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A B S T R A C T

The Yellow and Bohai seas comprise one of the most rapidly developing regions in the world, but efforts to assess
coastal pollution by persistent toxic substances (PTSs) on wide spatial scale are lacking. The present study aimed
to (1) measure the concentrations of PTSs, such as polycyclic aromatic hydrocarbons (PAHs), alkylphenols (APs),
and styrene oligomers (SOs) via large-scale sediment monitoring (total of 125 locations), (2) assess potential
ecological risk of PTSs in sediments to coastal ecosystems, (3) estimate various sources and fresh inputs of PTSs,
(4) determine distribution patterns of PTSs by human activities and land-use type, and (5) address decadal
(2008–2018) changes in distributions of PTSs. The high concentrations of PAHs [>7000 ng g−1 dry weight
(dw)] in sediments were detected in Nantong in the Yellow Sea of China (YSC) and Huludao and Qinhuangdao in
the Bohai Sea (BS), whereas lesser concentrations (< 200 ng g−1 dw) were detected in the Yellow Sea of Korea
(YSK). We found relatively high concentrations of sedimentary APs and SOs in Nantong, Huludao, and
Qinhuangdao from the YSC and BS regions, but corresponding concentrations were generally below <100
ng g−1 dw in other locations. Concentrations of PAHs at 38 locations (30% of YSC and BS) posed a potential risk
to aquatic ecosystems, whereas relatively low risk concentrations occurred in all locations of YSK. The main
source of PAHs (concentrated in YSC and BS) were by-products of diesel and gasoline combustion (42% of total
concentration), whereas biomass combustion (24%) dominated in YSK. Fresh inputs of PTSs indicated that the
generation and use of PTSs continue across all regions and locations. Among PTSs, concentrations of PAHs were
significantly associated with location (p < 0.05) relative to land-use within a given region, whereas con-
centrations of APs and SOs showed no significant relationships (p > 0.05) among or within regions. Over time,
concentrations of PAHs have generally declined, but sediment contamination has increased at some locations in
China, with sources shifting from a mixture of PAHs types to those linked to diesel and gasoline combustion.
Additional studies are needed on the fate and potential ecological risk posed by certain PTSs in hotspots. This is
one of the first efforts providing backgrounds on PTS pollution in the large marine ecosystem of the Yellow and
Bohai seas.

1. Introduction

Persistent toxic substances (PTSs) are ubiquitous contaminants in
various environmental matrices, originating from numerous sources,

and are transported via a variety of mechanisms and pathways to the
marine environment. The fate and impacts of typical PTSs are well
known; they tend to accumulate in sediments after sinking with organic
matter, where they exert adverse impacts to aquatic ecosystems (Hong
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et al., 2012a; Lee et al., 2018; Khim et al., 2018a). Polycyclic aromatic
hydrocarbons (PAHs), alkylphenol (APs), and styrene oligomers (SOs)
constitute classic and emerging PTSs. Originating from anthropogenic
activities and natural sources, PTSs are widely distributed in benthic
environments (Hong et al., 2016; Lee et al., 2017a,b; Yoon et al., 2017)
where they pose potentially significant ecological threats to aquatic
organisms.

PTSs are hydrophobic and hydrophilic organic pollutants with fused
benzene rings. PAHs with 2–6 fused benzene rings are intentionally or
unintentionally released from a variety of sources, including in-
completely combusted fossil fuels and biomass, spilled crude or refined
oil, and smelted metals (Lin and Zhu, 2004; Moon et al., 2006; Ghosh
et al., 2015). PAHs spread through atmospheric deposition, wastewater
streams, and industrial effluents but their fate vary depending on the
multiple potential pathways they can follow. PAHs are a major con-
taminant and adversely affect aquatic ecosystems at concentrations
above thresholds values (Engraff et al., 2011). APs are a widely used
class of nonionic surfactants, with many industrial and household ap-
plications (White et al., 1994). Nonylphenol ethoxylates (NPEOs) and
octylphenol ethoxylates (OPEOs) are the most common alkylphenol
ethoxylates, both of which degrade via microbial and photochemical
processes to nonylphenols (NPs) and octylphenol (OP), respectively (Li
et al., 2013). APs are harmful endocrine disruptors and function to
adversely stimulate feminization, reduce growth rates (Chen and Yen,
2013), inhibit reproduction, and cause neurological, and im-
munological problems (Giesy and Snyder, 1998). SOs, recently emer-
ging as contaminants in sediments, have been reported from inland
creeks (Hong et al., 2016), from estuary and coastal areas in a few re-
gions (Yoon et al., 2019), and from sandy beaches worldwide (Kwon
et al., 2015). SOs are generated from the degradation of polystyrene at
high temperatures (240–300 °C) (Kwon et al., 2014) and have been
reported to harm aquatic biota by causing genetic and reproductive
toxicities (Ohyama et al., 2001; Tatarazako et al., 2002). Although SOs
have been recently recognized as a new class of PTSs, widespread dis-
tribution in China is unknown.

The Yellow Sea (YS) and Bohai Sea (BS) are wide but semi-enclosed
seas with a complex coastline that slowly exchanges waterbody en-
compassing many large rivers and estuaries (Chen, 2009). These two
seas together are part of the Yellow Sea Large Marine Ecosystem
(YSLME), which is one of 66 large marine ecosystem (LMEs) worldwide.
Among these 66 LMEs, YSLME encompasses the most strong marine
industrial activity being associated with the severe PTSs pollution in the
very region [Table S1; Supplementary Materials (S)] (Hoagland and Jin,
2006)

The YS and BS are about 470,000 km2 in size and is bordered by
three countries: South Korea, North Korea, and China. South Korea and
China are undergoing massive industrial and municipal development
along the coasts of the YSLME and so those human activities are likely
responsible for the increase in coastal pollution by PTSs. It has been
reported that many anthropogenic pollutants have accumulated in the
sediments of YS and BS (Khim et al., 2018b), but majority of the pre-
vious studies have either only reported pollution by some PTSs or in
limited areas along the YSLME coasts (Meng et al., 2017). However,
from these limited studies, most pollution indices for the YSLME exhibit
high values and so we expect that the YSLME is severely contaminated.

Economic development intensifies land-use practices, which in turn
negatively impact aquatic ecosystems. Coastal aquatic ecosystems are
altered and contaminated by coastal development and discharges of
land-driven pollutants from surrounding activities are a global problem
(Saxena et al., 2015). The major factors responsible for sediment pol-
lution in estuaries and coastal areas worldwide are due to changes in
land-use associated with anthropogenic activities and lack of proce-
dures to contain runoff (Karstens et al., 2016; Liu et al., 2017). In fact,
some chemical contaminants, such as metals and PTSs identified in
coastal sediments can be directly linked to land-use type (Kimbrough
and Dickhut, 2006). Therefore, characterization of coastal land-use is

fundamental for addressing sources of coastal pollution of PTSs.
In the present study, we surveyed 125 locations, representing most

coasts of the Yellow and Bohai seas to (1) measure concentrations of
PTSs in sediment, specifically targeting selected chemicals of PAHs,
APs, and SOs, (2) assess potential ecological risks posed by the PTSs, (3)
identify sources of targeted contaminants, especially via freshwater
inputs, (4) characterize spatial distribution patterns linked to land-use
types, and (5) evaluate long-term changes (past 10 y) in sedimentary
contamination of selected PTSs. Results of the present study would
provide baseline information on PTSs contamination, such as point
sources and hotspots, in a large marine ecosystem of the Yellow and
Bohai seas and provide scientific data for informed decision-making
and environmental management of the given coastal ecosystem.

2. Materials and methods

2.1. Study area and sampling

The present study focused on most coasts of the YSLME, encom-
passing both South Korea and China, because both countries have high
socioeconomic dependency on the coast. Several metroplexes have
grown along the coastline in South Korea (Seoul, Incheon, Asan,
Gunsan, and Mokpo) and China (Beijing, Tianjin, Dalian, Huludao,
Qinhuangdao, Weifang, Yantai, Qingdao, and Nantong). About 300
million people currently live near the coastline of the YS and BS, and
population growth and development continue unabated (National
Bureau of Statistics, 2018; KOSIS, 2018). In addition, more than 60
rivers flow to the YS and BS, including major rivers of South Korea
(Han, Geum, and Yeongsan) and China (Liaohe, Haihe, Yellow, Dagu,
and Guanhe), all of which convey organic contaminants to coastal
waters (Wang et al., 2015; Zhen et al., 2016; Jeon et al., 2017). The
study’s data represent inputs from all the large cities and major rivers
along the coast of the YSLME.

We employed a comprehensive field survey by collecting freshwater
and saltwater sediments in the major rivers, estuaries, and some in-
tertidal areas along the entire coasts of the YSLME. Four teams si-
multaneously conducted extensive field sampling for about three weeks
in June–July 2018 in China and South Korea, in order to collect all the
samples within a short period. We surveyed 125 locations in four pro-
vinces in South Korea (Gyeonggi, Chungnam, Jeonbuk, and Jeonnam)
and four provinces in China (Liaoning, Hebei, Shandong, and Jiangsu),
and one city in China (Tianjin) (Fig. 1). Detailed information on sam-
pled locations, including geographic location and basic water quality
parameters, are provided in Table S2. In brief, the land-use types ad-
jacent to the 125 sampled locations varied widely. There were 21 in-
dustrial locations, 20 municipal locations, 38 agriculture locations, 9
beaches, 6 aquaculture locations, 5 salterns, and 26 barren lands (un-
used area). We assigned land-use types based on dominant surrounding
activity at the time of sampling and supplemented our records by re-
ferring to the previous studies that provided data on land-use type at
the same locations (Jiao et al., 2012; Hong et al., 2012b). We collected
surface sediment samples using stainless steel devices (from top 2 cm),
consisting of three replicate at each site, and then stored the samples in
pre-cleaned glass bottles. We stored all collected sediment samples in a
cooler at −20 °C for transportation to a laboratory.

2.2. Chemicals and reagents

We obtained standards for target PTSs from ChemService (West
Chester, PA), which included 16 PAHs, including naphthalene (Na),
acenaphthylene (Acl), acenaphthene (Ace), fluorene (Flu), phenan-
threne (Phe), anthracene (Ant), fluoranthene (Fl), pyrene (Py), benzo
[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-c,d]
pyrene (IcdP), dibenz[a,h]anthracene (DahA), benzo[g,h,i]perylene
(BghiP), and another 23 alkyl-PAHs. We obtained authentic standards
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for 6 APs and 10 SOs from Sigma-Aldrich, Wako Pure Chemical Ind.
(Osaka, Japan) and Hayashi Pure Chemical Ind. (Osaka, Japan), which
included 4-tert-octylphenol (OP), 4-tert-octylphenol monoethoxylate
(OP1EO), 4-tert-octylphenol diethoxylate (OP2EO), nonylphenols
(NPs), nonylphenol monoethoxylates (NP1EOs), and nonylphenol die-
thoxylates (NP2EOs), 1,3-diphenylpropane (SD1), cis-1,2-diphenylcy-
clobutane (SD2), 2,4-diphenyl-1-butene (SD3), trans-1,2-diphenylcy-
clobutane (SD4), 2,4,6-triphenyl-1-hexene (ST1), 1e-phenyl-4e-(1-
phenylethyl)-tetralin (ST2), 1a-phenyl-4e-(1-phenylethyl)-tetralin
(ST3), 1a-phenyl-4a-(1-phenylethyl)-tetralin (ST4), 1e-phenyl-4a-(1-
phenylethyl)-tetralin (ST5), and 1,3,5-triphenylcyclohexane (isomer
mix) (ST6). Detailed information and abbreviations for the target
compounds are provided in Table S3.

2.3. PTSs analyses

In the laboratory, we prepared sediment samples for analyses of
PTSs following previous methods of Khim et al. (1999) and Hong et al.
(2016), with minor modifications. With a Soxhlet extractor, we ex-
tracted freeze-dried and homogenized 10 g of sediment over a 16 h
period with five surrogate standards (acenaphthene-d10, phenanthrene-
d10, chrysene-d12, perylene-d12, and bisphenol A-d16) and 300 mL di-
chloromethane (DCM) (Burdick & Jackson, Muskegon, MI). Activated
copper powder (Sigma Aldrich, Saint Louis, MO) was added to remove
elemental sulfur. Organic extracts were then concentrated using rotary
evaporators and fractionated with activated silica gel column (70–230

mesh, Sigma-Aldrich). We eluted the first fraction (F1) for PAHs and
SOs with 60 mL of 20% DCM in hexane (v/v) (Burdick & Jackson). We
collected the second fraction (F2) for APs with 50 mL of 60% DCM in
acetone (J.T. Baker, Center valley, PA). Then, extracts were con-
centrated using N2 gas flow and added 2-fluorobiphenyl as an internal
standard.

Target PTSs were quantified using an Agilent 7890A gas chroma-
tograph equipped with a mass selective detector (GC-MSD) (Agilent
Technologies, Santa Clara, CA). We injected each sample onto a DB-
5MS Ultra Inert fused silica capillary column (30 m × 0.25 mm
i.d. × 0.25 μm film, Agilent) for chromatographic separation. Details
on the instrumental conditions for PTS analyses are provided in Table
S3.

Method detection limits (MDLs) were defined as standard deviations
3.707-fold of standard materials quantified seven times. Concentration
ranges for MDLs were 0.27–0.90 ng g−1 dry weight (dw) for PAHs,
0.10–0.91 ng g−1 dw for APs, and 0.24–0.91 ng g−1 dw for SOs. The
concentrations of PAHs in the procedural blank samples were all lower
than those of MDLs. Recoveries for the five surrogate standards were
68–96% (mean = 80%) for acenaphthene-d10, 90–121%
(mean = 110%) for phenanthrene-d10, 75–105% (mean = 93%) for
chrysene-d12, 69–98% (mean = 88%) for perylene-d12, and 62–90%
(mean = 78%) for bisphenol A-d16. Recovery rates of the standard
reference material 1944 were generally acceptable, ranging from 80%
to 126% (mean = 106%) (Table S4).

