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ABSTRACT: The concentrations and isotopic compositions
of mercury (Hg) in surface sediments of the Pearl River
Estuary (PRE) and the South China Sea (SCS) were analyzed.
The data revealed significant differences between the total Hg
(THg) in fine-grained sediments collected from the PRE (8−
251 μg kg−1) and those collected from the SCS (12−83 μg
kg−1). Large spatial variations in Hg isotopic compositions
were observed in the SCS (δ202Hg, from −2.82 to −2.10‰;
Δ199Hg, from +0.21 to +0.45‰) and PRE (δ202Hg, from
−2.80 to −0.68‰; Δ199Hg, from −0.15 to +0.16‰). The
large positive Δ199Hg in the SCS indicated that a fraction of Hg
has undergone Hg2+ photoreduction processes prior to
incorporation into the sediments. The relatively negative
Δ199Hg values in the PRE indicated that photoreduction of Hg
is not the primary route for the removal of Hg from the water column. The riverine input of fine particles played an important
role in transporting Hg to the PRE sediments. In the deep ocean bed of the SCS, source-related signatures of Hg isotopes may
have been altered by natural geochemical processes (e.g., Hg2+ photoreduction and preferential adsorption processes). Using Hg
isotope compositions, we estimate that river deliveries of Hg from industrial and urban sources and natural soils could be the
main inputs of Hg to the PRE. However, the use of Hg isotopes as tracers in source attribution could be limited because of the
isotope fractionation by natural processes in the SCS.

■ INTRODUCTION

Mercury (Hg) is known to be a toxic heavy metal that can be
transported rapidly around the globe because of its high
volatility and atmospheric transport.1,2 The global open oceans
play a vital role in the global cycling of Hg2. The global open
oceans contribute about ∼3.0 × 106 kg year−1 of global Hg0

emissions to the atmosphere.2 Meanwhile, the open oceans also
receive ∼4.0 × 106 kg of Hg, mainly through atmospheric
deposition.2 The additional net input of Hg to the open oceans
mainly comes from anthropogenic Hg emissions, which have
greatly increased since the preindustrial era.1−3 The accumu-
lation of Hg in the marine environment (e.g., sediments) has
led to a potential risk to humans or others because Hg can be
easily converted into methylmercury (Me-Hg), a neurotoxin
that can be biomagnified along the food chain.3

Estuaries are essentially biogeochemical interfaces because
they link two major aqueous systems: rivers and oceans.4 River-
derived Hg can be a very important source of Hg in estuaries.4

Benthic sediments serve as a sink for most of this river-derived
Hg because most Hg in rivers is bound to particles.5 An
estimated 90% of river-derived Hg is buried in sediments at
ocean margins.5 Anthropogenic activities have resulted in Hg

contamination in many estuaries, a notable example of which
can be seen in the Pearl River Estuary (PRE), the largest
estuary in the northern part of the South China Sea (SCS).6−9

The PRE is surrounded by Hong Kong, Guangzhou, Macao,
Shenzhen, Zhuhai, and Dongguan cities and is one of the most
industrialized and urbanized regions in China.10 During the last
3 decades, rapid economic development in the region has led to
serious contamination of heavy metals (e.g., Pb, Zn, Cu, and
Cr) in the PRE.6 A large amount of Hg was used in chloralkali
industries and manufacture of electrical products, alloy
materials, and other goods for the global market.11 Mercury
was released by wastewater discharge and flue gas emissions,
which have resulted in Hg contamination to the local
environment and the adjacent ecosystems, including contam-
ination to air, soil, water, and organisms.7−9

Research into Hg stable isotope biogeochemistry is offering
new insight into the behavior of Mercury. Mercury has seven
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natural stable isotopes (196Hg, 198Hg, 199Hg, 200Hg, 201Hg,
202Hg, and 204Hg). Previous studies have demonstrated large
variations in Hg isotopic composition in mineral/rock,12−15

coal,16,17 soil/sediment,11,15,16,18−22 snow/precipitation,23−25

atmosphere,25−27 and biota.28,29 Both mass-dependent fractio-
nation (MDF) and mass-independent fractionation (MIF) of
the Hg isotopes have been documented during various
geochemical processes, such as microbial-mediated reactions
(e.g., reduction,30,31 methylation,32 and demethylation33),
abiotic chemical reactions (e.g., photoreduction28,34,35 and
chemical reduction36,37), and physical processes (e.g., volatiliza-
tion,38 evaporation,39 adsorption,40,41 and dissolution42).
Hence, Hg stable isotopes have been used as an effective tool
for identifying sources of Hg and tracing them through the
environmental medium.43−45

