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ARTICLE INFO ABSTRACT
Keywords: This study investigated the large-scale distributions of persistent toxic substances (PTSs) and heavy metals in
Yellow Sea sediments of the Yellow Sea, collected from six transects between latitudes 32 and 37 degrees north (n = 35).
Sediments

Elevated concentrations of polychlorinated biphenyls (PCBs) were detected near the mainland, with a pre-
dominance of low-chlorinated congeners (di to tetra, ~60%), indicative of atmospheric deposition. Analysis of
traditional and emerging polycyclic aromatic hydrocarbons (t-PAHs and e-PAHs) revealed notable enrichment in
the Central Yellow Sea Mud Zone (CYSM), attributing fossil fuel combustion as the significant source. Styrene
oligomers and alkylphenols exhibited notable accumulation near the Han River Estuary in South Korea and the
Yangtze River Estuary in China, respectively. The accumulation of heavy metals was predominantly observed in
the CYSM, with element-specific distribution patterns. Cluster analysis revealed distinct distribution patterns for
PTSs and metals, highlighting their source-dependent and grain size-dependent behaviors. In addition, the dis-
tribution and accumulation of PTSs tended to depend on their partitioning coefficients, such as the octanol-air
partition coefficient (log Koa) and octanol-water partition coefficient (log Kow). This study offers valuable in-
sights into the sources, transport, and fate of hazardous substances in the Yellow Sea, emphasizing the necessity
for targeted environmental management strategies.
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1. Introduction

Anthropogenic pollutants are a global concern, as evidenced by
numerous studies. The rapid advancements in technology and industry
in recent decades have led to expanding industrial complexes and urban
areas along coastal regions [1]. This geographical placement results in a
significant influx of hazardous substances from human activities into
marine environments via water and atmospheric transport [2]. Persis-
tent toxic substances (PTSs) and heavy metals, known for their envi-
ronmental persistence and resistance to degradation, are capable of
long-range transport in marine settings [3,4]. Their high particle
adsorption capacity leads to accumulation in sediments, negatively
impacting marine ecosystems by harming benthic organisms or rein-
troducing pollutants into the water column through resuspension [5,6].
While much research has focused on pollutant distribution and sources
within harbors, rivers, estuaries, and coastal areas directly linked to
human activities [7], there is growing recognition of the presence and
effects of PTSs and metals in less disturbed environments like regional
seas, oceans, and polar regions [8,9]. Regional seas, acting as connectors
between the coast and the open ocean, are crucial for understanding the
long-range transport of hazardous substances, yet research in these do-
mains remains scarce.

The Yellow Sea is one of the large marine ecosystems. It is sur-
rounded by South Korea, China, and North Korea and is subject to
pollution stress from all three countries. The Yellow Sea, characterized
by its shallow depth of approximately 100 m, is bordered by the East
Asian continent, the Korean Peninsula, and Japan, forming a semi-
enclosed basin [10]. Major urban centers across different countries
surround this region, hosting significant populations and industrial
complexes within metropolitan areas [11]. Additionally, it receives
considerable inputs of terrestrial substances from prominent rivers such
as the Yellow River, Huai River, Yangtze River, and Han River. Posi-
tioned in the mid-latitudes, the Yellow Sea is subjected to a substantial
influx of atmospheric and particulate matter from the land, largely
driven by seasonal monsoons [10]. The water circulation of the Yellow
Sea is predominantly counterclockwise, centered around its basin [12].
This circulation pattern facilitates the deposition of terrestrial sub-
stances in the central region, known as the Central Yellow Sea Mud
(CYSM), where a significant accumulation of sediments occurs [13]. The
CYSM is notably characterized by a high proportion of settled materials,
playing a pivotal role in the distribution of various compounds within
the sediments of the Yellow Sea [14].

The sedimentation characteristics of the Yellow Sea influence the
distribution of PTSs and heavy metals [15]. Furthermore, PTSs and
metals can exhibit different distributions based on their physicochem-
ical properties [16,17]. For instance, the mobility and sedimentation of
metals in marine environments are affected by variables such as sus-
pended particulate matter, pH, and salinity, which can alter the forms of
the metals and dictate their long-range transportability and deposition
mechanisms [18,19]. Similarly, the distribution and mobility of PTSs are
influenced by their molecular mass and partitioning coefficients, such as
the octanol-water partition coefficient (Kow) and octanol-air partition
coefficient (Koa). In previous studies, compounds with high Koy values,
such as polychlorinated biphenyls (PCBs), tended to accumulate near
pollution sources, whereas compounds with low Koy values, such as
styrene oligomers (SOs) and alkylphenols (APs), were transported
farther through ocean currents [20-22]. The adsorption of pollutants
onto suspended particles may vary with changes in salinity, potentially
affecting their ability to travel long distances [23]. Some studies have
reported that the accumulation of PTSs can occur irrespective of specific
physicochemical properties, such as organic carbon (OC) content and
grain size [24]. The source of PTSs and metals are often linked to similar
anthropogenic activities, including industrial processes, steel produc-
tion, and coke manufacturing [25-27]. Analyzing distribution patterns
and similarities using various indicators such as environmental factors,
metals, and PTSs can be advantageous for elucidating the pathway and
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fate of numerous compounds [28]. However, accurate comparisons are
challenging due to the limited data on various compounds. Thus, un-
derstanding the transport and accumulation patterns of pollutants in
marine settings is essential for revealing the complex processes gov-
erning the dispersal of these harmful substances.

This study aims to elucidate the spatial distributions of PTSs and
metals in surface sediments of the Yellow Sea, identify potential sources,
and determine accumulation mechanisms. The investigation mapped
the pollutant distribution across a wide geographic area, spanning lati-
tudes 32 to 37 degrees north. The target analytes were selected to
encompass various sources and a wide range of physicochemical prop-
erties, including a total of 71 PTSs [32 PCBs, 15 traditional polycyclic
aromatic hydrocarbons (t-PAHs), 8 emerging PAHs (e-PAHs), 10 SOs,
and 6 APs] and 17 heavy metals (Mn, Li, V, Cr, Co, Ni, Cu, Zn, As, Sr, Mo,
Ag, Cd, Sn, Sb, Pb, and Hg). The study area includes the Korea-China
Interim Measures Zone, and such large-scale monitoring efforts have
rarely been conducted; thus, the data will be valuable for future
assessment of national pollution contributions and management of the
Yellow Sea ecosystem.

2. Materials and methods
2.1. Study area and sampling

Field investigation and sample collection were conducted during a
cruise of the R/V Onnuri (KIOST, Korea) in May 2021. Surface sediments
(0-2 cm) were collected from 35 sites, with latitude intervals of 1 degree
ranging from 32 degrees to 37 degrees north, using a Smith-McIntyre
Grab (Fig. 1 and Table S1). Sediments were collected for analysis of
sediment grain size, organic carbon (OC), total nitrogen (TN), and car-
bon and nitrogen stable isotopes (613C and 615N), PTSs, and heavy
metals, and stored at —20 °C. The sediments were freeze-dried, and
impurities were removed using a 2-mm sieve.

2.2. Sediment grain size analysis

The sediment samples were treated with 30% hydrogen peroxide and
1 M hydrochloric acid to remove organic matter and carbonate min-
erals. After the acid treatments, samples were analyzed using an alter-
native laser-based method with a Mastersizer 2000 (Malvern
Instruments, Ltd., Worcestershire, UK) [29].

2.3. Organic carbon, total nitrogen, and stable isotopes analysis

For quantification of organic carbon (OC) and carbon stable isotopes,
approximately 1 g of freeze-dried sediment was treated with 1 M hy-
drochloric acid to eliminate inorganic carbon. Following the removal,
distilled water was added to neutralize the acid, and centrifugation was
employed to separate and remove the supernatant. Subsequently, freeze-
drying was performed. OC and 8'>C were measured using an elemental
analyzer (EA; Vario ISOTOPE cube, Elementar, Hanau, Germany)
coupled with IRMS (Isoprime VisION, Elementar, Manchester, UK).
Total nitrogen (TN) content and nitrogen stable isotopes were analyzed
without pretreatment. The isotopic ratios (8'3C and 8'°N) were calcu-
lated using the following Eq. (1).

8 13C or 8'°N (%) = [(Rsample/Rstandara) — 11 x 1000 m

Vienna Pee Dee Belemnite (VPDB) was employed as the reference
material for carbon isotopic analysis, and atmospheric nitrogen isotopic
composition was used as the reference for nitrogen isotopic analysis. The
analytical accuracy for 8'3C and 5!°N was found to be within 0.05 %o
and 0.07 %o, respectively.
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2.4. Persistent toxic substances analysis

The analysis procedure for determining PTSs in sediments followed
the previous studies [30,31]. Approximately 10 g of homogenized sed-
iments were filled into a stainless-steel cell with a filler and extracted
using an accelerated solvent extractor (Dionex ASE 350, Thermo Sci-
entific, Salt Lake City, UT) at 100 °C for 15 min with dichloromethane
(DCM, Burdick & Jackson, Muskegon, MI). Surrogate standards were
added before extraction to assess extraction efficiency. The extracts were
then replaced with hexane (Burdick & Jackson), and samples were
concentrated to 1 mL using a nitrogen gas concentrator (TurboVap LV,
Biotage, Uppsala, Sweden). Activated copper powder (Merck, Darm-
stadt, Germany) was added to react for 1 h, removing elemental sulfur.
Purification and fractionation were carried out using silica gel (70-230
mesh, Sigma-Aldrich, Saint Louis, MI) column chromatography. The
first fraction (F1) was eluted with 30 mL of hexane for PCBs, and the
second fraction (F2) was eluted with 60 mL of hexane:DCM (4:1, v/v) for
analysis of PAHs and SOs. The final fraction (F3) was eluted with 50 mL
of DCM:acetone (3:2, v/v) for APs analysis. All eluents were concen-
trated to 1 mL, and 100 ng of 2-fluorobiphenyl (ChemService, West
Chester, PA) was added as an internal standard. Instrumental analysis
was conducted using gas chromatography (Agilent 7890B GC, Agilent
Technologies, Santa Clara, CA) coupled with a 5977B mass selective
detector (MSD, Agilent Technologies). Detailed information regarding
target compounds, detection limits, recovery, and instrument conditions
for PTSs analysis is provided in Tables S2 and S3.

