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ABSTRACT: Carlin-style (sediment-hosted, “invisible” gold)
and epithermal gold deposits are commonly enriched in mercury
(Hg), but the source of this metal is not well-known. In the
world, the association of Hg with gold is often related to
magmatism; however, it is still unclear whether magmatism
serves as a direct Hg source in gold deposits or only an energy
source that drives hydrothermal circulation and leaches Hg from
sedimentary country rocks. Here, we use Hg stable isotopes to
directly indicate the source of Hg in a major Carlin-style gold
deposit (Shuiyindong) and two small epithermal gold deposits
(Xianfeng and Sishanlinchang) in China. In the three deposits,
mineralized rocks (Au > 0.10 μg/g) are elevated in Hg levels by
1 to 3 orders of magnitude, compared to barren rocks (Au < 0.05
μg/g). The majority of the mineralized rocks in all three deposits
show quite narrow ranges of δ202Hg (−1 to 0.5‰) and Δ199Hg (−0.1 to 0.1‰). The absence of significant mass-independent
fractionation signals of Hg in mineralized rocks (Δ199Hg ≈ 0) is consistent with magmatic rocks, implying Hg was either
leached from already crystalline magmatic rocks or directly mass transferred from a silicate magma via magmatic-hydrothermal
fluid. Our reconnaissance study thus indicates a dominant origin of magmatic Hg for the three gold deposits.

KEYWORDS: Mercury isotopes, Isotope fractionation, Source tracing, Gold deposits, Magmatic-hydrothermal fluid model

■ INTRODUCTION

Gold (Au) deposits occur in a large range of geodynamic
settings and are hosted in a variety of rock types. The broad
pressure−temperature spectrum of their formation is used for
the traditional classification into near-surface epithermal gold
deposits and deeper and hotter mesothermal orogenic gold
deposits.1,2 Another important group of gold deposits, known
as Carlin-type, has disseminated mineralization of submicron-
sized gold in silicified and partly decarbonated carbonaceous
rocks.3,4 All these above-mentioned gold deposits have a
common enrichment of mercury (Hg).5 Although Hg has long
been used as a pathfinder for the geochemical exploration for
gold deposits,6 its origin is not well understood. The
association of Hg with Au is often related to magmatism and
thermal-spring activity, as we see in many areas of the world

today (e.g., New Zealand, Japan, and Russia), and this
association is seen throughout geologic time. In the world,
gold deposits often show a close spatial and/or temporal
association with magmatic rocks. It is, however, still unclear
whether magmatism serves as a source of Hg in these gold
deposits or only as an energy source that drives hydrothermal
circulation and leaches Hg from sedimentary country rocks.
Mercury isotopes are useful tracers on the origin of Hg in

hydrothermal deposits.7−10 Mercury has seven natural isotopes
(196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg, and 204Hg). Mass-
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dependent fractionation (MDF, denoted here as δ202Hg) of Hg
isotopes can occur during almost all physical, chemical, and
biological processes. Hg isotopes also undergo mass-
independent fractionation (MIF, denoted as Δ199Hg, Δ200Hg,
or Δ201Hg) during specific processes.11−14 The MIF signature
of Hg observed in natural samples is believed to be mainly
caused by Hg photochemical reactions.15−17 In hydrothermal
processes, the release of Hg from source rocks seems to cause
little to no Hg-MDF (<±0.5‰ in δ202Hg),8,11 but redox
reactions and boiling of hydrothermal fluids can result in
significant Hg-MDF (up to 4‰ in δ202Hg).7 Hydrothermal
processes will not cause significant Hg-MIF,7,8 which allows
Hg-MIF to act as a direct source tracer of Hg in hydrothermal
deposits. Distinct Hg-MIF signatures have been observed for
different source rocks. For instance, sedimentary rocks showed
large variations of Δ199Hg (−0.3 to 0.4‰), whereas small or
no Hg-MIF was observed in metamorphic rocks (−0.2 to
0.1‰) and magmatic rocks (−0.1 to 0.1‰).8,10,18−25

Pronounced Hg-MIF signals (Δ199Hg: −0.30 to 0.24‰)
have been observed in some Pb−Zn hydrothermal deposits
and have been interpreted as the inheritance of primary
surficial signatures via sedimentation and hydrothermal
leaching.9,10,26