Fig. 1. Map showing the sampled locations in the Yellow and Bohai seas. The images on the right depict typical land-use types in South Korea and China (land-use
classifications are based on dominant surrounding activity). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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2.4. TOC, TN, and stable isotopes analyses

To determine the grain sizes of sediments, we treated about 20 g of
sediment with hydrogen peroxide before being analyzed with a
Mastersizer 3000 (Malvern Panalytical, Malvern, West Midlands). We
freeze-dried and homogenized sediments for analyzing total organic
carbon (TOC), total nitrogen (TN), and stable isotope ratios of carbon
(δ13C). To decalcify sediments for TOC and δ13C analyses, acidified
samples were acidified with 1 M HCl. Then samples were washed three
times with deionized water, and freeze-dried them again. TOC, TN, and
δ13C were then measured with an Elemental Analyzer-Isotope Ratio
Mass Spectrometer (EA-IRMS) (Elementar, Gmbh, and Hanau). All
isotopic compositions were expressed as δ notation (‰) (Eq. (1)):

= − ×δ ‰C ( ) [R /R 1] 100013
sample reference (1)

wherein R is the composition (13C/12C) of the sample and reference. We
used Vienna Peedee Belemnite (VPDB) as carbon reference material and
IAEA-CH-3 [International Atomic Energy Agency (IAEA), Vienna, Aus-
tria] as a standard material. The analytical errors were 0.04‰ for C
estimated by IAEA working standards [CH-6 for carbon, International
Atomic Energy Agency (IAEA), Vienna, Austria].

2.5. Positive matrix factorization receptor model

We employed the U.S. Environmental Protection Agency positive
matrix factorization (PMF) receptor model (Ver. 5.0) to source appor-
tion PAHs, which is a generic factorization method for quantifying the
contribution of source compositions (Larsen and Baker, 2003; Norris
et al., 2014). Each factor contribution and profile is drawn from mini-
mizing the objective function Q, defined as
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wherein uij is the uncertainty in the xij measurement, xij is the con-
centration of species j in sample i, p is the number of factors, gik is a
relative contribution of each factor k, and fkj is species profile of each
source. Uncertainties (Unc) for each PAH relative to each MDL were
calculated using either Eq. (3) or Eq. (4) (below), following PMF user
guidelines. Eq. (3) was used when the concentration was less than the
MDL; Eq. (4) was used when the concentration was higher than the
MDL.

= ×Unc MDL5/6 (3)

= × + ×Unc ErrorFraction concentration MDL( ) (0.5 )2 2 (4)

Fig. 2. Distributions of PTSs in sediments of the
Yellow and Bohai Seas. Panels: (a) PAHs (n = 39),
APs (n = 6), and SOs (n = 10) and (b) potential
ecological risk from low (blue) to high (red) levels
of contamination. High concentrations are defined
as the 85th percentile of samples in this study,
whereas 5-x-high concentrations are five times
higher than the High concentration. Dotted and
solid lines indicate existing sediment quality
guidelines [(ISQG: interim sediment quality guide-
lines, PEL: probable effect levels (CCME, 2001;
CCME, 2002); TEC and PEC: threshold and prob-
able effect concentrations (Solberg et al., 2003);
ERL and ERM: effect range low and median values
(Long et al., 1995)]. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.)
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wherein the ErrorFraction was calculated as the standard deviation of
the concentration of j. When the detection frequency was <40%, Acl,
Ace, Dbthio, and alkyl-PAHs were excluded. Additionally, Na was not
included in the model due to possible losses of it during analysis.

2.6. Data analyses

We categorized concentrations of PTSs following methods outlined
by NOAA (1991) and Daskalakis and O’Connor (1995). ‘High’ con-
centrations of PTSs were defined as the 85th percentile value among all
concentrations measured. The High and five-times-High (5-x-High)
concentrations in sediments of YS and BS are suggested for providing
regional criteria of PTSs in sediments. Using the definition for High PTS
concentrations, we categorized all locations as being High, 5-x-High, or
Low (neither High nor 5-x-High). SPSS 25.0 (SPSS INC., Chicago, IL)
was used to conduct statistical analyses and used non-parametric sta-
tistical analysis for data that were not normally distributed. Differences
in concentrations of PTSs by land-use type and region were evaluated
with the Kruskal-Wallis test and the Mann-Whitney test with Bonfer-
roni correction. Principal Component Analysis (PCA) was performed
using fourth-root transformed values of PTS concentrations and physi-
cochemical parameters and linear regression analysis was used to un-
derstand the relationship between concentrations of PTSs and physi-
cochemical parameters. To compare our data to guidelines of the
Canadian Council of Ministers of the Environment (CCME, 2002), we
converted concentrations of APs with toxic equivalency factors (TEFs)
and normalized them to 1% TOC, as outlined in Section 3.2 of CCME
guidelines. For the 16 PAHs provided for South Korea and China in
2008, we used data reported by Hong et al. (2012b).

3. Results and discussion

3.1. Distributions of PTSs in sediments of Yellow and Bohai seas

PAHs, APs, and SOs were detected in all sediments of the YS and BS
(Fig. 2a, Table S5, and Table S6). Concentrations of PAHs in the YS and
BS ranged from 6.2 to 65000 ng g−1 dw in sediment from freshwater
locations and 2.1 to 18000 ng g−1 dw in sediment from seawater lo-
cations. The high concentrations exceeding 5-x-High concentration
(3200 ng g−1 dw) were detected in both industrial (NT10, HL4, and
NT9) and municipal locations (QH5 and QH6) (Table S2). In previous
studies, relatively lower concentrations of PAHs had been detected
(20–5700 ng g−1 dw) from some areas sampled in present study (Ma
et al., 2001; Jiao et al., 2012; Zhang et al., 2014), despite them not
having changed in their land-use designations, which suggested that
these areas have been affected by increasing contamination sources.

We compared the High and 5-x-High concentration categories of our
study to other defined criteria, including effect-range low (ERL) and
effect-range median (ERM) concentrations defined by Long et al.
(1995), threshold-effect concentrations (TEC) and probable-effect con-
centrations (PEC) defined by Solberg et al. (2003), and interim sedi-
ments quality guidelines (ISQG) and probable effect levels (PEL) de-
fined by CCME (2001) (Fig. 2 and Table 1). Our High and 5-x-High
concentrations were similar to the threshold effect concentration
guidelines (TECs), such as ERL, TEC, and ISQG. However, both High
and 5-x-High concentrations were lower than the probable effect con-
centration guidelines (PECs), such as ERM, PEC, and PEL. In addition,
our High and 5-x-High concentrations for individual compounds were
generally lower than TECs and PECs, with the exception of DbahA,
which was higher than TECs and PECs, indicating input from sources
specific to the Yellow and Bohai seas. Overall, regional criteria of PAHs
for YS and BS were similar or lower than existing sediment quality
guidelines, indicating that YS and BS were moderately contaminated by
PAHs.

Concentrations of PAHs exceeding guidelines were found mainly in
the Yellow Sea of China (YSC) and the BS. In the Yellow Sea of South

Korea (YSK), we did not detect High and 5-x-High concentrations,
whereas concentrations at two locations (NT10 and NT9) in the YSC
and three sites (HL4, QH5, and QH6) in the BS exceeded the 5-x-High
concentrations. Thirty-three locations [YSC (n = 10) and BS (n = 23)]
exceeded ISQG guidelines, whereas five locations [YSC (n = 2) and BS
(n = 3)] exceeded PEL guidelines (Table S4). Concentrations exceeding
TEC were detected at one location in YSC and 12 locations in BS,
whereas PEC criteria were exceeded at two locations in YSC and at one
site in BS. Six locations exceeded ERL guideline and two locations ex-
ceeded ERM guidelines in YSC and BS. PAHs in the sediment of the YS
and BS mostly exceeded the criteria of CCME, but did not exceed all of
the criteria for locations along the YSK. Most of the sampled locations
that exceeded threshold criteria were situated near industrial and mu-
nicipal areas, suggesting that PAH pollution is closely associated with
land-use intensity.

Concentrations of APs in the sediments of freshwater rivers feeding
the YS and BS ranged from 0.5 to 160 ng g−1 dw (mean = 20 ng g−1

dw), whereas APs in seawater sediments ranged from 0.6 to 500 ng g−1

dw (mean = 23 ng g−1 dw). High concentrations of APs exceeded 5-x-
High concentrations at location HL4 (500 ng g−1 dw) and location QH3
(160 ng g−1 dw), followed by locations QD1, GG1, QH4, and WH1.
These locations comprised a variety of land-use, such as industrial,
municipal, agriculture, and aquaculture land-uses, indicating that
contamination by APs was site-specific and not associated with any one
type of land-use. In addition, concentrations of APs in those locations
were similar to concentrations measured by Jeon et al. (2017) at
Geumgang (32–180 ng g−1 dw) and Wang et al. (2011) at Panjin and
Yingkou (28–380 ng g−1 dw), indicating the continued use of APs. High
and 5-x-High concentrations were lower than ISQG of CCME, and the
number of locations measured with High concentrations of APs was
similar in YS and BS. The three locations (15%) occurring in sediments
of the YSK, eight locations (19%) in YSC, and eight locations (11%)
occurring in the BS, indicating that contamination of sediments by APs
is similar in the YS and BS seas.

The mean concentrations of SOs in the YS and BS were 16 ng g−1

dw (range 0.9–160 ng g−1 dw) at freshwater locations and 14 ng g−1

dw (range 0.7–220 ng g−1 dw) at seawater locations. We measured
relatively high concentrations of SOs near industrial and municipal
areas (locations HL4, NT10, QH6, DY5, and YC6) (Table S2) and only
site HL4 (BS) and site NT10 (YSC) exceeded the 5-x-High concentra-
tions (110 ng g−1 dw). This study is the first to report SOs concentra-
tions in YSC and in BS. The concentrations were less than reported in
the creeks feeding Lake Sihwa (mean = 400 ng g−1 dw) and Masan Bay
(mean = 130 ng g−1 dw) in Korea and were similar to coastal areas of
Gyeonggi Bay (mean = 25 ng g−1 dw) and the Geum River Estuary
(mean = 14 ng g−1 dw) in Korea (Hong et al., 2016; Yoon et al., 2017;
Lee et al., 2018). In general, we found that SOs contamination in YS and
BS was lower than determined by previous studies, although we de-
tected high concentrations at some locations, suggesting the need for
further research in high concentration regions.

Sources of organic matter in sediments varied in Yellow and Bohai
seas. In general, the δ13C values for organic matter from terrestrial
origin are about −27‰ to −25‰ (Schubert and Calvert, 2001;
Lehmann et al., 2002), whereas δ13C values from marine origins are
about −22‰ to −20‰ (Peters et al., 1978; Meyers, 1994). The mean
values of δ13C in our study area were −24.0±2.2‰ at freshwater
locations and −22.0 ± 1.9‰ at marine (seawater) locations (Fig. S1),
indicating a mixture of terrestrial and marine origins. These values are
similar to the previous studies reported for the Yellow Sea and Korean
coastal areas; Geum River (−32.6‰ to −19.4‰; Kang et al., 2019),
Seomjin River (−29.1‰ to −24.6‰; Kang et al., 2019), Lake Sihwa
and surrounding inland creeks (−32.2‰ to −20.4‰; Lee et al., 2017),
and eastern Yellow Sea (−23.5‰ to −20.9‰; Yoon et al., 2016).
Among locations of the study area, we found relatively low δ13C values
in sand beach (location SD) and estuarine sediments (locations DD2,
QH4, QH7, BZ3, NT1, and NT5). These low δ13C values may be due to
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biogeochemical process (e.g., decomposition by microbial activity)
and/or hydrodynamic conditions such as freshwater and seawater
mixing (Chen et al., 2005; Gao et al., 2012). In addition, relatively high
δ13C values were found in riverine system (locations JZ3, JZ4, DY2,
DY3, WF5, QD2, LY4, and GG1), probably due to heavy algal blooms
and/or agricultural runoff of organic material from C4 plants (Shi et al.,
2017; Kang et al., 2019).

Sources of organic matter measured by carbon/nitrogen (C/N) ra-
tios showed a pattern similar to δ13C values. The C/N ratios of marine
origin were between 4 and 12, whereas C/N ratios of terrestrial origin
were above 12 (Wu et al., 2007; Szczepańska et al., 2012). C/N ratios in
the present study ranged from 0.76 to 52 in freshwater locations and
from 2.66 to 66 in seawater locations, indicating mixed sources of or-
ganic matter. Relatively low or high C/N ratios were found in riverine
and estuarine sediments and from beach sand, which may be due to
bacterial decomposition in response to superimposed effects of carbon
and nitrogen influx or efflux into/from organic matter (Rice and
Tenore, 1981; Thornton and McManus, 1994). Overall, the sediment
stable isotopic signatures identified in the Yellow and Bohai seas would
indicate a mixture of terrestrial and marine sources for the organic
matters, with some regionally specific values

Concentrations of PTSs were correlated with particular physico-
chemical parameters of sediments (Fig. S2). PCA analysis showed that
the PC2 axis explained the positive relationship between PTSs and TOC
and the negative relationship between PTS and δ13C, whereas the axis
weakly correlated with grain size and C/N ratio. Results of regression
analysis showed significant correlation between PTSs and TOC (posi-
tive: r = 0.29–0.65, p < 0.01), whereas PAHs and SOs were sig-
nificantly correlated with δ13C (negative: r = 0.18–0.26, p < 0.05).
The correlative relationships with TOC were similar to that found in
previous studies by Liu et al. (2013) and Yoon et al. (2017). Correlation
of TOC with δ13C indicates that PAHs and SOs are derived from ter-
restrial organic sources, as opposed to previously reported results
identifying sources as originating in estuary (Yoon et al., 2017). How-
ever, both seawater and freshwater locations had high concentrations of
PTSs, suggesting that the concentrations of PTS are related to the TOC
and source of organic carbon, regardless of whether they are derived
from coastal or more landward locations.

3.2. Assessment of potential ecological risks

We assessed the potential ecological risk posed by the detected PTSs

using ISQG and PEL suggested by CCME (CCME, 2001, 2002). Of the
125 locations we sampled, concentrations of PAHs exceeded ISQG and
PEL at 43 locations (Fig. 2b and Table S5). Concentrations of PAHs in
sediments exceeded thresholds at 22% of seawater locations (18 of 83
locations) and 48% of freshwater locations (20 of 42 locations). Six
PAHs (Na, 2-Na, BaA, Chr, BaP, and DbahA) exceeded ISQG at seawater
sites DD, DL, and QD in the YSC and at sites YK, JZ, HL, QH, and TS in
the BS. In freshwater locations, 10 PAHs (Na, 2-Na, Ace, Phe, Fl, Py,
BaA, Chr, BaP, and DbahA) exceeded ISQG at sites DD and YC in the
YSC and at sites DL, YK, PJ, JZ, HL, QH, TS, and DY in the BS. Some
PAHs (including Ace, Flu, Phe, Ant, Fl, Py, BaA, Chr, BaP, and DbahA)
exceeded PEL thresholds at locations NT10, NT9, HL4, QH5, and QH6.
Locations in the YSK did not exceed ISQG and PEL, indicating higher
potential risk to aquatic organisms in sediment of China than Korea.
Most locations exceeding sediment quality guidelines were from in-
dustrial or municipal areas, indicating that land-use type affects the
distributions of PAHs at concentrations that may detrimentally impact
aquatic ecosystems.

