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The geochemical background concentration (GBC) of potentially toxic metals in coastal surface sediments is a
useful reference to assess the extent of sediment contamination caused by human activities. Using surface sedi-
ments collected from the Zhejiang coastal mud area of the East China Sea, a regional GBC function (GBCF) for po-
tentially toxic metals in sedimentswas constructed based on statistical techniques. Principal component analysis
(PCA) was utilized to identify potentially toxic metal sources. For potentially toxic metals of natural origin, the
GBCF was developed by directly fitting concentration with Al2O3 in a linear regression model. For potentially
toxic metals of anthropogenic origin, concentration data were normalizedwith Al2O3 to eliminate the influences
of grain size and mineral, and cleaned by the cumulative distribution function before linear regression analyses.
At each sampling station, the enrichment factor (EF)wasmodified by the corresponding GBC calculated from the
GBCF, and was then applied to identify metal sources. The EF results were consistent with those of the PCA and
correlation analyses, indicating that the GBCs of potentially toxic metals at each station were applicable. The ap-
proach used in this study will be useful for assessing potentially toxic metal pollution in sediment andmanaging
sediment quality.
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1. Introduction

As one of our most important food sources, coastal ecosystems are
significantly affected by human activities and often the ultimate recep-
tacle of pollutants (Maanan et al., 2014;Magesh et al., 2011).With rapid
industrialization and economic development in coastal regions, huge
amounts of potentially toxic metals are discharged into coastal ecosys-
tems every year via untreated industrialwastewater, municipal sewage,
and surface run-off (Gao and Li, 2012). Enrichment of potentially toxic
metals in coastal sediments can result from both anthropogenic activi-
ties and natural processes (Nriagu, 1989; Veena et al., 1997). High con-
centrations of potentially toxicmetals from natural origins in sediments
are often enriched by refractory minerals and do not exhibit potential
toxicity to an ecosystem (Xu et al., 2009). Consequently, the clear iden-
tification of anthropogenic potentially toxicmetals fromnatural sources
is important for evaluating the extent of pollution, preventing further
environmental damage, and planning remedial strategies.
e Hydrocarbon Resources and
ngdao 266071, China.
The geo-accumulation index (Fu et al., 2013; Xu et al., 2014), pollu-
tion load index (Sun et al., 2010), enrichment factor (Magesh et al.,
2011; Soltani et al., 2015), and potential ecological risk index (Yi et al.,
2011; Liu et al., 2014) can quantitatively assess potentially toxic metal
pollution, ecological risk, and pollution source in sediments, although
reference levels of potentially toxic metals in sediments are firstly re-
quired. Average shale, upper crust, and preindustrial levels of potential-
ly toxic metals have been used extensively as reference baseline
concentrations (Zahra et al., 2014). However, regional background
values of potentially toxic metals in sediments depend on local geolog-
ical properties, whichmight differ from global reference levels (Jiang et
al., 2013). Therefore, understanding the geochemical background con-
centrations (GBC) or baseline levels of potentially toxicmetals in a stud-
ied area is essential for evaluating the extent of potentially toxic metal
pollution and ecological risk.

There are three major methods for establishing GBC (Carballeira et
al., 2000; Reimann and Caritat, 2000), which all require non-contami-
nated samples. The first approach relies on non-contaminated samples
collected from pristine areas unaffected by human activities or by oce-
anic modification processes such as scavenging (Song et al., 2014; Xu
et al., 2014). In the second approach, statistical methods are applied to
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infer GBC in surface sediments (Jiang et al., 2013; Wang et al., 2015;
Karim et al., 2015). By making assumptions about the normal distribu-
tion of potentially toxic metals in non-contaminated samples, the GBC
can be estimated by first removing data outliers, and then by applying
several statistical techniques (Matschullat et al., 2000). The third meth-
od uses non-contaminated samples in core sediments, which can be de-
fined by age in dated core sediments. This method is the most reliable
for establishing GBC if post-depositional remobilization is negligible
(Song et al., 2014). Although these three methods can establish a con-
stant for GBC, using a single regional GBC alone has the disadvantage
of excluding natural variability in potentially toxic metal concentrations
(Loring, 1991; Daskalakis and O'Connor, 1995; Covelli and Fontolan,
1997). In particular, GBCmay varywithin a region and between regions
due to the influences of sediment grain size aswell asmineralogical and
chemical composition (Reimann and Garrett, 2005; Singh et al., 2005;
Jain et al., 2007).

Based on chemical sedimentation mechanisms, potentially toxic
metal sources, and statistical techniques, we proposed a method to de-
termine the GBC function (GBCF), and calculated the GBC of potentially
toxic metals at each station along the Zhejiang coastal mud area of the
East China Sea (ECS).