China has become the largest gold-producing country over
the past few years.27 A large number of epithermal and Carlin-
style (or Carlin-like) gold deposits were discovered in NE
China and SW China, respectively (Figure S1-A). There has
been much controversy concerning the fluid sources in the two
areas, with magmatic, metamorphic, or meteoric fluids all
suggested by various authors.28−31 In particular, the source of
Hg in these gold deposits remains a mystery. Using Hg
isotopes as a direct source tracer, the present study investigated
the isotopic variation of Hg in two small epithermal gold
deposits (Xianfeng and Sishanlichang) in NE China and the
major Carlin-style gold deposit of Shuiyindong in SW China.
By comparing the isotopic difference of Hg in mineralized
rocks and spatially associated potential source rocks from the
three gold deposits, this study aimed (1) to discern whether
Hg sources are different between epithermal and Carlin-style
gold deposits and (2) to understand potential Hg isotope
fractionation processes during the formation of these gold
deposits.

■ EXPERIMENTAL SECTION
Regional Geology. The Xianfeng and Sishanlinchang gold

deposits are located in the easternmost part of the Central
Asian Orogenic Belt (CAOB) where it overlaps with the
accretionary orogen of the Western Pacific porphyry-
epithermal gold−copper metallogenic belt.32 The regional
geology is characterized by the Jiamusi-Xingkai and the
Wandashan massifs or terranes (Figure S1-B) that amalga-
mated during the late Mesozoic.33

The Jiamusi-Xingkai Massif consists of the Heilongjiang
Complex, the Mashan Complex, and Paleozoic granitic
intrusions.34 The Heilongjiang complex is predominately
composed of alternating pelitic schists and blue schists with
intercalations of thin layers of quartzites and marbles and of
ultramafic bodies.35 The Mashan Complex consists of upper
amphibolite to granulite facies metamorphic rocks, which were
thought to be the basement of the Jiamusi Massif.35 SHRIMP
U/Pb dating of metamorphic zircons suggests that the
metamorphism of the Mashan Complex took place at ca.
500 Ma.36 Two stages of Paleozoic granitoids have been

identified, the ca. 520-Ma-year-old deformed and metamor-
phosed granitoids and the ca. 260-Ma-year-old weakly or
undeformed granitoids.37 The igneous and metamorphic
basement is intruded and overlain by Early Jurassic-Early
Cretaceous volcanic plutonic rocks and Cenozoic basalts.35 A
number of NE trending faults control the location of several
epithermal gold deposits (e.g., Sishanlinchang, Jinchang, and
Tuanjiegou).
The Wandashan Massif consists of a metamorphic meĺange

in its eastern part.38 The meĺange consists of upper green schist
facies mica-schist, marble, and meta-mafic and ultramafic
igneous rocks. The western part of the Wandashan Massif is
composed of accreted mid-Triassic to mid-Jurassic radiolarian
chert and ultramafic−mafic rocks, and Late Jurassic to Early
Cretaceous trench-slope terrestrial-sourced clastic rocks.38

Numerous epithermal gold deposits (e.g., Xianfeng, Siping-
shan, and Yuejinshan) are related to Early Cretaceous volcano
plutonic activity.
Carlin-style gold deposits in China mainly occur in the

Youjiang Basin, the Yunnan-Guizhou-Guangxi “golden tri-
angle” (Figure S1C), with a total resource of >700 t Au.39 The
Basin is at the juncture of the westward extension of the
Cathaysia Foldbelt and the southwestern margin of the South
China Block and was formed during the opening of the Paleo-
Tethys Ocean in the Devonian followed by deposition of a
carbonate platform and shallow-water facies sediments in the
Late Paleozoic and deep-water sediments (siltstone and
sandstone turbidites) in the Middle Triassic.40 Granite plutons
and felsic dikes, with ages ranging from 96 to 80 Ma, are
present at the fringes of the Youjiang Basin and nearby
regions,39,40 and sparse igneous rocks are mainly alkaline
ultramafic rocks that intruded Permian to Triassic units.41 Su
et al.42 recently observed aeromagnetic anomalies throughout
the Youjiang Basin, suggesting broad hidden intrusions under
this basin. The Youjiang Basin hosts a large number of Carlin-
type gold deposits (e.g., Shuiyindong, Zimudang, and Yata),
and their distribution is controlled by NW- and NE- trending
regional folds and faults.29,42