Concentrations of APs-TEQ were generally lower than ISQG in both
seawater and freshwater locations. We found relatively high con-
centrations of APs-TEQ in seawater locations in the YSC (sites YT and
QD) and the freshwater area of the YSK (location GG1) and the BS (sites
DY). However, in all regions, concentrations did not exceed ISQG, in-
dicating a lower potential ecological risk of APs in the YS and BS.
Overall, high potential risks to aquatic organisms were found from
PAHs from sediments from YS and BS, suggesting that continuous
monitoring and management would be needed.

3.3. Compositions and sources of PTSs

We confirmed the gradient in the compositions of PTSs by con-
centration (Fig. S3). The composition of high molecular weight (HMW:
4–6 rings) PAHs dominated the top 20% of PAHs concentration,
whereas the composition of low molecular weight (LMW: 2–3 rings)
PAHs increased as concentrations of PAHs declined. LMW PAHs were
dominant in sediments of the YSK, but HMW PAHs dominated sedi-
ments of the YSC and BS, indicating that PAHs in those areas are de-
rived from different sources. Among APs, the compositions of NPs and
NPEOs were higher than OP and OPEOs in the top 20% of concentration
of APs, with NPs being the most prevalent. At less contaminated loca-
tions, compositions of OPEOs were higher when concentrations of NPs
and NPEOs were lower, which suggests that the use of NPEOs has

Table 1
Sediment quality guidelines (SQGs) for threshold effect concentrations (TECs: ISQG, TEC, and ERL) and probable-effect concentrations (PECs: PEL, PEC, and ERM) of
contaminants. Concentrations are provided relative to 15th, 50th, and 85th percentiles for 125 sites. High concentrations were defined as the 85th percentile value of
total concentration.

Compound SQGs This study

TECs PECs Concentration (%) Criteria

ISQG TEC ERL PEL PEC ERM 15th 50th 85th High 5*High

Naphthalene 35 180 160 390 560 2100 7.1 11 20 20 100
2-methyl naphthalene 20 20 70 200 200 670 1.8 2.7 7.6 7.6 38
Acenaphthylene 5.9 5.9 44 130 130 640 1.8 2.9 8.6 8.6 43
Acenaphthene 6.7 6.7 16 89 89 500 2.4 6.0 23 23 120
Fluorene 21 77 19 140 540 540 1.9 3.1 13 13 65
Phenanthrene 87 200 240 540 1200 1500 1.7 4.8 20 20 100
Anthracene 47 57 85 250 850 1100 0.6 1.6 9.3 9.3 47
Fluoranthene 110 420 600 1500 2200 5100 1.8 7.5 51 51 250
Pyrene 150 200 670 1400 1500 2600 1.7 6.8 46 46 230
Benz(a)anthracene 75 110 260 690 1100 1600 1.1 4.8 44 44 220
Chrysene 110 170 380 850 1300 2800 1.8 9.4 82 82 410
Benzo(a)pyrene 89 150 430 760 1500 1600 1.9 8.9 110 110 550
Dibenzo(a,h)anthracene 6.2 33 63 140 140 260 2.9 12 93 93 460
Total PAHs 770 1600 4000 7100 23000 45000 14 62 630 630 3200
Alkylphenols 1000 2.8 11 27 27 140
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continued in highly contaminated locations. Compositions of NPEOs
were highest in BS, followed by YSC and YSK, indicating that sediments
in China are more contaminated by APs than Korea. Styrene trimers
(STs) dominated the top 20% concentrations of SOs and the composi-
tions of styrene dimers (SDs) increased as the concentration of SOs
declined. However, the compositions of SOs in the YSK, YSC, and BS
were similar, indicating that concentrations and sources of SOs are not
related to specific regions, but are site-specific.

The four leading potential sources of PAHs were identified by PMF
model (Fig. 3). The primary PAHs source was characterized by BbF
(68%), BaP (66%), IcdP (66%), BkF (65%), BghiP (65%), Chr (60%),
BaA (59%), and DbahA (55%) (Table S7). These contributors indicate
that the primary source of PAHs was strongly linked to diesel and ga-
soline combustion (Harrison et al., 1996; Simcik et al., 1999; Ravindra
et al., 2008). Diesel and gasoline sources contributed to 0.7% (YSK),
45% (YSC), and 39% (BS), for concentrations of PAHs, by region, and
42% (62000 ng g−1) of the total concentration of PAHs in YS and BS.
However, among all locations sampled, only nine locations were
dominated by PAH from diesel and gasoline combustion. In the YSK,
this source of combustion was not dominant in sediments overall, but
they did dominate in three locations (NT9, NT10, and QD1) in the YSC
and six locations (HL4, QH3, QH5, QH6, TS2, and TS3) in the BS. These
results indicate that sources of PAHs in diesel and gasoline combustion
mainly affected high concentration areas.

The secondary source of PAHs was characterized by Fl, Py, Phe, Flu,
BaA, and Ant (Table S7), particularly high proportions of Fl (46%), Py
(46%), and Phe (41%), which suggests that biomass combustion in the
main secondary source of PAHs (McGrath et al., 2001; Guzzella et al.,
2016). This secondary source of PAH contributed 35000 ng g−1 (24% of
total PAHs) in YS and BS and 37% regionally (mainly at sites LS and
GG) in the YSK, 26% (mainly at sites YC and NT) in the YSC, and 22%
(mainly at sites TJ) in the BS. These results indicate that by-products of
biomass combustion are more concentrated in sediments of the YSK
than the YSC and BS.

The tertiary source of PAHs was dominated by Flu, DbahA, Phe, and
Ant (Table S7). The major constituent, Flu (43%), is a by-product of

producing coke (Kwon and Choi, 2014). In addition, major mass frac-
tions of Phe and Ant are considered particular indicators of Coke oven
combustion (Khalili et al., 1995). The signature of coke ovens mainly
dominated sediments of the BS, but the regional contribution was 21%.
The regional contributions of YSK and YSC were 28% and 13%, but the
coke oven sources had the lowest total contribution (16%) of the total
concentration of PAHs (23000 ng g−1). This result indicates that coke
oven by-products have the least impact in sediments of the YS and BS.

Finally, the fourth source contributor to PAH pollution in sediments
was comprised of Flu, Ant, BbF, BkF, BaP, and BghiP (Table S7), but the
factor profile was too low (< 20%) and was composed of a variety of
chemical species. This source of PAHs occupied the highest proportion
for all regions. The contribution of PAHs to sediments was 34% (YSK),
17% (YSC), 19% (BS), and 18% (26000 ng g−1: contribution to total).
These contributions indicated that the relatively less polluted locations
are mainly dominated by the chemical species listed above (especially
in the sediments of the YSK). The diagnostic ratios of PAHs also showed
similar sources as those determined by the PMF model (Fig. S4). The
results indicated that PAHs in the sediment of Yellow and Bohai seas
were mainly derived from petroleum combustion and biomass & coal
combustion. Although the ratios did not quantitatively determine the
impact of each source, we observed the same trends in the Bohai Sea,
where coal and biomass combustion sources were identified as domi-
nated inputs.

We determined fresh inputs of OPEOs, NPEOs, and SOs by calcu-
lating the proportion of degraded chemicals to fresh chemicals (Hong
et al., 2016; Yoon et al., 2017). In all studied regions, fresh inputs to
sediments were dominant in the YS and BS. In OPEOs, all input ratios,
except at QD3, suggested fresh inputs of OPEOs. The highest input ratio
was found at location DY5, upstream of the Yellow River, indicating
intensive use of OPEOs around the industrial area of location DY5
(Table S2). Subsequently, the ratios for sites LS, QD, AS, NT, WF, and
YT were also high, indicating that OPEOs are used in all regions near
the YS and BS. The fresh input of NPEOs varied by region and locations.
For example, fresh inputs were high in sediments at location HL4 (ad-
jacent to an industrial area), indicating intensive use of NPEOs by the

Fig. 3. Spatial-distribution of PTSs in sedi-
ments of the study area. Panels: (a) sources
of PAHs derived with a PMF receptor model
and (b) fresh (recent) input ratios of OPEOs,
NPEOs, and SOs. The contributions re-
present the proportions of PTS from each
source to total PTSs and regional con-
centrations of PAHs (Yellow Sea of Korea,
Yellow Sea of China, and Bohai Sea). (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)
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industry located there. In addition, fresh inputs were evident at sites
DD, QH4, QD7, TJ, DY, and WF in BS, at sites YT, WH, QD, RZ, LY, YC,
and NT in YSC, and at sites LS and AS in YSK. In contrast, at sites YK, PJ,
QH3, and QD6 in the BS, and at sites GG in YSK showed ratios ex-
hibiting a predominance of degraded (old) NPEOs. These results in-
dicate that recent inputs dominate most regions, but the degree of in-
tensity is site-specific (Yoon et al., 2017).

Fresh inputs of SOs also dominated sediments in the YS and BS. At
sites DL in the BS, highest fresh inputs were found in regions where we
detected SDs and STs, indicating the copious use of precursors of SOs in
manufacturing, such as in polystyrene production. In the YS, at sites JD
and YS in YSK showed the highest fresh inputs of SOs, followed by all
the other locations sampled in YSK, indicating continuous, reoccurring
inputs of SOs throughout YSK. We found a predominance of degraded
SOs at a few sites (HL, TS, DY, YT, and YC), with TS exhibiting the
highest degradation ratio in sediments, indicating less use of plastic
materials in TS than in other regions. Our results indicated that fresh
inputs of SOs are derived from localized industrial and municipal ac-
tivities and that they show the same trend as a previous study by Hong
et al. (2016). Overall, fresh inputs of PTSs dominated the YS and BS, but
distributions were regionally- and site-specific.

3.4. PTSs distributions by land-use types

The distributions of PTSs by land-uses varied by chemical con-
stituent (Fig. 4). The highest concentrations of PAHs were associated
with industrial land-use, followed (in order) by municipal, agriculture,
aquaculture, saltern, barren lands, and beach land-uses. The con-
centrations of PAHs in industrial and municipal areas differed sig-
nificantly from concentrations in other land-use types (p < 0.05)
(Table S8). At the regional scale, concentrations of PAHs in sediments
of the YSK were less than in other areas, regardless of land-use type
(< 200 ng g−1 dw), and there were no significant differences among
land-use types (Table S8). In contrast, we found significant differences
in sediment concentrations in the YSC and BS between industrial, mu-
nicipal, and other land-use types (p < 0.05). Our results indicate that
concentrations of PAHs are associated with land-use type, but differ
among regions. In addition, differences in the concentration of PAHs
were statistically significant (p < 0.05) among regions relative to in-
dustrial land-use (Table S9). We attribute these differences to variations
in land-use intensity in industrial areas of South Korea and China and in
how the various regions pre-treat discharged wastewater (Li et al.,
2010; Luo et al., 2014). The same land-use designation showed a wide
range of concentrations of PAHs across regions, which in some regions
correlated significantly with sediment mud content, TOC, or TN (Table
S10). However, such correlations could not explain the distributions of
PAH concentrations in YS and BS, which might be explained by dif-
ferences in the types of other contaminants delivered from the same
land-use types in different areas or the various impacts of nonpoint
pollutants in sediments (Stout and Graan, 2010).

Concentrations of APs were highest in industrial areas, followed (in
order) by aquaculture, municipal, saltern, agriculture, barren lands,
and beach land-uses, but differences were not statistically significant
(p > 0.05) (Table S8). At the regional scale, concentrations of APs by
land-use types showed a similar trend among regions. Although the
ordering of concentration of APs by land-use type varied slightly among
sediments in the YSK, YSC, and BS, they were not significantly different
in ranking (p > 0.05) (Table S8). In addition, for a given land-use type,
we found a significant difference in concentrations of APs only for the
beach land-use type between the YSK (mean = 5.0 ng g−1 dw) and YSC
(mean = 11 ng g−1 dw) (p < 0.05) (Table S9), but the overall con-
centration was less than in other land-use types. These results indicate
that for all land-use types, similar concentrations of APs accumulated in
sediments of the YS and BS. Concentrations of APs by land-use types in
each region could be explained by differences in environmental con-
ditions for some regions, but we found no obvious trend in YS and BS

(Table S10). These results suggested that the distribution of APs is more
dependent on specific pollutant sources than on land-use type or other
environmental factors throughout the YS and BS, as has been found in
other studies of coastal contaminants (EPA, 2010).

Concentrations of SOs in sediments associated with each land-use
type differed significantly (p < 0.05) among types, but the post-hoc
test did not identify any differences between each land-use type (Table
S8). Concentrations of SOs in each region were similar regardless of
land-use type with no significant difference in mean concentrations of
SOs relative to land-use types (p > 0.05) (Table S8). Moreover, con-
centrations from the YSK, YSC, and BS in relative to any given land-use
type were also not statistically significant (p > 0.05) (Table S9).
Correlations of land-use type with environmental variables were region-
specific (Table S10), indicating that land-use type is not significantly
related to concentrations of SOs. However, relatively high concentra-
tions of SOs in sediments at locations HL4, NT10, and QH6 were related
to specific ambient sources from industrial and municipal land-uses.
Hong et al. (2016, 2019) suggested that the distribution of SOs released
from industrial and municipal sources are similar, but that the magni-
tude of release is site-specific. Overall, we found that the distributions
of SOs in the YS and BS depend more on regional specific sources than
by land-uses or environmental variables.

Fig. 4. Box plot of PAHs, APs, and SOs relative to seven land-use types [in-
dustrial, municipal, agriculture, beach, saltern, barren, and aquaculture
(Aqu.)]. Each dot represents raw data of PTS measurements. Dotted and solid
lines indicate existing sediment quality guidelines [(ISQG: interim sediment
quality guidelines, PEL: probable effect levels (CCME, 2001, 2002)]
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3.5. Comparison of PTSs contaminations between 2008 and 2018

Change over time in the distributions of PAHs between 2008 and
2018 in Korea (YSK) and China (BS and YSC) differed (Fig. 5a). Con-
centrations of PAHs in YSK declined at all freshwater and seawater
locations, and all locations not already exceeding sediment quality
guidelines (ISQG and PEL). There was a significant difference in PAH
concentrations over time at freshwater (p < 0.05) and at seawater
locations (p < 0.01) (Fig. 5b). The change might be explained as a
response to regulations by the Ministry of Environment (MOE, 2009) to
control the release of PTSs to the environments.