The ECS, which is adjacent to Zhejiang and Fujian provinces and the
Yangtze River Delta (Fig. 1), is the largest agricultural production base in
China (Wang et al., 2014). Its coastal zone includesmany large andme-
dium cities with dense human populations, such as Shanghai, Hang-
zhou, and Ningbo, as well as numerous concentrated industries. With
the rapid economic development and intense industrialization in the
area in recent decades, considerable amounts of anthropogenic poten-
tially toxic metals and organochlorine pesticides have been delivered
to the ECS by river conveyance (e.g., Yangtze and Qiantang rivers),
and then transported via the Zhejiang-Fujian Coastal Current (ZFCC)
(Lin et al., 2002; Zhou et al., 2013;Wang et al., 2014). Based on previous
reports, water quality in the coastal areas aroundHangzhou Bay and the
Zhoushan islands is mostly below Grade I (Liu et al., 1991). Both organ-
ochlorine pesticide and potentially toxic metal pollution in the Yangtze
River estuary and adjacent sea areas have been studied comprehensive-
ly (Chen et al., 2004; Yuan et al., 2004; Fang et al., 2009; Dong et al.,
Fig. 1. Location of study area and current circulations in the East China Sea (ECS)
(circulation systems are modified according to Zheng et al., 2010).
2014.). However, reports related to the GBC of potentially toxic metals
in the ECS are scarce.

2. Materials and methods

2.1. Study area

The study area is located along the inner shelf of the ECS (Fig. 1). The
ECS is one of the largest marginal seas in the western North Pacific
Ocean, and is noted for its tremendous river runoff, notably from the
Yangtze River. Sediments on the ECS shelf consist of sand and mud.
Muddy sediment occurs along the near-shore to inner shelf environ-
ments off the Yangtze River on the south coast of China (Saito et al.,
1998). Sandy sediment occurs in the middle to outer shelf areas
(Alexander et al., 1991), and is considered to be transgressive sediment
deposited since the last glacial maximum ~20–18 ka BP (Bartek and
Wellner, 1995).

TheYangtzeRiver is the dominant contributor to the inner shelfmud
wedge in the ECS. Of the 482 Mt/year of sediment load measured at
Datong gauging station, channel aggradation and delta progradation
trap about 70% of the sediment before it reaches the ECS, leaving
~150 Mt/year of sediment to be transported southward (Milliman et
al., 1985). The southward dispersal of Yangtze River sediment occurs
mainly along the inner shelf, especially landward of the 50 m isobath,
though reaching to the 100 m isobath (Xu et al., 2009). This southward
dispersal has created an elongated mud wedge, the inner shelf mud
wedge, extending from the Yangtze River mouth to 1000 km into the
Taiwan Strait.

Coastal oceanography in the study area is dominated by the south-
ward flowing ZFCC, a relatively cold and brackish counter current (Fig.
1). This current intensifies in the winter, carrying the brackish water
and sediment of the Yangtze southward along the inner shelf (Liu et
al., 2006). Offshore is a northward flow of warm and saline water,
known as the Taiwan Warm Current (TWC, Fig. 1), which intensifies
in summer in response to the prevailing southeast monsoon and as
the southward ZFCC weakens (Lee and Chao, 2003).

2.2. Collection of surface sediment samples

In the summer of 2013, 350 surface sediment samples were collect-
ed along the Zhejiang coastal mud area of the ECS (Fig. 2). Sub-samples
were taken from the top 2 cm of the box center. Each bulk sediment
Fig. 2. Sampling stations of surface sediments in the Zhejiang coastal mud area of ECS.



Table 1
Analytical results of certified and obtained values of elements in national standard reference materials of GBW07343, GBW07314, and GBW07334.

Elements Certified value Measured value Mean Error (%) References

Al2O3 11.87 11.71 11.72 11.72 11.73 11.74 11.74 11.71 11.72 −1.23

GBW07343

K2O 2.29 2.28 2.28 2.28 2.29 2.29 2.29 2.28 2.28 −0.25
Na2O 2.39 2.45 2.45 2.45 2.45 2.44 2.46 2.47 2.45 2.63
MnO 0.076 0.076 0.077 0.076 0.077 0.077 0.077 0.076 0.077 0.75
TFe2O3 4.21 4.18 4.17 4.18 4.12 4.12 4.12 4.18 4.15 −1.36
CaO 6.57 6.53 6.52 6.52 6.57 6.58 6.58 6.53 6.55 −0.35
P2O5 0.142 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 −1.41
Cu 22.5 22.8 22.3 22.5 22.4 22.4 22.4 22.8 22.5 0.1
Pb 19.2 19.1 19.4 19.3 19.2 19 19 19.1 19.2 −0.2
Zn 63 62.6 63.5 62.8 63.7 63.7 63.7 63.6 63.4 0.6
TOC 0.5 0.52 0.51 0.48 0.48 0.49 0.51 0.52 0.50 0.29 GBW07314
Cr 60 58 57.6 57.9 57.3 58.4 57.4 58.2 57.8 −3.6

GBW07334
Cd 0.25 0.28 0.28 0.27 0.27 0.25 0.26 0.26 0.27 6.86
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sample was divided into two parts for determination of elements and
grain size analysis, respectively.

