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Abstract

degree, and potential ecological risks was conducted.

targeted at monitoring heavy metal contamination.

Background: With the continuous advancement of global urbanisation, humans have begun to overutilise or
improperly utilise the natural resources of bay areas, which has led to a series of ecological and environmental prob-
lems. To evaluate the spatial distributions and potential ecological risks of heavy metals in sediments of Shenzhen
Bay, China, an analysis of As, Cd, Cr, Cu, Pb, and Zn regarding their content, correlation (Pearson coefficient), pollution

Results: The heavy metal contents in the sediments decreased in the order of Zn>Cu > Cr>Pb > As> Cd, with con-
tents of 175.79 mg kg™, 50.75 mg kg~', 4062 mg kg™',37.10 mg kg~', 18.27 mg kg™, and 0.20 mg kg~ ', respec-
tively. The results showed that the overall sediment quality in Shenzhen Bay generally met the China Marine Sediment
Quality criteria, and the heavy metal contents were significantly lower than those reported in the same type of bay
area worldwide. Furthermore, the order of grade of potential ecological risk of the heavy metals was as follows: As and
Cd were found to pose moderate ecological risks, with their potential hazard indices reaching a high level, whereas
the potential ecological hazard indices of Cu, Pb, Zn, and Cr were all at relatively low levels.

Conclusions: The potential hazard indices of the heavy metals decreased from the inner bay toward the outside.
The accumulation and content of the analysed heavy metals in the Shenzhen Bay sediments are mainly controlled
by historical land-source pollution and land reclamation projects. This study presents the current state of sediment
quality in Shenzhen Bay. The results may assist in the definition of future bay area management measures specifically
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Background

Coastal bays adjacent to rapidly developing cities are an
important resource for human survival and social devel-
opment, and are regions of active land—ocean interaction
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that are sensitive to anthropogenic coastal occupation
and global sea-level rise [29, 32]. Owing to their superior
geographical locations and unique natural environments,
they tend to have significant economic and natural val-
ues [23]. Many coastal bays around the world play an
important role in port construction and house large capi-
tal cities with rapidly growing populations [2, 3]. How-
ever, with economic development, humans have begun
to overutilise and improperly use this precious natural
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resource in some highly developed coastal bays, includ-
ing Bohai Bay [6], Jiaozhou Bay [39], Zhelin Bay [13], and
Quanzhou Bay [40] in China, and worldwide [1, 5, 14,
24, 28, 30, 39]. Moreover, due to the weak hydrodynamic
conditions of coastal bays, increasing amounts of heavy
metal pollutants are discharged into coastal waters but
cannot be diluted or degraded, which causes heavy metal
pollution [25, 26].

Coastal bays are located in marine—terrestrial inter-
laced zones. Active land and sea and frequent human
activities are resulting in increasingly complex environ-
ments, causing these regions to become sensitive to natu-
ral diversity and anthropogenic pollution [43]. Pollutants
such as heavy metals are transported and accumulated
in sediments, rendering them important destinations for
pollutants. When heavy metals enter coastal environ-
ments, they accumulate in sediments, which act as a sink,
or are released from sediments by natural or anthropo-
genic disturbance (i.e., pH, dissolved oxygen, or electri-
cal conductivity), in which case they act as a source of
heavy metals in surface water, presenting another source
of water body pollution [25, 26]. Numerous studies have
shown that>90% of heavy metals are absorbed by sus-
pended sediments, resulting in significant accumulation
of heavy metals in coastal sediments [35]. Therefore, sed-
iments are recognised as the most significant pollution
sink and also a pollution source of heavy metals, and reg-
ular monitoring and assessment of heavy metals in sedi-
ments is a prerequisite for ecological risk evaluation [44].

