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ABSTRACT

The metal source and genesis of hydro-
thermal mercury-rich gold metallogenic 
systems occurring far away from active 
continental margins remain puzzling. The 
Youjiang Basin of South China, where ex-
ists numerous Carlin-type gold deposits and 
some synmineralization hidden intrusions, 
is a natural laboratory to address this issue 
due to it was up to 1000 km inward from 
the active continental margins of South 
China when mineralization. Here, we use 
mass-independent fractionation of mercury 
isotope ratios (reported as Δ199Hg), which 
is predominantly generated during Hg pho-
tochemical reactions on Earth’s surface and 
has superiority of isotopic inheritance dur-
ing hydrothermal processes, to address the 
metal source of the Youjiang Carlin-type 
gold deposits. Ore-associated sulfides from 
seven representative deposits display nega-
tive to near-zero Δ199Hg values (−0.29‰ to 
0.04‰), which fall in between that of the re-
gional Precambrian basement rocks (−0.21‰ 
to 0.06‰) and deep magmatic-hydrothermal 
systems (∼0‰), suggesting a binary mixing of 
Hg from these two sources. An isotope mixing 
model and mass balance calculations demon-
strate that ∼1000 km3 of the basement rocks, 
which contributed to 86% of Hg budget, 
were leached and remobilized by magmatic-
hydrothermal fluids and deep-circulating 
crustal fluids to endow the gold reserves of 
these deposits. Given that traditional S, Pb, 
C, and O isotopic data yielded indirect and 
ambiguous constraints on metal source due 
to their complex evolution processes and iso-
tope fractionation during the fluids ascended. 

Our results, therefore, highlight the great ad-
vantage of using Hg isotope as a new tracer 
to understand metal sources of hydrothermal 
deposits.

INTRODUCTION

Hydrothermal gold (Au) metallogenesis 
occurring at active continental margins, repre-
sented by porphyry and epithermal Au deposits, 
has been well explained by plate subduction-
related processes (Richards, 2009; Sillitoe, 2010; 
Wilkinson, 2013). Ore-forming materials in 
these deposits are suggested to be derived from 
the underlying mantle wedge and/or subconti-
nental lithospheric mantle that have been meta-
somatized by subducted slab- and sediments-
derived fluids (Richards, 2009; Sillitoe, 2010; 
Griffin et  al., 2013; Wilkinson, 2013; Groves 
et al., 2020). In contrast, the genesis and metal 
source of hydrothermal Au deposits formed far 
away from active continental margins, like the 
world’s second-largest Carlin-type Au province 
in the Youjiang Basin, South China, remain 
highly enigmatic (Pirajno et al., 2009; Hu et al., 
2017, 2020). Suggested candidates accounting 
for the anomalous amount of Au in this province 
include hydrothermal leaching of supracrustal 
sedimentary rocks (Gu et al., 2012), metamor-
phic devolatilization of the Precambrian base-
ments (Su et al., 2009), remobilization of deep 
mantle-derived fertile juvenile cumulates (Zhu 
et al., 2020), fluid exsolution of deep magmatic-
hydrothermal systems (Xie et  al., 2018a; Jin 
et  al., 2020), or dehydration and melting of 
subducted oceanic crust (Jin et al., 2021). Tra-
ditional stable isotopes (C, H, O, S, and noble 
gases) provide important constraints on the 
sources and evolution processes of volatile com-
ponents and hydrothermal fluids (LaFlamme 
et al., 2018; Yan et al., 2018; Wu et al., 2019; Jin 
et al., 2021; Long et al., 2022). However, they 

cannot represent the metal sources, due to their 
different geochemical behavior from Au and 
isotope fractionation during mineralization. As 
such, a robust tracer that can directly fingerprint 
the source reservoirs of metal is urgent.

Mercury (Hg) is an important associated 
metal with Au in hydrothermal gold deposits 
(Deng et al., 2021), particular for Carlin-type Au 
deposits where Hg and Au are cogenetic (Cline 
et al., 2005; Xie et al., 2018a). Mercury isotopes 
undergo both mass-dependent fractionation 
(MDF, reported as δ202Hg) and mass-independent 
fractionation (MIF, reported as Δ199Hg). MDF-
Hg occurs during various hydrothermal processes 
(e.g., boiling, volatilization, and mineral precipi-
tation; Smith et al., 2005, 2008; Tang et al., 2017; 
Fu et al., 2020a), and therefore cannot provide 
direct source constraints. MIF-Hg, however, 
occurs mainly during photochemical reactions 
of Hg(II) on Earth’s surface with little interfer-
ence from other processes (Blum et al., 2014). 
Hg(II) photoreduction results in specific negative 
and positive Δ199Hg compositions in terrestrial 
(e.g., soil) and oceanic (e.g., seawater and marine 
sediments) reservoirs, respectively (Blum et al., 
2014), distinguishing them from the primitive 
mantle (Δ199Hg ∼0‰, Sherman et  al., 2009; 
Moynier et al., 2021). Sedimentation, metamor-
phism, magmatism, and hydrothermal processes 
are not known to induce MIF-Hg (Thibodeau 
et al., 2016; Grasby et al., 2019; Moynier et al., 
2021; Deng et al., 2021, 2022a, 2022b, 2022c; 
Yin et al., 2022). Therefore, Δ199Hg signatures 
are indelibly inherited from source regions dur-
ing mineralization processes. This preservation 
makes Δ199Hg a diagnostic tracer of metal source 
in hydrothermal deposits, which is highlighted 
by the recent identification of positive Δ199Hg 
values (up to 0.6‰) in igneous rocks and epi-
thermal Au deposits at active continental mar-
gins worldwide, suggesting the recycling of Hg 
from oceanic reservoirs into deep mantle and arc 
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magma-related hydrothermal systems via plate 
subduction (Deng et al., 2021; Yin et al., 2022).

