig. S1). SOs are mainly derived from polystyrene plastics,
and are introduced by runoff from rivers, rather than atmospheric depo-
sition (Kwon et al., 2015). Of note, there are many large rivers flowing
into the Yellow Sea. Consequently, relatively greater concentrations of
SOs were detected in the offshore sediments of the Yellow Sea (H.G.
Choi et al., 2011) compared to other seas. Meantime, styrene dimers
(SDs) were the dominant group of SOs in all three seas (Yellow Sea:
88%; South Sea: 78%; East Sea: 67%). SDs are the products of styrene tri-
mers (STs) decomposition (Tian et al., 2020). Because all sites evaluated
were located in regions that were 6.4-190 km offshore (average 80 km)
from mainland, STs introduced to the sea were assumed to decompose
during transportation to form SDs.

3.2.5. Alkylphenols

AP concentrations in offshore sediments ranged from 4.0 to 150 ng
g~1 0C (mean: 24 ng g~! OC) in the Yellow Sea, 1.6-35 ng g~! OC
(mean: 8.0 ng g~ OC) in the South Sea, and 2.9-23 ng g~ ' OC (mean:
8.1 ng g~! OC) in the East Sea (Fig. 2f and Table S8). Sedimentary AP
concentrations did not exceed the sediment guidelines of the CCME
(1000 pg kg~ ' dw) (CCME, 1999), and were not at a level that could
present an ecological risk. The distribution patterns of APs in offshore
sediments were similar to those of SOs (r = 0.75, p < 0.05), suggesting
the common sources and transport pathways for these PTSs. APs are
considered to be indicators of sewage-derived organic matter, and are
introduced to the marine environment through rivers (B. Li et al.,
2015; Loos et al., 2007). The relatively higher concentrations of APs in
the sediments of the Yellow Sea were attributed to the high influx of
freshwater from rivers, similar to the case for SOs. The composition of
APs in sediments indicated a high contribution of nonylphenol
ethoxylates (NPEOs) (Yellow Sea: 46%; South Sea: 63%; East Sea: 83%).
Nonylphenols are the degradation products of NPEOs; thus, the high
proportion of NPEOs detected in this study likely enhanced nonylphenol
concentrations and associated potential risks (Isobe et al., 2001).

m % of species
Factor 1 - Vehicle [ Conc. of species

—
Q
N
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3.3. Source identification of PTSs

Potential sources of sedimentary PCBs in South Korea have been de-
scribed previously (Y.N. Kim et al., 2019). Major sources of PCBs in the
offshore sediment of South Korea included a mixture of Aroclors 1016,
Aroclors 1042, and Kanechlor 300, as well as combustion sources
(Ikonomou et al., 2002; Y.N. Kim et al., 2019; Pedersen et al., 2015).
However, it should be noted that the sources of PCBs found in offshore
sediments in the present study differed slightly among the three seas
(Fig. S4).

Further, a PMF model was used to identify the sources of PAHs in the
offshore sediment of South Korea (Fig. 3a). Fluorene (Flu), fluoranthene
(FI), pyrene (Py), and benzo|g,h,i]perylene (BghiP) were the main com-
ponents of Factor 1, and likely originated from vehicle emissions (Khalili
et al., 1995; Nielsen, 1996). Anthracene (Ant) and Fl were identified as
the main components of Factor 2, and likely originated from coke pro-
duction (Harrison et al., 1996; Kong et al., 2012). The main components
Factor 3 included benzo[b]fluoranthene (BbF) and BghiP, and likely
originated from fossil fuel combustion (D. Yang et al., 2013). Using the
three factors, we elucidated the sources for each site across the three
seas (Fig. 3b). Sedimentary PAHs in the Yellow Sea were associated
with coke production (77%), followed by fossil fuel combustion (14%)
and vehicle emissions (9%). They likely originated from industrial com-
plexes and coal-fired power plants located on the west coast of South
Korea (H.G. Choi et al,, 2011). The major sources of PAHs in the South
Sea were likely vehicle emissions (68%), followed by fossil fuels (21%)
and coke production (11%). Finally, sedimentary PAHs in the East Sea,
likely originated from fossil fuels (49%) and vehicle emissions (48%).

Due to the high urbanization and industrialization of the southeast-
ern areas of South Korea (including Busan, Ulsan, and Pohang), various
anthropogenic pollutants could be introduced to the marine environ-
ment (H.G. Choi et al., 2011). Most fossil fuels and vehicle emissions of
sedimentary PAHs in the East Sea could be explained by nearby sources.
In the previous studies, biomass combustion sources did not contain or
accounted for a very small proportion of high molecular weight PAHs,
including BbF, benzo[k]fluoranthene, benzo[a]pyrene, dibenz[a,h]an-
thracene, BghiP, and IcdP (McGrath et al., 2001; Ravindra et al., 2008;
Singh et al,, 2013; B. Yang et al.,, 2013). Thus, the contribution of biomass
combustion sources to PAHs in offshore sediments of South Korea is
suggested to be small.

To identify the sources of SOs, the ratio of 2,4,6-triphenyl-1-hexene
(ST1) and cis-1,2-diphenylcyclobutane (SD2) was used (Tian et al.,
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Fig. 3. Source identification and source contribution of PAHs in the sediments analyzed in the present study. (a) Factor profiles and (b) factor scores resulting from the PMF model used for

identification of the potential sources of PAHs in the offshore sediments of South Korea.
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Fig. 4. PCA analysis based on physicochemical properties and PTS concentrations in the study area.

2020). If the ratio exceeds 2, they are considered to be aged expanded
polystyrene (EPS); otherwise, they are considered to be fresh EPS.
Most sites (94%) produced ST1:SD2 ratios exceeding 2 (Fig. S5); thus,
aged EPS was the major source of SOs. AP sources were identified
using the ratio of NPs and NPEOs (Isobe et al., 2001). If the ratio is less
than 1, it means a fresh input of APs. When we calculated the NPs/
(NP1EOs + NP2EOs) ratio, it was below 1 at all sites, indicating fresh in-
puts of APEOs. However, it should also be noteworthy that this excep-
tional result was attributed to the very low concentrations of APs with
varied compositions.

