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Contamination level, chemical fraction and ecological risk of heavy metals in sediments from Daya Bay (DYB)
were conducted in this study. The results revealed that the concentration of Cr, Cu, Zn, As, Cd and Pb in sediments were in the range of 36.38–90.33, 9.54–61.32, 33.54–207.33, 7.80–18.43, 0.13–0.43 and
15.89–30.01 mg kg−1, respectively, with bioavailable fractions of 13.29, 54.16, 47.60, 32.74, 68.14, 26.59%,
respectively. A modiﬁed potential ecological risk index (MRI) was used for the ecological risk assessment, with
ecological risk contribution ratios of 75.73, 14.29, 5.47, 1.74, 1.57 and 1.21% for Cd, As, Cu, Cr, Pb and Zn,
respectively. The main contaminants were Cd and As, with their ecological risks “High” and “Moderate” levels,
and their enrichment degrees “Moderately Severe” and “Moderate”, respectively. The multivariate statistical
analysis suggested that the various anthropogenic activities along the bay might contribute mainly to the heavy
metals contamination in DYB.

Heavy metals contamination has aroused great concerns due to their
toxic eﬀects and potentials for substantial and long-term accumulation
in sediments and organisms (Oursel et al., 2013; Chen et al., 2016;
Zhang et al., 2016a; Zhang et al., 2016b). It is well known that heavy
metals from industrial, urban, and agricultural sources were discharged
into rivers, and ultimately immobilized in marine sediments under
current action (Machado et al., 2016; Wu et al., 2017). Therefore,
coastal zones like estuaries and bays tend to suﬀer from more seriously
anthropogenic heavy metals contamination (Wang et al., 2013; Aiman
et al., 2016), and the sediments in estuaries and bays generally tend to
be a reservoir for heavy metals discharged into marine environment
(Fujita et al., 2014; Machado et al., 2016). Actually, heavy metals in
sediments could migrate upward to the sediment-water interface, and
be released into the overlying waters when environmental conditions
(e.g., current, pH, DO, redox potentials and temperature) changed,
leading to potential threats to aquatic environments and organisms
(Zhao et al., 2013; Dhanakumar et al., 2015; Machado et al., 2016;
Chen et al., 2017).
In addition, the release of heavy metals in sediments greatly depends on their diﬀerent chemical forms, which generally exhibit different physical and chemical behaviors in terms of chemical interaction,
potential toxicity, bioavailability and mobility (Sun et al., 2016;

⁎

Gabarrón et al., 2017; Kang et al., 2017). According to the European
“Community Bureau of Reference” (BCR) sequential extraction procedure (Quevauviller et al., 1997), chemical forms of heavy metals in
sediments are classiﬁed into four parts, that is, the exchangeable, reducible, oxidizable and residual parts. Usually, the bioavailable fractions are composed of the former three parts, which could be released
into overlying water so that a secondary contamination occurred
(Cheng and Yap, 2015; Kang et al., 2017). Thus, the chemical fractions
of heavy metals, especially those with high bioavailability, should be
analyzed for the evaluation of ecological risk of heavy metals in sediments.
Generlly, the ecological risk of heavy metals in sediments is evaluated by the risk assessment code (RAC) (Perin et al., 1985) and the
potential ecological risk index (PERI) (Hakanson, 1980), both of which
have been used for the assessment of ecological risk of heavy metals in
estuaries (Dhanakumar et al., 2015), bays (Gao et al., 2010) and coastal
lines (Zhang et al., 2016a; Zhang et al., 2016b). However, RAC only
considered the bioavailable fractions of heavy metals, while the PERI
considered the toxicities and total concentrations of heavy metals. Recently, a modiﬁed potential ecological risk index (MRI), which simultaneously considered the inﬂuences of toxicities, total concentrations and bioavailability of heavy metals, was proposed (Kulikowska
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ultrapure water. Finally, all concentrations of heavy metals were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
Agilent 7500cx, USA).
Quality assurance and quality control were ensured using the analysis of duplicate samples, method blanks, and standard reference materials. The total concentrations of heavy metals in sediments were
estimated by summing up the four fractions by BCR procedure. After
the mobile fractions were extracted, the concentration of residual
fraction was veriﬁed by recovery measurements on the standard reference material of the sediment in South China Sea (GBW07334). Five
replicates were conducted for the determination of total concentration
of the heavy metals in reference materials. The results were consistent
with the reference values, and the diﬀerences were all within 10%, with
recoveries ranging from 95 to 105 (n = 5). The precision, expressed as
the relative standard deviation, ranged from 5 to 12%. In addition, all
the glassware and polypropylene wares were soaked overnight in diluted nitric or hydrochloric acid. Then they were rinsed with deionized
water prior to use. All the reagents and standard solutions used were of
guarantee grade.
In this study heavy metals contamination in sediments was evaluated by the geo-accumulation index (Igeo), enrichment factor (EF), risk
assessment code (RAC), potential ecological risk index (PERI) and a
modiﬁed potential ecological risk index (MRI), respectively.
The index Igeo has been demonstrated to be a useful tool for assessing
contamination levels of heavy metals. The Igeo is calculated by the following equations:

