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A B S T R A C T

Mercury (Hg) was measured in 70 sediment samples from the Yangtze River estuarine-inner shelf of the East
China Sea (ECS) to evaluate its occurrence, distribution, and deposition flux. Its concentrations were 10–92 ng/
g with a mean of 46 ± 17 ng/g. A decrease of Hg concentration with increasing distance offshore suggested a
dominance of riverine input. The high levels of Hg observed at the southern inner shelf were partly due to the
sorption affinity of fine-grained sediments. Hg concentration was significantly correlated with total organic
carbon content and sediment grain size, implying that the nature of sedimentary organic matter and
hydrodynamic forces could influence the Hg occurrence. A moderate correlation between Hg with high-
molecular-weight polycyclic aromatic hydrocarbons in the YRE suggested that they shared a similar input
pathway. The total deposition flux of Hg was estimated to be ~52 t/y with a deposition rate of 6–120 ng/cm2 y,
which indicated that the estuarine-inner shelf of the ECS was a major sink of Hg in the margins off China, and
this area could play a significant role in the Hg biogeochemical cycle on a global scale.

1. Introduction

Mercury (Hg) is a highly toxic element that can adversely affect
organisms; however, its toxicity depends mainly on its chemical form
(Li et al., 2011). Approximately 95% of atmospheric Hg occurs as
gaseous elemental Hg0 (Schroeder and Munthe, 1998), which has a
long atmospheric residence time and can be transported globally due to
its low reactivity and stability. The high vapor pressure and low
oxidation potential make it uneasy to be scavenged and deposited via
wet or dry deposition before oxidation to Hg2+(Hylander and Goodsite,
2006; Lindberg et al., 2007). Elemental Hg can be released into the
environment from natural and anthropogenic sources (Gustin et al.,
2008). Global Hg emissions are dominated by anthropogenic sources,
particularly the combustion of coal and petroleum products (Streets
et al., 2005; Keeler et al., 2006; Lindberg et al., 2007).

In aquatic systems, sediments are usually considered as an ultimate
sink of pollutants discharged from land-based sources, such as heavy
metals and persistent organic pollutants either by atmospheric deposi-

tion or riverine input (Frignani et al., 2005; Elbaz-Poulichet et al.,
2011; Li et al., 2012; Hu et al., 2014). Mercury can be accumulated in
sediments and be released to surrounding media (Stein et al., 1996). It
has potential toxic effects on biological resources, and indirectly, on
human health (Peng et al., 2009; Chakraborty et al., 2010; Ernst, 2012;
Pena-Fernandez et al., 2014).

Once Hg0 is released into the air, it undergoes a series of complex
transportation and transformation processes. In the presence of atomic
bromine or ozone and hydrogen, Hg0 can be oxidized to Hg2+(Holmes
et al., 2006). The resulting Hg2+ is deposited onto land and water,
which can be absorbed by inorganic particles, biological particles, or
organic matter (OM) (Ullrich et al., 2001). Inorganic Hg can be
converted into organic Hg via biomethylation or abiotic methylation,
and because organic forms of Hg, such as methylmercury, can be
decomposed by solar ultraviolet radiation, methylation reactions are
poor in water; therefore, sediments are considered as the main
production site of methylmercury (Jonsson et al., 2012; Moreno
et al., 2013; Zhang et al., 2014).
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The coast of the East China Sea (ECS) is one of the most developed
regions in China, providing 42% of China's gross domestic product and
housing 400 million inhabitants (Yang et al., 2006; Li et al., 2015). The
origins of Hg in the regional-scale could be mainly derived from coal
combustion and various industrial emissions; and recent rapid eco-
nomic development and industrialization in this region has resulted in
significant deposition of anthropogenic heavy metals, including Hg,
into the coastal ECS from the Yangtze River (Streets et al., 2005;
Lindberg et al., 2007; Chen et al., 2014; Wang et al., 2014, 2015). As
the fifth largest river in water discharge and the fourth largest one in
sediment discharge in the world, the Yangtze River has its drainage
basin of ~1.94×106 km2, which accounts for about 20% of the area of
Mainland China (Yang et al., 2006; Bianchi and Allison, 2009).
Discharged sediments and associated pollutants are primarily trapped
in the Yangtze River Estuary (YRE) and the inner shelf of the ECS due
to the net effects of the shear forces of coastal currents (Milliman et al.,
1985; Liu et al., 2006, 2007; Bianchi and Allison, 2009; Li et al., 2012).