Last, PCA was used with the physicochemical properties and individ-
ual PTS compounds to elucidate regional characteristics. PC1 repre-
sented 31.9% of the total variance, while PC2 represented 20.4%.
Together, these components explained 52.3% of the total variance
(Fig. 4). PC1 had a high positive correlation with PTSs and a weak neg-
ative correlation to OC, TN, depth, and 6'3C (Fig. 4a). Meantime, PC2
had a high positive correlation with HMW-PAHs and some other pa-
rameters (depth, 63C, 6'°N, OC, and TN), but a weak positive correlation
with e-PAHs, low molecular weight PAHs (LMW-PAHSs), and STs. There
was a strong negative correlation with octylphenols (OPs) and MC,
water content (WC), and SDs, while NPs and PCBs had weak negative
correlations. In general, PCA groups across the environmental parame-
ters and PTSs detected in offshore sediments of South Korea reflected
oceanographic settings of the three seas (Fig. 4b). For example, the
Yellow Sea group was located in a negative direction at PC2, and was
more affected by PCBs, STs, and APs compared to the other seas. Station
YC3 in the Yellow Sea group had a higher correlation with PC1 compared
to the other stations, indicating that it was significantly affected by PTSs.
Station YC3, which was significantly affected by PTSs, was located within
the waste dumpsite, and showed higher degree of pollution than the
other sites in the Yellow Sea (Kim et al., 2009). Of note, the South Sea
group was located between the Yellow Sea and the East Sea groups. In
the South Sea group, KB4 was distinguished from other stations. This sta-
tion had a strong positive correlation with PC1, which was attributed to it
being located closer to industrial cities compared to the other South Sea
stations (Han et al., 2016). The East Sea group was located in the positive
direction of PC2 compared to the other two groups. The East Sea had high
0OC and TN content, with PAHs and STs having potentially strong effects.

3.4. Comparison with previous studies

The concentrations of PTSs in offshore sediments obtained from the
present study were compared to previously reported data in the coastal

areas of South Korea (An et al., 2020; Cho et al., 2004; Choi et al., 2001,
2007, 2009, 2011a, 2011b, 2014; Hong et al., 2005, 2009, 2010, 2014,
2016a; Jeong et al., 2001; Jung et al., 2012; Khim et al., 1999; Kim
et al., 2014; Koh et al., 2002, 2005; Lee et al., 2001, 2020; Woo et al.,
2006; Yim et al., 2007, 2014; Yoon et al., 2017) (Fig. 5) and other coun-
tries (Table 1). To facilitate comparison with previous studies, the PTS
concentrations in this study were expressed as dry weight basis. PCB
concentrations in the Yellow Sea and the South Sea in the present
study were relatively lower or similar to those previously reported in
the Yellow Sea (Duan et al., 2013) and the Korea Strait (Guerra et al.,
2019). PCB concentrations in our study were similar or lower compared
to those documented in the Adriatic Sea, the Barents Sea, the Bohai Sea,
the Mediterranean Sea, and the Indian Sea (Cheng et al., 2015; Combi
et al., 2016; Mandalakis et al., 2014; Wang et al., 2015; Zaborska et al.,
2011). However, PCB concentrations were higher in the Baltic Sea
(Sobek et al., 2015) compared to the Yellow Sea and the South Sea,
and were similar to those in the East Sea.

PAHs concentration in the Yellow Sea was previously reported as
90 ng g~ ! dw (Liu et al., 2012), on average, but was comparatively
lower in the present study (44 ng g~ ' dw). However, PAH concentra-
tions in the Yellow Sea and South Sea were generally higher than
those of the Mediterranean Sea (Mandalakis et al., 2014). PAHs in the
Bohai Sea, the White Sea, and the Barents Sea were similar or lower
than the Yellow Sea and the South Sea (Hu et al., 2011; Savinov et al.,
2000; Zaborska et al., 2011). PAH concentrations in the Adriatic Sea,
the Kara Sea, and the South China Sea were 2-3 times higher compared
to those in the Yellow Sea and South Sea, but were lower compared to
the East Sea (Table 1).

SO concentrations were compared with previous studies that con-
ducted at relatively far distances from mainland, because few studies
have been conducted on offshore area. All three sea areas in the present
study had higher SO concentrations compared to those reported in the
previous studies. In particular, the East Sea had SO concentrations that
were more than 100 times higher than those reported in the previous
studies (Hong et al., 2016a; Tian et al., 2020; Yoon et al., 2017, 2019).
Despite the large number of target compounds, AP concentrations
were lower in the Yellow Sea and the South Sea in this study compared
to previous studies. AP concentrations were higher in the East Sea com-
pared to the Adriatic and Baltic seas, but were lower compared to previ-
ous studies conducted in the Pearl River Estuary (China) and the South
China Sea.

Relatively higher PTS pollution levels in the East Sea were attributed
to a high pollution state in the corresponding coastal region. This region



Y. Kim, S. Hong, J. Lee et al.

Science of the Total Environment 789 (2021) 147996

(a) . Coastal areas Offshore  Relative contamination
10
West coast ! South coast | East coast | !
—~ 102 max 1 1 ! 1
* % | | 17 ! | S
1 [ 7.37 B = ! !
m. 10 c Mean: 4.2"" *I* - E| ‘ ! B
' Yellow Sea ] East Sea
O o g =T F = ‘ | ‘ O South
o o5 10 E EI 8 = Il R .
I
= 0.1 = min 3 i | i o "
0o | | o 4
‘ a
AT T T T T T T o1 o ol ol o1 o1 & o 3y
.\0@0_‘;\\‘& (\Q’& @@0& Q%(S QQ‘Q((\ QS\Q’ (\@& 00%6& @63\ Q;ﬁ @rz?\ \‘b’b* QJ@ "OQ;D %éb "OQ;D South Sea
SRR AN S SRS P SN I S B O R SO I i
Q Q G Y D S & S O N > UnknownLow ~———— High
@O \f’b v (\Q’o é“* Q,@@ \{.50 ® Q,ééb N ,b@\rb N & O‘@ © < s o — —
G \(\O Q7 A @ N nodatand 5 10 20 100 >100ng g’ dw
( b) (max conc.)
108 ‘
1 ! ! 1
4 | | | |
’3\10 | J,H,,,Z@O v
w5 10° L B 490, El | ! i
I 102 _ _100; B } ! ! Yellow Sea 0 East Sea
<5 i ppk  Elgm « * Soun
o > 10 El =f ! } ! 3 Korea 1
- 1 ! 1 1 o
1.0 ! ! I | o
1 ! | 1
1 ! 1 1 (|
00 I o I o I G I 2 I J I QA I ﬂl 2 3 A I R I ) I » I > O I > I > = a E
f QE S D @ D D oD S D D P PP
Q_S\Q; > Q}Q@&@Q; @’b &\$ . Q)'b Q)’D 2> (\Q; oo’b ‘\@’b Q)’b Q)’b P 2 P South Sea
) S OO O g 2 Q > 1) ) SN > UnknownLow ~———5 High
Q < S \\ & S S S > g
& &S NSNS N & LS &P o
& 8 F 2 A‘?’o $‘2§\ > YooY o © nodatand 100 500 1000 2000 >2000 ng g dw
(c) Ae’o © © () (max conc.)
4
10 ‘ ‘ —
| I | I
—_~ 103 ! ! : !
= i | NN - I .
© 2 Jd L1 _ o ___9 ! ! wI =l
8 < 10 = : 777777 = EGJ H : I : Yellow Sea .. h East Sea
(@] 1 I I I I Sout
w o 10 | w ! w Korea
£ 10 1 1 L
. 1 | 1 1 '
1 | | |
1 1 oe
0.0 I A I o I o A ; Q i N > i » ; » » . '
X\ N IN N IS P N N N
. ‘§’b 0\)@ . \40\ . Q,'b‘\ Q,’$\ %‘8\ 6@@ c® %Q:b South Sea
> & S S S o UnknownLow ————» High
S
) > & S & & N N 3
* L » R\ N & P < e —
% %,bo &) 0*0 nodatand 100 200 500 1000>1000ng g dw
(d ) s (max conc.)
10 | | o
4 l
z 9 | | o
3 1 1
» © 10 ! ' 180 - 680 i : l.D
- 84" TH ! Yellow S =] East S
2 T R
I
o 10" H ! =R ! ! . 3 Korea 1
S i : H o= - i
. | I | I
! ! ! ! =
OOt T T T T T T T T T LT = .'
SN S G P S R G G S S S S S
& P S P F PP PP PP o oF South Sea
< N & <& ] (SN S A Q > >N i
o o QQ & Q & ) PSRN & NS S e UnknownLow ~——> High
ci"(b »F & & S F N RGN & & ¢ e e ———
*Q’é‘ VoY P © N2 Ogb nodatand 100 200 500 1000 Ff;ggooggcg)* dw
References