Spatial and temporal variations in Hg isotopes in sediments
have been measured in many studies to identify the sources and
trace the pollution history of Hg.11,15,46−52 On the basis of well-
defined end-members with distinct Hg isotope signatures,
binary and ternary mixing models have been successfully used
to quantify the relative contributions of different sources of Hg
in the sediments.11,48,50,51 In 2011, in an initial study, Liu et
al.11 demonstrated large differences in Hg isotopic composi-
tions from industrial, urban, and continental background
sources of Hg in the Dongjiang River, one of the largest
tributaries flowing into the PRE.18 Later, they applied a triple
mixing model to quantify the contribution of each source of Hg
in the Dongjiang River sediments.11 However, the Hg isotopic
compositions of sediments in the PRE and SCS have not been
explored by taking into consideration the fresh water and
marine current interactions and the air and water interfaces in
this dynamic coastal environment. Whether the Hg isotopic
signatures identified in the upstream river sediments are present
in the PRE and SCS and how Hg transforms in the estuarine
and open ocean systems are questions that need to be
studied.11 Answers to these questions may increase our
understanding of Hg biogeochemical cycling in the subtropical
oceans of the world. Here, we conducted an investigation into

the Hg isotopic composition in the surface sediments of the
PRE and SCS. The objectives of this study were (1) to use Hg
isotopic measurements to investigate the manner in which
anthropogenic activities have altered the sources of Hg in the
PRE and SCS and (2) to use Hg isotopes to understand the
geochemical processes relating to Hg cycling that occur in a
subtropical coastal environment.

■ EXPERIMENTAL SECTION

Study Area and Sampling. The SCS encompasses an area
of ∼3.5 × 106 km2, with a mean depth of 1.212 km. The PRE is
a subtropical estuary located in the northern part of the SCS
(Figure 1). It covers an area of ∼2000 km2, with an average
distance of 49 km from north to south and 4−58 km from east
to west.6 The depth of the PRE varies from 0 to 30 m.53 The
tides (range of 1.0−1.7 m) in the PRE mainly come from
Pacific oceanic tidal propagation.53 Surface runoffs from three
major tributaries (Xijiang River, Beijiang River, and Dongjiang
River) of the Pearl River bring about 326 × 109 m3 year−1 of
fresh water and 89 × 109 kg year−1 of sediment into the PRE.6

The total suspended matter in surface water decreases from the
northern PRE (>34 mg L−1) to the southern PRE (<20 mg
L−1).54 Much higher water clarity (Secchi disk depth) was
observed in the southern PRE (4−18 m) than in the northern
PRE (<1 m).55 Surface fine-grained sediments (0−2 cm) were
collected from the PRE (n = 39) in June 2011. Sediments (n =
8) were also collected in the SCS (at an average depth of >3000
m) during August 2011. All sediments were taken using a grab
sampler (Van Veen grab) and immediately stored in poly-
ethylene plastic bags. Following their collection, the sediments
were freeze-dried (−50 °C for 72 h), ground, and homogenized
using a mortar and pestle until the particles were <200 μm.
Details of the sampling sites (e.g., location and depth) are
summarized in Table S1 of the Supporting Information. The
concentrations of trace metals (e.g., Co, Cr, Cu, Ni, Pb, and
Zn) and major elements (e.g., Al, Fe, Mg, and Mn) as well as
the concentrations of fine particles (<2 μm, represented as Cp)

Figure 1. Study area and sampling sites.
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and organic matter (COM) in the PRE sediments have been
reported by Chen et al.56

Total Hg (THg) Analysis. Approximately 0.5 g of freeze-
dried sediments and standard reference materials (BCR 580,
estuarine sediment) were digested using 5 mL of aqua regia
(HCl/HNO3 = 3, v/v) in a water bath (95 °C for 90
min).11,15,17−19 Ultrapure grades of acid (HNO3 and HCl) and
Mill-Q water (18.2 MΩ cm) were used. After digestion, the
solution was centrifuged (3000 rpm for 10 min) at room
temperature and then decanted to obtain the supernatant. THg
was determined using cold vapor atomic fluorescence
spectrometry equipped with a Tekran 2500 Hg analyzer.57

