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Abstract
This study analyzed the distribution characteristics of Cu, Zn, Cd, Cr, and Pb in surface sediments of
Chengbei Sea area and estimated the pollution status using grain size and heavy metal data of surface
sediments from June 2015. Furthermore, the main controlling factors of the distribution and transport of
heavy metals are discussed from the two aspects of natural processes and human activities. The results
showed that the surface sediments were not polluted by the heavy metals, except for Cd, which exhibited
a small degree of pollution. Cu, Zn, and Cd were mainly attributable to natural sources, and their
distribution characteristics were basically the same. Areas with high concentrations of Cu, Zn, and Cd
were mainly distributed in the northeast of the study area, re�ecting a clear correspondence to the
zonation of the sedimentary dynamic environment. Their distribution characteristics were mainly
controlled by the grain size of surface sediments. Areas with high concentrations of Cr and Pb were
mainly distributed in the northwest and east-central parts of the study area, and the corresponding
relationship with the zonation was not obvious. Their distribution characteristics were mainly affected by
sediment transport and tidal residual current. 

Introduction
In recent years, with the development of industries, such as mining, smelting, shipping, and oil and gas
exploitation, the discharge of heavy metal pollutants into the marine environment through runoff,
atmospheric precipitation, and other channels has increased ( Daniel at al., 2016; Davide et al., 2003;
Liang et al., 2018; Waheed et al., 2013). Heavy metals are characterized by extensive sources, resistance
to degradation, biotoxicity, proneness to enrichment, etc., and their potential long-term impact on human
health and the natural ecosystem through various pathways, such as the food chain, has become a focus
of marine environmental research (Bantan et al., 2020; Nemr et al., 2016). Marine sediments originate
from surface materials, which are transported to the ocean by rivers. Thus, marine sediments are
generally believed to be an important "source-sink" of heavy metals (Ding et al., 2019; Ünlü et al., 2008).
Moreover, heavy metals often have higher concentrations in sediments than in the surrounding water
(Huo et al., 2017; Windom et al., 1983 ). As marine sediments are sensitive to pollutants and play a crucial
role in controlling the concentration of heavy metals in the water environment, they can be used as an
indicator of environmental pollution (Adams et al., 1992; Karbassi et al., 2008).

The study area is located in the southwest of Bohai Bay, northwest of Laizhou Bay, and north of
Dongying City. It is close to the estuary of Caoqiaogou River and Zhanli River and belongs to the Bohai
Rim Economic Circle and the coastal economic belt. The Bohai Rim Economic Circle has gained an
important economic and ecological status owing to its rich natural resources. From 1953 to 1976, the
Yellow River entered the estuary in the study area through the Shenxiangou River and Diaokouhe River,
forming complex underwater deltas. In 1976, the Yellow River changed its course to the current channel,
almost cutting off the main sediment sources in this area. Under the action of waves and tidal current, the
nearshore area has been in a state of scour for a long time. Therefore, the sedimentary environment in the
study area is relatively complex (Tian et al., 2017; Zhang et al., 2016). Within the coastal economic belt,
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the Chengbei Sea area has abundant oil resources, including the Chengdao Oil�eld. Futhermore, with the
development of coastal urbanization, pollutants discharged from land and sea by human activities are
increasing(Cui et al., 2019; Qu, 2009). Under the in�uence of human activities and natural processes, this
area may have a complex pollution status (Peng et al., 2020). Therefore, the study of heavy metals in the
surface sediments of this area is of great signi�cance in understanding the distribution and transport
characteristics of heavy metals under the in�uence of various factors.

