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The Sichuan–Yunnan–Guizhou (SYG) Zn–Pb metallogenic zone in SW China contains >400 carbonate-
hosted hydrothermal Zn–Pb deposits. Some of these, such as the Huize, Tianbaoshan, and Daliangzi
deposits, are super-large deposits with significant reserves of Cd, Ge, and Ag. However, the sources of
these metals remain controversial. This study investigated the Cd isotopic geochemistry of the Huize
deposit, the largest Zn–Pb deposit in the SYG area. Sphalerites formed at three stages in the deposit have
different colors: black or dark brown (Stage I), red (Stage II), and light-yellow (Stage III). The d114/110Cd
values of the sphalerites are in the order Stage III < Stage I < Stage II. Kinetic isotopic fractionation is likely
the key factor causing the lower d114/110Cd values in the early formed Stage I sphalerites than in later-
formed Stage II sphalerites, with cooling of ore-forming fluids being responsible for the still lower values
of the Stage III sphalerites. In galena, the d114/110Cd values are inversely correlated with Cd contents and
tend to be higher in high-Zn galena. We speculate that Cd isotopic fractionation was significant during
the precipitation of sphalerite and galena, with light Cd isotopes being enriched in galena rather than
sphalerite. Comparison of the Cd isotopic signatures and Zn/Cd ratios of different endmembers suggests
that the d114/110Cd values and Zn/Cd ratios of sphalerite from the Huize deposit, as well as other large-
scale deposits from the SYG area, are lie in those range of Emeishan basalts and sedimentary rocks and
the mean d114/110Cd values of these deposits show good negative correlation with 1/Cd, suggesting that
the ore-forming materials of these deposits were derived from the mixing of Emeishan basalts and sed-
imentary rocks. This study demonstrates that Cd isotopes can be useful proxies in elucidating ore genesis
in large Zn–Pb deposits.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Cadmium (Cd) has eight natural stable isotopes (106Cd, 108Cd,
110Cd, 111Cd, 112Cd, 113Cd, 114Cd, and 116Cd) and its isotopic
geochemistry provides insights into its sources and geochemical
processes in terrestrial and extraterrestrial systems (e.g.,
Wombacher et al., 2003, 2008; Ripperger et al., 2007; Ripperger
and Rehkämper, 2007; Schmitt et al., 2009a; Rehkämper et al.,
2012; Zhu et al., 2015). Mass-dependent fractionation of Cd
isotopes has been observed in geochemical processes such as
evaporation and condensation (Wombacher et al., 2004), precipita-
tion (Horner et al., 2011; Zhu et al., 2013, 2017), adsorption
(Wasylenki et al., 2014), and biological processes (Lacan et al.,
2006; Wei et al., 2016; Wiggenhauser et al., 2016; Li et al., 2019).
Large variations in d114/110Cd values (>3‰) have been reported in
rocks (Wombacher et al., 2003; Schmitt et al., 2009a; Georgiev
et al., 2015; Hohl et al., 2017, 2019; Zhang et al., 2018), ore deposits
(Zhu et al., 2013, 2016; Wen et al., 2016; Li et al., 2019), soils
(Cloquet et al., 2006; Chrastný et al., 2015; Wen et al., 2015), sed-
iments (Gao et al., 2008; Zhang et al., 2016), seawater (Ripperger
et al., 2007; Abouchami et al., 2011, 2014; Yang et al., 2012), and
biological samples (Wei et al., 2016; Wiggenhauser et al., 2016).
With the isotopic signatures of different source endmembers being
well defined, it has been possible to trace and quantify sources of
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Cd in various environments, using Cd-isotope-based mixing mod-
els (Cloquet et al., 2006; Lambelet et al., 2013; Abouchami et al.,
2014; Wen et al., 2015). Wen et al. (2016) investigated Cd isotopic
fractionation in different types of hydrothermal system, and found
that high-temperature systems have lower D114/110Cd value
(~0.4‰) than Mississippi Valley Type (MVT) deposits (~1.5‰),
and that the mean d114/110Cd value of magma-related deposits
(0.08‰ ± 0.21‰; 2SD) is similar to that of basalts (0.00 ± 0.08‰;
Liu et al., 2019; Tan et al., 2020), suggesting that sphalerite inher-
ited the Cd isotopic signatures of source beds. In MVT deposits, bio-
logical processes and mineral precipitation are considered
important factors causing strong Cd isotopic fractionation in such
systems (Zhu et al., 2017; Li et al., 2019). Although Cd isotopic frac-
tionation mechanisms have been widely studied in different
hydrothermal systems, the Cd isotopic signatures of potential
source beds are still unclear in medium–low-temperature
hydrothermal systems, restricting the application of Cd isotopes
in tracing metal sources in such systems. Further studies are there-
fore needed to extend the application of Cd isotopes in large
hydrothermal systems.

