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Mercury (Hg) isotopes have been proven as a useful tracer in understanding sources and biogeochemical
processes of Hg in the environment. However, the use of this tracer has not yet been explored in eco-
nomic geology. This paper investigates the concentrations and isotopic compositions of Hg in sulfide min-
erals from the Jinding deposit, the largest Zn-Pb deposit in China. Total mercury concentration (HgT) is
highly variable: with the highest in sphalerite (472–1010 ng�g�1), intermediate concentrations in pyrite
(195–342 ng�g�1) and the lowest in galena (65–310 ng�g�1). The variation was likely due to the fact that
Hg2+ can more readily substitute for Zn2+ than for Fe2+ and Pb2+, but an influence of different parental flu-
ids on the isotopic composition of the sulfide minerals cannot be excluded. An overall range of d202Hg
from �3.17 to �0.57‰ is observed in the sulfides. Samples from the early stage feature the enrichments
of light Hg isotopes, with d202Hg ranging from �3.17 to –1.59‰, suggesting significant mass-dependent
fractionation during the transport and/or deposition of Hg. However, the volatilization of aqueous Hg(0)
during boiling of hydrothermal fluids was likely the most important process causing the observed frac-
tionation. Relatively higher d202Hg values (�1.84 to �0.57‰) of the late stage samples indicate that the
Hg was rarely fractionated from its sources. Additionally, small but significant mass-independent frac-
tionations are measured for the deposit with D199Hg ranging from �0.06 to 0.10‰, indicating that the
Hg may have been derived from the sedimentary rocks of the Lanping Basin. Finally, we conclude that
Hg isotopes have the potential to be a new tracer of sources of ore-forming materials, as well as pathways
of fluid evolution in hydrothermal deposits.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (Hg) is a redox-sensitive metal that occurs in multiple
physical states on Earth. It has seven natural isotopes: 196Hg, 198Hg,
199Hg, 200Hg, 201Hg, 202Hg and 204Hg. Recent studies have revealed
that Hg isotopes can undergo both mass-dependent (MDF, repre-
sented as d202Hg) and mass-independent fractionation (MIF, repre-
sented as D199Hg) during a variety of physical, chemical and
biological processes. For instance, Hg-MDF occurs during
volatilization, adsorption, diffusion, microbial-mediated reactions
and abiotic chemical reactions, which can improve our under-
standing of transport, transformation and bioaccumulation of Hg
in surface environments (Bessinger, 2014; Blum et al., 2014;
Hintelmann, 2012; Sonke and Blum, 2013; Yin et al., 2014).
Additionally, Hg-MIF signatures provide unique fingerprints of
some specific geochemical pathways, such as photochemical
reduction (Bergquist and Blum, 2007; Zheng and Hintelmann,
2009), elemental Hg(0) volatilization (Estrade et al., 2009; Ghosh
et al., 2013) and dark Hg(II) reduction (Zheng and Hintelmann,
2010). A range of >10‰ in d202Hg and D199Hg to date has been
reported for different geochemical reservoirs on Earth (Fig. 1).
These studies demonstrate the possibility to use Hg isotopes to dis-
tinguish sources and pathways of Hg during its biogeochemical
cycling.

Due to the fact that Hg is a globally distributed toxic pollutant,
most Hg related studies have mainly focused on its environmental,
ecological and health effects (e.g., Blum et al., 2014; Feng et al.,
2004; Fitzgerald et al., 2005; Foucher and Hintelmann, 2006;
Zambardi et al., 2009), whereas very few studies focused on
hydrothermal deposits. Thus, the application of Hg isotopes in
the field of economic geology is particularly limited. As a chal-
cophile element, Hg is usually found in hydrothermal sulfide min-
erals such as cinnabar (HgS) and sphalerite (ZnS) (Stetson et al.,
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Fig. 1. Variations of Hg isotopes (a: d202Hg; b: D199Hg) of terrestrial materials measured to date. Calcine data are from Smith et al. (2014). Aquatic organism data are from
Bergquist and Blum (2007), Gantner et al. (2009), Gehrke et al. (2011), Laffont et al. (2009) and Senn et al. (2010). Plant and lichen data are from Blum et al. (2012), Carignan
et al. (2009), Estrade et al. (2010) and Yin et al. (2013). Contimental sediments and soil data are from Biswas et al. (2008), Chen et al. (2012), Donovan et al. (2013), Estrade
et al. (2010), Gantner et al. (2009), Gehrke et al. (2009; 2011), Gratz et al. (2010), Sherman et al. (2012), Sonke et al. (2010), Yin et al. (2013), Zambardi et al. (2009) and Zhang
et al. (2013). Coal data are from Biswas et al. (2008), Lefticariu et al. (2011), Sun et al. (2014) and Yin et al. (2014). Snow data are from Sherman et al. (2010; 2012). Crustal rock
data are from Blum et al. (2014) and Smith et al. (2008). Mantle-derived material data are from Sherman et al. (2009). Hot-spring precipitate data are from Sherman et al.
(2009) and Smith et al. (2008). Hg ore data are from Cooke et al. (2013), Smith et al. (2005; 2008), Stetson et al. (2009), Wiederhold et al. (2013) and Yin et al. (2013). SEDEX
(Sedimentary exhalative Zn-Pb deposits), MVT (Mississippi Valley-type Zn-Pb deposits), VMS (Volcanic-hosted massive sulfide deposits) and IR (Igneous-related Zn-Pb
deposits) data are from Yin et al. (2016a). Data of the Jinding deposit are from this study.
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2009; Yin et al., 2012). Mercury is highly volatile during the boiling
of hydrothermal fluids (Smith et al., 2008; Smith et al., 2005),
which may allow it to penetrate through overlying strata and form
halos of Hg at surface. Mercury halos at the Earth’s surface are a
useful indicator in prospecting for geothermal energy and sulfide
ore deposits (Bingqiu et al., 1986; Fedikow and Amor, 1990;
Holland, 1972; Nelson, 1990; You and Li, 1990). In addition, Hg is
generally abundant in Zn hydrothermal deposits, and smelting of
Zn minerals (e.g., sphalerite) is one of the biggest anthropogenic
Hg emission sources to the atmosphere (Pirrone et al., 2010). Some
studies consider that Hg may be an indicator for the genesis of Pb-
Zn deposits, based on the fact that Hg concentration in sphalerite is
highly variable and is dependent on the genetic types of the depos-
its (Schwartz, 1997; Yin et al., 2012).