The distribution and input of Hg into the coastal margin have been
recently explored around the world, for examples, Amos et al. (2014)
reported the global biogeochemical implications of Hg discharges from
rivers and sediment burial, and indicated that the burial of Hg in ocean
margin sediments represents a major sink in the global Hg biogeo-
chemical cycle. Liu et al. (2016) simulated and calculated Hg export
from mainland China to adjacent seas. There have been some efforts to
study Hg contamination in the sediments from several estuaries and
coastal regions in coastal China seas, including the Bohai Sea (Luo
et al., 2010), the ECS (Fang and Chen, 2010; Meng et al., 2014), the
Xiamen Bay (Yan et al., 2010), the Pearl River Estuary, and the coastal
region of Hong Kong (Zhou et al., 2007). However, there has been no
systematic study found on the distribution and mass inventory of Hg in
sediments of the inner shelf in the ECS, and the literature is
particularly lacking in source-to-sink processes and the fate of Hg in
the river-dominated coastal margin. The estuarine-inner shelf region of
the ECS is a typical alongshore sediment dispersal system due to the
large river discharge and sedimentary dynamics and thus can serve as
an ideal natural experiment area for the study of deposition and fate of
anthropogenic pollutants. In this study, we examined the concentra-
tion, distribution and inventory of Hg in sediments of the estuarine-
inner shelf of the ECS, and identified potential factors influencing the
source-to-sink processes of Hg in this region.

2. Materials and methods

2.1. Sampling

In total, the selected 70 surface sediment samples (0–3 cm) from
the Yangtze River estuarine-inner shelf of the ECS (Fig. 1) were
sampled using a stainless steel box corer on two occasions, first by
the R/V Dong Fang Hong 2 research vessel of the Ocean University of
China in 2006 and R/V Kan 407 research vessel in 2007.The samples
were packed in aluminum foil and stored at -20 °C. Most of the surface
samples were collected from the muddy areas of the estuary and inner
shelf (Fig. 1).

2.2. Mercury analysis

The analytical procedure of Hg followed that described by Leipe
et al. (2013). A DMA-80 Hg analyzer (Milestone Scientific Inc., USA)
was used to measure Hg concentrations in sediments as it has a very
low detection limit (Leipe et al., 2013). To ensure analytical accuracy
and precision, standard reference materials (SRMs) were used, includ-
ing environmental standards (ESS-4, 0.021 μg/g Hg) from the China
Environmental Monitoring Station, and certified reference material
(CRM) soil (GSS-13) from the Institute of Geophysical and
Geochemical Exploration in China. The calibration curve included
eight concentrations of Hg, from 0.004 to 20 ng. Standard materials

were measured every 10 samples to control measurement quality and
stability. For quality control, CRMs and sample replicates were
included in the analytical procedure. The measured concentrations of
SRMs were within their certified ranges and the recovery of Hg was
94.33 ± 9.53% (n=8).

2.3. Dataset consolidation and map generation

The total organic carbon (TOC), median diameter (MD), and ratio
of carbon-to-nitrogen (C/N) datasets used in this study were from Hu
et al. (2012), and the dataset of 16 polycyclic aromatic hydrocarbons
(PAHs) cited in this study was from Lin et al. (2013). Detailed
information on the original TOC, MD, and PAH datasets are summar-
ized and abbreviated in Table S1. Contour maps were generated using
isopleths based on the consolidation and standardization of these
datasets using the Kriging gridding method in the surface mapping
system (Surfer version 11.0, Golden Software, Inc).

2.4. Principal component analysis

Principal component analysis (PCA) is a multivariate analytical tool
used to determine the sample distribution and study the relationships
of measured parameters. Before the analysis, non-detectable values
were replaced with concentration values equal to one-half the method
detection limits. Then the raw data matrix was Z-score standardized
and mid-range normalized to eliminate the influence of different units
and ensure that each determined variable had equal weighting in the
PCA. The PCA was performed using SPSS 13.0 for Windows (SPSS Inc.,
Chicago, IL, USA) (Hu et al., 2012). The Hg concentrations, individual
compounds of 16 PAHs, MD, and TOC of the 70 sediment samples
were used to perform the PCA analysis and SPSS was applied to extract
the principal components (PCs) based on the correlation matrix.
Principal components with eigenvalues > 1 were considered to be
factors for further examination.

