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The Pearl River Delta (PRD) is one of the most industrialized and urbanized regions in China. In order to assess
the pollution status of mercury (Hg) in PRD river system, the distribution of total mercury (HgT) and
methylmercury (Me-Hg) in sediment from a large river named Dongjiang (DJ) was for the first time
investigated. HgT concentrations in sediment increased from the upstream to downstream of Dongjiang area
and at most sites of DJ were significantly higher than the background values, which suggested that the D] was
contaminated with Hg, especially in the downstream of D]. Me-Hg concentrations in sediment of D] ranged
from 0.56 t010.62 ng/g, and were significantly correlated with HgT and organic matter. In order to determine
the potential Hg contamination sources, typical sediments from different parts of D] were chosen for Hg
isotope analysis. The results showed that the mass-dependent fraction (MDF) in the sediments varied
significantly (620?Hg: —2.35 to—0.60%.), and the mass-independent fraction (MIF) in the sediments also
varied considerably (A'®*Hg: —0.02 to —0.27%.). The samples with the highest HgT located in the industrial
area had the highest 62?Hg (— 1.14%. to — 0.60%.) measured values and insignificant MIF (A'9°Hg: —0.04 to
—0.01%.). Meanwhile, the samples with the lowest HgT located in the background area had the lowest §°?Hg
(—2.16%. to — 1.55%.) and A'®°Hg (—0.20 to —0.27%.) measured values. Unlike the above two cases are the
samples located in the urban area, which have relative lower MDF (62°?Hg: —2.35%. to —1.96%.) and small
but significant MIF (A'®°Hg: —0.10%. to —0.08%.) with relative higher HgT. We demonstrated that the
dominant Hg sources in DJ sediments could be categorized as the regional background, urban and industrial
sources. In our study, we demonstrated that Hg stable isotope method could serve as an effective tool for
tracing mercury contamination sources in the environment.
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1. Introduction

Mercury (Hg) is one of the most toxic heavy metals in the
environment and represents a global contamination problem (Lindqvist
et al, 1991; Conaway et al, 2003; Li et al, 2009). Due to rapid
urbanization and industrialization, China has become one of the largest
mercury emission countries in the world (Feng, 2005; Streets et al.,
2005; Zhang and Wong, 2007). The Pearl River Delta (PRD) region,
which is located in Guangdong province, consisting of Guangzhou,
Shenzhen, Zhuhai, Foshan, Dongguan, Zhongshan, Huizhou, Jiangmen
and Zhaoqing cities, is currently one of the most industrialized and
urbanized regions in China (NDRC, 2008). In PRD, the rapid develop-
ment of economy has led to seriously contamination of heavy metals
(such as Pb, Zn, Cu, and Cr) in the environment (Ip et al.,, 2005, 2007).
During the past two decades, a large amount of Hg was used in chlor-
alkali industries, manufacture of electrical products, alloy materials,
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chemical reagents, medicines, clothing, toys, and other goods for the
global market (China Environment Year-book Committee, 1990-1997;
Zhou and Wong, 2000; Streets et al., 2005; Zhang and Wong, 2007). Hg
was released into the surrounding environment by waste water
discharge and flue gas emissions. These activities resulted in Hg
contamination to the local environment and the adjacent ecosystems,
including contamination to air, water, soil, sediment, and organisms
(Zhou and Wong, 2000; Shi et al., 2010a, 2010b).

Previous studies showed that sediment was not only an efficient
sink for atmospheric Hg deposition and waste water discharge, but
also a source of methylmercury (Me-Hg) to the water column (Covelli
etal., 1999; Mason et al., 1999; Hines et al., 2000; Tomiyasu et al., 2000;
Macleod et al., 2005; Merritt and Amirbahman, 2007; Ullrich et al.,
2007; Shi et al., 20104, 2010b). The anoxic condition of sediment may
enhance the bacterial methylation processes that convert inorganic Hg
to its more toxic form, Me-Hg which is a neurotoxin for humans
(Mason et al., 2006). Me-Hg produced in sediment can be transported
to the water column and then be bioaccumulated by aquatic organisms
(Pickhardt and Fisher, 2007; Chen et al., 2009) and biomagnified in
food webs (Lawson and Mason, 1998). Fish consumption is thought to
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be the most important Me-Hg exposure pathway in developed
countries (Clarkson and Magos, 2006).