Heavy metals in coastal sediments originate from
natural processes (i.e.,, atmospheric input, soil erosion,
and rock weathering set the background values of heavy
metals) and anthropogenic activities (i.e., industrial dis-
charge, mining, agriculture, transportation, and wastewa-
ter) [22, 33]. Anthropogenic inputs are the main source
of pollution in the marine environment, and heavy met-
als are increasingly introduced into estuarine and coastal
environments by draining rivers and oceanic dumping
[21]. Heavy metals are recognised as a group of pollutants
with high ecological risks because they are not removed
from water via self-purification [10]. They can accumu-
late in suspended particles and sediments, be released
back into water body under favourable conditions, enter
the food web, and cause health problems [10, 27].

Shenzhen area is located in the Pearl River Delta
region, and is a densely populated economically devel-
oped centre in southern China. As the most success-
ful special economic zone in China, it has experienced
rapid industrialisation, urbanisation, and population
growth over the past 40 years [36]. Consequently, both
Pearl River Estuary and Shenzhen Bay (SZB) have expe-
rienced severe contamination from human activities
[15]. Since the opening and reform of China, over the
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last two decades, heavy metals have accumulated in
the sediments of the western coast of Shenzhen and
have become a serious pollution concern [17]. Previ-
ous studies have shown that the heavy metal content
in sediments has increased in the SZB in recent years
[20, 31, 36, 38, 45]. However, currently available data on
heavy metals in the SZB are insufficient for investigat-
ing the present quality and pollution levels of the sedi-
ments following the implementation of water pollution
control in 2015.

Therefore, the objectives of this study were to: (1)
determine the spatial distributions of As, Cd, Cr, Cu,
Zn, and Pb in sediments of the SZB; (2) assess the heavy
metal contamination status and potential environmen-
tal risks of the sediments using the geo-accumulation
and potential ecological risk indices; (3) identify possible
sources of heavy metals through Pearson correlation and
cluster analysis, and (4) analyse of the impact of reclama-
tion on heavy metals in the SZB sediments. This study is
helpful for understanding the variability of heavy metals
status in the SZB; it provides the detailed information for
coastal environmental management.

Material and methods

Study area

This study was conducted in the SZB (22°24'-22°32'E,
113°53/-114°02'N), a semi-enclosed coastal embayment
located in the east of the Pearl River Estuary in Guang-
dong Province, China. The northern half of the SZB
belongs to Shenzhen, while the southern half belongs
to the Hong Kong Special Administrative Region. It
is approximately 17 km long and 4-10 km wide, with a
water area of 90 km?, and a water depth of less than 5 m
[41]. The main rivers flowing into the bay are the Pearl,
Shenzhen, Yuen Long, Xiaosha, Dasha, Fengtang, and
Xinzhou rivers, with additional inflow from other sub-
rivers. The Shenzhen River flows northeast to southwest
into the bay, and its hydrodynamic conditions are mainly
affected by the tides and runoff of the Pearl River Estuary;
other coastal runoffs are also partially affected. Owing to
the relatively closed coastal bay, no obvious spatial differ-
ences in the hydrodynamic conditions are apparent. At
the time of this study, the average water depth was 2.9 m,
the average tidal range was 1.4 m, and the average flow
velocity was 0.3 m s~! [41]. Pollutants from the coasts of
Shenzhen and Hong Kong and along the Shenzhen River
enter the bay through rivers, and pollutants from other
parts of the Pearl River Delta reach the bay through the
runoff of the Pearl River Estuary. The heavy metal data
used in this study were obtained from the SZB sediment
samples collected in June 2020. Maps of the SZB and
sampling sites are shown in Fig. 1.
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Fig. 1 Map of Shenzhen Bay and locations of the sampling sites

Sediment collection and analysis

On June 28, 2020, 15 surface sediment samples (05 cm)
were collected from the intertidal zone of the SZB
(Fig. 1). The sediments were placed in clean sealed plastic
bags and frozen at — 20 °C for pre-treatment. In the labo-
ratory, the sediments were thawed and air-dried under
dust-free conditions. The semi-dried state, it was crushed
with a clean glass bottle, placed in an oven, and dried at
a constant temperature of 35+2 °C. Once dry, any resid-
ual roots, shells, and other debris were removed, and the
clean sample was ground with an agate mortar and pestle
and sieved using a 63-pum nylon sieve. The sieved samples
(<63 um) were stored in sealed plastic containers at 4 °C
for further measurements.