The distribution characteristics of heavy metals in seabed surface sediments are often related to grain
size, hydrodynamics, sediment transport, organic carbon, and sul�de (Lv et al., 2021; Pan et al., 2012).
Previous studies on heavy metals in the study area mostly focused on evaluating the pollution status of
heavy metals using various indices, such as the geoaccumulation index, enrichment factor, and potential
ecological risk index, or analyzed the sources of heavy metals by combining correlation analysis and
principal component analysis (Li et al., 2012; Liu et al., 2017; Zhang et al., 2015). However, the transport
and hydrodynamic forcing of surface sediments in this area have rarely been analyzed and discussed. In
this study, the distribution, source, and transport of sediments were analyzed and discussed in
combination with the hydrodynamic characteristics, sedimentary dynamic environment, human activities,
etc. The �ndings are expected to provide reference for understanding the in�uencing factors of heavy
metal distribution and transport in the complex offshore sedimentary environment.

Materials And Methods

1.1 Sample collection
In June 2015, 27 samples were collected in Chengbei Sea; the sampling location is shown in Fig. 1.
Sediment samples were collected from the sea�oor surface at depths of 0–5 cm using a clam sampler
and stored in cleaned polyethylene bags with a plastic spoon. After sealing, they were stored in cold
storage and sent to the Beihai Offshore Engineering Survey Institute of the State Oceanic Administration
for testing and analysis.

1.2 Sample processing and analysis
The samples were processed and analyzed in accordance with the requirements of the Speci�cation for
Marine Monitoring (CSBQTS, 2007). In the measurement of grain size of surface sediments, appropriate
amount of samples were taken and added with excessive 30% hydrogen peroxide solution and 1 mol/L
hydrochloric acid to remove organic matter and calcium carbonate, and 0.05 mol/L sodium
hexametaphosphate solution was added to disperse samples. Then, tests were carried out with the
Mastersizer 3000 particle size analyzer (Malvern Instruments Ltd., UK), and the measurement range was
0.02–2000 µm. In the chemical analysis of heavy metals in surface sediments, �ve major heavy metal
elements, Cu, Pb, Cd, Zn, and Cr, were tested. The detection limits of Cu, Pb, Cd, and Cr were 0.2 µg/L, 0.03
µg/L, 0.01 µg/L, and 0.3 µg/L, respectively, after HNO3-HClO4-HCI digestion of surface sediment samples.
Zn was analyzed using �ame atomic absorption spectrophotometry (PINAACLE900T, Perkin Elmer) with a
detection limit of 3.1 µg/L. Organic carbon in surface sediments was determined using the potassium
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dichromate oxidation-reduction volumetric method. Sul�des in the surface sediments were determined by
iodimetry with a detection limit of 4.0×10− 6.

1.3 Quality assessment
The geoaccumulation index (Igeo) is widely used to study the degree of heavy metal pollution in
sediments, especially for the evaluation of heavy metals in modern sediments (Müller, 1969). Its
calculation formula is as follows:

Igeo =  log2[Ci/K.Bi)]

where Ci is the concentration of a heavy metal, Bi is the geochemical background concentration (the

corresponding geochemical background concentrations of Cu, Pb, Cd, Cr, and Zn are 15 × 10− 6, 20 × 10− 6,
0.065 × 10− 6, 61 × 10− 6, and 65 × 10− 6, respectively) (Zhao et al., 1993). K is a correction factor, and a
value of 1.5 was adopted in this study. Pollution leves can be divided into seven classes:
unpolluted(Igeo≤0), slightly polluted (0<Igeo≤1), moderately polluted (1 <Igeo≤2), moderately to heavily
polluted (2 <Igeo≤3), heavily polluted (3 <Igeo ≤ 4), heavily to extremely polluted (4 <Igeo≤5), extremely
polluted (5 < Igeo≤ 6).