With the development and application of multiple collector
inductively coupled plasma mass spectrometry (MC-ICP-MS), accu-
rate and precise measurements of isotope ratios of heavy elements
have been made possible. Meanwhile, natural fractionation of Hg
isotopes has been the subject of many studies and Hg isotope ratios
have been measured in materials including hydrothermal ores (Smith
etal, 2005, 2008), coal samples (Biswas et al., 2008), soils (Foucher et
al., 2009), volcanic emission (Zambardi et al., 2009), sediments
(Ghosh et al.,, 2008; Gehrke et al., 2009), and biological samples
(Bergquist and Blum, 2007; Carignan et al., 2009). Hg isotopes are
fractionated by natural processes such as volatilization (Zheng et al.,
2007), reduction induced by chemical (Yang and Sturgeon, 2009),
photochemical (Bergquist and Blum, 2007) and bacterial processes
(Kritee et al., 2007, 2009). In addition to these natural processes,
industrial processes could also generate Hg isotope fraction, resulting
in specific isotope ratios in a region or an industry (Estrade et al.,
2010). The fingerprinting characteristics of Hg isotope signatures have
been demonstrated to be a good tool of tracing the sources and
biogeochemical processes of Hg in the environment (Bergquist and
Blum, 2007; Blum and Bergquist, 2007; Foucher et al., 2009; Stetson
et al.,, 2009; Estrade et al., 2010; Feng et al., 2010; Sonke et al., 2010).
Moreover, Perrot et al. (2010) have shown that Hg isotopes can be
also used to track anthropogenic sources of Hg accumulating from the
sediments to fish.

In PRD, as one of three largest tributaries of Pearl River, Dongjiang
(DJ) is an important water resource to the local inhabitants. However,
the status of Hg pollution, as well as the potential Hg contamination
sources in sediments of DJ, is still poorly understood. The goals of this
study are 1) to investigate the Hg contamination status in sediment of
DJ; 2) to evaluate the potential of Hg methylation in sediment; 3) and
to understand the sources of Hg pollution in DJ.

2. Methods
2.1. Study area and sampling

DJ has a length of 562 km and flows through the PRD. Fifty three
sediment samples (Marked as A, B, C, D, E and Z) were collected from
the upstream to downstream of Dongjiang area in July 2009 (Fig. 1).
As shown in Fig. 1, the sediment samples in DJR were classified into
three groups. The first group, the upper and middle stream of
Dongjiang area, consists of segment Z (Z1-Z4, Z6-Z7,Z14,n=7) and
segment F (A9, E16, E18, E19, n=4). The second group, the industrial
zone of Dongguan city, consists of segment A (A1-A6, n =6), segment
B (B1-B5, n=5), segment C (C1-C8, n=28), and segment D (D1-D8,
n=_8). The third group, the urban area of Dongguan city, includes
segment E (E1-E15, n=15).

At each sampling site, a composite sample was composed of 5 sub-
samples (i.e., quincunx) collected within an area of about 3-5 m?2.
During the sampling campaign, each sample was collected in a sealed
polyethylene bag to avoid cross contamination and stored frozen in a
cooler. In the laboratory, samples were freeze dried, homogenized,
and sieved to minus 100 mesh prior to chemical analysis.

2.2. Organic matter analysis

The organic matter concentrations in all samples were determined
by measuring the gravimetric loss on ignition at 550 °C over 4 h
(Boyle, 2004).

2.3. Total Hg and Me-Hg concentration analysis

The total mercury (HgT) concentrations in sediments were
determined on the solid samples by Lumex RA 915" mercury

analyzer equipped with a two-chamber pyrolysis block (Lumex Ltd.,
Russia), following a method reported by Luis et al. (2007). Briefly, the
samples were heated to 800 °C in a first heating chamber, leading to
the volatilization of the Hg and organic compounds of the sample. All
products were transported from the first chamber to a second one by
an air flow. The second chamber was continuously heated at about
800 °C. There, smoke and interference compounds were burnt,
producing mostly carbon dioxide and water. Hg in the gas flow was
determined by flameless atomic absorption spectrometry. A Zeeman
corrector of the spectrometer eliminated the rest of the background
absorption. The detection limit for HgT was 0.5 ng/g. All the samples
were analyzed in triplicate. Accuracy was assessed using the certified
reference materials GBW 07305 and GBW 07405 (IGGEC, Institute of
Geophysical and Geochemical Exploration, China), with an average
percent recovery of 89.5% (Table 1).

The concentrations of Me-Hg in sediments were determined by
acidic extraction, ethylation, isothermal GC separation and CVAFS
detection (Liang et al., 2004). Recoveries for matrix spikes are 80% to
116% for Me-Hg. The certified reference materials, including marine
sediments of BCR-580 (IRMM, Institute of Reference Materials and
Measurements) and IAEA-356 (IAEA, Marine Environment Laborato-
ry, International Atomic Energy Agency), were used for quality control
of sediment sample (Table 1).

