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Historical trends of polycyclic aromatic hydrocarbons (PAHs) contamination were reconstructed from eleven
sediment cores located in intertidal zones of the Yellow and Bohai seas for a period encompassing the last 80
years. The analysis encompassed 15 traditional PAHs (t-PAHs), 9 emerging PAHs (e-PAHs), and 30 halogenated
PAHs (HI-PAHSs), including 10 chlorinated PAHs (Cl-PAHs) and 20 brominated PAHs (Br-PAHs). Concentrations
of target PAHs were highest in industrial and municipal areas situated along the coast of the Bohai Sea, including
Huludao, Yingkou, Tianjin, and Dandong, constituting a substantial mass inventory. All target PAHs showed
increasing trends since the 1950s, reflecting the development history of South Korea and China. High molecular
weight PAHs accumulated in sampling sites more than low molecular weight PAHs. A positive matrix factor-
ization model showed that the PAH sources were coal and gasoline combustion (35%), diesel combustion (33%),
and biomass combustion (32%). Over the last 80 years, the contribution of coal and gasoline combustion
increased in all regions, while diesel combustion and biomass combustion varied across regions and over time.
Toxicity equivalence values were highest for t-PAHs (>99% contribution), followed by CI-PAHs, Br-PAHs, and e-
PAHs. Concentrations of t-PAHs in Eastern Asia seas have increased since the 1900s, particularly in intertidal
areas compared to subtidal areas. The intertidal zone removed 83% of the total flux of PAHs originating from
land and thus appears to serve as a buffer zone against marine pollution. Overall, this study provides novel
knowledge on the historical trends and sources of PAHs on a large scale, along with insights for future coastal
management.

1. Introduction

Reconstructing the contamination trends in persistent toxic sub-
stances (PTSs) from sediment cores can provide valuable insights into
environmental changes that occur during economic development and
energy consumption (Liu et al., 2012; Zhang et al., 2013; Chen et al.,
2016). Determining the deposition flux and inventory of PTSs can pro-
vide knowledge about contamination trends and stocks on both regional
and large marine ecosystem (LME) scales, which can support
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environmental management in contaminated areas (Liu et al., 2011;
Wang et al., 2017). Previous studies have focused primarily on eluci-
dating contamination trends on regional scales, including the subtidal
zones of estuaries, bays, coasts, and offshore areas (Liu et al., 2005; Guo
et al., 2006; Yan et al., 2009; Zhang et al., 2009; Hu et al., 2011; Li et al.,
2015; Cai et al., 2016; Guerra et al., 2019). However, limited informa-
tion is available on the contamination history of classical PTSs,
including traditional polycyclic aromatic hydrocarbons (t-PAHs) and
organochlorine chemicals, from the intertidal area with only a few sites
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(Zhang et al., 2013; Kaiser et al., 2016). In addition, although deposition
fluxes have also been reported for a wide range of eastern China mar-
ginal seas, only t-PAHs from surface sediments were analyzed in the
absence of historical information (Wang et al., 2017). Thus, there re-
mains a need to assess the contamination history of emerging PTSs in
intertidal areas.

Emerging-PAHs (e-PAHs) are substituted amino-, cyano-, and alkyl-
PAHs that have physicochemical properties similar to those of t-PAHs.
These compounds originate from coal tar, coal, wood, and traffic sources
(Benner et al., 1995; Li and Ellis, 2015; Kucharova et al., 2013). e-PAHs
have high toxic potential, including mutagenicity, genotoxicity, and
developmental toxicity (Gibson et al., 1978; LaVoie et al., 1983; Ono-
dera et al., 1994; Mimura and Fujii-Kuriyama, 2003; Cha et al., 2019;
Kim et al., 2019a). Previous studies have explored the occurrences and
distribution of e-PAHs from estuaries, bays, coasts, and offshore areas
(An et al., 2020; Cha et al., 2019; Gwak et al., 2022, Hong et al., 2022;
Kim et al., 2019a, Kim et al., 2021). However, the vertical distribution
and deposition flux of e-PAHs has yet to be elucidated.

Halogenated-PAHs (HI-PAHs), including chlorinated-PAHs (Cl-
PAHs) and brominated PAHs (Br-PAHs), originate from incomplete
combustion with specific halogen sources, such as may occur in waste
incineration (Fujima et al., 2006; Miyake et al., 2017). HI-PAH com-
pounds are carcinogenic and mutagenic (Fu et al., 1996, 1999; Ohura
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et al., 2010). Several HI-PAHs are more toxic than the toxicity standard
reference molecule benzo[a]pyrene (BaP), including 7-monobromobenz
[alanthracene, 7-chlorobenzo[a]anthracene, 3,8-dichlorofluoranthene,
4,7-dibromobenz[a]anthracene, and 6-chlorochrysene (Ohura et al.,
2007; Horii et al., 2009a). Distributions of HI-PAHs have been examined
primarily in gases and particle samples in the air, waste incineration
products, and discharge from wastewater treatment plants in freshwater
environments (Horii et al., 2008; Li et al., 2019a; Myers et al., 2014;
Ohura et al., 2009, 2018, Sun et al., 2011, 2012, Vuong et al., 2020a,b).
However, few studies have been conducted in coastal and offshore areas
(Horii et al., 2009b; Ohura et al., 2015; Sei et al., 2021). HI-PAH dis-
tribution data have been reported for some marine environment regions,
but the major specific sources of HI-PAHs in coastal areas have yet to be
elucidated (Ohura et al., 2015). Furthermore, knowledge regarding the
distribution and deposition flux of HI-PAHs in the intertidal zone re-
mains limited.