The Youjiang Basin is the world’s second-
largest Carlin-type Au province with gold 
reserves of over 1000 t (Hu et al., 2020). Given 
their distinct metallogenic setting from the epith-
ermal Au deposits at active continental margins 
and their unclear metal sources (Hu et al., 2017), 
a systematic Hg isotope study can provide new 
insight into the metal source and metallogenic 
processes of Carlin-type Au deposits in the 
Youjiang Basin. We hereby present systematic 
Hg isotope data on seven representative Carlin-
type Au deposits and potential source rocks to 
address their metal sources and genesis.

GEOLOGICAL BACKGROUND

The South China Block, separated from the 
Indochina and North China blocks by the Trias-

sic SongMa Suture and Qingling-Dabie Orogen, 
respectively, comprises the Yangtze and Cathay-
sia blocks that were welded together along the 
Jiangnan Orogen at ca. 830 Ma (Fig. 1A; Zhao 
and Cawood, 2012). The Youjiang Basin is adja-
cent to the southwest of the Jiangnan Orogen, 
where the Precambrian basement is dominated 
by Neoproterozoic low-grade metamorphic 
volcanic-sedimentary rocks (Fig. 1B). In detail, 
the early Neoproterozoic Fanjinshan Group and 
its equivalents mainly consist of sandstone, silt-
stone, slate, and phyllite, which were deposited 
within a retro-arc foreland basin and derived 
from terrigenous weathering of continental 
crust (Fig. 2; Wei et al., 2018). The middle Neo-
proterozoic Banxi Group and its equivalents 
mainly comprise terrigenous sandstone, slate, 
conglomerate, and pelite deposited in intracon-
tinental rifting basin (Fig. 2; Yao et al., 2019). 
Overlying strata consist of the late Neoprotero-

zoic unmetamorphosed clastic rocks and tillite, 
and the Cambrian to Middle Triassic marine 
sedimentary covers (Hu et al., 2017).

The Carlin-type Au deposits in the Youji-
ang Basin are clustered along regional NE- 
and NW-striking faults and are mainly hosted 
within reactive dolomitic units of the Late 
Permian and Middle Triassic marine strata 
(Fig. 1B; Hu et al., 2017). Minor deposits occur 
in the Cambrian to Carbonaceous strata and 
Indosinian dolerite (Su et al., 2018; Gao et al., 
2021). The Au mineralization is stratigraphi-
cally or structurally controlled and displays 
decarbonation, silicification, argillization, 
and sulfidation alterations (Hu et al., 2017; Su 
et  al., 2018). Gold predominantly occurs as 
“invisible” Au in the lattices of arsenian pyrite 
or arsenopyrite that are invariably enriched in 
As, Sb, Hg, and Tl (Su et al., 2018; Xie et al., 
2018a). Other ore minerals include stibnite, 

Figure 1. (A) Geological map 
of South China showing the 
distribution of the Precam-
brian basement rocks in the 
Yangtze block (modified from 
Zhao and Cawood, 2012). (B) 
Geologic map of the Youjiang 
Basin showing the investigated 
Carlin-type Au deposits in this 
study (modified from Gao et al., 
2021). The ages of magmatic 
rocks are from Li et al. (2013), 
Zhu et  al. (2016), Gan et  al. 
(2020), and Su et al. (2021).
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realgar, orpiment, and cinnabar (Hu et  al., 
2017). Ore-forming fluids have low tempera-
ture (180–240 °C), low salinity (<6.0 wt% 
NaCl equiv.), and moderately acidic to neutral 
pH (Su et al., 2009; Gu et al., 2012; Xie et al., 
2018b). These characteristics are comparable 
with those of typical Carlin-type Au deposits 
in Nevada, USA (Hu et al., 2017; Wang and 
Groves, 2018; Xie et al., 2018b; Su et al., 2018; 
Gao et al., 2021).

