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Antimony (Sb) and tungsten (W) and deposits typically form in distinct and unrelated ore-forming environments.
However, in rare cases, ore deposits may present combined Sb-W mineralization within a single deposit. These
contrasting occurrences introduce uncertainty within the Sb-W ore deposit model, which ultimately guides
mineral exploration strategies. Scheelite and stibnite are prevalent ore minerals in Sb-W deposits, making their
trace element compositions valuable for enhancing our understanding of the genesis of Sb-W ore systems. In this
study, we conducted a systematic investigation of trace element compositions in scheelite and stibnite samples
from the Chashan and Zhazixi Sb-W deposits in South China to decipher the primary ore-forming processes.
Scheelite from the Sb-W deposits is characterized by low Na, Nb, Ta and Mo contents, and variable Nb/Ta ratios.
These results present a remarkably different geochemical signature when compared with granite-related W
deposits, indicating that W mineralization in Sb-W deposits was derived from a non-magmatic origin. Moreover,
when combining the trace element signature with reported fluid inclusion and isotopic data, it can be concluded
that ore-forming fluids of the Chashan and Zhazixi Sb-W deposits were primarily composed of deep-circulating
meteoric groundwater. Scheelite from the Chashan deposit presents relatively flat REE patterns with large
positive Eu anomalies, whereas the Zhazixi deposit is characterized by bell-shaped REE patterns with weak Eu
anomalies. This suggests that the two Sb-W deposits may differ slightly in their source rock composition, which is
also supported by the different trace element compositions of stibnite. Stibnite from the Zhazixi deposit is
relatively enriched in As, Se and Pb, whereas stibnite from the Chashan deposit contains higher Sn, Zn, Mo, Ag, In
and Sr, further indicating that the initial fluids of the two deposits may have undergone different degrees of fluid-
rock interaction with their distinctive source rocks. This study demonstrates that the genesis of the Zhazixi and
Chashan Sb-W deposits significantly differ when compared to the ore-forming processes that control granite-
related W or metamorphic W deposits. Moreover, the formation of these Sb-W deposits appears to share a
similar genetic model consistent with low-temperature Sb deposits in South China. In this model, deep-
circulating meteoric groundwater infiltrates and leaches Sb and W from fertile source rocks through fluid-rock
interaction. Concealed granites may have solely served as a thermal source for the convection and upward
migration of ore-forming fluids, while the fertility of source rocks and the intensity of fluid-rock interaction are
expected to have played a crucial role in the formation of Sb-W deposits.

1. Introduction

It is well established that W ore deposits are spatially and temporally
associated with many important commodities (Mo, Au, Cu, and Sn) are
often derived from magmatic-hydrothermal fluids associated with
granitoid plutons (Audétat et al., 2000; Webster et al., 2004; Thomas
et al., 2005; Hu and Zhou, 2012; Mao et al., 2013; Poulin et al., 2018;
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Yuan et al., 2018, 2019). In comparison, Sb ore deposits are primarily
hosted in (meta-) sedimentary rocks and commonly formed by low-
temperature hydrothermal fluids without direct linkage with igneous
intrusions (Dill et al., 2008; Gunn, 2014; Hu et al., 2017a; Schulz et al.,
2017; Yan et al., 2022; Fu et al., 2023). Due to their distinct metallogenic
settings, Sb and W mineralization occurring within a single ore deposit is
rarely recognized worldwide and therefore the processes that govern the
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formation of Sb-W deposits are less concerned in previous literature.
South China is home to world-class W and Sb deposits, which account for
a significant proportion (>50 %) of the world’s W and Sb reserves and
production (Hu and Zhou, 2012; Mao et al., 2013; Hu et al., 2017a; Yan
et al., 2022; Zhao et al., 2022a, 2022b). Among them, a few deposits
such as the Zhazixi and Chashan have been recognized as having a
unique metal association of Sb-W (Shen et al., 2015; Zeng et al., 2017a).
The Sb-W deposits are hosted in (meta-)sedimentary rocks, fault-
controlled, characterized by the coexisting of vein-type Sb and W
mineralization, and are thought to form via low-temperature hydro-
thermal fluids (Shen et al., 2015; Zeng et al., 2017a, 2017b; Zhang et al.,
2021). However, the processes governing the formation of these Sb-W
deposits remain unclear due to the distinct low-grade metamorphism
of their host rocks, which distinguishes them from typical orogenic-type
deposits. In addition, their lack of clear spatial association with granites
sets them apart from granite-related W deposits in South China. There-
fore, different viewpoints favoring sedimentary, metamorphic, or
magmatic models have proposed in previous studies (He et al., 1996;
Nie, 1996; Zhao et al., 2007, 2021; Zeng et al., 2017a; Guo et al., 2018;
Cai et al., 2020).

