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Abstract

Haizhou Bay (Jiangsu, eastern China) is a major land-sea transition zone, yet long-term sedimentary 
records of organic contaminants and their anthropogenic drivers remain poorly constrained, limiting 
a process-based understanding of regional pollution trajectories and their links to shifts in the energy 
mix. We quantified 16 priority polycyclic aromatic hydrocarbons (PAHs) and four sterols in four
intertidal sediment cores using GC–MS. Spatial variability was evaluated across all cores, whereas
centennial-scale (~150-year) temporal changes were interpreted primarily from the representative
core HZ02, based on its published ²¹⁰Pbex–¹³⁷Cs chronology, for which PAH diagnostic ratios
were also assessed. Source patterns were further constrained using bivariate correlations together
with principal component analysis and hierarchical clustering. PAH concentrations decreased
seaward, whereas sterols were strongly enriched near the Linhong River estuary. In the dated
HZ02 record, low-molecular-weight PAHs dominated before 1950, followed by episodic increases
in high-molecular-weight PAHs and sterols during the 1950s-1960s and the 1980s-1990s, and a decline
in sterols in the early 2000s, consistent with reduced domestic wastewater-related inputs. Multivariate
fingerprints indicate two dominant mixed sources: local inputs linked to agricultural biomass burning
and household sewage, and an industrial–transport component associated with coal and petroleum
combustion and traffic emissions. Contaminant histories covary with population density and energy
consumption, supporting a transition from a pre-1950 biomass–sewage-dominated regime to
a post-1950 industrial-transport mixture. These century-scale records provide a baseline for
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Introduction

Human activities now dominate many Earth-system 
processes, leaving stratigraphic signals that underpin the 
proposed Anthropocene [1, 2]. Along rapidly urbanizing 
coasts, intensified land use and industrial expansion 
have increased the delivery of terrestrial contaminants 
to nearshore waters, aggravating eutrophication 
and ecological stress [3]. By accumulating these 
contaminants over time, sediments archive the 
history of human activities while integrating regional 
environmental change [4-6]. Accordingly, sedimentary 
geochemical records ‒ among the most integrative and 
temporally continuous evidence in coastal systems ‒ 
provide a basis for constraining the magnitude and 
composition of terrestrial pollutant loading and for 
evaluating its long-term ecological consequences under 
Anthropocene conditions.

In coastal sedimentary settings, polycyclic aromatic 
hydrocarbons (PAHs), sterols, and heavy metals (HMs) 
are of particular concern because they arise from diverse 
sources, undergo complex transport and fate processes, 
and can pose substantial ecological risks [7-9]. PAHs 
originate primarily from incomplete combustion of 
fossil fuels and biomass and from petroleum releases; 
their persistence and strong hydrophobicity favor 
particle association and long-term accumulation in 
sediments [10-12]. Sterols are hydrophobic compounds 
with a strong affinity for organic particles and are 
well preserved, enabling their long-term retention in 
sediments and soils [13-15]. Among them, coprostanol 
is a widely used molecular tracer of human fecal inputs 
[16, 17]. HMs are largely derived from industrial 
emissions, coal combustion, traffic, and agricultural 
activities, and their environmental behavior is 
influenced by adsorption-desorption and remobilization  
at the water–sediment interface [18-20]. Riverine 
discharge, wastewater inputs, and atmospheric 
deposition jointly deliver organic and inorganic 
contaminants to coastal depocenters, producing co-
enrichment patterns that can track shifts in energy use 
and regulation over decadal to centennial timescales [21-
23]. Sustained atmospheric deposition and land-derived 
inputs jointly drive the co-accumulation of organic 
and inorganic contaminants in sediments, highlighting 
coupled evolutionary pathways of regional mixed 
pollution [24, 25].

Since the twentieth century, researchers in 
Europe and North America have pioneered the use of 
sediment archives to reconstruct pollution histories, 
demonstrating the profound imprint of human activities 
on depositional environments [26, 27]. Studies of urban 

sediments across Europe attribute PAH burdens largely 
to traffic emissions and coal combustion [28]. In the 
Langat River (Malaysia), sterol ratios indicate pervasive 
human fecal inputs, underscoring the influence of 
population-derived discharges on sediment quality 
[29]. Further analyses show pronounced co-occurrence 
of PAHs and the metals Cu and Zn in sediments from 
the Port of Åland, consistent with the accumulation 
of mixed contamination driven by shipping activities 
and antifouling paint use [30]. In a sediment core from 
Pozzuoli Bay (Italy), PAHs and metal concentrations 
increased in parallel during the mid-twentieth-
century industrial peak and declined thereafter with 
deindustrialization, highlighting coordinated dynamics 
of organic and inorganic contaminants during industrial 
development [31]. Such mixed contaminant signals 
are increasingly recognized as sensitive geochemical 
indicators of socioeconomic intensity [24]. Over 
the past century, sediment-core archives have also 
captured how contaminant burdens track shifts in 
energy use and environmental regulation. Records 
from the U.S. Great Lakes show marked increases in 
PAHs and metals such as Pb, Zn, and Cu during mid-
century industrial expansion, followed by declines after 
emission controls introduced in the 1970s, reflecting 
the combined influence of changing fuel structures and 
policy interventions [26]. In the St. Lawrence Estuary 
(Canada), PAH inventories are reported to be governed  
largely by atmospheric deposition and to respond 
sensitively to variations in human activity [32]. 
Sediment-core studies from Brazil and the Sea of Japan 
further indicate that sterols provide stable molecular 
markers for diagnosing human-waste inputs and 
shifts in primary production [33, 34]. Together, these 
continuous archives show that co-enrichment of multiple 
contaminants can reflect historical changes in human 
activity, energy use, and regulatory regimes.

In contrast, despite substantial progress in the past 
two decades, coastal studies in China have largely 
focused on present-day contamination status and spatial 
patterns in surface sediments. Work in Bohai Bay and the 
Chanba River basin documents spatial co-accumulation 
of PAHs and metals, consistent with mixed inputs  
from coal combustion, traffic emissions, and biomass 
burning [35, 36]. In Haizhou Bay and adjacent areas, 
Cd, Pb, and Zn show pronounced enrichment, with 
pollution indices increasing alongside intensifying 
industrial activity [37]. Evidence also points to sustained 
accumulation of both organic and metal contaminants 
[38], while PAHs are attributed mainly to road dust, 
vehicle emissions, petroleum-related inputs, and 
biomass combustion [39]. However, for China’s coastal 

reconstructing coastal pollution histories and for evaluating how changes in energy use and emission 
controls shape organic contamination in eastern China.
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waters, understanding of the long-term depositional 
behavior and historical trajectories of representative 
organic contaminants remains limited. In particular, 
there is a shortage of century-scale sediment sequences 
that can continuously resolve environmental change, 
which constrains robust reconstruction of accumulation 
pathways and limits mechanistic insight into how 
contaminant trends are coupled to regional shifts in 
energy structure.

Haizhou Bay, a representative semi-enclosed 
embayment in northern Jiangsu, receives multi-
source inputs from port–industrial complexes, energy-
production bases, urban effluent, and intensive 
agriculture. It therefore functions as a major sink for 
land-derived contaminants and a strategic site for 
assessing how coastal mixed-contaminant pressures 
respond to regional energy transitions [40]. Recent 
studies indicate that the Haizhou Bay ecosystem 
remains under sustained chemical stress, evidenced by 
accumulating organic pollutants, enrichment of heavy 
metals, and elevated ecological risk [41, 42].

Using a high-resolution sediment sequence 
spanning ~150 years from Haizhou Bay, this study 
combines quantitative geochemical measurements 
with multivariate statistics to resolve co-enrichment 
patterns and century-scale trajectories of PAHs, sterols, 
and heavy metals. Correlation analysis, hierarchical 
clustering, and principal component analysis are used 
to differentiate major sources and pathways of mixed 
contaminant inputs. By aligning the sedimentary record 
with the regional history of energy consumption and 
socioeconomic development, we further evaluate how 
shifts in energy structure are reflected in the evolving 
contaminant assemblage. The results constrain the 
relative contributions of industrialization, urbanization, 
and agricultural activity to the accumulation of organic 
and inorganic contaminants in the bay and delineate 
their spatiotemporal evolution. The novelty of this study 
lies in three aspects: (i) it provides an age-constrained, 
centennial-scale sediment record that resolves phase-
dependent changes in contaminant concentrations and 
molecular composition; (ii) it integrates combustion-
related PAH metrics with sterol tracers of sewage/
terrestrial organic-matter inputs within a unified 
analytical framework to distinguish source–pathway 
variability of mixed contamination; and (iii) it interprets 
these changes in the context of regional energy-use 
and socioeconomic transitions, thereby offering a 
testable basis for understanding long-term contaminant 
trajectories. By integrating multiple independent 
indicators, this study develops a coherent evidence chain 
for the long-term evolution of mixed contamination in 
Haizhou Bay, offering a historical baseline to inform 
coastal pollution management and evaluations of 
energy-structure transitions.