Identifying and quantifying contaminant sources are important
processes for enabling contamination changes to be tracked and
controlled. Positive matrix factorization (PMF) is a multivariate analysis
modeling technique whose features complement the weaknesses of
qualitative evaluation; notably, PMF has the advantages of not requiring
source profiles and having the ability to handle extensive monitoring
datasets (Paatero and Tapper, 1994). PMF models have been used
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Fig. 1. Map showing the study area, sampling sites, and concentration of t-PAHs in surface sediment in a previous study (Yoon et al., 2020) for the Yellow and Bohai
seas. Sediment cores were collected from sites marked with stars, and land use types were based on the previous study.
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previously to identify contaminant sources from various environmental
matrices, including biomass, coal tar, coke oven, diesel, gasoline, nat-
ural gas, oil burning, surface pavement, and vehicular emissions (Jeddi
et al., 2022; Li et al., 2019b; Zeng et al., 2018; Zhang et al., 2019).

The Yellow Sea Large Marine Ecosystem (YSLME), which is semi-
closed and borders the Korean peninsula and northeast China, is high-
ly developed (Hoagland and Jin, 2006). Rapid developments in the
YSLME region have caused PTSs discharge which is producing intensive
pressure on YSLME. Severe contamination with many environmental
pollutants, including both classic and emerging PTSs, has been reported
for three decades (Khim et al., 2018a). Our research group has been
undertaking extensive documentation of the pollution status in YSLME
since the late 2000s (Hong et al., 2012; Meng et al., 2017; Khim et al.,
2018b; Kim et al., 2020; Tian et al., 2020; Yoon et al., 2020). Previous
research has been conducted from rivers to coastal areas on an LME scale
that encompasses multiple land-use types (Yoon et al., 2020). However,
historical trends of emerging PTSs from core sediments remain to be
evaluated on an LME scale and for the intertidal zone.

The aim of this study was to examine the historical contamination
trends of t-PAHs, e-PAHs, Cl-PAHs, and Br-PAHs in YSLME tidal flats
(Fig. 1). The main objectives included: (1) determining vertical depo-
sition with mass inventory; (2) reconstructing historical contamination
trends; (3) tracing changes to compositional profiles and sources; (4)
evaluating potential toxicity from past to present; and (5) delineating
contamination history, flux, and inventory in East Asia. To the best of
our knowledge, the presently reported data represent the first historical
trend information for e-PAHs, Cl-PAHs, and Br-PAHs in tidal flats on an
LME scale.

2. Materials and methods
2.1. Study area

Core sediments were collected from the intertidal zone across seven
provinces along the coast of South Korea and China in 2018 (Fig. 1).
Eleven sampling sites were selected based on t-PAHs concentrations,
sediment grain size, inter-site distance, and land use type, as determined
in a previous study (Yoon et al., 2020). Sediment cores were collected
with steel cores (100 mm high) and preserved in brown glass containers
at —20 °C.

2.2. Quantification of target PAHs

For PAH analysis, 15 t-PAHs, 9 e-PAHs, 30 HI-PAHs (10 CI- and 20
Br-PAHs), 4 surrogate standards (SS, acenaphthene-d;g, phenanthrene-
djp, chrysene-d;», and perylene-d;2) and an internal standard (IS, 2-flu-
orobiphenyl) were purchased from AHH Chemical Co., Ltd. (Changzhou,
China), ChemService (West Chester, PA, USA), Chiron (Trondheim,
Norway), Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), Sigma-
Aldrich (Saint Louis, MO, USA), and Tokyo Chemical (Tokyo, Japan),
respectively. Detailed information about the target compounds is pre-
sented in Table S1 of Supplementary Materials.

Two previously published methods of sediment treatment in prepa-
ration for PAHs analysis were employed with slight modifications (An
et al., 2020; Vuong et al., 2020a). In brief, 5 g of freeze-dried sediments
were extracted by Soxhlet extractor. Four SS were added to the sedmient
sample before extraction. The extracts were concentrated, and activated
copper powder (Sigma Aldrich) was added to the concentrate, which
was then refined through a column containing activated silica gel
(70-230 mesh, Sigma-Aldrich) and eluted with a 60 mL mixture of 20%
dichloromethane and 80% hexane (Burdick & Jackson, Muskegon, MI).
The eluents were concentrated with gentle nitrogen gas, and finally, IS
was added. Target PAHs were determined by operating an Agilent
7890B gas chromatography coupled to a 5977B mass selective detector
(Agilent Technologies, Santa Clara, CA, USA).

The instrument operating conditions for target PAH detection are
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presented in Table S2. The method detection limits (MDLs) for t-PAHs, e-
PAHs, and HI-PAHs were 0.07-0.89 ng g™}, 0.12-0.81 ng g™, and
0.25-1.27 ng g, respectively (Table S1). The recovery rates of ace-
naphthene-d;, phenanthrene-d;jg, chrysene-d;,, and perylene-d;; were
generally acceptable at 78 + 18%, 83 + 9%, 94 + 10%, and 86 + 12%,
respectively.

2.3. Sediment dating and calculations of deposition flux and inventory

The sediment accumulation rate (SAR) in YSLME was determined by
dating sediment cores with a 2'°Pb using a gamma-ray spectrometer
coupled to a high-purity Germanium detector (Mirion Technologies, GA,
USA), as described in detail by Cho et al. (2015). The constant flux
constant sedimentation model was used due to the absence of *’Cs,
which is typically used to calibrate the constant rate of the supply model
(Crozaz et al., 1964; Guo et al., 2020). Available values of excess 2'°Pb
activity (2'°Pbe,) values were detected in four YSLME study regions,
namely YC2, TJ6, DD2, and SG2 (Fig. S1). Core section ages were esti-
mated using Eq. (1),

InC; = InC, 7/—1(m[) (¢})
r

Where 1 is a radioactive decay constant for excess 2°Pb (0.03114
yr~1), and ris SAR. After obtaining the regression line equation, SAR was
calculated as -1 divided by the slope of the linear regression between
1n21°Pb and depth. Total organic carbon (TOC) was determined after
decarbonization with an Elemental Analyzer (Elementar, Gmbh, Hanau,
Germany). Bulk density was calculated from TOC values with a loga-
rithmic equation as described previously (Avnimelech et al., 2001). PAH
deposition flux (F) values were determined with Eq. (2),

F=C.,xp: xS (2)

Where S is the SAR for core sediment (cm y1), py is the bulk density
at x depth in sediment (g cm™>), and Cy is the concentration of the target
PAHs at a depth of x (ng g"l). Mass inventory (I) was determined using
Eq. (3):

I=C,xAixp,xd 3)

Where Ai is the extent of the region (kmz), and d is the core sediment
depth. Extent values for sampling area regions were obtained from a
previous study (Yim et al., 2018). Sediment depth was set to be 0.5 m,
matching the depth of the samples. The SARs in this study (range
0.27-1.28 cm yr~ 1) correspond to a start date in 1952 and thus indicate
an age of eight decades (Fig. S1).