Because scheelite and stibnite are among the primary ore minerals in
Sb-W deposits, their trace element composition may record useful in-
formation with respect to the origin of ore fluids and source character-
istics. As a result, this information may provide new perspectives to
understand the ore genesis of Sb-W deposits (Ghaderi et al., 1999;
Brugger et al., 2002; Dostal et al., 2009; Song et al., 2014; Fu et al.,
2020a, 2022; Silyanov et al., 2022; Stergiou et al., 2022). In recent
studies, in-situ laser ablation-inductively coupled plasma-mass
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spectrometry (LA-ICP-MS) has been successfully adopted in analyzing
the scheelite and stibnite trace element geochemistry (Dostal et al.,
2009; Song et al., 2014; Guo et al., 2016; Hazarika et al., 2016; Raju
et al., 2016; Fu et al., 2020a, 2022; Tang et al., 2022), which has ad-
vantages over the digestion ICP-MS approach, particularly in revealing
geochemical variations within single mineral grains (i.e., chemical
zonation). In this contribution, we systematically investigated the trace
element compositions of scheelite and stibnite from the Zhazixi and
Chashan Sb-W deposits using LA-ICP-MS to provide new insights into the
ore-forming processes of Sb-W deposits.

2. Geological setting and deposit geology

The South China block is composed of the Yangtze Block to the
northwest and the Cathaysia Block to the southeast, where both the
Zhazixi and Chashan Sb-W deposits are located within the giant Sb
metallogenic belt (GSMB) along the southeastern Yangtze block (Fig. 1).
The GSMB mainly consists of the traditional Jiangnan orogen belt and
Xiangzhong basin to the north and Youjiang basin to the south (Fig. 1;
Yan et al., 2022). The basement lithologies of this region mainly consist
of Neoproterozoic sequences, including the Lengjiaxi and Banxi groups
and their equivalents, which are mainly composed of phyllite, slate,
sandstone, siltstone, and schist, with a small amount of tholeiitic lava
and volcanoclastic interlayers, while the sedimentary cover comprises
Cambrian to Triassic marine sedimentary rocks and Jurassic-Cretaceous
and Cenozoic terrigenous sedimentary rocks (Fig. 1; BGMRGX, 1985;
BGMRGZ, 2017; BGMRHN, 2017; Hu et al., 2017a, 2017b). Only a small
volume of intrusive rocks outcrop in this region, such as sparse granites
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Fig. 1. Simplified geological map of the South China Block showing the locations of the Zhazixi and Chashan Sb-W deposits in South China (Modified after Zhao and

Cawood (2012) and Hu et al. (2017b)).
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with Neoproterozoic to Early Cretaceous ages in the northeastern part of
the Jiangnan orogen belt (Wang et al., 2004; Zhong et al., 2005; Li et al.,
2015; Wang et al., 2016; Lu et al., 2017) and minor felsic and mafic
dykes with Mesozoic ages in the Xiangzhong and Youjiang basins (Hu
and Zhou, 2012; Hu and Peng, 2016; Chen et al., 2016; Pi et al., 2017;
Zhu et al., 2017). A large set of Sb, Sb-W, Sb-Au, Sb-Au-W and W de-
posits are recognized in this region (Hu and Zhou, 2012; Hu et al.,
2017a, 2017b; Zhang et al., 2019; Li et al., 2022; Yan et al., 2022; Fu
et al., 2023). Among these deposits in the GSMB, Chashan and Zhazixi
are the most representative Sb-W deposits.

2.1. Geology of the Zhazixi Sb-W deposit

The Zhazixi deposit is located in the central part of the Xuefengshan
uplift and lies in the western segment of the Jiangnan orogen belt (Fig. 1
and Fig. 2a). The Zhazixi deposit contains proven metal reserves of 0.25
million tons of Sb and 13,041 tons of WO3 with average grades of 9.46 %
Sb and 0.82 % WOs, respectively (Zeng et al., 2017a). Outcropping rocks
in the deposit consist mainly of the Wuqiangxi Formation of the Banxi
group with Neoproterozoic ages, and to a lesser extent, the Ediacaran
and Cambrian (Fig. 2b). Low-grade metasedimentary rocks of the
Wugiangxi Formation are considered to be the most important host
rocks, which consist mainly of tuff, tuffaceous sandstone and slate in the
upper segment and consist mainly of sandstone, greywacke and quartz
sandstone in the lower segment. Structures in the Zhazixi deposit
contain interlayer fractures and NW- and NE-trending faults. The former
is composed of the interlayer slide interfaces along the boundary be-
tween the thick-bedded sandstone and tuffaceous sandstone and their
secondary fractures in the thick-bedded sandstone, whereas the latter
includes the NW-trending F3 fault and NE- trending F;, F5 and F4 faults
(Fig. 2b; Zeng et al., 2017b). No surface expression of intrusion rocks
was observed in the Zhazixi deposit; however, gravity data suggests that
there may be concealed granitic plutons deep within the deposit
(BGMRHN, 2017).

