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The coastal area of Pingtan in Fujian Province holds strategic importance in the
development of the Western Taiwan Strait Free Trade Zone, yet the issue of heavy
metal pollution has come to the fore in recent years. This study focuses on the
Pingtan coastal area of Fujian Province, China, employing field surveys, sample
collection, and laboratory analyses integrated with multivariate statistical and
spatial analysis techniques to investigate the interplay of natural and
anthropogenic factors in the sources and distribution of heavy metals. The
results indicate that the concentrations of Cu, Pb, Zn, Cr, Cd, As, and Hg in
surface sediments all comply with the Class | standards of China’'s Marine
Sediment Quality Criteria. Hg exhibits the highest coefficient of variation,
reflecting significant spatial heterogeneity, while the remaining elements
demonstrate moderate CVs and relatively uniform distributions. Compared
with Xiamen, Meizhou, and Xinghua Bays, Pingtan shows lower mean
concentrations for most heavy metals. Spatial distribution patterns reveal
distinct regional heterogeneity in heavy metals, with the formation of high-
and low-concentration zones influenced by both natural and anthropogenic
factors. The geoaccumulation index indicates that Cd exhibits relatively higher
pollution levels, with mild to moderate contamination in some areas, while As
shows slight pollution in two stations. The pollution load index suggests that the
study area remains uncontaminated overall. Ecological risk assessment
demonstrates that, apart from Cd, all other heavy metals pose low ecological
risks. Cd presents moderate to high ecological risk, serving as the primary
contributor to overall risk, followed by Hg, resulting in a moderate
comprehensive ecological risk level for the region. Pearson correlation analysis
reveals significant correlations among certain heavy metals, indicating shared
sources or similar migration and transformation patterns, while other elements
exhibit weak or negative correlations, suggesting divergent origins or
environmental behaviors. Principal component analysis extracts four principal
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components, representing natural sources, anthropogenic sources (primarily
industrial emissions and traffic pollution), mixed sources, and agricultural/
phosphorus fertilizer inputs, respectively. This highlights the complexity of
heavy metal sources and the intricate interactions between natural and
anthropogenic factors in governing their distribution and accumulation patterns.

KEYWORDS

spatial distribution, pollution assessment, source apportionment, ecological risk,

sediment quality

1 Introduction

Coastal zones, as critical interfaces between terrestrial and
marine ecosystems, exhibit highly sensitive and complex
ecological environments (Madadi et al., 2023: Nour and Aljahdali,
2025). The Pingtan coastal area of Fujian Province, characterized by
its unique geographical location and dynamic economic activities,
plays a pivotal role in regional development (Alharbi et al., 2024;
Lin, 2012). However, in recent years, accelerated industrialization,
urbanization, and intensive exploitation of marine resources have
posed increasingly severe environmental challenges to this region,
with heavy metal pollution emerging as a particularly prominent
issue (Liu et al., 2025). Persistent in marine environments, heavy
metals accumulate in biological systems and exhibit significant
toxicity, adversely affecting marine organisms’ physiological
functions and reproductive success (Avvari et al., 2022; Kwon and
Lee, 1998). These contaminants can biomagnify through marine
food webs, eventually posing substantial health risks to human
populations that rely on seafood (Qiu et al., 2019; Nour et al., 2022).

Lithogenic factors dominate the provenance and initial
distribution of heavy metals in coastal ecosystems (Yu et al., 2010).
Pingtan’s specific geochemical environment, characterized by its
unique stratigraphy and weathering profiles, establishes regional
geochemical baselines (Lv et al, 2019). Coastal hydrodynamics
then mediate metal transport, with tidal flushing and current
systems controlling their ultimate marine distribution (Liu et al,
2009). Anthropogenic pressures are now substantially altering these
natural regulatory mechanisms. Industrial wastewater discharge,
agricultural non-point source pollution, transportation, and urban
construction have introduced substantial additional heavy metals into
the environment, profoundly disrupting and even overriding natural
distribution patterns, resulting in anomalous enrichment phenomena
in localized areas (Kwok et al., 2014; Liu et al., 2003).

