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Abstract: Fifty-one surface sediment samples from Dongshan Bay, China, were analyzed for heavy
metals to evaluate their distribution, pollution status, and controlling factors. The enrichment factor
is suggestive of the potential pollution status, ranging from minimal to moderate enrichment, for
Pb, As, Zn, and Hg, with one site showing significant enrichment in As. A principal component
analysis and the geochemical characteristics indicate that heavy metal concentrations are mainly
influenced by clay minerals and Fe oxides, while Pb and Hg levels are also closely linked to the
absorption of Mn oxides. Potential pollution is primarily from aquaculture (Cd, Zn, Cu, Pb) and
industrial and domestic discharges. Approximately 270 tons of heavy metals were estimated to have
been deposited in Dongshan Bay in 2021, highlighting the potential impact of human activities on
coastal sediment quality.

Keywords: heavy metals; distribution pattern; risk evaluation; source identification

1. Introduction

Heavy metal contamination, known for its persistence, potent bioaccumulation, and
diverse sources, has garnered significant worldwide attention due to its ecological and
environmental impacts [1–9]. These impacts are primarily summarized into two aspects:
First, heavy metal elements readily traverse biological membranes and accumulate in the
food chain, with accumulation coefficients reaching 104, thereby posing potential risks to
the human central nervous system and certain organs [4,6]. These environmental hazards
are epitomized by the Minamata disease incident (related to high concentrations of Hg
and MeHg) in the 1950s in Japan [10] and the cadmium pollution events through rice
consumption [11,12]. Second, some heavy metals, such as mercury (Hg) and lead (Pb), are
globally transported, with their ability to infiltrate environmentally sensitive areas such as
bays, lakes, reservoirs, marshes, and estuaries via atmospheric and riverine transportation
and deposition [13]. Typical cases include the excessive presence of Pb in lake waters
during the Flint Water Crisis in the USA [14] and the identification of the ‘Arctic mercury
snow belt’ [15]. Furthermore, the behaviors of heavy metal elements in estuaries or bays
have consistently been a critical aspect of the global metal element cycle, playing a pivotal
role in studies of the “source to sink” and land–ocean interactions.

Estuary or bay sediments act as the sink where rivers flow into the sea [16]. Compared
to water bodies, sediments have higher concentrations of heavy metals, which can be readily
released back into the water, causing secondary pollution, especially during changes in the
seabed environment [6,7]. Bays, crucial for human economic activities, are characterized by
their semi-enclosed hydrodynamic environment due to being surrounded by land, leading
to the easy accumulation of heavy metals along the coast from human activities [17–22].
With the advancement of economic development, urbanization, and population growth,
a significant amount of pollutants from industrial and agricultural production, as well as
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human activities, were discharged into rivers and subsequently accumulate in estuaries or
bays [23–25]. Therefore, conducting research on the content, existing forms, and distribution
characteristics of heavy metals in bay sediments can reflect the current status of heavy
metal enrichment under the influence of human activities in bays and reveal the impact of
watershed human activities on the bay environment.

Dongshan Bay, located in the Southeast of China, is substantially impacted by aqua-
cultural practices. This study aims to elucidate the distribution patterns and determinants
of heavy metal concentrations within the seabed sediments of Dongshan Bay, with the
objective of evaluating the sediment quality. To assess the impacts of recent anthropogenic
activities, including the discharge of industrial and domestic wastewater, aquaculture prac-
tices, and marine pollution from shipping, surface sediments were sampled from Dongshan
Bay in 2021. The analyses conducted on these sediments encompassed the determination
of concentrations of major and trace elements, organic carbon, total carbon, and grain
size. This investigation offers a comprehensive assessment of the environmental condition
of Dongshan Bay, laying the groundwork for the formulation of effective conservation
strategies and the sustainable utilization of its marine ecosystems.