Materials and Methods

Study Area

Haizhou Bay (34°30′-35°08′N, 119°23′-119°51′E) is 
a semi-enclosed embayment on the western Yellow Sea 
(Lianyungang, Jiangsu, China). The bay covers ~876 km², 
has a mean depth of ~4.2 m, and reaches ~12 m at 
its deepest point. It lies at the transition between the 
Sulu Uplift and the South Yellow Sea Depression. 
The coastline comprises three geomorphic sectors: 
(i) an erosional sandy coast in the north (influenced 
by the Xinzhuang River estuary), (ii) an accretionary 
silty-mud tidal flat in the central bay, and (iii) a rocky 
coast in the south (near the Xishu–Shaoxiang River 
system). This geomorphic heterogeneity modulates 
sediment dynamics and is expected to shape the spatial 
distribution of sediment-associated contaminants.

The region has a warm-temperate monsoonal climate 
(13-14ºC mean annual temperature; ~900-1000 mm 
annual precipitation, mainly from June to September). 
Native vegetation is dominated by temperate deciduous 
broadleaf forest and coastal halophytes, but land use 
has been extensively modified by human activities. 
The surrounding area is largely agricultural, with 
widespread salt pans and aquaculture, whereas urban 
and industrial land is concentrated along river corridors 
and the coastal zone. The Qingkou and Linhong  
rivers are the main tributaries discharging to the bay; 
the Linhong River receives flow from the Xinmu  
River and multiple tributaries, delivering substantial 
loads of nutrients, organic matter, and contaminants  
and serving as the primary pathway for terrestrial 
inputs.

The Qingkou River catchment occupies the northern 
bay, where agriculture and rural settlements are dense, 
and coal-based energy use, fisheries processing, and 
shipping are intensive [43]. Qingkou Fishing Port 
and the adjacent marine ranching area are designated  
as a provincial fisheries functional zone; however, small  
coal-fired facilities and shipbuilding/repair activities 
persist along the shoreline, providing sustained PAH 
emissions. Together with weak hydrodynamics over 
the northern muddy tidal flats, these conditions favor 
contaminant deposition and accumulation [37, 44]. In 
the south, the Linhong River estuary lies adjacent to 
the Lianyungang urban area and port hinterland, where 
an industrial belt dominated by chemicals, construction 
materials, and energy processing has developed. Urban 
expansion and the growth of aquaculture have been 
accompanied by marked increases in domestic sewage 
and aquaculture effluents [45]. Since 2000, the Linhong 
River estuary has been incorporated into the “Jiangsu 
Linhong River Estuary Provincial Wetland Park”, 
where wetland restoration and wastewater-treatment 
programs have been implemented [46], leading to  
a partial reduction in pollutant concentrations discharged 
to coastal waters.
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Sample Collection and Age Dating

To capture spatial heterogeneity in depositional 
settings, four intertidal sediment-core sites (HZ01-
HZ04) were established across Haizhou Bay. HZ01 was 
located in the upper intertidal zone and was primarily 
wave-influenced. HZ02 was situated in the river–sea 
confluence area, where contaminated deposits were 
most evident. HZ03 and HZ04 were positioned in the 
lower intertidal zone, representing a more dispersed 
depositional environment (Fig. 1). Cores were collected 
using a stainless-steel piston corer (8 cm i.d.) and 
sectioned at 2 cm intervals, yielding 230 subsamples. 
Site positions were recorded by GPS (horizontal 
uncertainty <3 m). All samples were sealed and stored 
at low temperature prior to analysis. 

The age-depth relationship for core HZ02 was 
adopted from [47], who established a ²¹⁰Pbex–¹³⁷Cs 
chronology for Haizhou Bay (Table 1; Fig. 2). PAHs 

and sterols were analyzed at the same depth intervals, 
and the published chronology was used to assign 
approximate ages to individual layers. As radionuclide 
dating was not repeated in the present study, temporal 
variations are interpreted at a decadal scale. The 
remaining cores (HZ01, HZ03, and HZ04) are therefore 
discussed primarily in terms of spatial patterns rather 
than independent age models.

Extraction and Detection

PAHs were extracted and cleaned up using U.S. EPA 
methods [48], with minor adaptations. Briefly, ~1.5 g 
of freeze-dried sediment was Soxhlet-extracted with 
150 mL acetone-dichloromethane (1:1, v/v). The extract 
was purified on a 10 g silica-gel column, rinsed with  
40 mL n-hexane, and eluted with 20 mL 
dichloromethane-hexane (1:1, v/v). After concentration 
to <0.5 mL under gentle N₂, PAHs were analyzed by gas 

Fig. 1. Location of the sediment-core sampling sites in Haizhou Bay (western Yellow Sea, China). Red diamonds denote core locations 
(HZ01-HZ04). Purple and red arrows schematically indicate the prevailing wind directions of the East Asian winter monsoon and East 
Asian summer monsoon, respectively. The inset map shows the position of the study area within China. 

Table 1. Cs time markers and derived sedimentation rates for core HZ02.

Time marker Assigned year Depth (cm) Time interval Sedimentation rate 
(cm yr⁻¹) Source

¹³⁷Cs peak 1963 52 1963–2014 1.02 [47]

¹³⁷Cs peak 1974 46 1974–2014 1.15 [47]

¹³⁷Cs peak 1986 20 1986–2014 0.71 [47]
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analysis (Agilent 6890N GC–5975 MS; HP-5 column, 
30 m × 0.25 mm × 0.25 μm) in selected-ion monitoring 
mode (SIM; m/z 215). Calibration employed coprostanol 
(COP), epicoprostanol (ECOP), cholesterol (CHOE), 
and cholestanol (CHOA), with verification every ten 
samples; recoveries were 79.9%-109.4%.

To interpret the spatiotemporal variability of 
contaminants and their links to socioeconomic factors, 
we compiled trace-metal concentration data for the 
Haizhou Bay sediment core (including As, Ni, Pb, and 
Zn) and used the published ²¹⁰Pbex–¹³⁷Cs chronological 
framework to align the metal record with the PAH and 
sterol profiles at identical (or depth-matched) intervals 
(nearest-depth matching was applied when necessary). 
Analytical procedures and quality-control information 
for metal determination (including As) are compiled [47]. 
The aligned metal profiles were then used as auxiliary 
inorganic tracers in correlation analysis, hierarchical 
clustering, and principal component analysis to evaluate 
coupled organic-inorganic contamination patterns. 
City-level indicators for Lianyungang (1950-2015; 
port throughput; industrial and agricultural output; 
energy consumption; cultivated land area; population 
density) were obtained from the Lianyungang Statistical 
Yearbook [43].

Spatial interpolation and mapping were conducted in 
ArcGIS 10.8. Correlation analysis, hierarchical cluster 
analysis (HCA), and principal component analysis (PCA) 

chromatography–mass spectrometry (GC–MS) (Agilent 
6890 GC–5975 MS) equipped with an HP-5MS column 
(30 m × 0.25 mm × 0.25 μm) using helium as carrier 
gas. The oven program was 100ºC (1 min), 5ºC min⁻¹ 
to 240ºC (20 min), then 10ºC min⁻¹ to 280ºC (2 min). 
Samples (1.5 μL) were injected in splitless mode. 

PAHs were determined in selected-ion monitoring 
(SIM) mode. Target compounds were identified by 
matching retention times and characteristic ions to 
those of standards analyzed under the same conditions; 
the retention times, quantifier ions, and qualifier ions 
used for confirmation are summarized in Table 2. 
Quantification was performed using external calibration 
with an EPA PAH standard mixture (Sigma-Aldrich), 
and calibration performance was verified every ten 
samples. Method recoveries ranged from 78.1% to 
112.5%.

