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The environment of Guizhou province of SW China is in part significantly impacted by mercury (Hg) mining activ-
ities. The exploitation and processing of Hg-bearing ore in the past have led to multiple sources of Hg contamina-
tion, including unprocessed ores and Hg waste calcines and liquid elemental Hg, making source control strategies
difficult and expensive to implement. In this study, initially extended X-ray absorption fine structure (EXAFS) spec-

Key Words.: troscopy was used to determine the Hg species and to estimate the relative proportions of these species present in
Mercury isotope . . . .

EXAFS Hg-bearing wastes from the Wanshan Hg mine (WSMM) of the eastern Guizhou province. The results showed that
Speciation cinnabar is the dominant Hg species in the unroasted ore samples, while the most prevalent Hg compounds in mine
Calcines waste calcine is in the following order: meta-cinnabar, cinnabar and mercuric chloride. Our study demonstrated

that mass dependent fractionation of Hg isotopes may occur during transformation of cinnabar to by-products
(such as meta-cinnabar and mercuric chloride) by the roasting process. Hg stable isotope analysis of unroasted
Hg ores and Hg waste calcines showed that Hg waste calcines (0.08 40.20%o, 26, n=11) were enriched by
~0.80% in 52°2Hg values compared to the unroasted Hg ores (—0.74 4 0.11%o, 26, n = 14). Finally, using a com-
bined triple mixing model, the source attribution of the downstream sediment in WSMM was estimated. Our
study suggested that the Hg isotope could be a useful tool to trace and quantify the source of Hg in the environment.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Mercury (Hg) is a naturally occurring element that poses consider-
able health risks to humans (NRC, 2000). Elevated concentrations of Hg
can be found in Hg mining-impacted regions, resulting in widespread
contamination of the immediate mining site and the surrounding
environment (Kim et al, 2004). Hg contamination is particularly
prevalent in Guizhou province, SW China. There are at least 12 large
(with Hg resource of 2000-10,000t) and one super-large (with Hg
resource >10,000 t) Hg mines present in this province (SWSNANE,
2003; Feng and Qiu, 2008). In Guizhou, although large-scale Hg mining
activities have been officially suspended since the beginning of this
century, nevertheless the environmental impacts of Hg mining opera-
tions are chronic. Large volumes of Hg-bearing waste rocks and roasted
calcines are present at these mine sites with residual levels of Hg ranging
in concentration from <100 to several 1000 pg g~ ', which causes serious
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pollution to soil/sediment (Zhang et al., 2004; Qiu et al., 2005), water
(Zhang et al.,, 2010), and agricultural crops (Horvat et al,, 2003; Feng et
al,, 2008; Qiu et al., 2008) in the surroundings.

The speciation of Hg in Hg mine wastes is a critical factor in determin-
ing its mobility, reactivity, and potential bioavailability in the mining re-
gions (Kim et al, 2000). Since different Hg species possess varying
degrees of solubility, the particular species present and their relative pro-
portions in an Hg-contaminated source can greatly influence the release
and transport of Hg. Therefore, knowing Hg speciation in mine wastes
can provide insights about the processes of Hg release and distribution
in a specific site. Furthermore, extended X-ray absorption fine structure
(EXAFS) spectroscopy is a powerful technique to investigate chemical
speciation (Huggins et al., 2000). This non-destructive technique is one
of the few direct techniques available for determining Hg speciation in
relatively low-concentration samples such as mine wastes (Kim et al.,,
2004).

Recent development of analytical methods for heaviest isotopes has
spurred interest in using stable isotopes of Hg to identify sources and
to determine fates of Hg in the environment (Blum and Bergquist,
2007; Koster van Groos et al., 2007; Yin et al,, 2010a). A large variation


http://dx.doi.org/10.1016/j.chemgeo.2012.04.030
mailto:fengxinbin@vip.skleg.cn
http://dx.doi.org/10.1016/j.chemgeo.2012.04.030
http://www.sciencedirect.com/science/journal/00092541

R. Yin et al. / Chemical Geology 336 (2013) 72-79 73

in Hg isotope compositions has been reported in-between a variety of
environmental samples including Hg-ores (Hintelmann and Lu, 2003;
Smith et al., 2005, 2008; Stetson et al., 2009), hydrothermal emissions
(Smith et al., 2008; Sherman et al., 2009; Zambardi et al., 2009), Hg
mine waste (Stetson et al., 2009), sediments (Foucher and Hintelmann,
2006; Foucher et al., 2009; Gehrke et al., 2009; Feng et al., 2010; Liu et
al., 2011), coals and soils (Biswas et al., 2008; Lefticariu et al., 2011),
and fish (Bergquist and Blum, 2007; Jackson et al., 2008; Laffont et al.,
2009; Perrot et al., 2010). The above cited studies have unequivocally
demonstrated that variations in the Hg isotopic signature could be
used in the future as tracers to distinguish between Hg sources and im-
portant chemical transformation processes in the environment.