Recently, reliable dating suggests that these 
deposits mainly formed at ca. 150–130 Ma (Su 
et al., 2018; Chen et al., 2019; Gao et al., 2021), 
with minor occurring at ca. 220–200 Ma (Pi 
et al., 2017). Here we focus on the main episode 
of Au mineralization at ca. 150–130 Ma, when 
Paleo-plate reconstruction and geological and 
geophysical evidences suggest that the Youjiang 
Basin was far away (up to 1000 km) from the 
active continental margins of the South China 

Block (Fig. 1A; Maruyama et al., 1997; Huang 
and Zhao, 2006; Seton et al., 2012; Hu et al., 
2017). Li and Li (2007) and Mao et al. (2021) 
proposed that the vast inland of the South China 
Block at that time was in lithosphere extensional 
setting due to asthenosphere upwelling related 
to rollback of the Paleo-Pacific subducted slab. 
Some igneous rocks broadly coeval with Carlin-
type Au mineralization are recently reported 
within and around the Youjiang Basin (Fig. 1B; 
Li et al., 2013; Zhu et al., 2016; Gan et al., 2020; 
Su et al., 2021). Geochemical data suggest that 
these magmatic rocks formed in a within-plate 
setting (Gan et al., 2020; Su et al., 2021). Aero-
magnetic anomalies implied the presence of 
broad hidden felsic magmatic intrusions beneath 
the basin (Su et  al., 2018). In addition, mafic 
rocks related to the Permian E’meishan plume 
are locally exposed within the basin.

SAMPLING

A total of 101 mineralized samples from 
seven Carlin-type Au deposits, namely Shuiy-
indong, Lanmuchang, Jinfeng, Linwang, 
Jinya, Nakuang, and Badu deposits (Fig. 1B) 
throughout the Youjiang Basin were collected 
in this study. These deposits are representa-
tive of various styles of Au mineralization 
with different host rocks (bioclastic limestone, 
siliciclastic rock, and dolerite), mineralization 
styles (strata-bound, fault-bound, and com-
pound), ore mineralogy, and size (Table  1). 
For minimizing the effect of Hg contamination 

Figure 2. Time space plot showing the Neoproterozoic sedimentary sequences of the Yang-
tze block and tectonic evolution model of the Fanjingshan and Banxi groups (G.) of South 
China (modified from Wei et al., 2018; Yao et al., 2019). F.—Formation.

TABLE 1. MAJOR GEOLOGICAL FEATURES OF THE CARLIN-TYPE Au DEPOSITS IN THIS STUDY

Deposit Reserves 
(t)

Grade 
(g/t)

Styles Host rocks Hosting strata Alterations Ore minerals References

Shuiyindong 
(Au)

265 5 Strata-bound Argillite intercalated with 
bioclastic limestone

Longtan Formation 
of Upper Permian 
(P3l)

Decarbonation, 
silicification, 
sulfidation, 
argillization

Arsenian 
pyrite, minor 
arsenopyrite, 
stibnite, realgar, 
orpiment

Su et al. (2009); 
Xie et al. 
(2018a)

Jinfeng 
(Au)

109 3.8 Fault-bound Dolomitic carbonaceous 
siltstone

Xuman and Bianyang 
formations of 
Middle Triassic 
(T2xm, T2by)

Decarbonation, 
silicification, 
sulfidation, 
argillization

Arsenian 
pyrite, minor 
arsenopyrite, 
stibnite, realgar, 
orpiment

Chen et al. 
(2011); Xie 
et al. (2018a)

Linwang 
(Au)

>20 4 Compound Dolomitic carbonaceous 
siltstone and 
mudstone

Baifeng Formation 
of Middle Triassic 
(T2bf)

Decarbonation, 
silicification, 
sulfidation, 
argillization

Arsenian 
pyrite, minor 
arsenopyrite, 
stibnite, realgar, 
orpiment

Chen (2017, 
personal 
commun.); 
Gao et al. 
(2021)

Jinya 
(Au)

35 3 Fault-bound Dolomitic carbonaceous 
siltstone and 
mudstone

Baifeng Formation 
of Middle Triassic 
(T2bf)

Decarbonation, 
silicification, 
sulfidation, 
argillization

Arsenopyrite, 
arsenian pyrite, 
stibnite, realgar, 
orpiment

Chen et al. 
(2015); China 
Geology 
Survey (2015)

Nakuang 
(Au)

10 2 Fault-bound Dolomitic carbonaceous 
siltstone and 
mudstone

Baifeng Formation 
of Middle Triassic 
(T2bf)

Decarbonation, 
silicification, 
sulfidation, 
argillization

Arsenopyrite, 
arsenian pyrite, 
stibnite, realgar, 
orpiment

Gao et al. (2021)

Badu 
(Au)

35 2 Fault-bound Dolerite/carbonaceous 
mudstone

Dolerite/Yujiang 
Formation of Lower 
Devonian (D1y)

Carbonation, 
decarbonation, 
sulfidation, 
argillization

Arsenian pyrite, 
arsenopyrite, 
stibnite, realgar, 
orpiment

Gao et al. (2021)

Lanmuchang 
(Hg-Au)

Hg:4863 
Au: ?

0.19% 
Au: ?