A comprehensive investigation of the interaction mechanisms
between natural and anthropogenic factors in governing heavy metal
sources and distribution in the Pingtan coastal area holds significant
scientific value. Such research not only facilitates a thorough
understanding of pollution formation processes and precise
identification of contamination sources but also provides a robust
theoretical foundation for developing scientifically sound pollution
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control and ecological remediation strategies. Previous studies on
heavy metal pollution in the Pingtan coastal area have predominantly
focused on single-factor analyses, with relatively limited systematic
research addressing the complex interplay between natural and
anthropogenic factors. This study aims to: 1) quantify the
concentrations and spatial distribution of heavy metals in surface
sediments of the Pingtan coastal area; 2) assess the pollution levels and
ecological risks of heavy metals using geoaccumulation index,
pollution load index, and potential ecological risk index; 3) identify
the interactive effects of natural (geological background,
hydrodynamic processes) and anthropogenic factors (industrial
emissions, agricultural activities) on heavy metal sources and
distribution patterns; 4) apportion the sources of heavy metals
through multivariate statistical analysis (Pearson correlation,
principal component analysis) to inform targeted pollution control
strategies. The study will advance the understanding of heavy metal
pollution in coastal areas, particularly in Pingtan. By integrating
natural and anthropogenic factors, it will reveal the complex
interplay governing heavy metal distribution and address a gap in
previous single-factor studies, offering a model for similar
coastal zones.

2 Materials and methods

2.1 Sample collection and analytical
methods

In November 2021, a total of 22 surface sediment samples were
collected from Pingtan coastal area, Fujian Province (Figure 1).
Surface sediments were collected using a grab sampler, and the
upper 0-5 cm layer of sediment was carefully scooped and placed
into clean polyethylene bags, which were then frozen for subsequent
laboratory analysis. Prior to testing, the samples underwent
pretreatment, which involved thawing, drying in an oven at 60°C,
and grinding. The samples were then passed through a 200-mesh
standard sieve. After digestion with a mixture of HNO5-HCIO,-
HCI, the concentrations of Cu, Pb, and Zn were determined using
an X-ray fluorescence spectrometer (Model Axios PW4400). The
concentrations of Cr and Cd were measured using an inductively
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FIGURE 1

TWC, Taiwan warm current.

Locations of the surface sediment samples and the regional circulation pattern based on Xu et al. (2023). ZMCC, Zhe-Min coastal current in winter;
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coupled plasma mass spectrometer (Model Thermo X Series 2),
while Hg and As were analyzed using a dual-channel atomic
fluorescence spectrophotometer (Model AFS-920). The quality of
sample processing and analysis was controlled using blank reagents,
duplicate samples, and certified reference materials. The accuracy of
the analysis was verified by employing the Offshore Marine
Sediment Composition Analysis Standard Reference Material
(GBWO07314), following the same procedures as those applied to
the samples. The recovery rates for all elements ranged between
90% and 110%, ensuring the reliability and consistency of the
measurements. To assess the reproducibility of heavy metal
concentrations, 10% of the samples were analyzed in triplicate.
The standard deviation of the heavy metal concentrations in the
parallel samples was less than 8%, and the recovery rate deviation
for heavy metal concentrations was less than 9%.

2.2 Analytical assessment method

This study employed a comprehensive approach to evaluate
heavy metal pollution hazards and trace their sources,
incorporating geochemical indices (Igo PLI RI) combined with
multivariate statistical techniques (PCC and PCA).

The Iy, was determined using the following formula (Equation

1):

Igeo = logz(C,/(IS X Bz)) (1)
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Here, C; represents the heavy metal concentration in sediments,
and Bi denotes the background values of the elemental baseline in
the soil of the Fujian, China (Chen et al., 1992). The I, scale ranges
from uncontaminated (I, < 0) to severely contaminated (Ig., > 5),
as defined by Muller (1981).

The PLI, developed by Tomlinson et al. (1980), evaluates the
cumulative pollution status of multiple heavy metals. It is calculated
as (Equation 2 and 3):

CF,' = Ci/CO (2)

PLI = {/CF, x CF, x --- xCF, (3)

where CF; is the contamination factor for the ith heavy metal, C;
is the measured concentration, and C, is the geochemical
background value. A PLI< 1 indicates no pollution, while PLI > 1
signifies pollution (Chakravarty and Patgiri, 2009).