Quality control was performed using analytical blanks and
certified reference material (BCR 580, estuarine sediment). The
analytical blanks were lower than <20 pg mL−1. The THg
recovery of BCR 580 (126 ± 10 mg kg−1; 2σ; n = 6) was in the
range of 91−112%, and the relative variability of sample
duplicates was <10%.
Hg Isotopic Composition Analysis. Prior to conducting a

Hg isotopic composition analysis, an aliquot solution with a
mass of 20 ng of Hg was taken up from each sample digest and
diluted to 2 ng mL−1 using Milli-Q water. For sample digests
with a Hg mass of <20 ng, only 10 ng of Hg was taken up and
diluted to 1 ng mL−1. The acid concentrations of the diluted
solutions were <20%. Concentrations between the diluted
samples and bracketing standards (NIST SRM 3133, in 15%
aqua regia) were matched within 10%. The signal for 202Hg was
<0.015 V for acid blanks, 0.3−0.4 V for 1 ng mL−1 digested
solutions, and 0.6−0.7 V for 2 ng mL−1 digested solutions,
respectively. For sediments with THg < 30 μg kg−1 (e.g., sites
C5, Y14, E106, and E208), the THg in the digested solutions
were too low to conduct Hg isotope analysis. Hence, we will
not include these samples in our discussion of Hg isotopic
compositions. Hg isotopic compositions were determined using
a Nu-Plasma multiple-collector inductively coupled plasma
mass spectrometry (MC−ICP−MS). A more detailed
description of the overall instrumental setup and analytical
conditions used in this study can be found in our previous
publications.58 Hg isotopic variations are reported in δ notation

in units of permil (‰) referenced to the NIST SRM 3133 Hg
standard (analyzed before and after each sample) using the
following equation:59

δ =

− ×

Hg (‰) {( Hg/ Hg )

/( Hg/ Hg ) 1} 1000

xxx xxx

xxx

198
sample

198
NIST SRM 3133

(1)

where xxx is the mass of each Hg isotope between 199 and 202
amu. MIF is reported in capital delta notation (ΔxxxHg,
deviation from mass dependency in units of permil, ‰).59

δ δΔ ≈ − ×Hg Hg ( Hg 0.2520)199 199 202
(2)

δ δΔ ≈ − ×Hg Hg ( Hg 0.5024)200 200 202
(3)

δ δΔ ≈ − ×Hg Hg ( Hg 0.7520)201 201 202
(4)

The reproducibility of isotopic data was assessed by measuring
replicate sample digests (n = 2). To assess matrix-induced
fractionation bias, we ran UM-Almadeń standard solutions
(diluted in 15% aqua regia) repeatedly with a THg
concentration of 1 ng mL−1 (n = 3) and 2 ng mL−1 (n = 6).
The overall average and uncertainty of the δ values for UM-
Almadeń (δ202Hg, −0.50 ± 0.08‰; Δ199Hg, +0.01 ± 0.03‰;
Δ200Hg, +0.02 ± 0.03‰; Δ201Hg, −0.03 ± 0.04‰; 2σ; n = 9)
agreed well with those of the previous studies.59 The
uncertainties reported in this study corresponded to the larger
value of either the external precision of repeated measurements
of the UM-Almadeń or the uncertainty from measuring
replicate sediment digests. Measurements of replicate digests
of BCR 580 (δ202Hg, −0.44 ± 0.08‰; Δ199Hg, −0.03 ±
0.04‰; Δ200Hg, +0.03 ± 0.03‰; Δ199Hg, −0.04 ± 0.04‰;
2σ; n = 6) also agree well with the data reported by Liu et al.11

■ RESULTS AND DISCUSSION
Total Concentration of Hg in Sediments of the PRE

and SCS. The concentrations of THg in the PRE and SCS
sediments are shown in Table S1 of the Supporting
Information. The spatial distribution of THg concentrations