2. Materials and Methods
2.1. Samples

Dongshan Bay (23◦40′ N, 117◦25′ E, Figure 1), located in the southeastern part of Fujian
province, is a typical subtropical, tide-dominated semi-enclosed bay and is representative
of bays along Southeast China’s coast affected by human activities [21]. The bay covers a
total area of 275.6 km2, making it one of the three major bases for aquaculture production
in Fujian province. The bay extends inland in an irregular pear shape, with the Zhangjiang
River flowing into its northeastern part and the Bachimen strait connecting it to Zhao’an
Bay on the west. The bay’s mouth opens southward to the East China Sea. The sediments
in Dongshan Bay consist of mud, sandy mud, silt, sandy silt, and silty sand. Mud and
sandy mud are mainly found in the northeastern part of the bay near the Zhangjiang
River channel and the Bachimen strait. Silty sand is predominantly located at the junction
between the bay and the East China Sea. Silt is chiefly distributed in nearshore areas, while
sandy silt is mainly found in the central and southern parts of the bay (Figure 1).

A total of 51 sampling stations were established across Dongshan Bay for the collection
of surface sediments in November 2021 (the sampling stations illustrated in Figure 1). The
arrangement of these stations comprehensively covers most of the bay, including the
Zhangjiang river channels and the Bachimen strait, representing one of the most systematic
marine surveys to date. Surface sediments (0 to 5 cm) were collected using a gravity box
corer, which had an opening area of approximately 50 × 50 cm and achieved a penetration
depth of 60 cm. Samples designated for geochemical composition analysis, as well as for the
identification of grain size, detritus, and clay content, were transferred into sealed plastic
bags and stored in aluminum boxes, and subsequently preserved at 4 ◦C in a refrigerator.
These collected samples were subjected to freeze-drying for a duration exceeding 48 h and
then ground to a fineness of 200 mesh in preparation for elemental analyses.

2.2. Major and Trace Elements Analyses

The analyses of major and trace elements in surface sediment samples were completed
at the Sanming Laboratory of the Fujian Institute of Geological Survey. An accurate weight
of 0.7000 g of the sample was taken, then melted with anhydrous sodium tetraborate,
using ammonium nitrate as an oxidant, lithium fluoride, and a small amount of lithium
bromide as fluxing and mold releasing agents, at a temperature of 1150 ◦C on a fusion
machine to form glass beads. Subsequently, the contents of SiO2, Al2O3, TFe2O3, TiO2,
K2O, Na2O, CaO, MgO, MnO, and P2O5 were determined using the Axios max X-ray
fluorescence spectrometer (Malvern Panalytical Ltd., Almelo, The Netherlands), based on
the fluorescence intensity. Based on the sediment and rocks standards, the errors in the
measurement of the major elements were found to be less than 5%.
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Figure 1. Sediment type and sample stations of Dongshan Bay, Southeast China. The brown area 
represents the land. 
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Figure 1. Sediment type and sample stations of Dongshan Bay, Southeast China. The brown area
represents the land.

For trace element analyses, a 50 mg sample was weighed into a PTFE sealed digestion
vessel. Then, 1 mL of concentrated HNO3 and 3 mL of concentrated HF were added,
and the mixture was heated on a hot plate at 160 ◦C for 48 h. Subsequently, 0.2 mL
concentrated HClO4, 2 mL of HCl, and 2 mL of HNO3 were added to ensure complete
sample dissolution. After evaporation to dryness, the dissolved sample, along with 0.5 mL
of rhodium internal standard solution, was volumed in a 50 mL volumetric flask using
3% HNO3. These solutions were then analyzed using iCAP Q ICP-MS (Thermo Fisher
Scientific Inc., Waltham, MA, USA) for trace elements concentrations. For As and Hg,
freeze-dried sample (about 0.2 to 1 g) were dissolved with aqua regia in a water bath (about
100 ◦C). The extract supernatant underwent a mixture of iron salts and thiourea for the
determination of As using AFS-9700 atomic fluorescence spectroscopy (Beijing Haiguang
Instrument Co., Ltd., Beijing, China). Another aliquot was used for the determination of
Hg using cold-vapor atomic fluorescence spectroscopy (Beijing Haiguang Instrument Co.,
Ltd., Beijing, China). According to the relevant sediments and rocks reference standards,
the errors in the trace elements were found to be less than 10%.