In this paper, a case study is presented that was carried out in the
Wanshan mercury mining area (WSMM), Guizhou Province, China.
The objectives of this study are 1) to determine the speciation of Hg
in unroasted ore and calcine samples collected from WSMM using
the EXAFS spectroscopy method; 2) to determine whether Hg isotope
compositions can be used to distinguish Hg sources (e.g. unprocessed
Hg-ores, mine-waste calcines) at the mining sites; and 3) to investi-
gate the Hg sources of Hg in downstream sediment in WSMM.

2. Materials and methods
2.1. Study areas and sampling

A map encompassing the WSMM study area is given in Fig. 1.
WSMM, also known as the “Mercury Capital” in China, is located in

the eastern part of Guizhou province, China. In this area, Hg mining ac-
tivities have been documented for more than 3000 years (Feng and Qiu,

2008). Hg ores had been intensively extracted from WSMM during the
past 50 years. Approximately 125.8 million tons of calcines had been
dispersed into the adjacent ecosystems before it was officially closed
in 2001(Zhang et al., 2004; Qiu et al., 2005). Specifically, one of the
five major river valleys in the area, the Dashuixi (DSX) River was stud-
ied due to significant amount of discarded tailings (at Wukeng, WK)
present at the headwater. We collected downstream sediment samples
at WSMM in October 2008. Sediment samples collected were composed
of surface sediments (0-2 cm) of the DSX River and were a composite of
at least 4 sub-samples, for increased spatial resolution. The sampling lo-
cations of the river sediment are presented in Fig. 1. On that occasion,
unroasted Hg ore and Hg waste calcine samples were also collected.
During our sampling campaign, all collected samples were stored in
sealed polyethylene bags to avoid cross contamination and were then
shipped to the laboratory as soon as possible after collection. In the lab-
oratory, after homogenization, milling and riffling, the samples were
ground to sub-minus 150 mesh (<106 um) and subsequently sealed
in polyethylene bags prior to total Hg concentration (HgT), EXAFS and
Hg isotopic analysis.

2.2. Total mercury analysis

Total mercury (HgT) concentrations in sediments, unroasted Hg
ore and Hg waste calcines were analyzed using Lumex RA 9151 Hg
analyzer (Lumex Ltd., Russia) following the method reported by
Luis et al. (2007). The detection limit for HgT was 0.5ngg™ . All
the samples were analyzed in triplicate. Quality control for the Hg
analysis was addressed with certified reference materials (GBW
07305, GBW 07405), with an average recovery of 94%.
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Fig. 1. Overview map of the study area in WSMM of Guizhou Province, China.
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2.3. Mercury speciation protocol

Two composite samples of unroasted Hg ores (n=14) and waste
calcines (n=11) in WSMM were analyzed by EXAFS. Mercury LIII-
edge X-ray absorption spectra were collected at the EXAFS station
of Beijing Synchrotron Radiation Facility (BSRF). Mercury Llll-edge
(12.28 keV) X-ray absorption spectra were collected at the TW1B
beamline of the Beijing Synchrotron Radiation Facility (Beijing,
China). Cinnabar (a-HgS), meta-cinnabar (3-HgS), mercuric chloride
(HgCl,), montroydite (HgO), and mercuric sulfate (HgSO,), the possi-
ble components of Hg in the measured samples, were chosen as refer-
ence materials, and their XAFS spectra were also measured as shown
in Fig. 2. We did not measure the elemental Hg in our EXAFS study.
Elemental Hg® is a semi-volatile species with a vapor pressure of
0.18 Pa at 20 °C (Schroeder and Munthe, 1998). Several studies dem-
onstrated the existence of a minor proportion of Hg® in the ore and
Hg calcines in other Hg mines. However, besides some individual
samples, the fraction of Hg® in most samples usually represented
<0.1% of the total Hg (Gray et al., 2000, 2006). Considering the
roasting temperatures of 700-850 °C associated with Hg® production
operations in WMMA (Zhao and Wang, 1999), the mobility of this
species will be greatly enhanced during retorting. Hence, we would
not expect to find significant amounts of elemental Hg® in the fine
powder of Hg ore and Hg waste calcine. An EXAFS study by Kim et
al. (2004) did not show a substantial amount of liquid Hg® in either
Hg ore or Hg waste calcines collected in several Hg mines in the Cal-
ifornia Coast Range Hg mineral belt. Data normalization (baseline and
background corrections) together with cubic spline interpolation,
Fourier transformation and EXAFS fitting were performed using the
program WinXAS v 3.1(Ressler, 1998). To acquire a convincing mea-
sure of components and their relative proportions, a linear combina-
tion fitting (LCF) X-ray absorption near edge structure spectrometry
of the adsorption samples using reference components was executed
through the Athena program in the IFEFFIT computer package
(Newville, 2001). More details of the method were described in Lv
et al. (2012).