Figure 2. Spatial distribution of THg in the PRE and SCS sediments.
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(Figure 2) in sediments was characterized by lower
concentrations in sediments of the SCS and elevated
concentrations at the PRE. The THg in the SCS sediments
ranged from 12 to 83 μg kg−1, with a mean value of 60 ± 29 μg
kg−1 (1σ; n = 8). The THg in the SCS sediments was
comparable to the previously measured THg (mean, 61 μg
kg−1; n = 53) in the SCS60 and the background THg (20−100
μg kg−1) in ocean sediments of the world.61 Atmospheric
deposition was considered to be the major pathway for THg
entering the open oceans,3 such as the SCS.62 Fu et al.62

investigated the potential sources (e.g., atmospheric Hg
deposition versus riverine input) of Hg in the SCS. According
to their study, inputs of Hg into the SCS via atmospheric
deposition and riverine delivery were estimated to be 9.2 × 104

and 3.4 × 104 kg year−1, respectively.62

The THg in the PRE sediments ranged from 8 to 251 μg
kg−1, with a mean value of 94 ± 43 μg kg−1 (1σ; n = 39). The
THg data in the present study is comparable to data from
previous studies conducted in the PRE.6−9 The concentrations
of THg in the PRE sediments showed a pattern of decrease
from the northern PRE to the southern PRE (Figure 2). A
similar trend for THg in the sediments of the PRE was also
observed by Shi et al.8 As shown in Figure 2, the data on
elevated levels of THg were found in sediments located at the
northwest part of the PRE, which is close to the mouth of the
main stream of the Pearl River. In the PRE region, most cities
and industries are sited along the Pearl River. Several studies
have demonstrated that riverine transport of domestic and
industrial wastewater is the most important source of Hg in the
PRE.6−8 Riverine transport of fine particles has been
demonstrated to play an important role in delivering Hg to
estuarine sediments.4,5 Fine particles usually contain a great
deal of organic matter (e.g., humic acid, fulvic acid, and amino
acids), which has a strong affinity to bind with Hg.63−65

According to Chen et al.,56 PRE sediments generally contain
relatively high levels of COM (range, 2.43−6.71%; mean,
4.45%). As shown in panels a and b of Figure 3, positive

correlations were observed between THg and Cf (r
2 = 0.32; p <

0.05) and between THg and COM (r2 = 0.43; p < 0.05) in
sediments of the northern and middle PRE, suggesting that fine
organic particles are the major carriers of Hg in the PRE.66 As
shown in Table S2 of the Supporting Information, THg in the
PRE sediments was also significantly correlated with other trace
metals (e.g., Co, Cr, Cu, Ni, etc.) (r2 > 0.50; p < 0.05) reported
by Chen et al.,56 indicating a great influence of industrial
activities.

Hg Isotopic Compositions in Sediments in the SCS
and PRE. The Hg isotopic compositions in the PRE and SCS
sediments are summarized in Table S1 of the Supporting
Information. Because of the absence of Hg isotopic data on the
low Hg samples (e.g., C5, Y14, E106, and E208), we will not
include these samples in our discussion of Hg isotopic
compositions. As shown in Figure 4, differences in Hg isotopic

compositions were observed in sediments in the SCS and PRE.
For instance, sediments collected from the SCS (excluding sites
E106 and E208) showed the most negative δ202Hg values
(range, from −2.82 to −2.10‰; mean, −2.44 ± 0.27‰; 1σ; n
= 6) and positive Δ199Hg values (range, from +0.21 to
+0.45‰; mean, +0.35 ± 0.09‰; 1σ; n = 6). Sediments in the
PRE (excluding sites C5 and Y14) showed relatively higher
δ202Hg values (range, from −2.80 to −0.68‰; mean, −1.60 ±
0.56‰; 1σ; n = 37) and relatively negative Δ199Hg values
(range, from −0.15 to +0.16‰; mean, −0.01 ± 0.08‰; 1σ; n
= 37). The variations in the Hg isotopic compositions in
sediments of the PRE and SCS may be explained by (1) isotope
fractionation of Hg during geochemical cycling and/or (2) the
mixing of Hg from different sources with distinct isotope
signatures, as discussed below.

Mercury Isotopic Composition in Sediments of the
SCS. It has been established that positive Δ199Hg values (range,
from +0.21 to +0.45‰; mean, +0.35 ± 0.09‰; 1σ; n = 6) are a
feature of the SCS sediments (not including sites E106 and
E208). Positive Δ199Hg values have also been observed in
coastal sediments in the Central Portuguese Margin (+0.09 ±
0.04‰; 1σ; n = 8),47 the mid-Pleistocene sapropels from the
Mediterranean Sea (+0.11 ± 0.03‰; 1σ; n = 5),46 and
premining sediments in the San Francisco Bay region (+0.17 ±

Figure 3. Relation between THg and (a) organic matter content and
(b) content of fine particles in the PRE sediments.