Results

2.1 Concentration and distribution of heavy metals in
surface sediments
The concentration ranges of the �ve heavy metals are listed in Table 1. The concentration of Cu ranged
from 7.9 mg/kg to 20.5 mg/kg, with a mean value of 12.59 mg/kg. The concentration of Pb ranged from
3 mg/kg to 13.4 mg/kg, with a mean value of 6.28 mg/kg. The concentration of Cd ranged from 0.08
mg/kg to 0.26 mg/kg, with a mean value of 0.15 mg/kg. Zn concentration ranged from 33.8 mg/kg to
94.6 mg/kg, with a mean value of 56.01 mg/kg. The concentration of Cr ranged from 6.3 mg/kg to 62.3
mg/kg, with a mean value of 23.94 mg/kg. The order of heavy metal concentration from high to low in
the study area is as follows: Zn > Cr > Cu > Pb > Cd. The standard " Marine Sediment Quality (MSQ)" was
taken as the benchmark for evaluation, and the results showed that the average concentration of the �ve
heavy metals in the study area all reached the national �rst-class standard. Among them, the average
concentration of Cd in the study area is higher than that in Central Bohai Sea, Laizhou Bay, and North
Yellow Sea, etc., while the average concentrations of the other four elements were lower than those in
Bohai Bay, Liaodong Bay, North Yellow Sea, and Yangtze River estuary. Nevertheless, the concentrations
of some heavy metals in the study area were higher than those in the Yellow River Estuary (Table 1).

Regarding their distribution (Fig. 2), the concentrations of Cu, Zn, and Cd were relatively high in the
northeastern part of the study area and relatively low in the southwestern part. The distribution
characteristics of these three elements were relatively similar. High concentrations of Pb and Cr were
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mainly observed in the northwest and east-central parts of the study area. The distribution characteristics
of Pb and Cr widely differed from those of the other three elements. Prominently high concentrations
were observed in both near-shore and far-shore areas. The �ve heavy metals were enriched to varying
degrees in the southwest of the study area. However, the degree of enrichment here is not signi�cant
compared with other high concentrations.

Table 1
Comparison of heavy metal content between study area and adjacent sea area (unit: mg/kg)

Location   Cu Pb Cd Zn Cr Reference

Chengbei Sea Range 7.9–
20.5

3-
13.4

0.08–
0.26

33.8–
94.6

6.3–
62.3

The Study

  Mean 12.59 6.28 0.15 56.01 23.92  

Central Bohai
Sea

Mean 24.43 30.69 0.14 79.91 61.45 Liu et al., 2015

Laizhou Bay Mean 21.96 21.99 0.12 60.41 60 Zhen et al.,
2015

Liaodong Bay Mean 19.4 31.8 - 71.7 46.4 Hu et al., 2013

Bohai Bay Mean 23.18 38 0.23 87.22 60.47 Zhou et al.,
2015

North yellow Sea Mean 14.44 24.1 0.09 57.3 48.9 Huang et al.,
2013

Yangtze Estuary Mean 30.7 27.3 0.26 94.3 78.9 Zhang et al.,
2009

Yellow River
Estuary

Mean 16.5 16 - 21 17.4 Wu et al ., 2013

MSQ-1 Mean 35 60 0.5 150 80 CSBTS(2002)

MSQ-2 Mean 100 130 1.5 350 150 CSBTS(2002)

MSQ-3 Mean 200 250 5 600 270 CSBTS (2002)

2.2 Quality assessment of surface sediments
Table 2 shows the results of the geoaccumulation index. The average Igeo of the heavy metals from high
to low was Cd > Zn > Cu > Cr > Pb. The Igeo of Cu was between − 1.510 and − 0.134, with a mean value of
-0.866. The Igeo of Cu in all the samples was less than 0, indicating that the surface sediments were not
polluted by Cu. The Igeo of Pb was between − 3.322 and − 1.163, with a mean value of -2.371. The Igeo of
Pb in all the samples was also less than 0, indicating that they were unpolluted. The Igeo of Cd was
between − 0.285 and 1.669, with a mean value of 0.582, indicating slight pollution. The Igeo of Zn was
between − 1.528 and − 0.044, with a mean value of -0.844, indicating no pollution. The Igeo of Cr was
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between − 3.860 and 0.002, with an mean value of -2.085, indicating no pollution. In general, the degree
of pollution is low in the study area, with no pollution of most heavy metals, except for Cd, which showed
slight pollution.