2.4. Potential toxicity evaluation

The toxicity equivalence values (TEQ) were determined for all target
PAHs based on their relative equivalency potencies (RePs) to BaP
(Table S3). These RePs relate to AhR-mediated activities determined by
YCMB3 yeast cell bioassays in previous studies (Ohura et al., 2007; Ohura
etal., 2009, 2018). Following the toxicity of 2,3,7,8-tetrachlorodibenzo-
p-dioxin to target PAHs (Ohura et al., 2007), TEQ values were calculated
using Eq. (4),

TEQ = [C}] X RePpop /60 “

Where C; is the concentration of compounds and RePg,p ; represents
RePpap of compound i.

2.5. Data analyses

PMF modeling was conducted to identify sources for an EPA program
in the USA employing a previously detailed method (Yoon et al., 2020).
Overall, the model outcomes were considered acceptable (slope range
0.50-1.18; coefficient of determination range 0.79-1.00). However,
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acenaphthene (Ace, 0.68), benzo[b]naphtho[2,3-d]furan (BBNF, 0.55),
and 9,10-dichlorophenanthrene (9,10-Cl-Phe, 0.28) had low R? values.
Statistical tests were performed in SPSS 25.0 and PRIMER 6. Cluster
analysis was carried out with sites grouped spatially based on Euclidean
distance. Spearman correlation was used to detect relationships among
target PAHs, owing to non-parametric dispersion. Kruskal-Wallis testing
was performed to detect differences between land-use types, and Mann-
Whitney testing was carried out after the Bonferroni correction. Prin-
ciple component analysis (PCA) was conducted to analyze the re-
lationships among target PAHs. HI-PAHs inventory values were
calculated as summations of Cl- and Br-PAHs values because each of
these molecule types alone had low detection rates.

(a) Vertical distribution
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3. Results
3.1. Vertical distribution of PAHs

Target PAHs were detected in all samples, while Cl-PAHs were
detected in only 67% of the total samples, and in only 19% of the
samples within Korea (Fig. 2a). Concentrations of PAHs, e-PAHs, Cl-
PAHs, and Br-PAHs ranged from 27 to 6065 ng g~ ' dw (mean: 506 ng
g~ dw), 4.0 to 1002 ng g~ dw (mean: 59 ng g~! dw), from below the
MDL to 47 ng g~ ! dw (mean: 2.6 ng g~ dw), and 3.6 to 2620 ng g ' dw
(mean: 56 ng g~ dw), respectively. The sites were grouped based on
land use types and divided into industry and municipality and agricul-
tural and aquaculture (Fig. S2). The concentrations of all target PAHs
from sites in the industry and municipality divisions were significantly

Concentration (ng g dw)
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higher than those from sites in the aquaculture and agriculture divisions
(p < 0.01) (Fig. S3).

The mass inventory of target PAHs in YSLME tidal flats varied among
regional areas (Fig. 2b). The mass inventory of t-PAHs, e-PAHs, and HI-
PAHs ranged from 49.4 to 400 t, 4.87 to 41.6 t, and 0.97 to 35.0 t,
respectively, accounting for 85.3%, 9.9%, and 4.8% of the total,
respectively. Relatively high mass inventories of target PAHs were found
in TJ6, YC2, and HL4, respectively.

Eighty-year temporal trends were similar across the YSLME regions.
In general, the concentrations of all target PAHs increased gradually
over the 80 years, with the highest concentrations occurring in recent
years (Fig. 3). Furthermore, concentrations of target PAHs correlated
significantly (p < 0.01), indicating similar transport and fate patterns.

3.2. Composition and sources of PAHs

The historical trends of all target PAHSs, categorized based on ring
number, were separated into two groups. High molecular weight (HMW)
t-PAHs were present at higher concentrations than low molecular weight
(LMW) t-PAHs, and HMW t-PAH concentrations also increased more
over time. Particularly high increases in 5- and 6-ring t-PAH concen-
trations were observed from the 1980s onward. Similarly, HMW e-PAH
concentrations showed notable increases after the 1980s. For HI-PAHs,
LMW HI-PAHs were predominant from past to present. However,
HMW-Br-PAHs were only recently detected (within 40 years) in TJ6 and
DD2, which had great concentrations of Br-PAHs, similar to the trend
observed for other PAHs.

The compositional profiles of all target PAHs were confirmed
(Fig. 4a). In t-PAHs, 4-ring PAHs such as fluoranthene (F1) and pyrene
(Py) were dominated (50%), followed by 3-ring (23%), 6-ring (15%),
and 5-ring t-PAHs (12%). The proportion of HMW (4-6 rings) in YC2 and
SG2 was relatively higher after the 1980s (79%) compared to before the
1980s (60%). Similarly, since the 1980s, the mean composition of HMW
t-PAHs in the TJ6 and DD2 was 81%. Similar to t-PAHs, 4-ring e-PAHs
constituted the majority (70%) of the e-PAH present, followed by 5-ring
(23%) and 3-ring (7%) e-PAHs. However, unlike the trend observed for
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t-PAHs, the LMW composition of e-PAHs increased after the 1980s. The
primary compound in e-PAHs was 11H-benzo[b]fluorene (11BF) (38%),
followed by BBNF (28%), benzo[e]lpyrene (BEP) (12%), benzol[j]fluo-
ranthene (BJF) (11%), and 2-methyl-anthracene (2MA) (5.7%). Among
HI-PAHs, LMW HI-PAHs predominated in both the Cl-PAHs (100%) and
Br-PAHs (96%) classes of HI-PAHs; this pattern can be attributed to the
low observation frequency of HMW Cl-PAHs and Br-PAHs (Fig. 4a). The
Cl-PAHs with the lowest MDL, namely 9,10-Cl-Phe, was detected with a
detection frequency of 66.6%. The Br-PAHs, 9-bromofluorene (9-Br-Flu)
was found in all samples, whereas the observation frequency of other Br-
PAH compounds was below 40%. 6-Bromobenzo[a]pyrene was the
second most dominant compound and was present predominantly at
sampling sites within industrial areas, such as TJ6.