"Lee et al. (2001); 2 Hong et al. (2009); ° Khim et al. (1999); * Choi et al. (2011b); 5 Choi et al. (2014); ¢ Jeong et al. (2001); " Jung et al. (2012); & Choi
etal. (2011a); ® Hong et al. (2014); 1 Koh et al. (2005); " Choi et al. (2001); ™2 Hong et al. (2005); ** Koh et al. (2002); ™ This study; *® Yim et al. (2007);
16 Yoon et al. (2017); "7 Hong et al. (2016a);'"® Woo et al. (2006); *Yim et al. (2014); % Lee et al. (2020); 2" An et al. (2020); 2 Choi et al. (2007); ? Hong
et al. (2010); 2 Choi et al. (2009); * Hong et al. (2009); % Cho et al. (2004); % Kim et al. (2014).

Fig. 5. Comparison between concentrations of (a) PCBs, (b) PAHSs, (c) SOs, and (d) APs in sediments of coastal areas and three seas of South Korea.
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Table 1
PTS concentrations in the offshore sediments of South Korea in comparison to previously reported data.
PTSs Sampling regions Sampling year #of site #of target chemicals Concentration (ng g~ ! dw) References
Min Max Mean
PCBs Adriatic Sea 2014 48 5 <LOD 43 1.0 Combi et al. (2016)
Baltic Sea 2010 11 155 0.7 28 2.1 Sobek et al. (2015)
Barents Sea 2000 92 7 <LOD 35 0.93 Zaborska et al. (2011)
Bohai Sea 2012-2013 34 37 0.16 1.7 0.53 Wang et al. (2015)
Mediterranean Sea 2006-2011 52 33 0.04 1.2 0.26 Mandalakis et al. (2014)
Indian Ocean 2011 10 32 0.14 0.51 0.23 Cheng et al. (2015)
Korea Strait 2010 1 209 - - 0.65 Guerra et al. (2019)
Yellow Sea 2011 42 24 0.01 3.1 0.72 Duan et al. (2013)
Yellow Sea 2017 18 31 0.1 13 0.37 This study
South Sea 2018 10 31 0.10 1.1 0.49 This study
East Sea 2017 6 31 0.29 4.9 23 This study
PAHs Adriatic Sea 2014 48 16 39 570 170 Combi et al. (2016)
Barents Sea 2000 4 12 35 130 83 Zaborska et al. (2011)
Bohai Sea 2006 2 16 32 200 92 Hu et al. (2011)
Mediterranean Sea 2006-2011 52 16 6 41 26 Mandalakis et al. (2014)
Kara Sea 1993-1994 10 30 70 260 170 Dahle et al. (2003)
South China Sea 1993 11 10 25 280 150 Yang (2000)
White Sea 1994 11 27 16 230 96 Savinov et al. (2000)
Yellow Sea 2007 8 18 27 220 90 Liu et al. (2012)
Yellow Sea 2017 18 24 14 150 44 This study
South Sea 2018 10 24 31 150 75 This study
East Sea 2017 6 24 40 700 340 This study
SOs Arabian Gulf 2017 3 10 0.9 6.0 2.8 Yoon et al. (2019)
Gyeonggi Bay 2015 4 10 20 35 25 Hong et al. (2016a)
Saemangeum Coast 2014 28 10 0.4 260 22 Yoon et al. (2017)
Lake Sihwa 2015-2016 9 10 <LOD 150 57 Tian et al. (2020)
Yellow Sea 2017 18 10 38 250 100 This study
South Sea 2018 10 10 38 240 94 This study
East Sea 2017 6 10 69 550 290 This study
APs Adriatic Sea 2014 48 1 <LOD 40 10 Combi et al. (2016)
Baltic Sea 2011-2012 5 2 <LOD 270 8.9 Koniecko et al. (2014)
South China Sea 2002 24 2 61 580 270 Chen et al. (2005)
Yellow Sea 2017 18 6 3.1 20 5.7 This study
South Sea 2018 10 6 4.7 8.4 5.9 This study
East Sea 2017 6 6 6.0 27 17 This study
<LOD: limit of detection.
is considered to be the main source of PTS pollutions, as the industrial 4. Conclusions

and municipal activities are highly concentrated in the adjacent inland
cities and bays (Hong et al., 2014; Khim et al., 2001; Koh et al., 2002;
Moon et al., 2001; Yim et al., 2007). In particular, the Ulsan Bay and
Yeongil Bay showed the highest levels of PTS contamination in sedi-
ments of South Korea (Fig. 5). Overall, contamination of PTSs in offshore
sediments reported in the present study was lower than those of coastal
areas in South Korea, but PTSs tended to accumulate in mud dominant
areas near hotspots.

The compositions of PCBs and PAHs in offshore sediments of South
Korea were compared with other regions using PCA (Fig. S6). The compo-
sitions of sedimentary PCBs in South Korea were similar to those of the
Adriatic Sea (Combi et al.,, 2016), Bohai Sea (Wang et al., 2015), Indian
Ocean (Cheng et al., 2015), and Korea Strait (Guerra et al., 2019), in gen-
eral. The compositional patterns of PCBs in some stations, such as YB6 and
YC6, were found to be similar to that of a previous study conducted in the
Yellow Sea (Duan et al., 2013). However, the compositions of sedimentary
PCBs in this study were somewhat different from the Mediterranean Sea
(Mandalakis et al., 2014). The compositions of PAHs in sediments showed
a region-specific pattern. East Sea was located in the positive direction of
PC1 compared to the Yellow Sea. Yellow Sea and South Sea were located
in the positive direction of PC2, while the East Sea was located in the mid-
dle. These results indicated that the East Sea was more affected by HMW-
PAHs compared to the other two seas. The compositions of sedimentary
PAHs in the Yellow Sea were similar to those of the Bohai Sea (Hu et al.,
2011), South China Sea (Yang, 2000), and Kara Sea (Dahle et al., 2003).
PAHs compositions of the East Sea were similar to the Mediterranean
Sea (Mandalakis et al., 2014) and the White Sea (Savinov et al., 2000).
This difference is thought to be due to the region-specific sources of
PAHs in each sea area.