Sterols were extracted following [49]. Approximately 
3 g of oven-dried, sieved sediment (<200 mesh) was 
ultrasonically extracted with 20 mL dichloromethane–
methanol (3:1, v/v) for 30 min. After nitrogen 
evaporation, the residue was saponified with 1 mL 
KOH in 10 mL methanol at 80ºC for 4 h. The neutral 
fraction was isolated by solid-phase extraction (SPE) on 
a silica-gel cartridge (1 g Na₂SO₄ over 3 g silica gel), 
preconditioned with 10 mL n-hexane. Eluates were 
concentrated to ~1.5 mL and derivatized with 200 μL 
BSTFA + 1% TMCS at 25ºC for 12 h prior to GC–MS 

Fig. 2. Profiles of ¹³⁷Cs and ²¹⁰Pbex activities and the age–depth relationship for core HZ02 [47]. The chronology was adopted  
as a temporal reference in this study.
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were performed for the dated representative core HZ02 
to explore co-variation patterns among PAHs, sterols, 
and heavy metals and to infer potential controlling 
sources and processes. In addition, PAH diagnostic 
ratios (Ant/(Ant+Phe), Fla/(Fla+Pyr), BaA/(BaA+Chry), 
and IcdP/(IcdP+BghiP)); where Ant = anthracene, 
Phe = phenanthrene, Fla = fluoranthene, Pyr = pyrene, 
BaA = benzo[a]anthracene, Chry = chrysene,  
IcdP = indeno[1,2,3-cd]pyrene, and BghiP = benzo[ghi]
perylene) and a fecal sterol index (FSI = COP/
(COP+CHOA)) were calculated for HZ02 as supporting 
source fingerprints.

Temporal variations in Σ16PAHs (sum of 16 priority 
PAHs), 3-4-ring PAHs, 5-6-ring PAHs, and Σ4sterols 
(sum of COP, ECOP, CHOE, and CHOA) in HZ02 
were further compared with regional socioeconomic 
indicators (energy consumption, port throughput, 
industrial and agricultural output, cultivated land area, 
and population density), as well as As as an auxiliary 
combustion-related tracer. All statistical analyses and 
visualizations were conducted using SPSS 25 and 
Origin 2021, and spatial visualization was performed in 
ArcGIS 10.8.

Results

Over the past ~150 years, all 16 PAHs were detected 
in the four sediment cores (HZ01-HZ04) from Haizhou 
Bay. Across the four cores, Σ16PAHs concentrations 

ranged from 8.614 to 40.48 μg·g⁻¹. Concentrations were 
higher in HZ01 (12.89-33.38 μg·g⁻¹) and HZ02 (14.38-
40.48 μg·g⁻¹) than in HZ03 (9.140-25.80 μg·g⁻¹) and HZ04 
(8.614-23.00 μg·g⁻¹) (Fig. 3). At the compound level, 
Nap varied comparatively little among cores, whereas 
Phe/Ant/Fla were elevated in HZ02 and BbF/BghiP 
were enriched in HZ01-HZ02 (Fig. 3). Low-ring PAHs 
accounted for 15-57% of Σ16PAHs across HZ01-HZ04, 
whereas high-ring PAHs contributed 14-58%; HZ01 and 
HZ02 were dominated by 4-6-ring PAHs, while HZ03 
and HZ04 were mainly composed of 3-5-ring PAHs 
(Fig. 3).

Depth profiles reveal pronounced downcore 
variability in both PAH concentrations and composition 
(Fig. 4b) and c)). In HZ01 and HZ02, Σ16PAHs and ring-
group PAHs display multi-peak patterns along the cores, 
with relatively higher concentrations in the mid-to-
upper sections than in deeper layers (Fig. 4b)). In HZ03  
and HZ04, Σ16PAHs also varies substantially with 
depth (Fig. 4b)). Consistent with the compositional 
profiles, high-ring PAHs (4-6 rings) increase in relative 
contribution toward the upper sections of the cores, 
whereas low-ring PAHs (2-3 rings) contribute more 
prominently in deeper sections (Fig. 4c)). Across time 
intervals, PAHs exhibited distinct phases (Fig. 4a)). 
Before 1950, PAHs showed short-lived peaks dominated 
by low-ring compounds, whereas high-ring PAHs varied 
little. From 1950 to 1970, all PAH groups increased 
markedly, with the strongest rise in 5-6-ring PAHs. 
During 1980-2000, low-ring PAHs remained relatively 

Table 2. GC–MS (SIM) parameters for the 16 target PAHs, including retention times and characteristic ions used for quantification and 
confirmation.

No. Compound Retention time (min) Quantifier ion (m/z) Qualifier ions (m/z)

1 Naphthalene (Nap) 8.046 128 127, 129

2 Acenaphthylene (Acy) 14.041 152 151, 153

3 Acenaphthene (Ace) 14.859 154 153, 152

4 Fluorene (Flu) 17.096 166 165, 167

5 Phenanthrene (Phe) 21.420 178 179, 176

6 Anthracene (Ant) 21.616 178 179, 176

7 Fluoranthene (Fla) 27.023 202 200, 203, 101, 100

8 Pyrene (Pyr) 27.970 202 200, 203, 101, 100

9 Benzo[a]anthracene (BaA) 35.197 228 226, 229, 114, 113

10 Chrysene (Chr) 35.522 228 226, 229, 114, 113

11 Benzo[b]fluoranthene (BbF) 48.020 252 253, 250, 251

12 Benzo[k]fluoranthene (BkF) 48.247 252 253, 250, 251

13 Benzo[a]pyrene (BaP) 51.691 252 253, 250, 251

14 Indeno[1,2,3-cd]pyrene (IcdP) 60.286 276 277, 275, 274

15 Dibenzo[a,h]anthracene (DahA) 62.448 278 276, 279, 138

16 Benzo[g,h,i]perylene (BghiP) 60.790 276 275, 274, 138
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stable, while 5-6-ring PAHs reached their maximum. 
Since the early twenty-first century, concentrations of 
all groups have declined gradually. 

Over the past ~150 years, four sterols were detected 
in all sediment cores from Haizhou Bay. Across HZ01–
HZ04, Σ4 sterol concentrations ranged from 2.971 to 
31.89 μg·g⁻¹, with lower concentrations in HZ01 (2.971-
21.41 μg·g⁻¹) and HZ02 (3.962-31.89 μg·g⁻¹) but higher 
concentrations in HZ03 (3.597-24.43 μg·g⁻¹) and HZ04 
(3.251-31.85 μg·g⁻¹) (Fig. 3). Σ4 sterols exhibited phased 
variability, with a marked increase from the mid-
twentieth century and a subsequent decline since the 
early twenty-first century (Fig. 4). Cholesterol and 
cholestanol showed only minor variability, whereas 
fecal sterols (coprostanol and epicoprostanol) increased 
markedly from the mid-twentieth century onwards. 
Fecal sterols were ubiquitous in Haizhou Bay sediments, 
with concentrations ranging from 2.106 to 25.33 μg·g⁻¹. 
Age-resolved profiles show short-lived peaks before 
1950, during 1950-1970, and again in 1980-2000, 
followed by a gradual decline since the early twenty-
first century (Fig. 4).

Pearson correlation analysis (Table 3; Fig. 5a)) 
indicates a significant positive relationship between 
Σ16PAHs and sterols (COP, ECOP, CHOA, and CHOE; 
r = 0.44, p<0.001). In addition, 4-6-ring PAHs show 
significant positive correlations with As and with sterols 
(p<0.001).

Hierarchical clustering of the dated HZ02 record 
(Fig. 5b) and c)) indicates two major groupings during 

the 1850-1950 interval: Group I comprises mainly 3-ring 
PAHs together with COP+ECOP, whereas Group II is 
dominated by 4-6-ring PAHs. After 1950, the clustering 
structure reorganizes: all PAH homologues (3-6 rings) 
group together, while COP+ECOP forms a distinct 
branch (Fig. 5c)).

Principal component analysis (PCA) of the dated 
representative core HZ02 extracted two principal 
components explaining 59.9% of the total variance  
(PC1 = 41.4%, PC2 = 18.6%) (Table 4; Fig. 5d) and e)). 
The first (PC1) shows high positive loadings for 4-ring 
(0.91), 5-ring (0.86) and 6-ring PAHs (0.59) as well as 
As (0.78), whereas the second (PC2) is characterized by 
a strong positive loading for coprostanol (0.83) and an 
opposing loading for 3-ring PAHs (−0.72) (Table 4).