2.3. Oragnic Carbon, Total Carbon, and Loss on Ignition

In a concentrated sulfuric acid medium, a certain amount of potassium dichromate is
added, and the organic carbon in the sample is oxidized to carbon dioxide under heating
conditions. The excess potassium dichromate is titrated back with a standard solution of
ferrous sulfate. The content of organic carbon is calculated based on the consumption of
potassium dichromate.
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The total carbon was analyzed using the HCS-801 high frequency infrared carbon and
sulfur analyzer (Sichuan Science Instrument Co., Ltd., Sichuan, China). Principally, the
samples were heated and combusted in the oxygen stream of a high-frequency induction
furnace, generating carbon dioxide, which is carried by oxygen to the detection chamber
of an infrared analyzer. Carbon dioxide absorbs infrared energy at a specific wavelength,
and its absorption energy is directly proportional to the concentration of carbon. The total
carbon content was measured based on the change in energy received by the detector.

For the loss on ignition, a 1 g sample was weighted into a porcelain crucible, and
heated in a furnace to 1000 ◦C in 1.5 h. Based on the weight changes, we calculate the
content of loss on ignition [26].

2.4. Grain Size Analysis

The sample was mixed with 0.5 mol/L sodium hexametaphosphate and water, soaking
the sample for 24 h to ensure full dispersion. The soaked sample was then transferred into
the laser sample cell, subjected to ultrasonic vibration and high-speed stirring to achieve
full dispersion again, and subsequently, the particle size was measured using a Malvern
MS2000 laser particle size analyzer (Malvern Instrument Ltd., Malvern, UK).

2.5. Statistical Analysis

The distribution of elements, and enrichment factors in the surface sediments of the
study area was analyzed using the geostatistical analysis module of ArcGIS 10.8, with
ordinary kriging employed for interpolation. Prior to interpolation analysis, spatial data
analysis tools, including histograms, were used to analyze and process the data to conform
to a normal distribution. A principal component analysis of the samples from the study
area was conducted using SPSS 22.0. The correlation relationships of different parameters
were also produced SPSS 22.0.

3. Results
3.1. Concentrations and Distribution Patterns of Heavy Metals in Surface Sediments

Some major element concentrations (Al2O3, Fe2O3, MnO, SiO2, TOC and P2O5) ob-
served in the surface sediment from Dongshan Bay are listed in the Supplementary Table S1.
The concentrations of Al2O3, Fe2O3, MnO, SiO2, TOC, and P2O5 in sediments range from
3.73 to 18.70 wt. % (with an average value of 13.34 wt. %), 1.04 to 6.12 wt. % (with an
average value of 4.45 wt. %), 0.03 to 0.12 wt. % (with an average value of 0.08 wt. %), 45.68
to 84.13 wt. % (with an average value of 63.68 wt. %), 0.12 to 1.01 wt. % (with an average
value of 0.57 wt. %), 0.02 to 0.21 wt. % (with an average value of 0.11 wt. %), respectively.

The total heavy metal concentrations (Cu, Co, Ni, Pb, Zn, Cr, Cd, As, and Hg) observed
in the surface sediment from Dongshan Bay were listed in the Supplementary Table S1.
The concentrations of Cu, Co, Ni, Pb, Zn, Cr, Cd, As, and Hg in sediments range from
3.05 to 26.70 mg/kg (enveloping an average value of 14.78 mg/kg), 2.5 to 16.8 mg/kg
(enveloping an average value of 11.23 mg/kg), 3.2 to 40.1 mg/kg (enveloping an average
value of 23.76 mg/kg), 20.30 to 68.00 mg/kg (enveloping an average value of 36.78 mg/kg),
20.60 to 155.00 mg/kg (enveloping an average value of 91.45 mg/kg), 8.65 to 92.90 mg/kg
(enveloping an average value of 54.35 mg/kg), 0.007 to 0.220 mg/kg (enveloping an average
value of 0.066 mg/kg), 3.65 to 19.60 mg/kg (enveloping an average value of 8.03 mg/kg),
0.019 to 0.077 mg/kg (enveloping an average value of 0.043 mg/kg), respectively. These
new heavy metals data in the surface sediments of Dongshan Bay fall within the range
of the data reported previously from the East China Sea [27–29], Yellow sea [30], Laizhou
bay [31], Bohai bay [32], Liaodong bay [33], and Beibu bay [34]. More broadly, these data
also approximate those reported from sediments derived from the Malaysian coast [35], the
coast of the Gulf of Mexico [36], and the Arctic Ocean [37], but they are significant lower
than those reported from highly contaminated sediments derived from the Iskar River of
NW Bulgaria [38] and the Fal estuary system from southwest England [39] (More details in
Table 1).
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Table 1. Heavy metal data from Dongshan Bay and other regions.