2.5. Principal component analysis with multiple linear regression

The principal component analysis coupled with multiple linear
regression (PCA-MLR) was used to quantitatively assess the source
contributions of PAHs [32]. In this study, concentrations of 15 PAHs,
excluding naphthalene, were utilized as the primary dataset across 35
sampling sites. To determine the source factors of PAHs, PCA was con-
ducted with varimax rotation and Kaiser normalization. Only factors
with eigenvalues greater than or equal to 1 were considered as principal
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components [33]. The adequacy of the PCA was confirmed by the
Kaiser-Meyer-Olkin (KMO) test, which yielded a value exceeding 0.05.

2.6. Heavy metals analysis

Homogenized sediment samples were digested using a mixture of
hydrofluoric, nitric, and perchloric acid (5:4:1; Suprapur®, Merck) for
24 h at 180 °C. Subsequently, after drying, dissolution was carried out
using 1% (v/v) nitric acid. The concentrations of metals were measured
using an inductively coupled plasma-mass spectrometry (ICP-MS; iCAP
Q, Thermo Fisher Scientific, Bremen, Germany). The mercury (Hg)
concentration was measured using an automated direct Hg analyzer
(Hydra-C, Teledyne Leeman Labs Inc., Hudson, NH) without pretreat-
ment. MESS-4 (National Research Council, Ottawa, ON, Canada) was
used as a certified reference material for accuracy assessment. The ac-
curacy of the measured concentrations of 17 metals relative to the
certified concentrations was within satisfactory ranges of 93.8-99.0%
for all elements.

2.7. Enrichment factor calculation

To mitigate variations stemming from weathered sediment and es-
timate the human impact, the enrichment factor (EF) is commonly
employed, utilizing a normalization element, such as Al or Fe [34]. This
method is utilized to account for the effects of heterogeneous sediments.
Background concentrations of heavy metals in the Yellow Sea were
referenced from a previous study [35]. EF values were calculated using
the following Eq. (2).

EF = (M/ADs/(M/ADg (2)

Where M and Al represent the concentrations of the respective metal
and aluminum, S denotes the observed value, and R signifies the refer-
ence sample. EF values below 1 are generally considered non-enriched,
primarily attributed to crustal contributions [36]. Values in the range of
1.0-1.5 indicate influx due to anthropogenic activities or external
sources.
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Fig. 1. Map showing the sampling sites in the Yellow Sea. A total of thirty-five surface sediments (0-2 cm) were collected in May 2021 (CYSM: Central Yellow Sea

Mud; Red dotted boxes: waste dump site).
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2.8. Statistical analysis

PCA and cluster analysis were employed to elucidate the distribution
trends of environmental variables, metals, and organic pollutants. PCA
was performed using SPSS 26 (SPSS Inc., Chicago, IL), and cluster
analysis was conducted using R software (Version 4.0.2). The varimax
method was utilized for PCA, and the KMO test indicated a statistically
significant basis for the analysis, with a result exceeding 0.5. Spearman’s
rank correlation analysis was conducted using R software to examine the
similarity among sediment properties, concentrations of heavy metals,
and PTSs.

3. Results and discussion
3.1. General characteristics of sediments in the Yellow Sea

The spatial distribution of sediment grain size, OC, TN, and stable
isotope ratios in the Yellow Sea are shown in Fig. 2 and Table S1. The
mean grain size ranges from 7.1 to 290 ym (1.8-7.1 @), indicating a
markedly diverse grain size distribution in the Yellow Sea. Coastal re-
gions generally exhibited greater grain sizes, while the area around 37
degrees north of the Korean Peninsula and adjacent locations demon-
strates a course grain size (Fig. 2a). Notably, at 37 degrees north, a
higher proportion of sand is evident compared to other regions. This
distinctive grain size distribution is characteristic of the northeastern
Yellow Sea, which is primarily composed of erosive sandy deposits
formed during the last stages of the glacial period [37]. Moreover, it is
presumed that grain size distribution has been significantly influenced
by substantial inflows of terrestrial substances from the Shandong
Peninsula and the Han River [38]. Across the range of 34-36 degrees
north, a substantial area known as the CYSM was identified in the
central part, where the silt content exceeded 70%, with an increasing
clay content [39]. This grain size distribution is attributed to counter-
clockwise currents along the coast of the Yellow Sea, causing smaller
particles, which are relatively lighter and can remain suspended for
longer durations, to accumulate in the central part of the Yellow Sea
[40].

The OC contents in sediments of the Yellow Sea ranged from 0.1% to
1.1%, with an average of 0.45%, while the TN contents ranged from
0.02% to 0.18%, averaging at 0.08% (Fig. 2b). In comparison to adjacent
seas, such as the Bohai Sea and the East China Sea, the Yellow Sea
exhibited relatively low OC contents [41,42]. The spatial distribution of
OC in the Yellow Sea revealed a higher concentration in the central part,
similar to the distribution of silt and clay [43]. This suggests that the
accumulation of OC is influenced by its adsorption onto fine sediments,
such as silt and clay contents.

The 8'3C values in surface sediments of the Yellow Sea ranged from

(a) (b)
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—23.3 %o to —20.7 %o, with an average of —21.6 %o. The region between
latitudes 32 and 34 degrees north exhibited a heavier §'3C than the area
between latitudes 35 and 37 degrees north (Fig. 2c). Although marine
organic matter typically demonstrates a heavier isotopic composition
around —20.0 %o of 51°C [44], the relatively lighter isotopic composition
observed in the 35 to 37-degree north region suggests a distinct origin of
organic matter in the southern Yellow Sea and CSYM [45]. Lighter 513C
values indicate the influence of terrestrial-derived substances or exhibit
characteristics found in aged sediments or those near adjacent conti-
nents [46,47]. Additionally, when pico-sized phytoplankton become
dominant in the water column due to environmental changes, 5'3C
values in particulate organic matter may exhibit lighter values [48,49].
The relatively lighter §'3C values in CSYM compared to the southern
part may also be influenced by artificial organic matter, reflecting
complex influences from the crust or organisms [50].

3.2. Distributions and sources of persistent toxic substances in sediments
of the Yellow Sea

3.2.1. Polychlorinated biphenyls

The concentrations of PTSs in sediments of the Yellow Sea have been
normalized by OC contents to account for regional variations [51]. The
levels of PCBs in sediments ranged from 42 to 1300 ng g~ ' OC, with an
average of 350 ng g~ OC (Table S4). The spatial distributions of PCBs in
sediments of the Yellow Sea revealed relatively higher concentrations in
areas adjacent to large rivers, such as the Han River and the Yangtze
River (Fig. 3a). The composition of PCBs was predominantly
low-chlorinated PCBs (di- to tetra-CBs; LCI-CBs) in the overall Yellow
Sea region, but the relative proportion of high-chlorinated PCBs (penta-
to hepta-CBs; HCI-CBs) increased in some southwestern areas of the
Yellow Sea (Fig. S1 and Table S4). The high proportion of LCI-CBs is
associated with combustion sources, while the HCI-CBs are assumed to
be product sources [52]. PCA was conducted to assess the potential
sources of PCBs using the compositions of PCBs in sediments obtained
from this study and those of potential sources reported previously
(Fig. §2). To partially account for compositional fractionation based on
molecular mass and the number of chlorines in the environment, PCA
was performed using existing data from coastal areas of China and Korea
[30,53]. The results of the PCA showed that PCBs composition of the
Yellow Sea sediments was similar to that of the Yangtze River Estuary
and the west coast of Korea, indicating combustion sources. Thus, it
suggests that PCBs are produced through combustion processes, intro-
duced into the environment through rivers and atmospheric deposition,
and accumulate in the coastal areas of Korea and China. In particular,
HCI-CBs with relatively low mobility accumulated in areas near the
sources, while LCI-CBs with high mobility were transported far away
and accumulated in the central Yellow Sea (Fig. S1). South Korea banned
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Fig. 2. Distributions of (a) mean grain size (®), (b) organic carbon contents (%), and (c) carbon stable isotope ratios (8'3C, %o) of organic carbons in sediments of the

Yellow Sea.



Y. Kim et al.

Journal of Hazardous Materials 476 (2024) 134926

z
z]
o«
z| ¢9f
Q '
g :
z
Z]
) ns? 3
China PCBs China
\ Bis S (ngg* OC)
z o =5 o s 2000 || £
ST™NALN ° ST\~
™~ 1000 D~
. o 8

T
130°E

ol

T,

4

APs
. - ess0 - O (ng g OC) . \ ... . (ng g OC)
Z : ©-0-0. 20000 Z B o 5000
© = ‘Emooo ® = ‘Ezsoe

0 0

T T T T 1 U
120°E 125° 130°E 120°E 125° 130°E

Fig. 3. Spatial distributions of (a) PCBs, (b) traditional PAHs (t-PAHs), (c) emerging PAHs (e-PAHs), (d) SOs, and (e) APs in sediments of the Yellow Sea. The
concentrations of PTSs were normalized using the organic carbon contents of the sediments.

the use of PCBs in 1979, and China joined the Stockholm Convention in
2004, implementing regulations [30,54]. Currently, PCBs from unin-
tended byproducts dominate the Yellow Sea region compared to those
derived from products.