PAH diagnostic ratios in HZ02 indicate Ant/
(Ant+Phe) values consistently>0.1, Fla/(Fla+Pyr) of 
0.595-0.951, BaA/(BaA+Chr) of 0.554-0.759, and IcdP/
(IcdP+BghiP) of 0.224-0.339. The fecal sterol index FSI 
= COP/(COP+CHOA) ranged from 0.318 to 0.913 (Fig. 6).

Discussion

Spatial Patterns of PAHs and Sterols 
Across Haizhou Bay and Centennial Trends 

Inferred From Core HZ02 (~150 years)

The transport and distribution of contaminants in 
coastal sediments are strongly shaped by terrestrial 

Fig. 3. Spatial contrasts in the standardized levels and compositional fingerprints of PAHs and sterols in four Haizhou Bay sediment cores 
(HZ01–HZ04). a) Distribution of standardized (z-score) concentrations of Σ16PAHs and Σ4Sterols in each core (points show individual 
samples; boxes indicate the median and interquartile range; whiskers denote 1.5×interquartile range (IQR)); b) relative composition of 
the 16 priority PAHs (percentage contribution to Σ16PAHs) for each core; c) relative composition of sterols (percentage contribution to 
Σ4Sterols) for each core.
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Fig. 4. Spatiotemporal and downcore variations of PAHs and sterols in Haizhou Bay sediment cores. a) Z-score standardized time series 
of Σ16PAHs, low-ring PAHs (LPAHs; 2-3 rings), high-ring PAHs (HPAHs; 5-6 rings), and COP+ECOP for cores HZ01–HZ04, with 
colors denoting: HZ01 (blue), HZ02 (red), HZ03 (purple), and HZ04 (brown); Jiangsu population is shown as red bars. b) Depth profiles 
(μg·g⁻¹) of PAHs and COP+ECOP: the upper panels show HZ01 and HZ02 (HZ01 in blue and HZ02 in red), and the lower panels show 
HZ03 and HZ04 (HZ03 in orange and HZ04 in green). c) 100% stacked profiles of relative composition (%): the left panels show ring-
group PAHs (2-6 rings), and the right panels show sterol composition (COP, ECOP, CHOE, and CHOA).
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inputs [50]. Combustion-derived pollutants from biomass 
and fossil fuels can be transported atmospherically and 
deposited to nearshore waters as particle-bound aerosols. 
In parallel, river discharge, groundwater outflow, and 
surface runoff deliver land-derived contaminants across 
the land-sea interface to the coastal ocean [3, 51-53]. 
The spatial contrasts observed among the four cores 
(Fig. 3 and Fig. 4) therefore reflect the combined effects 
of source intensity, transport pathways, and depositional 
sorting.

PAH sources are commonly classified as pyrogenic 
or petrogenic [54]. Regional geological and historical 
evidence indicates that the Lianyungang–Haizhou Bay 
area lies within a weakly active Quaternary tectonic 
zone and has experienced no volcanic eruptions since 
the Quaternary, implying negligible contributions from 
volcanic heat sources [55, 56]. In addition, this coastal 
sector is not part of China’s major offshore hydrocarbon 
basins, and there are no records of natural oil seepage 
or major offshore oil-spill accidents in the area [57, 58]. 
The dominance of medium-to-high ring classes and the 
substantial contribution of high-molecular-weight PAHs 
(Fig. 3) are consistent with a predominantly pyrogenic 

Fig. 5. Multivariate relationships and source-related patterns of PAHs, sterols, and trace metals in Haizhou Bay sediments. a) Pearson 
correlation matrix among ΣPAHs, ring-grouped PAHs (2-6 rings), coprostanol, total sterols (Stanols), and selected metals (As, Ni, Pb, 
Zn). Trace-metal concentrations (As, Ni, Pb, and Zn) were compiled from the published dataset for core HZ02 [47] and aligned with 
the organic records at shared depth intervals. Circle size and color denote correlation strength and direction; significance is indicated as 
* p<0.05, ** p<0.01, and *** p<0.001; (b-c) Hierarchical cluster analysis (HCA) heatmaps showing standardized (z-score) variations 
of PAH ring groups and coprostanol + epicoprostanol (COP + ECOP) across cores HZ01–HZ04 for two periods: pre-1950 (b) and 
post-1950 (c); d) PCA biplot for HZ02, showing sample scores (pre-1950 vs. post-1950) and variable loadings; ellipses indicate group 
dispersion. PC1 and PC2 explain 41.4% and 18.6% of the variance, respectively. e) Temporal profiles of PCA factor scores (PC1 and 
PC2) illustrating the evolution of the two dominant components through time.

Table 4. Principal component analysis loadings of the HZ02. 
Significant values are in bold.

Element
Principal component (PC)

PC1 PC2

3-ring PAHs -0.249 -0.723

4-ring PAHs 0.907 0.034

5-ring PAHs 0.860 -0.016

6-ring PAHs 0.593 0.284

As 0.780 0.301

Ni 0.104 0.472

Coprostanol -0.032 0.825

Total variance 
(%) 41.4 18.6

Cumulative 
(%) 41.4 60

Estimated 
source

Industrial and traffic 
combustion with 

atmospheric deposition

Domestic sewage 
and agricultural 

runoff (fecal input)
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signature. Previous studies show that combustion-
derived PAHs are typically dominated by high-ring 
compounds, exhibiting a pronounced enrichment of 
high-molecular-weight PAHs [59, 60]. Taken together, 
these lines of evidence indicate that PAHs preserved 
in Haizhou Bay sediments over the past ~150 years are 
dominated by pyrogenic inputs associated with human 
activities [45, 61].

The spatial heterogeneity of PAHs in Haizhou Bay 
is broadly consistent with the distribution of shoreline 
human activities: Σ16PAHs is higher in the nearshore 
cores (HZ01 and HZ02) than in the more offshore cores 
(HZ03 and HZ04) (Fig. 3), indicating a clear seaward 
decrease. This pattern accords with previous surveys 
of surface sediments, which attribute PAHs in Haizhou 
Bay mainly to traffic emissions and coal/biomass 
combustion [41, 45], and it is consistent with the strong 
clustering of port infrastructure, nearshore industry, and 
major transport corridors along the northern coastline of 
Lianyungang. These observations suggest that nearshore 
pyrogenic source zones constitute the principal PAH 

emission areas for the bay.
Beyond local source intensity, monsoon-driven 

atmospheric transport likely exerts an important control 
on nearshore enrichment. As a typical embayment 
along the western Yellow Sea, Haizhou Bay is strongly 
influenced by the East Asian monsoon; northerly to 
northwesterly winds prevail in winter [62], placing 
nearshore waters downwind of terrestrial emissions. 
Observational and modeling studies in the Yellow Sea 
and South China Sea indicate that monsoon circulation 
strongly shapes the spatial distribution of air–sea 
PAH fluxes: windward sectors commonly experience 
enhanced dry and wet deposition, which increases 
coastal input fluxes [23, 63]. Accordingly, the “high 
nearshore–low offshore” pattern of Σ16PAHs likely 
reflects the combined influence of coastal pyrogenic 
emissions and monsoon-modulated atmospheric 
deposition, rather than being a direct expression of local 
source strength alone.

In addition, the spatial distribution of PAHs 
in Haizhou Bay is strongly modulated by their 

Fig. 6. Down-core temporal variations of PAH diagnostic ratios and the fecal sterol index (FSI) in core HZ02 from Haizhou Bay. PAH source 
fingerprints include Ant/(Ant+Phe), Fla/(Fla+Pyr), BaA/(BaA+Chry), and IcdP/(IcdP+BghiP), whereas fecal input intensity is evaluated 
using FSI = COP/(COP+CHOA). Vertical dashed lines denote commonly used threshold ranges for qualitative source interpretation: 
Ant/(Ant+Phe) < 0.1 (petrogenic) and >0.1 (pyrogenic/combustion); Fla/(Fla+Pyr) <0.4 (petrogenic), 0.4-0.5 (petroleum combustion), 
and >0.5 (coal/biomass combustion); BaA/(BaA+Chry) <0.2 (petrogenic), 0.2-0.35 (petroleum combustion), and >0.35 (coal/biomass 
combustion); and IcdP/(IcdP+BghiP) <0.2 (petrogenic), 0.2-0.5 (petroleum combustion), and >0.5 (coal/biomass combustion). For FSI, 
values <0.3 indicate negligible fecal contamination, 0.3-0.7 indicate intermediate/mixed influence, and >0.7 suggest strong sewage/fecal 
input. The red dashed horizontal line marks the mid-20th-century transition (≈1950) used to guide stage-wise comparisons.
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physicochemical properties and local depositional 
dynamics. Sediment grain size transitions from fine 
fractions (e.g., silt) in the northern bay and inner 
embayment to silty sand and rhythmic interbeds in the 
outer bay and the southern sector, indicating a seaward 
increase in hydrodynamic energy [64]. Fine-grained, 
lower-energy nearshore settings favor particle-associated 
deposition and promote the enrichment and preservation 
of hydrophobic HMW PAHs [65, 66], whereas coarser, 
higher-energy environments offshore are less conducive 
to retaining particle-bound PAHs. These depositional 
controls are consistent with the observed cross-bay 
patterns in PAH concentration and composition (Fig. 3 
and Fig. 4).