Then, 0.2-0.5 g (with an accuracy of 0.001 g) of each
sample was taken for microwave digestion (CEM MARS
6, USA). After complete digestion, the sample was diluted
with deionised water to 100 mL. For each digested sam-
ple batch, the reagent blank and the sediment reference
material (GBW07314, 2020), issued by the State Oceanic
Administration, were subjected to the same digestion
procedure. The samples were analysed using an induc-
tively coupled plasma optical emission spectrometer
(ICP-OES, PerkinElmer, Avio™500, USA).

Pollution assessment methods

Geo-accumulation index

The geo-accumulation index (I,,) was used to evaluate
the degree of heavy metal pollution in the sediments [9],
and was calculated using the following formula:

)

where C, is the heavy metal content; B, is the geochemi-
cal background value of the heavy metals, and 1.5 is the
coefficient of possible variations of the background value

Cn
1.5B,

Igeo = 1052( (1)

of the metals [16]. The L, values were grouped into
classes representing different pollution degrees, which
are listed in Additional file 1: Table S1.

Potential ecological risk index (PERI)

The PERI is a quantitative index used to evaluate the
pollution and potential ecological risks linked to the
accumulation of one or more heavy metals. The calcu-
lation methods for the ecological risk of single heavy
metals and the comprehensive ecological risk of multi-
ple heavy metals are as follows [18]:
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where T is the toxic response factor of heavy metal i, C

is the background content of heavy metal i, and C, is the

content of heavy metal i. The classification of the PERI is

listed in Additional file 1: Table S2.

Pearson correlation analysis

Pearson correlation analysis was used to evaluate the
correlation of different heavy metals in the SZB sedi-
ments, and the spatial correlation between various
heavy metals was compared. Correlation was distin-
guished according to the magnitude of the Pearson
coefficient, with values less than 0.3 indicating that
the correlation can be regarded as irrelevant, values of
0.3-0.5 indicating a low correlation, values of 0.5 to 0.8
indicating a moderate correlation, and values of 0.8-1
indicating highly correlated heavy metals.
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Cluster analysis (CA)

To determine the heavy metal source, CA was carried
out using hierarchical clustering, which connects data
into clusters according to their distance. The results are
illustrated in dendrograms representing the steps in the
hierarchical clustering solution and the values of the dis-
tances between the clusters, which reflect the proximity
and interrelationship among the heavy metals.

Statistical analysis

Variance analysis of the heavy metal contents was car-
ried out using Microsoft Excel 2019. Pearson correlation
analysis and CA were conducted using SPSS 25.0 (SPSS
Inc., Chicago, USA). All figures were prepared using Ori-
gin 2021b software for Windows.

Results and discussion

Contents and spatial distribution of heavy metals

in sediments

The contents of As, Cd, Cr, Cu, Pb, and Zn, speci-
fied in the China Marine Sediment Quality Standard
(GB18668-2002), are listed in Table 1. In the sediments,
their contents ranged from 4.02 to 41.34 mg kg,
0.05 to 0.81 mg kg™!, 5.06 to 81.87 mg kg ', 16.41 to
81.48 mg kg™', 541 to 67.21 mg kg~!, and 83.22 to
259.57 mg kg’1 for As, Cd, Cr, Cu, Pb, and Zn, respec-
tively, in the order of Zn>Cu>Cr>Pb>As>Cd. The
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metals with the highest contents, Zn and Cu, had average
contents of 175.80 mg kg~ and 50.74 mg kg™!, respec-
tively (Fig. 2 and Table 1). The heavy metal contents at
all sampling sites met the Class-2 standard of marine
sediments. The contents of As and Pb at S2, S4, S5, S8,
S9, and S10 were higher than the values of the Class-1
standard, but lower than the values of the Class-2 stand-
ard. The Cd content at S1 and S2 was higher than that in
the Class-1 standard and lower than that in the Class-2
standard. Only the Cr values at S9 were slightly higher
than that in the Class-1 quality standard, which was
81.87 mg kg~ *. The contents of Cu at S11, S14, and S15
were lower than that in the Class-1 standard. The Zn
contents at S1, S2, S3, S4, S5, S6, S8, S9, and S10 were
higher than the Class-1 standard value but lower than the
Class-2 standard value.