Local Geology. The Xianfeng deposit, located in the
western part of the Wadashan Massif (Figure S1B), is
contained in volcanic rocks that mainly consist of 116 Ma
rhyolitic tuffs, rhyolites, dacites, and hydrothermal breccias
(Figure S2A). Ore barren igneous rocks, including 128 Ma
granodiorite and 106 Ma diorite porphyry, were distributed
mainly in the northwestern part of the deposit.43 It is part of a
∼117 Ma epithermal system, with ore formation temperatures
of 105−277 °C and low salinity of 0.7 to 5.4 wt % NaCleqv.

43

Numerous brecciated, veined, and lenticular orebodies have
been identified along an EW-trending fracture zone. The gold
resource in Xianfeng is confidential; however, the largest
orebody (120 m × 115 m × 50 m in size) is reported to have a
grade of 4.9 g/t Au in average.43 The mineralogy and alteration
characteristics of the Xianfeng deposit have been reported
previously.44,45 The ore textures are typical of open-space
filling, with quartz and calcite banding, crustification, and blade
textures. Pyrite and hematite and minor chalcopyrite and
magnetite are the ore minerals. Pyrite is the most abundant
sulfide and the primary gold-bearing mineral. Native gold (>1
μm) occurs in pyrite or along quartz crystal boundaries.
Gangue minerals include quartz, calcite, chalcedony, and
adularia. Hydrothermal alteration mainly includes silicification,
carbonatization, sericitization, and kaolinization. Mineralogy
and alteration classify this system as adularia-sericite type with
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a low to intermediate sulfidation state. According to the
mineral assemblages and crosscutting relations of veins, three
individual stages of mineralization have been identified: an
early gray-white quartz vein stage in volcanic rocks, a gray and
black chalcedony stage with fine-grained pyrite, and a late
white quartz stage with carbonatization.45

The Sishanlinchang deposit is hosted in the contact zone
between the Cretaceous diorite porphyry and the Proterozoic
Yanwangdian Formation (Figure S2B) at the eastern part of
the Jiamusi-Xingkai massif (Figure S1B). The Yanwangdian
Formation is composed of green schist facies carbonaceous
quartz schist. Igneous rocks, including granite porphyry,
granodiorite porphyry, and diorite porphyry, occur as stocks
and dikes scattered within the Yanwangdian Formation. The
ore bodies occur as disseminations, veinlets, stockworks, and in
brecciated vein structures.46 Ore formation temperatures are
150 to 310 °C and low salinity of 4 to 13 wt % NaCleqv.

46 The
gold resource is >10 t Au. Molybdenite Re−Os dating (111.1−
111.4 Ma) suggests that the deposit formed in the late Early
Cretaceous.47 The mineralogy and alteration characteristics of
Sishanlinchang were previously reported.46 Briefly, the sulfide
minerals in the Sishanlinchang deposit consist of pyrite and
arsenopyrite and minor galena, sphalerite, molybdenite,
chalcopyrite, and bornite. Native gold (0.07 to 0.3 mm in
diameter) occurs in pyrite and arsenopyrite. The gangue
minerals consist of quartz, feldspar, chlorite, sericite, and
carbonate. Silicification, sericitization, epidotization, chloritiza-
tion, kaolinization, and carbonatization are generally recog-
nized around the ore bodies. Ore mineralogy and alteration
features characterize the system as epithermal and in an
intermediate sulfidation state.
The Shuiyindong deposit, located in the Youjiang Basin

(Figure S1C), is one of the largest Carlin-type gold deposits in
China. This deposit contains 263 tonnes of Au at an average
grade of 5 g/t Au.41 The ore-forming fluid of this deposit was
of low temperature (190−278 °C) and low salinity (4.2 to 6.9
wt % NaCleqv).