Study Area As Cu Cd Cr Co Ni Pb Zn Hg References

Dongshan Bay, China 8.03 14.78 0.07 54.35 11.23 23.76 36.78 91.45 0.04 this study
Port Klang, Malaysia 475.26 118.34 0.81 388.84 25.21 74.56 128.98 492.39 ND [35]

southern Gulf of Mexico <14.30 20.80–40.70 ND 35.80–186.70 ND 11.10–139.30 5.40–26.20 37.60–119.70 ND [36]

Arctic Ocean Basin 0.08
(0.01–0.34)

4.87
(2.01–9.48)

0.05
(0.01–0.19)

20.13
(11.22–35.32)

15.48
(9.48–20.90)

13.59
(6.00–22.91)

8.72
(3.15–19.75)

8.16
(2.23–18.05) ND [37]

Iskar River, Bulgaria 6.00–45.50 36.00–235.00 0.20–5.00 ND ND ND 27.00–300.00 158.00–575.00 0.03–1.90 [38]
Fal estuary system,

England ND 2532 2.75 38.7 21.9 30 209 3814 ND [39]

Beibu Bay, China 9.53
(2.40–23.09)

58.26
(29.75–145.70)

0.16
(0.03–0.28)

53.65
(6.28–83.92) ND ND 27.99

(7.12–29.33)
67.28

(4.55–112.54)
0.06

(0.01–0.16) [34]

Yellow Sea, China ND 15.10
(5.93–25.70)

0.513
(0–8.21) ND 8.24

(4.11–13.00)
18.60

(8.43–31.1)
12.30

(4.80–21.90)
47.30

(21.90–96.20) ND [30]

Bohai Sea, China 1.04 4.87 0.19 1.81 ND ND 20.5 183 ND [32]

Laizhou Bay, China ND 114.00
(0.38–2755.00)

0.49
(0.08–6.26)

3.52
(0.66–16.20) ND 8.55

(1.32–59.00)
1.51

(0.94–3.28)
113

(0.40–2076) ND [31]

Liaodong Bay, China 5.03–30.98 4.76–20.16 0.18–0.62 ND ND ND 7.50–26.68 ND 0.04–0.22 [33]

East China Sea, China 7.74
(2.37–20.5) 23.7 0.2 71.4 13.1 30.8 24.6 83.8 22.63

(2.69–78.11) [27–29]

Note: ND means not mentioned.
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The distribution of major elements such as Al2O3, Fe2O3, MnO, TOC, and P2O5 as
well as heavy metals such as Cu, Zn, Co, Ni, Cr, As, and Hg in the surface sediments
of Dongshan Bay exhibits a similar pattern (Figures 2a–c,e–f and 3a,c–f,h,i). Generally,
these metals show lower concentrations in the river channel of Zhangjiang, along the
western and eastern coasts of the bay, while higher concentrations are observed in the
northeast coast of the bay, the Bachimen Strait, and the nearby coastal areas. Overall, there
is a trend of decreasing concentrations from the shore towards the sea. On the contrary,
SiO2 shows an absolutely opposite tendency to these elements (Figure 2d). Additionally,
high concentrations of mercury are observed along the southern coast of Dongshan Bay.
However, unlike the distribution of Al2O3, Fe2O3, MnO, TOC, and P2O5, Cu, Zn, Co, Ni,
and Cr, high concentrations of cadmium and lead are also found in the Zhangjiang river
channel (Figure 3b,g). In summary, the data suggest that although river input dominates
the heavy metal content in the surface sediments of Dongshan Bay, localized areas exhibit
elevated concentrations of certain metals, including Zn, Pb, and As, likely attributable to
specific human activities in those regions.
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3.2. Principal Component Analysis