Sb-W mineralization in the Zhazixi deposit is primarily controlled by
interlayer fractures and the NW-trending F3 fault (Fig. 2c). The W
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mineralization is strictly confined within interlayer fractures and occurs
mainly in the form of veins which are parallel to the host rocks (Peng
et al., 2008). The mineral assemblage of W ore veins is composed of
mainly of scheelite and quartz with minor stibnite (Fig. 3a—c). While Sb
mineralization is predominantly hosted in the NW-trending F3 fault, the
mineral assemblage consists of mainly stibnite and quartz with minor
pyrite (Fig. 3d—f). In general, the Sb mineralization converges toward
the deep site of the fault but becomes weaker at a distance from the fault.
Notably, the interlayer fractures are crosscut by the F3 fault, indicating
that the Sb mineralization may postdate the W mineralization (Lu et al.,
2015; Zeng et al., 2017a). Fluid inclusion data suggest that this deposit
was generated by low temperature (150-270 °C), low salinity (3.0 %-—
7.0 wt% NaCl equiv.) and COs-bearing ore-forming fluids (Zeng et al.,
2017a; Hu and Peng, 2020). Hydrothermal alteration enveloping ore
veins includes mainly silicification and local chloritization and carbo-
natization (Peng et al., 2008; Zeng et al., 2017a).

2.2. Geology of the Chashan Sb-W deposit

The Chashan deposit is located with the Dachang ore-field in the
transition between the Jiangnan orogen belt and Youjiang basin (Figs. 1
and 4a) with proven metal reserves of >100,000 tons Sb and >10,000
tons WOgs, and average grades of 1.5 % Sb and 0.36 % WOs. Multiple
types of polymetallic deposits, with variable ore grades, have been found
within the Dachang ore-field such as the Tongkeng-Changpo and Gao-
feng Sn-Zn-Pb deposits, the Lame Zn-Cu deposit and the Dafulou, Huile,
and Kangma Sn-Zn deposits (Fig. 4b), and the Chashan Sb-W deposit is
located in the central zone of this ore-field. Strata outcropping in the
Chashan deposit comprises Neoproterozoic flysch turbidites, Cambrian
sandstone and calcareous shale, Devonian-Triassic flysch sediments,
carbonate and minor volcanoclastic rocks (Zhao, 2005; Du et al., 2009;
Gao et al., 2010). The Sb-W mineralization in the Chashan deposit is
mainly hosted in the Middle Devonian which are mainly composed of
muddy limestone interbedded with mudstone, shale and calcareous
sandstone (Fan et al., 2004; Cai et al., 2014; Shen et al., 2015; Fig. 5a).
Structurally, the Chashan deposit is situated in the western limb of the
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Fig. 3. Reflected light microphotographs of ore samples from the Zhazixi Sb-W deposit. Microphotographs (a)-(c) present W ore, which are mainly composed of
scheelite with minor stibnite. Microphotographs (d)-(f) present Sb ore, which are mainly composed of stibnite and quartz with trace amount of pyrite. Qtz-quartz,
Stib-stibnite, Sch-scheelite, Py-pyrite.
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Longxianggai anticline where three groups of NE-, NW- and SN-trending concealed granites were discovered in the drill cores in the northern part
faults cut the anticline (Cai et al., 2014; Shen et al., 2015). Intrusive of the deposit (Cai et al., 2014).
rocks are not observed in the surface expression of the deposit; however, Unlike the Zhazixi deposit, the Sb-W mineralization in the deposit is
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strictly confined within the NS-trending faults or interlayered fracture
zones, and occurs as steeply-dipping veins (Fig. 5b; Nie, 1996; Shen
et al., 2015). More than forty ore veins have been found in this deposit.
Among them, the ore vein #28 is the largest one and is actively being
mined, which extends 3800 m along the strike and >800 m down in dip
with a thickness of 0.5-10 m. The average grade of ores is 3.36-3.52 %
Sb and 0.28 %-0.51 % WOs, respectively. The mineral assemblage of ore
veins mainly consists of stibnite, berthierite, scheelite, and wolframite as
major ore minerals, with gangue minerals including quartz, fluorite, and
calcite (Fig. 6). Three mineralization stages have been identified,
including i) wolframite-quartz, ii) scheelite-fluorite-calcite, and iii)
stibnite-quartz (Cai et al., 2014). Fluid inclusion data suggest that this
deposit was generated by low temperature (144-214 °C), relatively high
salinity (8.93 %-24.90 wt% NaCl equiv.) ore-forming fluids (Nie, 1998).
Hydrothermal alterations related to the Sb-W mineralization in the de-
posit include silicification, carbonatization, and kaolinization.