The Qrrue/Qexp quotient value obtained in the PMF model ranged
from 1.26 to 1.0 (Fig. S4). Large decreases were reported for three fac-
tors, suggesting that these three factors were appropriate markers to
examine (Crilley et al., 2017). The contribution of each source exhibited
dissimilar trends over time and region (Fig. 4b). The first source was
characterized by 11BF, an indicator of diesel combustion (Wang et al.,
2003; Wei et al., 2015). The second source was associated with Ace,
fluorene, 2MA, Phe, and anthracene, compounds that are indicative of
biomass combustion (McGrath et al., 2001; Ravindra et al., 2008). A
third source was predominated by BBNF, indeno[1,2,3-cd]pyrene
(IcdP), benzo[gh,ilperylene (BghiP), dibenz[a,h]anthracene (DbahA),
BaP, and benzo[b]fluoranthene (BbF), indicating coal and gasoline
combustion (Harrison et al., 1996; Ravindra et al., 2008).

3.3. Evaluation of toxic potency of PAHs

The TEQs of t-PAHs were generally higher than those of other PAHs
(Fig. S5). The TEQs of t-PAHs, e-PAHs, CI-PAHs, and Br-PAHs ranged
from 101 to 7038 pg-TEQ g~ ! (mean: 2807 pg-TEQ g~ 1), 0.1 to 1.4 pg-
TEQ g’1 (mean: 0.6 pg-TEQ g’l), 0.1 to 0.3 pg-TEQ g’1 (mean: 0.2 pg-
TEQ g 1), and 0.03 to 6.9 pg-TEQ g ' (mean: 0.9 pg-TEQ g™ ),
respectively. The mean TEQ concentration of t-PAHs was 3300-12000
times higher than that of other PAHs, due to large-magnitude ReP values
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Fig. 3. Historical distribution of t-PAHs, e-PAHs, Cl-PAHs, and Br-PAHs in intertidal sediment cores collected from the Yellow and Bohai seas. N.D. in the blank

means not detected.
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(a) Relative composition
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Fig. 4. (a) Relative compositions of t-PAHs, e-PAHs, Cl-PAHs, and Br-PAHs in intertidal sediment cores collected from the Yellow and Bohai seas. N.D. in the blank
means not detected. (b) Sources derived from a PMF receptor model of all target PAHs in intertidal sediment cores collected from the Yellow and Bohai seas.

and t-PAH concentrations (Table S3).

TEQs were dominated by t-PAHs, which accounted for over 99% of
the total TEQs at all sites and periods (Fig. S5 and Table S3). Chrysene
(Chr) had the highest contribution (45%), followed by benzolal]
anthracene (BaA) (36%), BaP (15%), and Py (2.6%). The substantial
presence of these molecules reflects their RePs. 7-Bromobenz[a]
anthracene (7-Br-BaA) accounted for 89% of observed Br-PAHs, with the
next dominant molecules being 1-bromopyrene (1-Br-Py) (6%) and 2-
bromofluorene (2-Br-Flu) (4%).

4. Discussion
4.1. Temporal trends of PAHs contamination

The vertical distribution of target PAHs was divided by land-use
types, with the HL4 showing the highest PAHs concentration and
being distinct from other sites. PAH concentrations were higher in sta-
tions located within industrial and municipal regions (YK2, DD2, TJ6,
and NT9) than in stations within agricultural and aquaculture (other
sites) regions. Previous studies have reported relatively high contami-
nation levels in surface sediments at Huludao (HL4), Yingkou (YK2),
Dandong (DD2), and Nantong (NT9) (Zheng et al., 2008; Luo et al.,
2012; Wang et al., 2013; Tian et al., 2020; Yoon et al., 2020), indicating
that contamination in these regions has persisted with potential con-
tributions from multiple land use types.

The greatest mass inventory of target PAHs was found in the Bohai
Sea, followed by the Yellow Sea of China and the Yellow Sea of Korea.
The intertidal area at site HL4 had the lowest in the entire region.
However, this sampling site had the highest mass inventory of HI-PAHs
observed. This high mass inventory result can be attributed to HI-PAH
concentrations in HL4 being 30 to 150 times higher compared to those
in the other regions, indicating severe contamination. Of note, relatively
high mass inventories were observed at the YK2, HL4, and TJ6, all of

which are located along the Bohai Sea. In addition, the mass inventory of
all target PAHs was highest from the Bohai Sea. Thus, despite region-
specific trends, general trends in the sea area were observed to be
similar.

Temporal trends observed in our study were consistent with previous
research (Yan et al., 2009; Liu et al., 2012; Ma et al., 2018, 2020; Wang
et al., 2020) in terms of reflecting changes associated with changes in
GDP, rural population, and fossil fuel consumption in Korea and China
(Fig. S6). Relatively low PAH concentrations had been observed in South
Korea until the early 1960s, coinciding with the pre-industrialization
period (before 1961). Subsequently, concentrations increased in asso-
ciation with the continuous development that had occurred in the region
from 1962 (economic development plan) to the present. In the SG2
sampling site region, an estuary dam was constructed in the 1970s, and a
nearby industrial complex was developed in the mid-1990s. The his-
torical trends of all target PAHs in SG2 reflect these activities well.