We investigated the isotopic geochemistry of Cd in the Huize
deposit in the Sichuan–Yunnan–Guizhou (SYG) metallogenic area
of SW China. As a world-class Zn–Pb metallogenic zone, the SYG
area is defined as a low-temperature metallogenic domain (gener-
ally below 200–250 �C) containing more than 400 carbonate-
hosted hydrothermal Zn–Pb deposits with total Zn and Pb ore
reserves of >150 million tons at average grades of 10 wt.% Zn and
5 wt.% Pb (Zaw et al., 2007; Ye et al., 2011; Zhang et al., 2015).
As the most representative and largest Zn–Pb deposit in the SYG
area, the Huize deposit has been intensively studied, but its origin
remains controversial. Geologically, the deposit is hosted by car-
bonate rocks and was therefore suggested to be an MVT ore deposit
(Zhou et al., 2001; Han et al., 2007; Zhang et al., 2015). However,
recent studies of geological settings, fluid inclusions, trace ele-
ments, and S and Pb isotopes have suggested that the deposit
may differ from typical MVT deposits (Huang et al., 2004; Zhang
et al., 2005; Han et al., 2007, 2017; Zhou et al., 2013a; Zhu et al.,
2016). The Huize deposit is spatially and intimately associated
with the Emeishan large igneous province (259–251 Ma; Zhou
et al., 2002; Zhong et al., 2014), and numerous studies have argued
that it may be a magma-related deposit and that Emeishan flood
basalts may be an important source of the ore-forming fluids and
metals (Li et al., 2007; Xu et al., 2014; Zhu et al., 2007; Huang
et al., 2004).

We investigated the Zn and Cd contents and Cd isotopic compo-
sitions of sulfides, sedimentary rocks, and igneous rocks collected
from the Huize ore deposit with the aim of elucidating the ore gen-
esis of the Huize deposit.
2. Geology of the Huize deposit

The SYG metallogenic area lies at the junction of the Yangtze,
Cathaysia, and Indochina blocks (Fig. 1a). Strata in the area include
basement and sedimentary cover. From lower to uppermost, the
basement comprises the Paleoproterozoic Kangding (Pt11k;
migmatite and gneiss) and Dahongshan (Pt12d; meta-clastic rock
and spilite-keratophyre sequence) groups, and the Meso-
Neoproterozoic Kunyang Group (Pt2-3k; clastic rock withminor car-
bonate; Zhou et al., 2001;Huang et al., 2004). The sedimentary cover
includes (in ascending stratigraphic order) Ediacaran to Quaternary
strata comprising predominantly limestone and dolomite. Emeis-
han flood basalts (late Permian) cover an area of >250,000 km2 with
a total thickness ranging from several hundred meters to 5 km and
are widely distributed in the SYG area (Zhou et al., 2001; Fig. 1).
These flood basalts are commonly overlain by Triassic sedimentary
2

rocks and underlain by the middle Permian Qixia–Maokou Forma-
tion. Geographic and geological investigations have shown that
the SYG Zn–Pb deposits are carbonate-hosted ore deposits, which
are commonly locatednear deep-seated regional faults and spatially
associated with fault intersections and Emeishan basalts (Huang
et al., 2004; Fig. 1b).

The Huize deposit lies at the intersection of NE- and NS-
trending tectonic belts between (from north to south) the Zhao-
tong–Qujing concealed fault zone and the Xiaojiang fault zone
(Fig. 1b). Orebodies occur within the Kuangshanchang fault zone
in the southwestern segment of the Dongchuan–Zhenxiong region
related to the major Xiaojiang and Zhaotong–Qujing faults
(Fig. 1b). Outcrops in the Huize deposit are hosted by Ediacaran
to Permian strata comprising mainly carbonaceous rocks (Fig. 2).
The Huize deposit includes two principal mines, namely the
Kuangshanchang and Qilinchang mines, with the No. 1 orebody
of the former and the Nos. 3, 6, 8, and 10 orebodies of the latter
containing >90% of the total metal reserves of the Huize deposit
(Huang et al., 2004; Yin et al., 2009). Orebodies of both the Kuang-
shanchang and Qilinchang mines are all in the Baizuo Formation
(lower Carboniferous, C1b), which comprises predominantly
light–yellow and red coarse dolomite interbedded with gray
limestone and dolomitic limestone (Fig. 2). The orebodies are
lenticular, chambered, and veined. The Huize deposit contains
>6 million tons of total metal reserves with a combined Zn and
Pb grade of ~30 wt.% (Han et al., 2015). It is also enriched in
Ag, Ge, and Cd at up to 200 lg g�1, 81 lg g�1, and 488 lg g�1 in
Zn–Pb ores, respectively (Han et al., 2007).