3.2.2. Traditional and emerging polycyclic aromatic hydrocarbons

The concentrations of traditional polycyclic aromatic hydrocarbons
(t-PAHs) and emerging polycyclic aromatic hydrocarbons (e-PAHs) in
sediments of the Yellow Sea ranged from 570 to 17,000 ng g~! OC and
from 160 to 4500 ng g~ OC, respectively (Tables S5 and S6). t-PAHs are
prioritized for management by the USEPA, and e-PAHs denote com-
pounds with similar molecular structures and toxicity to t-PAHs but are
currently unmanaged. Both t-PAHs and e-PAHs, exhibiting similar
physicochemical properties, showed comparable spatial distributions (2
=0.89, p < 0.01) [55]. Relatively elevated concentrations of PAHs were
observed in the CYSM region, as well as near Korea and in the central
part of 32 degrees north latitude (Figs. 3b and 3c). The coast of South
Korea is known for industrial activities associated with PAHs, such as
coke production [56]. The central part of 32 degrees north latitude
shows relatively high concentrations as terrestrial substances from the
Yangtze River tend to accumulate due to changes in water depth caused
by the continental shelf [57]. The distributions of PAHs, OC, and grain
size were similar, indicating that PAHs appear to behave similarly to the
deposition of suspended particles and OC in the Yellow Sea [58]. Unlike
PCBs, PAHs are found to transport to distant areas in the Yellow Sea
environment rather than accumulating near the sources. The composi-
tion of PAHs in the Yellow Sea was mainly dominated by 3-ring PAHs,
with sediments in the CSYM also exhibiting relatively high concentra-
tions of 4-ring PAHs (Fig. S1). The high proportion of 3-4 ring PAHs is
known to be associated with anthropogenic activities, including fossil
fuel combustion and the steel industry [59]. The predominance of 3-ring
PAHs entering the aquatic environment is thought to be due to their

relatively long half-life and strong long-distance mobility compared to
other compounds [60]. PCA-MLR was employed to identify potential
sources of PAHs in the Yellow Sea (Fig. 4). The sources attributed to the
Yellow Sea were identified as vehicle emissions, fossil fuel combustion,
and coke production [61,25,26]. The relatively high contribution of
coke production near South Korea is thought to impact the region, pri-
marily distributed along the western coast of Korea [56]. Great contri-
butions of fossil fuel combustion and vehicle emission sources were
prevalent in most regions. PAHs are thought to be adsorbed on sus-
pended particles, transported long distances, and ultimately deposited in
the central Yellow Sea. However, in marine environments, the compo-
sition of PAHs can change during transport by the influence of envi-
ronmental factors, making it difficult to identify the source of pollution
accurately [62]. Further research on the method applied in this study is
needed; carbon and hydrogen stable isotope ratios of individual PAHs
have more conservative characteristics and can be used to identify
sources [63].

3.2.3. Styrene oligomers

Concentrations of SOs in sediments ranged from 340 to
25,000 ng g1 OC, with an average of 4000 ng g~! OC (Table S7).
Concentrations of SOs were ten to hundreds of times higher in sites near
the Han River compared to other regions (Fig. 3d). SOs are formed
through the degradation of plastics and expanded polystyrene (EPS)
products [64]. It is assumed to be introduced in significant quantities
through the corrosion of plastics discharged via major cities, large rivers,
and sources like nearby aquaculture facilities [64]. Regarding the
composition of SOs, in the region close to the coastal area, styrene tri-
mers (STs) accounted for a relatively high proportion compared to other
regions, and the proportion of styrene dimers (SDs) was found to be
relatively high as it moved toward the CSYM (Fig. S1). SDs are known to
be by-products of STs, and the SDs/STs ratio increased toward the center
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Fig. 4. (a) Three factors, such as vehicle emission, fossil fuel combustion, and coke production, were derived.
Source appointment of PAHs in sediments of the Yellow Sea using principal component analysis (PCA) with multiple linear regression (MLR). The contributions of (b)
vehicle emission, (c) fossil fuel combustion, and (d) coke production sources to PAHs in sediments of the Yellow Sea were contour mapped.

of the Yellow Sea. Among the SOs, the ratio of ST1 to SD2 can be utilized
to assess the continuous inflow of pollutants [65]. When using the
diagnostic ratio, the Yellow Sea is identified as having residues of pre-
viously introduced compounds at most sampling points (Fig. S3).
However, at sites N3706 and N3709, where high concentrations of SOs
were observed, relatively low diagnostic ratios indicating recent influx
were observed, similar to those at terrestrial-adjacent sites (i.e., N3302
and N3411). These results suggest that ongoing inputs have had some
influence in those areas.

3.2.4. Alkylphenols

Concentrations of APs in sediments were found to range from 47 to
3800 ng g~! OC, with an average of 820 ng g~! OC (Table S8). The
highest concentration of APs was detected in the southern part of the
Yellow Sea, and relatively high concentrations were found at the sites
near the west coast of South Korea (Fig. 3e). APs are degradation
products of alkylphenol polyethoxylates, which have been used as de-
tergents, wetting agents, and dispersing agents, and they are primarily
transported through water [66]. In South Korea, APs have been banned
since 2004, while in China, there is no regulation for the use of APs and
related compounds. Due to this national difference in uses and man-
agement of compounds, relatively high concentrations of APs were
detected near the Yangtze River [67]. Additionally, it has been observed
that terrestrial-origin substances, organic pollutants, and heavy metals
discharged from the Yangtze River are introduced into the Yellow Sea
[68,69]. Due to differences in the flow of seawater caused by variations
in continental shelf depths, many substances tend to accumulate in
sediments. These environmental characteristics could be determining
factors in the accumulation of organic pollutants [70]. Continuous
pollution of APs can be assessed using the ratio of APs to the parent
compounds (i.e., alkylphenol ethoxylates) in environmental samples
[71,72]. Evaluation using nonylphenols and octylphenols and their

ethoxylates ratios showed that the influx of fresh sources was dominant
in most parts of the Yellow Sea (Fig. S3). In environments less impacted
by human activities, such as offshore areas, NP ratios indicative of a
fresh source indicate that NPs have low persistence in the environment
and undergo significant degradation [73]. This finding is consistent with
previous studies, highlighting the challenge of utilizing NP ratios in
offshore environments [30].

3.3. Distributions and enrichment of heavy metals in sediments of the
Yellow Sea

Concentrations of heavy metals in sediments of the Yellow Sea are
shown in Fig. 5 and Table S9. Metals exist naturally in the environment
and may also occur due to anthropogenic activities; among various
metals, Hg, Cd, As, Cu, Pb, Li, Ni, Cr, V, and Zn are considered potential
toxic elements (PTEs). Most PTEs exhibited high concentrations in the
central region of the Yellow Sea, specifically in the CSYM (Fig. 5).
Greater concentrations of Mo and Mn were observed in the northwest
rather than the central part of the Yellow Sea. Cd and Ag showed rela-
tively elevated concentrations not only in the central region of the
Yellow Sea but also in the waste dump site of the West Sea, Korea. High
concentrations of Co, Cr, and V were observed in all sites except the
northeastern Yellow Sea, and exceptionally high concentrations of Sr
were observed in the southeastern Yellow Sea. Sr is known to be an
element that contributes to the formation of biological skeletons and
shells, such as diatoms and clams [74]. There are many islands in areas
with high Sr concentrations, and in particular, Jeju Island and nearby
areas in Korea are greatly influenced by organisms due to the develop-
ment of aquaculture.

Excluding Sr (p > 0.05), most heavy metals exhibited a strong posi-
tive correlation with sediment grain size and OC contents, while
showing a significant negative correlation with sand contents (Table 1).
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Fig. 5. Spatial distributions of the 10 potential toxic elements (Hg, Cd, As, Cu, Pb, Li, Ni, Cr, V, and Zn) and other metals (Fe, Al, Ag, Mo, Sb, Sn, Co, Sr, and Mn) in

sediments of the Yellow Sea.

As widely acknowledged, the distribution of heavy metals in aquatic
environments is highly correlated with grain size and organic matter
[75]. Among the heavy metals, Mn and As showed relatively higher
concentrations in the northwest rather than the central part of the Yel-
low Sea; unlike other heavy metals, they showed relatively low corre-
lations with grain size and OC contents. The distribution of Mn and As in
the Yellow Sea is likely influenced by both sedimentation and biological
factors [76]. This fraction of Mn is prone to deposition in coarse sedi-
ment with high oxygen content, leading to the formation of MnO» [77].
Another mechanism that may have caused such distribution of Mn is
likely due to the sediment in this high-content area being dominated by

Table 1

biogenic carbonate [78].

Since heavy metals are fundamental elements constituting the
Earth’s crust, to observe anthropogenic influences, it is necessary to
eliminate the influence of background concentrations [79]. Co, Cu, Sn,
and Hg were not enriched in surface sediments in the Yellow Sea, as their
EF values did not exceed 1 (Table S10). Sr has been observed to be
significantly enriched, with EF values exceeding 1.5, in the coastal areas
of Jeju Island and the south coast of Korea. The southern part of the
Korean Peninsula and Jeju Island are relatively shallow, with numerous
islands in the study area known for abundant nutrients and active bio-
logical activities. Sr is widely recognized as a biological indicator in the

Relationship between grain size and organic carbon contents and metals of surface sediments in the Yellow Sea.

Sediment Heavy metals

property Mn L v cr Co Ni Cu Zn As sr Mo  Ag cd Sn sb Pb Hg

Grainsize ~ 041 084 076 075 081 079 068 081 049 016 031 035 059 063 060  0.40°  0.67
@) sk *k sk Kk ok *k *k Kk ok sk *k Kk

sand (%) 047 092 081 079 -087 -087 -078 -0.89 053 010 -040 -0.46 -0.66 071 -071 -046 -0.78

Silt (%) 048 091 081 079 08 08 078 088 053 009 041 048 067 071 072 045 077

Clay (%) 031 08 073 072 080 080 068 082 041* 014 028 025 046 061 057 047  0.67

0C (%) 047 092 081 079 087 08 078 08 053 010 040° 046 066 071 071 046  0.78

* p<0.05

" p<0.01
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formation of shells and corals [80]. This outcome is likely attributed to
biological influences from numerous islands and aquaculture activities
along the southern coast of Korea [81]. Most heavy metals are enriched
with EF values exceeding 1 in the central part of the Yellow Sea. This
means that most metals exhibit distribution dependent on grain size and
OC contents in the Yellow Sea. At the N3608 site, Ag and Cd exhibited EF
values of 1, while other heavy metals showed EF values below 0.7. The
relatively high EF values of Ag and Cd are thought to be influenced by
the waste dump site [82].