Currently, Hg isotopic compositions of the Earth’s mantle and
crust are still poorly constrained, except for a few studies that
made investigations on a limited amount of lithological samples
(Blum et al., 2014; Sherman et al., 2009; Smith et al., 2008). For
instance, Smith et al. (2008) measured Hg contents and isotopic
ratios (d202Hg) of crustal rocks (including sedimentary, igneous
and metamorphic) from the California Coast Range (USA), which
vary from 17 to 288 ppb and –1.70 to 1.61‰, respectively. How-
ever, this level of Hg content is conspicuously higher than a
recently proposed Hg abundance (mean 2.9 ± 2.6 ppb) for the
Bonanza arc crust (Canil et al., 2015), likely reflecting the hetero-
geneity of Hg distribution in the crust. There is no data available
for Hg isotopes of the mantle, other than Sherman et al. (2009)
who measured the d202Hg variation (–0.37 to –0.01‰) of chimney
precipitates from the Guaymas Basin (USA), and hypothesized that
it could represent the mantle isotopic signature. Apart from influ-
ences from source rocks, Hg isotopic compositions in sulfides may
be significantly altered by isotope fractionation during transport
(e.g., redox reaction, Bergquist and Blum, 2007; Zheng and
Hintelmann, 2010; and boiling process, Estrade et al., 2009;
Smith et al., 2008; Smith et al., 2005) and precipitation of Hg-
bearing mineral phases in hydrothermal systems (Smith et al.,
2015). Little or no isotopic fractionation (<±0.5‰) has been sug-
gested to occur during release of Hg from source rocks to
hydrothermal solutions, whereas boiling of hydrothermal fluids
can cause large isotopic fractionation (>5‰) during the migration
from source rocks to the deposition sites (Smith et al., 2008;
Smith et al., 2005). Yin et al. (2016a) recently reported marked
Hg-MIF (D199Hg: �0.24 to 0.18‰, n = 102) in addition to MDF (d
202Hg: �1.87 to 0.70‰, n = 102) among genetically diverse Zn
deposits in China, shedding light on the potential of Hg isotopes
to identify sources of Hg. However, such an application has not
been tested in any specific deposits.

The Jinding deposit in western Yunnan Province, China, is the
largest Zn mineral deposit in Asia and contains metal reserves of
>15 Mt (Xue et al., 2007a). Although the origin of the deposit has
long been in dispute (e.g., Bai et al., 1985; Gao et al., 2005; Hou
et al., 2008; Hu et al., 1998; Leach et al., 2016; Shi et al., 1983;
Wang and Li, 1991; Xue et al., 2007a; and references therein), there
is a growing consensus that the deposit was formed from basinal
brine-dominated fluids with ore-forming materials largely derived
from crustal sources (e.g., Hu et al., 1998; Hu et al., 2013; Li, 1998;
Kyle and Li, 2002; Song et al., 2011; Tang et al., 2014). Since the
deposit has been extensively studied with a huge accumulation
of geological and geochemical data, it creates a good opportunity
to explore the application of Hg isotopes to economic geology. This
paper investigates the concentrations and isotopic compositions of
Hg in different stage sulfides (pyrite, sphalerite and galena) from
the Jinding Zn-Pb deposit with two main objectives: 1) to deter-
mine the variability of Hg concentrations and isotopes in the
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deposit and discuss the possible causes of variability; and 2) to dis-
cuss the indicative significance of Hg isotopes to the genesis of the
deposit and demonstrate the feasibility of using Hg isotopes as a
new tracer in economic deposits.