Strata-bound Argillite, bioclastic 
limestone, and 
siltstone

Longtan Formation 
of Upper Permian 
(P3l)

Silicification, 
sulfidation, 
kaolinization, 
baritization

Cinnabar, lorandite, 
pyrite, realgar, 
orpiment, 
stibnite

Hu et al. (2017)
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from sedimentary hosts, ore-associated pyrite 
(n = 47), arsenopyrite (n = 13), stibnite 
(n = 9), realgar (n = 5), orpiment (n = 2), and 
cinnabar (n = 25) were separated for further 
analysis. Arsenian pyrite is the predominant Au-
bearing sulfide in the Shuiyindong, Jinfeng, and 
Linwang deposits (Fig. 3A). However, arseno-
pyrite is preponderant in the Jinya and Nakuang 
deposits (Fig.  3B). These sulfides occur as 
dense disseminations in strongly decarbonated 
and silicified bioclastic limestone or calcareous 
siltstone. High-contrast backscattered electron 
imaging shows that Au-bearing pyrite grains are 
characterized by core-rim texture (Figs. 3A and 
4A). In contrast, Au-bearing arsenopyrite grains 
display homogeneous appearance (Fig. 3B). In 
the dolerite-hosted Badu deposit, disseminated 
pyrite and arsenopyrite constitute the major 
Au-bearing sulfides with variable relative pro-
portions in different orebodies (Fig. 3C). Our 
previous study has suggested that the pyrite and 
arsenopyrite of Badu are hydrothermal origin 
and related to Au mineralization (Gao et  al., 
2021). In all deposits, realgar, orpiment, stib-
nite, and cinnabar occur as open-space infillings 
and are intergrown with euhedral quartz and/or 
calcite, constituting the paragenetically late sul-
fides (Figs. 3D–3F). These sulfides commonly 
display coarse-grained, euhedral, and homoge-
neous crystals.

Additionally, potential rocks of metal source 
including 16 Precambrian basement rocks and 
nine E’meishan plume-related mafic rocks were 
taken from the interior and periphery of the You-
jiang Basin. Sample details are summarized in 

Table S11. All selected samples are fresh rocks 
and devoid of weathering, alteration, and min-
eralization. Marine sedimentary covers in the 
Youjiang Basin were not collected in this study 
but have been investigated by Yin et al. (2017, 
2019) and Deng et al. (2022b).

ANALYTICAL METHODS

Element Mapping of Au-Bearing Pyrite

For revealing variations in concentration of 
the trace elements in Au-bearing pyrite with 
core-rim texture, particular for Au and Hg. 
Representative Au-bearing pyrite grains were 
selected for trace element mapping using a 

Photon Machines Analyte G2 laser ablation 
system (193 nm, 4-ns Excimer laser) coupled 
to a PerkinElmer DRC-e inductively coupled 
plasma–mass spectrometer (ICP-MS) at the 
U.S. Geological Survey, Denver, Colorado, 
USA. The ablated material was transported to 
a modified glass mixing bulb. Mixtures of He 
(800 ml/min) and Ar (600 ml/min) were applied 
as the carrier gas to improve the efficiency of 
aerosol transport. The procedure follows the 
methods of Koenig et al. (2009). In this study, 
map ablations were conducted using a beam 
size of 8 μm, scanning speed of 2 μm/s, energy 
density of 4 J/cm2, and repetition rate of 20 Hz. 
The protocol from Longerich et al. (1996) was 
used to calculate the concentration, and the 57Fe 
was used as the internal standard for concentra-
tion calculations.

Hg Concentrations and Isotope 
Compositions

All treated samples were cleaned with deion-
ized water, air-dried, and grinned to 200 mush 
in agate. Hg concentrations and isotopic com-
positions were measured at the Institute of Geo-
chemistry, Chinese Academy of Sciences, using 
a DMA-80 Hg analyzer and Neptune Plus multi-
collector (MC) ICP-MS, respectively.

For ore-associated sulfides, ∼50 mg of each 
sample were digested with 2 mL aqua regia 
(HCl/HNO3 = 3/1, v/v) in a water bath (95 °C) 
for 12 h before chemical analysis. For basement 
and dolerite samples, a double-stage tube fur-
nace coupled with 40% anti aqua regia (HNO3/

1Supplemental Material. Text S1: Mercury 
isotopic composition of terrestrial and marine 
reservoirs. Figure S1: Plots of δ202Hg versus Δ199Hg 
(a), and Δ201Hg versus Δ199Hg (b) of terrestrial and 
marine reservoirs. Text S2: Two endmember mixing 
model of mercury isotope. Table S1: Descriptions 
of the Precambrian basement rocks collected in this 
study from the periphery the Youjiang basin of South 
China. Table S2: THg and Hg isotopic compositions 
of ore-associated sulfides of the Carlin-type gold 
deposits in the Youjiang basin of South China. 
Table S3: THg and Hg isotopic compositions of 
Precambrian basement rocks from the periphery of 
the Youjiang basin, respectively. Table S4: THg and 
Hg isotopic compositions of the Permian E’meishan 
plume-related mafic rocks from the interior of the 
Youjiang basin, respectively. Please visit https://
doi​.org​/10​.1130​/GSAB​.S.21684908 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.