3.4. Transport, fate, and accumulation of persistent toxic substances and
heavy metals

In offshore environments, the deposition of heavy metals and PTSs is
influenced by various environmental factors, including topography,
hydrological conditions, grain size, OC content, geographical location,
and proximity to pollution sources [83]. The study of the distribution
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and composition of PTSs and heavy metals in marine settings is crucial
for understanding their patterns of fate and accumulation [84]. Spear-
man’s rank correlation analysis was conducted to identify factors con-
trolling the distributions of PTSs and metals (Fig. S4). In the Yellow Sea,
there were no significant correlations between water depth and other
sedimentary parameters, such as OC contents and grain size. In contrast,
significant correlations were observed between grain size and OC con-
tents. The carbon and nitrogen isotope ratios, which are indicative of the
origin of organic matter, did not show a significant correlation with PTSs
and metals. This is attributed to the complex influence on sedimentary
organic carbon in the Yellow Sea, stemming from both allochthonous
anthropogenic sources and autochthonous sources such as pico-sized
phytoplankton [48]. The increase in surface area due to the decrease
in grain size provides adsorption sites for organic matter, organic pol-
lutants, and heavy metals; consequently, smaller grain sizes typically
correspond to higher concentrations of OC and pollutants [85,86].

The distributions of heavy metals, including PTEs, exhibited a
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Fig. 6. (a) Result for principal component analysis based on PTSs and metals to identify regional differences. The Kaiser-Meyer-Olkin test was satisfied, with a result
exceeding 0.5. (b) Result for cluster analysis to examine correlations between compounds (or elements) based on their spatial distributions. (¢) Three groups were
distinguished in the chemical space map utilizing the log Ko (octanol-air partition coefficient), log Kaw (air-water partition coefficient), and log Kow (octanol-water
partition coefficient) of PTSs (LCI-CBs: di- to tetra-CBs; HCI-CBs: penta- to hepta-CBs).
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significant negative correlation with sediment grain size (pm), indi-
cating a grain size-dependent accumulation pattern. On the other hand,
PCBs demonstrated a weak correlation with grain size and no significant
correlation with OC contents. PCBs exhibited a distinct distribution
pattern from other PTSs, showing weak or no correlation. The sources of
PCBs were identified as combustion processes associated with industrial
activities, such as iron and steel production [87]. Due to differences in
physico-chemical properties, PCBs presented a different spatial distri-
bution from other heavy metals and PTSs, suggesting a
source-dependent accumulation pattern. PAHs showed a distribution
pattern similar to that of heavy metals and were significantly correlated
with OC contents and grain size. Spatially, the distributions of SOs and
APs, which are highly accumulated near major rivers (Han River and
Yangtze River), are thought to be mainly dependent on the amount of
inflow [30,67].

PCA and cluster analysis were employed to discern similarities and
differences among sampling sites within the study area and to identify
compound- and element-specific behavior and accumulation patterns.
As a result of PCA, the study area was distinguished into three groups
(Fig. 6a). Group 1 mainly consisted of sampling sites near the west coast
of South Korea, whereas Group 2 encompassed sites in the southwest of
the Yellow Sea. Group 1 and Group 2 were primarily distinguished by
PTSs and categorized as regions heavily influenced by PCBs, SOs, and
APs. Group 3 was characterized by sites showing fine grain size, high OC
content, and high concentrations of heavy metals and PAHs. These
grouping results reflect the source, fate, and accumulation characteris-
tics of PTSs and metals in the Yellow Sea environment, as highlighted by
the spatial distribution and correlation analysis outcomes.

Cluster analysis was performed to identify target pollutants with
similar behavior and accumulation characteristics and determine the
controlling factors (Fig. 6b). The cluster analysis delineated three prin-
cipal clusters. LCI-CBs and SOs were grouped, and these compounds
mainly constituted Group 1. APs and HCI-CBs showed similar spatial
distributions and were grouped together (Group 2). Compositional dif-
ferences in PCBs between Group 1 and Group 2 were found. PCBs near
the west coast of Korea were mainly LCl-CBs, while PCBs near the coast
of China were predominantly HCI-CBs, showing regional differences.
This appears to be because the composition of PCBs resulting from their
origin differs between Korea and China. Meanwhile, t-PAHs, e-PAHs,
and metals were classified into Group 3. They indicate that accumula-
tion in the central Yellow Sea is influenced by sediment grain size and
OC content rather than pollutant source and input route. Thus, it is
difficult to determine their origin and contribution by country through
concentration and composition, and it is necessary to apply additional
pollutant identification tools, such as compound- and element-specific
stable isotope ratios [88,89].

Interestingly, the accumulation patterns of PTSs varied for each
group of compounds, such as PCBs, PAHs, SOs, and APs, and this phe-
nomenon could be elucidated by partitioning coefficients, such as log-
arithm of log Kow and log Kpa (Fig. 6¢). Physical and chemical
properties like partition coefficients can be utilized to characterize the
behavior of compounds [90,91]. PTSs with relatively low log Koa and
log Kow values (e.g., PAHs) tended to accumulate in the central Yellow
Sea, while PTSs with relatively high logarithm of air-water partition
coefficient (log Kaw) and log Kow values tended to accumulate at sites
near pollution sources. HCI-CBs and APs tend to associate with partic-
ulate matter due to their high log Koa, while LCI-CBs and SDs exhibit
behaviors with more dissolved phases, indicating a lower affinity for
particulate association [92,93]. PAHs are slightly volatile and distrib-
uted through multiple environmental media. Due to these characteris-
tics, they are believed to persist within the Yellow Sea and ultimately
accumulate in its central regions. However, the distribution and accu-
mulation of PTSs are not fully understood in terms of partitioning co-
efficients, and additional research is needed on the entire process of
their inflow, behavior, and final accumulation in the future.

Journal of Hazardous Materials 476 (2024) 134926

4. Conclusions

This study investigated the distribution, fate, and accumulation
characteristics of PTSs and heavy metals in sediments across a wide area
of the Yellow Sea. The central region of the Yellow Sea, referred to as
CYSM, exhibited sedimentation of fine particles and elevated OC con-
tents. Results of 5'°C revealed different origins of organic matter be-
tween the southern and central regions of the Yellow Sea. PTEs and
PAHs showed relatively high concentrations in the central part of the
Yellow Sea, suggesting their fate and accumulation corresponded with
grain size and organic matter contents. Conversely, PCBs, SOs, and APs
showed relatively higher concentrations around coastal areas, with
distributions influenced by sources, distance, and physicochemical
properties. Identifying potential sources of PTSs indicated that industrial
products and combustion processes contribute to contaminating pol-
lutants in the Yellow Sea. However, employing more robust and con-
servative source identification methods, such as compound- and/or
element-specific isotope ratios, is essential for accurately evaluating
sources of long-distance transported PTSs and metals. The findings of
this study confirm the multifaceted factors influencing the fate and
accumulation processes of PTSs and metals in offshore environments,
providing evidence for the long-range transport and contribution to
pollution of compounds sharing similar persistence and chemical
properties.

Environmental implication

We investigated the accumulation characteristics of traditional pol-
lutants, including PCBs, PAHs, and metals, and emerging toxicants, such
as styrene oligomers and alkylphenols, in sediments of the Yellow Sea.
The results showed compound- and elemental-specific accumulation
patterns. PCBs, styrene oligomers, and alkylphenols showed a source-
dependent distribution, whereas PAHs and metals were transported
over long distances and accumulated in the central mud zone. The fate
and accumulation of organic toxic substances were affected by their
partition coefficients, such as log Kow and log Kopa. These findings
provide valuable insights into identifying the contributions of each
country to pollution in the Yellow Sea.
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Supplementary Tables

Table S1. Locations of sampling sites and summary of grain size, total organic carbon (OC) contents, total nitrogen (TN) contents, and
stable isotope ratios (5'°C and §'°N) in sediments of the Yellow Sea.

Latitude Longitude Sites Depth Mean grain size Sand Silt Clay oC TN o3C 85N
() (E°) (m) (um) 9) (%) (%) (%) (%) (%) (%o0) (%o0)
322 126.5 N3201 103 10 6.6 7.7 84 8.2 0.62 0.11 -21.05 4.66
126.0 N3203 89 9.1 6.8 15 74 11 0.49 0.10 -21.09 5.42
125.5 N3205 73 7.1 7.1 4.2 81 15 0.63 0.13 -21.04 5.58
125.0 N3207 55 15 6.1 24 70 5.2 0.45 0.08 -21.07 5.46
124.5 N3209 42 23 5.5 37 58 5.4 0.39 0.06 -20.94 4.76
124.0 N3211 41 120 3.0 53 44 3.7 0.27 0.04 -20.73 5.13
33 126.0 N3301 105 170 2.5 54 42 4.1 0.22 0.05 -21.19 5.32
125.0 N3305 80 10 6.6 18 73 9.6 0.53 0.09 -21.20 5.36
124.5 N3307 66 16 6.0 31 64 5.5 0.34 0.07 -21.25 5.48
124.0 N3309 50 23 5.5 37 58 53 0.38 0.06 -21.06 5.21
123.5 N3311 35 18 5.8 32 64 4.6 0.40 0.07 -21.08 5.38
123.1 N3313 35 30 5.1 41 55 4.7 0.30 0.05 -21.13 4.69
34 126.0 N3401 80 20 5.6 35 60 5.7 0.27 0.05 -21.47 5.40
125.5 N3404 70 17 5.9 21 72 6.8 0.33 0.06 -21.65 5.90
125.0 N3407 95 33 4.9 46 49 4.6 0.26 0.05 -21.55 5.75
124.0 N3411 80 14 6.2 18 75 7.8 0.57 0.10 -21.53 5.45
123.5 N3413 70 11 6.4 17 73 9.8 0.47 0.09 -21.54 5.55
123.0 N3415 70 11 6.6 6.8 83 11 0.53 0.09 -21.76 5.13
122.5 N3417 40 40 4.7 29 68 33 0.25 0.05 —22.08 4.30
122.0 N3419 18 88 3.5 69 30 1.3 0.12 0.02 -21.19 3.87
35 125.7 N3503 31 20 5.7 6.2 88 5.7 0.48 0.08 -21.60 5.70
125.0 N3507 90 120 3.0 60 38 2.3 0.27 0.04 -22.27 5.68
124.5 N3509 90 25 53 30 65 5.0 0.49 0.09 -21.88 5.69
124.0 N3511 80 20 5.7 20 74 6.3 0.54 0.10 -21.92 5.40
123.5 N3513 77 13 6.3 4.1 87 9.3 0.80 0.13 -21.96 5.72
123.0 N3515 72 12 6.4 2.2 88 9.7 0.80 0.14 -21.96 5.53
122.5 N3517 66 14 6.2 34 88 8.1 0.78 0.13 -21.93 5.36
122.0 N3519 50 29 5.1 25 70 4.7 0.45 0.08 -21.96 5.06
36 125.3 N3605 75 290 1.8 94 6.1 0.10 0.10 0.02 —22.00 5.42
124.6 N3608 87 88 3.5 61 37 1.8 0.55 0.10 -22.31 5.15
124.0 N3611 77 15 6.0 6.8 85 8.0 1.1 0.18 -21.97 5.54
123.0 N3615 70 15 6.0 3.5 88 8.1 1.0 0.18 -21.73 5.56
37 125.0 N3706 47 240 2.0 100 0.0 0.0 0.11 0.02 -21.08 5.75
124.5 N3709 78 190 2.4 93 7.2 0.12 0.10 0.04 -21.84 4.96
124.0 N3711 79 93 34 65 32 2.3 0.26 0.05 -22.16 5.37
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Table S2. Target compounds, abbreviations, and target ions in the instrumental analysis, as well
as method detection limits and recoveries of surrogate standards.