2. Backgrounds

2.1. Regional geology

The Jinding deposit is located in the north-central part of the
Lanping Basin, which is an intra-continental basin developed on
the Changdu-Lanping-Simao microplate (Fig. 2). The Changdu-
Lanping-Simao microplate was initially formed when the Proto-
Tethys Ocean was closed near the end of the Silurian (Xue
et al., 2007a). As the Paleo-Tethys Ocean opened in the Late Pale-
ozoic, the microplate was split off by the Paleo-Jinshajiang Ocean
from the Yangtze Plate on the east, and the Paleo-Lancangjiang
Ocean from the Tibet-Yunnan Plate on the west (Liu et al.,
1993). The oceanic slabs subducted beneath the microplate in
the Late Permian, and resulted in the development of volcanic
islands along both edges of the microplate (Mo et al., 1993).
The Paleo-Tethys Ocean was closed because of an arc-
continental collision in the Early Triassic (Li et al., 1999). Post-
collision extension in the Middle to Late Triassic led to the
Changdu-Lanping-Simao block rifting to form the Lanping rift
basin. Consequent bimodal volcanic rocks occur in the east and
west of the Lanping Basin, whereas shallow marine clastics, car-
bonates and sandy mudstone sequences filled the basin (Pan
et al., 2003; Zhong et al., 2006). Following the closure of the
Bangong-Nujiang Ocean in the Jurassic, the rift basin transitioned
to a sag basin (Liu et al., 1993; Spurlin et al., 2005; Yin and
Harrison, 2000). The basin is filled by Jurassic and Cretaceous
rocks which are largely marine-terrestrial red-beds and minor
carbonates (Mu et al., 1999). Continuous contraction associated
with the Cenozoic India-Asia continent collision resulted in the
formation of a series of discrete Tertiary foreland basins over
the Mesozoic sag basin at the eastern margin of the Tibetan Pla-
teau (Li et al., 2006; Spurlin et al., 2005; Wang and Burchfiel,
1997). The Lanping Basin is one of these Tertiary foreland basins.
The Himalayan orogeny strongly folded and faulted the basin
strata, and they were intruded by Cenozoic igneous intrusions
(Xue et al., 2003).
Fig. 2. Geological map of the Lanping Basin showing the lo
2.2. Deposit geology

The Jinding deposit extends over approximately 8 km2 and con-
sists of 7 mining sections, namely, the Beichang, Paomaping, Jiaya-
shan, Fengzishan, Nanchang, Xipo and Baicaoping sections (Fig. 3).
The rocks in the mining area are divided by a thrust fault (F2) into
the upper allochthonous overturned sequence and the lower auto-
chthonous normal sequence. The allochthon consists of, from
top to bottom, the Upper Triassic Waigucun Formation purple
thick-bedded mudstones and siltstones, Sanhedong Formation
bitumen-containing limestones, Maichuqing Formation gray car-
bonaceous plant debris-bearing silty mudstones interlaid with fine
sandstone pods, the Middle Jurassic Huakaizuo Formation purple
muddy siltstones, and the Lower Cretaceous Jingxing Formation
light gray sandstones. The autochthon is made up of the Paleocene
Yunlong Formation brick-red conglomerates and gravelly sand-
stones, passing westward through sandstones to evaporitic mud-
stones, the Upper Cretaceous Hutousi Formation light gray to
purplish fine-grained quartz sandstone and the Nanxin Formation
rhythmically interbedded conglomerates, sandstones and
siltstones.

Orebodies mainly occur in the Jingxing and Yunlong Forma-
tions, the hanging- and foot-wall of F2, respectively. The country
rocks are hydrothermally altered with pyrite, calcite, silica, celes-
tine, gypsum and hematite. The deposit experienced a complex
history, generally beginning from sedimentary diagenesis through
hydrothermal mineralization followed by supergene activity,
wherein the hydrothermal process can be divided into early and
late stages according to distinct mineral textures (Figs. 4 and 5).
The early-stage mineralization is characterized by fine-grained sul-
fides disseminated in sandstones (Fig. 4a) or conglomerates (car-
bonate breccia), which is dominant in the deposit. The typical
association includes sphalerite, pyrite and a minor proportion of
galena, along with quartz and calcite. The sulfides usually occur
as cements interstitial to clasts in sandstones after replacement
of sedimentary carbonate matrix (Fig. 4c), or fill in spaces among
carbonate breccias. In contrast, the late-stage mineralization is
mainly represented by cross-cutting veins of coarse-grained galena
(Fig. 4b and d), accompanied by sphalerite and pyrite. Additionally,
coarse-grained celestine and calcite are often present along with
galena, occurring in fractures or cavities in carbonate breccias
and gravelly sandstones.
cation of the Jinding deposit (after Kyle and Li, 2002).



Fig. 3. Geological map of the Jinding Zn-Pb deposit, showing main stratigraphic units, faults and sampling locations (after Third Geological Team, 1984).
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3. Sample preparations and experimental procedures

Samples were collected from varying elevations of the mining
sections in Beichang, Paomaping and Jiayashan with descriptions
shown in Table 1. According to the occurrences indicative of
mineral generations, fine crystal samples of early stage were
usually crushed to within 40–80 lm for magnetic selection
followed by handpicking under a binocular microscope; late stage
galena were separated by handpicking after being crushed
(<250 lm). Afterwards, the selected mono-mineral samples were
ground into powder in an agate mortar for Hg concentration and
isotope analysis.



Fig. 4. Photographs of ore textures and mineralogy from the Jinding deposit. a. Early-stage disseminated sulfides are cut by a late stage galena vein. b. Massive/vein ore shows
a late-stage coarse-grained galena vein crosscutting early-stage pyrite cements interstitial to limestone breccias. c. Early-stage disseminated sulfide grains cementing
siliciclastics in sandstones. d. Late-stage coarse-grained galena vein crosscutting early-stage sphalerite. Mineral abbreviations: Cal-calcite, Gn-galena, Lim-limestone breccia,
Py-pyrite, Qtz-quartz, Sp-sphalerite.