3. Samples and analytical methods

All samples were collected from underground exposures in the
Zhazixi and Chashan Sb-W deposits. For the Zhazixi deposit, the ZZX-1
and ZZX-2 samples were collected from Sb ore veins with elevations of
—115 m and —160 m, respectively, which are composed of mainly
stibnite and quartz. ZZX-3 and ZZX-4 samples were collected from W ore
veins with elevations of 271 m and 218 m, respectively, which are
mainly composed of scheelite and quartz with minor stibnite and pyrite.
As the Chashan deposit is tentatively closed with live mining activities,

all samples in this deposit were collected from residual ore veins from
underground exposures. The analyzed samples (CS-1, CS-2 and CS-5)
from this deposit are composed of scheelite, berthierite, stibnite and
quartz with minor wolframite.

Trace element analyses of scheelite were conducted at Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS), China, using an
Agilent 7900 ICP-MS equipped with a GeoLasPro 193 nm ArF excimer
laser. The details of analytical processes and reduction of raw data were
described in Tang et al. (2022). During the analytical process, helium
was applied as a carrier gas which was mixed with Argon via a T-
connector before entering the ICP-MS. Spot measurement was per-
formed with the following settings: laser pulse frequency of 6 Hz, spot
size of 44 um, and laser energy of 4.5 J/cm?2. The total analysis time for
each spot consists of 20 s measurement of the background with the laser
off, and 40 s analysis with the laser on, and a 30 s retention for cell
washout. The USGS NIST-610 was employed as external reference ma-
terial with Ca (measured by EMPA) as the internal standard. NIST-612
(QC) was used as quality control. The detection limits for investigated
most elements were below 0.1 ppm and the precision is generally better
than 10 %.

Trace element analyses for stibnite were conducted at IGCAS using
an Agilent 7700 x quadrupole ICP-MS coupled with a New Wave UP213.
More details of the analytical processes and reduction of raw data were
described in Fu et al. (2020a). Spot measurements were performed with
the following settings: laser pulse frequency of 10 Hz, spot size of 60 pm
and laser energy of 3.5 J/cm?. The analysis time for each spot comprises
30 s measurement of background with laser off, and 60 s analysis with
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Fig. 6. Reflected light microphotographs of ore samples from the Chashan Sb-W deposit. Ore occurs in the form of veins which are mainly composed of scheelite and
stibnite with minor wolframite and berthierite as ore minerals, and quartz as the main gangue mineral. Qtz-quartz, Stib-stibnite, Sch-scheelite, Wol-wolframite, Bert-
berthierite.

laser on, and 30 s retention for cell washout. MASS-1 was measured as 4. Results
internal standard, and UAGS NIST SRM 610 and 612 were additionally
measured to monitor possible instrumental drift. The accuracy for most 4.1. Trace element composition of scheelite

elements is better than 10 % with variations in spot size.

A total of 114 LA-ICP-MS trace element analyses were performed on
two scheelite samples from the Zhazixi deposit and three scheelite
samples from the Chashan deposit. The trace element compositions of
scheelite are given in Electronic Supplementary Table S1. In general,
scheelite has relatively low abundances of Na, Nb, Mo, Y, Cu, Pb, Sn, Ge
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Fig. 7. Chondrite-normalized REE patterns of the scheelite from the (a) Chashan Sb-W deposit and (b) Zhazixi Sb-W deposit. The normalization values are sourced
from Sun and McDonough (1989). The REE of scheelite from the Chashan deposit is featured by a relatively flat pattern with large positive Eu anomalies whereas
scheelite from the Zhazixi deposit exhibits a bell-shaped pattern with weak positive Eu anomalies.
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and Rb with contents ranging between 0.01 and 100 ppm. Scheelite from
the Zhazixi deposit has relatively high Sr and Sn, but lower Sb contents
compared to samples from the Chashan deposit. Notably, the Sr content
of scheelite from the Zhazixi deposit (average 3308 ppm) is approxi-
mately one order magnitude greater than that of scheelite from the
Chashan deposit (average 694 ppm). In addition, the REE contents of
scheelite from the Chashan deposit are relatively high and display
relatively flat chondrite-normalized REE patterns with significant posi-
tive Eu anomalies (Fig. 7a) compared to those of scheelite from the
Zhazixi deposit, which present bell-shaped REE patterns without pro-
nounced Eu anomalies (Fig. 7b).