To further investigate the controlling factors of heavy metal element distribution in
sediments, we conducted a principal component analysis (PCA) on the variations in the
concentrations of nine heavy metals (Cr, Cu, Co, Ni, Pb, Zn, Cd, As, Hg) along with
major elements and organic carbon (Table S1). The correlation matrix of major elements,
TOC, and heavy metals in the surface sediments of Dongshan Bay are also presented in
Supplementary Table S2. The results revealed that three extracted factors (F1 to F3 in Table 2,
Supplementary Table S3) accounted for a total variance contribution of 86.26%. Factor F1,
accounting for 55.96% of the total variance, is characterized by Al, Fe, P2O5, and organic
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carbon, with Ni, Co, Cr, Cu, and Zn also showing high factor loadings. This primarily
reflects terrigenous sediments associated with fine-grained clays, iron oxides, and organic
carbon components, indicating that the mass ratios and distribution of these elements
are predominantly controlled by the supply of terrigenous detrital particles. Factor F2,
representing 20.29% of the total variance, is mainly reflected by variations in the mass of
Mn, Pb, Hg, and Cd, likely influenced by adsorption on manganese oxides and changes in
redox conditions. Factor F3, comprising 10.01% of the total variance, is primarily reflected
by variations in As and Cd concentrations. Given the active exchange between dissolved
and particulate forms of As and Cd, their distribution is likely closely related to the degree
of water oxidation–reduction. Factor F3 should predominantly reflect the mechanism of
transition between dissolved and particulate forms.

Table 2. Rotated component matrix from major elements, trace elements, and TOC in the surface
sediments of Dongshan Bay, Southeast China. The extraction method is principal component analysis.
Rotation converged in 5 iterations.

Parameters F1 F2 F3

SiO2 −0.82 −0.40 −0.09
Al2O3 0.85 0.43 0.24

TFe2O3 0.92 0.34 0.17
MgO 0.96 0.21 0.03
TiO2 0.91 0.21 0.22
MnO 0.20 0.73 −0.21
P2O5 0.71 0.24 0.25
TOC 0.80 0.48 0.19
Cu 0.84 0.40 0.29
Pb 0.41 0.75 0.40
Zn 0.78 0.52 0.28
Co 0.90 0.34 0.14
Ni 0.96 0.18 0.12
Cr 0.96 0.17 0.10
Cd 0.20 0.60 0.61
As 0.20 −0.12 0.82
Hg 0.36 0.75 0.00

Rotation Sums of Squared Loadings
Variance (%) 55.96 20.29 10.01

To further investigate the sources of heavy metal elements in sediments, the influence
of terrigenous detritus was eliminated by comparing the ratios of heavy metals to Al.
Subsequently, PCA was performed on the variations in Cr/Al, Ni/Al, Co/Al, Cu/Al,
Pb/Al, Zn/Al, Cd/Al, As/Al, Hg/Al ratios, along with major elements and organic
carbon content (Table 3). The correlation matrix of major elements, TOC, and the ratios
of heavy metals to Al in the surface sediments of Dongshan Bay were also presented in
Supplementary Table S4. The four extracted factors (G1 to G4) contributed to a total variance
of 83.80% (see Table 3, Supplementary Table S5). Factor G1, accounting for 40.14% of the
total variance, is characterized by Al, Fe, Mg, Ti, P, and organic carbon, with Cu/Al, Ni/Al,
Cr/Al, exhibiting high positive factor loading, primarily reflecting fine-grained clays, iron
oxides, and organic carbon which absorb the heavy metals before precipitation. Factor G2,
representing 19.61% of the total variance, is mainly reflected by variations in the mass ratios
of Co/Al, Ni/Al, and Cr/Al, possibly indicating the impact of anthropogenic emissions.
Factor G3, accounting for 12.81% of the total variance, is dominated by variations in Mn,
unrelated to other factors, with lower loadings of other heavy metals. This factor might
be related to Mn recycling in water. Factor G4, comprising 11.24% of the total variance, is
primarily driven by variations in the ratios of Zn/Al, and Cd/Al, with less contribution
from Cu/Al, and Pb/Al, possibly indicating impacts from human activities distinct from
those associated with Factor G2.
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Table 3. Rotated component matrix from the ratio of heavy metals to Al, the major elements, and
TOC in the surface sediments of Dongshan Bay, Southeast China. The extraction method is principal
component analysis. Rotation converged in 5 iterations.