2.4. Hg isotope analysis

Hg isotopic ratios were determined by MC-ICP-MS using a Nu-Plasma
mass spectrometer equipped with twelve Faraday cups (Nu Instruments,
Great Britain) at the State Key Laboratory of Environmental Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, China. The
sample introduction system consisted of a continuous flow cold-vapor
generation system (CV) (HGX-200, CETAC U.S.) coupled to an Apex-Q
desolvation unit (Elemental Scientific Inc., U.S.) for Hg and Tl introduction,
respectively. SnCl, was used as reducing agent and mixed online with Hg
standards or sample digests to generate volatile elemental Hg. Hg vapors
from the CV generation system were mixed with a dry Tl aerosol produced
via the desolvation device. Instrumental mass bias correction was
achieved using Tl as an internal standard and external standard-sample
bracketing with a NIST SRM 3133 Hg solution. An exponential
fractionation law was applied for internal mass bias correction assuming
a reference value of 2.38714 for the ratio 2°°TI/2°*TI. Data were acquired
by monitoring '*®Hg, 1%°*Hg, 2°°Hg, 2°'Hg, 2°?Hg, 2°*TI and 2°°Tl isotopes
for a period of 10 min (1 block, 100 cycles with 6 s integrations). A typical
sequence consisted of measuring the NIST SRM 3133 Hg solution before
and after each sample. To ensure optimum results of instrumental mass
bias correction, the concentration of the bracketing solution was
systematically adjusted to within 10% difference with the Hg concentra-
tion in the sample digest (typically 5 pg/L). Instrument blanks were
analyzed after each sample and each bracketing standard and on-line
subtracted. Typical blank values were 10 mV for 2°’Hg and 30 mV for
2057}, insignificant relative to typical sample and standard signals of 1 V for
202Hg and 3V for 2°°Tl. A more detailed description of the overall
instrumental setup, as well as the parameters and analytical conditions
used throughout this study can be found in Yin et al. (2010).

Hg isotopic variations are reported here in delta notation in units
of permil (%.) and referenced to the NIST SRM 3133 Hg standard
(analyzed before and after each sample) and using the following
equation:

5 Hg (%) = { (**Hg/"*Hempic) / (**Hg /' Hestsrauzzs ) —1} x 1000
(1)
where xxx is mass of each Hg isotope between 199 and 202 amu. Here

only 62°2Hg values will be reported to indicate mass dependent
fractionation (MDF) as they show the most significant differences
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Fig. 1. Location of sampling sites in Dongjiang.
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Table 1
Quality assurance data for analysis of total Hg and MeHg in certified reference
materials.

Producer Reference n Hg Analytical results*  Certified value*
material speciation  (mg/kg) (mg/kg)

*IGGEC GBWO07405 9 Total Hg 0.28 +£0.026 0.29+0.04

*IGGEC GBWO07305 6 Total Hg 0.088 + 0.008 0.1+£0.02

PIRMM BCR-580 7 MeHg 0.063 +0.005 0.075+0.004

‘IAEA IAEA-356 7 MeHg 0.0055+0.00016  0.0054 + 0.00089

*Values represent means =+ standard errors.
@ IGGEC: Institute of Geophysical and Geochemical Exploration, China.
b IRMM: Institute for Reference Materials and Measurements.
¢ IAEA: MEL International Atomic Energy Agency.

among samples. For the odd isotopes ('°*Hg and 2°'Hg), the
measured isotope ratios occasionally deviated from MDF. In these
instances, 52°?Hg is used to determine the predicted mass-dependent
values of 6?°'Hg and 6'°°Hg using a kinetic mass-dependent
fractionation law. Mass independent fractionation (MIF) is reported
in “capital delta” notation (A**Hg, deviation from mass dependency
in units of permil, %) and is the difference between the measured
§*Hg and the theoretically predicted §*Hg value using the
following formulas (Blum and Bergquist, 2007):

AP Her5? Hg — (82°2Hg*0.752) 2)
A" Hgs' P Hg— (62°2Hg*0.252). 3)

Reproducibility of the isotopic data was assessed by measuring
replicate sample digests (typically n=2). We also analyzed the UM-
Almadén as a secondary standard (once every 10 samples) in addition
to the bracketing standard NIST 3133. Hg in UM-Almadén was
measured the same way as other samples in each analytical session.
As seen in Table 2, the overall average and uncertainty of 6 values for
all UM-Almadén measurements are well agreed with data reported by
Blum and Bergquist (2007). Uncertainties reported in the figures and
tables of this paper correspond to the larger value of either 1) the
measurement uncertainty of replicate sediment digests, or 2) the
uncertainty of repeated measurements of the same digest at different
analysis sessions. When the calculated 2SD was smaller than the

replicate analyses of the reference material of UM-Almaden, the
uncertainty associated to UM-Almaden was used instead.