et al., 2015; Wang et al., 2016). This new index introduced a coeﬃeient
on bioavailabiliy into the traditionally used PERI. However, its application has seldom been used in heavy metals contamination, especially
in marine environment. In addition, it is known that the actual contamination levels of heavy metals and the contribution ratio of total
heavy metals from human activities could be evaluted by the geo-accumulation index (Igeo) and enrichment factor (EF), respectively (Diop
et al., 2015; Liu et al., 2017). Thus, it would be interesting to simultaneously apply the multiple indices such as Igeo, EF, RAC, PERI and
MRI for assessment of heavy metals contamination in marine environment.
Daya Bay (DYB) is a semi-enclosed embayment in the northwestern
part of the South China Sea. It is located between Shenzhen and
Huizhou of Guangdong Province, China (Yang et al., 2014). The DYB is
composed of many sub-basins, including Aotou Harbor and Yaling Bay
in the northwest, Dapeng Cove in the southwest and Fanhe Harbor in
the northeast. There are no major rivers discharged into DYB, while
there are three tributaries discharged into Dapeng Cove. With the rapid
development of industrilization and urbanization, large-scale anthropogenic activities have been appeared along its coastline in recent
decades, such as the mariculture, port, nuclear power station and petrochemical business (Yu et al., 2010; Yu et al., 2016). Various kinds of
contaminants, including heavy metals, have entered the DYB and
caused serious heavy metal contamination (Gu et al., 2016).
Although some studies on heavy metals contamination in sediments
of the Daya Bay could be found, the total concentrations of metals
without their chemical fractions in sediments could not well reﬂect
their actual contamination status (Gu et al., 2016; Han et al., 2013; Gu
et al., 2012). Some studies conducted chemical fractions of heavy metals in sediments (Gao et al., 2010; Yu et al., 2010), however, heavy
metals contamination caused by increased human population and anthropogenic activity, such as mariculture, petrochemistry and port
around this area in recent years and their potential ecological risk have
not been reported. Although some studies on concentrations, chemical
fractions and ecological risk of heavy metals had been conducted (Cao
et al., 2014; Yang et al., 2014), their risk assessment method just considered the chemical fractions of heavy metals, ignoring the concentration levels and toxicities of heavy metals. Therefore, the latest
comprehensive study, considering concentrations, chemical fractions
and ecological risk assessment of heavy metals in sediments from Daya
Bay, was necessary and realistically signiﬁcant.
In this study, the main objectives were to: (1) investigate the spatial
distribution characteristics of heavy metals (Cr, Cu, Zn, As, Cd and Pb)
in sediments from DYB; (2) quantify the chemical fractions and bioavailability of heavy metals by BCR sequential extraction procedure; (3)
evaluate the heavy metals contamination of DYB with indices of the Igeo,
EF, PERI, RAC and MRI.
Samples of the surface sediment were collected in Nov 2016 from 14
sampling sites in the Daya Bay (Fig. 1). The surface sediments (top
5 cm) were collected by using steel box grabs, and then sealed in
polyethylene plastic bags. Samples of the sediments were collected in
triplicates and combined homogeneously as a sample at each site. All
the samples were directly placed on ice in a cryogenic storage container
and transported to the laboratory. In the laboratory, the sediment
samples were ﬁrstly ice-dried at −20 °C, then stones and plant fragments were removed. The samples were subsequently ground with a
pestle and mortar until all particles passed through a 150 nylon mesh
sieve. All samples were ﬁnally stored at 4 °C in the dark for the subsequent treatment.
Chemical fractions of Cr, Cu, Zn, As, Cd and Pb in sediments were
extracted according to the European “Community Bureau of Reference”
(BCR) sequential extraction procedure (Quevauviller et al., 1997), and
the residual parts of the heavy metals were digested by a mixture of
acid (HNO3 + HF + HClO4) (Bai et al., 2011). All supernatants were
decanted into polyethylene containers and refrigerated prior to analysis. Between each extraction, samples were washed using 10 mL