4.2. Trace element composition of stibnite

A total of forty-two LA-ICP-MS analyses were performed on four
stibnite samples from the Zhazixi and Chashan Sb-W deposits. The trace
element compositions of stibnites are presented in the Electronic Sup-
plementary Table S2. Arsenic, Cu, Pb, and Se are the most abundant
trace elements in the stibnite from both Sb-W deposits with contents
ranging from tens to hundreds of ppm. However, stibnite from the
Zhazixi deposit is relatively enriched in As and Se with contents of
typically >300 ppm, whereas the stibnite from the Chashan deposit is
relatively enriched in Sn, Zn, Ag, and In with contents of several to
hundreds of ppm (Table S2; Fig. 8).
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5. Discussion

5.1. Scheelite trace element geochemistry constraints on the origin of ore
fluids

The trace element compositions of scheelite are generally controlled
by redox state, pressure-temperature conditions, fluid compositions, and
host rock types (Brugger et al., 2000, 2008; Dostal et al., 2009; Song
et al., 2014; Guo et al., 2016; Sun and Chen, 2017) and therefore may
serve as an indicator to understand the characteristics and source of ore
fluids. For example, Mo can only be incorporated into the scheelite
crystal structure under oxidizing conditions through coupled substitu-
tion of Mo®" & WO (Ghaderi et al., 1999; Rempel et al., 2009; Song
et al., 2014) such that the Mo contents of scheelite can act as a robust
proxy for the redox state of ore fluids. Moreover, because Eu?" can more
readily replace the Ca site (compared to Eu3+), positive Eu anomalies are
expected for scheelite formed by reduced fluids whereas oxidizing fluids
often produce negative Eu anomalies in scheelite (Ghaderi et al., 1999;
Xiong et al., 2006; Song et al., 2014). Therefore, Eu anomalies in
scheelite can also be used to estimate redox conditions of ore fluids
(Ghaderi et al., 1999; Brugger et al., 2000, 2008; Xiong et al., 2006; Song
etal., 2014; Sun and Chen, 2017; Zhao et al., 2018). In this study, results
from trace element geochemistry suggest that scheelite from the Cha-
shan and Zhazixi Sb-W deposits exhibits extremely low Mo contents and
large positive Eu anomalies (Fig. 9), and therefore, it may be inferred
that ore fluids of the Chashan and Zhazixi Sb-W deposits were domi-
nated by reduced fluids, which is in contrast with fluids in magmatic-
related settings that are more oxidized and enriched in Mo. In addi-
tion, scheelite from Chashan and Zhazixi Sb-W deposits is featured by
low Na, Nb, Ta, and Mo but high Sr contents. This feature distinguishes it
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Fig. 8. Ternary plots of trace element compositions in stibnite from the Zhazixi and Chashan Sb-W deposits. Stibnite from the Zhazixi deposit is relatively enriched in
As, Cu, and Pb, whereas the Chashan deposit is more enriched in Sn, Zn, Mo, Ag and In, indicating that their source rocks may contain different compositions.
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Sb-W deposits were likely generated from non-magmatic reduced fluids.

significantly from scheelite formed by magmatic-hydrothermal fluids,
which typically exhibit enrichment in Na, Nb, Ta, and Mo, depletion in
Sr, and negative Eu anomalies (Dolejs and Wagner, 2008; Li et al.,
2018a, 2019b; Poulin et al., 2018; Fu et al., 2021). This indicates further
that the ore fluids of these Sb-W deposits were of a non-magmatic origin.
Studies suggest that the latest peak metamorphism of sedimentary rocks
in South China occurred at 460-400 Ma (Faure et al., 2009), much
earlier than the mineralization ages of the Chashan (~90 Ma; Guo et al.,
2018) and Zhazixi Sb-W deposits (227 Ma; Wang et al., 2012), sug-
gesting that the fluids contributing to ore-forming processes are unlikely
of metamorphic origin. The REE patterns of scheelite from the Sb-W
deposits are distinct from those of metasedimentary rocks in South
China whose REE patterns are typically known as right-dip type REE
patterns with negative Eu anomalies (Fan et al., 2004; Li et al., 2019a;
Wang et al., 2019), therefore indicating that ore fluids of the Sb-W de-
posits were not directly generated from their host rocks.