Fig. 5. Simplified paragenetic sequence of major sulfides and gangue minerals from the Jinding deposit (modified after Zhao, 2006).
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Approximately 0.2 g of each sample was digested using 5 mL
aqua regia (HCl: HNO3 = 3:1) at 95 �C for 30 min. The digest solu-
tion was diluted to 25 mL prior to analysis by cold vapor atomic
absorption spectrometry (CVAAS, F732-S, Shanghai Huaguang
Instrument Co., Ltd.) at the Institute of Geochemistry (Chinese
Academy of Sciences), with a detection limit of 0.1 ng�mL�1 (Li
et al., 2005). Certified reference material GBW07168 (Zn concen-
trate) was prepared to ensure the accuracy of HgT measurements.
The measured HgT for GBW07168 was 560 ± 80 ug�g�1 (n = 5), in
agreement with the certified value of 547 ± 92 ug�g�1 (Yin et al.,
2012). Coefficients of variation from duplicate digests of each sam-
ple were <11%. Based on the measured HgT concentrations, sample
solutions were diluted to 2 ng�mL�1 prior to Hg isotope analysis by
a Neptune Plus multi-collector inductively coupled plasma mass



Table 1
Sample description and data summary used in this study.

Sample Mineral Types of
Mineralization

Location Stage Elevation
(m)

HgT
(ng�g�1)

d202Hg
(‰)

2r
(‰)

D199Hg
(‰)

2r
(‰)

D200Hg
(‰)

2r
(‰)

D201Hg
(‰)

2r
(‰)

d34S
(‰)

JD09-12 Py Disseminated B Early 2688 251 �2.29 0.06 0.04 0.02 �0.07 0.03 0.05 0.02 20.7
JD09-55 Py Massive B Early 2742 342 �3.17 0.09 0.05 0.02 �0.02 0.01 0.01 0.01 16.2
JD09-23 Py Massive P Early 2735 228 �3.09 0.05 0.06 0.04 0.06 0.01 0.04 0.02 20.6
JDJ10-13 Py Disseminated J Early 2732 195 �2.36 0.07 0.03 0.01 0.00 0.04 0.09 0.00 25.5
JD-05 Sp Disseminated B Early 2679 1010 �1.60 0.03 �0.02 0.09 0.01 0.01 �0.01 0.03 17.1
JD11-19 Sp Disseminated B Early 2736 898 �1.91 0.08 0.07 0.01 �0.01 0.04 �0.04 0.03 12.0
JD-44 Sp Massive B Early 2667 540 �1.66 0.06 �0.04 0.03 0.02 0.01 �0.04 0.02 N.D.
JD-49 Sp Massive B Early 2663 790 �1.74 0.10 0.01 0.02 0.03 0.00 0.02 0.04 N.D.
JD-59 Sp Massive B Early 2698 640 �1.59 0.11 �0.06 0.01 0.02 0.01 �0.02 0.00 15.0
JD11-46b Sp Disseminated J Early 2732 929 �2.23 0.09 0.03 0.02 0.04 0.01 0.05 0.02 N.D.
JD10-17A Sp Disseminated J Early 2720 598 �1.99 0.02 0.02 0.05 0.03 0.03 0.01 0.03 20.9
JDPMP2 Sp Disseminated P Early 2700 472 �2.38 0.02 0.09 0.03 �0.01 0.01 �0.06 0.05 16.4
JD-21 Sp Massive P Early 2735 570 �1.72 0.03 �0.04 0.05 0.02 0.01 �0.02 0.01 16.5
JD09-55 Ga Vein B Late 2742 65 �1.14 0.07 0.05 0.00 0.02 0.03 �0.02 0.00 N.D.
JDPMP6 Ga Vein P Late 2700 152 �1.55 0.02 0.07 0.04 �0.01 0.01 0.04 0.01 N.D.
JD09-10 Ga Massive B Late 2672 173 �1.26 0.08 0.10 0.02 0.03 0.03 0.12 0.02 N.D.
JD-44 Ga Massive B Late 2667 310 �0.78 0.03 0.00 0.05 �0.02 0.00 �0.04 0.03 12.1
JD-49 Ga Vein B Late 2663 130 �0.78 0.05 �0.03 0.06 0.00 0.02 �0.02 0.01 �6.0
JD-59 Ga Massive B Late 2698 150 �0.79 0.00 �0.03 0.04 �0.03 0.07 �0.02 0.00 N.D.
JDBC1 Ga Vein B Late 2665 160 �1.84 0.09 0.01 0.01 0.03 0.03 �0.02 0.02 �5.8
JD-21 Ga Vein B Late 2735 210 �0.87 0.09 0.03 0.00 0.03 0.00 �0.02 0.03 12.6
JD-05 Ga Vein B Late 2679 230 �0.57 0.04 0.03 0.00 0.02 0.01 0.03 0.03 N.D.

Note: d34S was measured using the Continuous Flow Mass Spectrometry at the State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences, with the analytical accuracy of ±0.1‰ (2r). Mineral abbreviation: Ga-galena, Py-pyrite, Sp-sphalerite. Location: B-Beichang, J-Jiayashan, P-Paomaping.
N.D. means not determined.
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spectrometry (MC-ICP-MS) housed at the University of Wisconsin-
Madison (USA). The instrument was connected with a gas-liquid
phase separator and an Apex-Q desolvation unit (Elemental Scien-
tific Inc., USA) for Hg and Tl introduction, respectively. Stannous
chloride (SnCl2 3% in 10% HCl, w/v) and Hg solutions were contin-
uously pumped onto a frosted glass phase separator, producing
gaseous elemental Hg(0) which was mixed with dry Tl aerosol gen-
erated by the Apex-Q nebulizer, before being introduced into the
MC-ICP-MS. The Apex-Q was set in the free flow-mode using the
‘‘sample” gas of the MC-ICP-MS, and the gas-liquid phase separator
was flushed by the ‘‘additional” gas of the instrument. The stan-
dard material Tl (NIST SRM 997, 205Tl/203Tl = 2.38714) was used
as an internal standard for simultaneous instrumental mass bias
correction for Hg (Yin et al., 2016b). Seven of nine faraday cups:
L3, L2, L1, C, H1, H2 and H3, were used to monitor the 198Hg,
199Hg, 200Hg, 201Hg, 202Hg, 203Tl and 205Tl isotopes, respectively. A
nickel and X skimmer cone combined with a jet cone were used.
The gains of the amplifier associated with each faraday cup were
calibrated for efficiency on a daily basis. Instrument parameters
(e.g., Ar gas flow, torch settings, and lens system) were tuned for
a maximum ion intensity of Hg and Tl in standard solutions. The
concentration of the Hg and acid in NIST SRM 3133 was diluted
to be within 10% of the sample digests. HgT in the sample digest
was also measured by the MC-ICP-MS using 202Hg signals. HgT
concentrations measured by MC-ICP-MS were 91 to 109% of that
measured by CVAAS.