Igeo = log 2 [Cn /(1.5 × Bn)]
where Cn is the concentrations of heavy metals in sediments; Bn is the
geochemical background contents of heavy metals. The background
values of heavy metals in sediments proposed by Zhang (1991) were
selected as the geochemistry background value (Bn) in this study
(Table 1). According to the Igeo values, categories of contamination levels were deﬁned (Table S2).
The index EF has been used to evaluate the contamination degree of
anthropogenic heavy metals in sediments. The calculation formula of
EF is showed as follows:

EF = (MetalSample/FeSample)/(MetalBackground/FeBackground)
where MetalSample is the concentrations of heavy metals in sediments;
MetalBackground is the geochemical background contents of heavy metals;
FeSample is the concentrations of Fe in sediments; FeBackground is the
geochemical background contents of Fe. According to the EF values,
enrichment degree of heavy metals in sediments could be deﬁned as
seven categories (Table S3).
The index RAC has been applied to assess the heavy metals mobility
according to their chemical fractions. The RAC is expressed by the
following equation:

RAC = Cm /Ctotal × 100%
where Cm is the metal concentration of B1; Ctotal is the total metal
concentration in sediment. According to the values of RAC, the classiﬁcation of ecological risk about RAC was shown in Table S4.
The index PERI has been widely used to evaluate the potential
ecological risk of single heavy metal and total heavy metals in sediments or soils, while the value of PERI can be calculated by the following formula:
m

PERIi =

∑ EIi = Ti × Cid /Cir
i=1

where EIi is the potential risk of individual heavy metal; PERIi is the
sum of all EIi values; Cdi is the present concentrations of heavy metals in
sediments; Cri is the background values that determined by Zhang
(1991); Ti is the toxic response factor. According to the classiﬁcation of
potential ecological risk index (Hakanson, 1980), ﬁve categories of
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Fig. 1. Location of the sampling sites in DYB.

m

PERIi, and four categories of EIi were deﬁned (Table S5).
A modiﬁed potential ecological risk index (MRI) was recently
adopted to assess the potential ecological risk of heavy metals
(Kulikowska et al., 2015). The speciﬁc calculation formula of MRI was
shown as follows:

MRIi =

∑ MEIi = Ti × Cid × β/Cir
i=1

Where MEIi is potential risk from an individual metal; MEIi is the sum
of all MEIi values; is the present concentrations of heavy metals in sediments; Cri is the background values that determined by Zhang (1991); β is

Table 1
Comparisons of heavy metals concentration in Daya Bay with other bays.
Metals concentrations/mg kg−1

Daya Bay, China

Xiamen Bay, China
Tianjin Bay, China
Quanzhou Bay, China
Bohai Bay, China
Admiralty Bay, Antarctica
Masan Bay, Korea
Relevant Standards