2.3. Grain size analysis

Sediment samples were pretreated with 10% H2O2 to digest the or-
ganic matter. Excessive H2O2 solution was removed by heating and
evaporation, and then 0.5% sodium hexameta-phosphate was added
to disperse the sample completely. The mixture was analyzed with a
Mastersize-2000 laser particle size analyzer at the Qingdao Institute of
Marine Geology, China Geological Survey. Grain-size parameters were
calculated following the formula of Folk and Ward (1957).

2.4. Chemical analysis and quality control

Element geochemistry of the samples was analyzed at the Testing
Center in the Qingdao Institute of Marine Geology. Major elements (Al,
Fe, K, Ca, Na, Mn, and P) and some trace elements (Cu, Pb, and Zn) were
determined with an X-ray fluorescence spectrometer (model Philips
PW4400), following Xia et al. (2008). Trace elements of Cd and Cr were
measured by inductively coupled plasma mass spectrometry (ICP-MS)
according toDai et al. (2007). Total organic carbon (TOC)was determined
with a Carlo-Erba™ elemental analyzer, as per Xu et al. (2015).

Quality control of element analyses was assessed using replicated
analyses of certified national standard reference materials (GBW07343,
GBW07314, and GBW07334). The results are shown in Table 1, in
which the analytical errors ranged from−3.6% (for Cr) to 6.86% (for Cd).

3. Results

3.1. Physicochemical parameters

The calculatedMzof surface sediments varied from2.9 to 7.5Φ, with
an average of 6.8 ± 0.9 Φ in the study area, indicating that sediments
Fig. 3. Spatial distributions of mean grain size (Φ) and sand-sized co
were mainly composed of silt-sized particles. In addition, TOC concen-
trations (%) ranged from 0.78 to 17 (average 0.52 ± 0.12).

As shown in Fig. 3a, Mz values were larger than 6.5 Φ in the near-
shore area, but were generally lower than 5 Φ in the eastern corners.
The mean grain-size of sediments showed a general coarsening trend
from west to east in the study area. In the western area, surface
sediments were mainly composed of silt- and clay-sized material
(Mz N 6.5 Φ), which were similar to the dominant silt- and clay-sized
material discharged by the Yangtze River (Liu et al., 2006). In
winter, monsoon-driven coastal currents flow southward and cause
downwelling in nearshore areas, while the northward TWC causes up-
welling in the eastern corner of the study area (Liu et al., 2007). The
southward dispersal of the Yangtze fine-grain material occurs mainly
along the inner shelf, especially landward of the 50 m isobath, due to
downwelling, thereby forming a clinoform primarily comprised of silt-
and clay-sized sediments (Xu et al., 2009). Since fine-grain matter
cross-shelf transport is constrained by upwelling, fine-grain sediments
cannot accumulate and cover the relic sand sediments formed during
the transgressive period in the eastern corner area, as shown in Fig. 3b
(Liu et al., 2007). Therefore, coarse-grain sediments were mainly locat-
ed in the eastern study areas.

3.2. Major element concentrations

The concentrations of major elements in surface sediments from the
Zhejiang coastal mud area are listed in Table 2. The ranges and average
concentrations were 9.43 to 17.24% (average 15.66 ± 1.56%) for Al2O3,
3.95 to 7.33% (average 6.42± 0.70%) for TFe2O3, 2.26 to 3.34% (average
3.05 ± 0.22%) for K2O, 3.42 to 9.49% (average 4.49 ± 0.93%) for CaO,
0.10 to 0.19% (average 0.16 ± 0.02%) for P2O5, 0.06 to 0.14% (average
0.10 ± 0.02%) for MnO and 1.35 to 7.02% (average 2.68 ± 0.61%) for
Na2O, respectively.

Coefficients of variation (CV) for K2O, Al2O3, Tfe2O3, and P2O5 were
as low as 10%, while CV values for MnO, CaO, and Na2O were relatively
high and close to 20%. According to Han et al. (2006), CV values of
mponent of surface sediments in the Zhejiang coastal mud area.



Table 2
Descriptive statistics of major element concentrations in surface sediments from the Zhejiang coastal mud area of the East China Sea (ECS).

Al2O3 (%) TFe2O3 (%) K2O (%) CaO (%) P2O5 (%) MnO (%) Na2O (%)

Range 9.43–17.24 3.95–7.33 2.26–3.34 3.42–9.49 0.10–0.19 0.06–0.14 1.35–7.02
Mean 15.66 ± 1.56 6.42 ± 0.70 3.05 ± 0.22 4.49 ± 0.93 0.16 ± 0.02 0.10 ± 0.02 2.68 ± 0.61
Median 16.19 6.65 3.11 4.17 0.16 0.10 2.66
CV 10.0% 10.9% 7.2% 20.7% 12.5% 20% 22.8%
Y Ra 13.38 6.11 2.48 4.48 No data 0.13 1.23
Y Rb 18.30 7.71 No data 4.23 No data 0.12 0.88