In contrast, concentrations of PAHs in sediments in BS and YSC were
site-specific relative to freshwater and seawater locations.
Concentrations of PAHs generally declined in 2018 relative to 2008. For
example, concentrations had exceeded ISQG in 2008 (1700 ng g−1 dw)
at location DL1, but had declined 350 ng g−1 dw below than ISQG by
2018. However, some concentrations were many times higher in 2018
than 2008, particularly at locations TS7 (6.9 times higher), QH3 (6.2
times higher), HL4 (24 times higher), and QH5 (150 times higher), all
of which exceeded ISQG and PEL guidelines. In contrast, mean con-
centrations of PAHs slightly declined from 2008 to 2018, but not in a
statistically significant degree (p > 0.05). Our results indicate that
environmental regulations on persistent organic pollutants have not
been enforced in BS and YSC, because concentrations of PAHs have
increased over the past 10 years at some locations. In addition, changes
in specific sources of PAHs could explain changes in distributions of
PAHs in YSK, BS, and YSC over time (2008 to 2018).

The compositions of PAHs in Korea (YSK) and China (BS and YSC)
between 2008 and 2018 appear to have changed (Fig. 5c). In 2008, The
HMW PAHs dominated in both freshwater (78%) and saltwater loca-
tions (70%) in YSK, whereas LMW PAHs were detected in high pro-
portions in 2018 at both freshwater locations (77%) and seawater lo-
cations (64%). This change in predominant types of PAHs indicates that
the sources in 2008 were mainly pyrogenic in origin (Gschwend and

Hites, 1981; Budzinski et al., 1997). However, because LMW com-
pounds have relatively high volatility, we speculate that sources of
PAHs in 2018 were likely derived from air-water exchanges and at-
mospheric deposition (Tobiszewski and Namiesnik, 2012). Composi-
tions of PAHs in BS and YSC did not change much between 2008 and
2018 at either freshwater or saltwater locations.

HMW PAHs dominated (upper 75%), regardless of year and salinity
of sampling locations, but in some sites in BS, HMW PAHs concentra-
tions increased by > 90% by 2018, such as at locations TS7, QH3,
QH5, and HL4. PAHs with 5–6 rings, including BbF, BaP, IcdP, and
BghiP, dramatically increased, indicating an input of diesel and gaso-
line combustion (Fig. S5) (Simcik et al., 1999; Ravindra et al., 2008)
over the intervening 10-y period. Overall, in South Korea, concentra-
tions of PAHs in sediments are now lower than they were 10 years prior
due to efforts by the federal government to reduce PTSs. Meanwhile,
higher concentrations were detected in 2018 in China, due to the lack of
regulations to combat PAHs pollution. Because concentrations of PTSs
were high enough to detrimentally impact aquatic ecosystems, further
studies are necessary to better understand the sources, fates, and po-
tential risks to the aquatic ecosystem.

4. Conclusions

Our study quantifies contamination by various PTSs in freshwater
and seawater sediments of the Yellow and Bohai seas and describes
changes that have occurred over a decadal period. We found hotspots of
contamination in some rivers and coasts in China, where extremely
high concentrations of PAHs pose high risks to aquatic ecosystems. Our
present study shows that by-products of diesel and gasoline combustion
and industrial and municipal activities contribute to more than half the
PAHs contamination of sediments in the Yellow and Bohai seas. In
addition, we identified fresh inputs into the Yellow and Bohai seas in
both South Korea and China due to the continued use of PTSs. However,
there has been a significant decline in the concentration of PAHs in

Fig. 5. The change observed over time
(2008–2018) for 16 polycyclic aromatic
hydrocarbons (PAHs) in sediments in South
Korea and China relative to freshwater and
saltwater environments. Panels: (a) spatial
distribution of PAHs, (b) box plots for PAHs
in freshwater and seawater locations, and
(c) change in relative compositions of PAHs,
by chemical species, over time. The ISQG
and PEL are depicted with horizontal lines
in Panel b (CCME, 2001).
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South Korea from 2008 to 2018, whereas concentrations have increased
in sediment of some regions in China due to the lack of enforcement of
environmental regulations. In general, contamination by PTSs in sedi-
ments of the Yellow and Bohai seas has declined since 2008, but con-
tamination has become more severe in some specific, highly in-
dustrializing and municipalizing areas in China. Consequently, the
results of the present study suggest hotspot and potential sources of
contaminants, which will provide valuable information for im-
plementing pollution reduction policies (e.g., dredging of polluted se-
diments, total pollution loads management, etc.) which would con-
tribute to the improvement of sediment quality in the Yellow and Bohai
seas. Stepwise monitoring and continuing management practices are
needed to control contamination and potential ecological risks to the
Yellow and Bohai seas marine ecosystems.
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Supplementary Tables 

Table S1. Top 20 LMEs in Marine Industry Activity Index (Hoagland and Jin, 2006). 
LME LME# Socioeconomic 

Index 
Fishery & Aquaculture 

Index 
Tourism 

Index 
Ship & Oil 

Index 
Marine Industry 
Activity Index 

Yellow Sea 48 73.4 71.8 44.4 36.9 45.4 
East China Sea 47 84.1 51.9 30.8 42.1 41.8 
East Bering Sea 1 93.9 17.4 57.9 44.0 41.4 
Insular Pacific-Hawaiian 10 93.9 17.4 57.9 44.0 41.4 
Northeast U.S. Continental Shelf 7 94.0 15.5 52.8 37.9 36.4 
Gulf of Mexico 5 89.1 13.0 46.3 36.6 33.8 
Kuroshio Current 49 93.6 18.3 6.7 45.8 32.5 
California Current 3 88.0 12.1 43.7 35.0 32.2 
Gulf of Alaska 2 94.0 13.7 48.2 32.5 31.9 
Southeast U.S. Continental Shelf 6 90.8 13.1 44.0 33.1 31.3 
Chukchi Sea 54 87.4 14.7 34.9 27.5 26.4 
South China Sea 36 73.8 34.5 22.3 14.9 20.3 
Beaufort Sea 55 94.2 9.2 36.5 18.6 20.3 
Gulf of California 4 80.2 4.9 24.9 23.1 19.8 
Norwegian Shelf 21 95.6 10.7 3.7 28.0 19.7 
Sea of Japan 50 83.3 13.3 3.5 24.0 17.7 
Celtic-Biscay Shelf 24 92.2 2.5 38.8 14.6 17.0 
North Sea 22 94.0 5.3 14.4 16.4 13.8 
Oyashio Current 51 83.3 13.0 2.1 14.9 12.0 
Iberian Coastal 25 91.2 2.5 47.3 3.2 11.9 

 
Hoagland, P., Jin, D., 2006. Accounting for Economic Activities on Large Marine Ecosystems and Regional Seas. NOAA's Large 

Marine Ecosystems (LMEs) and UNEP Regional Seas Programme. 
https://wedocs.unep.org/bitstream/handle/20.500.11822/11814/rsrs181.pdf?sequence=1&amp%3BisAllowed= 

 

https://wedocs.unep.org/bitstream/handle/20.500.11822/11814/rsrs181.pdf?sequence=1&amp%3BisAllowed=
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Table S2. Information on sampling stations and conditions by each team. 
Map of sampling locations Date 

(yyyymmdd) Site Latitude 
(°N) 

Longitude 
(°E) Land use type Temperature 

(℃) 
Salinity 

(‰) 
DO 

(mg L-1) pH 

 

Team 1 
20180701 DL4 38.9844 121.5103 Beach 26.1 1.2* 9.09 7.82 
20180701 DL6 39.5058 121.4033 Unused land 26.4 35.5 8.03 7.89 
20180701 DL1 39.6208 121.5214 Industrial 25.4 34.9 7.51 7.93 
20180701 DL2 39.6947 121.740. Industrial 27.9 0.76 9.83 8.59 
20180702 DL5 39.4817 122.5592 Municipal 24.5 34.6 7.35 7.84 
20180702 DL3 39.6633 122.9939 Municipal 26.2 31.8 6.09 7.69 
20180702 DD4 39.8383 123.6528 Agricultural 25.0 9.9* 6.62 8.36 
20180703 DD3 40.3122 124.6968 Agricultural 25.0 0.24 9.52 8.32 
20180703 DD1 40.1771 124.4567 Industrial 22.5 0.15 8.90 8.12 
20180703 DD2 39.9436 124.2828 Unused land 25.1 0.40* 5.61 7.97 
20180704 YK3 40.425 122.2844 Industrial 27.9 38.5 4.81 7.82 
20180704 YK2 40.69 122.1292 Industrial 29.1 35.3 7.20 8.30 
20180704 YK1 40.9963 122.4638 Municipal 30.4 0.64 13.8 8.84 
20180704 PJ2 41.0238 122.4338 Municipal 29.5 0.81 4.77 8.11 
20180705 JZ5 40.9092 121.8192 Industrial 29.0 36.5 7.41 7.96 
20180705 PJ1 40.8822 121.5714 Agricultural 31.8 0.50* 10.3 8.54 
20180705 JZ3 41.4531 121.4594 Unused land 27.1 0.71 8.46 8.30 
20180705 JZ4 41.1763 121.3792 Industrial 28.1 0.76 9.36 8.25 
20180706 JZ2 40.9181 121.2436 Agricultural 27.8 39.2 7.59 7.68 
20180706 JZ1 40.9242 121.1867 Agricultural 28.1 37.5 8.60 8.95 
20180706 HL4 40.7469 120.9347 Industrial 30.6 9.1 11.1 7.14 
20180706 HL5 40.5919 120.7694 Agricultural 28.3 7.5 7.44 8.94 
20180707 HL3 40.3703 120.2583 Agricultural 25.3 0.43 8.07 7.77 
20180707 HL6 40.4181 120.2992 Unused land 26.7 0.54 2.99 7.20 
20180707 HL1 40.2697 120.4622 Municipal 26.2 33.7 8.73 8.00 
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Table S2. (Continued) 
Sampling map Date Site Latitude 

(°N) 
Longitude 

(°E) Land use type Temperature 
(℃) 

Salinity 
(‰) 

DO 
(mg L-1) pH 

 

20180707 HL2 40.1747 120.2614 Agricultural 28.7 0.2 10.8 9.51 
20180708 QH7 39.9653 119.7694 Municipal 23.8 22.5 9.18 8.63 
20180708 QH6 39.9203 119.5667 Municipal 24.8 0.4* 6.28 8.47 
20180708 QH5 39.9802 119.2126 Municipal 25.8 0.4 9.88 8.81 
20180709 QH3 39.8394 119.5133 Municipal 25.0 0.5 5.36 7.23 
20180709 QH4 39.8017 119.4419 Municipal 26.2 0.3* 3.80 8.07 
20180709 QH2 39.7814 119.4136 Unused land 25.6 8.1 7.97 7.95 
20180709 QH1 39.6789 119.2911 Municipal 25.2 24.2 6.79 7.93 
20180710 TS7 39.6641 118.7881 Agricultural 26.6 0.59 5.87 0.59 
20180710 TS6 39.4607 119.1341 Agricultural 27.0 0.73 9.40 8.09 
20180710 TS5 39.4308 119.28 Agricultural 28.4 35.3 8.37 7.75 
20180710 TS2 39.1522 118.5342 Industrial 27.7 37.3 6.35 7.82 
20180710 TS3 39.0436 118.3642 Municipal 25.6 38.0 7.54 7.90 

 
 

 

Team 2 
20180627 RZ1 35.298 119.4482 Aquaculture 31.3 13.8 4.9 7.7 
20180627 RZ2 35.0782 119.3033 Aquaculture 27.2 24.3 4.5 8.0 
20180628 QD4 36.2353 120.1206 Municipal 27.4 18.6 7.1 8.0 
20180628 QD5 35.8568 120.0477 Beach 27.4 21.2 13.6 8.5 
20180628 QD6 35.7684 119.9262 Aquaculture 30.1 4.4 7.1 8.1 
20180628 QD7 35.7405 119.9111 Aquaculture 29.0 14.2 3.8 7.7 
20180629 QD2 36.7802 120.4099 Unused land 29.9 0.5 16.7 10.4 
20180629 QD3 36.6637 120.295 Agricultural 30.0 0.3 12.0 9.3 
20180630 QD1 36.2609 120.3259 Municipal 31.7 18.5 3.83 7.76 
20180701 WH1 36.8266 121.4636 Aquaculture 28.7 19.9 8.0 7.9 
20180701 WH3 36.9321 121.8657 Unused land 27.6 20.9 9.8 8.3 
20180701 YT5 36.6543 120.7688 Agricultural 26.3 1.8 11.6 9.0 
20180702 WH2 37.4296 122.2754 Beach 22.4 26.9 9.2 8.2 
20180702 YT4 37.7493 120.5242 Beach 26.1 27.8 8.6 8.4 

 20180702 YT6 37.5753 121.2966 Beach 25.8 28.0 9.8 8.3 
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Table S2. (Continued) 
Sampling map Date Site Latitude 

(°N) 
Longitude 

(°E) Land use type Temperature 
(℃) 

Salinity 
(‰) 

DO 
(mg L-1) pH 

 

20180703 YT1 37.1286  119.7277  Saltern 30.4 28.2 8.5 8.2 
20180703 YT2 37.4017  119.9493  Industrial 29.5 27.4 9.4 8.4 
20180703 YT3 37.5518  120.2482  Beach 29.5 17.4 9.1 8.5 
20180704 WF4 37.0765  119.4793  Unused land 28.8 25.6 7.6 8.2 
20180704 WF5 36.5802  119.3846  Agricultural 31.2 0.8 18.1 9.2 
20180704 WF6 36.7421  119.5374  Agricultural 26.1 1.7 0.3 7.4 
20180704 WF7 37.0921  119.5599  Unused land 29.0 33.7 21.8 3.7 
20180705 WF1 37.2751  118.9848  Unused land 30.0 5.2 4.8 7.9 
20180705 WF2 37.1354  119.2870  Saltern 29.8 23.5 8.9 8.2 
20180705 WF3 37.1401  119.1434  Saltern 32.1 29.7 12.6 8.8 
20180705 WF8 37.1330  119.1860  Saltern 31.3 37.0 9.0 8.5 
20180705 DY5 38.1363  118.4322  Industrial 30.5 1.6 9.4 8.1 
20180706 DY2 37.6046  118.5384  Agricultural 30.1 0.3 7.6 8.2 
20180706 DY3 37.7481  118.8214  Agricultural - - - - 
20180706 DY4 37.7615  119.1706  Unused land 33.1 0.5 8.4 8.4 
20180707 DY1 37.4851  118.2691  Agricultural 29.3 0.5 7.4 8.5 
20180707 BZ4 37.5010  117.8540  Agricultural 32.2 0.8 16.3 8.9 
20180707 BZ5 37.2497  117.7231  Agricultural 30.5 0.4 5.1 8.2 
20180707 BZ6 37.3350  118.0576  Agricultural 29.9 0.3 7.1 8.5 
20180708 BZ1 38.2637  117.8511  Agricultural 28.0 31.6 7.3 8.3 
20180708 BZ2 38.2006  118.0047  Unused land 28.0 33.3 5.3 7.6 
20180708 BZ3 38.1460  118.0528  Unused land 27.2 15.7 8.4 8.4 
20180709 TJ1 39.2000  117.7641  Industrial - 2.2 9.4 9.5 
20180709 TJ2 39.1640  117.6623  Unused land 26.8 0.7 10.2 9.3 
20180709 TJ3 39.0938  117.7298  Unused land 25.8 22.0 5.8 8.1 
20180709 TJ5 38.9695  117.7315  Industrial 26.4 15.7 7.7 8.4 
20180710 TJ4 39.0214  117.4955  Agricultural 27.9 6.2 10.1 9.0 