3. Results and discussion

3.1. The concentration of Hg

The Hg concentration in the study area was 10–92 ng/g with a
mean of 46 ± 17 ng/g, lower than those reported from the Northern
Gulf of Mexico (10–200 ng/g) (Apeti et al., 2012), comparable to those
from the Strait of Malacca, Malaysia (17–114 ng/g) (Zhuang and Gao.,
2015), and higher than those in the Eastern Basin and Mediterranean
Sea ( < 40 ng/g) (Ogrinc et al., 2007) (Table 1). A much higher
concentration of Hg (150–1500 ng/g) was observed in the Kaohsiung
River mouth, where Hg was emitted from municipal solid waste (Chen
et al., 2012). These comparisons indicate that Hg concentrations in
marine environments can vary by orders of magnitude (Ogrinc et al.,
2007; Abi-Ghanem et al., 2011; Jin et al., 2012; Deng et al., 2013)
(Table 1).

Mercury is persistent, bioaccumulated and toxic in the environment
(Jiang et al., 2006; David et al., 2009; Neville et al., 2014; Chakraborty
et al., 2015). Sediment quality guidelines, effects range low (ER-L), and
effects range median (ER-M) were used to assess the potential
biological risks of Hg (Table S2). Concentrations lower than the ER-L
represent a minimal effect; those between the ER-L and ER-M
represent a possible effect; and those above the ER-M represent a
probable effect (Long et al., 1995). All of the Hg concentrations in the
estuarine-inner shelf of the ECS were lower than the ER-L (Table S2),
indicating that the Hg in sediment of the coastal ECS represented low-
risk towards organisms.
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3.2. Distribution of Hg and potential controlling factors

3.2.1. Spatial distribution of Hg and the influences of river input and
hydrodynamic forces

The distributions of Hg, MD, TOC, and PAHs were shown in Fig. 2.
The sediments in the inner shelf of the ECS was mainly composed of
silt and clay with a median grain size of 4–7 Ф, while that of the YRE
consisted largely of silt and clay with a median grain size of 3–7 Ф. The
study area consisted mainly of fine-grained sediments. By ignoring the
potential effect of sediment grain size, the average Hg concentration in
the samples from muddy area of the YRE was 49 ± 13 ng/g, comparable
to that in the muddy area of the Min-Zhe coast (52 ± 12 ng/g). In
general, Hg concentration decreased with distance from the shore
towards the outer shelf in the coastal ECS. The YRE had relatively

higher Hg concentrations ( > 50 ng/g), which extended along the
muddy area of the inner shelf to the south, compared to those from
outer sandy areas (Fig. 2a), suggesting that the occurrence of Hg in the
coastal ECS directly depends on input from the Yangtze River. The
spatial variability of Hg was similar to these land-based indicators in
the coastal ECS, such as PAHs (Fig. 2a) (Lin et al., 2013) and perylene
(Hu et al., 2014), indicating that the occurrence of Hg in the coastal
ECS was primarily regulated by river input. In addition, Hg levels in
sediment samples from the inner shelf (50 ± 14 ng/g) were higher than
those in the YRE (37 ± 19 ng/g), consistent with the higher and less
varied TOC and finer grain size in sediment samples from the southern
inner shelf compared to the northern estuary (Hu et al., 2012). This
observation indicates that hydrodynamic particle sorting could influ-
ence Hg concentration levels. This process could be ascribed to the re-

Fig. 1. Locations of sampling sites and circulation systems in the ECS (Circulation systems and mud areas are modified after Liu et al. (2007). KWC: Kuroshio Warm Current; TWWC:
Taiwan Warm Current; ZFCC: Zhejiang-Fujian Coastal Current; YSCC: Yellow Sea Coastal Current; YSWC: Yellow Sea Warm Current).

Table 1
Concentrations of Hg in sediments in the Yangtze River estuarine-inner shelf of the ECS and other estuarine/coastal areas in the world.