In contrast, sterols provide a more direct proxy 
for terrestrial organic-matter inputs, and their spatial 
distributions are particularly sensitive to the intensity 
of coastal human activities and watershed delivery 
pathways. Fecal sterols, produced by microbial reduction 
of cholesterol in the mammalian gut, are widely used 
to trace land-derived inputs from domestic sewage, 
livestock wastes, and agricultural runoff [67-69]. Across 
the four cores, sterol concentrations were consistently 
lower in HZ01 and HZ02 than in HZ03 and HZ04. 
This sterol distribution pattern closely matches the 
spatial heterogeneity in terrestrial input pathways and 
alongshore human activities. The Linhong and Shawang 
rivers are considered major pathways delivering 
pollutants to Haizhou Bay, and the estuary-adjacent areas 
act as key depositional sinks for land-derived materials 
[37]. Moreover, the Linhong estuary and adjacent 
nearshore waters, which host intensive port operations, 
industry, and aquaculture, are subject to persistently high 
anthropogenic inputs of nutrients and organic matter, 
strengthening the nearshore contamination signal [53]. 
Accordingly, sterol and fecal sterol concentrations were 
markedly higher in the cores closer to the Linhong River 
estuary (HZ03 and HZ04) than in HZ01 and HZ02, 
indicating stronger terrestrial organic-matter inputs to 
the estuary-adjacent nearshore zone. 

Beyond differences in source strength, sterol 
distributions in Haizhou Bay are also constrained 
by molecular properties and depositional conditions. 
Owing to their strong lipophilicity, sterols readily 
associate with sedimentary organic matter and tend to 
accumulate and be preserved in fine-grained, organic-
rich settings [70]. Consistent with this pattern, intertidal 
sediments at HZ03 and HZ04 are dominated by silt–clay 
fractions, with generally higher fine-particle contents 
and organic-matter levels than at HZ01 and HZ02 [64], 
providing favorable conditions for sterol sorption and 
long-term retention. By contrast, the coarser-grained, 
higher-energy environments at HZ01 and HZ02 are less 
conducive to sterol preservation. Thus, the systematic 
enrichment of sterols at HZ03 and HZ04 likely reflects 
the combined effects of stronger terrestrial inputs and 
more favorable depositional conditions.

Overall, the contrasting spatial patterns of PAHs 
and sterols in Haizhou Bay sediments reflect distinct 
input pathways and sedimentary controls: PAHs track 
combustion emissions, atmospheric transport, and 
particle deposition, whereas sterols are governed mainly 
by watershed runoff, the spatial distribution of human 
activities, and organic-matter-rich depositional settings.

To place the contamination levels in Haizhou Bay 
into a broader regional and global context, we compared 
the tidal-flat core results with published data from 
representative estuaries/bays worldwide (Table 5 and 
Table 6).

For PAHs, the mean Σ16PAHs concentration  
in the Haizhou Bay tidal-flat core is 19.00±5.805 μg·g⁻¹ 
(Table 5), which is markedly higher than values 
reported for several relatively low-input systems in 
China, including the North of Liaodong Bay [71], 
the Pearl River Delta river network [72], lakes in the 
middle-lower Yangtze region [73], and the East China 
Marginal Seas sediments [74], and is also higher than 
the mean level reported for the Yellow River Delta 
[75]. At the global scale, Σ16PAHs in Haizhou Bay is 
lower than the upper levels reported for Toulon Bay 

Table 5. Concentration ranges and mean concentrations of Σ16PAHs (μg·g⁻¹) in sediments from Haizhou Bay and other representative 
estuaries/bays worldwide.

Region Concentration 
range (μg·g⁻¹)

Mean concentration 
(μg·g⁻¹) Indicator Sampling year Reference

Haizhou Bay tidal flat core 8.614-40.48 19.00±5.805 Σ16PAHs 1857-2014 This study

North of Liaodong Bay 0.192-0.624 0.304 Σ16PAHs 2009 [71]

Pearl River Delta 0.0690-1.297 0.401 Σ16PAHs 2015 [72]

Lakes (middle–lower Yangtze) 0.221-2.419 0.752 Σ16PAHs 1895-2015 [73]

Yellow River delta 3.590-27.11 9.540 Σ16PAHs 2009 [75]

Toulon Bay, France 22.90-182 – Σ16PAHs – [76]

Narragansett Bay, USA 0.569-216 21.100 Σ44PAHs [77]

Gulf of Kutch, India 18.28-1099 321.6 Σ16PAHs – [78]

ECMSs sediments, China 0.004-1.636 0.660±0.330 Σ16PAHs 2014-2016 [74]
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(France) [76] and Narragansett Bay (USA) [77], and 
is far below the heavily contaminated Gulf of Kutch 
(India) [78], indicating an overall moderate level of PAH 
contamination.

For sterols, Σ4 sterols (COP+ECOP+CHOE+CHOA) 
in the Haizhou Bay tidal-flat core ranges from 2.971 
to 31.89 μg·g⁻¹ with a mean of 11.66 μg·g⁻¹ (Table 6). 
This level exceeds that reported for Danube sediments 
[70], is comparable in magnitude to the reported 
range of total fecal sterols in Brazilian mangroves 
[79], and is higher than the mean coprostanol level in 
the Siak River (Indonesia) [80], but remains far below 
the extremely high value reported for the North coast 
of New South Wales (Australia) [81]. These contrasts 
indicate that sterol indicators can vary widely among 
regions, reflecting combined controls of sewage loading 
intensity, catchment delivery efficiency, and depositional 
conditions on sterol accumulation and preservation.

Overall, the regional–global comparison provides 
a reference framework for assessing the level of 
mixed contamination in Haizhou Bay and establishes 
a contextual baseline for subsequent discussion of 
downcore variations in pollutant concentrations and 
composition in the age-constrained sediment-core 
record, as well as their potential driving factors. Building 
on this regional-global context, we next examine the 
dated HZ02 core to interpret centennial-scale changes 
in contaminant concentrations and composition (Fig. 4).

The dated HZ02 sediment-core record spanning 
the past ~150 years shows sustained accumulation of 
Σ16PAHs and fecal sterols in Haizhou Bay since the mid-
to-late nineteenth century. Their composition shifted 
from early dominance of low-ring PAHs to a high-ring-
dominated assemblage from the mid-to-late twentieth 
century onwards, broadly tracking the regional 
trajectory of industrialization (Fig. 4).

In the dated HZ02 record during 1850-1950, low-ring 
PAHs increased episodically, with 3-ring compounds 
dominating the assemblage. Because 3-ring PAHs are 
commonly used as indicators of biomass combustion, 
their enrichment points to substantial contributions 
from the burning of wood, crop residues, and other 
traditional biofuels [7, 82]. Sterol concentrations in 
HZ02 also increased during this period; notably, fecal 
sterols track domestic sewage inputs [16], suggesting 

strengthened household-derived loading. The co-
variation of PAHs and sterols therefore indicates 
that, under population recovery, pollution levels were 
jointly driven by a biomass-based energy structure and 
increasing sewage discharge. From 1950 to 1980 in core 
HZ02, concentrations of all PAH groups and sterols 
rose sharply, and high-ring PAHs became dominant, 
indicating a substantive shift in source structure. 
Intensified coal combustion is known to increase the 
relative contribution of high-ring PAHs to emissions 
[83]. Meanwhile, under rapid urbanization, lagging 
development of wastewater-treatment infrastructure 
can sustain growth in sewage discharge, promoting 
the accumulation of fecal sterols in sediments [84]. 
Sedimentary evidence further suggests that since 
the mid-twentieth century, industrialization, energy 
consumption, and urban expansion in the Haizhou Bay 
region accelerated in parallel with rising pollutant loads 
[85]. Consistent with this regional trajectory, the marked 
increases in PAHs and sterols observed here coincide 
with a rapid transition from biomass to coal and with 
concurrent population growth.