The present study is novel in that the distribution characteristics and
sources of traditional PTSs (PCBs, PAHs, and APs) and emerging PTSs
(SOs and e-PAHs) in offshore sediments were extensively investigated
in South Korea. The distribution of PTSs fairly well reflected the oceano-
graphic settings and physical environments of each sea and proximate
sources in a site-specific manner. Relatively high concentrations of PTSs
were observed in the mud deposit area of the Yellow Sea, which was at-
tributed to their hydrodynamic characteristics. In comparison, the South
Sea and the East Sea were seemingly influenced by nearby coastal and/
or inland sources. PCBs originated from a mixture of industrial products
and combustion. PAH sources differed with sea area. The dominant source
of PAHs was coke production in the Yellow Sea, vehicle emissions in the
South Sea, and fossil fuel combustion in the East Sea. When compared
with previous studies conducted on offshore sediments in other coun-
tries, the Yellow Sea and the South Sea had relatively low traditional
PTSs levels. In contrast, PTS levels were comparatively higher in the East
Sea compared to other seas. Due to insufficient monitoring studies in off-
shore sediments globally, comparisons of e-PTSs were difficult to obtain.
Therefore, more monitoring studies are required to elucidate the distribu-
tions and fate of various PTSs and their impacts on the marine ecosystem
in the future. The results of this study are expected to provide baseline in-
formation for PTSs pollution in offshore marine environments in South
Korea and elsewhere in the world.
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Supplementary Tables

Table S1. Target compounds, abbreviations, and monitoring ions in the instrumental analysis,
and method detection limits and recoveries of surrogate standards.

Target compounds Abbreviation Monitoring ions Method
Quantification Confirmation detection limit
ion ion (ng g! dw)

Polychlorinated biphenyl (PCBs)
2,4,4'-Trichlorobiphenyl CB28 256 258 0.03
2,2'5,5"-Tetrachlorobiphenyl CB52 292 290 0.02
2,2',4,5'-Tetrachlorobiphenyl CB49 292 290 0.02
2,2',3,5'-Tetrachlorobiphenyl CB44 292 290 0.03
3,4,4'-Trichlorobiphenyl CB37 256 258 0.02
2,4,4' 5-Tetrachlorobiphenyl CB74 292 290 0.02
2,3',4' 5-Tetrachlorobiphenyl CB70 292 290 0.01
2,3',4,4'-Tetrachlorobiphenyl CB66 292 290 0.03
2,3,4,4'-Tetrachlorobiphenyl CB60 292 290 0.03
2,2'.4,5,5"-Pentachlorobiphenyl CB101 326 324 0.02
2,2',4,4' 5-Pentachlorobiphenyl CB99 326 328 0.02
2,2'3.4,5"-Pentachlorobiphenyl CB87 292 290 0.02
3,3',4,4'-Tetrachlorobiphenyl CB77 326 256 0.01
2,2'3.3" 4-Pentachlorobiphenyl CBS82 338 340 0.03
2,3',4,4' 5-Pentachlorobiphenyl CB118 326 328 0.03
2,3,4,4' 5-Pentachlorobiphenyl CB114 326 328 0.02
2,2',4,4'5,5'-Hexachlorobiphenyl CB153 360 362 0.02
2,3,3',4,4'-Pentachlorobiphenyl CB105 326 324 0.02
2,2'3,3',5,6,6'-Heptachlorobiphenyl CB179 396 398 0.03
2,2'3,4,4' 5'-Hexachlorobiphenyl CB138 360 362 0.02
2,3,3',4,4' 6-Hexachlorobiphenyl CB158 326 328 0.03
3,3'4,4',5-Pentachlorobiphenyl CB126 360 362 0.02
2,3,4,4',5,6-Hexachlorobiphenyl CB166 394 396 0.02
2,2'3.4'5,5',6-Heptachlorobiphenyl CB187 394 396 0.02
2,2'3.4.4" 5" 6-Heptachlorobiphenyl CB183 360 362 0.02
2,2'.3,3',4,4'-Hexachlorobiphenyl CB128 440 442 0.02
2,3,3',4,4' 5-Hexachlorobiphenyl CB156 360 362 0.02
2,2'.3,4,4'5,5'-Heptachlorobiphenyl CB180 394 396 0.03
3,3'4,4',5,5'-Hexachlorobiphenyl CB169 360 362 0.03
2,2'3,3"',4,4' 5-Heptachlorobiphenyl CB170 394 396 0.03
2,3,3',4,4'5,5'-Heptachlorobiphenyl CB189 476 478 0.03

Polycyclic aromatic hydrocarbons (PAHs)
Acenaphthylene Acl 152 151 0.15
Acenaphthene Ace 153 154 0.11
Fluorene Flu 166 165 0.19
Phenanthrene Phe 178 176 0.21
Anthracene Ant 178 176 0.13
Fluoranthene F1 202 200 0.07
Pyrene Py 202 200 0.89
Benzo[a]anthracene BaA 228 226 0.05
Chrysene Chr 228 226 0.11
Benzo[b]fluoranthene BbF 252 253 0.09
Benzo[k]fluoranthene BkF 252 253 0.09
Benzo[a]pyrene BaP 252 253 0.14
Indeno[/,2,3-cd]pyrene IcdP 276 138 0.13
Dibenz[a, h]anthracene DbahA 278 276 0.12
Benzo[g, h i]perylene BghiP 276 138 0.14
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Table S1. Continued.

Target compounds Abbreviation Monitoring ions Method detection
Quantification = Confirmation limit
ion ion (ng g' dw)

Emerging PAHs (e-PAHs)
2-Methylphenanthrene 2MP 192 191 0.17
9-Ethylphenanthrene 9EP 191 206 0.06
Benzo[b]naphtho[ 2, 3-d]furan BBNF 218 189 0.32
11H-Benzo[b]fluorene 11BF 216 215 0.23
Benzo[b]naphthol[2, /-d]thiophene BBNT 234 235 0.12
5-Methylbenzo[a]anthracene SMBA 256 241 0.20
1,12-Dimethylbenzo[c]phenanthrene ~ BCP 242 241 0.34
Benzo[/]fluoranthene BJF 252 253 0.52
Benzo[e]pyrene BEP 252 250 0.28