2.4. MC-ICP-MS measurement protocol

Hg isotopic ratios were determined by MC-ICP-MS using a Nu-Plasma
mass spectrometer equipped with twelve Faraday cups (Nu Instruments,
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Fig. 2. Normalized absorbance curves of mercury K-edge XANES spectra of the refer-
ence compounds and unknown samples.

Great Britain) at the State Key Laboratory of Environmental Geo-
chemistry, Institute of Geochemistry, Chinese Academy of Sciences,
China. A continuous flow cold-vapor generation system (CV) (HGX-
200, CETAC U.S.) was coupled with an Apex-Q desolvation unit (Ele-
mental Scientific Inc., U.S.) for Hg and Tl introduction, respectively. 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. (2010b).

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

8 Hg(%o) = { (**He/"* Heaampie )/ (*“He/"* Henstsrzizs ) —1}
x 1000. (1

)

Mass independent fractionation (MIF) of Hg isotopes is calculated
using the “capital delta” notation, A¥*Hg (%.), which is defined as the
difference between the measured §*Hg values and the predicted
§*Hg values from MDF, following Eqs. (2) and (3) reported by Blum
and Bergquist (2007).

A™Hg ~ 52" Hg— (6202Hg * 0.752) )
A" Hg ~ §'°Hg— (SZOZHg * 0.252) 3)

Reproducibility of the isotopic data was assessed by measuring repli-
cate sample digests (typically n = 2). We also analyzed the UM-Almadén
as a secondary standard (once in every 10 samples) in the analytical sea-
son. Hg in UM-Almadén was measured in the same way as the other
samples in each analytical session. The overall average and uncertainty
of 62°2Hg was — 0.53 4+ 0.10%. (26, n=09), of A>°’Hg was 0.01 4 0.08%.
(26, n=9) and of A'®Hg was —0.01 +0.08%. (26, n=9) for all UM-
Almadén measurements, which agrees well with data reported in Blum
and Bergquist (2007). Uncertainties reported in the figures and table of
this paper correspond to the larger value of either 1) the measurement
uncertainty of replicate digests, or 2) the uncertainty of repeated mea-
surements of the same digest at different analysis sessions. In cases
where the corresponding calculated 26 was smaller than that derived
from the replicate analyses of the reference material of UM-Almadén,
the uncertainty associated to UM-Almadén was used instead.

Based on the HgT content measured in Section 2.2, all samples were
weighted and digested with a fresh mixture of HNO3-HCI (1:3, v/v) in a
water bath (95 °C), and were diluted to yield a final Hg concentration of
at least 5 ng mL™ " before MC-ICP-MS analysis. HgT concentrations of
digest solutions were also estimated by MC-ICP-MS using 2°°Hg signals.
The differences between the HgT measured by Lumex RA915" and MC-
ICP-MS were <11%.

3. Results and discussion
3.1. Effect of ore roasting on Hg speciation

Based on the linear fitting analysis of XAFS spectra recorded for
unroasted Hg ore and Hg waste calcine sample, we were able to acquire
a robust measurement of the components and their relative propor-
tions. As shown in Fig. 3, our data indicate that a-HgS is the dominant
Hg species in the unroasted waste ore samples (99 + 0.5%, 26, n=3)
with only a minor proportion of 3-HgS (14 0.5%, 26, n=3). However,
the dominant components in the mine waste calcine are p-HgS (52 +
0.5%, 26, n=3), a-HgS (42 £ 0.5%, 26, n=3) and HgCl, (64 0.5%, 26,
n=13). The identification of the relevant Hg species present is consistent
with the field studies that cinnabar is the primary ore mineral in Hg de-
posits in WSMM (Feng and Qiu, 2008). The geological origin of WSMM


image of Fig.�2

R. Yin et al. / Chemical Geology 336 (2013) 72-79 75

Meta-
cinnabar
1%

>

Mercuric

Fig. 3. Composition of Hg species in unroasted Hg ore (A) and Hg waste calcine (B) in
WSMM (based on the linear fitting results of the EXAFS data).

is of silica-carbonate deposit type, in which Hg-sulfide in the form of
a-HgS is dominant (Chen and Sun, 1991).

As shown in Fig. 3, the high proportion of 3-HgS in mine waste
calcine supported the reconstructive phase transformation of a-HgS
to (3-HgS during the calcining process. In an EXAFS study by Kim et
al. (2004), Hg phases and fractions of these phases presented in Hg
mine wastes from selected Hg mines in California and Nevada were
investigated. Their data indicated that Hg waste calcines contained
high proportions of 3-HgS while the main Hg-containing phase in
unroasted ore samples consists of a-HgS. The presence of mercuric
chloride (6+0.5%, 26, n=3) in the WSMM calcine sample indicates
that the conversion of a-HgS to elemental Hg® during retorting to
some extent yield by-products (Kim et al., 2004).