Mud area of ECSc
12.46–16.91 4.94–6.70 2.46–3.29 2.53–8.94 No data No data 1.75–2.30
15.19 ± 0.79 5.95 ± 0.31 2.96 ± 0.13 3.48 ± 0.79 No data No data 2.00 ± 0.11

Mud area of ECSd
14.12–19.45 5.79–7.81 2.67–3.71 0.95–2.41 No data 0.057–0.1 0.84–1.73
17.66 ± 0.7 7.05 ± 0.29 3.41 ± 0.13 1.35 ± 0.28 No data 0.08 ± 0.01 1.2 ± 0.12

a Yangtze River sediments (Yang et al., 2004).
b Suspended particles from the Yangtze River (Li et al., 1984).
c Mud area of East China Sea (Liu et al., 2013).
d Mud area of East China Sea (Xiao et al., 2009).
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elements dominated by natural sources are relatively low, while CV
values of elements influenced by non-natural sources (biological and
anthropogenic) are relatively high (Guo et al., 2012). In the current
study, the CV values indicate that K2O, Al2O3, TFe2O3, and P2O5 were
probably from naturally weathered material, whereas MnO, CaO, and
Na2Owere probably influenced by human activities and/or of biological
origin.

The median concentrations of Al2O3 and TFe2O3 in the study area
were close to those of suspended particles in the Yangtze River, further
suggesting that Al2O3 and TFe2O3 were mainly sourced from the Yang-
tze River and differences in their concentrations were primarily due to
grain size. Normally, the enrichment of elements in fine-grain material
must behigher than that in coarse-grainmaterials. In contrast, however,
the median concentrations of MnO, CaO, and Na2O were higher than
those in the Yangtze River suspended particles, indicating that these el-
ements might be partially from non-natural sources.

3.3. Concentrations of potentially toxic metals

Descriptive statistics of potentially toxicmetal concentrations in sur-
face sediments from the Zhejiang coastal mud area are given in Table 3.
Totalmetal concentrations (mg kg−1) varied from 11.4 to 49.3 (average
33.3± 9.2) for Cu, 19.8 to 56.5 (average 33.5±5.0) for Pb, 58.6 to 148.0
(average 117.3± 17.6) for Zn, 49.9 to 99.5 (average 85.9 ± 11.0) for Cr,
and 30 to 150 μg kg−1 (average 90 ± 30 μg kg−1) for Cd, respectively.

Although thematerials in the study areaweremainly from the Yang-
tze River, the Yangtze estuary is characterized by tremendous runoff
and “unpolluted” coarse-grain sediments, constituting a unique diluted
setting (Chen et al., 2004). As a result, the potentially toxic metal con-
centrations in the Yangtze estuary sediments were lower than those
in the study area. In addition, themean concentrations of all potentially
toxic metals in the present study were higher than those in the
Table 3
Descriptive statistics of potentially toxic metal concentrations in surface sediments from the Zh

Cu (mg kg−1) Pb (mg kg−1)

Range 11.4–49.3 19.8–56.5
Mean 33.3 ± 9.2 33.5 ± 5.0
YREa 23.9 23.4
ECSf 23.7 24.6
MSQ Ib 35.00 60.00
MSQ IIc 100.00 130.00
UCCd 32 15
UCCe 27 20

a Yangtze River Estuary sediment (Wang et al., 2014).
b Marine Sediment Quality I (CSBTS, 2002).
c Marine Sediment Quality II (CSBTS, 2002).
d Upper crustal concentrations of trace elements (Gao et al., 1998).
e Updated Upper crustal concentrations of trace elements (Hu and Gao, 2008).
f East China Sea sediment (Yu et al., 2013).
sediments of the ECS. The research areawasmainly located in the coast-
al mud area of the ECS, where sediment grain sizes were generally fine.
However, Yu et al. (2013) studied the outer shelf of the ECS, where sed-
iments were mainly composed of sand-sized components.

Marine Sediment Quality Standards (GB 18668-2002)were promul-
gated by the China State Bureau of Quality and Technical Supervision
(CSBTS) to prevent and control marine sediment pollution, protect ma-
rine organisms and resources, utilize marine resources sustainably,
maintain ecological equilibria, and protect human health. In Table 3,
the mean concentrations of all potentially toxic metals, except for Cr,
were lower than the levels of the Marine Sediment Quality Standards
(CSBTS, 2002), indicating that sediment quality was generally good in
the study area. Comparatively, the mean concentrations of potentially
toxic metals were all higher than the upper crust concentrations, sug-
gesting that the potentially toxic metals were enriched in this region,
probably by human activities. It is possible, however, that such an infer-
ence might be inaccurate because the upper crust concentrations of po-
tentially toxic metals are global reference levels, which might not
represent actual regional geochemical baseline concentrations. There-
fore, accurate determination of real background levels of potentially
toxic metals in the research area is crucial and necessary for future
study.

4. Discussion

4.1. Correlation analyses

Variation in potentially toxicmetal concentration in sediment is pri-
marily influenced by the mineralogical and chemical composition of
sediment, human activities, organism enrichment, and various physico-
chemical processes (Singh et al., 2005; Jain et al., 2007). Relationships
among metals in regards to common origins, uniform distributions,
ejiang coastal mud area of ECS.