All sediment samples were digested with a fresh mixture of HNO3-
HCI (1:3,V/V) in a water bath (95 °C) for HgT analysis, and were diluted
to yield a final Hg concentration of at least 5 pg/L before MC-ICP-MS
analysis. This dilution was necessary to keep the acid concentration
below 20% (v/v), above which matrix interferences affect Hg isotopic
measurements. All acids used in this work were of guaranteed grade
(HNO3 and HCI). Mill-Q water (18.2MQ-cm) and high purity argon
were used. A 0.16 M (3% w/v) solution of stannous chloride was
prepared in 1.20 M HCl. The reductant solution was purged prior to use
with Hg-free nitrogen for a few hours in order to release mercury traces.
The mercury (5 pg/L, NIST SRM 3133) and thallium (20 pg/L, NIST SRM
997) working standard solutions in 0.12 M HCl were prepared daily
(Blum and Bergquist, 2007). A secondary standard solution (UM-
Almadén, 1.0 pg/g Hg in 4% nitric acid) was obtained from University of
Michigan. All Teflon materials and glassware were cleaned using HNO3
(10%, v/v) and HCI (10%, v/v) for 48 h and triply rinsed with Milli-Q
water (Yin et al., 2010).

3. Results and discussion
3.1. HgT in sediments

The distribution of HgT concentrations in sediments (n=53) from
the upstream to downstream of Dongjiang area is shown in Fig. 2 and
Table S1. HgT concentrations in sediment samples were highly
variable, ranging between 15 and 2000 ng/g. The statistical summary
of HgT concentrations in sediment in all segments is listed in Table 3
and a general increase pattern of HgT concentrations in sediment
from the upstream to downstream of Dongjiang area was noted.

As shown in Fig. 2, the lowest HgT concentrations in sediment
were observed in the upper and middle reaches of Dongjiang area. The
mean HgT concentration in sediment in this area (segments F and Z)
was 76 +47 ng/g, which was similar to the background HgT
concentration in the PRD (58 ng/g, Shi et al., 2007). Despite the
relative high HgT concentration in Huizhou city (189 ng/g at Z7), all
the other sediment samples in segments F and Z had low HgT
concentrations, which were lower than the Grade 1 level for soil
quality in China (150 ng/g, CNEPA, 1995), suggesting that sediments

Table 2

Mercury isotope composition for samples of Dongjiang River sediments and UM-Almadén (N=15) and BCR 580 (N=2).
Sample number  §'%°Hg  2SD &2 Hg 2SD  §%°'Hg 2SD  §°“Hg 2SD A9 Hg 2SD A% Hg 2SD A" Hg 2SD  HgT Me-Hg

%o %o %o %o %o %o %o %o %o %o %o %o %o %o (ng/g)  (ng/g)

Al —0.18 000 —043 0.02 —0.63 005 —0.80 0.10 —0.02 0.03 —0.02 0.03 —0.03 003 040 0.92
A3 —0.31 0.05 —0.59 0.11 —0.88 018 —1.14 0.21 —0.02 0.03 —0.02 0.00 —0.03 003 020 4.03
A4 —0.27 0.02 —0.52 0.03 —0.75 0.01 —1.00 0.10 —0.02 0.03 —0.01 0.01 0.00 0.03 045 3.05
A5 —0.25 004 —046 0.09 —0.71 0.07 —0091 0.12 —0.02 0.03 0.00 0.03 —0.03 0.03 055 1.86
A7 —0.18 004 —-037 0.10 —0.54 0.13 —0.67 0.16  —0.01 0.03 —0.03 0.02 —0.03 0.03 1.32 2.75
B2 —0.38 0.05 —0.54 0.07 —0.92 009 —1.12 0.16  —0.04 0.03 —0.03 0.01 —0.03 0.03 021 2.75
B3 —0.30 0.03 —0.58 0.08 —0.87 0.08 —1.14 0.10 —0.02 0.03 —0.01 0.03 —0.01 0.03 034 3.05
C1 —0.21 0.03 —0.38 0.07 —0.57 0.13 —0.71 0.16  —0.03 0.03 —0.02 0.01 —0.03 0.03 041 2.03
c7 —0.17 0.03 —0.32 004 —050 0.08 —0.60 0.10 —0.02 0.03 —0.02 0.01 —0.05 0.03 1.97 10.62
C8 —020 004 —035 0.10 —0.56 0.15 —0.72 019 —0.02 0.03 0.01 000 —0.02 0.03  2.00 4.46
D6 —0.37 0.00 —0.50 0.02 —0.84 0.07 —1.00 0.10 —0.03 0.03 —0.02 0.02 0.03 0.03 040 143
D8 —0.27 0.08 —0.44 0.14 —0.69 0.15 —0.90 0.19 —0.04 0.03 0.01 0.05 —0.02 0.03 097 2.51
71 —048 0.01 —0.81 0.03 —1.25 0.08 —1.55 010 —0.24 0.03 0.00 0.03 —0.18 0.03 0.10 0.89
Z4 —0.60 0.03 —0.96 0.01 —1.59 009 —1.99 0.10 —-020 0.03 0.02 0.01 —0.16 0.03 0.08 2.16
z7 —0.56 0.02 —1.06 0.05 —1.58 0.01 —2.06 0.10 —0.21 0.05 0.04 0.02 —0.19 003 0.19 2.03
714 —068 004 —1.12 004 —1.73 004 —2.16 010 —0.27 0.03 —0.03 0.01 —0.21 0.04 0.5 1.98
E2 —0.62 014 —1.21 0.26 —1.74 037 =235 049 —0.08 0.03 —0.03 0.02 —0.07 0.03 052 1.22
E9 —0.57 0.02 —1.02 0.06 —1.54 0.13 —1.96 0.12 —0.10 0.03 0.01 006 —0.10 0.03 059 3.02
E1l1 —0.58 0.01 —0.93 0.03 —1.52 0.12 —1.88 0.17 —0.09 0.03 —0.03 0.01 —0.09 003 041 1.92
E12 —0.66 0.05 -1.19 0.14 —1.81 014 —231 0.23 —0.08 0.03 —0.04 000 —0.07 0.04 049 2.06
UM-Almadén —0.15  0.06 —0.25 004 —-039 0.07 —053 0.08 —0.01 0.02 0.02 0 0.01 003 - -
BCR 580 —0.14 0.01 —0.24 0.02 —0.38 0.03 —0.46 0.04 —0.02 0.01 —0.01 0.02 —0.03 002 - -
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Fig. 2. Distribution of HgT in sediments of Dongjiang.

