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A B S T R A C T

Historical trends of styrene oligomers (SOs) in sediments from intertidal zones of the Yellow and Bohai Seas were 
investigated for the first time. In South Korea, SO concentrations (4.82–12.0 ng g− 1 organic carbon (OC)) peaked 
during the 1990s and declined thereafter, reflecting the indirect effects of enhanced environmental regulations. 
In contrast, Chinese coastal regions exhibited relatively stable SO levels (1.48–20.5 ng g− 1OC) until the 1990s, 
followed by significant increases after the early 2000s. Consistently low styrene dimer-to-trimer ratios observed 
in Chinese sediments since 2000 indicate continuous fresh inputs of SOs. Furthermore, increasing SO concen
trations and fluxes in China significantly correlated with rising national polystyrene production, suggesting the 
potential for continued future increases without effective controls. Conversely, the persistent decline of SO 
concentrations observed in surface sediments from Korean waters over the past two decades highlights the 
effectiveness of environmental policy interventions.

1. Introduction

Global consumption of plastics has increased dramatically, raising 
significant environmental concerns due to their persistence, degrada
tion, and the release of hazardous substances (Verma et al., 2016). 
Among various plastics, polystyrene (PS) is one of the most widely used 
materials, extensively employed across multiple industrial sectors 
including packaging, construction, automotive manufacturing, elec
tronics, agriculture, and household products (Plastics Europe, 2024). In 
2024, global PS production accounted for approximately 5.2 % (21.5 
million metric tons) of total plastic production, with Asia contributing 
nearly 57 % (MRCL, 2014).

PS is of particular environmental concern due to its potential to 
adsorb and transport hazardous pollutants, such as hex
abromocyclododecanes (HBCDs) and polycyclic aromatic hydrocarbons 
(PAHs). In addition to PS, styrene oligomers (SOs)—which are generated 
as byproducts during polymerization (Mayo, 1968) and degradation of 
PS (Kwon et al., 2014)—have recently emerged as widespread and 
persistent contaminants. SOs pose considerable ecological risks due to 

their estrogenic or estrogen-like activities, which may disrupt endocrine 
functions in wildlife (Ohyama et al., 2001). They were initially detected 
in seawater and sand samples collected from beaches in Japan and South 
Korea, and subsequent studies have confirmed their global distribution 
and persistence in diverse environmental compartments (Saido et al., 
2014; Kwon et al., 2015). Furthermore, elevated concentrations of SOs 
have been reported in surface sediments from creeks, rivers, estuaries, 
coastal waters, and offshore regions surrounding South Korea (Hong 
et al., 2016; Lee et al., 2018; An et al., 2020; Kim et al., 2021).

While the sources and environmental behavior of SOs have been 
explored to some extent, their long-term temporal trends and patterns of 
sedimentary accumulation remain poorly understood. Sediment cores 
serve as vital environmental archives, preserving chronological records 
of anthropogenic contamination and providing key insights into his
torical environmental conditions. Analyzing sediment layers enables the 
reconstruction of pollution histories and facilitates the identification of 
temporal associations between contaminant deposition, industrial pro
duction, usage patterns, and regulatory actions (Liu et al., 2012). The 
integration of radionuclide dating with vertical contaminant profiling 
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further enhances temporal resolution, allowing for more accurate as
sessments of long-term contamination trends and the effectiveness of 
environmental policies (Zhang et al., 2013). Accordingly, sediment core 
analysis represents a fundamental tool for comprehensively under
standing historical pollution dynamics.

The Yellow and Bohai Seas, semi-enclosed marine ecosystems shared 
by South Korea and China, are particularly vulnerable to environmental 
degradation driven by rapid urbanization and industrial expansion. 
Numerous rivers discharge pollutant loads from industrial complexes 
and densely populated urban centers into these coastal waters, posing 
substantial risks to ecosystem integrity (Meng et al., 2017; Kim et al., 
2020; Kim et al., 2024). Although recent studies have characterized the 
spatial distributions and potential sources of various contaminants in the 
region, long-term trend analyses of persistent toxic substances (PTSs), 
including SOs, remain scarce. Consequently, comprehensive assess
ments of historical contamination and evaluations of policy effective
ness across these ecologically interconnected marine systems are 
urgently required.