 20180710 TJ6 38.7667  117.5694  Industrial 29.3 29.7 8.8 8.3 
 20180710 TJ7 38.6547  117.5447  Unused land 29.1 19.8 6.4 8.2 
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Table S2. (Continued) 
Sampling map Date Site Latitude 

(°N) 
Longitude 

(°E) Land use type Temperature 
(℃) 

Salinity 
(‰) 

DO 
(mg L-1) pH 

 
 

 

20180710 TS1 39.0203  117.4578  Industrial 26.9 3.1 6.0 8.1 
Team 3 

20180630 LY2 34.7963  119.2244  Unused land 25.8 30.7 7.0 7.7 
20180701 LY1 34.9023  119.1961  Aquaculture 28.0 46.6 7.4 7.8 
20180701 LY3 34.5026  119.7720  Unused land 28.4 33.7 7.4 7.7 
20180701 LY4 34.1537  118.8366  Agricultural 28.0 0.5 8.1 7.9 
20180702 YC1 34.1128  120.3239  Unused land 25.4 15.0 7.2 7.8 
20180702 YC3 33.8934  120.0150  Agricultural 27.0 0.6 2.1 7.5 
20180702 YC4 33.4793  119.1460  Municipal 27.1 0.4 8.1 8.0 
20180702 YC6 33.3674  120.0770  Industrial 27.4 0.6 3.7 7.4 
20180703 YC2 33.8160  120.4768  Industrial 27.0 0.8* 2.4 7.6 
20180703 YC5 33.7400  120.5499  Unused land 28.0 20.2 7.5 7.9 
20180703 YC7 32.8821  120.9646  Unused land 28.6 41.7 5.6 7.6 
20180704 YC8 32.6933  120.8959  Unused land 28.5 4.0 9.4 8.2 
20180704 NT1 32.6031  120.9437  Industrial 29.0 2.3* 4.7 7.7 
20180704 NT2 32.5577  121.0457  Unused land 31.5 17.2 16.3 8.6 
20180704 NT3 32.5140  120.9660  Agricultural 30.0 1.4 11.7 8.2 
20180704 NT4 32.4919  121.2226  Unused land 29.4 44.6 7.9 7.9 
20180705 NT5 32.2016  121.3851  Saltern 28.8 28.1 5.1 7.4 
20180705 NT6 32.1535  121.4562  Unused land 27.7 43.1 6.7 7.7 
20180705 NT7 32.1014  121.6039  Unused land 27.5 44.6 8.2 8.1 
20180705 NT8 32.0292  121.7411  Unused land 27.0 30.8 7.5 8.0 
20180706 NT9 31.9337  121.8257  Industrial 26.7 33.3 4.3 7.6 
20180706 NT10 31.8490  121.8521  Industrial 27.4 2.0 3.1 7.7 

Team 4 
20180713 YS1 34.7821  126.4441  Municipal 28.1 26.7 7.3 8.3 
20180713 YS2 34.7866  126.4627  Municipal 29.2 0.2 5.8 9.2 
20180713 HP 35.0890  126.3538  Agricultural 34.8 31.3 4.4 7.7 
20180713 JD 34.9690  126.1662  Agricultural 25.3 32.3 7.4 8.2 



S8 

 

Table S2. (Continued) 
Sampling map Date Site Latitude 

(°N) 
Longitude 

(°E) Land use type Temperature 
(℃) 

Salinity 
(‰) 

DO 
(mg L-1) pH 

 

20180714 GS 35.5728  126.6636  Agricultural 33.4 24.9 7.3 7.9 
20180714 GG1 36.0225  126.7422  Agricultural 29.3 0.1 6.7 8.7 
20180714 GG2 36.0085  126.7353  Agricultural 35.7 12.7 3.7 7.6 
20180714 AM 36.5401  126.3265  Beach 27.1 30.5 6.0 7.5 
20180714 ML 36.7838  126.1364  Beach 23.1 31.2 7.5 7.6 
20180715 SD 36.8385  126.1834  Beach 21.7 31.3 6.6 7.5 
20180715 SG1 36.8788  126.8272  Agricultural 36.6 0.2 12.0 9.7 
20180715 SG2 36.8951  126.8191  Agricultural 28.5 27.2 4.4 7.7 
20180715 AS1 36.8933  126.9123  Agricultural 32.8 0.2 10.1 9.1 
20180715 AS2 36.9154  126.9052  Agricultural 29.5 24.9 4.2 7.8 
20180716 DB 37.2142  126.5855  Agricultural 26.4 22.5 6.3 7.7 
20180716 LS1 37.3348  126.6895  Industrial 29.3 22.2 4.6 7.6 
20180716 LS2 37.3257  126.6571  Industrial 27.2 28.6 6.5 7.7 
20180716 LS4 37.3249  126.6556  Industrial 25.9 28.8 8.5 8.1 
20180723 CS1 36.5981  126.4632  Agricultural 33.3 1.5 12.7 9.3 
20180723 CS2 36.2142  126.5355  Agricultural 29.9 29.6 7.7 7.5 

- Not analyzed 
* The sample at these sites were collected at ebb tide time in the estuary (considered to be seawater locations).
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Table S3. Instrumental conditions of gas chromatograph equipped with a mass selective detector 
for analyses of persistent toxic substances. 
GC/MSD system Agilent 7890A GC and 5975C MSD 

Column DB-5MS UI (30 m long, 0.25 mm i.d., 0.25 μm film thickness) 
Gas flow 1 mL/min He 
Injection mode Splitless 
Injection volume 2 μL 
Injector temperature 300 °C 
Ionization EI mode (70 eV) 
MS temperature 180 °C 
Detector temperature 230 °C 
Oven temperature 
(PAHs and SOs) 

60 °C hold 2 min 
Increase 6 °C/min to 300 °C 
300 °C hold 13 min 

Oven temperature 
(APs) 

60 °C hold 5 min 
Increase 10 °C/min to 100 °C 
Increase 20 °C/min to 300 °C 

Targeted PAHs (39) Naphthalene (Na), 1-Methylnaphthalene (1-Na), 2-Methylnaphthalene (2-Na), 
1,3-Dimethylnaphthalene (1,3-Na), 1,4,5-Trimethylnaphthalene (1,4,5-Na), 
1,2,5,6-Tetramethylnaphthalene (1,2,5,6-Na), Acenaphthylene (Acl), Acenaphthene (Ace), 
Fluorene (Flu), 9-Methylfluorene (9-Flu), 1-Methylfluorene (1-Flu), 
1,7-Methylfluorene (1,7-Flu), 9-n-Propylfluorene (9-n-Propyl-Flu), 
Dibenzothiophene (Dbthio), 2-Methyldibenzothiophene (2-Dbthio), 
2,4-Dimethyldibenzothiophene (2,4-Dbthio), 
2,4,7-Trimethyldibenzothiophene (2,4,7-Dbthio), Phenanthrene (Phe), 
3-Methylphenanthrene (3-Phe), 2-Methylphenanthrene (2-Phe), 
1,6-Dimethylphenanthrene (1,6-Phe), 1,2-Dimethylphenanthrene (1,2-Phe), 
1,2,9-Trimethylphenanthrene (1,2,9-Phe), 1,2,6,9-Tetramethylphenanthrene (1,2,6,9-Phe), 
Anthracene (Ant), Fluoranthene (Fl), Pyrene (Py), Benzo[a]anthracene (BaA), 
Chrysene (Chr), 3-Methylchrysene (3-Chr), 6-Ethylchrysene (6-Ethyl-Chr), 
1,3,6-Trimethylchrysene (1,3,6-Chr), Benzo[b]fluoranthene (BbF), 
Benzo[k]fluoranthene (BkF), Benzo[a]pyrene (BaP), Perylene (Pery), 
Indeno[1,2,3-c,d]pyrene (IcdP), Dibenz[a,h]anthracene (DbahA), and 
Benzo[g,h,i]perylene (BghiP) 

  
Targeted SOs (10) 1,3-Diphenylpropane (SD1), cis-1,2Diphenylcyclobutane (SD2),  

2,4-Diphenyl-1-butene (SD3), 2,4,6-Triphenyl-1-hexene (SD4),  
2,4,6-Triphenyl-1-hexene (ST1), 1e-Phenyl-4e-(1-phenylethyl)-tetralin (ST2), 
1a-Phenyl-4e-(1-phenylethyl)-tetralin (ST3),  
1a-Phenyl-4a-(1-phenylethyl)-tetralin (ST4),  
1e-Phenyl-4a-(1-phenylethyl)-tetralin (ST5), and  
1,3,5-Triphenylcyclohexane (isomer mix) (ST6) 

  
Targeted APs (6) 4-tert-Octylphenol (OP), 4-tert-Octylphenol monoethoxylate (OP1EO), 

4-tert-Octylphenol diethoxylate (OP2EO), Nonylphenols (NPs, isomer mix), 
Nonylphenol monoethoxylates (NP1EOs, isomer mix),  
and Nonylphenol diethoxylates (NP2EOs, isomer mix) 
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Table S4. Certified and measured concentrations for selected PAHs in standard reference material 
(SRM) 1944 to check the accuracy of the method. 

PAHs 
Certified concentration Measured concentration Recovery 

(μg g-1 dry weight) (μg g-1 dry weight, n = 3) (%) 
Phenanthrene 5.3 ± 0.2 4.6 ± 0.3 87 ± 5.3 
Fluoranthene 8.9 ± 0.3 7.8 ± 0.1 87 ± 1.6 
Pyrene 9.7 ± 0.4 7.9 ± 0.3 81 ± 2.9 
Benz[a]anthracene 4.7 ± 0.1 4.8 ± 0.2 102 ± 5.1 
Chrysene 4.9 ± 0.1 4.1 ± 0.2 85 ± 3.3 
Benzo[b]fluoranthene 3.9 ± 0.4 4.7 ± 0.2 121 ± 6.4 
Benzo[j]fluoranthene 2.1 ± 0.4 2.1 ± 0.1 103 ± 3.6 
Benzo[k]fluoranthene 2.3 ± 0.2 2.9 ± 0.2 126 ± 7.7 
Benzo[a]pyrene 4.3 ± 0.1 5.3 ± 0.2 122 ± 5.1 
Benzo[e]pyrene 3.3 ± 0.1 4.0 ± 0.1 122 ± 4.1 
Perylene 1.2 ± 0.2 0.9 ± 0.1 80 ± 4.9 
Indeno[1,2,3-c,d]pyrene 2.8 ± 0.1 3.3 ± 0.2 119 ± 4.9 
Dibenz[a,h]anthracene 4.2 ± 0.1 5.1 ± 0.1 121 ± 1.8 
Benzo[g,h,i]perylene 4.8 ± 0.1 3.5 ± 0.1 122 ± 2.7 
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Table S5. Concentrations of PAHs in sediments of the Yellow and Bohai seas. 
Target PAHs LS1 LS2 LS4 DB AS1 AS2 SG1 SG2 SD ML AM CS1 CS2 GG1 GG2 GS HP JD YS1 YS2 DD1 DD2 DD3 DD4 DL3 DL5 YT5 YT6 WH1 WH2 WH3 QD1 

Na 9.0 11.7 8.9 11.6 8.6 13.9 6.4 12.8 11.8 13.7 8.1 10.2 9.7 8.1 5.8 11.8 7.6 6.3 6.6 10. 35.6 33.7 16.7 17.1 19.3 17.2 6.8 9.5 16.7 13.1 16.4 22.3 
2-Na 2.0 3.1 1.7 3.0 1.6 3.7 1.0 3.6 2.0 2.8 2.1 2.1 2.1 3.5 2.2 2.8 2.0 1.6 1.2 2.5 17.8 24.2 5.3 3.7 6.5 1.4 2.0 3.1 6.7 2.8 4.5 12.1 
1-Na       2.1       1.2                         6.0 7.6 2.1 1.4 2.3       2.2   1.3 4.0 
1,3-Na                                         3.4 6.4     1.5             2.8 
1,4,5-Na                                         1.8 6.5                   2.7 
1,2,5,6-Na                                           4.1                   2.1 
Acl                                                                 
Ace                                           3.9                     
Flu                           1.6             3.5 12.2 2.0 2.4 4.1       2.9     6.2 
9-Flu                                                                 
1-Flu                           2.2             3.7 32.5 2.0 2.9 2.1       6.9     38.1 
1,7-Flu                                         1.8 9.6 1.6   2.3             6.9 
9-n-Propyl-Flu                                                                 
Dbthio                                                                 
2-Dbthio                                                                 
2,4-Dbthio                                                                 
2,4,7-Dbthio                                                                 
Phe 2.6 2.7   2.4   3.3   4.2   1.3     1.3 4.4 3.6 2.2 1.6 1.6 1.6 1.9 25.7 49.4 8.9 7.3 14.2 1.8 1.2 1.9 10.2 1.8 2.7 25.3 
3-Phe 0.7 0.7   0.7   0.9   1.2           1.3 1.0 0.4 0.3 0.3     3.8 15.0 1.5 1.9 4.5     0.6 5.6 0.3 0.6 17.5 
2-phe 0.7 0.8   0.7   1.0   1.2           1.2 1.2         0.9 5.4 16.4 2.1 1.7 4.1       3.8     16.0 
1,6-Phe 1.6 1.7   1.8   2.5   2.6           7.1 3.0 1.2 0.8 0.7     5.7 33.7 3.0 2.9 6.8     0.8 5.7     34.4 
1,2-Phe                                           2.3     0.7       0.9     4.7 
1,2,9-Phe                                                                 
1,2,6,9-Phe                           0.9               1.2                   1.5 
Ant 0.4 0.4           0.7           0.7 0.5           3.0 10.6 0.8 1.1 2.3       2.3     8.0 
Fl 4.2 4.0   4.3   5.4   7.5         1.2 9.1 6.5 3.0 1.8 1.5 1.5 1.2 27.6 79.3 8.1 9.3 26.1 1.5   1.7 18.1   1.3 61.1 
Py 4.2 4.1   3.8   5.0   7.1         0.9 9.2 5.4 2.3 1.5 1.3 1.5 1.4 23.7 73.1 7.0 7.9 18.2 1.7   1.2 11.1     54.5 
BaA 1.4 1.5   1.4   2.0   2.7           3.1 2.4 0.9 0.6       12.0 40.8 4.8 4.3 7.8 0.8   0.6 4.8     79.3 
Chr 1.9 2.1   2.1   2.7   3.8           3.9 3.1 1.5         29.2 89.0 12.2 10.6 22.8 1.7   1.6 11.1   1.8 116 
3-Chr 0.6 0.8   0.5   0.9   0.8           1.5 1.0           10.3 55.0 5.1 5.3 13.4 0.5   1.7 7.7     192 
6-Ethyl-Chr                                           2.2   0.6 0.6       0.7     8.5 
1,3,6-Chr                                           1.6                   2.1 
BbF 3.3 3.1   2.9   5.7   5.4           6.9 5.9 2.6         22.3 90.3 9.3 10.2 27.0 2.0   1.7 18.7     212 
BkF           2.2   2.0           2.8 2.5           17.6 58.5 7.6 6.7 15.0 2.0     7.4     79.6 
BaP           1.9   1.5           1.7 1.8           17.4 52.1 5.9 5.7 15.5 1.5     5.5     104 
Pery 2.1 2.1       3.4   3.3           64.9 9.5           6.8 319 4.3 19.1 21.1 1.8     6.8     26.2 
IcdP           3.0   2.0           2.6 3.0           25.4 92.5 13.2 11.5 21.0 2.7     8.0     193 
DbahA                                         22.1 62.7 13.1 11.0 10.8 3.2           92.9 
BghiP   2.0       3.2   2.8           2.8 3.5           19.2 65.2 6.4 6.6 15.2       8.2     136 
a Shaded concentrations indicate values that exceeded ISQG (orange) and PEL (red). 