Zn (mg kg−1) Cr (mg kg−1) Cd (μg kg−1)

58.6–148.0 49.9–99.5 30–150
117.3 ± 17.6 85.9 ± 11.0 90 ± 30
78.1 80.9 200
83.8 71.4 200
150.00 80.00 500
350.00 150.00 1500
69 69 61
75 73 60



Table 5
Rotated componentmatrix for data of elements and Eigenvalues, percentage of variances,
and eigenvectors for the three principal components.

Elements PC1 PC2 PC3

K2O 0.974 0.092 0.091
Al2O3 0.926 0.302 0.004
TFe2O3 0.916 0.385 0.031
Zn 0.933 0.328 −0.006
Cr 0.894 0.418 0.069
Pb 0.860 0.383 −0.087
Cu 0.679 0.683 −0.155
Cd 0.475 0.769 −0.237
MnO 0.383 0.868 −0.109
P2O5 0.119 0.675 0.555
Na2O 0.015 −0.152 0.893

Eigenvalues 5.90 2.97 1.22
Total variance 53.64% 26.96% 11.08%
Cumulative variance 53.64% 80.60% 91.68%

Extraction method: principal component analysis. Rotation method: varimax with Kaiser
normalization. Rotation converged in four iterations.
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similar behaviors, and various associations can be revealed by correla-
tion analysis (Diop et al., 2015). To explore the influencing factors of po-
tentially toxic metal concentrations in this study, Pearson's correlation
analyses using SPSS were conducted for major elements, potentially
toxic metals, TOC, and Mz of surface sediments (Table 4).

The strong positive correlations of Mz with Al, Fe, K, Zn, and Cr
(r N 0.9, p b 0.0001), and strong correlations of Mz with Cu and Pb
(r N 0.83, p b 0.0001) showed that these metals were primarily con-
trolled by sediment grain size, and Al, K, and Fe (especially Al) could
be used as grain-size proxies. In addition, these results also suggest
that the elements generally had a uniform spatial distribution pattern
with Mz.

The strong positive correlations among Al, Fe, and K indicated that
these elements were mainly from terrigenous sources. Al, K, and Fe
are major constituents of common silicate minerals. In particular, Al is
extremely resistant in the marine environment and is usually main-
tained in aluminosilicate minerals and regarded as a typical lithogenic
element (Price et al., 1999;Qi et al., 2010). Therefore, the strong positive
correlations between the potentially toxic metals of Zn and Cr and the
lithogenic elements of Al, Fe, and K suggest that the potentially toxic
metal concentrations were controlled by the mineralogical and chemi-
cal composition of the sediments. The strong positive correlations be-
tween the potentially toxic metals of Pb and Cu and the lithogenic
elements of Al, Fe, and K suggest that the potentially toxic metal con-
centrations were generally controlled by the mineralogical and chemi-
cal composition of the sediments, but may also be affected by non-
natural sources to a certain extent. The moderate positive correlations
between Cd and the lithogenic elements of Al, Fe, and K indicate that
Cd concentration was probably controlled by the mineralogical and
chemical composition of the sediments, but also influenced by human
activities.

Organic carbon plays an important role in controlling the uptake of
potentially toxic metals by sediments, suggesting a relative binding ca-
pacity of these potentially toxic metals with TOC (Singh et al., 2002).
However, the concentrations of potentially toxic metals were not con-
trolled by TOC in the current study. Although, TOC was well correlated
with Pb, Zn, and Cr, the correlations were mainly due to their lithogenic
origins (Um et al., 2013).

Ca is a biogenic element, and its geochemical properties are easily
affected by biological processes. Therefore, Ca is considered a promising
index for reconstructing paleoproductivity (Dymond et al., 1997).
In the present study, CaO was well correlated with lithogenic
elements, indicating that Ca was primarily from natural sources and
might be influenced by biogenic processes. CaO also had good correla-
tions with Cu, Pb, Zn, and Cr, which were principally due to their
lithogenic origins. Similarly, Cd was also somewhat influenced by bio-
genic sources.
Table 4
Results of Pearson's correlation analyses for elements, TOC, and Mz (n = 350).

Al2O3 TFe2O3 K2O TOC CaO P2O5

Al2O3 1
TFe2O3 0.97a 1
K2O 0.96a 0.94a 1
TOC 0.68a 0.67a 0.78a 1
CaO −0.70a −0.74a −0.70a −0.36a 1
P2O5 0.38a 0.39a 0.29a 0.32a −0.31a 1
MnO 0.60a 0.68a 0.43a 0.12b −0.59a 0.49a

Na2O −0.09 −0.03 0.02 0.39a 0.05 0.20a

Cu 0.81a 0.87a 0.69a 0.31a −0.71a 0.39a

Pb 0.87a 0.91a 0.83a 0.54a −0.69a 0.28a

Zn 0.95a 0.98a 0.93a 0.65a −0.73a 0.34a

Cr 0.94a 0.99a 0.91a 0.66a −0.74a 0.43a

Cd 0.64a 0.72a 0.48a 0.11b −0.57a 0.34a

Mz 0.96a 0.95a 0.909a 0.67a −0.68a 0.42a

a Correlation is significant at the 0.01 level (two-tailed).
b Correlation is significant at the 0.05 level (two-tailed).
The correlation analyses indicated that potentially toxic metal con-
centrations were primarily controlled by mean grain size and mineral
and chemical composition of the sediment, and were probably affected
by human activities and occasionally by biogenic sources and TOC.