During 1980-2000 in core HZ02, 5-6-ring PAHs 
and fecal sterols reached their maxima, indicating 
pronounced intensification of contaminant loading. 
Following China’s Reform and Opening-up, rapid 
expansion of coastal ports in eastern China, together 
with rising transport-fuel consumption and industrial 
combustion emissions, substantially increased the 
relative contribution of high-ring PAHs [86]. Over 
the same period, population growth and accelerated 
coastal urban expansion sustained increases in domestic 
wastewater discharge, further promoting fecal-sterol 
accumulation. The sediment record thus captures a 
clear regional response to the combined effects of 
changing fuel-use structure and urbanization. Since 
the early twenty-first century in HZ02, concentrations 
of high-ring PAHs and sterols have declined markedly, 
coincident with sustained implementation of national 
pollution-control policies, suggesting persistent  
region-scale benefits of emission mitigation. Comparable 
downturns have been documented in sediment  
records from other major estuary-bay systems  
in China, including the Yangtze and Pearl River 
estuaries [87, 88].

Table 6. Concentration ranges and mean concentrations of sterol indicators (μg·g⁻¹) in sediments from Haizhou Bay and other study 
regions worldwide (definitions follow this study).

Region Concentration 
range (μg·g⁻¹)

Mean concentration 
(μg·g⁻¹) Indicator Sampling year Reference

Haizhou Bay tidal flat core 2.971-31.89 11.66 COP+ECOP+CHOE+CHOA 1857-2014 This study

Danube sediment, Serbia 0.022-1.939 - COP+ECOP+CHOE+CHOA [79]

The north coast of New 
South Wales, Australia. - 2036.026 COP+ECOP [82]

Brazilian mangroves 2.500-39.03 Total fecal sterols [80]

Siak River, Indonesia 0.050-10.530 0.878 COP [81]
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Overall, PAH concentrations were substantially 
higher in the nearshore cores (HZ01 and HZ02) than in 
the more offshore cores (HZ03 and HZ04), decreasing 
seaward with increasing distance from the coastline. 
In contrast, sterols were enriched in cores proximal to 
the Linhong River estuary, consistent with strengthened 
terrestrial organic-matter inputs from domestic sewage 
and agricultural runoff. Temporally, the dated HZ02 
record indicates that 1860-1950 was characterized 
by dominance of low-ring PAHs and comparatively 
low levels of high-ring PAHs and sterols; from 1950 
to 2000, high-ring PAHs and fecal sterols increased 
in concert; and since the early twenty-first century 
both have declined overall, although the domestic-
source signal remains pronounced near the Linhong 
River estuary. Collectively, the HZ02 sediment record 
indicates nearshore enrichment of PAHs and estuary-
focused accumulation of sterols, together with a long-
term shift from early low-ring PAH dominance to mid-
late twentieth-century increases in high-ring PAHs and 
fecal sterols, followed by a recent decline. These trends 
reflect progressive reorganization of pollution sources 
through industrialization and subsequent pollution-
control efforts.

Source Apportionment of Mixed PAH-
Sterol-Heavy Metal Contamination in 
Haizhou Bay Over the Past ~150 Years

We conducted an integrated assessment of the 
relationships among PAHs, sterols, and heavy metals 
across the four Haizhou Bay sediment cores, and 
interpreted centennial-scale (~150-year) temporal 
coupling primarily based on the dated HZ02 record 
(Fig. 5).

Correlation analysis (Fig. 5a)) shows a significant 
positive relationship between PAHs and sterols (COP, 
ECOP, CHOA, and CHOE). In the York River estuary 
(Virginia, USA), sterols were also positively correlated 
with Σ16PAHs, and analyses of particulate organic matter 
and lipid biomarkers indicated that both compound 
classes were associated with terrestrial organic matter 
and anthropogenic inputs [89]. Together, these lines 
of evidence suggest that PAHs and sterols in Haizhou 
Bay may share partially overlapping terrestrial sources 
and input pathways. High-ring PAHs (4-6 rings) further 
exhibit significant positive correlations with As and 
sterols (Fig. 5a)), consistent with observations from 
eastern China’s coast and the Yangtze River estuary 
where co-enrichment of high-ring PAHs with As/Ni 
has been linked to fossil-fuel combustion emissions 
[82, 90]. In addition, fecal sterols show significant 
associations with selected trace metals (Fig. 5a)), 
consistent with evidence that domestic wastewater and 
agricultural runoff can contribute jointly to the coupling 
between fecal biomarkers and trace metals in large 
river-lake systems [91]. Overall, these relationships 
indicate that both domestic inputs and combustion/
industrial emissions contribute to the co-distribution 

of organic and inorganic contaminants in Haizhou  
Bay sediments.

Hierarchical clustering of the dated HZ02 record 
(Fig. 5b) and c)) indicates that contaminants formed 
two major groups during the 1850-1950 interval (Fig. 
5b)). Group I comprised mainly 3-ring PAHs together 
with fecal sterols (COP + ECOP), whereas Group II was 
dominated by 4-6-ring PAHs. Previous studies suggest 
that 3-ring PAHs are closely associated with wood and 
crop-residue burning [4], although agricultural burning 
and wildfires can also generate a measurable fraction 
of high-ring PAHs under high-temperature conditions 
[7]. By contrast, 4-ring PAHs are often linked to low-
to-moderate temperature coal combustion, whereas 5-6-
ring PAHs predominantly derive from high-temperature 
combustion of coal and other fossil fuels. Once emitted, 
these compounds are commonly transported in the gas 
and particle phases and subsequently deposited and 
preserved in sediments [92]. Fecal sterols are established 
indicators of human and livestock waste contamination, 
derived primarily from domestic sewage discharge and 
agricultural runoff [16, 68]. Accordingly, the cluster 
linking 3-ring PAHs with COP + ECOP likely reflects the 
combined influence of biomass burning and domestic–
livestock inputs, whereas the cluster dominated by 4-6-
ring PAHs is more consistent with atmospherically 
transported combustion-derived inputs. Taken together, 
the 1850-1950 grouping suggests a relatively low-
intensity, land-based contamination regime dominated 
by biomass fuel use and domestic/agricultural inputs. 
After 1950 in the HZ02 chronology (Fig. 5c)), the 
clustering structure reorganized markedly. All PAH 
homologues (3-6 rings) grouped together, indicating 
coherent co-variation among ring classes across sites 
and suggesting control by broadly shared combustion 
emissions and atmospheric deposition at the catchment-
nearshore-bay scale. Given that high-ring PAHs are 
closely associated with high-temperature combustion, 
this pattern is consistent with integrated inputs from 
fossil-fuel-related sources, including coal burning, 
traffic emissions, and industrial combustion. In contrast, 
COP + ECOP formed a distinct branch separated  
from the PAH cluster, implying that sterols were 
governed by transport pathways different from those of 
combustion-derived PAHs. Because sterols primarily 
originate from domestic wastewater and terrestrial 
runoff, their spatial pattern is more likely dominated 
by estuary–nearshore delivery intensity. This shift in 
cluster structure parallels the documented transition 
from biomass burning to fossil-fuel combustion in 
China’s coastal sediments [61], suggesting a comparable 
post-1950 shift in energy use and combustion emissions 
in Haizhou Bay. Across the full dataset, samples from 
HZ01-HZ02 and HZ03-HZ04 tend to cluster separately, 
indicating persistent contrasts in contaminant 
composition between nearshore and offshore settings. 
These differences likely reflect gradients in distance 
from shore, the strength of terrestrial inputs, and 
hydrodynamic sorting, highlighting that contaminant 
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distributions in Haizhou Bay are jointly shaped by 
multiple spatial processes.