Target compounds Abbreviations  Quantification  Confirmation Method
ion ion detection limit
(ng g'' dw)

Polychlorinated biphenlys (PCBs)
2,4'-Dichlorobiphenyl CB8 222 224 0.03
2,4,4'-Trichlorobiphenyl CB28 256 258 0.03
2,2',5,5'-Tetrachlorobiphenyl CB52 292 290 0.02
2,2',4,5'-Tetrachlorobiphenyl CB49 292 290 0.02
2,2',3,5'-Tetrachlorobiphenyl CB44 292 290 0.03
3,4,4'-Trichlorobiphenyl CB37 256 258 0.02
2,4,4' 5-Tetrachlorobiphenyl CB74 292 290 0.02
2,3',4',5-Tetrachlorobiphenyl CB70 292 290 0.01
2,3',4,4'-Tetrachlorobiphenyl CB66 292 290 0.03
2,3,4,4'-Tetrachlorobiphenyl CB60 292 290 0.03
2,2',4,5,5'-Pentachlorobiphenyl CB101 326 324 0.02
2,2',4,4' 5-Pentachlorobiphenyl CB99 326 328 0.02
2,2'3,4,5'-Pentachlorobiphenyl CB87 292 290 0.02
3,3',4,4'-Tetrachlorobiphenyl CB77 326 256 0.01
2,2'3,3',4-Pentachlorobiphenyl CB&2 338 340 0.03
2,3',4,4',5-Pentachlorobiphenyl CBI118 326 328 0.03
2,3,4,4',5-Pentachlorobiphenyl CB114 326 328 0.02
2,2'4,4'5,5'-Hexachlorobiphenyl CB153 360 362 0.02
2,3,3',4,4'-Pentachlorobiphenyl CB105 326 324 0.02
2,2'3,3',5,6,6'-Heptachlorobiphenyl CB179 396 398 0.03
2,2'3,4,4' 5'-Hexachlorobiphenyl CB138 360 362 0.02
2,3,3',4,4' 6-Hexachlorobiphenyl CB158 326 328 0.03
3,3',4,4' 5-Pentachlorobiphenyl CB126 360 362 0.02
2,3,4,4'5,6-Hexachlorobiphenyl CB166 394 396 0.02
2,2'3,4',5,5',6-Heptachlorobiphenyl CB187 394 396 0.02
2,2'3,4,4'5' 6-Heptachlorobiphenyl CB183 360 362 0.02
2,2',3,3',4,4'-Hexachlorobiphenyl CB128 440 442 0.02
2,3,3',4,4',5-Hexachlorobiphenyl CB156 360 362 0.02
2,2'3,4,4'5,5'-Heptachlorobiphenyl CB180 394 396 0.03
3,3'4,4',5,5'-Hexachlorobiphenyl CB169 360 362 0.03
2,2'3,3",4,4' 5-Heptachlorobiphenyl CB170 394 396 0.03
2,3,3',4,4'5,5'-Heptachlorobiphenyl CB189 476 478 0.03

Traditional Polycyclic aromatic hydrocarbons (t-PAHs)
Acenaphthylene Acl 152 151 3.51
Acenaphthene Ace 153 154 4.23
Fluorene Flu 166 165 441
Phenanthrene Phe 178 176 4.38
Anthracene Ant 178 176 5.27
Fluoranthene Fl 202 200 3.37
Pyrene Py 202 200 2.83
Benzo[a]anthracene BaA 228 226 2.11
Chrysene Chr 228 226 2.59
Benzo[b]fluoranthene BbF 252 253 1.82
Benzo[k]fluoranthene BkF 252 253 0.55
Benzo[a]pyrene BaP 252 253 2.76
Indeno[/,2,3-cd]pyrene IcdP 276 138 4.04
Dibenz[a,#]anthracene DbahA 278 276 3.73
Benzo[g,A,i]perylene BghiP 276 138 5.41

Emerging PAHs (e-PAHs)
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Benzo[b]naphtho[2, 3-d|furan BBNF 218 189 2.36

Benzo[b]naphthol[2, /-d]thiophene BBNT 234 235 1.11
5-Methylbenzo[a]anthracene SMBA 242 241 1.35
4,5-Methanochrysene 4,5MC 239 240 3.10
1-Methylchrysene IMC 242 241 1.45
7-Methylbenz[a]anthracene TMbA 242 241 1.98
7,12-Dimethylbenz[a]anthracene 7,12DbA 256 241 1.07
10-Methylbenzo[a]pyrene 10MbA 266 256 2.83
Styrene oligomers (SOs)
1,3-Diphenylpropane SD1 105 196 0.19
cis-1,2-Diphenylcyclobutane SD2 78 208 0.19
2,4-Diphenyl-1-butene SD3 104 208 0.89
trans-1,2-Diphenylcyclobutane SD4 78 208 0.11
2,4,6-Triphenyl-1-hexene ST1 117 194 0.63
le-Phenyl-4e-(1-phenylethyl)-tetralin ~ ST2 129 207 0.66
la-Phenyl-4e-(1-phenylethyl)-tetralin ~ ST3 129 207 0.31
la-Phenyl-4a-(1-phenylethyl)-tetralin ~ ST4 129 207 0.70
le-Phenyl-4a-(1-phenylethyl)-tetralin ~ STS 207 105 0.41
1,3,5-Triphenylcyclohexane ST6 117 104 0.88
Alkylphenols (APs)
4-tert-Octylphenol t-OP 207 221 0.12
4-tert-Octylphenol monoethoxylate t-OP1EO 251 265 0.61
4-tert-Octylphenol diethoxylate t-OP2EO 295 309 0.08
Nonylphenols NPs 207 221 3.7
Nonylphenol monoethoxylates NP1EOs 251 265 0.45
Nonylphenol diethoxylates NP2EOs 295 309 L5
Internal standard
2-Fluorobiphenyl IS 172 171
Surrogate standards Quantification  Confirmation Surrogate
ion ion recovery (%o,
mean = SD)
Polychlorinated biphenyl (PCBs)
13C-labeled CB 28 268 270 106 £7
13C-labeled CB 52 304 302 99+ 6
13C-labeled CB 101 326 328 102+ 6
13C-labeled CB 153 372 374 109 +£7
13C-labeled CB 138 360 362 110+ 6
13C-labeled CB 180 406 408 114 +7
13C-labeled CB 209 510 512 115+8
Polycyclic aromatic hydrocarbons (PAHs)
Acenaphthene-d10 Ace-d10 164 162 8711
Phenanthrene-d10 Phe-d10 188 189 74 £13
Chrysene-d12 Chr-d12 240 236 8811
Perylene-d12 Pery-d12 264 270 90+ 12
Alkylphenols (APs)
Bisphenol A-d16 BPA-d16 368 386 71+17

S4



Table S3. GC/MSD conditions for analyzing persistent toxic substances, including
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), styrene oligomers
(SOs), and alkylphenols (APs).

Instrument Agilent 7890B GC / 5977B MSD
Column DB-5ms (30 m x 250 pm % 0.25 pm)
Gas flow 1 mL min~! He

Injection mode
Injection volume
Oven temperature
program

Splitless
1 uL
PCBs 60 °C (hold 1 min) —
5 °C min! to 140 °C (hold 1 min) —
30 °C min! to 200 °C (hold 1 min) —
4 °C min™' to 250 °C (hold 5 min) —
10 °C min™' to 300 °C (hold 1 min)
PAHSs (t-PAHs and e-PAHs) 60 °C (hold 2 min) —
6 °C min™' to 300 °C (hold 13 min)
SOs 60 °C (hold 2 min) —
6 °C min™' to 300 °C (hold 3 min)
APs 60 °C (hold 5 min) —

10 °C min™' to 100 °C —
20 °C min"! to 300 °C (hold 6 min)
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Table S4. Concentrations of polychlorinated biphenyls (PCBs) in sediments of the Yellow Sea.