3.2. Fractionation of mercury isotope compositions during ore roasting

The Hg isotope composition of unroasted Hg ores and Hg waste cal-
cines in WSMM is given in Table 1. As shown in Fig. 4, the total range of
§292Hg for the multiple samples of Hg ores was confined in the range
from —0.56 to —0.92%., with a mean value of —0.74+0.11%. (20,
n=14). No statistically significant MIF (A'®*Hg~0%,) was observed in
any of the Hg ore samples analyzed as shown in Table 1. Smith et al.
(2005) reported large Hg isotope fractionation (>5%. in 52°?Hg values)
in Hg ores in two epithermal mineral deposits in the national and Ivanhoe
mining districts of northern Nevada in the U.S. They demonstrated that
the large MDF of Hg isotopes probably resulted from the combination
of boiling of the hydrothermal fluid, oxidation near the surface, and kinet-
ic effects associated with mineral precipitation. Similarly, Smith et al.
(2008) investigated the isotopic composition of Hg in rocks, ore deposits,
and active spring deposits from the California Coast Ranges. The large

variation of 5°°?Hg (ranged from — 3.88 to 1.61%.) in their study indicat-
ed that boiling of hydrothermal fluids, separation of an Hg-bearing CO,
vapor or reduction and volatilization of Hg® in the near-surface environ-
ment are likely the most important processes causing the MDF in the
hydrothermal system. However, Smith et al. (2008) also demonstrated
that the release of Hg from its source rocks into hydrothermal solutions
and during transport and concentration of Hg in deposits would not
cause significant MDF. Hintelmann and Lu (2003) also reported large var-
iations of 52°?Hg (— 1.73 to 1.33%.) in Hg ore samples collected from sev-
eral Hg deposits worldwide. Although the above studies reported a wide
variation in 62°?Hg compositions for various Hg deposits worldwide, our
Hg isotopic analysis of numerous Hg ore samples indicates that Hg ore at
WSMM exhibits an isotopically narrow range of 62°*Hg composition of
—0.7440.11%. (26, n = 14). Similarly, Stetson et al. (2009) also reported
a relative narrow range of Hg isotopes from two large Hg mining districts
[McDermitt Mine (8%°?Hg = —0.60 4 0.20%., 26, n=11) and Terlingua
Mine (62°?Hg = — 1.66 & 0.12%,, 26, n=3)] in the U.S.

As shown in Fig. 4, 52°?Hg of WSMM calcines varied from — 0.20%o to
0.53%o, with a mean value of 0.08 4 0.20%. (26, n=11) being isotopical-
ly heavier than the unroasted Hg ores (—0.74+0.11%., 26, n=14).
Hence, an Hg isotopic fractionation of ~0.80%. in 5*°?Hg values during
Hg retorting process is implied. MIF in Hg waste calcines (A'®°Hg=
—0.00£0.03%0, 26, n=11) is statistically insignificant. Our study is in
good agreement with previous studies (Stetson et al., 2009; Sonke et
al., 2010; Gehrke et al., 2011). Stetson et al. (2009) reported significant
MDF of Hg isotopes during retorting in two Hg mining districts in Ter-
lingua (Texas) and McDermitt (Nevada) in the U.S. Their study indicated
that calcines were enriched by ~1.90%. (in Terlingua) and ~0.10%. (in
McDermitt) in 6?°’Hg values compared to the cinnabar samples.
Gehrke et al. (2011) presented the Hg isotope composition of Hg calcines
from the New Idria Hg mine, U.S. They found that Hg waste calcines were
enriched by ~0.40%. in 62°?Hg values compared to the unroasted Hg ores.
Sonke et al. (2010) demonstrated MDF of Hg isotopes during the smelting
of sphalerite concentrates in high temperature pyrometallurgical condi-
tions, and the Zn slags (6°°?Hg= —0.24+0.71%., 26, n=4) appeared
to be enriched in heavy Hg isotopes compared to that of sphalerite
concentrates (62°?Hg = — 0.65 4 1.33%., 26, n=4).

In WSMM, Hg ores (mainly as a-HgS) were crushed and then roasted
in a calcinator at a temperature range of 700-850 °C (Zhao and Wang,
1999). During the roasting process, the product Hg? readily distils from
the calcinator due to its relatively low boiling point. The operations of
Hg smelting, roasting and retorting are combined to be essentially in-
cluded in a single reactor. This process produces calcines and elemental
Hg®. According to our study, the average HgT in unroasted Hg ore sam-
ples is 11,477 pg g~ !, which is substantially higher than that in calcines
(57 ug g~ 1), suggesting that Hg in calcine represents <0.05% of the
total Hg in Hg ores. Even at an assumed substantial difference of 8.0%o
in 62°?Hg values between Hg waste calcines and unroasted ore samples,
an insignificant difference of <0.05%. in 52°?Hg values is expected to be
observed between the released Hg® and the unroasted ore samples.
Since 8.0%. corresponds to the largest deviation in 62°’Hg observed so
far in natural samples, we would not whatsoever be able to observe sig-
nificant Hg isotope composition fractionation between Hg® and Hg ores.

