
Applied Geochemistry 118 (2020) 104637

Available online 19 May 2020
0883-2927/© 2020 Elsevier Ltd. All rights reserved.

Trace element composition of stibnite: Substitution mechanism and 
implications for the genesis of Sb deposits in southern China 

Shanling Fu a,b, Ruizhong Hu a,c,*, Xianwu Bi a, Neal A. Sullivan b, Jun Yan a 

a State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, 550081, China 
b Department of Earth Sciences, University of Toronto, 22 Russell St., Toronto, ON, M5S 3B1, Canada 
c College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, 100049, China   

A R T I C L E  I N F O   

Editorial handling by Prof. M. Kersten  

Keywords: 
Trace element composition of stibnite 
Substitution mechanism 
Xikuangshan Sb deposit 
Woxi 
Genesis of Sb deposits 

A B S T R A C T   

Though stibnite is among the most predominant Sb-bearing mineral phases in most Sb deposits, little is known 
about the trace elements and their substitution mechanism in stibnite that are valuable to better decipher the 
genesis of Sb deposits. This study determined quantitatively the trace element compositions of stibnite from two 
representative Sb deposits (Xikuangshan and Woxi) in southern China using high-resolution LA-ICP-MS. Results 
show that stibnite at Xikuangshan contains measurable Hg and As (typically 10–100 ppm); however, As, Cu, and 
Pb are the most abundant trace elements at Woxi (generally 100–500 ppm). Furthermore, the relatively smooth 
LA-ICP-MS profiles indicate As, Cu, and Pb primarily occurs as solid solution in stibnite. Hence the substitution 
2Sb3þ↔CuþþPb2þþAs3þ is likely responsible for the enrichment of Cu, Pb, and As in stibnite. Other trace ele
ments, including Au, Ag, Bi, In, Mo, Sn, Co, Cr, V, Zn, Ni, Ga, Ge, Rb, Sr, Pd, Cd and U, are generally at con
centrations of 0.01–1 ppm, with spiky LA-ICP-MS depth profiles, which are indicative of their presence as sparse 
micro-inclusions within stibnite. The apparent differences in trace element concentrations of stibnite suggest that 
the stibnite from two deposits may have been generated by different processes, or may reflect differences in fluid 
chemistry. The relative enrichment of As, Cu, and Pb indicate that the original Sb-bearing fluids for the Woxi 
deposit were likely enriched in these elements in the source region, but a geochemical segregation led to the 
formation of stibnite-dominated ores. In contrast, the monomineralic ores at Xikuangshan was likely originated 
from an initial absence of these elements in their source regions. The Hg/(Cu þ Pb) ratio for the Xikuangshan Sb 
deposits is typically greater than 1 but the Woxi deposit tends to be much lower than 1. Therefore, the differences 
in trace element composition in stibnite can be useful to discriminate between Sb deposit types.   

1. Introduction 

The trace element composition of ore minerals is generally depen
dent of the fluid characteristics such as redox state, pressure, tempera
ture, and the fluid source regions, and therefore has been widely used to 
elucidate the ore genesis and ore-forming processes for various hydro
thermal deposits (Cook et al., 2009, 2012; Ciobanu et al., 2013; Johnson 
et al., 2013; Reich et al., 2013; George et al., 2015). Stibnite is a common 
constituent of hydrothermal mineralization in a range of ore systems; in 
particular, stibnite is the principal ore mineral in most Sb deposits (Dill 
et al., 2008; Hu et al., 2017; Chen et al., 2018; Li et al., 2018; Fu et al., 
2019a, b) and the only Sb-bearing ore mineral in some Sb deposits (e.g., 
Xikuangshan Sb deposit; Peng et al., 2003a). However, little has been 
done in previous studies toward characterizing the elemental 

composition of stibnite. In particular, to our knowledge, very few studies 
(Cook et al., 2013) have been concerned with the trace element 
composition of stibnite in a quantitative manner. Therefore, a compre
hensive study of the trace elemental composition of stibnite is valuable 
for potentially elucidating the ore genesis of Sb deposits. 

The Xiangzhong metallogenic province (XZMP) in southern China 
hosts more than 100 Sb deposits, which constitutes more than 50% of 
the world’s Sb production and current reserves (Hu and Zhou, 2012; Hu 
et al., 2017), and thus provides an ideal location for investigating trace 
element compositions of stibnite. The Sb deposits in this region can be 
classified into two groups based on metal association as well as host 
rocks and spatial distribution: (i) Devonian to Carboniferous 
sediment-hosted, intrusion-distal deposits located within the Xiangz
hong basin (Wu, 1993; Ma et al., 2003 ; Peng et al., 2003a; Fan et al., 
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2004; Yang et al., 2006a); (ii) Pre-Devonian metamorphic rock-hosted 
deposits located in the Xuefengshan uplift belt (Peng and Frei, 2004; 
Gu et al., 2007, 2012; Liang et al., 2014 ; Zhu and Peng, 2015). The 
former group is characterized by stibnite as the only ore mineral without 
a polymetallic contribution and is best represented by the Xikuangshan 
Sb deposit (Hu et al., 1996; Peng et al., 2003a; Fan et al., 2004; Hu and 
Peng, 2018). The latter one is characterized by Sb and associated pol
ymetallic mineralization where the ore minerals include stibnite, native 
gold, pyrite, arsenopyrite and scheelite, such as the Woxi Sb–Au–W 
deposit, Longshan Sb–Au deposit, and Zhazixi Sb–W deposit (Peng and 
Frei, 2004; Zhu and Peng, 2015; Zeng et al., 2017a, b; Zhang et al., 
2014). While a range of studies have focused on these Sb deposits for 
decades, their genesis is still debated and various genetic models have 
been proposed linking the two deposit styles orogenic, epithermal, 
intrusion-related, and even SEDEX deposits (Liu et al., 1985; Mao and Li, 
1997; Peng and Frei, 2004; Gu et al., 2007, 2012; Dill et al., 2008; Zhu 
and Peng, 2015). Xikuangshan and Woxi are the largest and most 
representative Sb deposits of Sb-only and Sb-polymetallic deposits in the 

world, respectively, where stibnite is the predominant ore mineral and 
thus are appropriate for investigating trace element compositions of 
stibnite. 