Figure 4. Plot of Δ199Hg versus δ202Hg in the PRE and SCS
sediments.
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0.03‰; 1σ; n = 5).51 To our knowledge, the SCS sediments
showed the largest positive Δ199Hg values (up to +0.45‰) for
oceanic sediments reported thus far. One possible explanation
for the large positive Δ199Hg observed in the SCS could be
atmospheric Hg deposition, because a previous study by Fu et
al.62 demonstrated that >70% of Hg in the SCS is of
atmospheric deposition origin.62 Large MIF of odd Hg isotopes
(e.g., 199Hg and 201Hg) has been reported in precipitation and
direct atmospheric Hg samples.23−27 In general, negative
Δ199Hg values were reported in elemental gaseous Hg (Hg0),
while positive Δ199Hg values were reported in gaseous oxidized
Hg (Hg2+) and particulate/aerosol-bound Hg (Hgp) spe-
cies.25−27 Precipitations, which mainly contain Hg2+ and Hgp,
showed positive Δ199Hg values.23−25 For instance, Gratz et al.23

reported positive Δ199Hg (from +0.04 to +0.52‰) in
precipitation and negative Δ199Hg (from −0.21 to +0.06‰)
in gaseous Hg samples in the Great Lakes region (U.S.A.).
Sherman et al.26 reported negative Δ199Hg (from −0.11 to
−0.22‰) in total gaseous Hg in Arctic areas. Rolison et al.27

reported distinct Δ199Hg in particulate Hg (from +0.36 to
+1.36‰), reactive gaseous Hg (Δ199Hg, from −0.28 to
0.18‰), and gaseous elemental Hg (Δ199Hg, from −0.41 to
−0.03‰) in the Grand Bay (U.S.A.). The SCS sediments,
which have positive Δ199Hg values, may reflect Hg from
precipitations and gaseous oxidized Hg (Hg2+) and particulate/
aerosol-bound Hg (Hgp) species.

23−27 It should be noted that
previous studies on precipitation and atmospheric Hg species
also reported MIF of even Hg isotopes (e.g., 200Hg).23−27 In
general, Hg0 was characterized by negative Δ200Hg values, while
the precipitation and oxidized atmospheric Hg species (which
contains Hg2+ and Hgp) mainly displayed positive Δ200Hg
values.23−27 In this study, the absence of the MIF signature of
200Hg in the SCS sediments is consistent with previous studies
in ocean sediments,46−49 which could be explained by the
mixing of gaseous elemental mercury (with negative Δ200Hg
values) with precipitation and oxidized atmospheric Hg species
(with positive Δ200Hg values).23−27

Post-depositional MIF processes may also alter the Δ199Hg
values in the sediments. On the basis of current knowledge,
there are two possible mechanisms for the MIF of Hg: the
nuclear volume effect (NVE)67 and the magnetic isotope effect
(MIE).68 The NVE has been documented during elemental Hg
evaporation39,69 and equilibrium Hg−thiol complexation.40

Elemental Hg0 volatilization had a Δ199Hg/Δ201Hg of 1.65−
2.0 for NVE.39,69 Equilibrium Hg−thiol complexation caused
NVE with a Δ199Hg/Δ201Hg of 1.54.40 The MIE has been
observed during photoreactions of aqueous Hg,28,34,35 which
showed a different pattern of Δ199Hg/Δ201Hg from the NVE.
For instance, experiments show that MeHg photodegradation
generates Δ199Hg/Δ201Hg of 1.36, while Hg2+ photoreduction
generates Δ199Hg/Δ201Hg of 1.00−1.30.28,34,35 Recent studies
by Jackson and associates demonstrated that biochemical-
mediated processes, which generated free radicals that produce
the same effects as photochemically produced free radicals, may
also cause MIF in the aqueous environment.20−22,29 However,
among different processes that cause MIF, photochemical
reactions are more likely the cause for the positive Δ199Hg
values in the SCS. Photoreduction of aqueous Hg2+ driven by
natural dissolved organic matter (DOM) resulted in releasing
Hg0 with negative MIF, leaving the remaining Hg2+ with
positive MIF signatures.28 As shown in Figure 5, all of the PRE
and SCS sediments yielded a Δ199Hg/Δ201Hg of 1.05 ± 0.06
(2σ), which is consistent with that of the photoreduction of