Styrene oligomers (SOs)
1,3-Diphenylpropane SD1 105 196 0.19
cis-1,2-Diphenylcyclobutane SD2 78 208 0.19
2,4-Diphenyl-1-butene SD3 104 208 0.89
trans-1,2-Diphenylcyclobutane SD4 78 208 0.11
2,4,6-Triphenyl-1-hexene ST1 117 194 0.63
le-Phenyl-4e-(1-phenylethyl)-tetralin  ST2 129 207 0.66
la-Phenyl-4e-(1-phenylethyl)-tetralin ~ ST3 129 207 0.31
la-Phenyl-4a-(1-phenylethyl)-tetralin ~ ST4 129 207 0.70
le-Phenyl-4a-(1-phenylethyl)-tetralin ~ ST5 207 105 0.41
1,3,5-Triphenylcyclohexane ST6 117 104 0.88

Alkylphenols (APs)
4-tert-Octylphenol t-OP 207 221 0.12
4-tert-Octylphenol monoethoxylate t-OP1EO 251 265 0.61
4-tert-Octylphenol diethoxylate t-OP2EO 295 309 0.08
Nonylphenols NPs 207 221 3.7
Nonylphenol monoethoxylates NP1EOs 251 265 0.45
Nonylphenol diethoxylates NP2EOs 295 309 L.5

Internal standard
2-Fluorobiphenyl IS 172 171

Surrogate standards Abbreviation Quantification  Confirmation Surrogate

ion ion recovery

(%, mean + SD)

Polychlorinated biphenyl (PCBs)

13C-labeled CB 28 268 270 106 +7
13C-labeled CB 52 304 302 99+ 6
13C-labeled CB 101 326 328 102+6
13C-labeled CB 153 372 374 109+ 7
13C-labeled CB 138 360 362 110+ 6
13C-labeled CB 180 406 408 114+ 7
13C-labeled CB 209 510 512 115+8
Polycyclic aromatic hydrocarbons(PAHs)
Acenaphthene-d10 Ace-d10 164 162 72+12
Phenanthrene-d10 Phe-d10 188 189 76 +9
Chrysene-d12 Chr-d12 240 236 88+ 11
Perylene-d12 Pery-d12 264 270 90+ 11
Alkylphenols (APs)
Bisphenol A-d16 BPA-d16 368 386 75+ 17
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Table S2. GC/MSD conditions for analyzing polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, styrene oligomers, and alkylphenols in this study.

Instrument Agilent 7890B GC / 5977B MSD
Column DB-5ms (30 m x 250 pm x 0.25 pum)
Gas flow 1 mLmin™! He

Injection mode
Injection volume
Oven temperature
program

Splitless
1 uL
PCBs 60 °C (hold 1 min) —
5 °C min' to 140 °C (hold 1 min) —
30 °C min! to 200 °C (hold 1 min) —
4 °C min! to 250 °C (hold 5 min) —
10 °C min™' to 300 °C (hold 1 min)
PAHs 60 °C (hold 2 min) —
6 °C min™' to 300 °C (hold 13 min)
SOs 60 °C (hold 2 min) —
6 °C min™' to 300 °C (hold 3 min)
APs 60 °C (hold 5 min) —

10 °C min™' to 100 °C —
20 °C min”! to 300 °C (hold 6 min)
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Table S3. Overview of sampling locations and properties of sediment samples collected from the offshore of South Korea.

Sea Sites Latitude Longitude Sampling depth Water Contents Mud Contents OC TN oC 8N
(°N) CE) (m) (%) (%) (%) (%) (%0) (%0)

Yellow Sea YAl 36°56.34" 125°58.94' 38 25 46 0.24 0.04 -22.0 4.40
YA 2 36°33.00" 126°24.00' 16 23 11 0.17 0.02 -21.3 5.54

YA 3 35°51.18" 126°14.42' 28 27 6.8 0.13 0.03 -20.5 5.68

YA 4 35°19.61' 125°46.97" 31 56 98 0.75 0.12 -21.3 6.97

YA S 34'43.28'" 125°43.13' 33 49 88 0.47 0.07 -21.4 6.07

YA 6 34°01.28" 125°42.23' 69 41 96 0.52 0.07 -22.0 6.71

YB 1 36°55.29" 125°12.38'" 52 28 5.9 0.13 0.02 -21.6 4.36

YB2 36°19.09" 125°12.68' 62 26 6.9 0.12 0.02 -22.0 5.55

YB3 35°51.16' 125°12.23" 73 27 16 0.21 0.04 -22.0 5.62

YB 4 35°20.05" 125°12.84' 74 25 18 0.30 0.03 -21.9 6.35

YB5 34°43.25" 125°00.27" 93 33 41 0.23 0.06 -21.4 5.90

YB 6 34°04.55" 125°18.31' 110 34 97 0.62 0.08 -22.3 6.84

YC1 36°55.73" 124°24.09' 76 25 14 0.15 0.02 -21.9 4.47

YC2 36°20.28"' 124°23.44' 76 53 85 0.82 0.12 -21.8 6.69

YC3 35°50.64' 124°23.00" 83 54 77 0.70 0.14 -21.9 6.38

YC4 35°19.93" 124°23.87" 85 50 69 0.50 0.11 -21.7 6.07

YCS5 34°43.27" 124°23.48' 77 39 46 0.28 0.07 -21.3 5.55

YC6 34°06.67" 124°24.30' 80 43 61 0.34 0.07 -21.4 6.25

South Sea K 1 34°09.00" 127°06.00' 32 28 11 0.80 0.04 -21.3 7.47
K2 34°21.00" 127°36.00' 18 55 86 1.0 0.13 -21.2 7.46

K3 33°55.30" 127°03.00' 66 33 22 0.73 0.07 -21.3 7.16

K4 34°09.00" 127°39.00' 38 56 88 1.1 0.12 -21.5 6.97

K5 34°12.00" 128°06.00' 73 51 71 1.4 0.14 -21.6 6.83

K6 34°18.00" 128°36.00' 94 42 35 0.66 0.10 -21.1 6.95

K7 34°39.00" 129°00.00" 75 - - 0.22 0.05 -21.1 6.90

K8 33°42.00" 127°00.00" 110 28 20 0.49 0.05 - 8.10

K9 33°54.00" 127°42.00" 83 42 69 0.84 0.11 -21.5 6.30

K 10 34°00.00" 128°12.00' 92 40 31 1.5 0.09 -21.5 6.94

East Sea E1l 35°26.26" 129°28.78' 70 - - 1.9 0.19 -21.0 6.20
E2 35°38.01' 129°49.27" 140 - - 0.24 0.07 -20.9 7.72

E3 35°43.16' 129°54.08' 610 72 93 3.1 0.34 -21.3 6.52

E4 35°47.76' 129°59.71' 1100 - - 32 0.34 -21.3 6.80

ES 35°59.29" 130°12.51' 1400 - - 2.7 0.35 -21.6 7.73

E6 37°01.36' 130°55.55' 2000 73 90 2.9 0.31 -21.3 6.68

-: Not analyzed.
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Table S4. Concentrations of polychlorinated biphenyls in offshore sediments of South Korea.