Dai et al. [8] continuously monitored the SZB sedi-
ments from 2000 to 2007 and their results showed
average contents of As, Cd, Cr, Cu, Pb, and Zn in the
middle and at the mouth of the bay that were slightly
higher than the results of this study. This is believed
to be mainly due to the accelerated transfer and shut-
down of polluting enterprises in the surrounding areas
of the SZB in recent years. The high-tech industry is
continuously developing, and the level of heavy metal
pollution is continuously decreasing. Analysing the
heavy metal content in sediments from the inside to

Table 1 Heavy metal contents in surface sediments of the Shenzhen Bay compared with the average heavy metal contents in
sediments of other bays/harbours around the world (mg-kg™", dry weight)

As cd Cr Cu Pb Zn No. of samples References
Shenzhen Bay, China 18.27 0.2 40.61 50.74 37.09 175.80 15 This study (average)
402-4134 005-081 506-81.87 1641-8148 541-6721 83.22-259.57 15 This study (range)
Yellow River Estuary, China NA NA 44.09 22.85 43.05 5412 96 [33]
Pearl River Estuary, China NA NA 106 457 579 177 23 [42]
Yangtze River Estuary, China 9.1 0.19 79.1 24.7 238 829 30 [37]
Jiaozhou Bay, China NA 042 69.9 388 55.2 107.4 29 [39]
Zhelin Bay, China 547 0.051 69.9 88.0 509 204.5 16 [13]
Oyster Bay, Australia 15 NA NA 35 98 204 55 [1]
Florida Bay, USA NA NA 162 15 84 31 40 [5]
Izmit Bay, Turkey 218 49 74.3 67.6 102 930 8 (Pekey, H., 2006)
Masan Bay, Korea NA 1.24 67.07 434 4397 206.26 56 [14]
Gironde Estuary, France 18.7 048 784 245 46.8 168 323 [24]
Andaman Island, India NA 0.8-1 13-20 81-88 4-5 12-23 15 [28]
Class-1 20 0.5 80 35 60 150 CSBTS (2002)
Class-2 65 15 150 100 130 350 CSBTS (2002)
Class-3 93 5.0 270 200 250 600 CSBTS (2002)
BG 10 0.5 60 25 30 80

NA not available

Class-1, Class-2, and Class-3 are the Marine Sediment Quality Standards (GB 18668-2002) issued by the China State Bureau of Quality and Technical Supervision
(CSBTS, 2002). The background (BG) value was taken from the Chinese National Marine Sediment Category Standard (State Oceanic Administration, 2004)
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the outside of the bay, it was found that the contents
of As, Cd, Cr, Pb, and Zn gradually decreased from
the inside to the outside of the bay, while Cu remained
at the same level and showed no obvious downward
trend. Differences in the spatial distribution of heavy
metals are largely related to their different sources or
the sediment origin (texture, TOC, etc.). Different pol-
lutants often contain different heavy metals. The pos-
sible sources of As, Cd, Cr, Cu, Pb, and Zn in the SZB
sediments are the discharge of domestic sewage and
industrial wastewater from Shenzhen and Hong Kong
into the bay.