Figure 3. Photomicrographs 
and photographs showing 
mineralogy and textures of 
ore-associated minerals of the 
Carlin-type Au deposits in the 
Youjiang Basin of South China. 
(A) Au-bearing pyrite (Py) 
from Shuiyindong. (B) Dissem-
inated Au-bearing arsenopyrite 
(Apy) from Jinya. Illustration 
shows the homogeneous texture 
of Au-bearing arsenopyrite. (C) 
Disseminated pyrite and arse-
nopyrite in the dolerite-hosted 
Badu deposit. Illustration 
shows pyrite intergrown with 
arsenopyrite. (D–F) Paragenet-
ically late stibnite (Stb), real-
gar (Rlg), and cinnabar (Cin), 
respectively.
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HCl = 2/1, v/v) trapping solutions were used 
for Hg preconcentration, following a method by 
Zerkle et al. (2020). Certified reference mate-
rial (GSS-4, soil) was prepared using the same 
process. Total Hg (THg) concentrations of the 
digests and preconcentrated solutions were mea-
sured by cold vapor atomic absorption spectrom-
etry, following a method by Yin et al. (2013). 
The recoveries of Hg for GSS-4 are between 
90% and 110%, and the relative variability of 
sample triplicates was <8%.

Using the THg concentrations measured 
above, the digests were diluted to 0.5 ng/mL 
Hg with 10% HCl before Hg isotope analysis 
using MC-ICP-MS, following a method by Yin 
et  al. (2016). Mercury isotopic compositions 
were reported following the convention recom-
mended by Blum and Bergquist (2007). Specifi-
cally, MDF-Hg is expressed in δ202Hg notation 
in units of ‰ referenced to the NIST-3133 Hg 
isotope ratio standard (analyzed before and after 
each sample):

	

δ202 202 198

202 198 1 10

Hg Hg Hg

Hg Hg

sample

standard

( ) [( )

( ) ]

/ /

/

‰ =

− × 000. 	

MIF-Hg is expressed in ΔxxxHg notation in units 
of parts per thousand (‰), which represents the 
difference between the measured δxxxHg and the 
theoretically predicted δxxxHg value:

	 ∆xxx xxxHg Hg Hg≈ ×δ δ β– .202
	

β is 0.2520 for 199Hg, 0.5024 for 200Hg, and 
0.7520 for 201Hg (Blum and Bergquist, 2007). Hg 
concentrations and acid matrices in the bracket-
ing NIST-3133 solutions were matched well with 
the neighboring samples. Analytical uncertainty 
was estimated based on the replicate analyses of 
the NIST-3177 standard solution. The overall 
average and uncertainty of NIST-3177 (δ202Hg: 
−0.50 ± 0.10‰; Δ199Hg: −0.01 ± 0.06‰; 
Δ201Hg: −0.03 ± 0.05‰; 2SD, n = 11) and 
GSS-4 (δ202Hg: −1.78 ± 0.12‰; Δ199Hg: 
−0.41 ± 0.06‰; Δ201Hg: −0.40 ± 0.06‰; 
2SD, n = 5) agree well with previous results 
(Blum and Bergquist, 2007; Sun et al., 2019). 
The larger values of standard deviation (2SD) 
for either NIST-3177 or GSS-4 are used to reflect 
analytical uncertainties for δ202Hg and Δ199Hg, 
respectively.

RESULTS

Laser Ablation (LA)-ICP-MS Mapping

The distribution of trace elements in Au-
bearing pyrite with core-rim texture is displayed 
in Figure 4. Mapping results suggest that ore-
forming elements of Au, Hg, As, Cu, and Sb 
are only significantly enriched in the pyrite rim. 
Quantitative spot analysis by Xie et al. (2018a) 
suggests that the pyrite rim contains up to 2800 
and 1300 µg/g of Au and Hg. In contrast, these 
elements are extremely depleted in the pyrite 

core. Some cauliflower-like strings with elevated 
As and Au contents in the core are due to the 
penetration of the rim.

Hg Concentrations and Isotope 
Compositions

Hg concentrations and isotope compositions 
of ore-associated sulfides, basement rocks, and 
mafic rocks related to the E’meishan plume are 
given in Tables S2, S3, and S4, respectively. 
Hg concentrations of sulfides vary from 0.13 
to 1300 µg/g, 102 to 107 times higher than that 
of the basement rocks (8–60 ng/g) and mafic 
rocks (0.3–2.8 ng/g). As shown in Figure 5A: 
(1) The mafic rocks exhibit δ202Hg and Δ199Hg 
values of −1.33‰ to −0.1‰ and 0‰–0.06‰, 
respectively. The Δ199Hg values are consis-
tent with previous estimates on the primitive 
mantle (Δ199Hg ∼0‰, Moynier et  al., 2021). 
(2) The sulfides yielded δ202Hg and Δ199Hg 
values of −1.61‰ to 1.21‰ and −0.29‰ to 
0.04‰, respectively, overlapping with those of 
the basement rocks (δ202Hg = −1.25 to 1.75‰, 
Δ199Hg = −0.21‰ to 0.06‰); The overall 
variation in Δ199Hg is about six times the ana-
lytical uncertainty (0.06‰), clearly demon-
strating the pronounced MIF-Hg signals in the 
Youjiang Carlin-type Au deposits. (3) Previous 
results from bulk ore samples in the Shuiyin-
dong deposit (δ202Hg = −1.19‰ to 0.79‰, 
Δ199Hg = −0.14‰ to 0.02‰, Yin et al., 2019) 