The RI assesses ecological risks by considering metal toxicity
and background concentrations (Hakanson, 1980). It is calculated
as (Equation 4):

G =G/Cn E=T;xC, RI=ZE @

Here, the contamination factor (C) for the it heavy metal is
calculated as the ratio of its measured concentration (C}) to its
geochemical background value (C;). The toxic response factor
varies by metal, with assigned values as follows: Zn (1), Cr (2),
Cu (5), Pb (5), As (10), Cd (30), and Hg (40) (Hakanson, 1980). The
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potential ecological risk index (RI) integrates the individual risks of
multiple metals.

The ecological risk level for a single metal (E.) is classified into
five categories: low (<40), moderate (40-79), considerable (80-159),
high (160-319), and very high (>320). Similarly, the RI is
categorized into four risk levels: low (RI< 105), moderate (105 <
RI< 210), significant (210 < RI< 420), and very high (RI > 420) (Xu
et al., 2021).

3 Results and discussion

3.1 Heavy metal contents in surface
sediments

The concentrations of Cu, Pb, Zn, Cr, Cd, As, and Hg in surface
sediments from Pingtan coastal area exhibited ranges of 7-24.4, 11.9-
24.4, 28.1-64, 12-22.1, 0.066-0.287, 3.4-8.9, and 0.007-0.092 ug/g,
respectively, with corresponding mean values of 15.71, 18.18, 45.86,
16.83, 0.15, 6.37, and 0.06 pg/g (Table 1). All measured heavy metal
concentrations in the sediments were found to comply with the first-
class standards of the Chinese Marine Sediment Quality Criteria (GB
18668-2002; AQSIQ, 2002). The coefficient of variation (CV) was
employed to assess the extent of anthropogenic influence on heavy
metal distribution. Among the seven elements analyzed, the CV values
followed the order: Hg > Cd > Cu > As > Zn > Cr > Pb (Table 1).
Notably, the CV value of Hg was 43.44%, exceeding the threshold of
35%, which indicated significant spatial variability. This suggests that
Hg was subject to substantial external inputs, leading to pronounced
fluctuations and high data dispersion. In contrast, all of the remaining
elements displayed moderate to low variability, with CV values
between 17.41% and 34.65%, reflecting relatively uniform
distributions across most sampling sites.

Regional comparison of heavy metal concentrations revealed
significant spatial heterogeneity, with Pingtan exhibiting distinct
geochemical signatures. The coastal sediments contained
substantially lower mean levels of Cu, Pb, Zn, Cr, and As
compared to Xiamen Bay (Liu et al., 2025), with only Cd and Hg
showing comparable concentrations. Relative to Meizhou Bay,
Pingtan displayed reduced Cu, Pb, and As concentrations, while
Zn and Cr showed even greater depletion (Lv et al, 2019).
Interestingly, while Pb and As levels were lower than those in
Fuqing Bay, Cd concentrations were slightly higher in Pingtan’s
coastal sediments (Lin, 2012). A more substantial disparity was
observed when comparing Pingtan with Quanzhou Bay, where all
measured heavy metals, except As, displayed markedly lower
concentrations (Li et al., 2010). Furthermore, Pingtan’s sediment
showed reduced Pb, Zn, Cr, and As levels relative to Xinghua Bay,
while Cu and Hg concentrations remained comparable (Li et al.,
2008). Internationally, the heavy metal concentrations in Pingtan
were significantly lower than those documented for the Van Don-
Tra Co coastal region (Vietnam), particularly for Zn, Cr, Cd, and As
(Nhu et al., 2024). Conversely, Pingtan exhibited higher Cu, Pb, Zn,
Cr, and As levels than those recorded in Mallorca Island (Spain),
though Cd and Hg concentrations were comparatively diminished
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(Ardila et al., 2023). Lower heavy metal concentrations in Pingtan
compared to international regions can be attributed to geological
differences, regulatory measures, natural dilution, and reduced
industrial intensity. Mallorca’s sediments may derive from metal-
poor bedrocks, while Vietnam’s coastal areas experience higher
weathering of metal-rich rocks and untreated industrial discharges.
Pingtan’s industrialization and urbanization are less intensive than
in heavily developed regions, limiting anthropogenic inputs from
untreated wastewater or atmospheric deposition.