at the upstream and middle stream of Dongjiang area were less
contaminated by anthropogenic activities.

As shown in Fig. 1, the D] was separated into several parallel rivers
that flowed through Dongguan area at downstream of Dongjiang area.
Elevated HgT concentrations in sediment were observed in the
downstream of Dongguan area (Table 3). Being one of the fastest
developing cities in China, Dongguan is famous for its industries for
electronic appliances, chemical plants, paper mills, pharmaceuticals,
and waste incineration. Generally, those industries were situated to
be far away from the urban areas due to environmental concerns.
During the past two decades, the waste water discharged from these
industries were not properly treated and had led to elevated HgT
concentrations in sediment of this region (mean HgT, 677 - 561 ng/g),
especially in segments A, B, C and D (Table 3). The highest value of
HgT concentration in sediment was found at segment C (Fig. 2), where
the most chemical plants, paper mills, and plastic plants are located.
Meanwhile, considering that C8 and C7 were located closely to the
point sources of mercury in the segment C, a decrease pattern of HgT
in sediments was observed from site C8 to C1 (Fig. 2). A similar
pattern was also observed in other segments (such as Segments A, B,
and D).

Different from segments A, B, C, and D, the segment E was located
in the urban area of Dongguan city (Fig. 1). In this region, although
there are no industrial point sources of Hg contamination, the densely
populated urban area may still contribute a large amount of Hg to the
environment through multiple pathways such as coal combustion,
automobile emission, refuse dump and domestic sewage. This was
consistent with the relative high HgT concentrations (mean 301 +
200 ng/g) in sediment in segment E that was less contaminated
compared to the industrial areas.

3.2. Me-Hg in sediments

Me-Hg concentrations in surface sediments of D] ranged from 0.56
to 10.62 ng/g (Tables 3 and S1). The Me-Hg concentrations in
sediment (with an average of 2.9642.05ng/g) in the industrial
area (including segments A, B, C, and D) were at the same level as that
of another heavy industry area, the Haihe River, China (0.8-7.7 ng/g)
(Shi et al., 2005). However, the Me-Hg levels observed in this study
were much higher than those of other rivers including some highly
heavily mercury contaminated areas. For example, Me-Hg concentra-
tions in sediments from downstream of Palawan Hg mine in
Philippines only ranged from 0.28 to 3.9 ng/g (Gray et al.,, 2003).
Me-Hg concentrations in DJ were also higher than those found in
the sediments of San Francisco Bay estuary (0.108-1.08 ng/g)
and Sacramento River (0.27-2.84 ng/g) in US (Domagalski, 2001;
Conaway et al., 2003).

Generally, the ratio between Me-Hg/HgT in sediments is less than
1% (Hines et al., 2000; Zelewski et al., 2001; Niessen et al., 2003;
Ullrich et al.,, 2007), except for some lakes and wetlands where the
percentage of MeHg can reach up to 10% (Ullrich et al., 2001; Fischer
and Gustin, 2002). In DJ sediments, the mean value of Me-Hg/HgT
ratio was 1.25% (0.11%-13.17%). A significant positive correlation
(r?=0.29, p<0.01, n=53) between Log (Me-Hg) and Log (HgT) in
sediments of DJR was observed in Fig. 3a. It was also shown in Fig. 3b
that the correlation (r?>=0.12, p<0.05, n=51) between Log (Me-Hg)
and Log (OM) (Organic Matter) was significantly positive. These
suggested that 29% of Me-Hg variation was explained by HgT and 12%
by organic matter (OM). As HgT concentration and OM content appear
to small but significant influence on Me-Hg production, the overriding
control in the DJ system is likely microbiological activity.