Biogeochemical processes involving Hg, such as microbial reduction
(Kritee et al., 2007, 2008), photo reduction (Bergquist and Blum, 2007;
Yang and Sturgeon, 2009; Zheng and Hintelmann, 2009), evasion pro-
cesses (Zheng et al.,, 2007) and evaporation (Estrade et al., 2009) lead
to enrichment of heavy Hg isotopes in the residual phase. In WSMM,
the Hg remaining in the calcines might be isotopically heavier than
the parent material depending on the fractionation factor for reduction
of cinnabar to elemental Hg. Isotope fractionation of Zn isotopes during
a metallurgical process has been investigated by several studies (Sonke
etal., 2008; Mattielli et al., 2009). Sonke et al. (2008) demonstrated that
slag residues produced by metallurgical activities were characterized by
enrichment in heavy Zn isotopes compared to that of the initial ores.
Mattielli et al. (2009) suggested that the volatilization/condensation
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Table 1
Total mercury concentration and mercury isotope composition for samples of DSX downstream sediments and UM-Almadén (n=9).
Sample ID Distance ~ HgT 5'%%Hg 2SD  &°°Hg 2SD  8%°'Hg 2SD  §°Hg 2SD  A'°Hg 2SD  A'Hg 2SD  AHg  2SD
(km) (ug/e) % %o %o %o %o %o %o %o %o %o %o %o %o %o
DSX River downstream sediments
s1 0.5 25 005 001 006 001 012 004 012 002 0.02  0.06 003 002 003 001
S2 2.6 85 0.00 008 011 010 013 007 021 019 —005 003 —003 007 007 001
S3 3.7 82 001 011 0.03  0.08 002 015 005 016 003 007 —002 003 008  0.05
S4 49 53 005 004 006  0.09 010 015 011 016 0.02 002 002 003 005 005
S5 6.3 18 —001 002 002 002 005  0.08 004 008 —002 004 002 002 —004 004
6 9.5 19 000 004 —005 009 —005 015 —009 0.6 002 002 002 003 002 003
S7 13 12 —0.05 0.02 —0.08 0.02 —0.13 0.01 —0.15 0.08 —0.01 0.02 —0.02 0.01 0.05 0.03
S8 15 10 —008 001 —017 002 —027 001 —034 002 001 004 —001 001 006 001
9 17 15 —007 001 —023 008 —032 015 —045 0.16 004 003 002 003 003 004
S10 20 4 —0.13 0.01 —0.33 0.02 —0.45 0.03 —0.65 0.02 0.03 0.03 0.04 0.01 0.01 0.05
s11 23 13 —014 002 —029 002 —046 008 —057 008 000 004 —003 002 006  0.02
S12 29 2 —-011 002 —027 001 —039 006 —053 008 0.02 004 001  0.02 007 004
S13 33 1 —018 001 —042 002 —065 003 —083 002 003 001 —003 001 006 003
S14 34 1 —020 005 —040 008 —060 012 —079 016 000 001 —001  0.00 003 002
WSMM Hg ores
Cin.-WS-1 10600 —0.16 001 —038 001 —059 001 —075 003 003 001 —003 003 0.08  0.02
Cin.-WS-2 13500 —025 001 —046 002 —066 003 —092 005 —002 003 003 001 008  0.02
Cin.-WS-3 9900 —016 005 —030 007 -047 010 —060 015 —001 001 —002 001 —001 002
Cin.-WS-4 26100 —017 006 —036 010 —056 017 —071 020 001 001 —003 002 —004 002
Cin.-WS-5 11,700 —0.16 004 —033 001 —050 005 —066 001 001 004 000 004 000  0.02
Cin.-WS-6 9800 —024 004 —045 001 —065 005 —089 001 —002 004 002 004 006  0.05
Cin.-WS-7 46000 —021 004 —041 001 —059 005 —082 001 0.00  0.04 003 004 000  0.02
Cin.-WS-9 3400 -015 004 —040 001 —056 002 —080 002 005 004 004 003 006 003
Cin.-WS-10 2400 —018 004 —040 004 —055 004 —079 009 002 002 004 003 006 002
Cin.-WS-11 3500 —017 008 —035 014 —052 021 —070 027 001 001 001 001 —002 002
Cin.-WS-12 4100 -012 001 —028 002 —041 005 —056 003 0.02 004 001 002 —004 002
Cin.-WS-13 2700 —018 010 —039 018 —062 031 —078 038 002 001 —003 002 004 002
Cin.-WS-14 5500 —016 001 —034 003 —053 005 —068 005 001 004 —002 002 004 003
WSMM Hg mine waste calcines
Cal.-Ws-1 49  —001 002 0.06  0.02 008 013 011 008 —004 004 000  0.07 005  0.02
Cal-WS-2 63 —003 008 —006 004 —009 009 —012 008 0.00 0.6 000 003 —003 003
Cal-Ws-3 57 005 001 006 001 010 001 011 001 002 001 002 002 004 004
Cal.-Ws-4 47 0.08 001 0.04  0.01 0.08  0.01 007 001 006 001 003 003 —003 003
Cal-WS-5 63 —006 001 —008 002 —013 002 —016 001 —002 002 —001 002 005 003
Cal-Ws-6 73  —004 001 —010 002 —014 001 —020 001 001  0.02 001 001 000 005
Cal-Ws-7 61 005 002 0.08 001 013 004 016 003 001 001 001 002 —004 003
Cal.-Ws-8 68 0.13 0.01 0.27 0.02 0.43 0.04 0.53 0.04 0.00 0.04 0.03 0.01 0.05 0.01
Cal-WS-9 40 0.06 001 0.08  0.02 013 0.02 016 001 002 001 001 001 005 003
Cal-Ws-10 59 —002 002 —001 001 —006 006 —001 004 —002 003 —005 003 001 002
Cal.-Ws-11 46 0.06 0.02 0.10 0.02 0.11 0.05 0.20 0.05 0.01 0.03 —0.04 0.01 —0.03 0.02
Standard materials
UM-Almadén —014 008 —027 008 —039 009 —053 010 —001 008 001 008 —004 008
108 of Zn in high temperature condition during Zn smelting may induce iso-
PY T topic fractionation. For Hg, it has been demonstrated that the evapora-
° ; ® Unprocessed ore : tion (22-100 °C) of liquid Hg® yields residual Hg® with higher 62°?Hg
i O Calcines i values than that of Hg® vapor distilled (Estrade et al., 2009).
104 4 .. o® ° The reconstructive phase transformation of a-HgS to Hg by-product
Py species (e.g. B-HgS and HgCl,) during the calcining process in WSMM
- e © may also yield Hg calcines with higher §2°?Hg values than the parent
'f'.ﬂ } Hg ores. Stetson et al. (2009) demonstrated that the newly formed Hg
=2 species during retorting are expected to be enriched in the heavier Hg
S8 10° 9 isotopes. -HgS is the isometric form of a-HgS (Kullerud, 1965).
= Foucher et al. (2009) have reported the presence of isotopically heavier
] B-HgS (6%°?Hg=0.23%) than o-HgS (6°°°Hg= —0.26%) in the Idrija
Hg mine, Slovenia. Stetson et al. (2009) demonstrated heavier Hg isotope
102 1 compositions in B-HgS (62°?Hg= —0.07, n=1) than a-HgS (6°°Hg =
T} u) 0 Iﬂl (] —1.6640.12%., 26, n=23) in Terlingua Hg deposits in Texas, U.S. The
HgCl, formed through the conversion of a-HgS to elemental Hg® during
retorting might be enriched in heavier Hg isotopes. Theoretical calcula-
101 : : : : : : | tions by Schauble (2007) suggested that the heavier isotopes of Hg will
40 0.8 -0.86 04 0.2 0 02 04 06 be preferentially partitioned into the oxidized Hg species compared to
the elemental Hg®. In a study by Stetson et al. (2009), the 62°>Hg of by-
5202 g (%a)