The heavy metal contents in the sediments of the
SZB were also compared with those of other bay areas
and coastal regions. In Table 1, which lists the heavy
metal contents obtained in the study area along with
those of other regions, it can be seen that the heavy
metal contents in the SZB are slightly higher than
those reported for the Yellow River, Yangtze River,
and Pear]l River Estuary. Furthermore, the levels
obtained for Zhelin Bay and Jiaozhou Bay sediments
were equal or lower. In addition, the heavy metal con-
tents obtained in this study are significantly lower
than those of the world’s largest industrialised/urban
ports and estuaries (Table 1), such as the Masan Bay
in South Korea, Oyster Bay in Australia, Florida Bay
in the United States, Izmit Bay in Turkey, and Gironde
Estuary in France.

Assessment of heavy metal pollution in sediments

The L, index can be used to confirm the pollution level
of heavy metals in sediments. As shown in Fig. 3, the L.,
index of heavy metals in the SZB sediments decreased
in the order Zn>Cu>As>Pb>Cd>Cr. The average L.,
indices of Zn and Cu were 0.451 and 0.062, respectively,
which indicate light pollution levels. The average L., indi-
ces of the other heavy metals were less than 0, indicating
no pollution. For Cr, the I, index was less than 0 in the
sediments at all sampling points, indicating no pollution.
As, Cd, Cu, and Pb showed I, indices greater than 0 at
some sampling points. For example, the values for As
at S10, S9, S8, and S2 indicated medium pollution, and
those at S5, S13, and S4 light pollution; Cd exhibited only
slight pollution at sampling point S1, with an L, index of
0.12. The L, of Cu at all sampling points indicated slight
pollution, with a maximum value at S9 (0.59), and Pb also
showed slight pollution at sampling points S3 (0.54), S5
(0.71), S10 (0.75), S9 (0.84), S8 (0.80), S4 (0.76), and S2
(0.54). Zn showed pollution conditions at all sampling
points except S11, S12, S14, and S15, but all were below
the moderate pollution level (1 <I,,<2). It is worth not-
ing that the sampling points S10, S9, and S8 were pol-
luted by all analysed heavy metals, except for Cd and Cr.
Based on the L., index, the SZB sediments were mostly
polluted by Zn and Cu. Dai et al. [8] studied the L, indi-
ces of Pb, Cu, and Zn in the same sediments from 2000
to 2007, and found that the values all ranged between 0
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and 1, indicating slight pollution. Moreover, the level of
pollution and heavy metal contents were lower at the bay
mouth than inner bay, and both decreased gradually from
the inside to the outside of the bay.

Heat maps have been widely used in studies of poten-
tial ecological risks of heavy metals. The colour scale
ranges from blue to red and indicates increasing eco-
logical risks [11]. The toxicity values in the environment
are 30, 10, 5, 5, 2, and 1 for Cd, As, Cu, Pb, Cr, and Zn,
respectively. The ecological risk of heavy metals in the
SZB sediments is shown in Fig. 4. Except for As at S10
(41.3) and Cd at S1 (48.8), the potential ecological risks
of the six heavy metals were all lower than 40, indicat-
ing low potential ecological risks. The comprehensive
potential ecological hazards were found in the following
order: RI ,,=274.05>RI ;=265.07>RI -, =126.87 >RI
pp=111.29>RI ,,=3296>RI ,=20.31. The results
showed that As and Cd in the SZB sediments pose mod-
erate potential ecological risks, implying that their pol-
lution cannot be ignored; however, the overall potential
ecological risks of the other heavy metals were rela-
tively low. The moderate ecological risks of As and Cd

are mainly due to their high ecological toxicity values;
although their contents are relatively low, the ecological
risk value is high. Therefore, special attention should be
paid to the monitoring and management of As and Cd.
In general, although the Zn contents in the sediments
of the entire study area exceeded the background value,
its potential ecological risk was only 32.96, which cor-
responds to a slight pollution level. These results are
consistent with those of Zuo et al. [45], who used the
ecological model evaluation method to analyse the heavy
metals in SZB sediments in 2006 and showed that Cd
had the largest potential ecological hazard coefficient.
Comparing different sampling points, the comprehen-
sive and individual ecological risks of heavy metals in the
SZB sediments corresponded to the changes in the heavy
metal content, and also showed a gradual decrease from
inner bay to the outside of the bay.