42 Calcite Sm−Nd dating by Su et al.48 suggests
that this deposit formed at 134−136 Ma. The major exposed
sedimentary bedrocks at the Shuiyindong deposit are Middle

and Upper Permian and Lower Triassic strata, which were
folded into the E−W trending Huijiabao anticline where
orebodies occur near its axial part (Figure S2C). Orebodies are
predominantly disseminated in limestone and calcareous
siltstone of the Upper Permian Longtan Formation and at
the unconformity between the Moukou and Longtan
Formations.28,48 The mineralogy and alteration characteristics
of the Shuiyindong deposit were previously described.48 Wall-
rock alteration is mainly silicification, dolomitization, and
argillic alteration, with the introduction of much arsenian
pyrite, arsenopyrite, realgar, and fluorite. Silicification,
dolomitization, and pyritization (pyrite + arsenopyrite) have
a close relation to gold mineralization. Ore minerals mainly
consist of pyrite, arsenopyrite, and marcasite, and small
amounts of orpiment, realgar, and stibnite. Gold predom-
inantly occurs in arsenian pyrite.49 Quartz, calcite, dolomite,
sericite, illite, and kaolinite are the major gangue minerals.42

Sampling and Analytical Methods. Rock samples were
collected from an NW−SE transect at Xianfeng (Figure S2A),
two drill cores at Sishanlinchang (Figure S2B), and three drill
cores at Shuiyindong (Figure S2C). The samples were
precleaned with deionized water, dried at room temperature,
crushed and ground (agate shatter box), and sieved to
subminus 150 mesh before chemical analysis. Bulk gold
concentrations of rock samples were measured using the
commercial fire assay technique with gravimetric finish (Code
Au-GRA22) by ALS-Chemex Co. Ltd., Guangzhou, China
(detection limit: 0.05 μg/g). Bulk Hg concentrations of the
samples were determined using a Lumex RA 915+ Hg analyzer
(detection limit: 0.5 ng/g) at the Institute of Geochemistry,
Chinese Academy of Sciences. Analytical accuracy was
evaluated by measuring standard reference materials (SRMs)
such as GSR-1 (granite, n = 3), NIST SRM 2711 (Montana
Soil II, n = 3), and MESS-2 (marine sediment, n = 3).
Accuracy of Hg for all SRMs is within 88 to 114% of the
reported values.
Hg isotopes were analyzed by a Neptune Plus multiple

collector inductively coupled plasma mass spectrometer at the
State Laboratory of Hygiene, University of Wisconsin

Figure 1. Hg concentrations and isotopic compositions of bulk rock samples from the Xianfeng epithermal gold deposit. Symbols in yellow
represent samples with gold mineralization (Au > 0.10 μg/g), and symbols in gray represent barren samples (Au < 0.05 μg/g). Note: the Y-axis for
Hg concentration is on a log-scale.
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Madison.50 For samples with Hg concentrations ≥25 ng/g, 0.2
g of sample powder was digested (95 °C, 6 h) in a 2 mL acid
mixture (HCl/HNO3 = 3, v/v). Samples with Hg concen-
trations < 25 ng/g were not prepared for Hg isotope analysis.
NIST SRM 2711 (n = 9) and MESS-2 (n = 9) were similarly
prepared. The digests were diluted to 0.5 ng/mL Hg with an
acid concentration of 10 to 20%. Hg concentrations and acid
matrixes of NIST SRM 3133 and UM-Almadeń standard
solutions were similar to those in the sample solutions. δ202Hg,
Δ199Hg, Δ200Hg, and Δ201Hg were calculated relative to NIST
SRM 3133, following the protocol by Blum and Bergquist.51

Our results of UM-Almadeń (δ202Hg: −0.50 ± 0.11‰;
Δ199Hg: −0.02 ± 0.06‰; 2SD, n = 23), NIST SRM 2711
(δ202Hg: −0.19 ± 0.11‰; Δ199Hg: −0.21 ± 0.04‰; 2SD, n =
3), and MESS-2 (δ202Hg: −1.84 ± 0.11‰; Δ199Hg: 0.03 ±
0.03‰; 2SD, n = 3) are consistent with reported values.50−52

The larger values of standard deviation (2SD) for either UM-
Almadeń or SRMs are used to reflect analytical uncertainties.