4.2. Source analyses using PCA

Currently, source identification of potentially toxic metals is mostly
conducted by calculating the enrichment factor to classify natural and
anthropogenic origins (Xu et al., 2014; Luo et al., 2015), or by means
of multivariate analysis to group natural and key anthropogenic input
types (Yuan et al., 2004; Mamat et al., 2014; Luo et al., 2015; Soltani et
al., 2015).

We used principal component analysis (PCA) with varimax normal-
ized rotation, an effective statistical tool for potentially toxic metal
source identification (Bhuiyan et al., 2010; Anju and Banerjee, 2012),
to identify the factors influencing each other and to obtainmore reliable
information about the relationships among metals. PCA yielded three
principal components (PCs) with eigenvalues N1 in the study area,
which described 91.68% of total variance of data. The elements assem-
bled around each factor with significant loadings, and formed three
major elemental groups, indicative of three diverse sources (Table 5
and Fig. 4).

The first principal component (PC1) accounted for 53.46% of total
variance and was primarily loaded with lithogenic elements, e.g. K2O,
Al2O3, and TFe2O3 (Table 5 and Fig. 4). Since the dominant loadings on
Al, K, and Fe generally represent detrital components, PC1was assigned
MnO Na2O Cu Pb Zn Cr Cd Mz

1
−0.16a 1

0.88a −0.17a 1
0.67a −0.08 0.88a 1
0.64a −0.05 0.86a 0.93a 1
0.70a 0.01 0.88a 0.90a 0.97a 1
0.86a −0.22a 0.91a 0.73a 0.68a 0.73a 1
0.63a 0.02 0.83a 0.86a 0.94a 0.96a 0.68a 1



Fig. 4. Plot of PC loadings on elements in surface sediments from the Zhejiang coastal mud
area.
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as being of detrital source. It was also characterizedwith higher loadings
on Zn, Cr, and Pb, implyingdominant terrigenous sources. This inference
was consistent with the significant correlation of these potentially toxic
metals with Al2O3 (Table 4). In addition, the lithogenic elements of K, Al,
and Fe were proportional to most anthropogenic elements (Qi et al.,
2010), as shown by their moderate positive correlations (Table 4). PC1
had some moderate loadings on Cu and Cd (Table 5), denoting that
these metals were partially derived from lithogenic sources bound in
aluminosilicate minerals.

PC2, which explained 26.96% of total variance, had high loadings on
MnO, Cu, Cd, and P2O5, and constituted another element group as
shown in Fig. 4 and Table 5. In general, these elements were considered
as anthropogenic contaminants principally related to the discharge of
agricultural wastewater (Fig. 4). Based on the characteristics of MnO
concentration, theMnO in the collected samples might be from anthro-
pogenic origins, such as trace element fertilizers, paints, and varnish
desiccants (Zahra et al., 2014). Element P in sediment is also influenced
by fertilizer-derived P (Machado et al., 2008). In addition, previous stud-
ies (Xia et al., 2011; Xu et al., 2014) have shown that the distribution of
Cd is closely associatedwith intense phosphate fertilizer usage, inwhich
significant amounts of metals (particularly Cd and As impurities) are
found. Therefore, the dominant loadings of PC2 on these elements
(e.g. MnO, Cu, Cd, and P2O5) are probably a reflection of anthropogenic
sources.

PC3, which explained 11.08% of total variance, showed relatively
higher loadings on two elements, including a loading of 0.893 on Na2O
(Table 5). Na2O was not correlated with lithogenic or anthropogenic el-
ements (Table 4), thereby indicating a marine, rather than terrigenous
or anthropogenic, source. In marine sediments Na easily migrates, and
is often enriched in bottom fine-grain sediment via adsorption and cat-
ion exchange (Zhao andYan, 1994). Therefore, PC3might representma-
rine chemical deposition.

4.3. Determination of GBCF

Statistical methods have been widely used in previous studies to
infer GBC in surface sediments. By making assumptions about the nor-
mal distribution of potentially toxic metals in non-contaminated sedi-
ments, the GBC can be established by removing data outliers and then
applying several statistical techniques (Karim et al., 2015; Jiang et al.,
2013;Wang et al., 2015). Cumulative distribution function (CDF) for po-
tentially toxicmetal concentration can be used to remove artificially-in-
fluenced potentially toxic metal concentration data points regardless of
grain size, mineral influences, or potentially toxic metal sources (Karim
et al., 2015; Jiang et al., 2013; Wang et al., 2015); however, this ap-
proachmight delete naturally high values and cause unexpected errors.
In reality, some potentially toxic metals are obviously of natural origin,
and CDF curve bends are not cut-off points but natural variations. Natu-
rally deleting high concentrations based on CDF curvature can result in
lower GBC values.