The economic minerals of the Huize deposit include mainly
sphalerite and galena (Supplementary Data, Fig. S1A), similar to
other Zn–Pb deposits in the SYG area. Predominant ore textures
are subhedral–euhedral granular, metasomatic–resorption, and
fracture-infill textures (Huang et al., 2004). Sphalerite is euhedral
to anhedral with grain sizes of 1–30 mm, and commonly coex-
ists with galena, pyrite, calcite, and dolomite (Supplementary
Data, Fig. S1B–F). Different shades of sphalerite colors can be dis-
tinguished in hand specimens. Detailed microscopic observations
indicate that color zonation patterns occur throughout the entire
sphalerite crystal, with the color changing continuously from
dark at the core to pale at the edge (Supplementary Data,
Fig. S1; Li and Zhu, 2020). Dark sphalerite is commonly rounded
and/or crossed by pale sphalerite (Supplementary Data, Fig. S1A)
with its formation thus being divided into different stages based
on color: Stage I, the initial stage with black or dark-brown
color; Stage II, the middle stage with red or pale-brown color;
and Stage III with light-yellow color. Galena is euhedral to anhe-
dral with grain sizes of 10 lm to 20 mm, is commonly inter-
grown with sphalerite, and generally precipitated later than
sphalerite (Supplementary Data, Fig. S1B–E). Gangue minerals
include mainly pyrite, calcite, and dolomite. Pyrites are com-
monly euhedral and were deposited earlier than sphalerite and
galena. Calcites and dolomites were generally precipitated later
than the sulfides, but some were formed earlier than galena
(Huang et al., 2004). Detailed signatures of these minerals are
shown in Supplementary Data (Fig. S1).

Five and three representative hand specimens, respectively,
were collected from the No. 8 and No. 10 orebodies of the Huize
deposit. Different-colored sphalerites were collected from these
specimens to provide time constraints on the variation of Cd iso-
topic composition during sphalerite precipitation. Five galena sam-
ples were selected for comparison of Cd isotopic fractionation
between sulfides. Twenty sedimentary rocks and two Emeishan
basalts were collected from a typical stratigraphic section located
~7 km from the Huize deposit. Sedimentary rocks include siltstone,
sandstone, limestone, shale, and dolomite that were deposited dur-
ing the Devonian–Permian.



Fig. 1. (a) Tectonic sketch and (b) regional geological map of the SYG Zn–Pb metallogenic province, SW China (modified from Zhu et al., 2017).

Fig. 2. Geological map (a) and typical cross-section (b) of the Huize Zn–Pb deposit
(modified from Huang et al., 2004).
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3. Methods

3.1. Sample preparation

Sulfides were crushed into 40–60 mesh, and 4 galena and 18
sphalerite samples of different colors were handpicked under a
3

binocular microscope. The selected mineral separates were then
crushed to ~200 mesh. Sedimentary rocks and basalts were washed
with distilled water, air-dried, and crushed to ~200 mesh.
3.2. Sample digestion and chemical purification

Cadmium isotopic compositions of sulfides and rock samples
were determined in 2013 and 2017, respectively, with separate
methods being employed for Cd purification due to their different
Cd contents (Table 1). For sulfides, ~100 mg of sphalerite (~200 mg
for galena) was weighed into a 7 mL Teflon digestion vial (Savilex;
USA). The samples were then reacted with 3 mL concentrated
HNO3 at 110 �C for 24 h. After evaporation to dryness, each sample
was digested in 1 mL concentrated HF and evaporated to dryness at
110 �C. Sulfide samples were purified on columns containing 3 mL
pre-cleaned 100–200 mesh AG MP-1 M (Bio-Rad, USA) anion-
exchange resin (Table 1) using the method of Zhu et al. (2013),
which yielded Cd recoveries of >98%.

For rock samples, sub-samples containing ~150 ng Cd were
placed in 50 mL Teflon digestion vials, digested with 10 mL aqua
regia, and heated to dryness at 180 �C over ~24 h, with the residue
then being dissolved in 10 mL 1% HNO3. A 111Cd–110Cd double-
spike solution (111Cd/110Cd � 2) was added to each sample to
achieve a Cd spike–sample ratio of ~2. The samples were then
mechanically shaken for 24 h to reach Cd isotopic equilibrium.
Each sample was then transferred to a centrifuge tube and
centrifuged for 20 min (4000 rpm). The residue was reacted with



Table 1
Sample digestion and column chemistry protocol.