■ RESULTS
Au and Hg Concentrations. Variations of bulk Au and

Hg concentrations (Tables S1−S3) in rock samples from the
three deposits are illustrated in Figures 1−3. Gold concen-

trations ranged from <0.05 to 5.20, < 0.05 to 2.6, and <0.05 to
22.92 μg/g in the Xianfeng, Sishanlinchang, and Shuiyindong
deposits, respectively. The samples were classified into two
groups according to Au concentration for further statistical
analysis, i.e., rocks with Au > 0.10 μg/g (denoted as
rocksAu>0.10) for mineralized samples and rocks with Au <
0.05 μg/g (denoted as rocksAu<0.05) for barren samples. The
rocksAu>0.10 samples in the Xianfeng, Sishanlinchang, and
Shuiyindong deposits have geometric means of 0.33 μg/g Au

(n = 33), 0.67 μg/g Au (n = 8), and 0.51 μg/g Au (n = 76),
respectively.
In the three deposits, mineralized rocksAu>0.10 are elevated in

Hg levels by 1 to 3 orders of magnitude when compared to
barren rocksAu<0.05 (Figures 1−3). Some of the barren
rocksAu<0.05 peripheral to the mineralized rocksAu>0.10 also
show extremely high Hg levels, which reflects the large
geochemical halos of Hg around the deposits. Hg concen-
trations of each deposit follow a log-normal distribution
(Figure 4); therefore, geometric mean values are reported. In
the Xianfeng deposit, rocksAu>0.10 and rocksAu<0.05 have
geometric mean concentrations of 0.68 μg/g Hg (n = 33)
and 0.02 μg/g Hg (n = 25), respectively. In the Sishanlinchang
deposit, rocksAu>0.10 have geometric means of 0.28 μg/g Hg (n
= 8), much higher than rocksAu<0.05 such as schist (0.02 μg/g, n
= 8) and granodiorite (0.01 μg/g, n = 3). In the Shuiyindong
deposit, the geometric mean of rocksAu>0.10 was 2.76 μg/g Hg
(n = 76); these rocks were located at the Upper Permian
Longtan Formation. Barren rocksAu<0.05 in the Upper Permian
Longtan Formation (mainly altered limestone and calcareous
siltstone) also have elevated Hg concentrations (0.43 μg/g, n =
98); however, much lower Hg concentrations (0.01 μg/g, n =
20) were observed for barren rocksAu<0.05 in other strata
(mainly nonaltered limestone).

Hg Isotopic Composition. Variations of bulk Hg isotopic
compositions (Tables S1−S3) in rock samples from the three
deposits are illustrated in Figures 1,−3. According to the
Shapiro-wilk test (p < 0.1), the δ202Hg and Δ199Hg follow a
normal distribution; therefore, arithmetic mean values are
reported. Similar Hg isotopic signals were observed for
rocksAu>0.10 and rocksAu<0.05 from both the Xianfeng and
Sishanlinchang deposits (Figure 4). In the Xianfeng deposit,
rocksAu>0.10 have mean δ202Hg and Δ199Hg values of −0.23 ±
0.72‰ and −0.02 ± 0.12‰, respectively (2 SD, n = 33),
which are comparable (p > 0.05 for both, t test) to that of
rocksAu<0.05 (δ

202Hg: −0.46 ± 0.44 ‰; Δ199Hg: −0.02 ± 0.12
‰; 2 SD, n = 13). In the Sishanlinchang deposit, rocksAu>0.10
(δ202Hg: −0.49 ± 0.36 ‰; Δ199Hg: −0.05 ± 0.11 ‰, 2 SD, n
= 8) showed no statistic difference (p > 0.05, ANOVA) in
δ202Hg and Δ199Hg values to rocksAu<0.05, i.e., granodiorite
(δ202Hg: −0.47 ± 0.36 ‰; Δ199Hg: −0.03 ± 0.02 ‰, 2 SD, n
= 2) and schist (δ202Hg: −0.15 ± 0.54 ‰; Δ199Hg: 0.00 ±
0.18 ‰, 2 SD, n = 5).
In the Shuiyindong deposit, however, a large difference in