Sea Sites Concentration of 31 PCBs (ng g' OC)
28 52 49 44 37 74 70 66 60 101 929 87 71 82 118 114
Yellow YAl 032 <LOD (30 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Sea YA 2 040 <LOD (006 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YA 3 0.46 039 020 0.07 <LOD .08 <LOD <LOD (.05 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YA 4 <LOD (.13 0.14 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YA 5 0.16 <LOD (2] <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YA 6 055 019 020 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YB 1 0.63 <LOD (77 <LOD (38 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YB?2 040 <LOD (52 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YB3 124 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YB 4 0.11 <LOD (26 <LOD <LOD <LOD (.12 0.16 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YB 5 0.44 0.35 034 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YB 6 <LOD (08 <LOD <LOD (06 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YC1 0.64 <LOD 043 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YC?2 1.06 <LOD 051 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YC 3 532 038 056 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YC 4 <LOD (.10 0.10 <LOD <LOD <LOD <LOD (26 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YC5 031 0.13 <LOD <LOD <LOD <LOD <LOD (08 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
YC6 <LOD <LOD (.15 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
South K1 <LOD <LOD <LOD <LOD (30 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Sea K2 0.11 0.05 <LOD <LOD (26 <LOD (.05 0.12 0.19 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K3 0.10 0.05 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K4 0.42 006 004 <LOD (30 <LOD (004 009 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K5 0.10 0.04 <LOD <LOD (20 <LOD (.02 0.05 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K6 047 024 <LOD <LOD <LOD <LOD <LOD (2] <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.07 0.09 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K8 0.08 <LOD (.17 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K9 035 004 012 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K10 010 002 006 <LOD (14 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
East E1 0.15 0.07  0.08 0.03 <LOD <LOD (.03 0.05 0.08 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Sea E2 0.57 0.16 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
E3 0.13 0.07  0.03 0.03 <LOD (.02 <LOD (.03 0.02 <LOD (.02 <LOD <LOD <LOD <LOD (.03
E4 0.22 0.03 0.03 <LOD (09 <LOD <LOD (.03 028 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
ES 1.30 0.02 0.06 <LOD <LOD (02 <LOD (02 <LOD (02 <LOD <LOD <LOD <LOD (03 <LOD
E6 0.37 0.07 009 0.02 <LOD (02 <LOD (.02 026 <LOD <LOD <LOD <LOD <LOD <LOD <LOD

< LOD: Limit of detection.
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Table S4. Continued.

Sea Sites Concentration of 31 PCBs (ng g' OC)
153 105 179 138 158 126 166 187 183 128 156 180 169 170 189 YPCBs
Yellow YA 1 <LOD (33 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD ()95
Sea YA 2 006 010 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.62
YA 3 006 028 <LOD (05 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.5 <LOD <LOD 1.8
YA 4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (]9 <LOD <LOD (37
YA 5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (37
YA 6 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (94
YB 1 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 138§
YB 2 039 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 13
YB3 <LOD (27 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 15
YB 4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.65
YB5 <LOD (.18 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 13
YB 6 <LOD (.35 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD ()49
YC1 026 041 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 17
YC?2 028 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 19
YC 3 065 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD §9
YC 4 009 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD ()55
YCS5 0.09 0.08 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.69
YC 6 0.16 016 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (47
South K1 <LOD (.16 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (46
Sea K2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (04 <LOD <LOD (.82
K3 <LOD (07 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (22
K4 <LOD (08 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (4 <LOD <LOD 11
K5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.03 <LOD <LOD (.44
K6 <LOD (34 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (3¢ <LOD <LOD 14
K7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (.16
K8 <LOD (.18 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (43
K9 <LOD (7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (04 <LOD <LOD (.62
K10 <LOD (03 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (03 <LOD <LOD (38
East E1l 0.02 006 <LOD <LOD <LOD (.03 <LOD <LOD <LOD <LOD <LOD <LOD (04 <LOD <LOD (.64
Sea E2 <LOD (49 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 12
E3 0.03 004 <LOD (03 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (05 <LOD <LOD (.53
E4 0.02 004 <LOD (02 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD (03 <LOD <LOD (.79
ES 0.05 0.07 <LOD 006 <LOD <LOD <LOD (02 <LOD 0,02 <LOD <LOD (04 <LOD <LOD 17
E6 0.02 004 <LOD (.03 <LOD <LOD <LOD <LOD <LOD (2 <LOD <LOD (06 <LOD <LOD 1,
< LOD: Limit of detection.
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Table S5. Concentrations of traditional polycyclic aromatic hydrocarbons in offshore sediments of South Korea.

Sites Concentration of 15 PAHs (ng g' OC)
Acl Ace Flu Phe Ant Fl Py BaA  Chr BbF BKF BaP IcdP DbahA BghiP  X15PAHs