Parameters G1 G2 G3 G4

SiO2 −0.73 −0.34 −0.44 −0.10
Al2O3 0.85 0.17 0.42 0.10

TFe2O3 0.80 0.41 0.39 0.10
MgO 0.75 0.52 0.36 −0.04
TiO2 0.82 0.39 0.27 0.05
MnO 0.07 0.08 0.79 0.30
P2O5 0.85 0.04 0.13 0.22
TOC 0.82 0.17 0.42 0.21

Cu/Al 0.72 0.28 −0.14 0.42
Pb/Al −0.78 −0.40 −0.06 0.35
Zn/Al 0.19 0.24 0.15 0.78
Co/Al −0.01 0.93 0.12 0.17
Ni/Al 0.59 0.78 0.01 −0.13
Cr/Al 0.46 0.84 0.01 −0.18
Cd/Al −0.02 −0.26 −0.04 0.76
As/Al −0.25 −0.01 −0.73 0.25
Hg/Al −0.72 0.09 0.22 0.26

Rotation Sums of Squared Loadings
Variance (%) 40.14 19.61 12.81 11.24

3.3. Enrichment Factors

The enrichment factor method was applied to assess the contamination levels of nine
heavy metals (Cu, Pb, Zn, Co, Ni, Cr, Cd, As, Hg) in surface sediments of the study area [40].
The specific calculation formula is as follows:

EF = (Cn/CAl)/(Bn/BAl)

In this analysis, Cn and CAl denote the concentration of the evaluated metal and Al
within the sediment samples, respectively, and Bn and BAl correspond to the background
concentration of the metal and Al, respectively, utilizing the upper crust as the benchmark
for background values. The criteria for evaluating the enrichment levels are detailed in
Figure 4.

The investigation reveals that the sequence of enrichment factors for various metals is
as follows: Ni < Cu < Cr < Co < Cd < Hg < Zn < As < Pb, as detailed in Supplementary
Table S6. Among the nine heavy metals examined, the enrichment factor indices for Cu,
Zn, Co, Ni, Cr, and Cd are below 2.0, indicating depletion to minimal enrichment in
the sediments for these metals. Conversely, except for one significant enrichment site in
As, the enrichment factors of Pb, Hg, and As range from 2.0 to 5.0, signifying sediment
conditions from minimal to moderate enrichment. The analysis of the potential pollution
distribution of heavy metals across sampling sites (refer to Figure 4) demonstrates that
for Pb, 4% of sites range from depletion to minimal enrichment, while 96% of sites show
moderate enrichment. Regarding Hg, almost 98% of sites range from depletion to minimal
enrichment, while the remaining sites exhibit enrichment of moderate levels. Concerning
As, about 67% of sites exhibit depletion to minimal enrichment, with 31% showing moderate
contamination, and 2% indicating significant enrichment. These findings underscore the
observable influence of anthropogenic activities on the accumulation of heavy metals in
the sediments of Dongshan Bay.
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respectively. The grading of the enrichment factors is presented below the figures.