This study aims to investigate historical contamination trends of SOs 
in the intertidal zones of South Korea and China. The specific objectives 
were to: (1) assess the vertical deposition patterns and estimate mass 
inventories of SOs; (2) reconstruct historical SO contamination using 
sediment core chronologies; and (3) explore potential correlations be
tween SO contamination trends and national polystyrene production. 

Additionally, the study integrates existing datasets to evaluate temporal 
variations in SO contamination across diverse marine environments. The 
findings are expected to provide critical insights into the long-term 
effectiveness of past pollution control efforts and offer essential base
line data for guiding future environmental management strategies in the 
Yellow and Bohai Seas.

2. Materials and methods

2.1. Study area and sampling station

Eleven sediment cores were collected from intertidal zones across 
seven provinces bordering the Yellow and Bohai Seas in South Korea and 
China during 2018 (Fig. 1). Sampling stations were strategically selected 
based on previously published research (Yoon et al., 2020) to represent 
diverse land-use categories: industrial, agricultural, municipal, and 
aquacultural. Additional considerations included concentrations of SOs 
in surface sediment, sediment stability, and grain-size characteristics to 
minimize variability (Fig. S1). Sediment cores were obtained using 
square stainless-steel cores with inner dimensions of 30 × 100 mm and a 
length of 600 mm. The cores were immediately sealed to prevent 
contamination and transported to the laboratory. In the laboratory, 
cores were sectioned into 5-cm intervals, freeze-dried, homogenized, 
and sieved through a 2-mm mesh to remove coarse debris and biological 

Fig. 1. Map showing sediment sampling stations from intertidal zones of the Yellow and Bohai Seas. Sediment cores collected in this study are marked with stars. The 
base map and land-use classifications are adapted from Yoon et al. (2020) and previous studies. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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materials, ensuring consistency across analyses.

2.2. Quantification of SOs

Extraction and quantification of SOs were performed following 
established protocols adapted from Hong et al. (2016). Approximately 
10 g of freeze-dried sediment was extracted with 350 mL of dichloro
methane (DCM, Burdick & Jackson, Muskegon, MI) using a Soxhlet 
extraction for 16 h. Prior to extraction, surrogate standards were added 
to assess analytical recoveries and potential matrix effects. Following 
extraction, solvents were concentrated via rotary evaporation and 
exchanged with hexane (Burdick & Jackson). Elemental sulfur was 
removed by treatment with activated copper powder (Sigma-Aldrich, St. 
Louis, MO, USA). Extracts were further purified using columns packed 
with 8 g of activated silica gel (70–230 mesh, Sigma Aldrich) and eluted 
with 60 mL of hexane:DCM mixture (80:20, v/v). Eluents were subse
quently concentrated to approximately 1 mL under nitrogen, transferred 
to GC vials, and spiked with internal standards before analysis. Quan
tification of SOs was performed using gas chromatography (Agilent 
7890B, Agilent Technologies, Santa Clara, CA, USA) coupled with a 
5977B mass selective detector (MSD; Agilent Technologies). Detailed 
information on the target compounds, method detection limits (MDLs), 
recovery rates, and instrumental conditions is provided in Tables S1 and 
S2.