Table 2
Surface sediment geoaccumulation index in the study

area(Igeo )

  Cu Pb Cd Zn Cr

Maximum -0.134 -1.163 1.669 -0.044 0.002

Minimum -1.510 -3.322 -0.258 -1.528 -3.860

Mean -0.866 -2.371 0.582 -0.844 -2.085

Discussion

3.1 Effect of sedimentary dynamic environment on the
distribution of heavy metals

3.1.1 Effect of sediment grain size
Grain size is an important factor affecting the distribution of heavy metals. Surface sediments in the
bottom marine environment exhibit obvious regularities in the enrichment of heavy metals, and the
enrichment shows clear variations with different grain sizes (Cheng et al., 2020; Lin et al., 2002).

In the study area, near-shore surface sediments were found to be coarser and far-shore sediments were
found to be �ner, with a general pattern of coarser in the southwest and �ner in the northeast(Fig. 3). The
distribution of Cd, Cu, and Zn showed a pattern of low concentrations in the southwest and high
concentrations in the northeast(Fig. 2). In order to verify the in�uence of grain size on the distribution of
heavy metals, the Pearson correlation coe�cient was calculated with SPSS22.0 software using the data
of heavy metals and grain size. The correlation results (Table 3) showed that Zn and Mz were
signi�cantly correlated at the level of 0.01, Cd and Cu are moderately correlated with Mz at the level of
0.01, and Mz was not signi�cantly correlated with Cr and Pb. Sediments of smaller sizes tend to absorb
heavy metal ions more easily owing to the larger surface area, leading to higher concentrations of heavy
metals (Cullers et al., 1987; Liang et al.,2019; Thuy et al.,2000). Cd, Cu, and Zn were positively correlated
with Mz. Accordingly, the grain size of the surface sediments in the study area can be considered to
affect the distribution of Cd, Cu, and Zn by directly controlling the adsorption capacity of sediments to
heavy metals. However, the effect of the grain size on Cr and Pb was not obvious.
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Table 3
Correlation analysis results(n = 27)

  Cu Pb Cd Zn Cr Mz TOC Sul�de

Cu 1              

Pb 0.104 1            

Cd 0.689** 0.138 1          

Zn 0.587** 0.224 0.576** 1        

Cr 0.398* 0.474* 0.172 0.083 1      

Mz 0.710** 0.099 0.685** 0.808** 0.134 1    

TOC 0.012 0.340 -0.001 0.364 0.025 0.174 1  

Sul�de 0.055 0.067 0.031 -0.171 -0.102 -0.016 0.490* 1

**: Correlation is signi�cant at the 0.01 level (two-tailed).

*: Correlation is signi�cant at the 0.05 level (two-tailed).

3.1.2Effect of sediment transport
Previous studies have shown that the grain size data of sediments can also be used to study the
transport direction of marine surface sediments (Gao et al., 2009). To analyze the in�uence of sediment
transport on the distribution of heavy metals, this study analyzed the trend of sediment transport in the
study area based on the Gao-Collins analysis method (Gao and Collins, 1994) and the grain size data of
the study area for 908 Special Coastal Surveys. 908 Special Coastal Surveys is a comprehensive offshore
marine survey and evaluation project led by the State Oceanic Administration of China. To ensure
effective evaluation, a feature distance of 10 km was selected; the length of the vector represents the size
of the signi�cance of the trend, and does not represent the transport rates.

As shown in Fig. 4, the transport trend in the western and southern nearshore areas of the study area was
mainly manifested as offshore transport, and the convergence area of the sediment transport trend is in
the northwest and east-center of the study area, in which surface sediments carrying heavy metals
accumulated(Pan et al., 2012). The results indicate that the transport of surface sediments would
facilitate the accumulation of heavy metal pollution in the sink area. The �ve elements showed different
levels of high concentration in the sediment transport convergence area. Among the �ve elements, The
high concentration regions of Cr and Pb were most consistent with the sediment transport convergence
areas. Although Cd, Cu and Zn also showed high concentration in the same areas, their main high
concentration regions were in the northeast of the study area(Fig. 2). Therefore, the transport of
sediments can be considered the main factor affecting the distribution characteristics of Cr and Pb, and
the transport of sediments has a certain in�uence on Cd, Cu and Zn. However, according to the previous
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effect of sediment grain size, the adsorption capacity of sediments for Cd, Cu and Zn is the main
in�uencing factor.