The distribution of the potential ecological risks
showed that: (1) the risk of Shenzhen River Estuary was
the lowest, and at a slight level. This is mainly attributed
to the fact that the surface sediments in the estuary area
are mainly silt and sandy silt with coarse particle sizes

Fig. 4 Heat map of the heavy metal ecological risks in sediments from the inner bay to the outside of Shenzhen Bay. The value of the colour white
is 40. Values less than 40 indicate that the heavy metal has a low potential ecological risk
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that have a small adsorption capacity for heavy metals,
which resulted in a low degree of pollution. The concen-
trations of Cr, Pb, and Cu indicate no pollution. (2) The
potential risk to the Shekou zone was at a medium level.
Because this area is located in Shenzhen Bay Estuary, the
hydrodynamic force was strong, and the surface sedi-
ments were easily disturbed; at the same time, this area
was far away from Shenzhen city and there was no large
river to flow into. Furthermore, the heavy metals that
were transported in the water were deposited in the inner

1
As As ‘ * ’ 0.8
0.6
Cd Cd e k
- 0.4
cr| 082 Cr . ‘ ‘ 02
0
Cu 0.65 Cu ‘ ‘ L 0.2
- -0.4
Pb| 0.85 0.96 0.58 Pb .
0.6
Zn 0.67 0.95 0.64 Zn -0.8
-1
As Cd Cr Cu Pb Zn
Fig. 5 Correlation coefficient map of heavy metals in SZB sediments.
Among them, red represents a positive correlation, blue represents a
negative correlation, the number in the lower triangle represents the
correlation coefficient, and the size of the circle in the upper triangle
represents the size of the correlation coefficient
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bay where the water exchange is weak. (3) The poten-
tial risks of the sampling points except Shenzhen River
Estuary and Shekou area were all at a high level. These
sampling points were all located inside the SZB where
the Dasha, Xinzhou, and Fengtang rivers bring a large
amount of heavy metals into the bay.

Source apportionment of heavy metals in sediments

The correlation between heavy metal contents can be
used to evaluate the potential common source and
migration processes of these elements. A high correla-
tion between two elements indicates that they have a
common source and similar migration process. The cor-
relation coefficients between the heavy metals in the
SZB sediments are shown in Fig. 5. Cr—Pb (0.96), Cu-Zn
(0.95), As—Pb (0.85), As—Cr (0.82), Cr—Cu (0.65), and
Cr-Zn (0.67) showed a strong significant correlation
(p<0.01), while Pb—Cu (0.58) and Pb—Zn (0.64) showed
a significant correlation (p<0.05). These results suggest
that these pairs of metals may have the same pollution
sources and migration processes.

CA is widely used to identify pollutant sources of
heavy metals in sediments to distinguish natural from
anthropogenic contributions (Loska and Wiechula,
2003; [19]. The clusters of six heavy metals obtained
from the cluster analysis are presented by the relation-
ship between groups of variables, as shown in Fig. 6,
with a lower value on the horizontal axis showing a
more significant association. There are three statisti-
cally significant clusters, among which cluster 1 only
includes the heavy metals Zn that has been identified

to have a light pollution degree from the L, index.

wa

Fig. 6 Cluster analysis dendrogram of heavy metals in Shenzhen Bay

260

195

heavy metal (mg-kg™")
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Cluster 2 includes Cu, Pb, and Cr, and can be further
divided into two sub-clusters because the distance
between Cu and Pb—Cr was relatively long. Sub-cluster
1 includes Cr and Pb, which were shown to have no pol-
lution and a slight pollution degree according to the L,
index, respectively, Sub-cluster 2 includes Cu, which
was shown to have a slight pollution degree according
to the I, index. Cluster 3 includes Cd and As, which
posed moderate potential ecological risks based on
the PERI. The CA results are consistent well with the
results from the Pearson correlation analysis.