3.2 Spatial distribution of heavy metals

Figure 2 displays the distribution characteristics of seven heavy
metal elements (Cu, Pb, Zn, Cr, Cd, As, and Hg) in the coastal
waters near Pingtan, Fujian. Pb and Cr shows similar distribution
with the high concentrations appeared in the southeastern of the
study area and the coastal area near Chengle City. The high
concentrations of Cu, Zn, Cd, and Hg are found in the middle of
the study area, which maybe attributed to sediment type, with finer-
grained sediments exhibiting stronger adsorption capacity for heavy
metals and consequently higher concentrations. The distribution of
As is characterized by irregularity and the presence of
sporadic occurrences.

3.3 Assessment of heavy metals pollution
in sediments

The Teeo values for Cu, Pb, Zn, Cr, Cd, As, and Hg in the
sediments in Pingtan coastal area ranged from -2.21 to -0.41, -2.14
to -1.1, -2.14 to -0.95, -2.37 to -1.49, -0.3 to 1.83, -1.35 to 0.04, and
-4.12 to -0.4, respectively, with mean values of -1.10, -1.55, -1.48,
-1.91,0.77, -0.49, and -1.24, respectively (Table 2). The mean degree
of contamination was highest for Cd, followed by As, Cu, Hg, Zn,
Pb, and Cr. The I, values of Cd and As were greater than zero in
86.4%, and 9.1% of the samples, respectively (Figure 3). Almost the
whole study area were slightly to moderately contaminated (0-2) by
Cd (Muller, 1981).

The PLI values for twenty-two stations in the surface sediments
ranged from 0.003 to 0.19, with an average values of 0.03 (Table 2).
The spatial distribution of PLI values was shown in Figure 4. The
PLI values in the study area were less than 1, indicating that there
was no pollution on the whole.

The individual potential ecological risk coefficients for heavy
metals in sediments were ranked in the following order: Cd > Hg >
As > Cu > Pb > Cr > Zn (Table 2). With the exception of Cd, the
mean E. values for the remaining heavy metals were all below 40,
suggesting a low level of ecological risk (Table 2). However, Cd
exhibited a notably higher E! range of 36.67-159.44, indicating a
moderate to considerable ecological risk (Tam and Wong, 2000).
The comprehensive potential ecological risk index (RI) across the
study area ranged from 102.61 to 222.24, with an average value of
128.74 (Table 3), reflecting an overall moderate ecological risk.
Notably, only one station in the central of the study area
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TABLE 1 Contents of heavy metals in the sediments in Pingtan coastal area and other areas (unit: pg/g).

Heavy metals Cu Pb Zn Cr Cd As Hg Reference
Range 7-24.4 11.9-24.4 28.1-64 12-22.1 0.066-0.287 3.4-89 0.007-0.092
Average 15.71 18.18 45.86 16.83 0.15 6.37 0.06 This study
Variation coefficient/% 26.9 17.41 23.38 19.96 34.65 24.96 43.44
Xiamen Bay 20.36 37.51 84.25 49.06 0.13 7.36 0.065 Liu et al., 2025
Meizhou Bay 14.8 23.72 77.14 73.04 0.1 11.09 0.03 Lv et al,, 2019
Fuqing Bay 17.4 31.7 na na 0.058 8.9 0.079 Lin, 2012
Quanzhou Bay 30.86 50.3 111.6 47.66 0.399 5.29 na Li et al., 2010
Xinghua Bay 20 33 90 73 0.11 8.9 0.063 Li et al., 2008
Van Don-Tra Co coast, Vietanm 55.3 21.8 165.3 133.8 3.9 98 na Nhu et al., 2024
Mallorca Island, Spain 1.16 10.1 8.87 8.77 0.5 4.98 0.1 Ardila et al., 2023
MSQ-1 35 60 150 80 0.5 20 0.2 AQSIQ, 2002