Fig. 4. Total Hg (HgT) concentrations and Hg isotope variations during Hg roasting pro-
cess. Plot of 52°?Hg (in %.) vs HgT (in pg g~ !, log scale).

product HgCl, (6%°°Hg = —1.4040.92%, 26, n=2) collected from the
Terlingua Hg mine (U.S.) exhibited a tendency to be isotopically heavier
than that of o-HgS (6°°Hg = — 1.66 4 0.12%, 26, n = 3).
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Due to the difficulty in selecting the Hg by-products in calcines, it
is impossible for us to measure the isotope compositions of individual
Hg compounds (e.g. a-HgS, B-HgS and HgCl,) in calcines. Although
there is still the possibility that the cinnabar remaining after process-
ing is isotopically different than the ore, if we assumed that the
§2%2Hg value of a-Hg$ in the Hg waste calcine is the same as that in
the unroasted Hg ore (62°°Hg= —0.74 +0.11%o, 26, n=14), we can
roughly estimate the 52°?Hg of the by-product based on Egs. (4)
and (5):

202 202 202
Fbyp. X6 Hgbyp. + (1 _Fbyp.) X 0 Hga—HgS =0 chalcine (4)

202

o Hgbyp (6 chalcme b Hga HgSJeryp X b Hga HgS)/(Fbyp.)