Following the convention recommended by Blum and Bergquist
(2007), Hg-MDF is expressed in dxxxHg notation referenced to the
NIST-3133 Hg standard (analyzed before and after each sample):

dxxxHgð%oÞ ¼ ½ðxxxHg=198HgsampleÞ=ðxxxHg=198HgstandardÞ � 1�
� 1000 ð1Þ

Hg-MIF is reported in D notation (DxxxHg) and it describes the
deviation from mass dependence (2):

DxxxHg � dxxxHg � d202Hg � b ð2Þ
where b is the isotope-specific scaling factor determined by the
laws of MDF, which is equal to 0.2520 for 199Hg, 0.5024 for 200Hg,
and 0.7520 for 201Hg (Blum and Bergquist, 2007). The UM-
Almadén standard solution (0.5 to 2.0 ng�mL�1) with acid concen-
tration matched with the NIST 3133 was measured every 10 sam-
ples. The reproducibility of Hg isotope data was assessed by
measuring two duplicate digests of each sample. Data uncertainties
adopted the larger value of either the external precision of the repli-
cate standard solutions or the measurement uncertainty of dupli-
cate sample digests. The overall average and uncertainty of UM-
Almadén (d202Hg: �0.48 ± 0.08‰; D199Hg: –0.02 ± 0.03‰; D200Hg:
+0.01 ± 0.03‰; D201Hg: –0.03 ± 0.03‰, 2r, n = 9) agreed well with
previous studies (e.g., Blum and Bergquist, 2007).
4. Results

Concentrations and isotopic compositions of Hg in sulfide min-
erals are shown in Table 1. Total mercury content (HgT) varies
greatly among sulfide species (Fig. 6a): the highest values are
observed in sphalerite (472–1010 ng�g�1, mean 716 ng�g�1), inter-
mediate values in pyrite (195–342 ng�g�1, mean 254 ng�g�1) and
the lowest in galena (65–310 ng�g�1, mean 176 ng�g�1). Mercury
is largely hosted in the early stage sulfides where sphalerite is
quantitatively dominant.

The sulfides show a wide variation in Hg isotopes (d202Hg: –3.17
to –0.57‰; Fig. 6b). Early stage mineralization is characterized by
enrichments of light Hg isotopes, wherein the pyrite exhibits the
lowest d202Hg values, ranging from –3.17 to –2.29‰ with a mean
of –2.73‰, and the sphalerite follows (–2.38 to –1.59‰, mean –
1.87‰). Late stage mineralization, represented by coarse-grained
galena, shows relative enrichments of heavy isotopes, and their
d202Hg values vary from –1.84 to –0.57‰ with a mean of –1.06‰.

There is no correlation between the elevation of sampling and
HgT of the sulfides (Fig. 7a). Over 80% of analyzes of d202Hg for
the early stage sulfides are linearly dependent on the elevations
of sampling with R2 of 0.5883, where higher elevations tend to
be more enriched in light Hg isotopes (Fig. 7b). The Hg isotope
ratios of late stage galena samples show little correlation to the
sampling elevation, in contrast to that of the early stage sulfides.
The Jinding sulfides have slight Hg-MIF, with D199Hg that range



Fig. 6. Variations of HgT (a) and d202Hg (b) in the early and late stage sulfides. The
error bars of HgT indicate 11% of Hg contents, and those of d202Hg represent the 2r
uncertainties.

Fig. 7. Covariation of the sampling elevations vs. HgT (a) and d202Hg (b) in the
Jinding deposit. a. No clear relationship is shown between sampling elevations and
HgT values. b. The d202Hg values of early stage pyrite and sphalerite (except the
samples of JD11-19 and JD-21) appear to decrease with increasing sampling
elevations, whereas the late stage d202Hg are less correlated with sampling
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from �0.06 to 0.10‰. The sulfide D199Hg values are indistinguish-
able between stages, and no correlations are observed with either
d202Hg or HgT.
elevations. The elevation is above sea level.
5. Discussion