A

D E F

B C

Figure 4. Backscattered electron images (A) and laser ablation–inductively coupled plasma–mass spectrometry maps of Au (B), Hg (C), As 
(D), Cu (E), and Sb (F) of Au-bearing pyrite from Shuiyindong deposit in the Youjiang Basin of South China, showing the correlation of 
these elements in pyrite core and rim.
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are integrated into our data set. Together, a posi-
tive correlation between Δ199Hg and Δ201Hg, 
with Δ199Hg/Δ201Hg of ∼1.0, can be observed 
(Fig. 5B).

Clearly, the mostly negative Δ199Hg values in 
the Youjiang Carlin-type Au deposits are strik-
ingly different from the positive Δ199Hg values 
reported for the Phanerozoic sedimentary suc-
cessions surrounding Au mineralization within 
and adjacent to the Youjiang Basin (Fig.  5C; 
Yin et al., 2017, 2019) and epithermal Au-Hg 
deposits at active continental margins world-
wide (Fig. 5D; Deng et al., 2021, and references 
therein).

DISCUSSION

Hg Isotope of Sulfides as a Tracer of Au 
Source

The Au-bearing pyrite grains of the sedi-
mentary-hosted Carlin-type Au deposits in the 
Youjiang Basin are characterized by core-rim 
textures. Previous studies suggest that the rims 
are related to Au mineralization, while the cores 
formed during diagenesis or early hydrothermal 
events (Su et al., 2009; Xie et al., 2018a, 2018b; 

Gao et  al., 2021). The LA-ICP-MS mapping 
results clearly reveal Hg significantly enriched 
in the Au-bearing rims. This suggests that Hg 
was added together with Au by ore-forming 
fluids, and therefore pre-ore pyrite cores have 
a limited effect on Hg concentrations and iso-
tope compositions of pyrite. This is supported 
by the consistency of Δ199Hg values between 
pyrite and other sulfides with homogenous tex-
tures (arsenopyrite, stibnite, and cinnabar). The 
consistent correlation between Au and Hg in 
pyrite suggests that they are a couple of coge-
netic metals and therefore may share the same 
source in a Carlin-type Au mineralization system 
(Hofstra and Cline, 2000; Hu et al., 2002; Cline 
et al., 2005).

Precambrian Basement as a Major Source 
of Hg in the Studied Au Deposits

Compared to the marine sedimentary covers 
and mafic rocks in the Youjiang Basin, the ore-
associated sulfides display more positive δ202Hg 
values. Two potential causes could interpret this: 
(1) MDF-Hg during Au mineralization, e.g., 
the loss of isotopically light Hg during Hg(0) 
volatilization in hydrothermal fluids (Smith 

et al., 2005, 2008; Fu et al., 2020a), and isotope 
fractionation triggered by mineral precipitation 
(Tang et al., 2017); (2) Hg was initially derived 
from a distinct 202Hg-rich metal source, such as 
the Precambrian basement with higher δ202Hg 
values (Fig. 5A). Given a lack of full knowledge 
of all hydrothermal processes that may generate 
MDF-Hg, to avoid misinterpretation, we believe 
δ202Hg is not diagnostic for Hg sources and will 
not discuss δ202Hg further in this paper.

Instead, Δ199Hg provide diagnostic con-
straints regarding Hg source, as MIF-Hg is 
mainly produced by photoreduction of Hg(II) on 
Earth’s surface, which results in reservoir-spe-
cific Δ199Hg values (Blum et al., 2014). Minimal 
or no MIF-Hg may occur during hydrothermal 
processes, e.g., leaching, mobilization, and min-
erals precipitation (Pribil et al., 2020; Fu et al., 
2021a; Deng et al., 2021). The superiorities of 
isotopic inheritance and preservation of MIF-Hg 
makes Δ199Hg an indelible tracer of metal source 
in mineralization systems (Deng et  al., 2021, 
2022b). Most of the ore-associated sulfides of 
Carlin-type Au deposits in the Youjiang Basin 
display negative Δ199Hg values with Δ199Hg/
Δ201Hg ratios of ∼1.0 (Fig. 5B), which are con-
sistent with that observed during aqueous Hg(II) 

Figure 5. Plots of δ202Hg ver-
sus Δ199Hg (A), Δ201Hg versus 
Δ199Hg (B), 1/Hg versus Δ199Hg 
(C), and frequency of Δ199Hg 
(D) for the representative 
Carlin-type Au deposits and 
potential metal sources in the 
Youjiang Basin of South China. 
The data defining the areas of 
terrestrial and marine reser-
voirs and hydrothermal Au-Hg 
deposits at active continental 
margins are from Deng et  al. 
(2021, and references therein).