The moderate increase in PAH concentrations that occurred in China
until the mid-1970s can be attributed to a series of geopolitical cir-
cumstances, including slowed development caused by World War II
(1937-1945), the Chinese Civil War (1946-1949), and the Cultural
Revolution (1966-1976). After the 1970s, a continuously increasing
PAH concentration seemed to be driven by rapid development,
following the enforcement of the Reform and Open Policy in 1978. Since
the 2000s, PAH concentrations have increased slowly while energy
consumption has risen rapidly likely owing to initiatives regulating
emissions (e.g., atmospheric emissions of dioxin) and increased envi-
ronmental protection (Guo et al., 2013a; MOE, 2014; Cai et al., 2016;
Kim et al., 2019b, Wang et al., 2020). Recently, Ma et al. (2020) reported
comparable results that demonstrate the positive effects of environ-
mental awareness, including emission guidelines (Tang et al., 2015).
Despite these efforts, PAH concentrations increased during the 2000s at
some sites, indicating the need for regional environmental management
in contaminated areas and controlling non-point sources.
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4.2. Potential sources of PAHs based on molecular compositions

The compositional profiles of t-PAHs suggested a change in their
major source since the 1980s in both Korea and China. The composition
of perylene, an indicator of pyrolytic, petrogenic, and diagenetic origin,
varied across sites and core depths (Venkatesan, 1988). Generally, the
vertical distribution of perylene comprised less than 10% of the total
concentration and accounted for over 10% of 5-ring t-PAH concentra-
tions (Fig. S7), indicating pyrolytic origin (Baumard et al., 1998).
Meanwhile, the substantial presence of perylene at the DD2 indicated
that there had been major inputs of terrestrial organic matter (Baumard
et al., 1998).

The compositional profiles of e-PAHs indicated that coal tar com-
bustion and fossil fuel emissions were likely major e-PAH sources
(Koganti et al., 2000; Wang et al., 2003). In addition, relatively high
compositions of LMW (especially 2MA) and 5-ring e-PAHs (including
BEP and BJF) were found at the TJ6 and DD2, where relatively high
concentrations of e-PAHs were found. Thus, wood combustion, diesel
combustion, and vehicle emissions represented primary e-PAH sources
at TJ6 and DD2 (Rogge et al., 1993; Larsen and Baker, 2003).

The compositional profiles of Cl-PAHs in this study differed from
those reported in previous studies in which 9,10-Cl-Phe accounted for
less than 10% of the total composition (Horii et al., 2009b; Ohura et al.,
2015). Several HI-PAHs were detected only at YK2 and HL4. For
instance, 1-chloropyrene (1-Cl-Py) was the dominant congener in HL4,
which is consistent with previous findings (Horii et al., 2009b; Ohura
et al., 2015). 9-Br-Flu accounted for 81% of Br-PAH concentrations in
sediments at Tokyo Bay in previous data, which is consistent with our
findings (Sei et al.,, 2021). 6-Bromobenzo[a]pyrene exhibited little
temporal change in only industrial areas. Thus, Br-PAHs mainly origi-
nate from regional industrial areas (Ohura et al., 2009). Previously,
Vuong et al. (2020a) reported that brominated-Flu and chlorinated-Phe
were the major contaminants present at sites impacted by industrial
cities. Furthermore, we obtained HI-PAH congeners ratio values that
were similar to those reported in sites affected by waste incinerators,
secondary copper smelting, cement kiln co-processing solid waste, and
road tunnels (Table S4).

The three PAH sources showed different trends. Diesel combustion
was found primarily in regions with relatively low concentrations of
target PAHs. The contribution from each site was similar to that in 1950,
indicating that the impact remained stable over 80 years. Biomass
combustion had the most profound contribution at DD2, and this
distinction remained true for over 80 years. The substantial contribution
of biomass could be attributed to household energy usage until recently
(Zhang et al., 2007). Coal and gasoline combustion, which generated the
most pronounced contribution at TJ6 (industrial land use), increased
gradually over the 80-year period in all sites, reflecting an increase in
coal and gasoline usage (Fig. S6). Overall, over the last 80 years, the
contribution of diesel and biomass combustion varied with respect to
region and land use, while the contribution of coal and gasoline com-
bustion increased in all regions.

4.3. Potential toxicity of t-PAHs, e-PAHs, and HI-PAHs

The TEQs of t-PAHs in this study were generally lower compared to
previously reported values for core sediments. The TEQs in this study
were about 2-10 times lower compared to those in Kaohsiung Harbor
(Dong et al., 2014; Chen et al., 2016), Wuhan Lake (Lu et al., 2015), and
Hongfeng Lake (Guo et al., 2011), but were about eight times higher
than those reported for Daliao River (Guo et al., 2013b). Regarding Hl-
PAHs, TEQ trends differed between Cl-PAHs and Br-PAHs in previous
studies in which surface sediment material was examined. The TEQ of
CI-PAHs in this study was 120 times lower than that recorded in the
Maozhou River (Sun et al., 2012), but it was similar to that in Tokyo Bay
(Sei et al., 2021). For Br-PAHs, the TEQ was 84 times lower compared to
that in Maozhou River, but was similar to that in Tokyo Bay. Overall, the

Environment International 178 (2023) 108037

potential toxicity was relatively low, but the YSLME was contaminated
with HI-PAHs, indicating that further source tracking and monitoring
are necessary.

The present results fit well with previously published results reported
by Sun et al. (2012), indicating that HI-PAHs contributed less than 10%
to the total TEQs in the Maozhou River. However, HI-PAHs have been
observed at substantial levels in atmospheric samples (Vuong et al.,
2020a). These contrasting results may be attributed to the rapid
decomposition of HI-PAHs in environments (Ohura et al., 2009) or to
congeners known to have a relatively high ReP not being analyzed in
this study. In the future, additional congeners analyses and toxicity
testing are necessary to obtain more accurate measures of the potential
toxicity of traditional PAHs with substituted- and HI-PAHs in marine
environments.