Table 3
HgT and MeHg concentrations, 52°?Hg values in sediments collected from Dongjiang River.
Part Area Segment HgT concentration (ng/g) Me-Hg concentration (ng/g) §292Hg A'%°Hg
min max mean median min max mean median Interval Interval
Downstream of Industrial zone A (n=6) 195 1435 7264519 502 092 4.88 2924143 29 —1.14%. to —0.60%. —0.04%. to —0.01%
Dongjiang River of Dongguan city B (n=35) 200 543 3264139 336 181 49 3.054+1.13 2.76 (n=12) (n=12)
C(n=38) 367 2000 1154+656 1205 1.65 10.62 4.394290 3.75
D (n=38) 102 972 3844290 326 097 251 1524058 1.26
Total 102 2000 6774561 449 092 10.62 29642.05 2.72
(n=27)
Urban area of E (n=15) 60 593 301+200 242 092 3.02 1.63+0.57 161 —2.35% to —1.96%. —0.10%- to —0.08%
Dongguan city (n=4) (n=4)
Upper and middle F(n=4) 35 100 71+£31 75 056 231 1524086 1.6 —2.16%0 to — 1.55% —0.27%0 to —0.20%.
streams of Z(n=7) 15 189 79 +£57 76 089 216 1564+0.55 1.79 (n=4) (n=4)
Dongjiang River Total 15 189 76 £47 76 056 231 1544+0.63 1.79
(n=11)
Dongjiang overall (n=>53) 15 2000 4464481 336 0.56 10.62 2.294+1.66 1.92
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3.3. Tracing Hg sources by using Hg isotope ratios

Mercury isotope compositions in surface sediments of the D] are
presented in Table 2. The potential explain for the measured Hg
isotope deviations would be geochemical processes resulting in a
fractionation of Hg isotopes. For example, microbial reduction (Kritee
et al., 2007, 2009), photoreduction (Bergquist and Blum, 2007), and
evasion processes (Zheng et al., 2007) preferentially act on the light
Hg isotopes, which subsequently leave the system. However, a recent
study suggested that partitioning of Hg between solid and dissolved
phases does not generate measurable Hg isotope fractionation in
natural environments (Foucher et al., 2009). Thus, the distinct Hg
isotope signatures observed from different locations of D] may imply
different dominating Hg contaminated sources at different locations
of DJ. According to mercury isotope signatures, HgT concentrations, as
well as the industrial distributions in the study area, the potential Hg
contamination sources in different regions of D] can be categorized.

In the upstream and middle stream of the Dongjiang area
(segments F and Z), 62°Hg values of sediments were characterized
by the relative lower values (varying from —2.16%. to —1.55%,). In
addition to mass dependent fractionation (MDF), mass independent
isotope fractionation (MIF) was also observed for the sediment
samples from the upstream and middle stream of Dongjiang area as
shown in Figs. 5 and 6 (A'*°Hg= —0.20 to —0.27%.). The negative
MIF values for pristine sediments are consistent with recent
literatures, as Hg MIF appears to be a recurrent feature for continental
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Fig. 3. Two-way scatter plots (a, b) for sediments from Dongjiang: a. Log (MeHg) (ng/g)
vs. Log (HgT) (ng/g); b. Log (MeHg) (ng/g) vs. Log (Organic Matter) (%). Sample size (n)
represents all data.

non-contaminated sediments across the globe (Laffont et al., 2009;
Sonke et al., 2010). MIF is generally understood to be caused by the
nuclear field shift (Schauble, 2007) and/or the magnetic isotope
effects (Buchachenko et al.,, 2007). Previous studies demonstrated
that MIF is caused by photochemical reduction of reactive Hg*?
species and monomethylmercury (Me-Hg) to Hg®. When A'®°Hg vs
A%°'Hg is plotted for each of these photochemical reduction
processes, a slope of 1.36 is observed for Me-Hg and 1.00 for Hg*?
photo-reduction (Bergquist and Blum, 2007). It is demonstrated that
soil erosion and atmospheric deposition of Hg are important Hg
sources to the sediments in pristine areas (Sunderland and Mason,
2007). The A'*°Hg vs A%°'Hg plot of sediment samples from DJ has a
slope of 0.823 as shown in Fig. 6 indicating that the cause of MIF could
be photochemical reduction of Hg*?2, induced by magnetic isotope
effects (Buchachenko et al., 2007). This would suggest that part of Hg
in sediments of this region could have undergone photo-reduction
process prior to being deposited to sediment.