Locations Hg concentrations (ng/g) References

Estuarine-inner shelf, the East China Sea 10–92 This study
Inner shelf, the East China Sea 27–48 (Fang and Chen, 2010)
Middle shelf, the East China Sea 4–14 (Fang and Chen, 2010)
Eastern basin, the Mediterranean Sea 8–40 (Ogrinc et al., 2007)
Western basin, the Mediterranean Sea 78–90 (Ogrinc et al., 2007)
Strait of Malacca, Malaysia 17–114 (Zhuang and Gao, 2015)
Lebanese coast, Estern Mediterranean 100–650 (Abi-Ghanem et al., 2011)
Kaohsiung River mouth, Taiwan 150–1500 (Chen et al., 2012)
Northern Gulf of Mexico 10–200 (Apeti et al., 2012)
Continental coast of Shanghai 0–466 (Deng et al., 2013)
Jade Bay, Southern North Sea 8–243 (Jin et al., 2012)
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Fig. 2. Distribution of concentrations of Hg (a), MD (b), TOC (c), and PAHs (d) in sediments of the Yangtze estuarine-inner shelf in the ECS (Dataset sources: TOC and MD is from Hu
et al. (2012) and PAHs are from Lin et al. (2013)).
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suspension and preferential dispersal of fine-grain sediments and
associated materials southward along the inner shelf (Guo et al.,
2003; Liu et al., 2006; Hu et al., 2012). Conversely, the low Hg levels
in the YRE could be partially caused by a diluting effect due to the
dominance of river input with a higher accumulation rate of sediments
in this region compared to the southern inner shelf (Liu et al., 2006; Li
et al., 2012; Lin et al., 2013).

In general, Hg was positively correlated with MD and TOC in the
ECS (Fig. 3a and b), particularly for samples from the YRE (although
this correlation could be partly driven by the mass of dataset at high
MD) (Fig. 3c and d), suggesting that the sorption could influence the
Hg enrichment in fine-grained sediments. Fine-grained sediments have
a higher specific surface area of clay–silt particles than coarser
sediments, which can increase the ability of trace and heavy metals

to associate (Thorne and Nickless, 1981; Cauwet, 1987; Araujo et al.,
1988). In the southern inner shelf, there was a poor correlation
between MD and Hg, probably because of the small variation in grain
size and Hg abundance (Fig. 3e).

3.2.2. Potential effect of sedimentary organic matter on the
distribution of Hg

Mercury is usually correlated with TOC in estuarine, coastal, and
open sea sediments (Yin et al., 2013; Sanei et al., 2014). However, in
this study, the relationship between Hg and TOC varied and was only
significant in the estuarine area (Fig. 3d, R2=0.54, n=22). This could be
due to their similar direct fluvial input pathways and/or the overall
hydrodynamics. Moreover, as noted above, the relatively poor correla-
tions between TOC, MD, and Hg in the samples from the inner shelf

Fig. 3. Correlations of Hg with median diameters (a), (c) and (e), and TOC contents (b), (d) and (f) in sediments of the Yangtze estuary (Estuary) and inner shelf (inner shelf) of the ECS.
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(Fig. 3f) suggested an insignificant influence of grain size on the
relationship between Hg and TOC in this region. It was reported that
the nature of OM in sediments could influence the distribution and
speciation of Hg by providing strong binding sites in sediment surface
(Mason and Lawrence, 1999; Hammerschmidt and Fitzgerald, 2004;
Hammerschmidt et al., 2004; Stoichev et al., 2004). Actually, the
association between OM and Hg in sediment has also been extensively
studied before (Gagnon et al., 1997; Stoichev; et al., 2004; Sanei and
Goodarzi, 2006; Stern et al., 2009; Sanei et al., 2014; Chakraborty
et al., 2015); and it was found that various types of OM play different
role in the distribution and accumulation of Hg in sediment, i.e. as
compared to the allochthonous refractory OM e.g.,, woody material and
reworked OM), the autochthonous labile OM (algal-derived lipids and
various pigments) may provide a substrate with enormous surface area
by concentrating on the finer sediment size fractions, which led to a
strong affinity between Hg and the algal materials (Regnell et al., 1997;
Sanei and Goodarzi, 2006). Recently, it was also found that the TOC
(influenced by marine OM) probably having better Hg complexing
capacity due to the available sufficient Hg-binding sites within this
autochthonous labile organic components (Chakraborty et al., 2015).
In the coastal ECS, as reflected by the alongshore transect of bulk OM
indices, such as C/N (Fig. 4), the contribution of terrestrial OM was
significant in the north; while more marine-derived OM was present at
the southern inner shelf (Hu et al., 2012). The alongshore north–south
shift in the composition of the sedimentary organic matter (SOM) pool
could affect the geochemical behavior of Hg in the region. To diminish
the greatest effect of grain size, an alongshore transect was selected
from the north to the south, focusing only on fine-grained sediment
samples (Fig. 1). The alongshore C/N and Hg/TOC ratios in this
transect were inversely correlated to some extent (Fig. 4); especially in
the south, a lower C/N ratio was coupled with a relatively higher Hg/
TOC ratio. This preliminary result thus may indicate that as compared
to the more refractory terrestrial sedimentary OM in the northern
estuary, the TOC in the sediments from the southern inner shelf with
more fraction of marine-derived autochthonous OM probably provide
higher Hg-binding capacity (Chakraborty et al., 2015), which could
potentially enhance its property as a sink for Hg in the coastal ECS.