2.3. Calculation of mass inventory, date, and flux

Mass inventory (I) of SOs in intertidal sediments of the Yellow and 
Bohai Seas was calculated using Eq. (1): 

I = Cx ×Ai × px × d (1) 

Where Cx is the concentration of SOs at sediment depth x (ng g− 1), Ai 
represents the regional intertidal area (km2), px is the sediment bulk 
density (g cm− 3), and d is sediment depth (m). Intertidal area values 
were obtained from geographic surveys (Yim et al., 2018), and sediment 
bulk density data were sourced from previous studies (Yoon et al., 
2023). Sediment depth was uniformly set at 0.5 m to ensure compara
bility. To reconstruct historical SO deposition, sediment cores were 
dated using the constant flux constant sedimentation (CFCS) model 
based on the radionuclide 210Pb. Reliable chronological data were 
available for four representative stations (TJ6, DD2, YC2 in China; SG2 
in South Korea). Sediment accumulation rates (SARs), derived from 
210Pb dating, ranged from 0.27 to 1.28 cm yr− 1, allowing historical 
reconstruction back to approximately the 1950s (Yoon et al., 2023). The 
deposition flux (F) of SOs was subsequently calculated using Eq. (2): 

F = Cx × px × S (2) 

where S represents sediment accumulation rates (cm y− 1). Historical 
flux data provided insights into temporal contamination trends over 
approximately eight decades.

2.4. Data analyses

Sedimentary concentrations of SOs were expressed both as organic 
carbon-normalized (ng g− 1 OC) values to account for variability in 
sediment organic matter content and original dry weight concentrations 
(ng g− 1 dw) to facilitate direct comparison with prior studies. Statistical 
analyses were conducted using SPSS software (version 25.0). Due to 
non-parametric data distributions, Kruskal-Wallis tests with Bonferroni 
corrections were applied to identify significant concentration differ
ences among land-use types (industrial, agricultural, municipal, and 
aquacultural). Principal Component Analysis (PCA) and hierarchical 
cluster analysis based on Euclidean distances were employed to evaluate 
distribution patterns of SO contamination. To account for limited data 
points and non-normal distributions, Spearman’s rank correlation was 

used to evaluate the relationship between SO concentrations and na
tional polystyrene production, while the Mann–Kendall trend test was 
applied to assess monotonic temporal trends. Additionally, sedimentary 
SO concentrations were categorized based on NOAA (1991) and Das
kalakis and O’Connor (1995) guidelines. Concentrations exceeding the 
85th percentile were classified as ‘High’, and those exceeding five times 
this value were defined as ‘5-x-High’, enabling comparative evaluations 
and providing regional criteria for sediment contamination.

3. Results and discussion

3.1. Vertical distribution of SOs and mass inventory

SOs were detected in all sediment core samples, exhibiting irregular 
vertical distribution patterns that varied by both region and depth 
(Fig. 2). In South Korea, concentrations of SOs ranged from 2.47 to 17.0 
ng g− 1 OC (mean: 8.38 ng g− 1 OC), whereas concentrations in China 
spanned from 1.38 to 118 ng g− 1 OC (mean: 9.12 ng g− 1 OC). The 
highest mean concentration was observed at station YK2 (22.6 ng g− 1 

OC), followed by YC2 (16.6 ng g− 1 OC), HL4 (12.3 ng g− 1 OC), and LS2 
(9.65 ng g− 1 OC). Elevated SO levels were strongly associated with in
dustrial land-use types, consistent with previous studies that identified 
industrial activities as major sources of SO contamination in heavily 
industrialized cities, such as Siheung, Masan, and Ulsan in South Korea 
(Hong et al., 2016; Lee et al., 2018; An et al., 2020).

Beyond industrial zones, relatively high SO concentrations were also 
observed at agricultural sites (SG2 and GG2), likely due to the wide
spread use and disposal of polystyrene products in farming practices 
(Puoci et al., 2008). In contrast, lower concentrations were generally 
found at aquacultural and municipal stations, reflecting more limited 
usage of polystyrene in these sectors. Principal component analysis 
(PCA) further supported these observations, statistically distinguishing 
industrial and agricultural stations from municipal and aquacultural 
sites based on significantly higher SO concentrations (Kruskal-Wallis 
test with Bonferroni correction, p < 0.05; Fig. S2 and S3), thereby 
highlighting the dominant influence of industrial and agricultural 
sources on SO contamination.