S12 

 

Table S5. (Continued) 
Target PAHs QD2 QD3 QD4 QD5 QD6 QD7 RZ1 RZ2 LY1 LY2 LY3 LY4 YC1 YC2 YC3 YC4 YC5 YC6 YC7 YC8 NT1 NT2 NT3 NT4 NT5 NT6 NT7 NT8 NT9 NT10 DL1 DL2 

Na 14.5 28.4 17.5 7.1 8.8 8.9 10.5 8.3 6.4 7.3 2.1 8.4 7.7 8.6 6.3 13.5 5.6 18.3 5.7 5.6 9.8 5.3 9.2 11.3 13.3 13.0 16.4 12.1 19.3 128 35.0 15.2 
2-Na 1.7 9.5 3.9 1.8 4.0 2.8 3.9 2.5 1.9 2.9   1.5 2.6 2.3 3.3 19.0 2.1 31.5 1.9 1.7 3.9 1.5 4.7 2.7 5.0 4.2 3.8 4.5 9.0 66.4 20.5 2.2 
1-Na   3.2 1.6   1.3   1.3                 6.2   11.4         1.5   1.2       2.7 32.5 9.6   
1,3-Na                               5.2   12.0                     2.3 16.6 6.4   
1,4,5-Na                               5.9   16.4         1.7           3.2 22.3 5.1   
1,2,5,6-Na                               7.6   20.0         1.7             3.7 6.3   
Acl                                                           8.6     
Ace                               4.8   6.0                     44.0 353     
Flu   4.2 2.2   2.2         1.8       2.9 2.9 8.9   14.3     1.9   1.7   2.0       149 526 4.1 2.0 
9-Flu                                                         2.8 4.0     
1-Flu   3.5 3.0   1.7 2.0 2.4     3.5     2.3 3.9 2.0 6.5   20.3     3.0   2.0 1.8 2.6 1.8 3.0 1.6 94.5 379 2.7 2.0 
1,7-Flu                               1.8   4.7     1.8               5.5 14.4 1.7   
9-n-Propyl-Fl                                                           1.2     
Dbthio                                                         11.7 150     
2-Dbthio                               1.2   3.8                       6.9 0.9   
2,4-Dbthio                                                           3.9     
2,4,7-Dbthio                                                           1.0     
Phe 2.8 15.5 11.3 1.2 8.5 2.5 3.6 4.8 1.3 3.0     1.9 6.3 10.3 57.7 1.3 58.9   1.2 7.2 2.3 6.2 1.4 5.5 3.1 2.9 3.5 1424 5381 22.6 5.2 
3-Phe 0.5 2.6 3.8   2.7 0.7 1.1 1.2 0.6 1.8     0.9 1.8 3.3 20.2 0.8 25.4 0.3 0.4 3.7 0.9 4.5   2.5 1.3 0.9 1.5 138 533 6.5 0.6 
2-phe 0.7 3.5 3.6   2.4   0.9 1.1   1.0       1.1 2.0 13.2   17.0     2.1   3.1   1.6 0.9 0.7 1.1 115 968 7.9 0.7 
1,6-Phe 0.7 2.9 5.5   3.1   1.2 1.3 0.9 2.5     1.1 1.7 2.6 26.8   28.3     8.8   6.7   1.7 1.7 1.3 1.4 62.5 280 11.8   
1,2-Phe     0.8                         2.3   5.7                     4.2 18.7 1.1   
1,2,9-Phe                                                           1.5     
1,2,6,9-Phe                               1.1   3.6     1.7               2.6 4.9 2.1   
Ant   1.6 2.0   2.1   0.5 1.1   1.5       2.2 2.5 17.3   19.9     2.0 0.5 1.3   1.4 0.6 0.6 0.6 361 591 2.8 0.8 
Fl 1.5 7.9 21.0   21.7 3.1 3.7 18.3 2.2 7.5   1.4 2.2 21.9 21.8 131   144   1.3 25.4 6.1 10.0   14.0 4.4 5.7 5.3 980 6406 24.1 2.3 
Py 1.2 5.4 16.9   13.5 1.7 2.4 11.9 2.1 5.8   1.5 2.2 19.3 23.4 123   143 0.9 1.3 28.1 6.1 10.9 1.0 13.6 3.9 5.6 4.7 2619 10857 20.3 3.2 
BaA 1.2 4.4 15.2   8.1   0.8 8.3 0.7 2.4     0.8 9.1 10.9 72.6   90.7     15.9 2.5 5.4   6.3 1.3 2.5 2.0 966 4152 12.8 1.6 
Chr 2.8 11.7 28.3   13.7 1.3 1.7 12.6   3.0     1.3 10.0 14.0 78.4   103     19.2 3.6 7.1   8.4 2.2 3.7 3.2 1107 5072 35.0 3.6 
3-Chr 2.2 16.4 27.2   9.8 0.7 1.0 3.5 0.6 1.6     0.5 2.4 5.2 24.2   42.1     8.2 0.9 3.0   2.7 0.9 1.0 1.6 214 1223 21.8 1.0 
6-Ethyl-Chr   0.5 0.9   0.9                 0.6 0.9 3.7   11.8     1.7   0.8   0.5       28.0 206 1.4   
1,3,6-Chr         0.7                               0.6               2.8 18.2 1.5   
BbF 2.8 10.5 37.7   24.6     17.4   4.9     2.4 15.9 19.3 115   143     28.1 4.9 10.6   11.6 3.3 4.4 4.0 1189 5254 37.2 3.4 
BkF   4.4 16.7   10.1     6.9   1.5       6.6 5.9 38.5   52.4     9.0   3.5   3.9   1.7   432 4652 23.9 2.4 
BaP   4.3 16.8   8.8     7.0   1.4       10.6 8.1 68.1   79.0     13.2 1.8 5.1   4.9   1.9 1.8 884 4241 28.1 2.4 
Pery     3.9   3.4         2.0       3.8 4.3 11.7   19.9     13.3 3.8 5.3   26.4 39.6 8.1 30.1 228 725 13.9 945 
IcdP 2.7 8.3 26.4   18.2     8.3   2.2       8.2 10.9 90.7   99.1     20.2 2.5 6.4   6.2   2.0   895 7384 41.0 5.8 
DbahA 2.3 6.1 15.1   2.6                   2.0 17.0   19.4     3.1               165 1301 28.9 8.0 
BghiP   6.7 18.7   19.3     10.2   2.1       4.7 11.3 79.4   100     17.8 2.6 8.6   6.8   2.2 1.9 790 4408 29.9 2.5 
a Shaded concentrations indicate values that exceeded ISQG (orange) and PEL (red). 
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Table S5. (Continued) 
Target PAHs DL4 DL6 YK1 YK2 YK3 PJ1 PJ2 JZ1 JZ2 JZ3 JZ4 JZ5 HL1 HL2 HL3 HL4 HL5 HL6 QH1 QH2 QH3 QH4 QH5 QH6 QH7 TS1 TS2 TS3 TS5 TS6 TS7 TJ1 

Na 17.2 23.6 40.0 24.4 21.8 20.7 32.8 22.5 15.8 12.5 26.8 18.4 20.4 16.1 16.1 111 16.9 10.0 16.5 11.7 19.8 27.1 12.1 36.0 14.4 9.5 16.7 14.3 10.9 15.0 19.4 10.9 
2-Na 1.4 4.4 31.5 11.8 12.2 12.4 29.5 4.6 5.9 6.5 18.4 7.2 7.6 6.8 3.6 121 4.9 0.9 4.4 0.9 15.2 22.4 9.0 52.3 4.2 4.3 5.0 4.4 3.1 3.1 21.2 4.7 
1-Na   1.6 8.6 3.5 4.3 6.0 9.0 1.6 2.3 3.1 8.1 2.8 2.6 2.5 1.4 45.0 1.9   1.3   6.2 8.9 3.5 17.5 1.9 1.8 2.0 1.7 1.4 1.3 7.6   
1,3-Na     5.8 2.1 3.3 4.7 6.9     1.9 4.8 2.3 1.7 1.6   51.2         5.6 7.1 1.9 13.8   1.6         6.3   
1,4,5-Na     2.1 1.7 3.0 4.8 5.8     2.0 4.4 3.6   1.8   90.4         6.1 7.7 1.7 14.4   1.8         5.1   
1,2,5,6-Na       2.0 2.3 4.4 9.6     1.7 4.3 1.9       66.7         6.0 4.9   13.8             3.1   
Acl     2.9       2.4                 40.9           1.8   2.9                 
Ace     15.2 3.9     14.4                 23.0           2.4 15.7 7.4             2.4   
Flu   2.8 13.1 6.6 6.4 3.7 18.6 1.9 2.3   3.3 3.1 3.4 3.7 2.3 121 2.6   2.2   9.3 21.9 16.3 39.3 2.7 5.0 3.4 2.4   1.6 15.0   
9-Flu                               4.8                                 
1-Flu   2.8 10.5 6.3 4.8 3.5 20.2 1.9 2.5 1.7 2.5 3.9   4.8 2.4 174 2.0   2.6   8.4 8.3 3.1 27.9   3.0 2.2   1.7 2.1 42.7   
1,7-Flu     2.7 2.4 4.7 2.4 6.8       2.0 3.4   1.9   170         11.3 10.9 3.3 39.8   3.8 1.9       10.4   
9-n-Propyl-Fl                               3.1               1.5                 
Dbthio             1.2                 32.5         2.2 2.3 2.3 5.1             1.1   
2-Dbthio             1.9                 29.6         2.2 1.0   3.0                 
2,4-Dbthio                               19.0         1.8     1.6                 
2,4,7-Dbthio                               22.9         2.1     1.3                 
Phe 1.8 11.7 60.4 18.7 20.5 13.8 63.9 5.5 8.3 3.2 15.3 12.9 12.8 16.7 6.3 357 10.4 2.1 5.4 1.6 49.3 105 214 141 10.2 18.2 15.6 13.4 4.0 5.2 53.3 5.5 
3-Phe   2.7 7.7 4.4 7.8 15.2 13.1 1.0 2.0 0.8 4.2 9.3 2.7 4.3 1.3 195 8.1 0.3 1.6   19.4 28.9 28.8 47.9 2.6 8.9 4.9 3.1 1.2 1.1 23.5 1.6 
2-phe   2.7 11.5 4.9 9.3 9.5 17.3 1.4 2.4 1.1 5.6 10.4 3.4 6.6 1.8 234 5.0   1.8   22.5 36.0 37.6 68.0 3.4 8.9 5.1 3.6 1.6 1.6 23.8 1.6 
1,6-Phe   4.1 11.4 10.2 14.1 18.0 38.3 2.1 4.6 2.3 10.4 28.9 4.7 12.9 4.8 715 4.1   3.9   54.0 47.9 31.3 120 6.4 34.1 8.4 7.1 1.9 2.2 43.5 2.6 
1,2-Phe     1.1 0.9 1.2 1.5 2.4       1.2 1.7   0.9   68.9         5.8 4.3 2.7 12.9   3.9 1.0 0.8     3.6   
1,2,9-Phe             1.6                 12.3         0.7     1.8                 
1,2,6,9-Phe             1.3                 38.2         2.1 1.2 1.2 5.1   4.6         1.3   
Ant   1.5 14.6 5.3 3.7 1.8 16.6 0.7 1.9 0.5 1.9 1.9 1.2 1.9 0.6 174 1.4   0.8   8.3 24.0 9.3 28.2 1.0 3.9 1.9 1.5 0.4 0.5 9.3 0.7 
Fl 1.5 20.8 126 50.5 39.3 17.5 129 4.5 18.7 1.8 11.3 16.5 12.9 22.8 4.9 286 12.4   4.8   101 189 430 241 6.4 36.5 35.7 30.7 2.8 6.9 74.6 7.0 
Py 1.7 16.1 107 46.1 31.1 14.2 111 4.4 14.2 1.7 11.0 14.5 10.8 19.4 4.4 916 10.0   4.8   87.3 126 345 190 5.2 27.7 25.5 23.8 2.3 5.5 49.8 6.8 
BaA 0.8 8.9 86.2 32.2 18.5 7.9 96.2 2.8 9.0 1.4 8.6 8.5 6.5 13.1 2.7 742 7.8 1.1 4.6 0.7 114 189 500 390 7.0 44.3 34.5 35.5 1.8 3.7 79.5 3.6 
Chr 1.7 21.5 147 57.9 45.4 25.0 173 7.2 16.0 3.4 23.2 23.5 20.1 37.4 9.4 1243 17.6 2.3 12.1 1.4 190 226 884 580 14.4 82.1 54.9 53.7 4.8 9.0 140 6.6 
3-Chr 0.5 9.9 62.3 40.9 35.5 27.2 119 5.8 7.0 2.5 27.1 25.5 13.8 33.6 8.5 2857 11.1 1.4 20.4 0.6 221 237 557 843 16.4 187 40.4 46.4 3.3 6.1 314 3.8 
6-Ethyl-Chr     4.9 1.5 1.3 4.5 5.0   0.6   1.2 0.9 0.7 1.5 0.5 195 0.8   0.8   14.1 8.6 24.4 45.0 1.0 5.0 2.2 2.4     8.7   
1,3,6-Chr             0.9             0.6   71.6 1.0   0.9   9.4 5.3 10.2 15.7   21.1   0.6     7.8   
BbF 2.0 25.4 212 60.7 47.2 17.0 216 4.9 16.9 2.2 15.8 19.8 20.8 42.5 8.1 1792 16.9 1.7 8.2   291 359 2138 1121 17.3 103 96.8 139 4.5 8.4 232 6.9 
BkF 2.0 14.8 110 36.8 23.2 10.4 109 2.5 9.3   8.0 11.7 10.6 26.2 4.6 528 9.0 1.6 4.8   127 132 675 334 8.7 40.8 38.5 116 1.8 3.3 87.3 2.2 
BaP 1.5 14.4 160 43.8 28.6 11.3 150 3.2 8.7 1.5 13.9 12.7 12.5 26.1 5.2 1631 9.1 1.5 4.8   163 179 1259 572 8.9 43.2 48.2 49.5 1.9 3.9 110 2.8 
Pery 1.8 8.2 27.4 49.1 17.4 5.7 73.6   3.6   1.9 9.0 4.8 11.8 5.0 154 3.8       28.4 34.4 151 89.1 2.8 83.6 46.6 15.6     29.6   
IcdP 2.7 21.8 148 46.4 35.4 11.5 177 5.0 11.8 2.3 12.2 14.6 16.0 34.9 7.7 2124 18.1 3.7 7.1 1.9 253. 254 2382 1203 16.3 79.2 83.5 84.1 3.4 5.3 216 3.5 
DbahA 3.2 12.5 68.4 25.0 21.7 8.1 77.6 5.1 6.6 2.3 12.2 8.2 8.7 18.2 4.8 1333 22.6 8.7 10.6 3.6 116 133 923 619 12.0 38.4 35.0 33.2 2.5 3.8 98.7   
BghiP   16.7 105 31.7 26.8 7.6 136 2.7 6.0   10.4 10.6 12.5 25.7 5.0 1307 10.1   4.0   177 140 1333 693 7.7 50.0 55.2 55.2 2.2 3.7 143 4.5 
a Shaded concentrations indicate values that exceeded ISQG (orange) and PEL (red). 
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Table S5. (Continued) 
Target PAHs TJ2 TJ3 TJ4 TJ5 TJ6 TJ7 BZ1 BZ2 BZ3 BZ4 BZ5 BZ6 DY1 DY2 DY3 DY4 DY5 WF1 WF2 WF3 WF4 WF5 WF6 WF7 WF8 YT1 YT2 YT3 YT4 