Hg2+ reported by Bergquist and Blum.28 In the SCS, much
higher water clarities (Sechhi depth > 20 m) and much slower
sediment accumulation rates have been reported. The high
water clarity can lead to high exposure to sunlight, which may
increase the photoreduction of Hg2+ in marine waters.51 If we
assume that Hg2+ photoreduction experiments conducted by
Bergquist and Blum28 are applicable to the SCS, we estimate
that >20% of Hg in the SCS was photoreduced (see the
calculation results in the Supporting Information).
We observed the most negative δ202Hg values (mean, −2.44

± 0.27‰; 1σ; n = 6) in the SCS sediments. The degassing of
dissolved Hg0 and the physical settling of Hg by particles are
the two important processes affecting Hg mobility in the water
column.70 The degassing of dissolved Hg0 could not be the
main process causing the lower δ202Hg values in the SCS
sediments because volatilization,38 microbial reduction,30,31 and
photoreduction28,34,35 processes tend to produce negative
δ202Hg in the product Hg0, which will cause the positive
δ202Hg values in the water column. Indeed, relatively higher
δ202Hg values (from −0.50 to −1.50‰) have been reported in
seawaters compared to the SCS sediments.71 The physical
settling of Hg adsorbed to particles could be the possible cause
of the lower δ202Hg values in the SCS. Fractionation of Hg
isotopes between aqueous and solid phases has been reported
during the binding of Hg with thiol groups,40 sorption to
goethite,41 and precipitation with sulfides,72 all of which are
processes that can lead to negative δ202Hg values in the solid
phase. Another reason for the lower δ202Hg values in the SCS
could be the atmospheric deposition of Hg.62 Although large
variations in δ202Hg values have been reported in atmospheric
Hg samples;23−27 however, Blum et al.44 stated that
atmospheric Hg emitted from anthropogenic sources generally
have much lower δ202Hg values. For instance, total gaseous Hg
collected in the Wanshan Hg mine (southwest China) showed
negative δ202Hg from −2.32 to −1.85‰.73 Gaseous Hg0

collected near a coal-fired power plant (Grand Bay, U.S.A.)
displayed negative δ202Hg from −3.88 to −0.33‰.27

Precipitation collected close to a coal-fired utility boiler
(Crystal River, U.S.A.) also displayed large negative δ202Hg
values (mean, −2.56‰; n = 28).74 Fu et al.62 demonstrated

Figure 5. Mass-independent fractionation of Hg isotopes in the PRE
and SCS sediments.
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that anthropogenic Hg emissions from South China and the
Indochina peninsula are the main sources of Hg in the SCS,
which may have caused the lower δ202Hg values in the SCS
sediments.
Mercury Isotopic Composition in Sediments of the

PRE. The PRE sediments (excluding sites C5 and Y14) showed
relatively [analysis of variation (ANOVA) test; p < 0.02]
negative Δ199Hg values (range, from −0.15 to +0.16‰; mean,
−0.01 ± 0.08‰; 1σ; n = 37) compared to the SCS. Photolysis
of Hg2+ bound to thiols can lead to negative Δ199Hg values in
the residual Hg2+ pool.35 However, on the basis of the Δ199Hg/
Δ201Hg ∼ 1 for all of the PRE sediments (Figure 5), we assume
that the MIF in the PRE sediments is more likely caused by
Hg2+ photoreduction driven by natural DOM.28 Previous
studies have indicated that the photochemical cycling of Hg can
be related to variable exposure to sunlight.49,51 Because of the
input of the Pearl River, very high total suspended matter
contents (>34 mg L−1) and sedimentation rates (>1.5 cm
year−1) have been documented in the PRE54 and much lower
water clarity was observed in the northern PRE (Secchi disk
depth < 1 m).54,55 The lower water clarity would prevent Hg
from Hg2+ photoreduction and cause the relatively negative
Δ199Hg values in the PRE.
In comparison to the sediments of the SCS, those of the PRE

had relatively (ANOVA; p < 0.02) higher δ202Hg values (mean,
−1.60 ± 0.56‰; 1σ; n = 37). In comparison to the SCS, the
Hg bond to particulate matters may be more relevant to the
PRE because of riverine input of a large amount of soil particles.
Close association between THg and Cf (r