(5

where §2°?Hgy,,, and §°?Hg,. s refer to the §2°?Hg value of Hg by-
products and «-HgS in the calcine sample respectively; Fyy,, refers to
the fraction of Hg by-products in Hg waste calcines; 62°2Hg qicine refers
to the average 62°?Hg value of the Hg waste calcines (0.08 4 0.20%,
26, n=11). As mentioned in Section 3.1, F,,, accounted for 60% (52%
for B-HgS and 8% for HgCl,) of the HgT in Hg waste calcines. Based on
Egs. (4) and (5), the §2°?Hg of the by-product is estimated to be ~0.63%.

3.3. Tracing sources of Hg in stream sediments using mercury isotope
compositions

As shown in Fig. 5, HgT content in sediments decreases from 85 to
1.0 ug g~ ! over a distance of more than 34 km along the DSX River.
The 62°Hg values for DSX sediments vary from — 0.83%. to 0.21%.
No statistically significant MIF was observed as shown in Table 1. So
far, data from the available literature demonstrated that the reduction
processes and evasion of Hg from river basins have insignificant influ-
ence on the sediment Hg isotope composition signature (Foucher et
al., 2009; Liu et al., 2011). The major processes known to induce MIF
are photo-reactions of Hg in aqueous phase (Bergquist and Blum,
2007; Bergquist et al., 2011). Given the highly elevated Hg concentra-
tions in the downstream sediments of WSMM, photochemical process-
es would not significantly influence the Hg isotope composition of
sediments and therefore we would not expect a detectable MIF in this
large Hg pool. Hence, the distinct Hg isotope signatures observed from
sediments of DSX may imply that the contribution from other sources
is dominating.

The geogenic baseline of Hg in soils/sediments in the area has previ-
ously been established (Hua and Cui, 1994; Qiu et al., 2005). Qiu et al.
(2005) demonstrated that the local geogenic baseline of Hg in soils is
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Fig. 5. Spatial distribution of §2°?Hg (%.) and HgT (ug g~ ') in sediment samples from
the DSX River.

0.724+0.44pg g~ ! (26, n=6), which is similar to that reported for
host rocks (0.35ug g~ ') (Hua and Cui, 1994). For the DSX River tran-
sect, the samples with the lowest Hg content (~1 pg g~ '), which corre-
spond to the sites at the junction of the DSX and Jinjiang River (e.g. S13
and S14), are indicative of the Hg geogenic baseline in the WSMM area
(cf. Figs. 1 and 5). Compared to the uncontaminated soils, the geogenic
background of Hg in the WSMM area is indeed elevated. Previous stud-
ies demonstrated elevated HgT levels in sediments and paddy soils
along the DSX River basin, which is being attributed to erosion of Hg-
rich particles during flood episodes (Horvat et al., 2003; Zhang et al.,
2004; Qiu et al., 2005). The sediment samples in the downstream of
DSX River (S13, S14) appeared to have the same Hg isotopic signature
with the unroasted Hg ores, suggesting a wide spread contamination
of Hg in the area derived from the unroasted ore.

In the upstream part of DSX (0-15 km), seven samples (S1-S7)
displayed concentrations between 12 and 85 pg g~ !. Furthermore,
5292Hg of the seven sediments (0.04 = 0.12%., 26, n = 7) compares fa-
vorably with that of Hg waste calcines (0.08 4 0.20%., 26, n=11),
suggesting that Hg derived from calcines constitutes the major source
here. As indicated in Fig. 1, due to large-scale mining, large quantities
of calcines and gangues (WK tailing) were discarded at the headwater
of DSX River. HgT content in Hg waste calcines was clearly elevated in
arange up to 59 ug g~ !, which in-turn implies that calcines and gan-
gues are the primary Hg contamination sources to this part of the DSX
River. Zhang et al. (2004) investigated Hg and several geochemical
parameters in mine-waste calcines, stream sediments and surface
waters in the DSX River basin. They reported that the drainage
flowing out of the calcine piles had an elevated HgT concentration
of 300-1900 ng L~ ! and alkaline pH values of 10.6-11.8. They also
demonstrated that the dominant mineral in downstream sediment
is calcite, which indicated that the calcine pile is an important Hg
source. Similarly, Zhang et al. (2010) investigated the spatial patterns
of HgT and particulate Hg (HgP) species in DSX River, indicating that
the highest HgT content in water samples was confined within a dis-
tance of 100-500 m downstream. Furthermore, a significant decrease
in HT content was observed at a distance of 6-8 km from the head-
water. Hg in the water samples was essentially associated with par-
ticulate matter indicating the impact of erosion from waste piles
(Zhang et al., 2010).