Na 12.6 11.0 10.2 7.1 10.6 7.5 6.1 6.1 6.8 9.1 8.6 7.5 10.0 11.0 4.9 6.7 20.5 10.2 10.2 11.0 6.3 8.6 9.7 11.8 12.9 8.3 11.2 8.0 8.3 
2-Na 16.6 5.1 5.3 3.6 6.8 2.5 2.2 2.5 1.8 3.8 4.1 1.9 5.6 2.1 1.3 3.9 31.3 3.8 3.3 3.5 1.8 2.1 4.9 2.5 2.4 2.9 4.2 2.3 2.4 
1-Na 3.3 1.3 1.4   2.0               1.9       7.3           1.7       1.4     
1,3-Na 1.8                               7.0                         
1,4,5-Na     1.5   1.7                       7.4                         
1,2,5,6-Na                                 4.3                         
Acl                                 4.1                         
Ace                                 5.6                         
Flu 3.3 1.8 1.7 1.9 3.1               1.9       6.4           2.3             
9-Flu                                                           
1-Flu 2.6   2.2 1.7 2.4               3.3       58.9 1.6   1.6     3.6       1.7   1.8 
1,7-Flu                                 5.6                         
9-n-Propyl-Fl                                                           
Dbthio                                 2.4                         
2-Dbthio                                 2.5                         
2,4-Dbthio                                 1.4                         
2,4,7-Dbthio                                                           
Phe 12.3 6.1 6.1 5.8 18.5 2.5 2.1 2.1 2.0 3.9 2.8 1.3 4.8 1.4   3.1 81.7 3.6 2.3 3.6 1.7   9.5 2.0 2.2 2.1 8.9 1.2 1.2 
3-Phe 4.8 2.1 4.0 2.8 6.7 1.0 0.8 0.7 0.6 1.2 0.9 0.3 2.9 0.3   1.0 36.5 1.2 0.6 2.4 0.5   2.8 0.5 0.7 0.5 2.4     
2-phe 4.0 1.8 2.8 1.8 4.8 0.8 0.7     1.3 0.9   2.2     1.2 42.2 1.0   2.0     2.4       2.5     
1,6-Phe 6.3 3.2 4.7 2.6 5.0 1.0 2.0 1.1 1.0 2.2 1.0   2.0     1.4 52.7 1.1   2.9     2.4   0.8   2.8     
1,2-Phe     0.9   1.0                       5.0                         
1,2,9-Phe                                                           
1,2,6,9-Phe     0.9                           3.3                         
Ant 3.0 1.0 1.4 1.6 3.2 0.4       0.7     0.8       21.9 0.8   0.6     4.4       1.5     
Fl 18.4 9.3 9.9 11.3 46.0 4.2 2.8 2.5 2.0 3.1 1.9   5.3     2.5 116 3.7 2.4 3.3 2.0   15.3 1.9 1.0 1.4 30.8     
Py 16.3 10.3 12.3 10.3 36.3 3.8 2.8 2.0 1.9 2.5 2.0   3.1     2.6 157 2.4 1.2 3.7 1.0   9.0   1.7   20.3     
BaA 8.8 4.2 5.1 4.7 15.0 1.5 1.3 0.8 0.6 1.1 0.7   1.7     1.0 125 1.2   7.2     5.3       15.9     
Chr 12.0 6.7 7.1 7.0 22.9 2.8 2.1 1.5 1.2 2.1 1.4   3.6     1.9 149 2.7 1.3 24.8 1.1   8.7       23.9     
3-Chr 4.0 3.1 6.1 3.1 7.5 1.1 1.2 0.7 0.6 1.4 0.5   1.8     0.9 97.8 3.8 0.8 44.1 0.5   3.7       10.5     
6-Ethyl-Chr   0.7 1.9 0.9 1.7                       6.6 0.5   2.6     0.7       0.9     
1,3,6-Chr     0.9                           1.1                         
BbF 16.8 8.0 8.5 8.4 29.1 3.4 3.2 1.7   2.2     3.6     2.0 156 2.2   9.5     10.3       36.4     
BkF 5.2 2.7 2.5 2.7 9.1                       59.8     3.7     3.9       16.9     
BaP 7.3 3.3 3.5 3.3 10.4                       146     5.6     5.0       17.3     
Pery 5.3   2.3 2.6 2.4                       18.9                   4.0     
IcdP 9.5 4.5 4.3 4.1 14.3   2.0                   133     2.4     4.9       27.0     
DbahA 1.8       2.9                       35.1     4.7             3.3     
BghiP 10.3 5.4 5.9 4.9 15.0   2.3           1.9     2.2 135     7.2     5.6       29.3     
a Shaded concentrations indicate values that exceeded ISQG (orange) and PEL (red). 
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Table S6. Concentrations of APs and SOs in sediments of the Yellow and Bohai seas. 

Sites 
APs SOs 

OP OP1EO OP2EO NP NP1EO NP2EO SD1 SD2 SD3 SD4 SD5 SD6 SD7 SD8 SD9 SD10 
LS1 1.28 0.97 18.17 7.44 4.23 11.90 1.33   1.95 0.30 4.32   0.47 0.58     
LS2 1.42 0.78 16.67 7.69 4.42 1.86 1.26   1.98 0.80 4.74 0.63 1.04 0.72 0.47   
LS4 0.13 0.33 6.67   1.87 4.19 1.20   1.31   3.52           
DB 0.27 0.18 5.78   9.50 4.78 1.02   1.04   2.79   0.36       
AS1  0.18 1.76   1.26  0.89   1.72   3.83   0.76       
AS2 0.12 0.23 5.69 5.21 2.11 4.22 2.20 2.20 5.88 2.68 11.64 4.45 2.35 1.46 0.85   
SG1 0.13 0.14 2.28   1.13   1.28   1.19   4.22           
SG2 0.28 0.27 6.93   2.25 4.58 1.46   1.32 0.44 3.90   0.52       
SD 0.91 0.27 2.82   1.17 1.82 1.06   1.32 0.33 3.23   0.93 1.31     
ML 0.95 0.21 2.82   1.33   1.10   1.27   2.97   0.34       
AM  0.25 2.75   1.43  1.03   1.15   2.78   0.41       
CS1 0.88 0.20 1.64   1.58   0.84       1.87   0.31       
CS2 0.13 0.27 3.16   2.93 2.73 0.89   1.09   3.12   0.49       
GG1 2.33 0.68 3.65 65.24 13.25 7.22 1.18   1.09 0.37 4.10   0.45       
GG2 0.29 0.34 1.14 4.49 3.42 6.12 1.00   1.21   3.42   0.86 0.68 0.43   
GS 0.99 0.36 3.72   4.68 4.43 1.13   1.19   3.32   0.36       
HP 0.12 0.30 3.45   2.98 2.75 1.07   1.15   3.00           
JD   0.26 2.39   2.29 1.94 1.04   1.16   2.97 4.76 9.85 3.19 2.95   
YS1 0.17 0.39 6.88   2.87 4.57 1.29   1.19   3.81 6.04 5.72 2.13 1.84   
YS2 0.16 0.39 4.19   2.83 2.26 2.69 0.67 4.24 0.76 5.35 0.53 0.66 1.55 0.38   
DD1  0.29 0.25 1.33 4.46 3.20     2.39 1.06   1.29 2.29 0.79 0.85   
DD2 0.17 0.35 0.31 4.38 4.31 3.23   1.74 2.75 1.11 1.82 2.10 1.53 2.68 0.81   
DD3 0.26 0.39 0.47 3.73 6.16 11.79   0.79   0.91 0.67   0.38       
DD4  0.26 0.31   1.98         0.87             
DL3 0.17 0.35 0.26 4.38 3.29 1.89       0.76     0.37 0.50     
DL5  0.30 0.28   4.44 1.97       0.69             
YT5 0.13 0.42 3.16   4.12 4.75 1.33       2.95     0.51     
YT6 0.93 0.32 3.78 3.60 4.72 5.68 1.35   1.02   4.39 1.01 0.72 1.45 0.32   
WH1 0.58 0.62 1.14 19.93 21.19 22.57 1.38   1.46 0.39 4.49 1.04 1.03 1.32 0.56   
WH2  0.35 3.25   2.83 3.22 1.25   1.20   3.01           
WH3 0.30 0.46 2.20   4.27 4.35 1.89   2.60 0.48 10.15 2.99 3.49 0.95 1.74   
QD1 1.24 1.64 1.49 6.99 17.97 14.31     4.79 1.51 1.53 2.60 2.25 4.19 1.06   
QD2  0.26 0.58   1.57      2.20 1.00             
QD3 0.96 0.30 0.35 5.44 1.49   0.35   2.44 1.36 6.33 1.33 1.36 1.14 0.54   
QD4  0.21 0.30 4.36 1.36       2.51 1.00   0.53   0.83     
QD5 0.20 0.55 2.90 3.72 4.25 4.49 0.93       2.31   0.45       
QD6 0.60 0.46 12.70 6.65 7.44 17.40 1.12   1.31 0.33 4.47 0.67 1.57 0.56 0.73 3.44 
QD7 0.15 0.52 7.60   11.48 22.55 1.01   1.03   2.83   0.35       
RZ1 0.12 0.49 3.62 4.77 4.77 5.19 1.13       2.97   0.40       
RZ2 0.12 0.39 3.84 4.61 16.18 7.27 1.07       3.24   0.36       
LY1  0.28 2.14   3.19 2.77 1.16   1.04 0.35 2.70           
LY2   0.41 3.90   3.67 3.78 1.49   1.41 0.47 3.77   0.47 0.51     
LY3 0.47 0.47 5.80 4.97 5.97 7.28 1.14   1.05   2.59           
LY4   0.53     1.27   1.33 0.42 2.65           
YC1   0.45 2.83   4.46 2.32 1.19   1.33 0.41 2.66           
YC2  0.40 2.15   3.89 2.57 1.90   2.27 0.75 6.74 1.65 2.16 2.26 0.71   
YC3 0.22 0.46 5.49 6.73 6.85 5.93 2.24 1.29 1.85 0.50 7.24 1.71 1.71 6.78 2.51   
YC4   0.58 1.92   5.26 7.42 2.27   1.59 0.40 5.39   0.94   0.44   
YC5 0.83 0.34 2.86   3.27 2.42 1.58       3.22           
YC6 0.82 0.92 8.83 19.50 11.46 2.17 4.43 1.20 7.52 0.75 7.45 6.13 1.22 3.79 0.61 1.16 
YC7  0.55 4.64   4.63 3.82 1.57   1.01   3.50           
YC8 0.88 0.29 2.38   2.62 2.48 1.56       2.90           
NT1 0.44 0.52 5.80 6.58 4.83 6.48 2.18 1.02 1.65 0.41 7.00   1.07 0.59     
NT2 0.21 0.54 5.86 3.62 6.82 5.12 1.60   1.14 0.29 3.66   0.59       
NT3 0.19 0.49 4.72 4.69 6.74 3.35 2.07   2.26   4.04 0.55 0.33       
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Table S6. (Continued) 