MSQ-1 is the first-class standards of the Chinese Marine Sediment Quality Criteria (GB 18668-2002).

demonstrated significant ecological risk, with RI value ranging from
210 to 420 (Figure 4). Further analysis of the contributions of
individual heavy metals to the overall RI revealed that Cd and Hg
were the predominant contributor, accounting for 62.12% and
23.56% of the total risk (Table 2). This highlights that Cd and Hg
pollution were the primary driver of ecological risk in the study area
(Di Bella et al., 2024). Despite their relatively low concentration
among the seven analyzed elements, Cd’s and Hg’s high biological
toxicity significantly amplifies their ecological impact, underscoring
their disproportionate influence on the overall risk assessment.

3.4 Interplay of natural and anthropogenic
factors in source of heavy metals

The geology of the Pingtan coastal area is critical for identifying
natural heavy metal sources due to unique rock types and soil
parent materials (e.g., weathered igneous or sedimentary rocks)
establish the natural background levels of elements, tidal currents
(Zhe-Min Coastal Current, Taiwan Warm Current) and sediment
transport patterns distribute naturally derived metals and geological
structures affect metal speciation and mobility, such as pH and
redox conditions in sediments influencing the release or fixation of
naturally occurring metals.

Table 3 showed the Pearson correlation coefficients among the
concentrations of heavy metals in the sediments. It can be seen that
Cr and Pb exhibited a significant positive correlation (r = 0.823, p<
0.01), indicating that these two heavy metal elements share similar
sources or exhibit comparable migration and transformation
patterns in the study area. This relationship may arise from
common influencing factors, such as shared geological origins or
analogous geochemical processes during sedimentation (Hoai et al.,
2020). Statistical analysis revealed a strong positive correlation
between Cu and As (r=0.639, p<0.01), indicative of their co-
occurrence patterns. This relationship likely stems from their
similar ionic radii and electronegativity, promoting parallel
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transport and accumulation dynamics. Conversely, Zn, Cd and
Hg exhibited minimal correlation with other elements, potentially
reflecting: (1) discrete input sources or (2) differential responses to
sedimentological controls (e.g., organic matter affinity, grain size
effects). Particularly noteworthy was the inverse relationship
between Zn-Pb (r=-0.141) and Cd-Hg (r=-0.403), suggesting
fundamentally different biogeochemical cycling. For Zn-Pb, this
may reflect contrasting source contributions (e.g., industrial vs.
natural Pb inputs), while for Cd-Hg, differences in redox sensitivity
and organic complexation likely drive their divergent behavior
(Zhang et al., 2013). These patterns highlight the multifaceted
controls on metal distributions in coastal sediments.

The distribution of heavy metals in sediments is influenced by
both natural and anthropogenic factors, with natural factors
establishing the baseline and anthropogenic factors exacerbating
variations (D1 Bella et al., 2024). Natural factors include geological
background, riverine input, ocean circulation, and hydrodynamic
conditions. Regional geological structures and rock types influence
the baseline concentrations of heavy metals. In the northwestern
part of the study area, rivers discharge substantial terrestrial
materials, including industrial effluents, domestic sewage, and
agricultural non-point source pollutants containing heavy metals.
Near the river estuaries, the flow velocity decreases abruptly,
causing heavy metals to settle with suspended sediments. This
results in high-concentration zones of Cu, Pb, Zn, and Cd in the
coastal waters near Changle City. For instance, untreated industrial
wastewater containing copper and lead discharged into rivers will
ultimately accumulate and deposit in estuarine areas.

Ocean circulation and hydrodynamic conditions significantly
affect the transport and diffusion of heavy metals. The waters
around Pingtan Island, influenced by Zhe-Min Coastal Current
(ZMCC), exhibit strong hydrodynamic activity and frequent
seawater exchange, which dilutes heavy metal concentrations,
making this area a low-concentration zone. In contrast, regions
with relatively weak currents and limited water exchange, such as
the eastern coastal area of Changle City, facilitate the accumulation
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Spatial distributions of Cu, Pb, Zn, Cr, Cd, As, and Hg in the sediments.
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of heavy metals, forming high-concentration zones for elements
like Hg.