4.4. Comparison to previous studies

The historical records of t-PAHs in the current study were compared
with previous data recorded for the Yellow Sea, Bohai Sea, East China
Sea, and South China Sea. Because only one prior study evaluated CI-
PAHs in vertical sediment in the Yellow Sea, only t-PAHs were
compared (Liu et al., 2005; Guo et al., 2006; Guo et al., 2007; Yan et al.,
2009; Zhang et al., 2009; Hu et al., 2011; Liu et al., 2012; Zhang et al.,
2013; Li et al., 2015; Cai et al., 2016) (Fig. 5). The concentrations of t-
PAHs in the entire region have increased significantly (p < 0.01), with a
relatively faster increase in intertidal areas and slower increase in sub-
tidal areas. Relatively low t-PAH concentrations have been reported
previously, likely due to sediment cores being collected from the sub-
tidal zones of estuaries, bays, coasts, and offshore areas. However, a
relatively high t-PAH concentration was reported from the intertidal
area (Zhang et al., 2013), indicating that there is contamination of the
intertidal area. Concentrations of t-PAHs did not differ significantly in
all areas, suggesting that there is a continuous t-PAH increase in the
YSLME and surrounding waters, with this trend noticeably accelerating
in the intertidal zone.

Spatial and temporal variations were observed in the relative
composition of t-PAHs in the YSLME (Fig. 6a). The intertidal zone has
been shown to have a predominance of HMW t-PAHs, while LMW t-
PAHs have been found to be more abundant in coastal and offshore areas
(Hu et al., 2011; Zhang et al., 2009, Zhang et al., 2013). HMW PAHs
precipitate near their sources and do not migrate far, whereas volatile
LMW PAHs can be transported more readily to coastal and offshore areas
before being deposited (Wania and Mackay, 1996). The proportion of
HMW t-PAHs has increased in recent decades, indicating that fossil fuel
combustion is producing toxic t-PAHs contamination. A PCA result from
coastal and offshore areas showed similar composition profiles regard-
less of sea area, while the intertidal zone exhibited variation in t-PAH
proportion with respect to both region and time, likely due to direct
inputs from a complex and dynamic environment. In contrast, coastal
and offshore areas had indirect PAH inputs and were relatively more
stable.

4.5. Deposition flux and mass inventory of PAHs

The deposition flux observed in the current study was comparable to
or higher than the fluxes reported in previous studies (Table 1). The
deposition flux in this study was similar to that documented in the
Rhone Delta (Tolosa et al., 1996), East China Sea (Lin et al., 2013),
Changjiang Estuary (Wang et al.,, 2016), Changjiang Delta, and
Zhejiang-Fujian coast (Wang et al., 2017). In contrast, the deposition
flux was higher than that recorded in the Ebro delta (Tolosa et al., 1996),
Proximal Rhone delta, Distal Rhone delta (Bouloubassi et al., 2012),
Pearl Estuary (Chen et al., 2006), Beibu Gulf (Li et al., 2015), and Gulf of
Thailand (Hu et al., 2017).

The t-PAHs deposition flux in coastal and offshore areas of the Bohai
Sea has been reported to be in the range of 51-385 ng cm™2 y~! (Qin
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Fig. 5. Mini review of studies investigating historical deposition of t-PAHs in the Yellow, Bohai, East China, and South China seas.

et al., 2011; Wang et al., 2017). However, the t-PAH deposition flux in
the tidal flat of the Bohai Sea in this study was 1330 ng cm ™2y}, which
is about 4-26 times higher than flux values observed in coastal and
offshore areas. Furthermore, the deposition flux in this study was similar
to 10 times higher (102-1624 ng cm ™2 y~!) than previous records from
coastal areas in the central Yellow Sea (71-162 ng cm™2 y‘l) (Liu et al.,
2012; Wang et al., 2017). Of note, assuming that only terrestrial inputs

affect t-PAH deposition flux, it can be deduced that about 83%, 10%, and
7% of t-PAHs are introduced and accumulated in the intertidal zone,
coastal, and offshore areas, respectively (Fig. 6b). Therefore, the inter-
tidal zone may serve as a buffer zone for marine pollution and play an
important role in preventing contamination on coasts and offshore.
The mass inventory found in the present study was comparable to or
higher than the mass inventory values reported in previous studies
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Table 1

Comparison of the mean deposition flux per unit area of t-PAHs in sediment collected from pro-deltas, estuaries, bays, and seas for Korea and China.
Region Sediment type Chemical Sampling year Deposition flux(ng cm 2 yfl) Reference
Rhone prodelta Surface 15PAHs 1987-1991 1067 Tolosa et al. (1996)
Ebro prodelta Surface 15PAHs 1987-1991 39 Tolosa et al. (1996)
Proximal Rhone prodelta Surface 21PAHs 2001 28 Bouloubassi et al. (2012)
Distal Rhone prodelta Surface 21PAHs 2001 0.2
Pear] Estuary Surface 25PAHs 2002 20 Chen et al. (2006)
Bohai Sea Surface 16PAHSs 2006 85 Qin et al. (2011)
East China Sea Surface 16PAHs 2006-2007 155 Lin et al. (2013)
Yellow Sea Core 16PAHs 2007 162 Liu et al. (2012)
Beibu Gulf, China Core 15PAHs 2010 74.8 Li et al. (2015)
Gulf of Thailand Surface 16PAHs 2010-2012 4.2 Hu et al. (2017)
Changjiang Estuary Surface 16PAHs 2013 219 Wang et al. (2016)
Western Bohai Sea Surface 16PAHSs 2013 385 Wang et al. (2017)
Open Bohai Sea Surface 16PAHs 2013 51
Central Yellow Sea Surface 16PAHs 2013 71
Changjiang Delta mud area Surface 16PAHs 2013 219
Zhejiang-Fujian coast Surface 16PAHs 2013 166
Bohai Bay (TJ6) * Core 15PAHs 2018 1330 This study
Korea Bay (DD2) * Core 15PAHs 2018 1624
Yancheng Coast (YC2) * Core 15PAHs 2018 102
Asan Bay (SG2) * Core 15PAHs 2018 105