2 = 0.32; p < 0.05;
Figure 3a) was observed in the PRE sediments, indicating that
fine particles played an important role in transporting Hg to the
sediments in the PRE.64,65,70 Because most Hg can be removed
by the particulate matters in the PRE, it is expected that there is
a small difference in Hg isotopic compositions between Hg in
sediments and the contribution sources. River deliveries of Hg
from natural soils and industrial and urban sources are the
primary Hg inputs to the coastal ecosystems.11 In a previous
study, Liu et al.11 investigated Hg isotopic compositions in
sediments in the Dongjiang River, one of the largest tributaries
flowing into the PRE. They demonstrated that there were
significant differences in Hg isotopic compositions in three

major sources in the PRE, namely, industrial Hg (δ202Hg,
−0.60‰; Δ199Hg, 0), urban Hg (δ202Hg, −2.43‰; Δ199Hg, 0),
and continental background Hg (δ202Hg, −2.16‰; Δ199Hg,
−0.27‰);11 none of those sources has a positive Δ199Hg
value.11 Specifically, the industrial Hg source (e.g., batteries,
paints, explosives, and light bulbs) is mainly produced from Hg
mineral deposits that have not previously been exposed on the
Earth’s surface. This kind of Hg is therefore unlikely to exhibit
significant fractionation for Δ199Hg.11,75 Previous data on Hg
ores, sulfide minerals, and refined Hg have shown no evidence
of significant MIF (Δ199Hg, ∼ 0).12−15,44,75 Urban Hg is mainly
related to combustion of fossil fuels (e.g., coal). Studies on Hg
isotopic compositions in Chinese coals17 have demonstrated a
mean Δ199Hg of ∼0. Continental background Hg is mainly
related to riverine transport of continental natural soils.
Negative Δ199Hg values have been reported in continental
non-contaminated soils upstream of the Pearl River11 and in
other areas of the world.15−19,22,76 As shown in Figure 4, most
of the PRE sediments are plotted among the Hg isotopic
signature of the three end-members proposed by Liu et al.11

Those sediments are mainly located in the middle and western
edge of the PRE, as shown in Figure 6. The absence of positive
Δ199Hg values in those samples is consistent with the fact that
riverine deliveries of urban and industrial wastes are the most
important sources of Hg in the PRE.6−9

We also observed that some PRE sediments fall outside of
the ternary mixing model suggested by Liu et al. (Figure 4). As
shown in Figure 6, those samples with positive Δ199Hg values
(mean, +0.08 ± 0.04‰; 1σ; n = 13) were mainly located at the
southern and eastern edges of the PRE, influenced by marine
currents and away from the mouth of the Pearl River (e.g.,
Beijiang River and Dongjiang River). Much higher water
clarities (Secchi disk depth = 4−18 m) and much slower
sediment accumulation rates have been reported in those
sites.54,55 On the basis of the study by Bergquist and Blum,28

we estimate that ∼10% of the Hg2+ pool in those samples had
been photoreduced before being incorporated into sediments
(see the calculations in the Supporting Information).

Environmental Implications. Oceanic and coastal areas
are sites that are sensitive to Hg pollution and transformation.
Understanding the sources and fate of Hg is critical to assessing

Figure 6. Spatial distribution of Δ199Hg in the PRE and SCS sediments.
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the environmental risk of Hg in marine ecosystems. Hg
isotopes have been successfully used in many case studies to
trace the sources of Hg and the processes of their trans-
formation.11,15,46−52 Distinct Hg isotopic signatures (both
δ202Hg and Δ199Hg values) can be observed in oceanic and
estuarine areas. In estuaries, such as the PRE, Hg isotopes
transported to the sediments could be less fractionated because
of the riverine transport of large amounts of suspended organic
particles and the strong bonding of Hg to suspended sediments.
Hence, it is possible to identify the potential sources of Hg in
estuarine sediments using Hg isotopic signatures. Using Hg
isotope compositions, we estimate that river deliveries of Hg
from natural soils and industrial and urban sources could be the
main inputs of Hg to the PRE. However, in the deep ocean bed
of the SCS, source-related signatures of Hg isotopes may have
been altered by natural geochemical processes (e.g., Hg2+

photoreduction and preferential adsorption processes), espe-
cially through the deposition by air to the surface of water. We
suggest the use of caution in the application of Hg isotopes as
tracers in the open ocean far away from the Hg source regions
where secondary fractionation processes may obscure original
source signatures.
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