3.2 Relationship between zonation of the sedimentary
dynamic environment and distribution of heavy metals
Surface sediments are affected by a series of material sources, hydrodynamic forcing, marine biological
activities, etc. The grain size of surface sediments re�ects the process of transportation, settlement, and
re-transport of surface sediments. Therefore, based on the analysis of surface sediments, hydrodynamic
forcing can be reasonably estimated. Based on the Pejrup classi�cation, surface sediments were divided
into dynamic zones of sedimentation (Pejrup M, 1988; Zhuang et al., 2005) in order to provide a basis for
the analysis of the distribution characteristics of heavy metals.

The study area was mainly divided into �ve sedimentary dynamic areas (Fig. 5). Zone BIV was mainly
located in the southwest of the study area, where the sediment size was coarse-grained and
hydrodynamic forcing was relatively strong. The concentrations of Cd, Cu, and Zn in this area were
generally low. Zone DIII was mainly located in the northeast of the study area. Surface sediments in this
area have relatively �ne grain size and weak hydrodynamic forcing, and the concentrations of Cd, Cu, and
Zn were generally high. Zone CIV was mainly located between zone BIV and zone DIII, and also partly
distributed in the southwest of the study area. Hydrodynamic forcing in this region was stronger than that
in zone DIII but weaker than that in zone BIV. The concentrations of Cd, Cu, and Zn in this region showed
signi�cant variations, with areas close to BIV showing lower concentrations and those close to DIII
showing higher concentrations. Only one sample each corresponded to zone CIII and zone AIV, and thus
they had little effect on the overall results. Based on the above analysis, hydrodynamic forcing controlled
the concentrations of Cd, Cu, and Zn. In�uenced by sediment transport, Cr and Pb mainly concentrated to
the northwest and east-center of the study area, and high concentrations of these heavy metals were
mainly observed in zone CIII and zone CIV, but there was no obvious law with the zonation of the
sedimentary dynamic environment. Therefore, the zonation of the sedimentary dynamic environment can
well re�ect the distribution of most heavy metals and the in�uence of other factors can not be ignored(Lv
et al., 2021).

3.3 Effect of tidal residual current on the distribution and
transport of heavy metals
The study area is located in the west of the Bohai Sea, which belongs to a very shallow sea area.
Although the intensity of the residual current in the Bohai Sea is weak, the Bohai Sea belongs to a
semienclosed sea area with poor water exchange ability with the Yellow Sea. Therefore, the reciprocating
movement of the tidal current is an important dynamic process of material transport in this area. The
nonlinear motion of tidal current produces tidal residual current, and the characteristics of tidal residual
current have an important in�uence on the distribution of pollution and the ecological environment in the
study area (Wang et al., 2006). To analyze the in�uence of tidal residual current on the distribution
characteristics of heavy metals, the tidal residual current in the study area was simulated and analyzed
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using the MIKE 21 Flow Model HD FM (Luo et al., 2016). The period from June 1, 2015 to July 1, 2015
was simulated, and the average tidal residual current of 15 days was extracted.