2 Sediment core was collected in the intertidal zone.

(Table 2). The mass inventory of the YSLME was similar to that recorded
for the Peral River Estuary, the northern part of the South China Sea
(Chen et al., 2006), and Central Beibu Gulf. In contrast, the mass in-
ventory recorded in this study was higher than that reported for the
Beibu Gulf (Li et al., 2015), Pearl River Estuary (Pintado-Herrera et al.,
2017), Nanliu Mangrove, and Chinese Mangroves (Kaiser et al., 2016).
However, the mass inventory per unit area (kg cm™! km~2), which
normalizes for the difference in the area and depth, was relatively higher
in the present study than in most previous studies, with the exception of
that reported for the Pearl River Estuary (Chen et al., 2006). The present
data thus suggest that the benthic environment in the YSLME is likely to
be severely polluted. Overall, t-PAH concentration, deposition flux, and
mass inventory values were greater in the YSLME compared to neigh-
boring areas, underscoring a need for continued monitoring.

5. Conclusions

The present study provided novel historical information on the
deposition, mass inventory, sources, toxic potency, and deposition flux
of t-PAHs, e-PAHs, Cl-PAHs, and Br-PAHs on the LME scale. Historical
trends of target PAHs reflected the development and social state evo-
lution of Korea and China over the last 80 years. In addition, temporal
change in sources and regional differences of flux and inventory were
recorded in all regions. The presently observed t-PAHs concentration,
deposition flux, and mass inventory data values were higher in this study
than in previous studies performed in the YSLME. It was challenging to
evaluate temporal changes to e-PAHs and HI-PAHs due to there being
insufficient data on historical trends in marine environments worldwide.
This study presents the first historical assessment of e-PAHs, Cl-PAHs,
and Br-PAHs in marine ecosystems on the LME scale (for Korea and
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Table 2
Comparison of the mass inventory of t-PAHs in sediment collected from estuaries, bays, and seas for Korea and China.
Region Sedimenttype  Area Depth Mass inventory Mass inventoryper unit area (kg cm™’ Reference
(km?) (cm) ® km~?)
Pearl River Estuary Surface 2016 5 126" 12.5 Chen et al. (2006)
Northern South China Surface 21,337 5 423" 4.0
Sea
Beibu Gulf Surface 400 5 2P 1.0 Li et al. (2015)
Pearl River Estuary Surface 3295 5 50° 3.0 Pintado-Herrera et al.
(2017)
Central Beibu Gulf Core 40,000 35 1127°¢ 0.8 Kaiser et al. (2016)
Nanliu Mangrove * Core 5 60 0.07-0.24¢ 0.2-0.8
Chinese Mangroves * Core 208 60 0.89-11.73° 0.1-0.9
Yellow Sea (Korea) * Core 1715 50 245° 2.9 This study
Yellow Sea (China) * Core 2532 50 716° 5.7
Bohai Sea * Core 1010 50 602¢ 11.9

@ Sediment core was collected in the intertidal zone.
b Mass inventory was calculated using the concentrations of 25 PAHs.
¢ Mass inventory was calculated using the concentrations of 15 PAHs.

China), which is crucial for identifying major sources. Such information
could be used to calculate deposition fluxes and mass inventory,
allowing the establishment of future management of emerging PTSs.
Overall, our findings provide novel knowledge on the history of coastal
PAH pollution from the past to the present, which will be valuable for
future monitoring strategies and pollution control policies.
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Supplementary Tables

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

Target ions (m/z) Method
Target compounds Abbreviation Quantification Confirmation detection limit
ion ion (ng g ! dw)
Traditional-Polycyclic aromatic hydrocarbons (t-PAHs)
Acenaphthylene Acl 152 151 0.11
Acenaphthene Ace 153 154 0.19
Fluorene Flu 166 165 0.21
Phenanthrene Phe 178 176 0.13
Anthracene Ant 178 176 0.07
Fluoranthene Fl 202 200 0.89
Pyrene Py 202 200 0.05
Benzo[a]anthracene BaA 228 226 0.11
Chrysene Chr 228 226 0.09
Benzo[b]fluoranthene BbF 252 253 0.09
Benzo[ k]fluoranthene BKF 252 253 0.14
Benzo[a]pyrene BaP 252 253 0.13
Indeno[1,2,3-cd]pyrene IcdP 276 138 0.12
Dibenz[a, h]anthracene DbahA 278 276 0.14
Benzol[g,h,i|perylene BghiP 276 138 0.15
Emerging-Polycyclic aromatic hydrocarbons (e-PAHs)
2-Methylanthracene 2MA 192 191 0.81
9-Ethylphenanthrene 9EP 191 206 0.06
Benzo[h]naphtho[2,3-d]furan BBNF 218 189 0.32
11H-Benzo[b]fluorene 11BF 216 215 0.23
Benzo[b]naphtho[2,1-d]thiophene BBNT 234 235 0.12
5-Methylbenzo[a]anthracene SMBA 256 241 0.20
1,12-Dimethylbenzo[c]phenanthrene BCP 242 241 0.34
Benzo[/]fluoranthene BJF 252 253 0.52
Benzo[e]pyrene BEP 252 250 0.28
Halogenated-Polycyclic aromatic hydrocarbons (HI-PAHs)
9-Bromofluorene 9-Br-Flu 165 166 1.07
2-Bromofluorene 2-Br-Flu 165 176 0.58
9-Chlorophenanthrene 9-Cl-Phe 212 176 0.53
2-Chloroanthracene 2-Cl-Ant 212 176 1.21
9-Chloroanthracene 9-Cl-Ant 212 214 0.61
3-Bromophenanthrene 3-Br-Phe 256 176 0.57
9-Bromophenanthrene 9-Br-Phe 256 176 1.01
2-Bromophenanthrene 2-Br-Phe 256 176 0.78
1-Bromoanthracene 1-Br-Ant 256 258 0.51
2-Bromoanthracene 2-Br-Ant 258 256 0.90
9-Bromoanthracene 9-Br-Ant 256 176 0.87
9,10-Dichlorophenanthrene 9,10-Cl-Phe 246 248 0.25
9,10-Dichloroanthracene 9,10-Cl-Ant 246 176 0.57
2,7-Dibromofluorene 2,7-Br-Flu 163 245 0.79
3-Chlorofluoranthene 3-CI-Fluo 236 200 0.75
1-Chloropyrene 1-Cl-Py 236 200 0.46
3-Bromofluoranthene 3-Br-Fluo 282 280 0.62
1,8-Dibromoanthracene 1,8-Br-Ant 176 336 0.63
9,10-Dibromoanthracene 9,10-Br-Ant 176 336 0.67
2,7-Dibromophenanthrene 2,7-Br-Phe 176 336 0.70
1-Bromopyrene 1-Br-Py 280 282 0.63
1,8-Dichloropyrene 1,8-Cl-Py 270 200 0.53
1,3,6-Trichloropyrene 1,3,6-Cl-Py 304 306 0.54
1,6-Dibromopyrene 1,6-Br-Py 360 200 1.19
1,8-Dibromopyrene 1,8-Br-Py 200 360 1.27
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Table S1. (continued).