Sitess PCBs (ng g! OC)

8 28 52 49 44 37 74 70 66 60 101 99 87 77 82 118
N3201 1.0 15 0.72 0.88 - 3.0 - 0.62 0.55 - 0.72 - 0.52 - - 0.97
N3203 3.0 39 1.6 11 3.6 2.0 1.3 0.75 L.5 1.1 0.84 - - 1.1 0.80 0.55
N3205 5.1 22 1.1 3.3 23 23 0.98 0.83 - 1.7 - 0.61 - - 0.61 0.55
N3207 6.8 70 2.7 8.5 23 9.9 34 1.7 0.66 3.0 2.7 - 1.3 34 1.2 0.73
N3209 10 27 0.61 32 0.52 67 2.1 1.3 0.85 2.0 1.1 0.83 1.9 24 0.63 0.86
N3211 9.7 47 1.4 13 2.0 2.0 0.68 0.80 0.72 1.6 1.6 1.2 1.1 1.3 - 1.2
N3301 100 46 2.6 54 5.0 110 1.3 - 1.9 32 1.2 1.1 53 33 1.8 1.2
N3305 27 25 0.78 0.67 1.5 4.0 2.2 0.80 - 23 1.2 - 1.0 - 0.84 -
N3307 2.0 3.6 - 1.6 0.9 2.0 - 0.66 - - 0.64 1.5 0.97 0.64 0.97 0.66
N3309 14 100 3.9 16 1.2 20 8.7 1.4 1.3 8.1 2.1 0.63 1.3 2.1 1.3 23
N3311 410 76 2.8 2.7 7.3 7.1 6.0 3.6 0.69 1.3 1.4 0.97 2.8 2.5 3.9 32
N3313 500 150 4.4 24 18 12 7.1 0.97 - 9.9 23 24 1.1 1.4 1.1 5.7
N3401 5.1 49 1.3 11 19 8.0 1.7 5.0 2.0 1.3 2.2 0.65 0.74 1.9 0.86 1.5
N3404 16 160 4.5 28 14 14 9.6 8.0 33 4.5 32 2.7 2.6 0.88 1.3 2.1
N3407 150 19 1.2 0.65 1.2 70 1.8 1.3 1.5 0.58 1.0 1.3 1.1 2.1 0.84 1.3
N3411 7.8 24 0.68 4.7 1.4 44 1.6 1.8 1.5 0.52 - - - 1.5 0.70 1.2
N3413 52 25 2.2 2.8 1.3 24 0.91 2.8 1.6 1.5 18 59 22 2.7 9.5 98
N3415 44 33 4.7 12 3.6 1.9 0.85 0.90 0.67 2.9 - - 1.3 - 23 0.9
N3417 12 170 8.4 13 11 30 12 8.7 6.1 13 23 1.6 2.1 5.2 21 1.5
N3419 39 180 6.6 14 6.3 430 14 16 1.6 11 23 4.7 2.5 2.5 8.7 11
N3503 34 66 3.1 4.7 3.2 6.3 1.9 - 0.69 3.8 0.56 0.86 2.1 1.2 1.4 1.2
N3507 7.3 88 3.5 11 15 53 3.5 2.5 1.3 0.95 2.2 24 1.5 2.5 2.5 3.0
N3509 4.3 94 3.6 24 25 43 4.0 6.8 1.2 1.6 0.61 - 1.9 33 0.90 3.6
N3511 6.1 51 - 10 1.9 3.5 1.9 2.6 0.54 1.3 0.70 - 1.2 0.83 8.8 23
N3513 2.6 44 7.8 7.4 13 4.1 1.9 2.6 0.50 - 0.86 0.70 - 1.2 - -
N3515 7.6 15 0.59 2.7 1.3 0.81 - - 0.60 - - - 0.96 - 0.56 0.81
N3517 3.2 14 0.94 34 0.65 1.8 0.52 0.63 0.54 - 1.4 0.82 1.1 L.5 - 1.4
N3519 210 72 5.5 17 7.9 14 5.6 23 1.1 4.6 1.3 1.8 3.5 33 12 3.8
N3605 58 420 31 85 9.7 53 21 7.5 6.0 25 9.9 6.3 9.0 2.8 4.2 2.9
N3608 200 27 1.7 4.5 2.5 2.8 0.86 2.6 1.8 - 1.3 1.4 1.1 - 1.3 2.6
N3611 2.5 17 1.8 12 2.6 1.7 0.81 1.1 0.95 0.84 - 0.53 0.91 - 1.9 0.60
N3615 1.6 26 0.51 15 4.8 23 1.3 - 1.1 0.75 1.6 0.74 0.73 0.69 0.59 -
N3706 46 290 14 36 62 66 25 3.2 5.2 46 15 3.0 24 7.5 72 45
N3709 73 460 17 34 68 43 18 14 5.6 7.1 5.8 2.8 3.1 6.8 22 17
N3711 14 82 5.2 34 35 8.4 5.0 7.5 1.2 1.9 1.6 1.7 2.1 0.99 12 1.5

- : Below detection limits.
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Table S4. (Continue).

Sites PCBs (ng g! OC)

114 153 105 179 138 158 126 166 187 183 128 156 180 169 170 189 Total
N3201 0.74 24 - 1.6 - - - - - 2.4 0.82 0.59 1.3 - 1.1 - 60
N3203 - 61 0.87 - 0.68 - 0.64 - 1.6 - 1.2 1.8 - 1.0 - 1.1 140
N3205 0.81 3.9 0.66 - - - 1.2 - 1.7 1.5 - - - 0.57 - - 56
N3207 3.9 25 1.0 1.2 - 0.59 3.4 0.91 1.9 0.95 4.3 - 1.6 - 2.0 - 190
N3209 1.9 25 1.6 2.4 1.0 1.0 1.8 0.58 0.95 1.4 1.5 1.5 0.91 0.70 0.75 - 170
N3211 1.9 73 1.2 - 1.0 0.75 1.1 0.82 1.6 1.7 - 1.3 - - 1.4 0.62 170
N3301 1.5 45 2.1 4.4 0.74 - 3.7 - 3.5 1.8 2.0 - 5.9 0.98 0.93 0.81 370
N3305 0.96 14 2.5 2.3 0.61 - 1.3 0.54 2.6 0.90 1.3 0.94 0.88 - - - 98
N3307  0.59 18 1.1 - - - - - 3.1 4.2 - - - 0.90 1.0 4.1 53
N3309 3.9 140 4.5 - 0.56 - 2.6 0.62 0.60 - 1.3 1.3 0.96 1.3 32 2.1 350
N3311 3.6 19 4.9 0.90 - - 2.1 0.60 - - 1.7 1.6 - 2.0 1.0 - 570
N3313 1.5 160 11 - - 1.3 6.0 0.78 1.5 1.6 4.1 1.6 0.91 1.9 2.4 2.1 940
N3401 0.94 93 7.2 1.41 0.55 0.55 2.9 0.80 - 0.80 2.7 1.9 - 1.2 - 0.60 230
N3404 3.3 75 8.3 - 0.89 1.5 94 0.99 2.8 - 0.66 2.6 0.55 3.6 - 1.6 470
N3407 0.92 41 - - 0.98 - 2.7 - 1.3 2.6 - - 2.8 1.2 - - 310
N3411 - 28 0.84 0.55 0.60 - 1.3 0.78 1.3 0.87 0.81 1.3 2.1 1.3 - - 130
N3413 4.1 180 71 3.1 24 76 1.5 2.0 8.0 5.4 74 48 31 - 46 1.9 780
N3415 - 40 0.81 - - - 0.99 1.2 - - 0.84 0.81 - 1.4 1.8 - 120
N3417 10 120 4.7 53 1.0 1.0 3.9 1.2 4.5 3.0 14 18 2.3 33 1.7 3.0 510
N3419 3.1 76 7.5 3.2 1.0 3.1 4.2 2.5 1.2 1.2 5.6 9.8 2.1 6.5 6.2 2.0 880
N3503 1.1 49 1.9 1.3 0.60 0.66 3.2 0.64 33 2.7 4.5 1.5 0.62 1.4 - 2.2 180
N3507 2.3 92 2.3 0.69 1.1 - 2.6 0.92 7.1 3.7 2.9 1.4 1.4 1.1 0.79 - 270
N3509 - 59 2.2 0.84 - - 2.9 1.7 0.77 - 5.8 1.4 0.93 4.2 2.1 1.3 260
N3511 1.4 21 1.4 1.7 0.69 - 0.70 - 1.7 2.7 1.6 1.5 1.1 2.4 1.6 - 130
N3513 1.1 33 0.96 1.1 - 0.79 - - 1.1 - 0.99 4.9 - 1.2 - 1.2 140
N3515 - 2.7 - - - - 1.0 - - - 0.72 - 0.51 - - - 42
N3517  0.63 47 - 0.81 - - 0.57 0.75 - - 0.58 0.84 - 0.97 - 0.71 86
N3519 2.7 57 3.5 - - 0.66 3.2 0.84 - 0.87 1.8 1.7 - 3.5 1.1 1.6 450
N3605 7.6 150 20 1.3 0.88 2.4 18 12 1.7 2.6 6.4 36 4.0 4.7 7.8 5.8 1000
N3608 - 21 2.2 - 1.7 0.58 1.6 0.51 - 0.73 1.0 1.7 0.86 0.77 0.79 2.5 290
N3611 1.9 7.9 1.6 - - - 0.89 0.52 - - 0.75 0.57 - 0.92 - - 62
N3615 1.5 25 0.97 - 0.88 - 0.88 - 0.86 - 0.83 4.9 - 2.0 0.73 1.1 100
N3706 28 470 22 0.53 1.4 1.4 23 0.84 2.0 1.4 5.2 35 5.8 8.2 3.6 2.4 1300
N3709 11 180 20 6.8 4.6 2.3 19 4.5 1.5 0.75 25 3.6 4.4 1.4 0.97 2.6 1100
N3711 3.6 110 3.2 3.7 0.53 0.5 6.0 1.6 - - 4.0 4.6 - 4.7 3.2 2.8 370

- : Below detection limits.

S7



Table SS. Concentrations of traditional polycyclic aromatic hydrocarbons (t-PAHs) in sediments of the Yellow Sea.