To avoid these issues, we applied the method proposed by
Matschullat et al. (2000), with some modification, to infer GBC in sur-
face sediments. The sources of potentially toxic metals were first identi-
fied, and apparent potentially toxic metal concentration outliers were
then removed based on their descriptive statistics. If the potentially
toxic metal was of natural origin, a linear regression model for poten-
tially toxic metals and lithogenic and particle-size proxy elements was
constructed, and data points outside the 95% confidence interval were
removed. Linear regression analysiswas then conducted for the remain-
ing data points to obtain a final GBCF. If the potentially toxic metal was
of mixed natural and anthropogenic origin, the potentially toxic metal
data were normalized by lithogenic and particle-size proxy elements
to exclude the influences of grain size and/or mineral, and the CDF of
the normalized potentially toxic metal was then calculated to remove
data points affected by human activities. Finally, linear regression was
again conducted as per that performed for potentially toxic metals of
natural origin. The correspondingGBC at each stationwas calculated ac-
cording to the GBCF.

Both correlation analysis and PCA results suggested that the major
element Al was a typical lithogenic element, which is extremely resis-
tant in the marine environment and usually held in aluminosilicate
minerals (Price et al., 1999; Qi et al., 2010). In addition, Al showed sig-
nificant correlation with mean grain-size. Therefore, using Al2O3 as a
normalizer could compensate for the influences of both grain-size and
mineralogical variations in other elements, especially potentially toxic
metals. The actual natural concentration of potentially toxic metals for
each sample can be estimated by the linear regression function derived
from the relationship between Al2O3 and potentially toxic metals
(r N 0.9 and p b 0.0001). We used the approach described above to ob-
tain the GBCF for each studied potentially toxicmetal in the surface sed-
iments from the Zhejiang coastal mud area of the ECS.

4.3.1. GBCF for Cr, Zn, and Pb
Summers et al. (1996) asserted that datasets used in normalization

and linear regression analyses must be solely based on natural concen-
trations in order to obtain reliable statistical relationships between the
metal and reference element. Based on source analyses for potentially
toxicmetals, the potentially toxicmetals of Cr, Zn, and Pbwere of terrig-
enous origin. Accordingly, 14, 11, and 9 data outliers of Cr, Zn, and Pb,
respectively, were removed by drawing the distribution histograms of
elemental concentrations. Linear regression analyses were conducted
for Zn, Cr, and Pb with Al2O3, respectively, and their scatter plots are
shown in Fig. 5a–c. Data points falling outside the 95% confidence
limit were considered as potentially toxic metal to proxy element
ratio outliers, andwere removed. Data points falling inside the 95% con-
fidence limit of potentially toxicmetals versus Al2O3were characterized
as natural sediments (Jiang et al., 2013;Wang et al., 2015), andwere ap-
plied to determine the GBCF to improve correlation coefficients (Fig. 5).
The correlation coefficients increased from 0.96 to 0.992 for Zn, 0.87 to
0.904 for Pb, and 0.96 to 0.973 for Cr, which were all statistically signif-
icant at p b 0.0001. The final GBCFs for Zn, Pb, and Cr are shown in Fig.
5d–f.

4.3.2. GBCFs for Cu and Cd
Source identification of potentially toxic metals in our study sug-

gested that Cu and Cdwere of mixed terrigenous and anthropogenic or-
igin. Accordingly, outliers and samples influenced by human activities
were removed to produce a relatively clean dataset, and then normal-
ized by lithogenic element Al to reduce the influence of grain size and
mineral. The CDFs of the Cu/Al2O3 and Cd/Al2O3 ratios were drawn to
identify the cut-off points that separated the dataset into natural and



Fig. 6. Cumulative distribution functions (CDF) of Cu and Cd in surface sediments from the
Zhejiang coastal mud area. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

Fig. 5. Scatter plots of the liner regression models of Zn, Cr and Pb in surface sediments from the Zhejiang coastal mud area.
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artificially-influenced concentration ratios based on the slope, as shown
by the red curves in Fig. 6.

The natural frequency distribution of normalized potentially toxic
metals should follow normal distribution, and correspondingly, the
CDF curve slopes should increase at first to a maximum value and
then decrease. If the frequency distribution of a potentially toxic metal
shows two or more peaks, the first peak suggests terrigenous origin,
but the second or more peaks suggest influence from human activities.
This assumptionwas confirmedby themelioration of the correlation co-
efficients between Cu and Cd and Al2O3 when the noisy data points in
curves with more than one peak were removed. For example, correla-
tion coefficients increased from 0.81 to 0.94 for Cu and from 0.64 to
0.788 for Cd, respectively (Table 3 and Fig. 7a–b). Therefore, based on
CDF, the ratios of Cu/Al2O3 and Cd/Al2O3 of terrigenous origin and the
ratios influenced by human activities were separated by the first slope
minimum. Based on the approach described above, the cut-off points
were 2.04 for Cu/Al2O3 and 5.57 for Cd/Al2O3, as shown in Fig. 6. The
data from stations affected by human activities (Cu/Al2O3 ratio N 2.04
and Cd/Al2O3 ratio N 5.57) were removed in the following procedure.