Hg isotopic composition can be observed between rocksAu>0.10
and rocksAu<0.05 (Figure 4). The mineralized rocksAu>0.10 in the
Longtan Formation have mean δ202Hg of 0.05 ± 1.06 ‰ (2
SD, n = 56), slightly higher (p < 0.05, t test) than that of
barren rocksAu<0.05 in the Longtan Formation (−0.73 ± 1.98
‰, 2 SD, n = 51) but much higher (p < 0.01, t test) than that
of barren rocksAu<0.05 in other strata (−1.38 ± 1.12 ‰, 2 SD, n
= 62). Slightly negative or no Hg-MIF was observed for
mineralized rocksAu>0.10 (Δ199Hg: −0.08 ± 0.06 ‰, 2 SD, n =
56) and barren rocksAu<0.05 (Δ199Hg: −0.06 ± 0.10 ‰, 2 SD, n
= 51) in the Longtan Formation, whereas barren rocksAu<0.05
from other strata showed slightly positive to no Hg-MIF
(Δ199Hg: 0.06 ± 0.10 ‰, 2 SD, n = 62). In a recent study,53

gold-bearing pyrites from the Shuiyindong deposit showed
consistent δ202Hg (−0.33 to 0.1‰; −0.12 ± 0.31‰; 2SD, n =
5) and Δ199Hg (−0.06 to 0.03‰; −0.04 ± 0.08 ‰; 2SD, n =
5) values with rocksAu>0.10 samples.

Figure 2. Hg concentrations and isotopic compositions of bulk rock
samples from the Sishanlichang epithermal gold deposit. Symbols in
yellow represent samples with gold mineralization (Au > 0.10 μg/g),
and symbols in gray represent barren samples (Au < 0.05 μg/g).
Note: the X-axis for Hg concentration is on a log-scale.
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Figure 3. Hg concentrations and isotopic compositions of bulk rock samples from the Shuiyindong Carlin-type gold deposit. Symbols in yellow
represent samples with gold mineralization (Au > 0.10 μg/g), and symbols in gray represent barren samples (Au < 0.05 μg/g). Note: the X-axis for
Hg concentration is on a log-scale.

Figure 4. Histograms of Hg concentrations (A, D, G), δ202Hg (B, E, H), and Δ199Hg (C, F, I) for the Xianfeng and Sishanlinchang epithermal gold
deposits and the Shuiyindong Carlin-type gold deposit. Note: the X-axis for Hg concentration is on a log-scale.
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■ DISCUSSION

Relationship between Au, Hg, and Magmatism. The
enrichment of Hg in mineralized rocksAu>0.10 from the Xianfeng
and Sishanlinchang gold deposits is consistent with general
features of epithermal gold deposits (see reviews by Zhu et
al.54 and Saunders et al.55), which has been well-known since
the definition of epithermal ore deposits by Waldemar
Lindgren in the 1920s.1 Volcanic-arc related magmatism is
believed to play a critical role in the formation of epithermal
gold deposits.56 The Xianfeng and Sishanlinchang deposits
formed at about 117 Ma according to Wang43 and 111 Ma
according to Huang et al.,47 respectively, in accord with the
Early Cretaceous magmatism caused by the Cretaceous plate
subduction in the west Pacific.57 The Xianfeng gold deposit is
believed to be of magmatic-hydrothermal origin as it is hosted
in hydrothermal breccias of the Early Cretaceous rhyolite. The
Sishanlinchang deposit also has a close relationship to
magmatism as it is hosted in the contact zone between diorite
porphyry and the two-mica schist of the Proterozoic
Yanwangdian Formation (Figure S2B). The δ34S values of
ores in the Sishanlinchang deposit (−1.8 to 5‰, according to
Huang et al.47) are within the range of that reported for most
igneous rocks (0 ± 5‰, according to Ohmoto,58 and Rye and
Ohmoto59), suggesting that the majority of sulfur came from
igneous rocks. The low Hg levels in barren rocksAu<0.05 from
the Xianfeng and Sishanlinchang deposits are consistent with
previous studies that show low Hg abundances in nonaltered
magmatic and metamorphic rocks.8−10 Mercury and other
volatile components (e.g., sulfur) tend to escape at elevated
temperatures from silicate magma to magmatic-hydrothermal
fluid phase due to their tendency to vaporize and to form
aqueous sulfide complexes.60 It is expected that the high-
temperature magmatic processes (e.g., partial melting) should
cause limited isotope fractionation of Hg.61