Fluid inclusion data suggests that the ore fluids of the Chashan and
Zhazixi Sb-W deposits are characterized by low temperatures with low
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H-O isotope values (8D = —80 %o ~ —58 %o, 530 = —3.8 %o ~ —2.4 %o
for the Chashan deposit and 8D = —61 %o ~ —65 %o, 6180H20 = —6 %0 ~
—8 %o for the Zhazixi deposit), suggesting that their ore fluids may have
been dominated by deep-circulating meteoric groundwater (He et al.,
1996; Nie, 1998). However, it should be noted that meteoric ground-
water normally contains very low REE contents, and thus deep-
convecting meteoric groundwater cannot account for the sole origin of
the ore fluids that generated the REE signature in the Sb-W deposits.
Therefore, it is reasonable to infer that the REE characteristics of ore
fluids may have resulted from fluid mixing or extensive fluid-rock
interaction. The two elements Y and Ho share parallel geochemical
behavior due to their similar ionic radii and ionic charge (Bau and
Dulski, 1995), in that they retain their corresponding chondritic ratio in
a single fluid source but become sensitive to fractionation when the
mixing of different origin fluids occurs (Bau and Moller, 1992; Irber,
1999; Liu et al., 2019). Results from this study show a strong positive
correlation between Y and Ho in scheelite (Fig. 10a), suggesting that
fluid mixing may have been insignificant for the ore fluids of the
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Fig. 10. Plots of (a) Y vs. Ho and (b) 8Eu vs. Sr contents in scheelite from the Zhazixi and Chashan Sb-W deposits. The strong positive correlation between Y and Ho
suggests that fluid mixing was insignificant during the ore fluid evolution of the Sb-W deposits considering Y and Ho retain their corresponding chondritic ratio in a
single-stage fluid source but vary when the mixing of different origin fluids occurs (Bau and Moller, 1992; Irber, 1999).
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Chashan and Zhazixi Sb-W deposits. In contrast, Sr may be used as a
proxy to assess the level of fluid-rock interaction (Barker et al., 2009;
Satish-Kumar et al., 2010; Beaudoin and Chiaradia, 2016). Because Sr
preferentially partitions into fluids during fluid-rock interaction, higher
contents of Sr indicate higher intensity of fluid-rock interaction. The
results from Fig. 10b present high and variable Sr contents in scheelite
from the Chashan and Zhazixi Sb-W deposits, therefore suggesting that
their ore fluids may have been interacted with Sr-rich rocks (Peng et al.,
2008; Shen et al., 2015; Zhang et al., 2021). While it seems evident that
both deposits show some level of fluid-rock interaction, it should be
noted that the two deposits show different set of REE patterns in
scheelite (Fig. 7), indicating that their initial fluids may have interacted
with source (and/or host) rocks of different compositions during the
migration of ore fluids. The contrasting and large variations of Eu
anomalies (Fig. 9; 8Eu = 0.8-4.6 in the Chashan deposit and 0.8-2.6 in
the Zhazixi deposit) also provide support that the initial fluids of the two
deposits may have interacted with different compositions of source
rocks which modified their compositions during fluid migration. Over-
all, the trace element geochemistry of scheelite, paired with isotopic
data, lends support to a model that suggests the ore fluids from the
Chashan and Zhazixi Sb-W deposits likely originated from deep-
convecting meteoric groundwater that was modified by extensive
fluid-rock interaction with different source or/and host rocks, rather
than by magmatic or metamorphic processes.

5.2. Trace element geochemistry of stibnite constraints on the metal
source

Stibnite is the most common Sb-bearing mineral phases observed in
various types of Sb deposits and thus trace element chemistry of stibnite
can be used to identify the metal source of hydrothermal Sb deposits (Fu
et al., 2020a, 2022; Silyanov et al., 2022; Stergiou et al., 2022). Stibnite
has a simple configuration of Sb-S bonds with limited void space, in such
that only a few trace elements can be incorporated into its crystal lattice.
The elevated contents of As, Cu and Pb in stibnite from the Chashan and
Zhazixi Sb-W deposits are likely controlled by the coupled substitution
of 2Sb3* & Cut + Pb?t + As®t (Fu et al., 2020a) while the measurable
Se content is expected to originate by the substitution of $* < Se?t in
the crystal lattice (Kyono et al., 2015). Notably, however, stibnites from
the two deposits show apparent differences in trace element composi-
tions, indicating their source rocks might be of different composition (Fu
et al., 2020a; Silyanov et al., 2022; Stergiou et al., 2022). For instance,
stibnite from the Chashan deposit contains higher Sn, Ag, In, and Zn
contents compared to the Zhazixi deposit (Fig. 8), indicating that the
source rocks of the Chashan deposit may have been relatively enriched
in these metals. This inference is further supported by multiple occur-
rences of Sn-Zn-Ag (-In) polymetallic deposits in the adjacent region of
the Chashan Sb-W deposit (Fan et al., 2004; Guo et al., 2018; Zhang
et al., 2018; Zhao et al., 2021). Therefore, it may be concluded that
fertile rocks deeply located in the Chashan region (Shen et al., 2015)
may have served as the metal source for Sb-W mineralization in the
Chashan deposit and also as a potential source for Sn, Ag, Zn, and In for
polymetallic deposits in the region. Moreover, the Devonian host rocks
of the Chashan deposit that are enriched in W and Sb may have also
contributed to the metal budget of the deposit during fluid-rock inter-
action (Nie, 1996).