Mass inventories of SOs in intertidal sediments also exhibited 
considerable regional variation across the Yellow and Bohai Seas, 
ranging from 0.51 to 10.4 tons (mean: 3.03 T) (Fig. 2). The highest in
ventory was recorded at YK2 (10.4 T, Bohai Sea), followed by YC2 (6.80 
T) and GG2 (5.53 T). Despite its relatively small intertidal area, YK2 
exhibited the largest inventory, suggesting the presence of intense 
localized pollution. In contrast, although YC2 and GG2 spanned larger 
intertidal areas, their inventories accounted for only 65.7 % and 53.4 % 
of the YK2 value, respectively. These results imply the existence of 
strong point sources near YK2, aligning with previous findings of 
elevated levels of other persistent toxic substances (e.g., PAHs, 
Dichlorodiphenyltrichloroethane (DDT), Polychlorinated Biphenyls 
(PCBs), Hexachlorobenzene (HCB)) in the Yingkou region (Zhang et al., 
2009; Wang et al., 2020).

Among all study regions, the Bohai Sea accounted for 39.5 % of the 
total SO mass inventory, despite representing only ~24.0 % of the total 
intertidal area examined. In comparison, the Yellow Sea along the 
Chinese and Korean coasts contributed 32.7 % and 27.8 %, respectively. 
The disproportionately high SO inventory in the Bohai Sea suggests 
more severe historical contamination, likely associated with greater 
regional use and emissions of polystyrene. This finding is consistent with 
previous reports of elevated PAH inventories in the same region (Yoon 
et al., 2023). Furthermore, the higher SO burden along the Chinese coast 
underscores the influence of national differences in polystyrene con
sumption and management practices between China and Korea.

3.2. Historical trends of SOs

Historical trends of SO concentrations differed markedly between 
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Fig. 2. Vertical distributions and mass inventories of SOs in intertidal sediments from the Yellow and Bohai Seas. Pie charts indicate the relative contributions (%) of 
each region (Yellow Sea of Korea, Yellow Sea of China, and Bohai Sea) to the total SO mass inventory. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 3. (a) Historical trends and (b) relative compositional profiles of SOs in dated sediment cores from the Yellow and Bohai Seas. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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South Korea and China (Fig. 3a). In South Korea (station SG2), SO 
concentrations progressively increased from the 1950s, peaking around 
the 1990s coinciding with rapid industrialization. Since the early 2000s, 
concentrations have steadily declined, likely reflecting the indirect but 
positive impacts of strengthened environmental regulations (Kim et al., 
2020). Notably, this trend contrasts with that of PAHs—pollutants un
intentionally generated in the same region—which continued to in
crease after the early 2000s (Yoon et al., 2023). This divergence suggests 
that SO, unlike PAHs, have been indirectly controlled through re
ductions in source emissions associated with policy interventions. 
Similar declining patterns have been observed for other regulated con
taminants, such as PCBs and alkylphenols (APs) at SG2 (Yoon et al., 
2025). However, the decline in SO concentrations lagged approximately 
two decades behind these directly regulated substances, underscoring 
the indirect nature of regulation for SOs, which have not been explicitly 
targeted by environmental policy. Moreover, recent observations of 
stagnant or slightly decreasing microplastic levels in sediment cores 
from the same estuary in the Korean Yellow Sea (Park et al., 2023) 
support this conclusion. These findings suggest that the observed re
ductions in SO concentrations are more likely due to decreased source 
inputs rather than post-depositional processes such as sediment dilution.