The calculation results showed (Fig. 6) that the main direction of Euler residual current in the research
area was from the near shore to the northeast, while there were counterclockwise vortexes in the
southwest and east-center of the study area, and convergence areas in the northwest. At the same time,
the �ow direction of the residual current was roughly consistent with the sediment transport trend, and
the overall trend was from near shore to far shore. The residual current vortexes usually lead to the
deposition of suspended sediments and other substances (Howarth and Huthnance, 1984). According to
spatial distributions of heavy metals (Fig. 2), the distributions of zones with enriched Cr and Pb and
residual current vortexes were relatively consistent with the convergence area and vortexes, mainly
distributed in the northwest and east-center of the study area. The degree of enrichment of the �ve heavy
metals varied with the residual current vortex in the southwest of the study area, but the in�uence of
residual current on Cd, Cu, and Zn was relatively weak in general. In the near shore, residual �ow velocity
is high, hydrodynamic forcing is strong, and sediments are coarse. In contrast, in the far shore, residual
�ow velocity is low, hydrodynamic forcing is weak, and sediments have �ne grain size. The results of the
zonation of the sedimentary dynamic environment also corresponded to the tidal residual current
simulation results, which indicated that the residual current had a certain in�uence on the grain size
distribution. The results show that the residual current can directly control the transport of heavy metals
by transporting heavy metals in the water body to vortexes or convergence areas, and it can also affect
the adsorption capacity of sediments by in�uencing the grain size characteristics of the sediments
through the strength of hydrodynamic forcing, thus indirectly affecting the distribution of heavy metals.

3.4 Effects of human activities
To further analyze the sources and in�uencing factors of heavy metals, the principal component analysis
(PCA) of heavy metals was performed using SPSS22.0. KMO and Bartlett’s test of sphericity were
adopted, and the maximum variance method was used for rotation. Finally, two principal components
with characteristic values greater than 1 were extracted. The results are shown in Table 4. The variance
contribution rate of the �rst principal component (PC1) was 47.63% and the variance contribution rate of
the second principal (PC2) was 25.99%. The cumulative variance contribution rate was 73.61%, which
could re�ect the concentration information of most heavy metals in the study area. The results showed
that the �ve heavy metals in the study area had two main sources.
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Table 4
Rotated component matrix

Item PC1 PC2

Cu 0.844 0.251

Pb 0.019 0.848

Cd 0.853 0.044

Zn 0.835 0.021

Cr 0.173 0.854

variance contribution 47.63% 25.99%

Cumulative variance contribution 47.63% 73.61%

In PC1, the loads of Cu, Cd, and Zn were higher at 0.844, 0.853, and 0.835, respectively. Cu and Cd in
Bohai Bay were mainly from natural sources (Xu et al., 2012). According to the correlation analysis, Cu,
Cd, and Zn were all signi�cantly correlated to each other (Table 3), indicating that they had similar
sources (Liu et al., 2017). But according to quality assessment of surface sediments, the study area has
slight Cd pollution. A large number of industrial parks are distributed in Dongying City in the south of the
study area. Rivers such as Changhe River, Caoqiaogou River, and Zhanli River in the southwest of the
study area are important estuaries of industrial wastewater and domestic sewage in Dongying City, and
the electroplating industry in industrial areas will discharge Cd and Cr (Zhou et al., 2003). These
pollutants would be transported to the sea by the rivers and deposited in estuaries, and estuarine
sediments could be re-released under certain environmental conditions. Finally, they would have been
deposited again in the northeast of the study area through natural sedimentation, thus affecting the
environmental conditions of the sediments in the study area (Cai et al., 2020; Wang et al., 2014). This
indicates that human activities also have a certain impact. Therefore, the results of PC1 show that the
heavy metals mainly originate from natural sources, but industrial pollution is also an in�uential factor
that cannot be ignored.