In segments A, B, C, and D, air deposition and soil erosion may also
contribute Hg to those segments; however, industries constitute the
primary Hg contamination sources in sediments of this region as
discussed in Section 3.1. The 6?°°Hg values of sediment in segments A,
B, C, and D ranged from —1.14%. to —0.60%., which is significantly
different from the values in the pristine upstream and middlestream
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of Dongjiang urban area. No MIF was observed in the industrial areas
of Dongjiang urban area (A'®’Hg= —0.04 to —0.01%.). We assume
that Hg used in the industries of DJ was mainly from mercury mines.
The relative heavier 52°?Hg values, as well as the absence of MIF in the
segments A, B, C, and D compared to those of the upstream and middle
stream of Dongjiang urban area, were well consistent with previous
studies, from which the analyses of Hg ores, other metal deposits, did
not show significant MIF (Hintelmann and Lu, 2003; Smith et al., 2005,
2008; Stetson et al., 2009). This further supported that industrial Hg is
the dominate source of Hg pollution to the sediments of this area.
As discussed in Section 3.1, the segment E flows through the Dongguan
urban area were elevated by HgT (with a mean of 301+ 200 ng/g)
compared to that of Segments F and Z (with a mean of 76 + 47 ng/g). By
utilizing both MDF and MIF, specific mercury isotope signatures of
sediments from segment E were observed and shown in Fig. 5. Different
with the industrial region, the cause of the relative negative §2°?Hg values
of the sediment in this area (with 8%°?Hg ranging from —2.35%. to
—1.96%.) needs to be better augmented. However, the lower §2°Hg
values may have some implications on Hg source “fingerprints” of
segment E. It has been reported by several studies that the dominant Hg
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Fig. 6. Correlation between A'®° Hg and A%°! Hg in sediments of Dongjiang.

sources of this area are thought to be coal combustion emission,
automobile emission and refuse dump conducted by the densely urban
population (Zhou and Wong, 2000; Shi et al., 2010a, 2010b). They are
probably corresponding with the lower §2°?Hg signature of segment E.
Moreover, the MIF in segment E, with A'®Hg values ranging from
—0.10%. to —0.08%o, also showed a distinct signature with that of the
upstream and middle stream (A'®Hg=—0.20 to —0.27%.) and
industrial areas (A'*°Hg = 0) of DJ as shown in Fig. 5.

Overall, the MDF in the sediments varied significantly (§2°?Hg=
—2.35 to —0.60%.), and the MIF in the sediments also varied
considerably (A'%°Hg = —0.02 to — 0.27%.). The sample with the highest
HeT located in industrial area has also the highest §2°?Hg measured
values (Fig. 4a) and insignificant MIF (Fig. 4b). Meanwhile, the sample
with the lowest HgT located in the background area has also the lowest
52%2Hg and A'%°Hg measured values (Fig. 4). Unlike the above two cases
are the samples located in urban area, which have relative lower MDF and
small but significant MIF with relative higher HgT (Fig. 4). As shown in
Figs.4 and 5, Hg in the sediments originates from a direct mixing between
an Hg contamination source indicating industrial areas (1/HgT>0, —
1.5%0<622Hg < — 0.5%., A'®*Hg of ~0%,), urban areas (1<1/HgT<3, —
3.0%0<62Hg < — 1.5%, —0.15%<A'%°Hg<—0.05%,) and the natural
background soils (5<1/HgT<13, —2.5%0<5°Hg<—1.5%, A'%°Hg<—
0.25%5). The explanation for the measured variations in Hg MDF/MIF
could be the fact that the Hg in D] sediments is a mixture of natural origin,
urban origin, and industrial origin.

3.4. Triple mixing-model

As shown in Fig. 5, the combination of MDF/MIF signatures of the
sediments indicated a triple mixing of natural, urban, and industrial
Hg sources. Thus, the isotope compositions of the three end-members
model determined as follow (Eqs. (4)-(6)) might be conducted to
calculate the relative contribution of the three sources.

199

XAlggHgind + YAlE)Qngrb + ZAlggHgbac =A Hgsample (4)
X6°PHging + Y6 Hey + Z6°Hepee = 6° Hegample (5)
X+Y+2z2=1 (6)

where X, Y, Z represent relative contribution of the sources industrial
origin, urban origin, and regional background origin, respectively.
Subscripts ind, urb, and bac refer to Hg with industrial origin, urban
origin, and regional background origin. The coefficients in the
equations set are defined by the isotope composition of the three
end-members shown as x (A'°Hging, 6°°Hging), Vv (A'°°Hgans,
8ZozHgam)v and z (AlggHgbao 8zozHgbac)-