Sites t-PAHs (ng g 0C)

Acl Ace Flu Phe Ant F1 Py BaA  Chr BbF BkF BaP IcdP DbahA BghiP  Total
N3201 20 79 380 900 1200 490 270 94 150 110 170 67 370 160 370 4800
N3203 37 130 280 1000 94 800 520 190 300 220 270 120 570 180 630 5400
N3205 24 84 390 1000 95 860 460 200 270 210 280 140 570 170 620 5400
N3207 65 120 310 1200 150 2400 3000 1000 1000 900 1200 1500 1700 410 1900 17000
N3209 14 46 200 380 46 400 200 120 160 120 150 110 310 120 400 2800
N3211 55 190 470 1400 95 730 400 180 260 150 180 150 440 120 600 5400
N3301 22 88 630 1100 130 600 290 130 210 140 210 14 380 98 420 4500
N3305 13 41 140 410 55 530 260 150 220 150 240 76 350 80 370 3100
N3307 54 270 1000 2200 120 970 520 200 310 210 310 170 600 170 700 7800
N3309 21 99 86 310 68 480 260 150 210 130 210 94 380 93 470 3100
N3311 15 35 49 170 35 230 130 590 94 140 65 41 170 37 200 1500
N3313 42 76 130 440 97 630 410 230 310 170 270 140 490 130 670 4200
N3401 58 220 410 1300 78 700 380 140 220 140 140 17.3 320 100 400 4600
N3404 23 54 180 380 130 590 300 120 160 87 110 36 150 47 240 2600
N3407 12 41 29 92 16 110 65 30 40 22 5.2 8.4 76 71 100 710
N3411 40 100 480 1300 96 990 510 190 310 200 280 68 450 130 530 5700
N3413 40 83 370 960 100 940 500 210 330 230 360 120 600 160 700 5700
N3415 58 150 340 1200 110 870 560 220 310 210 330 80 580 140 640 5800
N3417 46 120 290 860 100 640 410 140 250 110 100 130 260 210 430 4100
N3419 30 43 46 160 27 65 67 37 35 24 21 18 100 140 110 920
N3503 31 80 240 890 130 1200 670 230 270 160 260 170 430 150 510 5400
N3507 45 180 380 1100 73 400 250 61 120 82 62 9.9 170 89 170 3200
N3509 58 140 310 1100 190 1100 680 200 360 270 390 130 600 130 740 6500
N3511 58 140 290 1100 140 1200 810 500 560 1000 650 510 990 190 1300 9500
N3513 50 100 230 1000 120 1200 820 310 440 370 560 270 900 210 1000 7600
N3515 7.5 14 23 94 14 110 60 22 39 18 10 1.2 60 21 81 570
N3517 32 65 240 800 92 770 450 140 240 180 220 77 430 120 560 4400
N3519 27 55 89 380 680 560 310 140 220 110 210 66 330 83 390 3000
N3605 100 370 860 2800 220 1300 790 1800 500 230 300 140 430 140 570 11000
N3608 34 42 130 560 55 950 400 180 330 250 350 130 560 160 650 4800
N3611 67 120 240 1400 210 2300 1400 550 600 520 750 400 1400 280 1400 12000
N3615 68 110 210 1100 140 1200 800 320 390 280 460 230 950 210 980 7500
N3706 30 150 140 310 46 180 180 410 120 48 17 15 150 49 220 2100
N3709 62 160 270 740 130 600 380 150 260 150 220 75 250 6.6 320 3800
N3711 100 260 540 1900 2600 1300 1000 220 420 570 1200 89 510 150 640 12000
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Table S6. Concentrations of emerging polycyclic aromatic hydrocarbons (e-PAHs) in sediments of the Yellow Sea.

Sites e-PAHs (ng g! 00)

2MA 9EP BBNF BBNT SMBA BCP BJF BEP Total
N3201 16 15 52 31 24 0.50 150 270 540
N3203 325 20 71 73 8.3 13 330 540 1100
N3205 26 18 75 64 16 6.7 290 500 1000
N3207 54 48 220 290 130 36 1200 2600 4500
N3209 100 34 39 37 22 9.6 160 300 700
N3211 290 84 81 71 5.2 12 280 490 1300
N3301 10 58 62 41 15 9.7 220 360 780
N3305 8.9 33 61 36 5.8 3.6 230 360 740
N3307 260 58 94 55 39 6.6 320 610 1400
N3309 12 53 65 51 16 11 230 380 820
N3311 54 12 32 21 6.0 0.5 140 160 420
N3313 210 58 85 64 23 18 310 520 1300
N3401 250 94 58 60 10 16 190 300 970
N3404 91 38 71 33 43 13 140 200 590
N3407 24 13 17 43 8.9 0.90 35 74 180
N3411 28 59 80 57 37 4.4 300 520 1100
N3413 270 67 98 58 54 4.8 350 590 1500
N3415 35 83 77 74 48 12 350 550 1200
N3417 25 75 64 58 19 16 150 320 730
N3419 98 31 41 57 17 2.1 24 3.2 270
N3503 170 61 91 24 12 12 290 460 1100
N3507 180 8.1 33 29 4.6 35 100 140 530
N3509 330 92 94 35 36 21 410 610 1600
N3511 330 &9 110 68 7.8 16 1000 1200 2900
N3513 37 87 110 23 53 12 490 860 1700
N3515 27 32 15 7.1 24 1.6 37 66 160
N3517 250 49 69 48 17 8.3 200 450 1100
N3519 120 30 73 45 7.9 7.1 200 360 850
N3605 700 180 73 87 16 16 320 430 1800
N3608 190 45 99 51 16 43 280 560 1200
N3611 450 97 160 34 62 11 680 1200 2700
N3615 49 85 100 27 34 36 420 840 1600
N3706 150 26 32 79 27 20 66 30 430
N3709 300 25 24 79 12 26 150 250 870
N3711 460 120 95 17 13 28 570 590 1900
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Table S7. Concentrations of styrene oligomers (SOs) in sediments of the Yellow Sea.

Sites SOs (ng g! OC)

SD1 SD2 SD3 SD4 ST1 ST2 ST3 ST4 STS ST7 Total
N3201 12 4.6 350 15 22 130 130 93 1100 130 2000
N3203 68 32 440 300 85 230 320 250 220 550 2500
N3205 12 6.9 260 19 11 50 50 29 190 120 740
N3207 74 35 680 370 260 780 780 780 1100 570 5400
N3209 9.6 4.7 420 26 13 130 130 19 470 190 1400
N3211 120 66 730 540 210 418 670 570 550 750 4600
N3301 31 19 890 50 25 417 450 47 18007 530 4200
N3305 6.9 3.4 340 20 8.5 20 27 110 97 280 900
N3307 31 12 1300 46 28 46 51 66 290 700 2600
N3309 27 7.9 490 47 77 170 220 150 190 230 1600
N3311 27 28 590 190 77 210 330 180 250 130 2000
N3313 42 26 820 100 120 280 410 310 420 330 2800
N3401 120 67 1000 620 190 440 610 480 440 620 4600
N3404 35 10 85 77 71 190 260 310 470 320 1800
N3407 7.9 4.3 800 21 17 57 26 38 140 250 1400
N3411 16 6.4 270 23 11 25 29 73 44 230 730
N3413 17 11 480 29 63 170 240 300 410 260 2000
N3415 61 28 200 260 100 260 280 310 320 630 2500
N3417 76 50 390 610 410 850 1300 590 890 580 5700
N3419 93 82 250 620 280 680 1000 540 690 490 4800
N3503 69 37 570 340 110 240 340 270 240 340 2600
N3507 24 14 920 80 83 220 160 100 230 560 2400
N3509 44 48 460 410 220 420 790 420 450 850 4100
N3511 60 35 150 340 210 1100 660 2200 2900 480 8200
N3513 38 17 180 200 180 630 580 300 310 320 2800
N3515 3.8 1.8 19 7.9 9.5 47 14 88 130 70 390
N3517 12 3.9 33 22 17 40 18 26 86 100 360
N3519 26 9.7 620 36 55 260 140 670 1200 350 3300
N3605 270 130 630 1700 360 830 1000 760 820 1900 8400
N3608 12 5.1 44 19 27 21 55 65 53 190 490
N3611 35 18 180 180 120 200 310 210 190 540 2000
N3615 3.4 1.5 17 7.0 8.4 41 13 78 110 62 340
N3706 180 110 7600 1600 300 1100 750 1700 960 11000 25000
N3709 130 87 7100 1200 190 620 420 1100 640 8200 20000
N3711 18 24 1700 120 97 110 130 210 750 3200 6400
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Table S8. Concentrations of alkylphenols (APs) in sediments of the Yellow Sea.

Sites APs (ng g OC)

t-OP NPs t-OP1EO NP1EOs t-OP2EO NP2EOs Total APs
N3201 15 27 17 120 20 150 350
N3203 21 33 19 110 38 450 670
N3205 17 33 27 200 23 310 610
N3207 21 48 33 290 78 760 1200
N3209 23 43 22 390 2100 1200 3800
N3211 43 78 54 360 85 1100 1700
N3301 32 90 62 680 110 850 1800
N3305 19 41 38 270 72 380 820
N3307 22 42 29 420 160 480 1200
N3309 16 37 36 210 12 340 650
N3311 29 43 28 160 17 400 680
N3313 52 50 43 300 55 610 1100
N3401 37 44 54 61 110 390 700
N3404 4.1 43 3.9 16 3.5 15 47
N3407 39 13 56 170 36 110 420
N3411 12 24 190 48 41 74 380
N3413 24 8.9 120 160 34 140 480
N3415 20 30 21 97 17 83 270
N3417 43 39 51 160 40 160 490
N3419 89 120 83 190 65 160 700
N3503 22 39 31 140 58 160 450
N3507 53 79 68 280 94 710 1300
N3509 24 29 24 140 40 380 630
N3511 18 20 17 75 27 82 240
N3513 16 14 15 69 26 85 220
N3515 12 22 16 76 18 46 190
N3517 14 19 32 70 24 98 260
N3519 19 41 19 71 110 120 380
N3605 390 160 140 570 250 660 2200
N3608 21 52 32 280 130 180 710
N3611 8.8 17 16 95 62 100 300
N3615 7.7 20 19 110 11 95 260
N3706 58 120 140 520 120 500 1500
N3709 89 94 95 360 94 410 1100
N3711 63 150 71 250 67 190 790

S11



Table S9. Concentrations of heavy metals in sediments of the Yellow Sea.