Sulfide sample digestion Sedimentary rocks digestion

2 mL 15 M HNO3, evaporation 10 mL aqua regia, evaporation
1 mL HF, evaporation Dissolved in 10 mL 1% HNO3 + double

spike solution, centrifugation and
evaporation

Dissolved in 2mL 2 M HCl Dissolved in 3mL 2 M HCl
Resin Resin
3 mL AG MP-1 M (100–200 mesh) 3 mL AG MP-1 M (100–200 mesh)
Preconditioning resin Preconditioning resin
10 mL 2 M HCl 10 mL 2 M HCl
Elution Elution
Load sample in 2 mL, 2 M HCl Load sample in 3 mL, 2 M HCl
10 mL 2 MHCl, elute matrix elements 10 mL 2 M HCl, elute matrix elements
30 mL 0.3 HCl, elute Pb 30 mL 0.3 HCl, elute Pb
20 mL 0.06 HCl, elute Sn 20 mL 0.06 HCl, elute Sn
5 mL 0.012 HCl, elute Zn and Sn 5 mL 0.012 HCl, elute Zn and Sn
20 mL 0.0012 HCl, collect Cd 20 mL 0.0012 HCl, collect Cd
All collected solution evaporated and

then dissolved in 2 mL 1% HNO3

for analysis

All collected solution evaporated and
then dissolved in 2 mL 2 M HCl for
the secondary separation
After twice separation, all collected
solution evaporated and then
dissolved in 2 mL 1% HNO3 for
analysis
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5–10 mL concentrated HF at 180 �C over ~24 h. After evaporation,
the supernatant and the digested residue of each sample were
mixed for Cd purification. The chemical separation and purification
methodologies for Cd of sedimentary rocks and sulfides were sim-
ilar. Due to the low Cd contents of the sedimentary and igneous
rocks, each sample was purified twice to achieve complete Cd sep-
aration from the matrix (Table 1); Cd recovery was >85%.

The double-spike solution was prepared from individual 110Cd
(CdO; 96.0% ± 0.3% purity) and 111Cd (CdO; 96.18% ± 0.02% purity)
spikes (Oak Ridge National Laboratory, USA). The Cd isotopic ratios
of the double-spike solution were determined by long-term multi-
collector inductively couple plasma mass spectrometry (MC-ICP-
MS) analyses over more than six months at the Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang, China. Instru-
mental mass bias was corrected by external normalization using
an Ag isotopic standard (US National Institute of Standards and
Technology, (NIST) standard reference material (SRM) 978a; 107-
Ag/109Ag = 1.07638 ± 0.00022) using the exponential law. The Cd
isotopic ratios of the double-spike solution are reported in Table 2.

All acids used in the study were prepared by sub-boiling distil-
lation. Millipore 18.2 MX cm water was used throughout. The Cd
standards, including NIST-3108 and Nancy Spex (CRPG, France),
were used to monitor Cd isotopic fractionation during chemical
separation and MS analyses.
3.3. Elemental and isotopic analyses

The Cd and Zn contents of the digested sulfides and trace-
element contents of sedimentary rocks were determined at the
Institute of Geochemistry, Chinese Academy of Science, by ICP–op-
tical emission spectrometry (ICP-OES; Varian Vista MPX, USA) and
Table 2
The average value of Cd isotopic ratios in double spike solution and NIST SRM 3108 Cd.

Solution n 111Cd/110Cd

NIST 3108Cd 72 1.02596 ± 0.00018
110Cd-111Cd double spike 72 1.85110 ± 0.00031

n: number of measurements. Data resource: Zhang et al. (2018).
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ICP-MS (ElAN DRC-e, Perkin Elmer, USA), respectively. Uncertain-
ties of the two methods were <10%, based on in-house standards.

Cadmium isotopic compositions of sulfides were determined by
MC-ICP-MS (Neptune Plus, Thermo Fisher, USA) at the State Key
Laboratory of Crust–Mantle Evolution and Mineralization, Nanjing
University, Nanjing, China. The standard–sample bracketing
method was used as suggested previously (Zhu et al., 2017). Cad-
mium isotopic compositions of sedimentary and igneous rocks
were determined by MC-ICP-MS (Neptune Plus) at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences. Detailed information on instrumen-
tation and measurement protocols for the double-spike technique
were reported by Zhang et al. (2018). A MATLAB-based script with
an iterative double-spike correction algorithm was applied offline
to compute Cd isotopic compositions of the double-spiked sam-
ples. Duplicate measurements of the international basalt standard
BCR-2 (US Geological Survey) were performed for testing accuracy
and reproducibility.