YAl 1.3 1.6 55 19 1.2 11 7.6 <LOD 1.9 <LOD 7.4 6.2 <LOD <LOD <LOD 63
YA 2 1.5 2.5 6.9 25 1.1 11 8.4 11 5.0 2.5 4.9 8.5 04 <LOD <LOD 89
YA3 2.3 43 11 29 1.8 12 11 <LOD 4.0 1.7 5.0 7.0 0.2 <LOD 5.1 94
YA 4 0.3 0.7 2.3 7.6 0.2 13 7.0 1.2 4.6 6.4 8.6 5.3 20 1.3 17 96
YAS 0.8 1.4 4.4 13 0.2 12 7.3 1.2 4.6 3.7 8.5 3.9 15 <LOD 15 91
YA 6 <LOD 0.9 2.8 7.2 0.3 3.1 2.1 0.1 1.2 0.4 1.9 2.0 <LOD <LOD <LOD 22
YB1 1.2 3.0 7.8 23 21 13 7.8 <LOD 3.9 <LOD 8.5 7.8 <LOD <LOD <LOD 97
YB 2 2.5 3.8 12 36 1.7 17 13 16 7.7 2.7 11 5.0 1.0 <LOD 4.2 130
YB3 1.5 2.2 6.6 26 1.1 20 13 1.1 8.0 6.2 16 20 9.0 <LOD 27 160
YB 4 1.4 2.3 5.2 19 0.6 14 9.1 0.7 54 2.5 10 11 4.9 <LOD 14 100
YBS5 0.6 23 6.7 16 1.0 9.0 6.4 0.4 3.9 2.5 8.9 9.2 4.7 <LOD 12 84
YB 6 0.4 0.7 2.5 8.8 0.2 3.2 2.7 <LOD 1.2 0.7 1.3 2.1 <LOD <LOD 2.1 26
YC1 2.2 3.9 9.7 31 1.5 18 13 5.8 5.7 <LOD 54 17 5.5 <LOD 4.0 120
YC2 0.5 0.9 2.3 9.5 0.3 7.0 4.6 0.5 2.9 1.8 6.0 6.8 4.1 <LOD 8.8 56
YC3 0.8 1.3 3.7 12 0.6 17 10 2.6 7.2 14 14 10 39 7.4 33 170
YC4 0.9 1.4 3.7 15 0.7 18 12 2.6 7.6 15 16 9.2 41 0.2 36 180
YCS5 1.1 1.7 4.5 17 0.9 14 10 1.1 5.9 4.7 13 14 10 1.4 23 120
YC6 1.3 1.9 6.0 20 0.8 17 11 1.6 8.9 11 15 9.1 11 0.2 28 140
K1 0.4 0.7 2.8 7.1 0.2 4.8 3.9 1.0 1.4 3.1 1.6 1.0 3.0 0.7 32 35
K2 0.4 0.8 3.2 9.0 1.0 10 5.8 24 2.8 11 3.7 32 12 2.0 10 77
K3 0.5 1.2 3.7 9.1 0.5 6.3 4.5 1.3 2.2 6.3 9.6 1.4 7.3 1.3 6.8 62
K4 0.6 1.4 3.9 11 12 14 8.6 34 4.7 17 7.0 4.7 17 32 16 120
K5 0.3 0.7 2.0 6.6 0.5 6.8 4.8 1.7 2.4 8.7 3.6 23 10 0.7 8.5 60
K6 2.2 33 8.1 32 1.8 30 19 7.0 10 31 15 9.0 39 6.5 35 250
K7 0.6 1.5 4.1 12 0.5 8.8 6.5 2.6 3.1 11 4.8 3.6 14 2.6 12 88
K8 0.7 1.5 5.1 14 0.4 5.7 4.5 1.1 1.9 4.9 2.4 1.1 52 1.1 5.6 55
K9 0.6 1.4 3.9 11 0.6 9.6 6.1 2.6 3.8 13 4.1 3.5 15 2.6 13 91
K10 0.3 0.4 1.6 4.8 0.3 3.6 2.5 1.1 1.5 5.0 2.1 1.5 6.1 2.6 5.4 39
E1l 0.3 0.8 1.9 6.1 1.0 10 7.6 4.1 33 12 5.8 6.2 17 2.8 13 92
E2 0.7 2.5 9.6 22 1.0 16 10 4.4 5.6 17 6.4 6.4 23 3.6 19 150
E3 0.5 1.2 2.0 7.4 0.8 9.7 7.6 3.7 4.0 14 5.6 6.8 21 3.5 17 100
E4 0.4 0.8 1.9 6.5 0.9 7.7 5.6 2.9 3.1 11 4.1 53 16 2.8 13 83
ES 1.3 1.3 3.1 17 1.4 19 14 7.3 8.3 34 12 9.9 52 8.7 35 220
E6 0.4 1.3 2.0 7.1 1.1 11 11 3.9 4.4 16 5.6 7.2 21 4.1 17 110

< LOD: Limit of detection.
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Table S6. Concentrations of emerging polycyclic aromatic hydrocarbons in offshore sediments of South Korea.

Sites Concentration of e-PAHs (ng g' OC)
2MA IEP BBNF 11BF BBNT SMBA BCP BJF BEP Xe-PAHs

YAl 2.2 0.1 0.6 1.2 <LOD <LOD <LOD <LOD <LOD 4.1
YA 2 33 0.6 0.6 2.0 <LOD <LOD 0.4 4.5 4.8 16
YA3 4.0 0.7 0.6 1.4 <LOD <LOD 0.4 33 <LOD 10
YA 4 1.7 0.6 <LOD 1.5 <LOD 0.5 <LOD 9.0 8.7 22
YA S 23 0.7 <LOD 23 <LOD <LOD <LOD 6.6 6.9 19
YA 6 1.0 0.3 <LOD 0.8 <LOD <LOD <LOD 1.5 1.4 5.0
YB 1 3.1 0.7 0.6 1.0 <LOD <LOD 0.7 <LOD 0.3 6.4
YB 2 5.2 0.7 0.7 2.0 <LOD <LOD 2.8 7.7 6.0 25
YB3 3.9 0.7 0.5 2.3 <LOD 0.3 1.4 9.1 13 31
YB 4 2.7 0.8 0.5 2.6 <LOD 0.4 0.4 5.0 7.9 20
YBS5 2.5 0.4 0.5 1.2 <LOD 0.3 <LOD 5.0 54 15
YB 6 0.9 0.2 <LOD <LOD <LOD <LOD <LOD 1.0 13 34
YC1 4.6 0.8 0.6 2.3 <LOD <LOD 1.1 2.7 11 23
YC2 1.8 04 <LOD 1.3 <LOD <LOD <LOD 3.7 4.2 11
YC3 3.0 0.9 <LOD 2.8 <LOD 0.3 0.9 12 14 34
YC4 3.7 1.1 0.5 3.8 <LOD 1.0 0.5 11 16 38
YCS 3.1 1.0 0.6 2.5 <LOD <LOD <LOD 5.9 9.8 23
YC6 4.2 1.0 0.7 4.0 <LOD 0.7 0.4 12 14 37
K1 <LOD 0.3 <LOD 0.4 <LOD <LOD <LOD 1.3 2.5 4.5
K2 <LOD 0.6 0.6 1.0 0.3 0.2 <LOD 3.1 6.6 12
K3 <LOD 0.5 <LOD 0.5 0.4 <LOD <LOD 2.4 4.7 8.5
K4 0.2 0.9 1.0 1.4 0.8 0.3 <LOD 54 11 21
K5 <LOD 0.4 0.4 0.6 0.4 0.2 <LOD 3.1 5.6 11
K6 0.2 2.2 1.7 2.9 1.4 0.7 <LOD 12 23 44
K7 <LOD 0.7 0.6 0.9 0.4 0.2 0.7 32 7.1 14
K8 <LOD 0.5 <LOD 0.9 0.3 <LOD <LOD 1.9 3.7 7.3
K9 0.2 0.7 0.6 0.9 0.7 0.2 <LOD 4.0 8.2 16
K10 <LOD 0.3 <LOD 0.3 0.2 <LOD <LOD 1.7 35 6.0
E1l 0.2 0.5 0.7 1.2 0.5 0.2 1.1 4.1 7.4 16
E2 <LOD 1.0 0.8 1.4 0.8 0.4 <LOD 5.5 12 22
E3 0.3 0.5 0.7 1.1 0.8 0.2 <LOD 4.6 9.5 18
E4 0.2 0.4 0.5 0.9 0.6 0.2 <LOD 34 7.3 14
ES 0.4 0.8 1.4 1.8 1.6 0.4 <LOD 9.7 19 35
E6 0.2 0.5 0.6 1.1 0.7 0.2 <LOD 4.9 9.3 18

< LOD: Limit of detection.
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Table S7. Concentrations of styrene oligomers in offshore sediments of South Korea.