5.1. Factors affecting the HgT in sulfides

Although Hg-rich minerals, such as cinnabar, metacinnabar,
montroydite (HgO), tiemannite (HgSe) and coloradoite (HgTe),
are usually absent from Pb-Zn deposits, individual deposits have
been reported to contain a few occurrences of inclusions that give
rise to high contents of Hg in sulfides (e.g., Grammatikopoulos
et al., 2006; Saulas, 1985; Schwartz, 1997; Yin et al., 2012). For
instance, sphalerite from the Eskay Creek deposit (British Colum-
bia, Canada) have Hg concentration as high as 16 wt% because of
included Hg-tetrahedrite and cinnabar (Grammatikopoulos et al.,
2006). Previous studies suggest that Zn deposits with cinnabar
could be regarded as an unusual type of mineralization, transi-
tional between mercury and zinc deposits (Schwartz, 1997). How-
ever, there is no evidence that any Hg-rich minerals are present in
the Jinding deposit. Sphalerite is the most major carrier of Hg in the
deposit, with HgT values ranging from 472 to 1010 ng�g�1 (mean
716 ng�g�1), much lower than that of SEDEX (mean 48 lg�g�1) or
MVT deposits (mean 10 lg�g�1; Yin et al., 2012). This not only con-
firms the scarcity of Hg-rich minerals, but may also suggest a dif-
ference in origin of the Jinding deposit from MVT and SEDEX
deposits. Additionally, analytical surface scans over polished ore
sections do not show any sign of microscale inclusions rich in
Hg. Although it is not sufficient enough to completely exclude
the presence of small Hg-mineral inclusions, their influence is con-
sidered to be limited or insignificant to Hg concentrations of sul-
fides in the deposit.

Thus, isomorphic substitution of Hg is invoked, which involves
the substitutions for Zn, Fe and Pb in sphalerite, pyrite and galena,
respectively. The substitution of minor and trace elements in spha-
lerite is largely governed by the substitution of ions for
tetrahedrally-coordinated Zn2+, which is based primarily on size
and affinity for tetrahedral coordination (Cook et al., 2009). Since
the radius of Hg2+ (0.102 Å) is similar to that of Zn2+ (0.074 Å)
and common Hg-bearing mineral, e.g., metacinnabar, isostruc-
turally belong to the sphalerite group (Liu et al., 1984; Vaughan
and Rosso, 2006), this may lead Hg2+ to more readily be incorpo-
rated into sphalerite than pyrite and galena. Thus, the HgT values
of sphalerite are much higher than those of pyrite and galena.
Additionally, the low contents of Hg in pyrite and galena (Fig. 6a),
could also be attributed to small inclusions of sphalerite. In this
case, a similar variation of Hg isotopes should have been displayed.
However, this is not observed (Fig. 6b), supporting that Hg largely
exists as isomorphic substitutes of Fe2+ and Pb2+ in pyrite and
galena, respectively.

Apart from the occurrence of Hg in sulfides, the fluid properties
may impose potential constraints on the HgT of sulfides. Jinding
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fluid inclusions suggest that the fluid responsible for the early-
stage mineralization was largely from basinal brines with high
temperature and salinity (150–300 �C, >8 wt% NaCleq), whereas
the late-stage fluid was meteoric water with low temperature
and salinity (50–150 �C, <8 wt% NaCleq; Tang et al., 2011). The
change of salinity between the early and late stage ore fluids influ-
ences the HgT in the resulting sulfides, since Hg has been proven to
be preferentially carried in high salinity solutions (Fein and
Williams-Jones, 1997). Lastly, the amount of organic materials dis-
solved in the ore fluids, which were widespread but difficult to
quantify in the deposit (Xue et al., 2007b), could also impose on
Hg transportation, as Hg can easily form stable complexes with a
variety of organic compounds (e.g., Smith and Martell, 1989;
Tissot and Welte, 1984).

5.2. Sulfide Hg isotopic compositions

At present, it is considered that the Jinding deposit largely
derived ore-forming metals from crustal sources; for example, lead
isotopic compositions suggest that the Pb was mainly derived from
the upper crustal sedimentary rocks of the Lanping Basin (Tang
et al., 2013; Wang et al., 2009; Xiu et al., 2006; Zhao, 2006), while
Sr isotopes are evidence for a mixture of Sr from the marine car-
bonates and sedimentary clastic rocks (Hu et al., 2013; Li, 1998;
Luo et al., 1994; Tang et al., 2013). The Hg largely occurs in associ-
ation with Pb-Zn sulfides, indicating that it has the same sources as
the lead and zinc. However, it is not allowed to directly constrain
the Hg isotope compositions of those potential source rocks in
the Lanping Basin due to the lack of relevant data for this area.
Nevertheless, compared to the d202Hg data of crustal rocks (mean
�0.73 ± 0.44‰, 1r, n = 69, Fig. 1a), the Jinding deposit shows a
wide range of d202Hg values (mean �1.70 ± 0.72‰, 1r, n = 22)
and is enriched in light isotopes, in particular, in the early stage
sulfides. This indicates significant Hg-MDF during transport and/
or deposition, if the variation of d202Hg is assumed to remain con-
sistent in crustal rocks elsewhere in the world.