Cadmium isotopic ratios are expressed in standard delta nota-
tion in per mil units relative to the NIST SRM 3108 Cd solution:

dx/110Cd(‰) = [(xCd/110Cd) sample/(xCd/110Cd) NIST-3108–1] � 1000

where xCd represents the 111Cd, 112Cd, and 114Cd isotopes.
Nancy Spex and Münster Cd were used as in-house standards dur-
ing sample analyses, with NIST 3108Cd as the bracketing standard.
Average values of d114/110Cd of Münster Cd and Nancy Spex Cd
were 4.49‰ ± 0.09‰ (2SD; n = 4) and �0.12‰ ± 0.03‰ (2SD;
n = 4), consistent with the previously reported values of 4.50‰ ± 0
.05‰ and �0.09‰ ± 0.04‰, respectively (Abouchami et al., 2013).
The measured d114/110Cd value of BCR-2 was �0.07‰ ± 0.08‰, con-
sistent with published values within error (0.02‰ ± 0.04‰, Liu
et al., 2019; and �0.01‰ ± 0.05‰, Tan et al., 2020).
4. Results

The Zn and Cd contents and Cd isotopic compositions of sulfides
are listed in Supplementary Data (Table S1). Sphalerites have vari-
able Zn and Cd contents of 46.4%–60.4% and 909–2440 lg g�1,
respectively. Zn and Cd contents of black and red sphalerites are
negatively correlated (Fig. 5a), suggesting that Cd entered the
sphalerite lattice through direct substitution of Zn2+ by Cd2+, as
suggested previously (Cook et al., 2009). Interestingly, dark spha-
lerite in the Huize deposit is commonly wrapped in pale sphalerite
(Supplementary Data, Fig. S1A), and the color shades may be used
to constraint the formation sequence (Huang et al., 2004; Han
et al., 2007; Li and Zhu, 2020). As shown in Fig. 5b, all black spha-
lerites have higher Cd contents than red sphalerites, suggesting
that earlier formed sphalerite (dark) has higher Cd content than
the later formed type (red). However, light-yellow sphalerites do
not obey this rule.

Galenas have low Zn and Cd contents of 0.02%–0.70% and 6–
27 lg g�1, respectively. The d114/110Cd values of sphalerites and
galenas range from �0.17‰ to 0.36‰ and from �0.36‰ to
0.18‰, respectively. Sulfides were collected from separate mining
levels of the No. 8 and No. 10 orebodies, but no clear Zn/Cd ratio or
112Cd/110Cd 114Cd/110Cd

1.93308 ± 0.00029 2.30434 ± 0.00046
0.0498434 ± 0.0000020 0.0165181 ± 0.0000022



Fig. 4. Cd (a) and Zn (b) contents, and Cd isotopic compositions (c) of sedimentary
rocks and Emeishan basalts sampled in the Huize ore district. Dashed lines indicate
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Cd isotopic differences were observed between levels (Supplemen-
tary Data, Table S1 and Fig. 3).

The Cd and Zn contents and d114/110Cd values of sedimentary
rocks and basalts are given in Supplementary Data (Table S2).
The Emeishan basalts have higher Zn contents (99–136 lg g�1)
than those of sedimentary rocks (5–66 lg g�1), but lower Cd
contents (0.11–0.18 lg g�1) than those of most sedimentary rocks
(0.13–0.76 lg g�1; Supplementary Data, Table S2; Fig. 4). Narrow
ranges of d114/110Cd values were observed in the Emeishan basalts
(�0.13‰ to �0.22‰). In contrast, sedimentary rocks exhibit wide
variations in d114/110Cd values (�0.25‰ to 0.82‰). The d114/110Cd
values increase slightly from Devonian to Permian strata (Fig. 4;
Supplementary Data, Table S2), largely overlapping with data pre-
viously published for sphalerite from Zn–Pb deposits in the SYG
area, such as the Huize (�0.17‰ to 0.36‰, this study), Fule (0.17
‰–0.81‰; Zhu et al., 2017), Tianbaoshan (0.12‰–0.68‰; Zhu
et al., 2016), Daliangzi (0.02‰–0.56‰; Xu et al., 2019), Maozu (0.
07‰–0.22‰; Xu et al., 2019), Jinshachang (0.20‰–0.33‰; Xu
et al., 2019) and Fusheng (0.19‰–0.65‰; Xu et al., 2019) deposits.
mean values of the Devonian (D3zg) to Permian (P2b) period (Y axis).
5. Discussion