Target ions (m/z) Method
Target compounds Abbreviation Quantification Confirmation detection limit
ion ion (ng g”! dw)
Halogenated-Polycyclic aromatic hydrocarbons (HI-PAHs)
7-Bromobenz[a]anthracene 7-Br-BaA 226 306 0.41
4-Bromobenz[a]anthracene 4-Br-BaA 306 226 0.79
1,3,6,8-Tetrachloropyrene 1,3,6,8-Cl-Py 340 338 0.39
6,12-Dibromochrysene 6,12-Br-Chr 226 286 0.83
6-Bromobenzo[a]pyrene 6-Br-BaP 330 332 0.32
Target compounds Quantification Confirmation %Recovery
ion ion (Mean £ SD)
Surrogate standards
Acenaphthene-d;o 164 162 78 +18
Phenanthrene-do 188 189 83+9
Chrysene-d 2 240 236 94 +£10
Perylene-d;2 264 270 86+ 12
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Table S2. Instrumental conditions of the gas chromatograph equipped with a mass selective
detector for analyzing traditional, emerging, and halogenated PAHs.

GC/MSD system Agilent 7890B GC and 5977B MSD
Column DB-5MS UI (30 m long, 0.25 mm i.d., 0.25 pm film thickness)
Gas flow 1 mL/min He
Injection mode Splitless
Injection volume 2 ulL
Injector temperature 300 °C
Tonization EI mode (70 eV)
MS temperature 180 °C
Detector temperature 230 °C
Oven temperature 60 °C hold 2 min
(t-PAHs, e-PAHs) Increase 6 °C/min to 300 °C
300 °C hold 13 min
Oven temperature 60 °C hold 2 min
(HI-PAHs) Increase 15 °C/min to 200 °C hold 20min

Increase 4 °C/min to 300 °C hold 2min
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Table S3. Relative potency-normalized BaP activity (REPgap), mean toxicity equivalency
concentrations (TEQs), and contributions of target PAHs.

Compounds REPg.p? pg-TEQ g! Contribution (%)
t-PAHs
Phe 0.004 0.51 0.158
Ant 0.01 0.12 0.072
Fl 0.01 1.0 0.62
Py 0.05 4.4 2.6
BaA 1.4 60.9 36.1
Chr 2.5 75.9 45.0
BaP 1.0 29.6 15.4
2PAHs 172 99.96
e-PAHs
BEP 0.005 0.038 0.019
CI-PAHs
9,10-Cl-Phe 0.16 0.013 0.005
Br-PAHs
2-Br-Flu 0.02 0.018 0.0013
1-Br-Py 0.04 0.029 0.0007
7-Br-BaA 0.84 0.410 0.01
6-Br-BaP 0.002 0.003 0.0006
YBr-PAHs 0.459 0.0127

2 Relative potency of t-PAHs, e-PAHs, Cl-PAHs, and Br-PAHs refed Ohura et al. (2007, 2009, 2018).
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Table S4. Diagonostic ratios of specific HI-PAHs from the industrial sources of this study and

previous studies.

Source Matrix 1-CI-Py/3-CI-F1 3-CI-Fl/1-Cl-Py  7-Br-BaA/3-Br-Fl
Waste incinerators # Stack gas 11.8 0.08 -
Fly ash 1.5 0.65 -
Road Tunnel ® Air 2.16-3.80 0.26— 0.46 0.09-6.31
Secondary copper smelting © Stack gas 0.06-4.50 0.22-17.60 0.01-1.79
Fly ash 0.10-1.35 0.74-10.20 0.04-0.77
Cement kiln co-processing solid waste ¢ Fly ash 0.08-3.01 0.33-11.90 0.03-6.87
This study (HL4) Sediment 1.10-2.96 0.34- 091 0.14

2 Horii et al. (2008).

 Nilsson and Oestman (1993).
¢Jinetal. (2017).

4 Jin et al. (2018).
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Fig. S1. Depth profiles of unsupported 2!°Pb (*!°Pb.x), sedimentation rate (SAR), age of
sediment, total organic carbon, and bulk density in intertidal sediment cores of the Yellow and
Bohai seas. Photographs of each site show the grain size of the sediment.
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Fig. S2. Results of (a) cluster analysis and (b) principal component analysis showing the groups

based on individual compounds.
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Fig. S7. Historical deposition and relative composition of t-PAHs and perylene. 5-ring t-PAHs
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Fig. S8. Principal component analysis using the compositions of 15 t-PAHs in sediments
obtained from the present study and previous studies (Zhang et al., 2009; Hu et al., 2011; Zhang

etal., 2013; Cai et al., 2016).
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