In comparison, stibnite from the Zhazixi deposit is more enriched in
As, Se and Pb and compositions are similar to the sediment-hosted
Xikuangshan, Woxi and Banxi Sb deposits adjacent to Zhazixi (Fu
et al., 2020a, 2022), possibly indicating that they may have shared a
common metal source. Previous studies suggested that sediment-hosted
Sb deposits in central Hunan were likely generated from deep-
convecting meteoric groundwater interaction with Proterozoic meta-
morphic rocks (fluid-rock interaction) which led to the extraction of Sb
and W metals (Peng et al., 2010; Liang et al., 2014; Zhu and Peng, 2015;
Li et al., 2018a, 2018b, 2019a, 2022; Fu et al., 2020c, 2023; Long et al.,
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2022). Similarly, it can be inferred that the Sb-W metals of the Zhazixi
deposit may also have been primarily sourced from the fertile Protero-
zoic metamorphic rocks. The coupled enrichment of Sb and W was also
observed in the basement metasedimentary rocks of the Zhazixi deposit
and adjacent districts (Lu et al., 2001; author’s unpublished data),
providing additional evidence that the Sb-W metals were likely sourced
from these fertile metasedimentary rocks of the Zhazixi deposit.

Considering the variability in stibnite trace element compositions
between the Chashan and Zhazixi Sb-W deposits, it is anticipated that
the source rocks differ in their geochemical compositions. For example,
the source rocks of the Zhazixi deposit were relatively enriched in As, Sb
and W and thus resulted in the formation of large-scale Sb, W and even
Au deposits. Whereas the source rocks of the Chashan deposit were more
enriched in Sn, Zn, In and Ag in addition to Sb and W, in such that a set of
Sb-W deposits and Sn-Zn-Pb-Ag-In polymetallic deposits were formed in
the Chashan and adjacent districts. These implications may be helpful to
guide future prospecting and exploration of Sb-W polymetallic deposits
in the Chashan and Zhazixi districts.

5.3. Genetic model for the Sb-W deposits

Most W polymetallic deposits observed around the world commonly
have a genetic link with granites, where granitic magmas are thought to
either directly supply fluids and metals, or they serve as a heat source
thereby circulating fluids and leaching of metals from their source rocks
(Linnen and Williams-Jones, 1995; Audétat et al., 2000; Webster et al.,
2004; Thomas et al., 2005; Song et al., 2014; Sun et al., 2019).
Geophysical data and drilling results suggest that there might be con-
cealed granitic rocks in the Zhazixi and Chashan districts (Shen et al.,
2015; BGMRHN, 2017; Zeng et al., 2017a Guo et al., 2018; Wang et al.,
2019), indicating a potential genetic link between the Sb-W deposits and
proximal granitic rocks. However, trace element compositions in
scheelite from the Chashan and Zhazixi deposits are distinct from trace
element signatures of scheelite with a magmatic origin, indicating that
these deposits were unlikely formed by the commonly accepted model,
in which the ore fluids and metals are exsolved exclusively from the
granite plutons (Audétat et al., 2000; Webster et al., 2004; Thomas et al.,
2005; Song et al., 2014; Harlaux et al., 2018; Sun et al., 2019). In
addition, the scheelite REE signatures from the Chashan and Zhazixi Sb-
W deposits are characterized by relatively flat to bell-shaped REE pat-
terns showing large positive Eu anomalies. This suggests that they un-
likely inherited their REE signatures from the Mesozoic granites in South
China, which are characterized by the typical “right-dip type” showing
negative Eu anomalies (Shi et al., 2007; Liang, 2008; Sun et al., 2019).
Moreover, experimental results determined that the fluid-melt and
mineral-melt partition coefficients of Sb are relatively low (~1.0;
Audétat et al., 2000; Audétat and Pettke, 2003; Simons et al., 2017; Fu
et al., 2020b), in such that Sb would not be preferentially enriched in the
evolved magmatic fluids. As a result, granitic magmas may have only
served as a thermal source by driving the transportation of ore fluids,
without any contribution to the budget of metal of the Chashan and
Zhazixi Sb-W deposits.