5.1. Geochemistry of sphalerite

Previous Cd isotopic studies have indicated the preferential pre-
cipitation of isotopically lighter Cd in sulfides than in solutions,
with the d114/110Cd values of newly formed sulfides tending to
increase with time (Yang et al., 2014; Zhu et al., 2017). Most dark
sphalerites (Stage I) have lower d114/110Cd values than the red type
(Stage II; e.g., sample HZ-53; Supplementary Data, Table S1), con-
sistent with previous studies (Zhu et al., 2017). However, the
light-yellow sphalerites (Stage III) have lower d114/110Cd values
than both the dark and red types (e.g., samples HZ-25, 32, 34,
36; Supplementary Data, Table S1). In a study of the Tianbaoshan
Pb–Zn deposit, dark sphalerites also exhibited higher d114/110Cd
values than the pale type (Zhu et al., 2016), which was explained
as being due to the heterogeneous composition of ore-forming flu-
ids. However, the lack of Pb isotopic variation in the ores suggests
that ore-forming fluids were homogeneous in the Huize deposit
(Zhou et al., 2001; Huang et al., 2004; Han et al., 2007). Rare-
earth element (REE) and C–O isotopic signatures also suggest that
ore-forming fluids were homogenized before mineralization
(Huang et al., 2003, 2010). Furthermore, recent Zn isotopic data
indicate minor Zn isotopic variation in sphalerite between different
Fig. 3. Cd isotopic compositions (a), Zn/Cd ratios (b), and Cd contents (c) of dif
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mining levels and orebodies of the Huize deposit, with d66ZnJMC

values ranging from 0.17‰ to 0.32‰ (Wu, 2013). Heterogeneity
in fluid elemental and isotopic compositions is thus unlikely to
explain the Cd isotopic variation between the pale-yellow and
black or red sphalerites of the Huize deposit.

A few studies have documented factors that may be considered
in accounting for the Cd isotopic signatures of sphalerite, such as
Cd species in ore-forming fluids and fluid temperature (Schmitt
et al., 2009b; Yang et al., 2014), with the latter being proven a cru-
cial factor causing strong isotopic fractionation (Yang et al., 2014).
Dark sphalerite is usually formed at higher temperatures than the
pale type (Graeser, 1969). Infrared microthermometry of fluid
inclusions in Huize sphalerite indicates homogenization tempera-
tures of sphalerite-hosted fluid inclusions of 100–364 �C (Supple-
mentary Data, Table S3), with that of inclusions in dark
sphalerite being higher than in the pale type (Han et al., 2016).
Yang et al. (2014) calculated the equilibrium isotopic fractionation
between different Cd species at various temperatures in hydrother-
mal fluids and suggested that temperature variations may produce
strong fractionation of up to 0.35‰ for CdHS+ at 100–400 �C,
slightly higher than the observed fractionation between
distinct-colored sphalerites in hand specimens (up to 0.31‰; sam-
ple HZ-34). We suggest that kinetic isotopic fractionation resulted
ferent-colored sphalerite from the four mining levels of the Huize deposit.
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in the early-formed black sphalerites with lower d114/110Cd values
than the later-formed red type, with temperature variations being
a key factor causing the pale-yellow type to have lower d114/110Cd
values than both the dark and red types. This may also be sup-
ported by the higher homogenization temperature of inclusions
in dark sphalerite than in the pale type (Han et al., 2016), resulting
in the chemical signatures of light-yellow sphalerites being differ-
ent to those of black and red sphalerites (Fig. 5a and b).
5.2. Geochemistry of galena

Previous studies have suggested that Cd could be incorporated
into galena as chemically adsorbed compounds (Tauson et al.,
2005) following isovalent substitution ((Cd,Hg)2+ M Pb2+; George
et al., 2015). Linear positive correlation between Cd and Zn concen-
trations in galenahave been observed in the Fule deposit, China (Zhu
et al., 2017) and in the Alcudia Valley mineral field, Spain (Palero-
Fernández and Martín-Izard 2005), suggesting that Cd occurs pre-
dominantly as sphalerite micro-inclusions in galena. In the Huize
deposit, the galena Cd content is also strongly correlated with the
Zn content (R2 = 0.91; Fig. 5c), although we cannot exclude the pos-
sibility that Cd substitutes into the crystal lattice of galena, for the
following two reasons. (1) Most galenas have lower Zn/Cd ratios
(33–342) than those of sphalerites (235–635); if the Cd was derived
only from sphaleritemicro-inclusions, the galenas should have sim-
ilar Zn/Cd ratios to those of sphalerites, as observed previously (Zhu
et al., 2017). (2) The d114/110Cd values are negatively correlatedwith
the reciprocal of Cd content (1/Cd) in galena (R2 = 0.62; Fig. 5d),
implying a mixing of Cd in sphalerite micro-inclusions and isomor-
phism of Cd in galena.Meanwhile, Cd isotopes are significantly frac-
Fig. 5. Plots of (a) Cd–Zn in sphalerite, (b) Cd isotopic compositions of different-
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tionated during the formation of sphalerite and galena (sample HZ-
34) at hand-specimen scale with D114/110Cdgalena-sphalerite values of
up to ~0.50‰, suggesting that lighter Cd isotopes are preferentially
enriched in galena over sphalerite. Crystal structures were consid-
ered as an important factor that controls isotope signatures between
minerals (O’Neil, 1977). However, due to limited studies, it is still
unclear the reason that light Cd isotopes preferred to enrich in
galena rather than sphalerite, thus, we could not give further expla-
nations on this conclusion.
5.3. Metal sources in Huize and other deposits in the SYG area