The large variations of d202Hg often observed among HgS depos-
its and hot-spring precipitates are suggested to result from Hg-
MDF during boiling of hydrothermal fluids in the subsurface (e.g.,
Sherman et al., 2009; Smith et al., 2008; Smith et al., 2005).
Sonke et al. (2010) invoked the boiling process to explain the vari-
ation in d202Hg (�1.25 to 0.46‰) of sphalerite from the Mount Isa
and Broken Hill Pb-Zn deposits. Mercury is the only metal that
vaporizes during boiling in low temperature hydrothermal systems
(Spycher and Reed, 1989), and the process has been experimentally
proven to cause d202Hg fractionation of over 1‰ (Zheng et al.,
2007). Therefore, boiling is most likely a major process responsible
for the variation observed in this study. In general, pore fluids or
formation fluids released by sediments during burial or dehydra-
tion would be reduced, in which Hg exists dominantly as Hg(0)
(Barnes and Seward, 1997). Strong tectonic movements can expel
Hg-bearing fluids out of their host rocks and drive the fluids to
ascend along deep-seated faults. The relief of pressure would trig-
ger aqueous Hg-bearing fluids to boil and release vapor Hg(0),
which favors lighter isotopes. A weakly negative correlation of
d202Hg with sampling elevations for the early stage sulfides
(Fig. 7b) confirms this hypothesis, similar to that observed in the
National and Ivanhole districts (Smith et al., 2005), where the Hg
in the upper part of boiling fluid systems is isotopically light rela-
tive to that in the lower part. Individual outliers might reflect the
interference of Hg from deep fluids or late stage hydrothermal flu-
ids. Considering the relatively low solubility of Hg(0) in aqueous
solutions, boiling is probably not the only mechanism resulting
in the large variation of d202Hg in the Jinding deposit. Other possi-
bilities are, for instance, that reduction of Hg(II) by both inorganic
and biological reactions to Hg(0) could cause larger fractionations
in combination with volatilization of aqueous Hg(0) to gaseous Hg
(0) (Bergquist and Blum, 2007; Fitzgerald and Lamborg, 2003;
Zheng and Hintelmann, 2010).

Precipitation of sulfides is another process that can potentially
affect the variation of Hg isotopes. Most recently, an experimental
investigation was conducted on Hg isotope fractionation during
precipitation of metacinnabar that reveals a fractionation of
�0.63‰ between d202Hg of precipitates and those of dissolved
Hg associated with an equilibrium fractionation effect during the
transition of O- to S-coordination of Hg(II) in solution (Smith
et al., 2015). The effect of light isotope enrichments occurring in
sulfide precipitates has also been observed for Fe (Butler et al.,
2005), Cu (Ehrlich et al., 2004) and Zn (Veeramani et al., 2015),
notwithstanding that different mechanisms are invoked to explain
these fractionations. For example, the isotopic behaviors of Fe and
Zn during precipitation of FeS and ZnS are attributed to kinetic
effects (Butler et al., 2005; Veeramani et al., 2015), while the Cu
isotopic fractionation of covellite (CuS) from aqueous Cu(II) may
not be controlled by the precipitation step but the reduction of
Cu(II) to Cu(I) (Ehrlich et al., 2004).

Galena samples from the late stage mineralization have higher
d202Hg values than the early stage pyrite and sphalerite, and they
do not appear to show any trend between d202Hg and sampling ele-
vations (Fig. 7b). There is evidence that suggests different
hydrothermal fluids for the mineralization of early and late stage
minerals and they are distinct in terms of physico-chemical prop-
erties and isotopic compositions (Li, 1998; Luo et al., 1994; Tang
et al., 2014; Wen et al., 1995; Xue et al., 2007). As stated above, rel-
atively high temperature and saline fluids are inferred by fluid
inclusion microthermometry for the early stage mineralizatation,
but low temperature and saline fluids are inferred for the late
stage. This is further constrained by the H–O and C–O isotope data
that suggest the early stage fluids would have been derived from
formational waters generated by dissolution of marine carbonates,
while late stage fluids were dominated by meteoric water (Luo
et al., 1994; Qin and Zhu, 1991; Tang et al., 2013; Zeng, 2007). This
contrast leads us to believe that the Hg of the late stage fluids
should have been derived from different sources than those of
the early stage fluids, or they had experienced different degrees
of isotopic fractionation during their transport.

Small but significant Hg-MIF is observed in the Jinding deposit.
The overall range of 0.16‰ in D199Hg is much higher than the ana-
lytical uncertainty for UM-Almadén (0.03‰, 2r, n = 9). Hg-MIF is
mainly caused by the nuclear volume effect (NVE; Schauble,
2007) and magnetic isotope effect (MIE; Buchachenko, 2013) dur-
ing various biogeochemical processes, such as, elemental Hg(0)
volatilization (Estrade et al., 2009; Ghosh et al., 2013), equilibrium
Hg-thiol complexation (Wiederhold et al., 2010), dark Hg(II) reduc-
tion (Zheng and Hintelmann, 2010) and photochemical reactions
(Bergquist and Blum, 2007; Chandan et al., 2014; Zheng and
Hintelmann, 2009, 2010). Photochemical reactions are thought to
be the main processes that generate Hg-MIF observed at the Earth’s
surface (Bergquist and Blum, 2009; Blum et al., 2014; Sonke, 2011;
Yin et al., 2014). Several samples with reliable MIF have D199Hg/
D201Hg ratios of 1 ± 0.3 (r, n = 8), approximate to the photo-
reductive D199Hg/D201Hg of 1–1.3 (Bergquist and Blum, 2007),
which indicate that this Hg-MIF was likely induced by MIE during
photochemical reduction of Hg(II) (Bergquist and Blum, 2007;
Chandan et al., 2014; Wiederhold, 2015). As for the remaining sam-
ples, they show ambiguous MIF with anomalous D199Hg/D201Hg
ratios, which might result from their relatively large uncertainties
or indicate some other processes responsible for the MIF (e.g.,
Estrade et al., 2009; Zheng and Hintelmann, 2009).