Sedimentary SO concentrations at Chinese stations (TJ6, DD2, YC2) 
remained relatively stable or slightly increasing until the 1990s, but 
showed significant increases from the early 2000s onward. This trend 
suggests that environmental policies implemented after China’s Reform 
and Opening-up (1978) and those introduced in the early 2000s were of 
limited effectiveness in curbing SO emissions (Ma et al., 2020). The 
rising concentrations of SOs parallel those observed for other persistent 
pollutants, including PAHs, PCBs, APs, and heavy metals (Yu et al., 
2020; Yoon et al., 2023), indicating ongoing emissions likely driven by 
inadequate regulatory enforcement and sustained industrial activity. In 
contrast, certain southern regions of China, such as the Pearl River Delta 
and Dachan Bay, have experienced declines in metal concentrations 
since 2010, attributed to targeted local interventions including indus
trial relocation and emission control measures (Yang et al., 2020; Shi 
et al., 2022). These regional contrasts highlight the uneven imple
mentation and effectiveness of environmental regulations across China, 
suggesting that current frameworks may be insufficient to mitigate SO 
contamination at the national scale. Complementary evidence from 
Hangzhou Bay, located adjacent to the Yellow Sea, further supports this 
conclusion. Sediment cores from this region show continuously 
increasing microplastic concentrations from the 1980s to the present (Li 
et al., 2020). Given that polystyrene—one of the main components of 
microplastics—is the parent material of SOs (Lin et al., 2021), this trend 
implies sustained or even growing SO inputs into Chinese coastal 
environments.

Compositional analyses of SOs revealed relatively consistent patterns 
across sediment samples from both Korea and China (Fig. 3b). Styrene 
dimer (SD) 3 was detected in all samples (100 %), followed by SD1 (91.7 
%), ST3 (87.5 %), and ST5 (54.2 %), along with other minor compo
nents. Over approximately 70 years, SDs consistently dominated over 
styrene trimers (STs) in both countries, although temporal and regional 
variations were evident. Minimal compositional changes were observed 
at stations TJ6 and DD2, whereas substantial shifts occurred at YC2 and 
SG2, suggesting differences in local industrial practices or the intro
duction of new SO sources in recent decades (Fig. S4).

Notably, the proportion of SDs relative to STs decreased in recent 
sediments, particularly after the year 2000. This declining SD/ST ratio 
strongly indicates recent and ongoing SO inputs (Tian et al., 2020). 
Previous studies have shown that STs tend to dominate over SDs during 
low-temperature degradation (Kimukai et al., 2020) and fast pyrolysis of 
polystyrene (Zhou et al., 2016). Thus, the lower SD/ST ratios observed 
in sediments from Tianjin and Dandong likely reflect continuous in
fluxes of fresh SOs, potentially originating from nearby chemical in
dustries manufacturing expandable polystyrene (EPS) and polystyrene 
resins. Overall, the compositional and temporal trends indicate that SO 

contamination remains active in specific coastal areas. While historical 
patterns differ between Korea and China, the recent shifts in SO 
composition underscore the need for ongoing monitoring, particularly in 
regions experiencing increasing concentrations and fresh pollutant 
inputs.

3.3. Implications for the rise of polystyrene production

Historical trends and fluxes of SOs closely mirrored national PS 
production patterns in both South Korea and China (Fig. 4). In South 
Korea, total annual PS production peaked in the 1990s and has since 
remained relatively stable with minor fluctuations (Fig. S5). This pro
duction stagnation, combined with strengthened environmental regu
lations introduced in the early 2000s, likely contributed to the 
subsequent decline in sedimentary SO concentrations (Kim et al., 2020). 
In contrast, China’s PS production has expanded rapidly since the 1970s, 
with a sharp acceleration after the early 2000s. The average annual 
growth rate has reached approximately 15 % (Jiang et al., 2020). This 
sustained expansion strongly corresponded with rising SO concentra
tions in estuarine sediments from stations such as TJ6, DD2, and YC2. 
Statically significant correlations were observed between annual SO 
concentrations and PS production at TJ6 (r = 0.80, p < 0.05) and DD2 (r 
= 0.84, p < 0.05), indicating that intensified PS manufacturing activities 
directly contributed to increased SO inputs into marine environments.