Fig. 6 displays a plot of the Hg isotopic composition (52°?Hg) of the
sediments versus the reciprocal of HgT concentration. The data points
are interpreted as the result of a triple mixing of three sources rep-
resenting (1) the geogenic background source, (2) the Hg calcine
source, and (3) the unroasted Hg ore source. Notably, all three
sources are without MIF. Based on Fig. 6, a triple mixing model was
conducted to evaluate the relative fractions of three sources in DSX
sediment using Egs. (6)-(8):

202Hgsed - l:cal x 8 chal + Fore x 8 Hgore + Fnat x b Hgnut (6)

1/HgTsed. = Fcal,/Hchal. + Fore/HgTore + Fnat/Hnga[. (7)
1= Fcal. + Fore + Fnat (8)

where subscripts cal, ore. and nat. refer to the Hg calcine origin,
unroasted Hg ore origin and natural background origin, respectively;
Fear, Fore and Fpq: represent the fraction of Hg originating from Hg cal-
cine origin, unroasted Hg ore origin and natural background origin,
respectively. Similarly, 52°?Hgs.q and HgTs.q refer to the §2°?Hg and
HgT contents of the DSX downstream sediment, respectively. The def-
inition of the three end members in the equation sets (Egs. 6-8) are
natural background origin (1/HgT,q., 52°?Hgnq.), Hg calcine origin
(1/HgTeq, 62°Hgeq), and unroasted Hg ore origin (1/HgTore,
52%2Hg,,. ), respectively. We assigned the HgT data of the background
areas in WSMM (0.72 +0.44 pg g~ !, 26, n=6) reported by Qiu et al.
(2005) and the isotope composition of S13 and S14 to represent the
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Fig. 6. Plot of *?Hg (%) vs and 1/HgT (ug g~ ') in unroasted Hg ores, Hg wasted cal-
cines and sediment samples.

natural background Hg end member (1/HgTne: 1.39, 620?Hgpq::
—0.81%). The calcine Hg end member (1/HgTq: 0.18, 62°?Hgu:
+0.08%) and unroasted Hg ore origin (1/HgTore: ~0, 62°2Hgore:
—0.74%) are defined using the mean HgT and mean §2°?Hg values
of Hg calcines and unroasted Hg ore samples.

Based on Eqs. (6)-(8), the relative importance of the three sources
was estimated and shown in Fig. 7. Our study suggested that the
source attribution in DSX sediment can be divided into three seg-
ments. As shown in Fig. 7, within 17 km from the WK tailing, the
dominant source in the sediment is of Hg calcine origin (>50%). In
sediments collected from 17 to 30 km, the dominant source in the
sediment is of unroasted Hg ore origin. In sediment more than
30 km away from the tailing, the Hg mainly originated from a natural
geogenic source. In previous studies, quantification of Hg sources in
sediments has been well developed by using simple MDF binary
mixing models using Hg isotopes (Foucher et al., 2009). Furthermore,
Liu et al. (2011) used a combined MDF/MIF triple mixing model to
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T T T T T T T T T T T T T
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Fig. 7. Fractions of three sources of Hg in sediment samples collected from the DSX River.

estimate the source attribution in the sediment from Dongjiang
River, China. In this study, we demonstrated that the combined 1/
HgT and MDF approach is a potentially useful tool to quantify the
sources of Hg contamination to the sediment.

4. Conclusions

An EXAFS study was used to determine the Hg species and relative
fractions of these species presented in unroasted Hg ore and Hg calcine
in WSMM. The EXAFS result shows that the dominating Hg species in
unroasted Hg ore is a-HgS, while the dominating components in mine
waste calcine are 3-HgS, a-HgS and HgCl,. We suggested that the re-
constructive phase transformation of a-HgS to other Hg by-products
occurred (e.g. p-HgS and HgCl,) during the calcining process.

The Hg isotopic analysis indicates that the unroasted Hg ore at
WSMM has an isotopically narrow range of 62°’Hg composition of
—0.74 £ 0.11%. (26, n=13). However, the calcines (0.08 4 0.20%., 20,
n=13) have an isotopically heavier composition than the original ore
materials, recording an Hg isotopic fractionation of ~0.82%. in 62°?Hg
values during the Hg ore roasting process. We interpreted that the
heavier 62°?Hg in calcine samples resulted from the presence of Hg
by-products, such as 3-HgS and HgCl,.

The variation of 52°?Hg appears to be large enough to distinguish be-
tween different contamination sources in the downstream sediment in
WSMM. Following a binary mixing model, the relative fractions of three
sources (i.e., calcine origin, Hg ore origin and natural background ori-
gin) in the DSX downstream sediment were also estimated. According
to the model output, anthropogenic sources of Hg are predicted to
yield an Hg contamination in the DSX sediment within a distance of
30 km from the headwater. Hence, Hg isotope can be a useful tool to di-
rect the rehabilitation process in the WSMM area in the future.
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