A B
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photoreduction on Earth’s surface (Bergquist 
and Blum, 2007), suggesting that Hg in these 
samples was dominantly derived from recycled 
surface reservoirs.

The negative Δ199Hg values of ore-associated 
sulfides are distinct from the positive Δ199Hg 
signals of black shales and country rocks sur-
rounding gold mineralization (Fig. 5C; Yin et al., 
2017, 2019; Deng et al., 2022b), precluding sedi-
mentary covers as the primary sources of Hg in 
the Youjiang Carlin-type Au deposits. Similarly, 
the negative Δ199Hg values also are distinct from 
that of epithermal Au-Hg deposits at continental 
plate margins worldwide, which display positive 
Δ199Hg values (0‰–0.4‰) inherited from recy-
cled seawater and marine sediments via slab sub-
duction (Deng et al., 2021). Therefore, we con-
cluded that the Youjiang Carlin-type Au deposits 
may not be genetically related to dehydration, 
metasomatism, and melting of subducted slab 
and sediments.

The Precambrian basement rocks investi-
gated in this study mainly display negative 
Δ199Hg signals (−0.21‰ to 0.06‰), due to 
their littoral and near-coastal deposition envi-
ronment (Wei et al., 2018; Yao et al., 2019), 
which received Hg through terrestrial soil 
runoff (Fig.  2; Yin et  al., 2015). Therefore, 
the consistency in negative Δ199Hg values 
between ore-associated sulfides and Precam-
brian basement rocks may reasonably suggest 
that significant portions of Hg and metals in 
the Youjiang Carlin-type Au deposits were 
derived from the basement (Hu et al., 2020; 
Deng et  al., 2022b). This hypothesis aligns 
well with the: (1) highly radiogenic Sr and 
Pb isotopes of ore sulfides, indicating that ore 
fluids have experienced interaction with the 
basement rocks (Ma et  al., 2003); (2) CO2-
rich fluid inclusions and O-H isotopic data 
of ore-stage quartz, suggestive of deep crust-
derived origin for the dominant ore fluids (Su 
et al., 2009, 2018); (3) elevated Au, As, Sb, 
Cu, and Hg contents (e.g., 4.0 ng/g of Au and 
59.5 ng/g of Hg) in the basement rocks (Ma 
et  al., 2002). These elements are invariably 
enriched in ore-associated pyrite (Fig. 4), sug-
gesting basement rocks as a fertile source for 
the Youjiang Carlin-type Au deposits.

Magmatic-Hydrothermal Contribution

Besides those showing strikingly negative 
values, some ore-associated sulfides yielded 
near-zero Δ199Hg values and different depos-
its show different extents of MIF-Hg, suggest-
ing mixing of an additional Hg source. Given 
the near-zero Δ199Hg values, the E’meishan 
plume-related mafic rocks and deep cumulates 
may be a potential source. However, this is 
compromised by the comparative deficiency of 
As, Sb, and Hg in plume-related mafic rocks 
(Pitcairn et al., 2015, 2021). A previous study 
by Yin et al. (2019) attributed the near-zero to 
slightly negative Δ199Hg values in the Shuiy-
indong deposit to the contribution of deep 
magmatic-hydrothermal fluids with no MIF-
Hg. This is supported by the presence of some 
synmineralization igneous rocks (Fig. 1A) and 
hidden intrusions within and adjacent to the 
Youjiang Basin (Su et  al., 2018). Geochemi-
cal data from some deposits also support mag-
matic-hydrothermal fluids as another source of 
metals in the Youjiang Carlin-type Au depos-
its, e.g., sulfur isotopic compositions of mag-
matic sulfur in ore sulfides (δ34S = 0‰–5‰, 
Xie et al., 2018a), noble gas isotopic ratios of 
mantle He in ore-stage quartz (3He/4He > 0.04 
RA, Jin et al., 2020), and trace element ratios 
of magmatic vapor affinity in fluid inclusions 
(high B/Sr, Large et al., 2016).

Overall, we suggest that the Youjiang Carlin-
type Au deposits received Hg and other metals 
from mixing between: (1) the Precambrian base-
ment with negative Δ199Hg values of −0.21‰ 
to 0.06‰, and (2) the magmatic-hydrothermal 
fluids with Δ199Hg value of close to 0‰. Based 
on the Δ199Hg values of ore-associated sul-
fides, using a binary mixing model calculated 
by Monte Carlo simulation (see Supplemen-
tary Text S2), we roughly estimate that the 
Precambrian basement rocks and magmatic-
hydrothermal fluids contributed ∼86% and 
∼14% (1SD = 14%) of the Hg to the Youjiang 
Carlin-type Au deposits, respectively. However, 
it should be noted that the relative contributions 
of the two sources can largely vary (Table 2), 
as shown by the different extents of MIF-Hg 
among deposits.