In PC2, the loads of Pb and Cr were higher at 0.848 and 0.854, respectively. Previous studies show that
the occurrence of high concentrations of Pb may be mainly attributable to terrestrial pollution and
transport to the ocean through atmospheric deposition (Hu et al., 2012). The study area includes oil
drilling areas(Fig. 7), and offshore oil drilling activities would signi�cantly affect the concentration and
distribution of Cr (Lu, 2010). Substances used or produced in drilling �uids and cuttings, etc. contain
heavy metal ions such as Cr3+ and Pb2+ (Wang et al., 2011). Thus, this principal component mainly
corresponds to human activities. When these pollutants enter the ocean and are deposited, they would be
re-suspended and deposited on surface sediments under the in�uence of hydrodynamic forcing(Breuer et
al.,2004). As shown in Fig. 8, the vortex and convergence area of the residual current correspond well to
the areas with high concentrations of Cr and Pb. Meanwhile, according to sediment transport trends
(Fig. 4), they were also affected by sediment transport. Therefore, we can infer that pollutants from land
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and marine human activities will be affected by sediment transport and residual current distribution
characteristics after being deposited in the ocean, and then transported to the northwest and east-center
of the study area.

3.5 Effects of organic carbon and sul�des
Sul�des and organic matter have an important in�uence on the concentration of heavy metals in
sediments. Sulfur ions combine with most heavy metal ions to form insoluble sul�des, which are
deposited at the bottom, thus controlling the concentration and distribution characteristics of heavy
metals in sediments (Shi et al., 2012; Soares et al., 1999; Wang et al., 2009; Zhang et al., 2012). Organic
carbon has a high cation exchange capacity and a large number of phenolic hydroxyl and carboxyl
groups and other structures. It can adsorb heavy metals through surface complexation and ion exchange.
Therefore, at high concentrations, organic carbon also affects the concentration and distribution
characteristics of heavy metals in surface sediments (Hooda and Alloway, 1998; Zhao et al., 2021).
However, some studies have shown that there is no obvious correlation between the distribution of some
heavy metals in sediments and the concentration of sul�des and organic matter (Ghrefat and Yusuf,
2006; Ma et al., 2013). To verify whether sul�des and organic matter in the study area signi�cantly
impact the distribution of heavy metals in the study area, further correlation analysis was carried out
(Table 4). The results showed that organic carbon and sul�des did not have any signi�cant correlation
with the distribution of the �ve heavy metals, indicating that organic carbon and sul�des did not have any
visible effects on the concentration of heavy metals in the study area. This may be attributable to human
input or the circulation and redistribution of heavy metals after natural deposition (Bilali et al., 2002; Li et
al., 2020).

Conclusion
On the whole, the study area showed low levels of pollution for the �ve studied heavy metals, with only
Cd corresponding to mild pollution. Cu, Cd, and Zn could be mainly attributed to natural sources, whereas
Cd could be attributed to human activities to a certain extent. The distribution of the heavy metals is
mainly controlled by surface sediment grain size, followed by sediment transport, which facilitated the
transportation and accumulation of heavy metals in the convergence zone. Tidal residual current has a
relatively weak in�uence. In terms of the spatial distribution characteristics, zone DIII with relatively high
concentrations of Cd, Cu, and Zn is located in the northeast of the study area. Zone BIV with relatively low
concentrations of Cd, Cu, and Zn is mainly located in the southwest. The distribution characteristics are
obviously related to the sedimentary dynamic zoning. Cr and Pb are mainly attributable to human
activities, and their distribution is mainly controlled by the sediment transport trend. In the residual eddy
or convergence area, tidal residual currents further promote the increase of heavy metal concentrations,
but the grain size of surface sediments has no obvious in�uence. Moreover, the corresponding
relationship between their distribution characteristics and sedimentary dynamic zoning is also not
obvious. In conclusion, the distribution and transport of the �ve heavy metal elements in the study area
were affected by the combined action of natural and human activities.
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Figure 1

Sample collection in the study area
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Figure 2

Spatial distributions of heavy metals in the study area.
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Figure 3

Mean grain size distribution of surface sediments in the study area.
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Figure 4

Sediment transport trends in the study area
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Figure 5

Zonation of the sedimentary dynamic environment (modi�ed after Fig.4)
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Figure 6

Tidal residual current in the study area
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Figure 7

Distribution of major human in�uencing factors
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Figure 8

Spatial distributions of Sul�de and organic carbon in the study area.