3.3. Principal component analysis (PCA) with implication for the
input pathway of Hg

After performing PCA on the datasets, including PAHs, Hg, TOC,
and sediment grain size (Table S1), the scree plot of eigenvalues
indicated that 94% of the data variance could be explained by the first
three PCs. The first two PCs (PC1 and PC2) explained 85% of the total

data variance (Fig. 5); while PC3 explained < 10% of the variance,
which was poorly correlated with these individual variables. PC1,
accounting for 70% of the data variance, was distinguished by high
positive loadings of TOC, high-molecular-weight (HMW) PAHs, Hg,
and MD. PC2 explained 15% of the total data variance, characterized by
the positive loading of low-molecular-weight PAHs and negative
loading of MD, TOC, and Hg. Mercury and PAHs usually have common
sources and pathways into the environment (Parsons et al., 2014). For
instance, there was a strong correlation between total PAHs and Hg in
lakes in Michigan, USA (Parsons et al., 2014). However, in this study,
there was only a moderate correlation between Hg and 5-ring and 6-
ring PAHs (Fig. 6a, R2=0.41, p < 0.05) in the YRE and a poor
correlation in the southern inner shelf (Fig. 6b, R2=0.13, p < 0.05).
Considering the dominant fluvial input of land-based components in
the coastal ECS, PC1 mainly revealed the common input pathway of Hg
and the HMW PAHs as part of terrigenous SOM input from river
discharge, particularly in the samples from the YRE. The high positive
loading of fine-grained sediments on PC1 and its correlation with Hg in
the YRE support the effect of hydrodynamic forces on the behavior of
Hg in estuarine mud areas. The muddy area in the coastal ECS was
reported to be the main sink for terrigenous SOM from the Yangtze
River (Liu et al., 2006; Hu et al., 2012). Therefore, the covariance of Hg
and HMW PAHs could be partially due to the same direct land-based
fluvial input and their coupled sedimentary dynamics.

The correlation between Hg and HMW PAHs was poor in the
southern inner shelf (Fig. 6b), suggesting a decoupling of either the
behavior or sources of Hg and HMW PAHs therein. As noted above, the
alongshore shift of the composition of SOM could exert a geochemical
effect on sedimentary Hg in this area; while the HMW PAHs and SOM
in the southern inner shelf have not reached equilibrium (Lin et al.,
2013). Furthermore, different sources of Hg and PAHs could also
partially explain their decoupling in the coastal ECS, in spite of the
overall combustion-derived processes as reflected by their grouping in
the PCA (Fig. 5). Mercury mainly originates from coal combustion and
various industrial sources, such as non-ferrous smelting (Jiang et al.,
2006); while high-temperature pyrogenic processes generate 4–6-ring
PAHs, mainly from incomplete fossil fuel combustion and biomass
burning (Soclo et al., 2000; Mai et al., 2003). Jiang et al. (2006)
reported that a total of ~1400–2700 t Hg has been released from the
chlor–alkali industry in China since the 1950s.