Coastal industrial activities, urbanization, and marine
operations contribute to heavy metal release into the marine
environment (Ramadan et al., 2021). As an urbanized and
industrialized region, Changle City generates substantial heavy
metal pollutants from various anthropogenic activities. These
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pollutants enter the ocean through surface runoff and
atmospheric deposition, leading to elevated concentrations of
multiple heavy metals in adjacent coastal waters. Additionally,
maritime activities such as shipping and aquaculture also
contribute to localized heavy metal accumulation.

To identify the potential sources of heavy metals in the
environment, PCA was performed using SPSS software. Four
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TABLE 2 Background value, /geo, Ei, RI, and PLI values of heavy metals in surface sediments.

Parameters Cu Pb Zn Cr Cd As Hg
Musckgrouna*(1g/8) 216 34.9 827 413 0.054 5.78 0.081
Leeo Range -2.21 to -0.41 -2.14 to -1.1 -2.14 to -0.95 -2.37 to -1.49 -0.3-1.83 -1.35-0.04 -4.12 to -0.4

Average -1.10 -1.55 -1.48 -1.91 0.77 -0.49 -1.24
E‘r Range 1.62-5.65 1.7-3.5 0.34-0.77 0.58-1.07 36.67-159.44 5.88-15.4 3.46-45.43
Average 3.64 2.60 0.55 0.81 80.83 11.03 30.66
RI (average) 102.61-222.24 (128.74)
Contributions
to RI 2.79% 2.00% 0.43% 0.63% 62.12% 8.47% 23.56%
PLI (average) 0.003-0.19 (0.03)

“Background values of heavy metals are the elemental baseline in the soil of the Fujian, China (Chen et al., 1992).

principal components with eigenvalues exceeding 1 were extracted,  (Zhang et al,, 2015). The PC2 grouping (explaining 27.24% variance)
collectively explaining 93.44% of the total variance (Table 4). These  suggests shared environmental behaviors potentially influenced by: (1)
components capture the majority of the variability in the original  industrial discharge patterns from local electroplating facilities, or (2)
dataset, providing a robust representation of the underlying data  vehicular emission deposition. Notably, Hg and Cd exhibited unique
structure (Waykar and Petare, 2016). loading patterns (PC3: Hg=0.83; PC4: Cd=0.78), indicating
Principal component 1 (PC1), accounting for 31.22% of the total ~ independent environmental controls. Hg’s strong PC3 loading may
variance (Figure 5), exhibited strong loadings for Cu (0.63), Zn (0.60),  reflect atmospheric transport from coal combustion or waste
and As (0.77), suggesting a common origin for these elements. The I,  incineration, while Cd’s PC4 dominance likely stems from
of Cu, Zn, and As were all below zero (Table 2), implying negligible  agricultural inputs - particularly phosphorus fertilizer application
anthropogenic contamination (Muller, 1981). Consequently, PC1 ~ (Zhou et al., 2022). This component segregation implies three
likely reflects a geogenic origin, with these metals predominantly — dominant source regimes: industrial (PC2), atmospheric (PC3), and
sourced from natural rock weathering and erosional processes. Pb and ~ agronomic (PC4), necessitating targeted mitigation approaches
Cr exhibited high positive loadings on PC2 (0.80 and 0.74,  (Huang et al, 2020).
respectively), while Cu also showed a relatively high positive loading Effective management of Cd and Hg contamination in Pingtan
(0.66) on the same component. The PCA results reveal distinct requires an integrated approach combining regulatory,
compositional differences between PC2 and PC1 metal assemblages  technological, and monitoring interventions. Key measures should

Geoaccumulation index
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FIGURE 3
The Igeo Of Cu, Pb, Zn, Cr, Cd, As, and Hg in the sediments in the study area.
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TABLE 3 Pearson'’s correlation matrix for seven heavy metals.