Sites Concentrations of metals (ug g”! dw)
Mn Li \4 Cr Co Ni Cu Zn As Sr Mo Ag Cd Sn Sb Pb Hg

N3201 670 46 78 66 11 29 12 74 670 330 025 0.04 010 24 0.50 17 0.023
N3203 740 49 82 70 13 31 13 77 740 250 032 0.04 009 25 0.55 20 0.019
N3205 500 62 110 87 16 41 20 97 500 150 040 0.05 0.10 32 0.75 23 0.020
N3207 680 39 78 60 12 28 14 65 680 140 037 0.05 009 23 0.57 19 0.015
N3209 840 35 110 82 13 29 13 68 840 150 038 0.07 0.12 2.6 0.64 19 0.015
N3211 590 29 74 56 11 24 10 54 590 120 0.35 0.05 0.08 20 0.51 19 0.011
N3301 700 23 49 39 8.8 18 5.3 45 700 320 024 0.03 006 1.5 038 14 0.013
N3305 700 50 83 66 13 31 14 76 700 190 0.31 0.05 009 2.7 0.60 20 0.017
N3307 530 37 70 57 11 25 12 60 530 150 0.30 0.05 0.10 22 0.60 19 0.014
N3309 860 36 98 91 13 28 13 68 860 160 046 0.06 0.10 25 0.63 19 0.015
N3311 820 41 97 69 14 31 15 72 820 170 044 0.06 0.12 26 0.67 20 0.016
N3313 780 33 93 83 12 26 12 60 780 170 041 0.06 013 24 0.65 16 0.014
N3401 490 31 44 35 7.5 15 6.9 43 490 300 021 0.04 006 13 037 17 0.010
N3404 660 35 57 47 10 18 8.7 49 660 370 025 0.05 008 1.7 041 20 0.010
N3407 340 27 46 38 7.7 16 8.4 43 340 130 0.19 0.04 007 15 037 18 0.012
N3411 660 47 80 63 12 29 15 71 660 110 034 0.06 009 25 0.64 20 0.017
N3413 470 46 82 64 12 30 16 71 470 100 031 0.06 0.10 24 0.70 21 0.019
N3415 690 51 93 74 13 33 18 79 690 120 046 0.07 0.12 28 0.83 22 0.019
N3417 780 31 63 53 9.7 23 10 51 780 160 030 0.05 0.09 19 0.58 13 0.012
N3419 600 22 65 58 8.6 19 6.9 42 600 170 023 0.05 0.10 1.8 047 12 0.007
N3503 450 48 72 61 11 24 12 68 450 92 0.31 0.07 0.10 2.6 0.56 21 0.015
N3507 400 20 38 40 6.5 13 6.1 34 400 98 027 0.05 009 14 0.35 19 0.007
N3509 310 46 73 56 11 26 15 68 310 93 032 0.09 015 24 0.71 22 0.018
N3511 310 48 80 63 12 29 18 72 310 92 029 0.09 013 26 0.75 22 0.019
N3513 460 62 110 86 15 39 23 95 460 77 039 0.09 0.12 33 0.88 25 0.025
N3515 580 66 120 88 16 41 24 100 580 88 045 0.08 0.12 34 0.90 25 0.025
N3517 950 57 110 83 15 39 23 92 950 84 0.66 0.07 0.11 33 0.90 24 0.023
N3519 1100 37 69 56 11 26 17 61 1100 110 0.75 0.07 0.10 22 091 20 0.016
N3605 150 8.5 18 16 3.3 4.9 2.5 15 150 64 0.11  0.04 003 075 021 19 0.004
N3608 370 33 57 49 8.8 20 14 54 370 83 039 0.09 0.08 4.0 0.57 22 0.019
N3611 690 66 120 89 16 42 30 110 690 62 046 0.10 0.15 42 1.1 29 0.037
N3615 1200 73 130 95 18 48 31 110 1200 72 0.65 0.08 0.14 3.7 1.1 28 0.034
N3706 300 11 22 15 4.2 6.0 2.8 20 300 88 036 0.03 003 087 026 22 0.004
N3709 350 12 26 20 52 7.8 34 22 350 79 024 0.04 007 1.2 032 19 0.005
N3711 590 24 46 40 7.5 16 9.4 39 590 150 049 0.07 009 1.7 0.73 16 0.013
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Table S10. Enrichment factors of metals in sediments of the Yellow Sea.

Cu Zn As

Sites Enrichment factor

Mn Li \4 Cr Co Ni
N3201 09 12 09 08 08 09
N3203 09 12 08 08 08 09
N3205 05 13 09 09 09 10
N3207 09 1.0 09 08 08 09
N3209 12 09 12 11 09 09
N3211 10 09 10 09 09 09
N3301 12 08 07 06 08 07
N3305 08 1.1 07 07 07 08
N3307 07 1.0 08 07 07 08
N3309 1109 10 11 08 08
N3311 10 10 09 08 08 09
N3313 10 09 10 10 08 08
N3401 08 10 06 06 06 06
N3404 09 1.0 07 06 07 06
N3407 06 1.0 07 06 07 07
N3411 09 13 09 08 08 09
N3413 06 12 09 08 08 09
N3415 08 1.1 08 08 07 09
N3417 10 08 07 06 06 07
N3419 09 07 08 08 06 07
N3503 08 17 1.1 10 1.0 1.0
N3507 10 10 08 10 08 08
N3509 15 10 08 09 10
N3511 13 09 08 08 09
N3513 12 11 1.0 12
N3515 . 08 07 07 08
N3517 1.1 13 1.0 09 09 11
N3519 1.0 09 10 1.1
N3605
N3608
N3611
N3615
N3706
N3709
N3711 1109 07 07 07 07

0.6 0.7 1.0 0.9 0.8 1.3 1.2 0.7 1.2 0.8

0.0-1.0: not enriched, crustal contribution, | .0-1.5: little enriched, > 1.5: anthropogenic or external burden.

S13



Supplementary Figures
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Fig. S1. Contour maps for relative compositions of (a) PCBs, (b) PAHs, (¢) SOs, and (d) APs in
sediments of the Yellow Sea.
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Fig. S3. Source identifications of (a) styrene oligomers, (b) nonylphenols, and octylphenols in
sediments of the Yellow Sea using diagnostic ratios [diagnostic ratios refer from Isobe et al.
(2001) and Tian et al. (2022)].

S16



Depth . -

Particle size “ﬁn) Correlation coefficient
TOC

TN

6C -1.0 05 0.0 05 1.0
OGN

o ﬁj [] p<0.05
Mn ]

Li
v
Cr
GCo
Ni
Cu
Zn
As
Sr
Mo

8
g
S

Heavy metals

PCBs
o
g
=y

'AHs
&
" J

SOs
n
@

APs
T
o
-

T

Depth

Particle size (um)

Properties Heavy metals PCBs PAHs S0s APs
Fig. S4. Spearman's correlation relationships among mean grain size, organic carbon contents,
metals, and PTSs concentrations in sediments of the Yellow Sea. Colored squares indicate the
correlation coefficients of each factor.

S17



References

An, Y., Hong, S., Yoon, S.J., Cha, J., Shin, K.-H., Khim, J.S., 2020. Current contamination status
of traditional and emerging persistent toxic substances in the sediments of Ulsan Bay,
South Korea. Mar. Pollut. Bull. 160, 111560.
https://doi.org/10.1016/j.marpolbul.2020.111560.

Ikonomou, M., Sather, P., Oh, J.-E., Choi, W.-Y., Chang, Y.-S., 2002. PCB levels and congener
patterns from Korean municipal waste incinerator stack emissions. Chemosphere 49(2),
205-216. https://doi.org/10.1016/S0045-6535(02)00102-9.

Isobe, T., Nishiyama, H., Nakashima, A., Takada, H., 2001. Distribution and behavior of
nonylphenol, octylphenol, and nonylphenol monoethoxylate in Tokyo Metropolitan Area:
Their association with aquatic particles and sedimentary distributions. Environ. Sci.
Technol. 35(6), 1041-1049. https://doi.org/10.1021/es001250i.

Kim, Y., Hong, S., Lee, J., Yoon, S.J., An, Y., Kim, M.-S., Jeong, H.-D., Khim, J.S., 2021. Spatial
distribution and source identification of traditional and emerging persistent toxic
substances in the offshore sediment of South Korea. Sci. Total Environ. 789, 147996.
https://doi.org/10.1016/j.scitotenv.2021.147996.

Pedersen, K.B., Lejon, T., Jensen, P.E., Ottosen, L.M., 2015. Chemometric analysis for pollution
source assessment of harbour sediments in Arctic locations. Water, Air, Soil Pollut.
226(5), 150. https://doi.org/10.1007/s11270-015-2416-4.

Tian, Z., Kim, S.-K., Hyun, J.-H., 2020. Environmental distribution of styrene oligomers (SOs)
coupled with their source characteristics: Tracing the origin of SOs in the environment. J.
Hazard. Mater. 398, 122968. https://doi.org/10.1016/j.jhazmat.2020.122968.

Yang, H., Zhuo, S., Xue, B., Zhang, C., Liu, W., 2012. Distribution, historical trends and
inventories of polychlorinated biphenyls in sediments from Yangtze River Estuary and
adjacent East China Sea. Environ. Pollut. 169, 20-26.
https://doi.org/https://doi.org/10.1016/j.envpol.2012.05.003.

S18



	(JA-125) Kim Y et al. 2024 PTSs in Yellow Sea-JHM-2024-09-05
	Compound- and element-specific accumulation characteristics of persistent toxic substances and metals in sediments of the Y ...
	1 Introduction
	2 Materials and methods
	2.1 Study area and sampling
	2.2 Sediment grain size analysis
	2.3 Organic carbon, total nitrogen, and stable isotopes analysis
	2.4 Persistent toxic substances analysis
	2.5 Principal component analysis with multiple linear regression
	2.6 Heavy metals analysis
	2.7 Enrichment factor calculation
	2.8 Statistical analysis

	3 Results and discussion
	3.1 General characteristics of sediments in the Yellow Sea
	3.2 Distributions and sources of persistent toxic substances in sediments of the Yellow Sea
	3.2.1 Polychlorinated biphenyls
	3.2.2 Traditional and emerging polycyclic aromatic hydrocarbons
	3.2.3 Styrene oligomers
	3.2.4 Alkylphenols

	3.3 Distributions and enrichment of heavy metals in sediments of the Yellow Sea
	3.4 Transport, fate, and accumulation of persistent toxic substances and heavy metals

	4 Conclusions
	Environmental implication
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


	1-s2.0-S030438942401505X-mmc1