For the remaining data points of samples of terrigenous origin, linear
regression analyses were similar to those of Cr, Zn, and Pb, as described
above. The final GBCF for potentially toxic metals of Cu and Cd are
shown in Fig. 7c–d. The GBCs of potentially toxic metals for each sample
were calculated by the GBCF based on the corresponding lithogenic
Al2O3 concentration. The calculated GBC of a potentially toxicmetal rep-
resented the actual natural background characteristics, and was there-
fore more accurate in assessing potentially toxic metal pollution and
identifying pollution sources in sediments than the constant GBC or
global references cited in previous studies (Idris, 2008; Sun et al.,



Fig. 7. Scatter plots of the liner regression models of Cu and Cd in surface sediments from the Zhejiang coastal mud area.
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2010; Magesh et al., 2011; Fu et al., 2013; Xu et al., 2014; Soltani et al.,
2015).

4.4. Enrichment factor

Enrichment factor (EF) is extensively used to estimate anthropogen-
ic impact on potentially toxic metal concentrations in sediments. To
identify possible anomalous potentially toxicmetal concentrations, geo-
chemical normalization of potentially toxic metal concentration to a
conservative element is frequently employed (Shumilin et al., 2002;
Shevchenko et al., 2003; Lee et al., 2009). In our study, the calculated po-
tentially toxicmetal concentration through theGBCF excluded the influ-
ences of grain size andmineral, and EF was defined as the ratio of metal
concentration in a sample to metal GBC. Typically, an EF value between
0.5 and 1.5 indicates that a metal in sediment is entirely from crustal
contribution (e.g., weathering product), while EF values N1.5 indicate
an important proportion of non-crustal materials from either natural
processes (e.g., biota contributions) and/or anthropogenic influences
(Zhang and Liu, 2002; Xu et al., 2014).

In our study, EF values varied from 0.8 to 1.4 (average 1.0) for Zn, 0.9
to 1.2 (average 1.0) for Cr, 0.7 to 1.6 (average 1.0) for Pb, 0.8 to 1.6
Fig. 8. Box-and-whisker plots for the enrichment factors (EFs) of potentially toxic metals
in the surface sediments from the Zhejiang coastal mud area.
(average 1.2) for Cu, and 0.7 to 1.9 (average 1.2) for Cd (Fig. 8). The
fact that all average EF values were less than 1.5 indicates predominant-
ly natural origins for the potentially toxic metals. However, one station
for Pb, 57 stations for Cu, and 95 stations for Cd had values larger than or
equal to 1.5, indicating that these stations might be affected by biota
contributions and/or anthropogenic influences. Considering the infer-
ence from correlation analyses, potentially toxicmetals at these stations
might be affected by human activities. These artificially-influenced sta-
tions were also mostly located in near-shore areas (Fig. 9).

The EF results were consistent with those from PCA, indicating that
the GBCs for each sample calculated by the GBCF were appropriate in
the current research, and could be applied to effectively assess poten-
tially toxicmetal pollution, identify pollution sources, and prevent envi-
ronmental contamination. The GBCF approach in our study might be a
helpful reference for similar studies in other regions.
5. Conclusions

In this study, the GBCs of potentially toxic metals in surface sedi-
ments were estimated by the GBCF, which was developed by statistical
techniques and geochemical sedimentation. Firstly, the potentially toxic
metal sourcewas identified by PCA, and potentially toxic metal concen-
tration outliers were removed by analyzing metal distribution histo-
grams. Secondly, the GBCF of the natural metal was determined by
fitting potentially toxic metal concentrations to Al concentration in a
linear regression model. With respect to anthropogenic potentially
toxic metals, the CDF of normalized potentially toxic metals was ana-
lyzed to remove artificially-influenced samples, with the linear regres-
sion model then fitted for the remaining natural samples to obtain the
final GBCF.

At each station, the EFmodified by the correspondingGBC estimated
by the GBCF was applied to identify potentially toxic metal sources in
surface sediments from the Zhejiang coastal mud area of the ECS. Re-
sults suggested that Cu and Cd were of anthropogenic origin at many
stations, whereas Zn, Cr, and Pb were generally of natural origin. The
EF results were consistent with those from PCA, suggesting that the
GBC for each sample calculated by the GBCF was applicable, at least
for our study area. The calculated GBCs effectively assessed potentially
toxic metal pollution and identified possible pollution sources. Since



Fig. 9. Spatial distribution of the enrichment factor (EF) of Cd and Cu in surface sediments from the Zhejiang coastal mud area.
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this approach was only used in a limited geographical area, further re-
search in other regions is required in the future.
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