Sources of data

Cr

Cu

Zn

As

Cd

Pb

65.04

24.58

111.65

12.41

0.23

22.64

30.03

10.09

59.34

7.01

0.04

44.18

59.03

16.46

87.81

8.16

0.07

37.01

75.60

12.70

94.4

/

/

32.7

/

20.80

113.00

/

0.05

45.7

22.35

6.44

26.01

2.61

0.03

21.67

18.86
0.40
84.72
101.40
8.10
99.20
80.00

16.43
2.54
60.81
38.50
47.00
31.65
35.00

41.32
26.90
186.70
206.30
188.10
169.10
150.00

/
1.26
/
/
82.95
/
20.00

0.14
0.12
0.64
0.22
29.50
/
0.50

15.57
7.18
66.98
44.00
5.75
27.80
60.00

134

This study
(Conducted in 2016, mean)
Cao et al. (2014)
(Conducted in 2012)
Zhao et al. (2016)
(Conducted in 2008, mean)
Yu et al. (2010)
(Conducted in 2008, mean)
Gao et al. (2010)
(Conducted in 2006, mean)
Zhang (1991)
(Background values conducted in 1988, mean)
Zhang et al. (2007)
Meng et al. (2008)
Yu et al. (2016)
Gao and Chen (2012)
Trevizani et al. (2016)
Cho et al. (2015)
Chinese Marine Sediment Quality
Standard (GB18668-2002)
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The contaminations of Cr, Cu and Zn in sediments simultaneously
occurred in S3 around the Chemical Base of South China Sea with 90.23,
61.32 and 207.33 mg kg−1, respectively, while the highest level of As
appeared in S12 near a large-scale mariculture area with 18.43 mg kg−1.
The relatively higher levels of Cr, Zn and Pb also existed in S12 with
concentrations of 68.88, 165.78 and 29.79 mg kg−1, respectively. Since
the trace metals such as Cr, Zn, As and Pb are often used as feed additives
in mariculture (Siano et al., 2017), the aquaculture feed might be attributable to the contaminations of Cr, Zn, As and Pb in S12. For Zn, As and
Cd, it was observed that the relatively higher contents mainly occurred in
S1, S2 and S3, which were located near the Chemical Base of South China
Sea might be the main point in this bay.
Comparing the results in this study with those obtained in 1991 and
2008 (Fig. S1), it could be found that all values of metals in sediments
showed higher levels than their corresponding background values (Zhang,
1991). Although, the concentrations of Cr, Cu, Zn, As and Cd showed a
relatively decreasing contamination trend from 2008 to 2012 (Table 1),
the heavy metals contamination in sediments showed an increase in this
study (Gao et al., 2010; Yu et al., 2010; Cao et al., 2014; Zhao et al., 2016).
Seriously, the concentrations of Cd, As and Cu even reached peak values in
this study. Comparisons with metal concentrations in previous studies on
other bays presented in Table 1 also indicated that heavy metals contamination levels in DYB were relatively higher than those in both Xiamen
Bay (Zhang et al., 2007) and Tianjin Bay (Meng et al., 2008), but lower
than those in Quanzhou Bay (Yu et al., 2016) and Bohai Bay (Gao and
Chen, 2012). In addition, the levels of Cu and Zn in sediments of DYB were
obviously lower than those in Admiralty Bay (Trevizani et al., 2016) and
Masan Bay (Cho et al., 2015).
The diﬀerent chemical fractions of Cr, Cu, Zn, As, Cd and Pb are
showed in Fig. 3. Generally, it was obvious that the chemical fractions of
heavy metals in sediments were diﬀerent from each other. The dominating
chemical forms of Cr, As and Pb were B4, the residual part, with fraction
ranges of 55.94–95.95, 60.47–78.17 and 62.80–81.99%, respectively. For
Cu, the main fractions were B2 (reducible), B3 (oxidizable) and B4, with
mean fractions of 25.90, 23.13 and 45.84%, respectively. The main chemical forms of Zn were B2 and B4, with mean fractions of 43.60 and
52.40%, respectively. However, the main fraction of Cd was B1

the modiﬁed index of heavy metal concentration calculated as Aα + B (A:
percentage of B1 fraction, B = 1-A, α: toxic index of B1 fraction for a given
metal);