PAH diagnostic ratios were applied as supporting 
fingerprints to further constrain combustion sources 
in the dated representative core HZ02 (Fig. 6). Source 
assignments followed the commonly adopted threshold 
framework for Ant/(Ant+Phe), Fla/(Fla+Pyr), BaA/
(BaA+Chr), and IcdP/(IcdP+BghiP), which has been 
widely applied to distinguish petrogenic versus 
pyrogenic inputs and combustion subtypes in aquatic 
sediments [7]. In this study, Ant/(Ant+Phe) values 
consistently exceeded 0.1, indicating predominantly 
pyrogenic inputs rather than direct petrogenic 
contamination. Fla/(Fla+Pyr) and BaA/(BaA+Chr) 
further support this interpretation, as both ratios largely 
fall within the coal/biomass-combustion domain. 
Similar coal/biomass-combustion signatures have been 
reported in coastal sediments from the Yellow Sea and 
adjacent Chinese marginal seas, reflecting the long-
term dominance of coal use and biomass burning in the 
region [61, 93]. Meanwhile, IcdP/(IcdP+BghiP) values 
mainly lie within the 0.2-0.5 interval that is typically 
associated with petroleum-combustion influences. 
 This suggests that liquid fossil-fuel combustion 
(e.g., traffic-related emissions) has been persistently 
superimposed on the dominant coal/biomass signal, 
although this ratio may also capture mixed combustion 
sources in complex coastal settings. Taken together, 
these ratios indicate mixed combustion sources 
dominated by coal/biomass burning with additional 
petroleum-combustion contributions, consistent with 
the co-variation patterns and source factors identified 
by hierarchical clustering and PCA (Fig. 5). To evaluate 
fecal inputs, a fecal sterol index was calculated  
for core HZ02 as FSI = COP/(COP+CHOA) (Fig. 6). 
Following commonly used classifications, FSI values 
<0.3 indicate negligible fecal contamination, whereas 
values >0.7 suggest strong sewage/fecal influence [16, 
68]. The observed FSI range indicates intermediate-to-
strong fecal influence across the record, in agreement 
with the enrichment of fecal sterols observed in the 
correlation and clustering analyses (Fig. 5a) and c)). 
It should be noted that diagnostic ratios and sterol 
indices may be influenced by source mixing and 
post-depositional processes; therefore, they are best 
interpreted as qualitative supporting lines of evidence 
rather than standalone quantitative apportionment tools 
[94].

Principal component analysis (PCA) was used to 
identify the dominant factors governing coupled PAH–
sterol contamination in Haizhou Bay sediments. PC1 
and PC2 (Table 4; Fig. 5d) and e)) explained ~60% of the 
total variance (PC1 = 41.4%, PC2 = 18.6%; cumulative 
= 59.9%). The dataset met the requirements for factor 
analysis, as indicated by the Kaiser–Meyer–Olkin 
(KMO) measure (0.64) and a significant Bartlett’s test 
of sphericity [95, 96]. Temporal changes in factor scores 
further reveal stage-wise shifts in source influence  
(Fig. 5e)). PC1 accounted for 41.4% of the variance and 

was characterized by high positive loadings for 4-6-ring 
PAHs and As (0.91, 0.86, 0.59, and 0.78, respectively). 
High-molecular-weight PAHs (4-6 rings) are typically 
associated with high-temperature incomplete 
combustion of fossil fuels and related organic matter 
[97, 98]. Arsenic is also widely used as a diagnostic 
tracer of coal combustion and industrial emissions 
[99]. Sediment records from the Bohai and Yellow 
seas indicate that regional PAH burdens largely reflect 
industrial activity, traffic emissions, and coal burning; 
high-ring PAHs are emitted to the atmosphere in both 
gas and particle phases and are delivered to adjacent 
coastal waters through short-range transport followed 
by dry and wet deposition [93]. Consistent with this 
interpretation, core HZ02 shows markedly increased 
accumulation of high-temperature combustion-derived 
PAHs in recent decades, with high-ring compounds 
becoming compositionally dominant, and previous 
source apportionment attributes bay PAHs to biomass 
burning, traffic emissions, and atmospherically 
transported combustion inputs [85]. Collectively, PC1 
most likely represents a mixed input driven by high-
temperature industrial combustion and subsequent 
atmospheric deposition. PC2 explained 18.6% of the 
total variance and was characterized by a strong positive 
loading for coprostanol (0.83) coupled with an opposing, 
significant loading for 3-ring PAHs (−0.72). Coprostanol 
is a well-established molecular tracer of human and 
livestock fecal inputs; its enrichment in sediments 
generally reflects sustained delivery of terrestrial 
organic matter to bay systems via domestic sewage 
and agriculturally influenced runoff [100]. Previous 
work further indicates that intensifying agriculture 
and urbanization in the Haizhou Bay region ‒ through 
expanded irrigation, livestock production, and increased 
sewage discharge ‒ has strengthened fecal-source 
loading [101]. Accordingly, PC2 is most parsimoniously 
interpreted as a fecal-input gradient dominated by 
domestic wastewater and agricultural runoff, while the 
opposing loading of 3-ring PAHs indicates statistical 
separation between fecal-source influence and low-ring 
PAH background within the dataset. In the dated HZ02 
record, the early interval (1850-1950) was dominated by 
3-ring PAHs, whereas in the modern period (1950-2011) 
the contributions of 4-6-ring PAHs and As increased 
markedly, indicating a progressive shift in the regional 
energy structure from biomass combustion toward coal 
use, motor-vehicle emissions, and high-temperature 
industrial combustion. This trajectory is consistent 
with the ~200-year sediment record from Liaodong 
Bay, where natural fires and wood burning prevailed 
prior to industrialization, followed by coal combustion 
and vehicle fuels becoming dominant sources [61]. 
The HZ02 factor-score series further supports this 
transition: before 1950, PC1 scores remained low 
while PC2 scores were relatively high, consistent with 
pollution dominated by biomass burning and domestic 
inputs. From ~1950 onward, PC1 increased steadily 
and peaked during 1980-2000 (Fig. 5e)), coinciding 
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with rapid regional industrialization and growth in 
energy consumption and aligning with the onset of the 
Anthropocene signal and intensified industrial activity 
inferred from the Sihailongwan sediment archive [102]. 
Since the early twenty-first century, both PC1 and PC2 
scores have declined, suggesting that although high-
temperature combustion remains influential, pollution-
control measures and gradual optimization of the energy 
mix have begun to exert measurable effects [103]. 
Overall, the HZ02 PCA results capture a temporal shift 
from biomass burning and domestic inputs to fossil-
fuel and industrial and traffic influences, followed by 
an early twenty-first-century moderation consistent 
with strengthened emission control and management 
interventions.

Multiple statistical approaches converge on the 
same inference: mixed contamination in Haizhou Bay 
sediments is jointly governed by (i) domestic-agricultural 
inputs and (ii) high-temperature combustion sources 
associated with traffic and industry. The dated HZ02 
archive indicates that before the mid-twentieth century, 
contamination was dominated by biomass burning and 
domestic sewage inputs, before shifting toward a fossil-
fuel regime characterized by traffic emissions and coal- 
and industrial-combustion signatures, with maxima 
reached in the late twentieth century. This trajectory 
provides a systematic record of how industrialization 
and urbanization restructured terrestrial pollution 
inputs and imposed long-term impacts on the nearshore 
depositional environment.

History of Contaminant Burial in Haizhou 
Bay Inferred from the Dated Core HZ02 

(~150 Years) and Its Response to Shifts in 
Energy Structure and Human Activities

The dated HZ02 sediment record shows that, over 
the past ~150 years, the phased evolution of PAHs, 
sterols, and trace metals closely tracks regional energy-
transition pathways, intensified industrial activity and 
shifts in population patterns. Collectively, this archive 
(supported by spatial patterns across the four cores) 
highlights the long-term control of anthropogenic 
processes ‒ combustion emissions, atmospheric 
deposition, and urban wastewater inputs ‒ on the 
depositional environment. 

In the dated HZ02 record during the pre-industrial 
period (1850-1950), low-ring PAHs and fecal sterols 
showed pronounced variability. Low-ring PAHs 
accounted for 25.8-46.2% of total PAHs, while fecal 
sterols comprised 56.2-89.1% of total sterols (Fig. 
7a) and d)). PCA results (Fig. 5d) and e)) indicate that 
3-ring PAHs together with COP + ECOP dominated 
the contaminant distribution during this interval in 
HZ02. In the Lianyungang region (then administratively 
including Ganyu, Guanyun, and Donghai counties), 
the economy was largely agriculture-based and an 
industrial system had yet to develop. Local gazetteers 
and historical–geographical studies suggest that 

from the late nineteenth century to the mid-twentieth 
century, rice, wheat, and cotton cultivation dominated 
production in the northern Jiangsu coastal counties, 
and rural energy supply relied primarily on traditional 
biomass fuels such as firewood and crop residues [104]. 
This agriculture-dominated economy, with limited 
industrial combustion, provides a plausible context for 
the predominance of low-ring PAHs, consistent with  
a biomass-combustion signal indicated by 3-ring  
PAHs [61, 105]. Fecal sterols, as diagnostic markers 
of human and animal excreta [16, 68], remained 
proportionally high during this interval, consistent with 
widespread livestock husbandry. Historical records 
report a provincial livestock stock of ~30 million animals 
in Jiangsu, dominated by poultry [106]; temporal 
changes in livestock abundance and distribution may 
therefore have strengthened fecal-sterol inputs. Overall, 
the co-variation of PAHs and fecal sterols during 1850-
1950 reflects an early anthropogenic regime shaped 
mainly by biomass fuel use and livestock-related 
inputs, leaving a persistent imprint on the depositional 
environment.