Sites 
APs SOs 

OP OP1EO OP2EO NP NP1EO NP2EO SD1 SD2 SD3 SD4 ST1 ST2 ST3 ST4 ST5 ST6 
NT4   0.26 2.55   1.87 2.58 2.21   1.30   4.10           
NT5 0.14 0.55 5.43   4.44 4.82 2.08 1.06 1.40 0.46 4.75     1.47 0.36   
NT6   0.38 2.22   3.60 2.33 1.94   1.50   4.39   0.36       
NT7  0.28 2.76   2.23 2.29 2.18 1.43 1.36 0.34 5.30   0.32 1.15 0.34   
NT8 0.16 0.62 4.65   8.35 3.62 2.14 1.02 1.43 0.32 5.77   0.31 1.34 0.44   
NT9 0.98 1.79 39.25 5.13 7.57 12.16 3.01 1.92 3.44 0.91 6.75 2.86 2.14 7.23 0.51   
NT10 0.49 0.60 8.81 7.68 14.80 25.25 15.57 1.97 17.22 1.97 92.22 7.19 14.17 4.35 4.87 4.13 
DL1 0.18 0.33 0.36   1.53        1.17 1.34 1.99 2.77 2.42 0.96 1.26 
DL2   0.26 0.26   1.48         0.88            
DL4 0.17 0.35 0.26 4.38 3.29 1.89       0.76     0.37 0.50    
DL6  0.30 0.28   4.44 1.97       0.69            
YK1 0.12 0.29 0.20 6.46 2.86 1.78       0.83   1.49 1.62 4.51 3.47   
YK2  0.35 0.25   2.43         0.83   0.54 0.53 0.80     
YK3  0.23 0.22   1.53        0.75   0.67 0.72 0.83 0.35   
PJ1 0.36 0.33 0.33 14.46 7.00 4.93     1.47 0.75 0.60 0.92 1.02 2.34 0.44   
PJ2 0.14 0.40 0.18 4.56 3.53       1.31 0.52     1.05 2.92 1.28   
JZ1  0.31 0.26   1.63         0.66     0.52 0.82     
JZ2  0.22 0.27   1.52        0.76     0.47 0.71     
JZ3   0.24 0.22   1.51   0.41     0.69 1.03   0.36       
JZ4  0.28 0.27   2.72         1.14 0.57 2.76 4.13 2.01 1.76   
JZ5   0.30 0.22   2.23 2.49   1.01   0.65     0.55 0.67 0.32   
HL1   0.36 0.52   2.93         0.65     0.61 0.95     
HL2  0.36 0.52   2.93    1.12 1.27 0.85   0.89 0.90 1.06 0.40   
HL3  0.15 0.17   1.69         0.86     0.47       
HL4 1.97 2.44 6.12 12.90 281.79 18.56   2.51 6.83 9.55 3.45 43.37 88.14 28.58 33.13 2.57 
HL5  0.25 0.23   1.75 2.62     1.15 0.90     0.50 0.63     
HL6  0.27 0.44   2.11      1.48 1.13     0.38 0.59 0.38   
QH1   0.21 0.16   1.26       4.79 1.51 1.53 2.60 2.25 4.19 1.06   
QH2 0.18 0.27 0.17   1.80       1.01 0.73             
QH3 0.61 1.94 0.60 111.15 34.81 7.74   1.05 4.75 1.35 1.73 2.53 2.47 4.83 1.58 1.71 
QH4 0.34 0.42 0.47 38.24 32.35 6.58     4.44 1.18 1.39 0.89 0.95 1.63 0.55   
QH5  0.26 0.36   2.16   1.69   12.48 1.25 4.62 1.27 1.79 4.94 1.53   
QH6 0.62 0.67 0.89 31.49 16.78 7.18 1.89 0.79 18.14 1.53 5.77 7.36 3.12 57.88 2.09 2.26 
QH7 0.41 0.76 1.00 7.35 21.78 3.11     1.84 0.90   1.78 0.35 3.64   2.26 
TS1  0.28 0.30   1.73 3.74     3.04 0.81 0.82   0.65 0.70 0.51   
TS2  0.13 0.15   0.75      3.15 0.90     0.42       
TS3   0.33 0.34   6.44 1.99     2.25 0.72   1.83 0.45 3.28     
TS5  0.26 0.19   2.78       1.53 0.74 0.62           
TS6  0.46 0.50   6.13 2.92     2.74 0.93     0.46 0.53     
TS7 0.24 0.53 0.90 11.18 8.14 6.40     11.23 1.65 2.56 3.20 4.33 2.72 1.60 3.22 
TJ1  0.11 0.92   0.76   1.46   1.81 0.62 3.86 0.65 0.93 0.82 0.35   
TJ2 0.84 0.31 5.26 3.77 4.72 4.99 1.58   1.81 0.60 3.86   0.46 0.59     
TJ3   0.35 3.17   2.56 3.66 1.54 1.82 2.30 3.37 4.52 4.46 5.93 2.69 2.03   
TJ4 0.82 0.31 4.42   3.97 5.25 1.73   3.15 0.66 4.85 0.68 1.26 1.00 0.53   
TJ5  0.25 3.25   2.93 3.37 1.41   1.40 0.64 4.04 0.99 1.33 2.25 0.53   
TJ6   0.32 5.76 5.59 5.74 4.91 1.72   4.48 0.56 10.73   0.49       
TJ7  0.36 3.78   2.59 4.26 1.55   1.23 0.35 4.04   0.44       
BZ1   0.27 4.30   2.80 5.94 1.21   1.86 0.46 4.55 0.90 2.10 0.90 0.84   
BZ2 0.78 0.42 5.15   8.73 6.00 1.20   1.21 0.34 3.25 0.54 1.34   0.53   
BZ3   0.43 5.94   5.12 6.14 1.53   1.51 0.65 3.46 0.68 1.35 0.73 0.53   
BZ4 0.29 1.20 5.39 5.49 8.66 6.63 1.42   1.50 0.90 3.56   1.00 0.73 0.42   
BZ5  0.44 4.49   2.49 3.54 1.10   1.34 0.48 2.26 0.59 1.60 0.51 0.54   
BZ6   0.29 2.42   1.73 2.47 1.15     0.38 2.85 0.77 1.61 0.82 0.62   
DY1 0.11 0.26 3.32   2.74 4.77 1.42   1.07 0.35 19.53 1.23 2.73 1.21 0.87   
DY2 0.16 0.71 4.35   5.56 6.46 1.44   0.95 0.45 2.68 1.43 3.29 1.37 1.12   
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Table S6. (Continued) 

Sites 
APs SOs 

OP OP1EO OP2EO NP NP1EO NP2EO SD1 SD2 SD3 SD4 SD5 SD6 SD7 SD8 SD9 SD10 
DY3  0.27 3.34   2.34 4.48 1.14     0.35 2.56   0.81       
DY4   0.45 3.59   3.47 4.65 1.56   1.01 0.40 4.08 4.50 7.73 3.36 2.74   
DY5 0.17 0.39 11.93 6.22 18.42 2.46 2.41   23.32 0.67 6.06 1.68 2.80 6.48 1.15 1.48 
WF1 0.14 0.44 3.96 4.50 4.39 5.96 1.36     0.34 3.76   0.53       
WF2 0.97 0.36 3.42 4.69 3.58 4.24 1.69   1.18   8.23 0.94 1.66 0.59 0.64 4.54 
WF3 0.19 0.36 4.63 12.17 1.36 8.42 1.95   0.99 0.33 5.06 2.03 4.56 9.54 1.75 1.14 
WF4 0.14 0.26 4.80   3.11 4.86 1.31     0.29 3.02 1.22 2.84 1.14 0.96   
WF5  0.38 2.53   3.59 4.89 1.34       2.68 0.94 2.19 0.89 0.70   
WF6 0.22 0.43 4.90 8.57 8.25 8.76 1.54   1.57   3.72 1.39 2.79 1.12 0.93   
WF7 0.11 0.42 3.27 4.40 4.60 4.67 1.06     0.30 2.30 1.26 2.70 1.21 0.92   
WF8 0.86 0.27 2.85   3.50 4.99 2.52   1.59 0.79 9.41 3.50 1.55 0.60 0.67   
YT1   0.30 2.83   2.58 3.25 1.50   1.00 0.33 4.09 0.78 1.52 1.03 0.51   
YT2 0.13 0.29 5.77 4.99 5.15 9.39 1.93 3.60 5.25 3.33 6.93 0.73 0.49 0.86 0.32   
YT3  0.39 2.18 4.33 3.87 3.49 1.60       4.02           
YT4 0.77 0.37 2.37 3.64 3.96 3.70 1.49   1.02   2.86 1.35 3.86 3.40 2.81   



S18 

 

Table S7. Fractional condition to identified sources (%) from base run using positive matrix factorization receptor model. 
 Flu Phe Ant Fl Py BaA Chr BbF BkF BaP IcdP DbahA BghiP 
Factor 1 – diesel & gasoline combustion 7 32 46 40 40 59 60 68 65 66 66 55 65 
Factor 2 – biomass combustion 34 41 23 46 46 25 21 16 17 16 2 0 17 
Factor 3 – coke oven 43 27 16 6 7 5 9 0 3 2 9 45 2 
Factor 4 – others 16 0 16 7 7 11 10 16 16 16 12 0 16 
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Table S8. Statistical relationships of landuse type on persistent toxic substances (PTSs), for all PTS categories and by region. The bold 
text highlights statistically significant relationships. 

Sea Country PTSs 
Kruskal-Wallis test 

 

Post hoc Mann-Whitney (P values)a 

F-value P value 
 

I-A I-B I-Ba M-A M-B M-S M-Ba 

All All PAHs 54.3 <0.001 
 

0.001 <0.001 <0.001 <0.001 <0.001 0.616 <0.001 

  APs 10.9 0.146 
 

       

  SOs 16.2 0.015 
 

0.196 0.251 0.554 1.000 1.000 1.000 1.000 

Yellow Sea Korea PAHs 1.44 0.676 
 

       

    APs 5.80 0.128 
 

       

    SOs 4.27 0.227 
 

       

  China PAHs 26.9 <0.001 
 

0.324 0.023 0.002 0.346 0.025 -b 0.002 

    APs 10.5 0.061 
 

       

    SOs 11.0 0.052 
 

       

Bohai Sea China PAHs 36.4 <0.001 
 

0.030 0.010 0.001 0.005 0.025 0.023 <0.001 

    APs 1.22 0.934 
 

       

    SOs 5.82 0.571 
 

       
a I-Industrial; M-Municipal; A-Agricultural; B-Beach; Ba-Barren; S-Saltern 
b Post-hoc test not conducted.
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Table S9. Statistical relationships of regional differences, by land use type. The bold text highlights 
statistically significant relationships. 

Landuse type PTSs 
Kruskal-Wallis test  Post hoc Mann-Whitney (P values) 

F-value P value  Y-Ka vs Y-Cb Y-K vs B-Cc Y-S vs B-C 

Industrial PAHs 7.52 0.023  0.029 0.035 1.000 
 APs 3.46 0.178     
 SOs 4.06 0.132     

Municipal PAHs 5.40 0.067     
 APs 0.67 0.714     
 SOs 2.03 0.363     

Agricultural PAHs 4.70 0.095     
 APs 0.34 0.842     
 SOs 0.13 0.937     

Beach PAHs 0.43 0.805     

 APs 6.06 0.048  0.048 0.295 1.000 

 SOs 0.16 0.924     

Barrend PAHs      0.545 

 APs      0.880 

 SOs      0.390 
a Y-K: Yellow Sea-Korea 
b Y-C: Yellow Sea-China 
c B-C: Bohai Sea-China 
d n = 2 (Yellow Sea-China and Bohai Sea-China)
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Table S10. Statistical relationships (Spearman rank) of regional differences between PTSs and physicochemical parameters in 
sediments, by land use type and region for the Yellow and Bohai seas. Bold text highlights statistically significant relationships. 

PTSs Physicochemical 
parameters 

Yellow Sea-Korea   Yellow Sea-China   Bohai Sea-China 

Industrial Agricultural Beach  Industrial Municipal Agricultural Beach Aquaa Barren  Industrial Municipal Agricultural Beach Saltern Barren 

PAHs Mud content 0.50 0.69* 0.00  -0.20 0.31 0.21 1.00** 0.54 0.18  0.25 0.09 0.39 0.87 -0.32 -0.14 
 TN 1.00** 0.69* 0.00  -0.15 0.17 0.90** 0.87 0.60 0.20  -0.58 0.64* 0.82** 0.87 0.95 0.13 
 TOC 1.00** 0.87** -0.50  -0.03 0.37 0.79* 1.00** 0.43 0.33  0.48 0.42 0.68** -0.50 0.95 0.22 
 C/N 1.00** -0.16 0.00  0.54 0.37 0.43 -0.50 -0.14 0.37  -0.29 -0.20 0.30 -0.50 0.32 0.32 
 δ13C 0.50 -0.18 -0.50  0.31 0.60 0.75 -0.50 -0.43 0.12  0.21 0.54 -0.07 -0.50 0.32 0.22 
                   

APs Mud content 1.00** 0.59* 1.00**  0.14 0.31 -0.18 0.50 0.43 0.44  -0.12 -0.03 -0.01 -1.00** -0.40 0.56* 
 TN 0.50 0.80** 1.00**  0.03 0.23 -0.02 1.00 0.49 0.42  0.20 0.60* 0.20 -1.00** 1.00** 0.53 
 TOC 0.50 0.76** 0.87  0.09 0.03 -0.29 0.67 0.66 0.15  0.16 0.65* 0.19 0.01 1.00** 0.61* 
 C/N 0.50 -0.01 1.00**  0.43 0.03 -0.57 0.67 0.26 0.22  -0.49 0.04 0.08 0.01 0.20 0.10 
 δ13C 1.00** -0.28 0.87  0.09 0.54 0.46 0.67 -0.14 0.29  -0.15 0.40 0.01 0.87 0.40 -0.16 
                   

SOs Mud content 0.50 0.53 0.87  -0.03 0.26 0.14 1.00** 0.78 -0.09  -0.14 -0.38 0.13 -0.87 -0.20 0.56* 
 TN 1.00** 0.27 0.87  -0.27 0.15 0.40 0.87 0.78 -0.15  0.01 0.22 0.14 -0.87 0.80 0.27 
 TOC 1.00** 0.12 0.50  -0.66 0.09 0.21 1.00** 0.78 -0.31  0.25 0.19 0.16 -0.50 0.80 0.14 
 C/N 1.00** -0.01 -0.87  0.14 0.09 -0.14 -0.50 0.27 -0.05  -0.21 -0.22 0.06 -0.50 0.40 -0.08 
 δ13C 0.50 0.09 0.50  0.37 0.37 0.68 -0.50 -0.68 -0.41  -0.13 0.53 0.59** 1.00** 0.20 0.26 
a Aqua: Aquaculture  
* Significantly correlated at p < 0.05 level (2-tailed). 
** Significantly correlated at p < 0.01 level (2-tailed). 
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Supplementary Figures 

 

Fig. S1. (a) Spatial distribution of δ13C values and (b) C/N ratios in the sediment of Yellow and 
Bohai seas. 
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Fig. S2. Relationships among PTSs. Panels: (left) Principal Component Analysis (PCA) 
ordination of PTSs and physicochemical parameters and (right) the relationship between PTSs 
and TOC or δ13C. 
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Fig. S3. Composition of PTSs among concentration groups, by concentration (20% interval of 
concentrations) and region. 
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Fig. S4. Diagnostic ratios for prediction of PAHs sources between Ant/(Ant+Phe) and Fl/(Fl+Py), 
and BaA/(BaA+Chr) and IcdP/(IcdP+BghiP). 
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Fig. S5. Compositions of 16 PAHs in 2008 and 2018 in sediments of the Yellow and Bohai seas.  
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