The α values vary depending on the RAC value (Zhu et al., 2012, shown in
Table S4). Similar to the classiﬁcation of PERI, ﬁve categories of MRIi, and
four categories of MEIi were deﬁned (Table S5).
The diﬀerences of heavy metals concentrations in DYB were evaluated by carrying out the descriptive analysis, principal component
analysis (PCA) and correlation analysis (CA) using the SPSS 19.0 (Ma
et al., 2016). The dual hierarchical clustering analysis (DHCA) was
conducted by Heml which is a toolkit for illustrating heat maps (Deng
et al., 2014; Ma et al., 2016), and all of the variables conducted in
Xi
DHCA were ﬁrstly normalized through
transformation.
X1 + X2 + X3 + ⋯ + X14
The concentrations of Cr, Cu, Zn, As, Cd and Pb in sediments were in
the ranges of 36.38–90.33, 9.54–61.32, 33.54–207.33, 7.80–18.43,
0.13–0.43 and 15.89–30.01 mg kg−1, respectively (Fig. 2). Compared
with the limited values of Chinese Marine Sediment Quality Standard
(GB18668-2002) (Table 1), most of the levels were lower than the
corresponding limits. However, in coastal areas, contaminations of Cr,
Cu, Zn and As were observed in sediments with a decreasing trend from
west to east. The higher concentrations of heavy metals occurred in subbasins of DYB, which might be caused by diﬀerent anthropogenic activities and hydraulic conditions.
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Fig. 2. Concentrations of heavy metals in sediments from DYB.
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Fig. 3. Chemical fractions of heavy metals in sediments of DYB.

bioavailability of Cd, As and Cu in sediments showed an increasing
trend in this study. Spatially, the bioavailable fractions of Cr and Zn
reached the highest percentages in S12 (44.06%) and S7 (81.23%),
respectively, and that fraction of Cu in S1, S2, S7 and S12 were up to
61.66, 57.10, 59.44 and 61.37%, respectively. Relatively higher bioavailability of Cd occurred in sediments of S3, S7, S10 and S14, with
relatively higher bioavailability of 42.56, 48.32, 51.77 and 37.53%,
respectively. Thus, it was easy to found that relatively higher bioavailability of those metals tends to occurred along coastal areas.
According to the assessment results, the values of Igeo ranged from

(exchangeable) with 38.53%, which is liable to release into the overlying
water, causing secondary contamination. In addition, its fractions of all
chemical forms followed the order of B1 > B4 > B2 > B3, with mean
percentages of 38.53, 31.86, 20.12 and 9.49%, respectively.
Particularly, the bioavailability of the heavy metals followed the
decreased order of Cd (68.14%) > Cu (54.16%) > Zn (47.60%) > As
(32.74%) > Pb (26.59%) > Cr (13.29%) when the percentages of
metals extracted in the most labile fractions (B1 + B2 + B3) were
considered. Comparing these results with the previous study in 2006
and 2008 (Gao et al., 2010; Yu et al., 2010), it could be found that the

100
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Cr

Percentages (%)
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(f) MRI contribution ratio