4. Discussion
4.1. The Role of Clay Minerals and Fe Oxides

A principal component factor analysis can effectively reduce the dimensionality of
complex data, thereby categorizing the data into different controlling factors. Here, we
combine statistical analysis with the geochemical behavior of elements to meticulously
delineate the sources and factors of heavy metal enrichment in the sediment of Dongshan
Bay. Previous studies have indicated that the main sources of elements in sediments
nearshore or in bays were terrigenous debris, atmospheric deposition, and anthropogenic
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inputs [6,8,17,19,39,40]. Terrigenous debris inputs are primarily composed of clay minerals,
iron oxides, organic carbon, manganese oxides, silicate minerals, carbonate minerals, quartz,
and minor heavy minerals. Based on PCA of the tested elements and organic carbon (see
Table 3), heavy metal elements (Cu, Zn, Co, Ni, Cr) show strong positive correlations
with Al2O3 and Fe2O3, explaining approximately 56% of the total variance. These results
clearly indicate that terrigenous input is the primary controlling factor for heavy metal
elements (Cu, Zn, Co, Ni, Cr) in sediments. During the river input process, heavy metal
elements couple with clay minerals (hydrated aluminosilicate minerals) through adsorption
or direct lattice incorporation [41]. Iron oxides could capture heavy metal ions from the
water column through adsorption; this feature was commonly observed not only in shallow
seas but was also notably pronounced at deep-sea hydrothermal vents [42,43]. Unlike clay
minerals and iron oxides, heavy metal ions primarily form organic matter–heavy metal
complexes, then accumulate in sediments. For instance, the strong binding ability of natural
organic matter to Cu(II) is observed in nature and experiments [44]. Chromium could form
monomeric or polynuclear Cr–organic species with organic matter [45]. Upon entering
the bay, the particles of clay minerals, iron oxides, and organic matter, enriched in heavy
metals, undergo considerable precipitation due to decreased hydrodynamic forces [16,46].
This process leads to pronounced heavy metal accumulation at the bay’s mouth. Overall,
the terrigenous inputs from rivers are a major source of heavy metal elements such as Cu,
Zn, Co, Ni, and Cr in the sediments, contributing to approximately 50% of their content.

4.2. Mn Oxides Adsorption

The dominant processes for the deposition of heavy metals are river input and atmo-
spheric precipitation. For example, environmentally sensitive areas like lakes, reservoirs,
bays, and estuaries can receive mercury and lead through atmospheric and riverine trans-
port [47,48]. Anthropogenic emissions of Hg, Pb, Cd, and Zn, following atmospheric and
river transport, settle in bay areas and eventually deposit in sediments. This observation
aligns with the PCA analysis (factor F2 in Table 3) suggesting that Hg, Pb, Cd, and Zn are
governed by Mn oxides compared to other heavy metals. Given that Hg, Pb, Cd, and Zn
readily adsorb to dust and other fine particles during mining and smelting processes [49],
entering the river and atmospheric circulation system, it is reasonable to infer that the
enrichment of Hg, Pb, Cd, and Zn in the sediments of Dongshan Bay is likely related to
mining and smelting activities, primarily occurring through Mn oxides absorption. If the
Mn oxides are reduced, these ions are then re-adsorbed by organic carbon, clay minerals,
and iron oxides. Previous studies have indicated that Pb and Zn, in the suspended particu-
late matter and bottom sediments of the Yangtze River estuary, primarily exist in residual
forms and are bound to iron-manganese oxides [50], highlighting the association with
iron-manganese oxides as an important compositional form in the sediments of China’s
coastal waters. It is important to note that although the content of manganese oxides is
not abundant in modern seawater, their strong absorption ability and redox properties can
significantly scavenge heavy metals ions introduced into seawater by human activities.
This process leads to the enrichment of these anthropogenic heavy metals in the sediments.

4.3. Human Activity Effects

Considering that the ratio of heavy metals could help eliminate the influence from
the terrigenous input, in Table 3, factor G2 is predominantly related to the variations
in the ratios of Co/Al, Ni/Al, and Cr/Al. Conversely, Factor G4 (Table 3) is primarily
dominated by changes in the ratios of Cd/Al, Zn/Al, Cu/Al, and Pb/Al. Previous research
indicates that human activities contribute to the enrichment of heavy metals in sediments
or soils in two main aspects: (1) the release of Cu, Zn, Cd, Cr, Ni, Hg, Pb, and As from
industrial and domestic wastewater [51], mining and smelting operations [52], and fossil
fuel combustion processes [53], with these metals being transported partly via rivers and
partly through atmospheric deposition, and (2) the release of elements such as Cu, Pb, Zn,
and Cd during aquaculture processes [54], directly discharged into coastal bay waters. Thus,
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it is reasonable to speculate that the ratios of Zn/Al, Cd/Al, Cu/Al, and Pb/Al represented
by Factor G4 may be associated with local aquaculture activities. This speculation is
consistent with the observed enrichment of Cu, Zn, Pb, and Cd along the northern coast
of Dongshan Bay and the presence of numerous aquaculture farms in the area. Factor F2
(Table 3) is likely associated with human activities such as emissions from industrial and
domestic wastewater, mining and smelting operations, and combustion processes, with
these effluents primarily entering Dongshan Bay via river inputs. Overall, the sedimentary
heavy metals in Dongshan Bay are influenced by human activities.