3.4. Deposition flux of Hg

The mass inventory of Hg in the study area was estimated according
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to Di Francesco et al. (1998) and Wang et al. (2006). The study area in
this work was divided into 70 homogeneous sectors, with sampling
sites located in the center of their respective sectors. The mass
inventory of Hg in sediment was calculated according to the following
equation:

∑I Ci Ai d pi= ⋅ ⋅ ⋅
i=1

70

where Ci is the Hg concentration in the sediment sample; Ai is the
water surface area (Table S3); d is the recommended sediment dry
density of 1.2 g/cm3 for this area according to Liu et al. (2007); and pi
is sedimentary rate for each sample site based on Demaster et al.
(1985), Huh and Su (1999), and Liu et al. (2006, 2007).

Relatively high Hg deposition fluxes (5.8–120 ng/cm2 y) were
observed along the inner shelf due to higher concentrations of Hg
and mass accumulation rates (MAR) than those in the estuary (Fig. 7).
Fang and Chen (2010) estimated that the Hg deposition flux in the ECS
was about 0.4–49 ng/cm2 y, lower than that observed in this study,
which could be attributed to the varying Hg concentrations and MAR in
this area. The sediment samples of former study were mainly from the
middle and outer shelf in the ECS in contrast to those on the inner shelf
mud area with a higher MAR (Huh et al., 1999). Furthermore, the
higher Hg concentrations in this study were probably influenced by
recent Hg accumulation (2006–2007) compared to the samples of
previous study collected in late 1990s. In the comparison of worldwide
aquatic environments (Table 2), Hg deposition flux in the Lake Tahoe,
California-Nevada was as low as 1.5–2 ng/cm2 y (Drevnick et al.,
2010), and with a moderate range of 76–116 ng/cm2 y in the Deep
Bay, China (Li et al., 2016); while the high Hg flux was observed in the
Guanabara Bay (100–1800 ng/cm2 y) (Covelli et al., 2012).

Our sampling sites covered an area of ~100,000 km2, extending
~1000 km from the mouth of the Yangtze River to the Min River in the
muddy area of the inner shelf (Lin et al., 2013). The total mass
inventory of Hg for the studied region was estimated to be ~51 t/y,
with an average deposition flux of 62 ± 34 ng/cm2 y. The mass of
particulate Hg from riverine discharge to ocean margins, such as the
Arctic Ocean and the Mediterranean Sea, is about 15 ± 12 t/y and 14. ±
10 t/y, respectively, and in the North Atlantic and Indian Oceans, it is
about 32 ± 26 t/y and 502 ± 502 t/y, respectively (Amos et al., 2014).
Liu et al. (2016) reported that the concentration of Hg in the Yangtze
River gradually increased from the 1980 s to the 2000 s due to the
recent input of the Yangtze River. It was estimated that a total of 240 ±
23 t Hg was exported in 2012 from mainland China into the sea (Liu
et al., 2016). For the various sources of Hg-rivers, i.e., industrial
wastewater, domestic sewage, groundwater, non-point sources, and

coastal erosion, the Hg from rivers amounts to 160 ± 21 t/y and plays a
leading role in the global balance of Hg (Liu et al., 2016). These above
results indicated that the deposition flux of Hg in the estuarine-inner
shelf of the ECS occupied one-fifth of total Hg from mainland China
into the sea, and more importantly, it was about one-third for the
Chinese riverine discharged-Hg into the sea, the study area thus serve
as a major sink of Hg in the marginal seas off China. Amos et al. (2014)
estimated that one-third of post-1850 anthropogenic Hg release was
sequestered in ocean margin sediments, and reported that global
present-day Hg discharges from rivers to ocean margins were 5500 ±
2700 t/y, of which 28% reaches the open ocean and the rest was

Fig. 6. Correlations of Hg with 5+6 ring PAHs in the sediments of the Yangtze estuarine (Estuary) and inner shelf (Inner shelf) of the ECS.

Fig. 7. Deposition flux of Hg in the estuarine-inner shelf of the ECS.
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deposited to ocean margin sediments. These estimated results supports
that the estuarine-inner shelf of the ECS could play a significant role in
the Hg biogeochemical cycle on a global scale considering that there is
only 100,000 km2 for the study area.
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