Fig. 4. Contamination assessment of heavy metals in sediments of DYB by Igeo, EF, RAC, PERI and MRI.
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−1.03 for Pb (S9) to 3.26 for Cd (S1), while the average Igeo values of
heavy metals followed the order of Cd (2.29) > As (1.62) > Zn
(1.35) > Cu (1.20) > Cr (0.92) > Pb (−0.56) (Fig. 4a). Thus, the
dominating contaminant in sediments was Cd with “Moderately
Strongly” degree, followed by As, Zn and Cu with “Moderately Polluted” degree, while Cr was the relatively least contaminant with
“Unpolluted to Moderately”. Spatially, Cd contaminations in all sites
were up to levels “Moderately Polluted” except S11. Additionally, the
contaminations of both Cd and Zn reached the highest in S1 (3.26 for
Cd and 2.41 for Zn), whereas the most serious contaminations of both
Cu and Cr simultaneously occurred in S3 (2.67 for Cu and 1.43 for Cr),
but the most serious As contamination appeared in S12 (2.23).
The enrichment degree for heavy metals in sediments from DYB
followed the order of Cd (5.19) > As (3.30) > Zn (2.76) > Cu
(2.44) > Cr (1.94) > Pb (0.71), demonstrating that anthropogenic
source was the main reason for the enrichment of Cd, As, Zn, Cu and Cr.
As we all know, EF values between 0.05 and 1.5 indicate that the heavy
metals are entirely from crustal materials or natural processes, whereas
the values higher than 1.5 suggest that the sources are more likely
anthropogenic (Zhang and Liu, 2002). Therefore, according to the
classiﬁcation and calculated results, the enrichment degree of Zn, Cu
and Cr were categorized as “Minor”, whereas those of Cd, As and Pb as
“Moderately Severe”, “Moderate” and “None”, respectively (Fig. 4b).
Spatially, sites in the coastal areas suﬀered higher enrichment levels
than those in the inner areas of DYB. Particularly, as a typical site, S12
suﬀered serious contamination from anthropogenic source, with the
highest EF values of Zn (4.95), As (5.49) and Pb (1.07), followed by S3
and S8. The highest EF levels of Cr (2.39) and Cu (5.14) happened in S3,
while the highest EF levels of Cd (8.63) occurred in S8.
In general, the assessment results of both Igeo and EF illustrated that
Cd was the dominating contaminant, whereas contaminations of Cr, Cu,
Zn and As also existed to some extent in coastal sites, illuminating that
anthropogenic activities were the main reason for the enrichment of Cr,
Cu, Zn, As and Cd.
In order to ascertain the potential ecological risk of heavy metals in
sediments of DYB, traditional indices, such as RAC and PERI, and a
newly modiﬁed index (MRI) were conducted for comparisons. The results of RAC revealed that the ecological risk of Cd contamination
reached the highest among all heavy metals, which was similar to the
previous study (Cao et al., 2014). In this study, the ecological risks of Cd
in all sites reached the “High” degree except S9 and S10, which were
“Medium” and “Very high”, respectively. Additionally, the risk of Pb
was higher than that of Cr, but the results of Igeo and EF showed that Pb
was the least contaminative. It was likely that the exchangeable part of
Pb was higher than that of Cr, while the RAC considered only the
bioavailability, not the concentrations and toxicities of heavy metals.
For Cu, Zn and As, the corresponding ecological risks in most sites were
classiﬁed as the level of “low risk” except a few sites. Therefore, these
heavy metals might have potentials to be easily released into the seawater when it became acidic. The risk levels of the heavy metals in
sediments were in the decreasing sequence of Cd > As > Cu >
Zn > Pb > Cr, which were accordant with the values of the bioavailability of heavy metals in sediments.
From the assessment results of PERI shown in Fig. 4d, it could be
easy to ﬁnd that the risks of Cd and As were extremely high. All sites
suﬀered from Cd risks with the levels of “Considerable”, “High” or
“Very High”, while As in most sites posed “Moderate” risk. In addition,
in S3 there was a potential ecological risk of Cu reached the level of
“Moderate”, but the risks of other metals were at levels “None”. Compared the results of PERI with RAC, it was clearly demonstrated that the
ecological risk of heavy metals in sediments of DYB mainly came from
Cd, As and Cu, but the corresponding ecological risk were obviously
weakened when the levels and toxicities of the heavy metals were
considered.
The MRI was a newly modiﬁed potential ecological risk index that
simultaneously considered the levels, toxicities and bioavailability of