In the Carlin-style Shuiyindong deposit, mineralized rock-
sAu>0.10 and barren rocksAu<0.05 from the Upper Permian
Longtan Formation (mainly altered limestone and calcareous
siltstone) have Hg levels that are 2 to 3 orders of magnitude
higher than in other strata (mainly unaltered limestone)
suggesting a broad geochemical halo of Hg much broader than
the Au halo. The enrichment of Hg, the low temperature of ore
formation (190−278 °C), and the low salinities (4.2 to 6.9 wt
% NaCleqv) of the Shuiyindong deposit42 show similarities to
the Xianfeng and Sishanlinchang deposits that have a close
relation with magmatism. The enrichment of Hg in the
Shuiyindong deposit may also favor a magmatic-hydrothermal
model. A recent study by Xie et al.39 demonstrated that pyrite
of the gold ore stage from the Shuiyindong deposit has a small
variation of δ34S (−3.3 to 2.5‰) consistent with previous
results on igneous rocks (0 ± 5‰).58,59 Identical to the Carlin
district, USA, the Youjiang Basin has no major exposures of
igneous rocks. There are, however, many small outcrops of
diabase, felsic, and ultramafic dikes that follow the same NW-
and NE-trending folds and faults as the gold mineralization. Su
et al.42 also observed broad aeromagnetic anomalies in the
Youjiang Basin (more details can be found in Figure S3)
suggesting broad hidden intrusions under this basin. Xie et al.39

also identified a narrow range of δ34S values (−5 to 5‰) for
ore-related sulfide minerals from major Carlin-type gold
deposits in the Youjiang Basin, which favors a magmatic-
hydrothermal model of these deposits.

Consistent Hg Isotopic Signature in Gold Deposits.
As shown in Figure 4, a consistent Hg isotopic signature was
observed for rockAu>0.10 samples from the three deposits. The
isotopic signatures of rocksAu>0.10 were overlapped with that of
magmatic and metamorphic rocks. As summarized in Figure 5,

the majority of magmatic rocks (δ202Hg: −1 to 0‰; Δ199Hg:
−0.1 to 0.1‰) and metamorphic rocks (δ202Hg: −1 to 1‰;
Δ199Hg: −0.2 to 0.1‰) have quite different Hg isotope
signatures compared to sedimentary rocks (δ202Hg: −3 to 1
‰; Δ199Hg: −0.6 to 0.4‰).8,10,18−25,62 The much higher
δ202Hg values of igneous and metamorphic rocks may be
explained by the fact that magmatism and metamorphism
involve thermal processing, which may cause the preferential
loss of light Hg isotopes.7,12 While hydrothermal leaching of
Hg from any source rock may cause minor changes in δ202Hg
(<±0.5‰, according to Smith et al.8), Hg-MIF can be a
source tracer of Hg in mineral deposits.9,10,26 Hg-MIF signals
in natural samples have been mainly explained by Hg(II)
photoreduction at Earth’s surface.9,15−17 As shown in Figure 5,
regarding sedimentary rocks, the negative MIF is mainly due to
its high organic matter inherited from terrestrial plants,
whereas the positive MIF can be explained by sequestration
of residual Hg(II) in aqueous systems.9,15−17,63 The small or
no Hg-MIF in magmatic rocks and metamorphic rocks
suggests that Hg in these rocks has been affected by no or
very limited photochemical alteration.8,15 In previous studies,
significant Hg-MIF has been observed in Mississippi Valley
type (MVT: a variation of ∼0.4‰ for Δ199Hg) and
sedimentary exhalative (SEDEX: a variation of ∼0.4‰ for
Δ199Hg) Pb−Zn deposits that receive some of their Hg from
sedimentary rocks.9,10,26 Hydrothermal deposits and coal
deposits, which have a close relation to magmatic activities,
however, showed Δ199Hg of near zero.9,18,24