10.3389/fmars.2025.1624141

Pb Cr cd Hg
Cu 1
Pb 0.296 1
Zn 0.294 -0.141 1
Cr 0.066 .823%% -0.384 1
Cd 0.315 -0.131 0.264 -0.052 1
As .639% -0.116 0.373 -0.260 -0.040 1
Hg -0.261 0.211 0.332 -0.015 -0.403 -0.335 1

**Correlation is significant at the 0.01 level (two-tailed).

include: (1) Agricultural sector reforms through phosphorus
fertilizer use optimization to reduce Cd inputs; (2) Industrial
emission controls targeting Hg sources, particularly from coal
combustion and waste incineration; (3) Enhanced enforcement of
GB 18668-2002 standards with region-specific Cd/Hg thresholds
reflecting local biogeochemical conditions; (4) Deployment of
hyperaccumulator species (e.g., Sedum alfredii) for cost-effective
Cd phytoremediation; and (5) Establishment of a comprehensive
coastal monitoring network focusing on the Min River estuary’s
sediment-water interface.

4 Conclusion

The concentrations of Cu, Pb, Zn, Cr, Cd, As, and Hg in surface
sediments from the coastal area of Pingtan all comply with China’s
Marine Sediment Quality Grade I standards. Hg exhibits the highest
CV, indicating significant spatial variability, while the remaining
elements show moderate CVs and relatively uniform distribution.
Compared with other regions, the average concentrations of most
heavy metals in Pingtan’s coastal area are lower. The spatial
distribution of heavy metals displays distinct regional heterogeneity,
with the formation of high- and low-concentration zones influenced by
both natural and anthropogenic factors. The I, suggests that Cd

TABLE 4 Extracted four principal component in surface sediments.

exhibits relatively higher pollution levels, with some areas
experiencing mild to moderate contamination, while As shows slight
pollution in a few samples. The PLI indicates that the study area remains
uncontaminated overall. Potential ecological risk assessment results
reveal that, apart from Cd, all other heavy metals pose low ecological
risks. Cd demonstrates moderate to high ecological risk, serving as the
primary contributor to ecological risk in the study area, followed by Hg.
The overall ecological risk level of the study area is moderate. Pearson
correlation coefficient analysis reveals significant correlations among
certain heavy metals, reflecting shared sources or similar migration and
transformation patterns, while other elements exhibit weak or negative
correlations, indicating divergent sources or environmental behaviors.
PCA extracts four principal components, representing natural sources,
anthropogenic sources (primarily industrial emissions and traffic
pollution), mixed sources, and agricultural/phosphorus fertilizer
inputs, respectively. This highlights the complexity of heavy metal
sources and the intricate interplay of natural and anthropogenic
factors in their distribution and accumulation patterns. Targeted
management strategies should be implemented for heavy metals from
different sources to mitigate environmental risks and promote ecological
conservation and sustainable development in the coastal area of Pingtan.

The study design and data collection entail several limitations.
First, the sampling framework with only 22 sites may overlook
micro-scale spatial heterogeneity. Second, the absence of data on

Parameter PC1 PC2 PC3 PC4
Cu 0.63 0.66 0.17 -0.09
Pb -0.43 0.80 0.36 -0.01
Zn 0.60 -0.11 0.64 0.37
Cr -0.59 0.74 -0.01 0.01
Cd 0.39 0.34 -0.34 0.78
As 0.77 0.24 0.15 -0.52
Hg -0.39 -0.30 0.83 0.15
Eigenvalues 2.19 191 1.40 1.05
Percentage of variances 31.22 27.24 20.00 14.98
Cumulative % eigenvectors 31.22 58.46 78.46 93.44
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FIGURE 4
Distributions of PL/ and Rl in the sediment.
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FIGURE 5
Principal component loading diagram for heavy metals in the
surface sediments.

metal bioavailability (e.g., dissolved versus particulate fractions)
restricts the precision of risk assessment. Third, dependence on soil
data from Fujian Province (Chen et al., 1992) may inadequately
characterize baseline conditions in marine sediments. Future
research should incorporate multi-seasonal sampling, higher-
resolution spatial sampling, and metal speciation analyses to
address these gaps.
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