Sites Concentration of SOs (ng ¢! OC)

SD1 SD2 SD3 SD4 ST1 ST2 ST3 ST4 ST5 STé XSO0s

YAl 4.5 3.6 550 7.8 13 3.1 3.8 3.6 32 36 630
YA2 1.0 0.6 110 1.7 32 1.4 1.1 1.6 0.8 4.9 130
YA3 1.1 1.4 180 1.9 3.5 0.6 0.8 1.1 1.8 2.7 200
YA 4 1.3 1.0 160 2.5 43 1.6 2.0 2.8 0.8 11 190
YAS 1.7 1.8 210 4.1 6.8 2.2 1.6 1.9 1.3 15 240
YA 6 2.1 1.5 260 3.7 6.2 2.1 1.4 1.3 0.8 17 290
YB1 5.5 10 670 10 13 4.7 2.0 2.5 1.9 76 790
YB2 52 3.8 440 10 16 43 3.9 4.2 2.1 60 550
YB3 3.0 1.9 300 5.7 7.9 2.9 3.8 4.2 1.8 31 360
YB 4 2.7 1.7 240 4.2 8.1 2.1 2.9 3.5 0.9 7.4 270
YB 5 2.8 5.1 340 5.7 9.9 2.9 2.1 24 4.2 7.0 380
YB 6 1.1 1.1 390 2.9 3.1 0.7 0.7 0.9 0.9 23 400
YC1 2.8 43 210 52 8.8 2.8 1.6 1.8 1.8 8.0 240
YC2 4.4 2.6 280 8.1 13 1.0 2.7 3.6 2.0 19 340
YC3 5.7 4.0 580 9.7 16 1.1 3.5 3.8 1.2 11 640
YC4 1.3 23 120 2.8 11 3.4 7.4 11 2.4 28 190
YC5 1.6 0.8 54 2.5 4.8 1.6 1.5 0.3 0.4 13 80
YC6 1.1 2.5 410 3.7 4.1 1.0 1.0 1.2 2.0 4.9 430
K1 1.3 1.2 70 1.5 3.7 0.2 0.5 0.5 0.4 8.5 88
K2 14 0.5 41 1.0 3.7 0.3 1.8 24 0.5 6.0 59
K3 1.6 1.0 32 1.3 4.2 0.3 0.7 0.8 0.3 8.5 51
K4 14 1.0 110 1.6 3.8 0.5 14 1.9 0.5 9.9 130
K35 1.2 04 100 1.2 3.1 0.2 0.9 1.2 0.4 8.6 120
K6 43 32 1000 5.8 13 2.1 6.4 9.7 5.6 60 1100
K7 1.1 0.6 69 1.8 4.1 1.0 1.9 2.5 0.6 16 99
K8 2.2 1.1 130 23 6.3 0.4 0.9 0.9 0.5 10 160
K9 1.5 0.6 18 1.4 4.1 0.3 1.3 1.8 0.3 9.8 39
K10 0.8 0.2 22 0.6 2.5 0.2 0.7 0.9 0.2 4.6 32
E 1l 1.0 1.0 110 1.2 2.6 0.5 10 2.1 1.6 34 160
E2 43 1.7 140 4.5 13 0.7 18 1.0 24 99 290
E3 0.5 04 130 0.7 1.9 0.3 7.6 11 1.8 24 180
E4 04 0.5 63 0.6 1.1 0.2 59 1.2 0.9 29 100
ES 0.6 0.9 46 3.1 3.6 1.3 44 6.1 1.7 1.8 69
Eo6 0.6 0.6 71 0.8 1.7 0.3 6.7 14 1.0 22 110
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Table S8. Concentrations of alkylphenols in offshore sediments of South Korea.

Sites Concentration of APs (ng ¢! OC)
NPs NP1EOs NP2EOs t-OP t-OP1EO t-OP2EO YAPs

YA 1 5.3 4.0 5.7 1.6 4.4 2.2 23
YA 2 <LOD 2.4 2.4 0.6 1.2 04 7.0
YA3 <LOD 1.9 <LOD 0.3 1.7 0.1 4.0
YA 4 <LOD 2.8 2.9 0.5 1.4 0.5 8.1
YAS <LOD 2.7 2.3 0.9 3.7 0.1 9.7
YA 6 <LOD 1.7 33 1.2 2.2 0.8 9.2
YB 1 <LOD 15 8.4 2.0 5.2 2.8 33
YB 2 8.6 16 9.8 5.7 9.4 3.0 53
YB3 6.0 6.3 6.5 3.2 7.1 1.6 31
YB 4 3.9 3.1 5.1 1.1 3.7 0.1 17
YBS5 3.9 3.7 5.2 1.3 4.2 1.5 20
YB 6 <LOD 1.8 2.1 1.1 2.1 0.5 7.6
YC1 <LOD 2.5 3.5 1.0 2.7 14 11
YC2 11.3 7.3 5.6 1.0 6.3 1.1 33
YC3 80 39 17 5.1 6.0 2.4 150
YC4 <LOD 1.4 1.7 0.5 1.5 0.5 5.6
YCS5 <LOD 1.7 1.9 0.6 1.8 0.5 6.5
YC6 <LOD 1.6 1.5 0.6 2.3 0.1 6.1
K1 <LOD 2.0 1.6 04 1.1 0.3 5.4
K2 <LOD 2.7 1.5 0.2 0.7 0.1 5.2
K3 <LOD 2.0 2.3 0.4 0.9 0.1 5.7
K 4 <LOD 3.6 2.5 0.2 0.8 0.2 7.3
K5 <LOD 1.9 <LOD 0.3 <LOD <LOD 2.2
K6 4.6 13 12 1.7 3.1 0.6 35
K7 <LOD 1.7 <LOD 0.5 1.4 0.5 4.1
K8 <LOD 3.0 2.7 0.8 2.5 0.1 9.1
K9 <LOD 1.8 1.5 0.2 1.1 0.1 4.7
K10 <LOD 1.3 <LOD 0.2 <LOD 0.1 1.6
E1l <LOD 2.4 <LOD 04 <LOD 0.1 2.9
E2 <LOD 11 7.3 2.2 2.3 0.5 23
E3 <LOD 5.6 1.8 0.2 <LOD 0.1 7.7
E 4 <LOD 5.9 <LOD <LOD <LOD 0.1 6.0
ES <LOD 2.8 1.7 <LOD <LOD 0.1 4.6
E6 <LOD 42 <LOD <LOD <LOD 0.1 43

< LOD: Limit of detection
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Fig. S1. Comparisons of (a) mud contents, concentrations of (b) polychlorinated biphenyls
(PCBs), (c) traditional polycyclic aromatic hydrocarbons (t-PAHs), (d) emerging polycyclic
aromatic hydrocarbons (e-PAHs), (e) styrene oligomers (SOs), and (f) alkylphenols (APs) in
sediments from three sea areas of South Korea. The differences in mud contents and
concentrations of PTSs in sediments between the three sea areas were examined for significance
(p < 0.05) using the Kruskal-Wallis test. Different letters show statistical significance.
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