For the Xianfeng and Sishanlinchang deposits, no statistical
differences (p > 0.05, t test) in δ202Hg and Δ199Hg can be
observed for mineralized rocksAu>0.10, indicating they have
similar Hg sources. Most rocksAu>0.10 in the Xianfeng and
Sishanlinchang deposits show insignificant Hg-MIF, which
suggests that Hg mainly derives from igneous rocks because
these rocks are characterized by the virtual absence of
significant Hg-MIF (Δ199Hg: −0.1 to 0.1‰). As mentioned

Figure 5. Hg isotopic composition of major rock units, epithermal,
and Carlin-type gold deposits studied. The data points for epithermal
and Carlin gold deposits are those with Au above 0.1 μg/g. External
reproducibility of the analyses is about 0.1 ‰ (2 SD) and 0.04 ‰ (2
SD) for δ202Hg and Δ199Hg, respectively.
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earlier, the two deposits are spatially and temporally associated
with igneous rocks. The published δ34S data (−1.8 to 5‰)
from the ore bodies are consistent with a magmatic-
hydrothermal (silicate magma) origin for the ore fluid.47

Only two samples from the Xianfeng deposit showed slightly
negative Δ199Hg values (−0.17‰ and −0.12‰). The leaching
of Hg from nearby sedimentary rocks by meteoric or other
fluids may explain the Hg-MIF of these two samples.
Interestingly, mineralized rocksAu>0.10 from Shuiyindong are

isotopically similar to those from Xianfeng and Sishanlinchang
(Figure 4), and their composition also differs from sedimentary
rocks (Figure 5). The similarities in Hg-MIF signals between
the Shuiyindong deposit and the two epithermal deposits
suggest that Hg in the Shuiyindong deposit was magmatic
rocks, rather than sedimentary rocks. Although igneous and
metamorphic rocks are not exposed to any larger extent in the
studied area, there are aeromagnetic and gravimetric anomalies
that suggest the presence of a larger pluton at about 5 km
depth below the Youjiang Basin.39,42 This is exactly what is
observed in the Carlin district where significant Eocence
magmatism is vertically connected to Carlin-type gold deposits
by pre-existing basemen penetrating faults. Those deposits are
hypogene, and it makes perfect sense that the Eocene plutons
(magma chambers) were the source of the ore fluids, which
also have isotope signatures consistent with a silicate magma
source.4

It is noteworthy that some barren rocksAu<0.05 at the top layer
of the Longtan Formation show very negative δ202Hg of −3 to
−4 ‰ (Figure 3). These samples have high Hg concentrations
and reflect the Hg enrichment halos around the Shuiyindong
deposit. Our data are similar to that of a previous study7 that
observed, in an epithermal system in Nevada, USA, that
samples at the top of the system have much lower δ202Hg than
in the underlying veins. This isotopic difference has been
ascribed to the boiling of hydrothermal fluids and associated
evaporation of isotopically light Hg at the surface of the
hydrothermal system.7 The very negative δ202Hg values in this
study suggest the same mechanism may have occurred at the
top layers of the Shuiyindong deposit. A recent fluid-inclusion
study observed a decrease of CO2, CO, and CH4 from deep
layers to top layers of the Shuiyindong deposit, suggesting
boiling occurred at later stages when brecciation generated
increased permeability at the top layer of the ore system.64

■ CONCLUSIONS
Our reconnaissance study shows that the Hg isotope system is
a new tracer to constrain Hg sources in gold deposits based on
the example of epithermal and Carlin-type deposits we
investigated. By comparing Hg isotopic fingerprints between
the studied gold ores and previous results and our new results
on magmatic, metamorphic, sedimentary source rocks, this
study suggests a plausible origin of magmatic Hg in these gold
deposits. Hg in these gold deposits may have come from a
silicate magma by mass transfer occurring via an evolved
magmatic-hydrothermal fluid. As these deposits are spatially
and temporally associated with igneous rocks, magmatism can
provide Hg in the ore-forming fluids in the three gold deposits.
In the case of the sediment-hosted Shuiyindong Carlin-type
gold deposits, our data do not support that Hg would be
directly leached from country rocks, but rather favor a
magmatic-hydrothermal fluid model as suggested for the
classic Carlin gold province in Nevada, USA, where an
unexposed pluton is the most likely metal source.4
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