Studies on the behavior of Sb and W in metamorphic terranes suggest
that Sb and W may be mobilized during prograde metamorphism and
enriched in the metamorphic fluids between greenschist and amphibo-
lite facies (Pitcairn et al., 2006, 2010). However, the Neoproterozoic
metasedimentary rocks in South China were generally subject to sub-
greenschist or lower grades of metamorphism which is considered too
weak to significantly promote the mobility of Sb and W (Pitcairn et al.,
2006, 2015; Phillips and Powell, 2010). More importantly, the peak
metamorphism of metamorphic rocks in South China was determined to
be significantly older than the ages of the Sb-W deposits (Faure et al.,
2009; Yan et al., 2022), indicating that they were less likely generated
through regional-scale metamorphism. In the LREE-MREE-HREE
ternary diagram (Fig. 11), the REE compositions of scheelite in the
Chashan and Zhazixi Sb-W deposits are remarkably different from those
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MREE

HREE

Fig. 11. Ternary LREE-MREE-HREE diagram of scheelite from the Zhazixi and Chashan Sb-W deposits. The REE data of scheelite from vein-type Au-W, vein-type W,
and porphyry-type W-Mo deposits were sourced from Henderson (1985), Zhang et al. (1990), Raimbault et al. (1993), Sylvester and Ghaderi (1997), Ghaderi et al.
(1999), Brugger et al. (2000, 2002, 2008), Dostal et al. (2009), and Peng et al. (2010).

of granite-related vein-type W deposits, skarn-porphyry W-Mo deposits
in South China, and metamorphic Au-W deposits in Australia. Therefore,
it is reasonable to conclude that the Chashan and Zhazixi Sb-W deposits
were unlikely to have been formed by a magmatic or metamorphic
model.

Alternatively, experiments have demonstrated that Sb and W are
strongly mobile in aqueous solutions relevant to hydrothermal envi-
ronments, even at low temperatures (Lassner and Schubert, 1999; Zotov
et al., 2003; Dermatas et al., 2004) and thus it is possible that consid-
erable contents of Sb and W metal may be scavenged from fertile rocks
during fluid-rock interaction. For example, leaching experiments sug-
gested that low-T (<300 °C) fluids flowing through Sb-rich metasedi-
mentary rocks are able to leach about 40-70 % of the Sb content (Ewers,
1977; Ma et al., 2002). Considering the strong mobility of Sb and W in
experiments, remobilization of Sb and W in fertile rocks during fluid-
rock interaction may be an effective ore-forming process for Sb-W de-
posits hosted in sedimentary rocks. Therefore, the formation of Sb-W
deposits can be elucidated by a genetic model (Fig. 12) wherein deep-
convecting meteoric groundwater infiltrates and leaches Sb and W
from fertile Proterozoic basements and host rocks to generate ore fluids,
in such that concealed granites may have solely acted as a thermal
source for the convection and upward migration of ore-forming fluids,
while the fertility of source rocks and the intensity of fluid-rock inter-
action are crucial for the formation of Sb-W deposits hosted in sedi-
mentary rocks, distinguishing them from granite-related and
metamorphic W deposits.

6. Conclusions

Scheelite and stibnite trace element compositions suggest that the
ore-forming processes governing the generation of the Chashan and
Zhazixi Sb-W deposits differ from vein-type W polymetallic deposits,
which commonly present a genetic association with granitic magmas.
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Moreover, the Sb-W deposits were also determined to be distinct from
traditional Au-W deposits, which tend to derive from metamorphic
processes. Alternatively, it is plausible that the Sb-W deposits were
formed through a remobilization process involving fertile Proterozoic
basements and host rocks. This process entails the interaction between
deep-convecting meteoric groundwater and fertile source rocks, result-
ing in the scavenging of Sb and W into ore fluids and eventually leading
to the precipitation of stibnite and scheelite in the Chashan and Zhazixi
deposits. Deep-seated granitic intrusions are suggested to have served
only as a thermal source by driving fluid-rock interaction and promoting
Sb and W scavenging. Notably, the intensity of fluid-rock interaction and
the fertility of source rocks likely played a vital role in determining the
formation of Sb-W deposits. This study also highlights that the trace
element geochemistry of primary ore minerals is a valuable approach for
deciphering the ore-forming processes of Sb-W deposits with a relatively
simple mineral assemblage.
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