As Group IIB transition metals, Cd and Zn have similar elec-
tronic structures and ionization potentials, and therefore similar
geochemical properties. In hydrothermal systems, the partitioning
of Zn and Cd between sphalerite and parental fluids is controlled
by many aspects of parent-fluid geochemistry such as the Zn/Cd
ratio, pH, and reduced-sulfur content (Schwartz, 2000; Wen
et al., 2016). Variations in fluid Zn/Cd ratios play a key role in
determining sphalerite Zn and Cd compositions. Cadmium is
strongly correlated with zinc in terms of extraction efficiency from
basalt, transport, mixing, sulfide precipitation, and remobilization
(Metz and Trefry, 2000). Gottesmann and Kampe (2007) suggested
that ores at Tumurtijn-ovoo (Mongolia) with Zn/Cd ratios of >500
were inherited from a basaltic source with similar Zn/Cd ratios,
indicating that the Zn/Cd ratio is a useful geochemical indicator
for tracking metal sources and/or classifying types of Zn–Pb
deposit (Jonasson and Sangster, 1978; Viets et al., 1992;
Gottesmann and Kampe, 2007; Demir et al., 2013; Zhu et al.,
2016; Wen et al., 2016).
colored sphalerite, (c) Cd–Zn in galena, and (d) d114/110Cd–(1/Cd) for galena.



Fig. 6. Plot of Zn/Cd ratios vs. d114/110Cd values in sphalerite associated with
sedimentary rocks and Emeishan basalts in the Huize ore district, from eight Zn–Pb
deposits in the SYG area. Shaded grey and dark areas represent ranges of d114/110Cd
values and Zn/Cd ratios. Data sources: Fule (Zhu et al., 2017); Tianbaoshan (Zhu
et al., 2016; Xu et al., 2019); Shanshulin (Zhu et al., 2013 and this study);
Jinshachang, Maozu, Daliangzi and Fusheng (Xu et al., 2019). Note: Zhu et al. (2013)
reported Cd content and isotopic compositions for only sphalerite from the
Shanshulin deposit without Zn contents, with more samples being analyzed in this
study, as shown in Supplementary Data (Table S4).
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In the Huize deposit, the Zn/Cd ratios of sedimentary rocks
range from 13 to 367, with most being concentrated in a narrow
range of 39–127. In contrast, Emeishan basalts have much higher
Zn/Cd ratios (756–900) than sedimentary rocks. Here, the Zn/Cd
ratios of sphalerite ranged from 235 to 635 (mean, 479 ± 222;
2SD), much higher than those of sedimentary rocks but lower than
those of Emeishan basalts, indicating that Zn and Cd were derived
from mixing of fluids extracted from both sedimentary rocks and
Emeishan basalts. The REE and C–O isotopic data for the Huize
deposit also suggest that the ore-forming fluids were derived from
crust–mantle mixing processes, with mantle-derived fluid being
related to the Emeishan basalts (Huang et al., 2003, 2004, 2010;
Zhang et al., 2005). Recent studies of Zn isotopes indicate that
sphalerites of the Huize deposit have d66ZnJMC values of 0.17‰–0.
32‰ (Wu, 2013), which fall between those of Emeishan basalts
(0.30‰–0.44‰) and sedimentary rocks (�0.24‰ to 0.17‰; Zhou
et al., 2014), suggesting that Zn was derived from a mixture of sed-
imentary rocks and the Emeishan basalts.
Fig. 7. Plot of average 1/Cd vs. average d114/110Cd values of sphalerite from eight Zn–
(Table S4).
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Based on the geochemical similarities of Zn and Cd, it is reason-
able to assume that there is negligible fractionation between Zn
and Cd during their extraction from source rocks and the formation
of sulfides (Metz and Trefry, 2000). Based on this assumption and
the Cd isotopic compositions, we derived a mixing model to
explain variations in the Zn/Cd ratios and Cd isotopic compositions
of sphalerite in eight large-scale Zn–Pb deposits in the SYG area
(Fig. 6) including the Huize, Fule, Tianbaoshan, Daliangzi, Maozu,
Jinshachang, and Fusheng deposits. Variations in d114/110Cd values
display a weak (R2 = 0.44) negative correlation with 1/Cd in spha-
lerite (Fig. 7a), which is enhanced (R2 = 0.69) with mean d114/110Cd
and 1/Cd values in different deposits (Fig. 7b). This suggests an iso-
topic mixing model for the origin of Cd in Zn–Pb deposits in the
SYG area, with the Emeishan basalts and sedimentary rocks as
the two endmembers. This is consistent with the REE and C, O,
and Zn isotopic data as discussed previously (see section 5.1).