The correlation coefficients among Zn, Pb, Cr, and
Cu were all higher than 0.5, indicating that these four
elements may have similar sources and migration pro-
cesses. The correlation coefficients between Zn and Cu,
and Pb and Cr in particular were very high, 0.95 and
0.96, respectively, representing an extremely strong cor-
relation. This may be because these elements are all sul-
fophilic elements; that is, these elements often form less
soluble sulfides, which accumulate in water sediments.
The correlations between As and Cd and other heavy
metals were relatively low, indicating that there may be
differences between their sources and those of the other
elements in the sediment. For example, the source of As
may be related to the transportation of fossil fuels, such
as coal, in the SZB [4].

Heavy metals in sediments can originate from natural
pollution sources or from human activities. Using the
correlation between Fe and heavy metals, it was possible
to distinguish between the natural and anthropogenic
sources of the heavy metals. Naturally sourced heavy
metals are often significantly correlated with Fe. Huang
et al. [15] found that Pb, Cu, Zn, and Fe were relatively
poorly correlated (Pb had a certain correlation with Fe
at low concentrations), indicating that these heavy met-
als are related to anthropogenic pollution. The accumu-
lation of historical heavy metals is an important cause
of changes in the sedimentary environment of the SZB.
During the rapid economic development of Hong Kong
in the 1970s, industries in the northern New Territories
developed rapidly, and a large amount of wastewater was
discharged directly into the SZB or transported there via
Shenzhen River. When entering the bay, the heavy metals
were quickly incorporated into the sediments. Further-
more, the period from 1985 to 2000 was an era of eco-
nomic rise in Shenzhen and other parts of the Pearl River
Delta. A large amount of industrial wastewater, especially
wastewater from electronics and electrical appliances,
was polluted with heavy metals, which were directly dis-
charged into the SZB. Heavy metals were further trans-
ported to the sea through the mouth of the SZB via the
runoff and tidal currents of the Pearl River Estuary [25,
26].
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Effect of land reclamation on heavy metals in sediments
Coastlines are formed through long-term evolution
under various dynamic factors and are in a state of rela-
tively dynamic equilibrium. Land reclamation activities
are processes of creating new, dry land on the seabed,
which changes the natural coastal pattern in a short
time and on a small scale, and have a strong impact on
the marine environment, causing an imbalance. Further-
more, the physical and chemical properties of the recla-
mation material itself may have a long-term impact on
the heavy metal content in bay sediments.