Sediment flux analyses of TJ6 and DD2 further supported these 
trends, revealing significant increases in SO accumulation rates (r =
0.75–0.85, p < 0.05). In addition, SO flux at station YC2 also exhibited a 
perfect positive monotonic correlation with national polystyrene pro
duction (Spearman’s ρ = 1.00, p < 0.01), indicating a consistent increase 
in flux corresponding to rising PS production. Interestingly, the rate of 
increase in SO fluxes was even steeper than that observed in concen
tration data, suggesting continuous and accelerating accumulation of 
SOs in sediments of the Yellow and Bohai Seas. These findings align with 
similar trends observed for other industrial contaminants, including 
PAHs, PCBs, and brominated flame retardants such as HBCDs, particu
larly in rapidly industrializing coastal areas like Tianjin (Wu et al., 2019; 
Zhu et al., 2017). Zhu et al. (2017) reported substantial increases 
(12.9–41.6 %) in sedimentary HBCD concentrations near expanded 
styrene production facilities in Tianjin between 2010 and 2015, 
demonstrating a direct linkage between intensified plastic production 
and elevated environmental pollutant levels.

Tianjin is expected to host the world’s largest EPS production facil
ity. This development suggests that SO contamination in the region may 
persist or even intensify, underscoring the need for continuous envi
ronmental monitoring. Supporting this concern, the accumulation of 
plastic debris on beaches along the East China Sea increased steadily 
between 2016 and 2021, reflecting ongoing environmental pollution 
driven by rising plastic production, growing consumption, and inade
quate waste management systems (Hao and Jiang, 2023). Furthermore, 
sediment core analyses from coastal regions of the East China Sea have 
revealed a continuous increase in microplastic concentrations since the 
1960s, with polystyrene accounting for approximately 23.8 % of total 
microplastic particles (Lin et al., 2021). These findings provide direct 
evidence of long-term and increasing SO contamination in marine 
sediments.

Collectively, the observed relationships among escalating PS pro
duction, plastic debris generation, and SO contamination highlight an 
ongoing and significant environmental burden. These findings under
score the urgent need for proactive pollution control strategies, the 
implementation of more effective regulatory frameworks, and 
strengthened international cooperation to mitigate future SO contami
nation in coastal ecosystems.

3.4. Recent trends of SOs in sediment

Recently measured SO concentrations in surface sediments from 
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various freshwater and marine environments in South Korea and China 
were compared to contextualize current contamination levels within 
broader geographical and historical perspectives (Fig. 5) (Hong et al., 
2016; Lee et al., 2017; Yoon et al., 2017; Lee et al., 2018; Cha et al., 
2019; Hong et al., 2019; Kim et al., 2019; An et al., 2020; Kim et al., 
2020; Lee et al., 2020; Tian et al., 2020; Yoon et al., 2020; Kim et al., 
2021; Gwak et al., 2022; An et al., 2023; Kim et al., 2024). Concentra
tions of SOs were significantly higher in freshwater sediments (e.g., 
creeks, rivers, and lakes) than in marine sediments (e.g., bays, estuaries, 

and offshore areas), indicating that terrestrial activities are major 
sources of SOs (An et al., 2020; Gwak et al., 2022).

According to threshold effect concentration (TEC)-based regional 
guidelines for freshwater environments, “High” and “5-x-High” levels 
are defined as 830 ng g− 1 dw and 4150 ng g− 1 dw, respectively (Yoon 
et al., 2020). Among the surveyed freshwater sites, only sediments from 
the heavily industrialized city of Ulsan exceeded the 5-x-High threshold, 
clearly suggesting industrial emissions as the dominant source of SO 
contamination (An et al., 2023). In contrast, marine sediments generally 