During 1950-1980 in the HZ02 chronology, 
sedimentary PAH concentrations increased markedly, 
accompanied by a compositional shift from low-
ring compounds toward 5–6-ring PAHs. High-ring 
PAHs accounted for 29.1-52.4% of total PAHs in this 
interval. In parallel, industrial output rose, rural labor 
increasingly concentrated in urban centers, population 
density increased, and cultivated land declined (Fig. 7a) 
and d)). PCA indicates a close association between high-
molecular-weight PAHs and As, with PC1 explaining 
41.4% of the variance, consistent with strengthened 
inputs from high-temperature combustion sources. This 
interval broadly overlaps with China’s First to Third 
Five-Year Plans (1953–1978), when national development 
priorities strongly favored heavy industry. Against this 
policy backdrop, Lianyungang and the surrounding 
areas experienced pronounced land-use conversion and 
restructuring of energy consumption. For example, 
construction land in Jiangsu Province expanded from 
103.66 km² to 996.25 km² [107]. Statistical records 
indicate that Lianyungang’s industrial GDP increased 
from 0.48 to 4.23×108 CNY (about eightfold), total 
energy consumption rose from 51.04 to 602.8 Mtce 
(about twelvefold), population density increased from 
247.4 to 509.5 persons km⁻² (about twofold), and the 
urbanization rate rose from 10% to 11.8% [43]. These 
concurrent socioeconomic shifts and changes in energy 
use are consistent with a substantial rise in emissions of 
high-ring PAHs and As during this period. 

During the period of rapid economic growth (1980-
2000), PAHs, sterols, and As increased synchronously 
and reached their maxima in Haizhou Bay sediments 
(Fig. 7a) and d)). The marked strengthening of high-
ring PAHs indicates sustained intensification of high-
temperature combustion inputs. In PCA space, samples 
from this interval tend to plot with positive scores on 
both PC1 and PC2, consistent with joint influences from 
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combustion-related emissions and strengthened urban-
catchment delivery. Previous studies report sustained 
increases in multiple heavy metals in Haizhou Bay 
sediments since the 1980s, closely tracking the clustering 
of industrial enterprises and regional industrialization 
in Lianyungang [47]. Over the same period, continued 
discharge from the Linhong and Shawang rivers 
strengthened catchment-derived inputs of metals and 
industrial organic contaminants to the bay [108]. Since 
the 1990s, nearshore sediments along the northern 
Jiangsu coast have shown enrichment of 5-6-ring PAHs, 
attributed mainly to industrial fossil-fuel combustion 
and traffic emissions [41, 45]. This pattern aligns with 
rapid growth in port throughput, rising transport-fuel 
consumption, and accelerating urbanization, together 
with sustained wastewater and industrial contaminant 
delivery to estuarine and nearshore zones [109, 110]. 
Overall, the late-twentieth-century record captures 
a characteristic mixed-contamination regime shaped 
by the combined effects of industrial combustion, 
atmospheric deposition, and catchment inputs.

Since the early twenty-first century in HZ02, 
port throughput, population density, and industrial-
agricultural output in Lianyungang have continued 

to rise, yet concentrations of PAHs, sterols, and As in 
Haizhou Bay sediments have declined systematically 
(Fig. 7). This divergence indicates that the relationship 
between economic expansion and contaminant loading 
has weakened, consistent with concurrent changes in 
China’s energy system and improvements in wastewater 
management. National power-sector statistics indicate 
that, between 2000 and 2020, the share of coal-fired 
generation decreased while non-fossil electricity 
expanded, lowering the emission intensity of electricity 
production by ~20–30% [111, 112]. In parallel, municipal 
wastewater-treatment capacity expanded rapidly, and the 
centralized urban sewage-treatment rate increased from 
<20% in the late twentieth century to >90% by the late 
2010s [113, 114]. Local statistics further suggest that 
Lianyungang underwent structural adjustments during 
2000-2010 that mirrored national trends. Agriculture’s 
share of the total output value of farming, forestry, 
animal husbandry, and fisheries declined from 59.8% 
to 47.4%, implying a relative weakening of traditional 
agricultural activities and associated biomass-fuel use. 
Meanwhile, regional electricity generation increased 
from 7.15 to 51.88 million kWh, whereas raw-coal 
output decreased, pointing to a gradual shift toward  

Fig. 7. Time-series comparison between sedimentary contaminant proxies and regional socioeconomic indicators in Haizhou Bay. a) 
Downcore profiles of Σ16PAHs and As; b) low-molecular-weight PAHs (LPAHs) plotted alongside total agricultural output (TAO) and 
total energy consumption (TEC); c) high-molecular-weight PAHs (HPAHs) plotted alongside total industrial output (TIO) and port 
throughput (PT); and d) total sterols plotted alongside cultivated land area (CA) and population density (PD). Contaminant concentrations 
are reported in μg g⁻¹, whereas socioeconomic indicators are shown on the right y-axes.
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a more centralized and efficient energy-supply system 
[43]. Together, these shifts imply reduced combustion-
related emissions and lower direct land-based loads 
per unit of economic activity. Sterol-based evidence 
further suggests that improved wastewater-treatment 
performance can substantially reduce fecal-sterol 
discharge to nearby coastal waters [115]. Accordingly, 
the coherent declines of multiple contaminants in 
Haizhou Bay sediments most likely reflect the combined 
effects of cleaner energy use, tighter emission controls, 
and upgraded wastewater management.

Overall, the dated HZ02 archive traces a clear ~150-
year trajectory of pollutant inputs that parallels major 
shifts in energy use and human activities. An early 
agrarian stage was dominated by biomass burning and 
domestic emissions, with PAHs characterized mainly 
by low-ring compounds. With mid-twentieth-century 
industrialization, the energy base shifted toward coal, 
and high-ring PAHs increased sharply, producing  
a distinct industrial-combustion imprint. During 1980-
2000, industrial expansion, rising transport demand, 
and port development jointly amplified the accumulation 
of multiple contaminant classes. Since the early twenty-
first century, contaminant levels have declined overall, 
consistent with energy-system optimization and 
strengthened pollution control. Together, this sequence 
highlights the long-term influence of energy transitions, 
industrialization, and mitigation efforts on the regional 
contaminant regime.

Conclusions

Coastal sediments provide one of the most enduring 
archives of Anthropocene pollution. Using an ~150-year 
sediment sequence constrained by the published ²¹⁰Pbex–
¹³⁷Cs chronology of core HZ02 from Haizhou Bay, 
we applied an integrated, multi-proxy framework to 
quantify the spatiotemporal patterns, source structure, 
and socioeconomic linkages of PAHs, sterols, and 
heavy metals. PAH concentrations decreased seaward, 
whereas sterols were strongly enriched near the Linhong 
River estuary. The dated HZ02 profile indicates that 
low-ring PAHs dominated before 1950, followed by 
episodic increases in high-ring PAHs and sterols during 
the 1950s-1960s and again in the 1980s-1990s. Sterol 
concentrations declined in the early twenty-first century, 
consistent with adjustments in domestic-waste inputs. 
Overall, the results identify energy-system optimization, 
industrial policy shifts, and strengthened pollution 
control as key drivers of improved coastal environmental 
quality. This study provides a scientific basis for 
assessing mixed contamination and Anthropocene 
environmental change in rapidly urbanizing coastal 
regions, and underscores the importance of regulation 
and ecosystem-based management for pollution 
prevention and water-quality protection. Future work 
should integrate water-sediment-biota processes to 
resolve transport pathways and ecological effects, 

thereby supporting region-specific diagnosis and multi-
scale mitigation strategies. 
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