heavy metals in sediments. According to the results of MRI (Fig. 4e), the
MEI values of the metals followed the order of Cd (270.04) > As
(47.67) > Cu (19.15) > Cr (5.82) > Pb (5.22) > Zn (4.29), and
their corresponding risk contribution ratios were 75.73, 14.29, 5.47,
1.68, 1.57 and 1.21%, respectively. Spatially, the highest ecological risk
among all sites was S3, which suﬀered the ecological risk from Cd (Very
High), As (Moderate) and Cu (Moderate). Furthermore, the main pollution sources near S3 were the Chemical Base of South China Sea and
some outﬂows. Thus, it was likely that the highest ecological risk in
DYB came from the land-based pollution closing to S3. Additionally, the
main ecological risk was originated from Cd and As contaminations.
Almost all sites suﬀered from the ecological risk of Cd and As with the
“High” and “Moderate”, respectively.
Compared the results of PERI with MRI (Fig. 4d and e), it was found
that the values of both modiﬁed MEI and MRI were higher than EI and
PERI, owing mainly to the introduced coeﬃcient, respectively. Particularly, the actual ecological risk of Cd in S9, S10, S12 and S13 reached
“High” level due to their higher levels of bioavailability and concentrations. For As, its concentration levels in sediments of S5, S10, S13
and S14 were below the average level, but their bioavailable fractions
were up to 34.29, 36.57, 37.75 and 39.53%, resulting in an ecological
risk of the “Moderate” level. Thus, both Cd in S9, S10, S12, S13 and As
in S5, S10, S13, S14 should be caught attention due to their higher
bioavailability. While for the ecological risk of Cr, Cu, Zn and Pb, the
MEI values were similar to the EI values, but the MRI values exceeded
the PERI values since the former were the sum of all MEI values for the
metals. Thus, the ecological risks in S3 and S8 reached “Very High”, and
“Considerable”, respectively, which exceeded the corresponding risks of
PERI.
In summary, both RAC and PERI were not enough to assess the
actual ecological risk of the metals, but the index of MRI, comprehensively considering the levels, toxicities and bioavailability of heavy
metals, can be used for the risk assessment of heavy metals. In addition,
the ecological risk of heavy metals in DYB mainly came from Cd and As,
with ecological risk contribution ratios of 75.73 and 14.29%, respectively, followed with Cu (5.47%), Cr (1.74%), Pb (1.57%) and Zn
(1.21%).
As shown in Table S6, principle component analysis (PCA) of the
entire data set revealed two principal components (PCs) with eigenvalues > 0.8 that explained nearly 82.31% of the total variance in the
data set. The two variable factors (VFs) were obtained through factor
analyses performed on the PCs.
VF1, explained 67.03% of the total variance, with strong positive
loadings on Cr, Cu, Zn, Cd and Pb, as well as moderate positive
(0.70 ≥ loading > 0.50) loadings on As, respectively. It was well
known that contaminations of heavy metals mainly came from industrial wastewater (Yu et al., 2010). However, the Chemical Base of
South China Sea, Huizhou Gulf and Natural Gas Power Plant along the
bay were the primary sources of industrial wastewater. Thus, CP1 represented the industrial eﬄuents of these human activities. For VF2,
14.88% of the total variance, had moderately positive loadings on As. It
was well documented that the arsenic acid compounds were always
used as additives in aquaculture feed (Siano et al., 2017). Spatially, the
concentration level of As was the highest in S12 near a large-scale
mariculture area, while organic arsenic feed is often applied as feed
additives in mariculture (Siano et al., 2017). Therefore, the CP2 indicated the eﬀects of mariculture.
In addition, the results of DHCA are showed in Fig. 5. Data were
sorted by DHCA creating a dual dendrogram. The vertical dendrogram
showed the clustering of all metals according to various variables of
samples, and DHCA separated the metals into 2 clusters. Cluster 1 was
comprised of Cr, Cu, Zn, Cd and Pb, while As was listed as cluster 2
alone. The classiﬁcation of vertical dendrogram was the same as that of
PCA. However, in the horizontal dendrogram, all variables were clustered into 4 diﬀerent clusters. Cluster 1 was consisted of the following
sampling points: two sampling sites near the Chemical Base of South
137
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Fig. 5. Dual hierarchical clustering analysis for heavy metals and
sampling sites.

Development Program (No. 2016YFC0502805), Guangdong Province
Public Welfare Research and Capacity Building Project (No.
2015A020215022), and the Science and Technology Planning Project
of Guangdong Province, China (2017B030314052).

China Sea (S1 and S2); cluster 2 was comprised by S13 and S14 located
at the outer region of the bay; the sites S3, S4, S5, S6 and S10 (near
inner bay) were categorized into cluster 3, and most of them were near
the central region except S3; while cluster 4 was concluded S7, S8, S9,
S11 and S12, and most these sites were near the coastal lines of DYB
except S9. Therefore, the results of DHCA also demonstrated that more
serious contamination occurred in coastal areas, while coastal anthropogenic sources might be the main causes of heavy metals contamination in sediments of DYB.
As shown in Table S7, a correlation matrix was calculated by the
Spearman's correlation coeﬃcients for the heavy metals in sediments of
DYB. The results showed that a number of signiﬁcantly positive correlations existed among the selected elements. The element pairs of ZnAs, Zn-Cd, Zn-Pb and Cr-Cu had a signiﬁcantly positive correlation at
lower than 0.01 level, and the element pairs of Cu-Zn, Cu-Cd, Cu-Pb,
Pb-As, Pb-Cd, Pb-Cr, Cr-Zn had a positive correlation at lower than 0.05
level. Generally, nearly all element pairs of the metals had positive
correlations, meaning that Cr, Cu, Zn, As, Cd and Pb might be originated from common sources, and their behaviors during the transport
process might be similar.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2018.01.021.
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