Fig. 4. Relationships between SO concentrations and fluxes in dated sediments and polystyrene production in China. The blue line represents annual polystyrene 
production data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Comparative summary of reported SO concentrations in surface sediments from freshwater environments (creeks, rivers, and lakes) and marine environments 
(estuaries, bays, and offshore areas).
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showed lower SO concentrations. The corresponding “High” and “5-x- 
High” thresholds for marine sediments are 130 ng g− 1 dw and 800 ng 
g− 1 dw, respectively. Notably, concentrations exceeding the 5-x-High 
threshold were detected only in Masan Bay, a heavily industrialized 
coastal area in southern South Korea (Lee et al., 2018). These compar
ative finding highlight terrestrial and industrial activities as major 
contributors to marine SO contamination. Similar trends were observed 
in Tokyo Bay, where elevated SO inputs were linked to increased 
terrestrial runoff following precipitation events (Amamiya et al., 2019). 
Furthermore, studies from the broader Yellow Sea region
—encompassing industrial, agricultural, municipal, and aquacultural 
areas—consistently reported lower SO concentrations compared to sites 
directly impacted by industrial activities. This further supports the 
conclusion that localized industrial emissions are a primary driver of SO 
contamination in both freshwater and marine systems (Kim et al., 2020; 
Yoon et al., 2020).

Temporal analyses of recent SO concentrations across various 
aquatic environments in South Korea (creeks, rivers, lakes, estuaries, 
bays) revealed an overall decreasing tendency from the mid-1990s 
through 2020, with ecosystem-specific patterns of decline (Fig. 6). 
While the temporal trends were not statistically significant in individual 
environments (τ = − 0.40–0.00, p > 0.05), it still suggests a system-wide 
reduction in SO contamination. These pronounced declines likely reflect 
the effective implementation of rigorous environmental regulations 
targeting industrial emissions and pollution sources since the 1990s in 
South Korea (Kim et al., 2020; Lee et al., 2018). Nevertheless, recent 
studies indicated increasing microplastic accumulation in sediments 
from industrial and aquacultural areas heavily utilizing EPS, raising 

concerns about the potential for ongoing SO contamination (Eo et al., 
2023).

In contrast, comprehensive assessments of recent SO trends in China 
remain limited due to the lack of contemporary surface sediment data. 
While sediment core analyses indicate significant increases in SO con
centrations since the early 2000s (e.g., TJ6 and DD2), the scarcity of 
recent surface sediment monitoring hampers conclusive evaluation of 
current contamination patterns across broader coastal regions. These 
findings highlight the urgent need for more systematic and sustained 
monitoring efforts to accurately track ongoing and emerging SO 
contamination dynamics in China. Overall, recent sedimentary trends of 
SOs underscore complex interactions between industrial growth, envi
ronmental policy effectiveness, and pollutant inputs into aquatic eco
systems. Continuous monitoring, coupled with adaptive and enforceable 
policy frameworks, remains essential for mitigating SO contamination, 
safeguarding marine ecosystem integrity, and protecting public health 
from persistent organic pollutants.

4. Conclusions

To the best of our knowledge, this is the first study to comprehen
sively assess the vertical distribution, historical trends, and fluxes of SOs 
in the intertidal sediments of the Yellow and Bohai Seas. Our findings 
identify industrial activity as the primary source of SO contamination, 
with clear temporal differences between South Korea and China from 
the 1950s to the 2010s. These contrasting trends reflect the differential 
effectiveness of environmental regulations in each country. In China, SO 
concentrations steadily increased in line with the rapid expansion of 

Fig. 6. Temporal variations of SO concentrations in surface sediments collected from creeks and rivers, lakes, estuaries, and bays in South Korea and China. Linear 
trend lines were fitted to visualize temporal changes in SO concentrations. Statistical significance was assessed separately using the Mann–Kendall trend test.
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polystyrene production, whereas concentrations in South Korea 
declined markedly after the 2000s, likely due to strengthened policy 
measures. However, limitations in sediment dating resolution and data 
availability constrain our understanding of temporal variation and in
dividual SO compound composition. Advancing compositional analyses 
will be crucial for accurately tracing contamination sources and un
derstanding their environmental fate. Overall, this study provides crit
ical historical baseline data to inform future environmental 
management and support the development of effective regulatory 
frameworks to address SO contamination.
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