Metallogenic Model for the Youjiang 
Carlin-type Au Deposits

The contribution of metals from the Precam-
brian basement could be via three possible ways: 
metamorphic devolatilization, partial melting, or 
hydrothermal leaching. However, the basement 
rocks in the Youjiang Basin only experienced 
low-grade to weak metamorphism, which does 
not support the metamorphic devolatilization 
model (Pitcairn et  al., 2006, 2021). The con-
tribution of metals via partial melting of base-
ment rocks, if any, would be limited, given that 
magmatic fluids released from felsic melts that 
formed by partial melting of basement rocks can-
not simultaneously enrich Au, Sb, and Hg due to 
the relatively low fluid-melt partition coefficient 
of Sb (Fu et al., 2020b). Hydrothermal leach-
ing and remobilization of metals from the base-
ment rocks is possibly the mechanism to form 
Au-, Sb-, and Hg-rich hydrothermal fluids. Ma 
et al. (2002) demonstrated high mobility of Au 
and Hg in basement rocks during hydrothermal 
fluid interaction, with a leaching rate of >20%. 
Based on the mean Au and Hg concentrations of 
2 and 50 ng/g in these basement rocks (Ma et al., 
2002), assuming a rock density of 2.7 g cm–3, 
we calculated that ∼1000 km3 of the basement 
mass would release the estimated Au reserves of 
∼1000 t in the Youjiang province.

Collectively, we develop a metallogenic 
model for the Youjiang Carlin-type Au deposits 
(Fig. 6). During the Neoproterozoic, terrigenous 
weathering detritus formed the basement rocks 
of the Yangtze block with negative Δ199Hg sig-
nals (Fig. 2). Thick marine sedimentary rocks 
with positive Δ199Hg signals deposited within 
the Youjiang Basin from the Sinian to Middle 
Triassic. Large-scale lithosphere extension due 
to asthenosphere upwelling during the Late 
Jurassic–Early Cretaceous triggered extensive 
magmatism and mineralization in the inland 
of South China (Hu et  al., 2017; Mao et  al., 
2021). Synchronous magmatism beneath the 
Youjiang Basin not only released magmatic-
hydrothermal fluids containing a portion of Hg 
with near-zero Δ199Hg, but drove heated deep-
circulating fluids to mobilize metals from the 
basement rocks (Hu et al., 2020; Deng et al., 

TABLE 2. FRACTIONAL CONTRIBUTIONS OF Hg AND METALS FROM THE BASEMENT ROCKS AND MAGMATIC-
HYDROTHERMAL SYSTEM FOR THE CARLIN-TYPE GOLD DEPOSITS IN THE YOUJIANG BASIN

Deposit fb (Δ199Hgb = –0.0988 ± 0.0376)
(%)

fm (Δ199Hgm = 0.0384 ± 0.0222)
(%)

SD
(%)

Shuiyindong (Δ199Hgs = –0.0868 ± 0.0320) 76 24 15

Jinfeng-Linwang (Δ199Hgs = –0.1032 ± 0.0910) 81 19 15

Jinya-Nakuang (Δ199Hgs = –0.1449 ± 0.0643) 93 7 13

Badu (Δ199Hgs = –0.1243 ± 0.0747) 88 12 14

Mean (Δ199Hgs = −0.1168 ± 0.0638) 86 14 14

Notes: fb and fm—the fractional contributions of basement rocks and magmatic-hydrothermal system, respectively. Δ199Hgb, Δ199Hgm, and Δ199HgS—mean isotopic values 
of basement rocks, magmatic system, and ore-associated sulfides, respectively. SD—standard deviation.
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2022b), forming Au- and Hg-rich hydrother-
mal fluids with negative Δ199Hg. The ore flu-
ids were mixed and migrated upwards along 
deeply seated faults and ponded into favorable 
strata and structural traps (Hu et al., 2017; Su 
et al., 2018), generating the Youjiang Carlin-
type Au deposits with negative to near-zero 
Δ199Hg values.

CONCLUSIONS

This study observes negative to near-zero 
Δ199Hg values in the Youjiang Carlin-type Au 
deposits, suggesting that the main contribution 
of Hg and metals was originated from the Pre-
cambrian basement. This is different from the 
positive to near-zero Δ199Hg values observed in 
the epithermal Au deposits at active continental 
margins, which mainly receive Hg from oceanic 
crust and sediments via plate subduction. The 
negative Δ199Hg values in the Youjiang Carlin-
type Au deposits, perhaps, imply the Precam-
brian basement as a common metal source for 
hydrothermal Au metallogenesis occurring far 
away from active continental margins. Com-
paring the traditional S, Pb, C, and O isotopes 
that experienced complex evolution processes 
and isotope fractionation during mineraliza-
tion, Hg isotope is a powerful tracer for directly 
constraining the metal source of hydrothermal 
deposits in different settings.
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