In previous study, simple MDF binary mixing models have been
used successfully to estimate Hg pollution sources in many ecosys-
tems (Foucher et al., 2009; Feng et al., 2010). These models are based
on the precise characterization of two distinctive sources of Hg and
these studies satisfactorily provided that each defined end-member
has a significantly different isotopic composition. Appling this
principle to our case study, we pointed out a z (A'*°Hgpac: —0.27%,
620?Hgq: —2.16%.) (Z14) to represent Hg with a regional back-
ground origin, because of the fact that Z14 is located at the head of the
DJ with the lowest HgT. As the site C7 is located closely to the industry
outlet with the highest HgT, x (A'*°Hging: 0, 62°?Hgjng: —0.60%.) is
chose to represent Hg with industrial origin. However, the Hg with
urban origin could not be obtained directly from the sampling sites. As
shown in Fig. 4a, the MDF signature of urban Hg is similar to the
regional background, but different from the industrial Hg. However,
the HgT concentrations in urban areas are much higher than the
regional background values. It is implicated that Hg resources of urban
area are partly similar to the regional background area. Thus in the
urban area, a mixture of the urban origin (as discussed in Sections 3.1
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and 3.3) and the regional background origin contributes Hg in
sediment. Hg isotope of urban origin could be calculated by using the
traditional isotopic mass balance mixing equations:

5 Hggample = Xane® Hguy + Xyogd  Hgpeq (7)
1= Xyp + Xeeg (8)
Xup = 1—HgTreq / HETampie 9)
A Hgmpie = Xurp A" Heury + XregA ' Hgre (10)

where (8202Hgsamp1e- A]ggHgsample)v (8202ngrbv A199ngrb)- and
(82°2Hg,eq, A'9Hg,eg) are the isotopic deviation values of the sample
in urban area, and of the urban and regional background end-
members, respectively; X, and X, are the respective urban and
regional background Hg fractions in the sample from the urban area.
HgTsample and HgT,e, correspond to the concentrations of total Hg in
the samples from the urban area and the regional background area,
respectively. Considering in the urban area, the highest 2°?Hg and
HgT values observed at site E2, §2°2Hgg,mple are defined as — 2.35%,
AHg umple is — 0.08%,, and HgTsampie is 0.52 pg/g. Based on the same
principle, the regional background end-member is represented by Z14
(822Hg eq: —2.16%0, A1 Hg,eq: —0.27%o, HgT eg:0.15 pg/g). According
to Egs. (7)-(10), the Y end-member (the urban origin of Hg)
established in this study is calculated and represented by y
(A'%Hgge: 0, 5202Hggpne: —2.43%o). This calculated value of A°Hgg
is identical with the previous studies. In previous studies, available
data from various samples indicate that direct emissions from major
urban sources, such as waste incineration (Estrade et al., 2009), are not
characterized by a significant MIF. Indeed, analysis of Hg ores, other
metal deposits, refined Hg as well as condensed materials from urban
waste incineration do not reveal any MIF (Smith et al., 2005, 2008;
Sherman et al., 2009). Meanwhile, Biswas et al. (2008) demonstrated
that Chinese coals have a negligible MIF that is close to O.
Consequently, it is reasonable to adopt that urban Hg sources have
no significant MIF anomalies.

Based on above, the three end-members in the triple mixing MDF/
MIF model were developed.

According to Egs. (4)-(6), we could calculate the relative
contribution of the three sources in the sediments of the studied
area. As shown in Fig. 7 and Table S2, the dominant source in the
industrial area is from industrial origin (69% to 99%), whereas the
most of contribution is regional background origin in the background
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Fig. 7. Fractions of Hg sources in sediments of Dongjiang.

area (72% to 100%). It appears that a mixture of urban and regional
background origins is dominant in urban areas. Our data clearly
showed that Hg originated from different sources had distinct Hg
isotope ratios and therefore Hg isotope compositions can be used to
quantify the sources of Hg contamination to the sediment.

4. Conclusion

The HgT concentrations in the surface sediments of D] were highly
variable, ranging between 15 and 2000 ng/g. From the upstream to
the downstream of Dongjiang urban area, the concentrations of HgT in
sediment showed an increase trend. We also observed that sediment
of river flowing through urban area at the downstream of D] was less
contaminated with Hg compared to the segments that flowing
through the industrial areas. Industries at the downstream areas are
the sources of Hg contamination to the river.

Me-Hg concentrations in surface sediments of DJ ranged from 0.56
to 10.62 ng/g and the mean value of MeHg/HgT ratio is 1.25%.
Although both HgT and organic matter showed significantly positive
correlation with Me-Hg in this study, only 29% of Me-Hg variation was
explained by HgT and 12% by organic matter.

Hg isotope ratios were used to trace Hg contamination sources in
sediments of DJR. Sediment at the downstream of DJR showed distinct
Hg isotope ratios with the sediment at the upstream. This work
further demonstrated that Hg isotope ratios can be used as a tool to
trace the sources of Hg in the environment.

Supplementary materials related to this article can be found online
at doi:10.1016/j.chemgeo.2011.06.001.
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