The formation ages of the Daliangzi and Fule deposits are 345.2
± 3.6 Ma (sphalerite and galena; Liu et al., 2018) and 20 ± 3.2 Ma
(sphalerite and galena; Liu et al., 2015), respectively, and are distinct
fromtheageof theEmeishanbasalts (259–251Ma;Zhouet al., 2002;
Song et al., 2002; Zhong et al., 2014), which suggests that the two
deposits had no relationship with the Emeishan basalts during their
formation. Indeed, the d114/110Cd values of these deposits lie in the
Zn/Cd range of sedimentary rockswith lowZn/Cd ratios and variable
d114/110Cd values, but beyond the range of Emeishan basalts with
higher Zn/Cd ratios and lower d114/110Cd values (Fig. 6). The age of
the Huize deposit is generally considered as 228–223 Ma, based on
147Sm–143Nd (calcite, 228–226 Ma; Li et al., 2007) and 87Rb–86Sr
(sphalerite, 226–223 Ma; Yin et al., 2009) dating. These ages are
similar to those of native copper mineralization (228–226 Ma;
Zhu et al., 2007), which is related to the Emeishan basalts in the
Huize area. Li et al. (2007) and Yin et al. (2009) proposed that the
Huize deposit was derived from fluidmigration during uplift result-
ing from the Emeishan flood basalts. For other deposits in the SYG
area, formation ages are slightly younger than those of the basalts,
including the Maozu (calcite, Sm–Nd 196 ± 13 Ma; Zhou et al.,
2013b) and Jinshachang (fluorite, Sm–Nd 201 ± 6.2 Ma; Zhang
et al., 2015; sphalerite, Rb–Sr, 206.8 ± 3.7 Ma; Zhou et al., 2015)
deposits, which have similar mineralization ages, indicating a large
mineralization event in this area at ca. 200 Ma. Xu et al. (2014) pro-
posed a thermal simulation model to evaluate the evolution of
underplated Emeishan basalts that indicates the release of ore-
forming fluid from the basalts occurred over 100 Myr, with a close
relationship between Zn–Pb deposits and the Emeishan basalts.
We therefore suggest that the metal sources of the Huize and
Pb deposits in the SYG area. For data sources see Fig. 6 and Supplementary Data
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Shanshulin deposits involved a mixture of Emeishan basalts and
sedimentary rocks. The basalts might have played a less important
role in contributing metals to the Tianbaoshan, Maozu, and Jin-
shachang deposits, but played a limited role in the formation of
the Daliangzi, Fule, and Fusheng deposits.

6. Conclusion

Cadmium isotopic compositions of different-colored sphalerite
and sedimentary rocks were investigated to track the Cd isotopic
geochemistry and its sources in a large hydrothermal system.
Kinetic isotopic fractionation resulted in dark sphalerite (Stage I)
having lower d114/110Cd values than red sphalerite (Stage II). Large
variations in fluid temperature might have caused the light-yellow
sphalerite (Stage III) to have lower d114/110Cd values than the dark
and red sphalerites. Light Cd isotopes are preferentially enriched in
galena over sphalerite. Zn/Cd ratios and Cd isotope compositions of
sulfides lie in the range of Emeishan basalts and sedimentary rocks,
which are the two potential sources of ore-forming metals and flu-
ids in the Huize ore deposits. In addition, we also summarize the
reported data of ore deposits from the SYG area which show that
the mean d114/110Cd values have a good negatively correlation with
1/Cd in sphalerite from these deposits, suggesting an isotopic mix-
ing model for the origin of Cd in Zn–Pb deposits in the SYG area.

We suggest that Cd isotopes can be used as a new geochemical
tracer to elucidate the ore genesis of large Pb–Zn hydrothermal
systems such as those in the SYG area.
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