Considering the recycling of the Earth’s surface materials, the
Hg-MIF signature formed during exposure to sunlight could be
recorded in various rocks and minerals after it returns to the inte-



Fig. 9. Plot of d34S vs. d202Hg values of sulfides from the Jinding deposit. The 2r
uncertainties of d34S and d202Hg are indicated, but for d34S the error bars are covered
by the symbols. Note that some samples which are analyzed for Hg isotope
compositions lack sulfur isotope data (Table 1) and therefore are not plotted.
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rior crust, and thus has the potential to trace sources of Hg in min-
eral deposits (Yin et al., 2016a). Natural samples show large varia-
tions of Hg-MIF, but for most lithospheric samples a small range of
about 0.5‰ inD199Hg is observed (Fig. 1b). Hot-spring precipitates,
MVT and SEDEX deposits have been observed with relatively sig-
nificant MIF signatures, due to the fact that Hg was cycled through
the atmosphere or the material sources carrying Hg were exposed
to sunlight and underwent photochemical MIF (Sherman et al.,
2009; Sonke et al., 2010; Yin et al., 2016a). Both stages of sulfides
in the Jinding deposit have indiscriminate Hg-MIF, with D199Hg
largely falling within the range of sedimentary rocks (Fig. 8). This
is in agreement with the Pb isotope data, suggesting that the sed-
imentary rocks of the Lanping Basin are sources of the Pb, as well
as Hg. The difference in d202Hg between the early and late stage
samples would be a result of different pathways of Hg evolving
in separate fluids. The similarity of d202Hg of late stage samples
to those of sedimentary rocks argues that the Hg underwent little
fractionation from its sources.

5.3. Implications for origin of the deposit

Both the early and late stage samples display a similar D199Hg
variation to that of sedimentary rocks, which is likely attributed
to same sources of Hg from the sedimentary rocks of the Lanping
Basin. It is plausible that a sedimentary Hg-MIF signature was
mobilized and transferred by hydrothermal fluids to the deposited
ores. However, the discrepancy in Hg-MDF between stages implies
different isotopic fractionation pathways of Hg during transport by
fluids. Additionally, no obvious correlation is observed between
d34S and d202Hg of the early and late stage sulfides (Fig. 9), which
is better explained by mixing of a Hg-bearing (with Pb and Zn, as
well) fluid and a sulfur-bearing fluid at the depositional site,
whereas the S and Hg in the early stage fluids should have been
isotopically distinct from those of late stage fluids. The d34S values
range from �25.5 to �12.0‰ and �12.6 to �5.8‰ in the early and
late stage sulfides, respectively. This suggests that the reduced sul-
fur responsible for the early stage precipitation is bacteriogenic
and the late stage sulfur was likely produced by thermochemical
sulfate reduction (Tang et al., 2014). The Hg of early stage fluids
experienced significant MDF, compared to that of late stage fluids
Fig. 8. Plot of D199Hg vs. d202Hg values, displaying a comparison of Hg isotopes
between the Jinding deposit and lithological reservoirs. The ranges of the
sedimentary rocks and metamorphic rocks are defined by the data from Blum
et al. (2014) and Smith et al. (2008). The error bars indicate 2r uncertainties of
D199Hg and d202Hg data.
that have little fractionation from its sources. These provide a basic
framework for a construction of the mineralization history of the
Jinding deposit.

During formation, early stage ore fluids, largely composed of
formation water (or pore fluids), leached a wealth of metals (e.g.,
Zn, Pb and Hg) during circulation at depth of the Lanping Basin,
and were ultimately driven by the intensive compression associ-
ated with collision of the Indian-Asian continents in Cenozoic
and ascended along deep-seated faults (Hou et al., 2008). When
the fluids moved to low pressure, the aqueous Hg(0) was triggered
to volatilize, leading to an isotopically light Hg(0) enrichment in
the upper part of the hydrothermal fluid system that was subse-
quently oxidized to Hg(II) at near-surface environments. As the
metalliferous fluids ran into a bacteriogenic H2S trap at the Jinding
dome, sulfides were rapidly precipitated with incorporation of Hg.
For late stage mineralization, the meteoric water-dominated fluid
might have percolated and dissolved sedimentary evaporite layers
to acquire metals (e.g., Gao, 1991). Since the fluid was oxidizing,
dissolved Hg existed mainly as Hg(II) that was less fractionated
during its transport to the mineralization site. When the fluid car-
rying metals and SO4

2� flowed through the Jinding dome SO4
2� was

thermochemically reduced by hydrocarbons to H2S, which caused
Hg precipitation along with Pb and Zn.
6. Conclusions

The results of our study show that Hg largely occurs as isomor-
phic substitution for Zn in sphalerite at the Jinding deposit. Small
but significant Hg-MIF is observed in both early and late stage sam-
ples without any substantial difference between stages. This indi-
cates that the Hg was likely sourced from sedimentary rocks
because of the similar variations of D199Hg values to that of sedi-
mentary reservoirs. However, the deposit displays a wide range
of d202Hg values that are enriched in light isotopes in the early
stage samples but become heavier in the late stage samples. This
implies significant MDF during the transport and/or deposition of
Hg in the early stage fluids. The fractionation was likely associated
with the boiling of fluids, reduction of Hg(II) to Hg(0), as well as
precipitation of Hg sulfides. The Hg of late stage fluids has little
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fractionation from its sources. The Hg isotopes in combination with
conventional geochemical data would provide more constraints on
source of ore-forming materials and fluid evolutions. Although
only a preliminary interpretation, with not insignificant uncertain-
ties (e.g., on mechanisms of isotopic fractionation), is presented for
the variability of Hg isotopes observed in the Jinding deposit, the
potential of Hg isotopes used as a new tracer in study of ore depos-
its is evident. Moving forward, more studies are required to specif-
ically focus on the Hg isotope compositions of different lithological
reservoirs, fractionations associated with Hg transport, redox
transformation, and precipitation in hydrothermal fluids, in order
to mature the application of Hg to economic geology.
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