Based on the sediment types, grain size, and published sedimentary chronology
data [21], Dongshan Bay can be roughly divided into two regions: the nearshore sed-
imentary area following the Zhangjiang River’s entry into the bay, characterized pre-
dominantly by silt or mud sediments, and the sandy sediment-dominated region. In the
silt-dominated sedimentary region, the sedimentation rate, determined by 210Pb, is approxi-
mately 0.53 cm/year [21]. Utilizing this data as the average sedimentation rate for the entire
region and considering the sediment dry density of about 1.06 g/cm3, a rough estimation
for 2021 indicates the precipitations of Cu, Pb, Zn, Co, Ni, Cr, Cd, As, and Hg were 12.6,
28.5, 75.1, 9.2, 20.5, 46.4, 0.1, 5.8, and 0.03 tons, respectively, with a total accumulation of
198 tons. Similarly, for the sandy sediment-dominated marine areas, with a sedimentation
rate of about 0.22 cm/year and a sediment dry density of 1.12 g/cm3 [21], it is roughly
estimated that in 2021, the precipitations of Cu, Pb, Zn, Co, Ni, Cr, Cd, As, and Hg in this
region were 4.4, 11.8, 28.1, 3.5, 7.1, 16.5, 0.02, 2.7, and 0.01 tons, respectively, totaling 74 tons.
Overall, Dongshan Bay has accumulated approximately 272 tons of heavy metals in 2021.

It is crucial to note that the sedimentation rates were calibrated based on only
1–2 sampling sites within each sedimentary region, which inevitably leads to inaccuracies
in the estimated sedimentation rates and, consequently, significant discrepancies between
the estimated sediment fluxes and their actual values. Nonetheless, these data can still
provide valuable insights for the environmental management of Dongshan Bay.

5. Conclusions

We conducted a comprehensive field survey of Dongshan Bay, a typical coastal bay in
southeastern China, and collected 51 surface sediment samples in 2021. In general, these
metals exhibit lower concentrations in the Zhangjiang river channel, along the western and
eastern coasts of the bay. Higher concentrations are observed on the northeast coast of the
bay, the Bachimen Strait, and the nearby coastal areas. There is a general trend of decreasing
concentrations from the shore towards the sea. The assessment based on the enrichment
factor indicates that Pb, As, Zn, and Hg in the sediments may pose potential element
enrichment. The heavy metal elements in the sediments are primarily influenced by clay
minerals and Fe oxides, while Pb and Hg levels also closely linked to the absorption of Mn
oxides. Human activity pollution impacts are mainly concentrated in two categories: heavy
metal pollution related to aquaculture (e.g., Cd, Zn, Cu, Pb) and heavy metal pollution asso-
ciated with industrial production and domestic sewage discharge. Furthermore, based on
the existing sedimentation rates and relevant parameters, we estimate that approximately
270 tons of heavy metals were deposited in Dongshan Bay in 2021.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/w16060905/s1. Table S1: Sampling depth (m), major (wt. %) and
trace elements (mg/kg) concentrations in the surface sediments of Dongshan Bay, Southeast China;
Table S2: Correlation Matrix of major elements, trace elements and TOC in the surface sediments of
Dongshan Bay, Southeast China; Table S3: Total Variance Explained of major elements, trace elements
and TOC in the surface sediments of Dongshan Bay, Southeast China; Table S4: Correlation Matrix
of major elements, TOC and the ratios of heavy metals to Al in the surface sediments of Dongshan
Bay, Southeast China; Table S5: Total Variance Explained of major elements, TOC and the ratios of
heavy metals to Al in the surface sediments of Dongshan Bay, Southeast China; Table S6: Average
values of the enrichment factors (EF) of heavy metals in the surface sediments of Dongshan Bay,
Southeast China.
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