Massive changes have occurred both on land and in
the seawater in the SZB area since 1980. By 2005, the
reclaimed land area had reached 1963 ha (Additional
file 1: Figure S3). After 2005, however, no large-scale
reclamation activities were carried out [7]. Neverthe-
less, land reclamation disrupted the dynamic balance
of the original coastline, reduced the SZB area, led to a
rapid decline in the tidal volume and tidal cycle of the
bay, and created favourable conditions for sedimenta-
tion. The exchange capacity of the seawater was greatly
reduced, resulting in pollutants remaining in the bay,
especially the inner bay, for a long time. Some studies
have shown that the average residence time of pollut-
ants in the inner bay is approximately 10-14 days in
the dry season, 8-9 days in the rainy season, 7-8 days
near the Shenzhen-Hong Kong Western Corridor,
and only 3-4 days in the outer bay [12]. In this case,
the ability of seawater to dilute pollutants in upstream
or coastal areas was greatly reduced, causing water
pollution. Because the rivers entering the bay carry
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Fig. 7 Time series of the average heavy metal contents in the
Shenzhen Bay surface sediments from 1940 to 2010. The data were
taken from [20] and [34]
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a large amount of sediment, the longer the pollutants
remain in the water, the greater the amount of pollut-
ants deposited, which causes the pollution of sediments
to increase. From 1940 to 2010, heavy metal concen-
trations were not significantly affected by land recla-
mation activities and remained stable (Fig. 7). If land
reclamation activities created favourable conditions
for sedimentation still needs to be answered, however,
the heavy metal content has remained stable. In fact,
the amount of heavy metal pollution entering into the
SZB gradually decreased since the 1980s, and if there
were no land reclamation activities, the heavy metal
contents in the sediments would have decreased. Thus,
the proportion of heavy metals entering the sediments
actually increased due to the weak hydrodynamic con-
ditions in the bay and, eventually, the heavy metal con-
tents become relatively stable. Reports indicate that
harmful substances (heavy metals and organic toxins)
in the form of pollutants accumulate in water bodies
or sediments, causing environmental disasters in the
mangrove ecosystem along the SZB. Wang et al. (2010)
reported that the release of sediment in the inner SZB
had an impact of 25% on the water quality; the release
of sediment pollution in the estuary bay also accounted
for 8%. The pollution load in the sediments of the inner
bay exceeded the capacity of the inner bay. With the
reduction of land-based pollution from Shenzhen and
Hong Kong, this proportion will continue to rise.

It is generally recognised that the filling materials
used in the process of land reclamation may affect the
heavy metal content of sediments. Chen and Jiao [7]
conducted a chemical analysis of the reclamation mate-
rials used in a certain reclamation project in the SZB
and showed that their heavy metal contents were much
lower than those in the sediments (Table 2). Accord-
ingly, it is reasonable to assume that the heavy metal
contribution of the filler material to the SZB sediments
is negligible. Therefore, it can be concluded that the
heavy metals contents in the SZB sediments are prob-
ably related to historical land-source pollution from
both sides of the bay, i.e., Shenzhen and Hong Kong.
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Conclusions

In this study, six elements (As, Cd, Cr, Cu, Pb, and Zn) in
SZB surface sediments were investigated. Based on this
data, the main findings of this study are as follows:

(1) The contents of major heavy metals in sediment
were generally higher than the average background
value in the offshore sediments of China; however,
they were lower than the heavy metal contents in
the coastal sediments of similar bay areas around
the world, and the heavy metal content has gradually
decreased over the last 20 years.

(2) The pollution levels of the six heavy
metals were found to be in the order of
As>Cd>Cu>Pb>Zn>Cr. As and Cd were found to
pose moderate ecological risks, and their potential
hazard indices reached a high level, while the poten-
tial ecological risks of Cu, Pb, Zn, and Cr were found
to be low.

(3) The heavy metals Zn, Cu, Pb, and Cr were
strongly correlated, which may be due to similar
sources and migration processes. The accumula-
tion of historical heavy metals was an important
cause of changes in the sediment environment of the
SZB, mainly owing to land-based pollution (such as
industrial wastewater) from the 1970s to the end of
the twentieth century.

(4) Human activities, such as land reclamation, have
led to a decline in the exchange capacity of water
bodies in the SZB, resulting in heavy metals depos-
ited in the surface sediments.

There is currently a lack of research regarding the bio-
transformation processes and carbon cycling effect the
heavy metal contents and the distribution mechanism in
Shenzhen Bay. Further studies should also explore this
potential work.

Table 2 Comparison of heavy metal contents in filler materials and marine sediments of Shenzhen Bay (unit: mg-kg™')

As cd Cr Cu Pb Zn
Fill material Mean NA 0.20 8.08 8.30 3961 3232
(n=11) Average NA 0.12-050 201-24.27 282-27.73 1161-6881 20.27-44.85
Marine mud Mean NA 040 75.96 3463 4945 119.25
(n=22) Average NA 0.28-0.68 56.86-96.38 21.37-74.21 34.46-67.77 77.36-192.39

Data from the reference Chen and Jiao [7]
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