Xikuangshan is the most representative Sb-only deposit, which has a 
total Sb metal reserve of up to 2.5 Mt with an average grade of about 
4.0% Sb (Kuang, 2000; Hu et al., 2017). Woxi is the most important 
Sb-polymetallic deposit in the XZMP, with contained Au, Sb, and WO3 
metal reserves amounting to >50 t, ~2.2 Mt, and 25,000 t, respectively, 
and average ore grades of Au, Sb, and W of 9.8 g/t, 2.8%, and 0.3%, 
respectively (Zhu and Peng, 2015). This paper reports a LA-ICP-MS 
study of trace element composition in stibnite from the two giant Sb 
deposits in the XZMP of southern China. The objectives of this study are 
(i) to provide quantitative data for trace element compositions of stib
nite, (ii) to unravel the element distribution and the substitution 
mechanism of trace elements in stibnite, and (iii) to place new con
straints on the ore fluid origin and genetic processes. Although the 
findings of our study are preliminary and warrant verification by addi
tional studies, we believe that the trace element composition of stibnite 

Fig. 1. (a) Tectonic framework of South China Block including the location of Xiangzhong Metallogenic Province (central Hunan) (Modified from Qiu et al., 2016; Hu 
et al., 2017); (b) regional geological map of the Xiangzhong Sb–Au metallogenic province in southern China, including the distribution of important Sb deposits 
(Modified from BGMRHN, 1988; Xie et al., 2019). CB-Cathaysia Block; IB-Indochina Block; JOB-Jiangnan Orogen Belt; JSS-Jiang-Shao Suture; LMS-Longmenshan 
Fault; NCC-North China Craton; QDOB-Qinling-Dabie Orogen Belt; SMS-Song-Ma Suture; YB-Yangtze Block; ①-Xikuangshan-Lianyuan Fault; ②-Chengbu-Tao
jiang Fault. 

S. Fu et al.                                                                                                                                                                                                                                        



Applied Geochemistry 118 (2020) 104637

3

can provide useful information for elucidating the ore genesis and even 
provide useful information for mineral exploration of Sb deposits. 

2. Regional and deposit geology 

The South China Block is composed of the Yangtze Block and 
Cathaysia Block, which were amalgamated along the Jiangshao suture 
zone during Neoproterozoic (Zhao et al., 2011a; Yao et al., 2016, 
Fig. 1a). The XZMP is located in the eastern part of the Yangtze Block 
(Fig. 1a) and consists of the Xiangzhong basin and Xuefengshan uplift 
belt (Fig. 1b). The basement of this region comprises low-grade meta
sedimentary rocks of Late Proterozoic and Early Paleozoic age, whereas 
the overlying non-metamorphosed sedimentary rocks consist of mainly 
Upper Paleozoic to Mesozoic carbonate and clastic rocks (BGMRHN, 
1988; Ma et al., 2002). This region was intruded by late Triassic granitic 
rocks, and to a less extent, by Paleozoic granitoids along the margin of 
Xiangzhong basin (Fig. 1b), of which were interpreted to be produced by 
the partial melting of Proterozoic metasedimentary rocks (Chu et al., 
2012; Fu et al., 2015; Xie et al., 2019). 

As described above, more than 100 Sb-bearing deposits and occur
rences have been found in the Xuefengshan Uplift Belt and the adjacent 
Xiangzhong Basin (Hu et al., 2017). These Sb deposits can be divided 
into two groups: Sb-only deposits and Sb-polymetallic deposits. The 
Xikuangshan and Woxi are the largest and most representative ones of 
these two types of Sb deposits in this region. Their geological features 
have been described in previous literature (Hu et al., 1996; Peng et al., 
2003a; Fan et al., 2004; Gu et al., 2007, 2012; Zhu and Peng, 2015; Hu 
and Peng, 2018; Fu et al., 2019a, b), and details of the most important 
features are summarized below. 

2.1. Xikuangshan Sb deposit 

The Xikuangshan deposit is located at the intersection of the 
Taojiang-Chengbu and Xikuangshan-Lianyuan regional faults within the 
Xiangzhong basin (Fig. 1b). Strata exposed in the Xikuangshan district 
including Devonian Xikuangshan and Shetianqiao Formations, and 
Carboniferous Datang and Yanguan Formations (Fig. 2a), are dominated 
by carbonates interbedded with siltstone, argillite, and shale/mudstone 
(Hu et al., 1996; Peng et al., 2003a). The Sb orebodies are dominantly 
hosted in the central portion of the Devonian Shetianqiao Formation 
(D3s2), and to a lesser extent, in the lower part (D3s1). The D3s2 is 
composed of sandstone, carbonate and shale/mudstone layers from the 
bottom to the top, with a total thickness of >350 m. The shale/mudstone 
layer above the carbonate layer was thought to have acted as a barrier to 
ascending ore fluids (Jin et al., 2001; Yang et al., 2006b). Structurally, 
the deposit is strictly confined within the Xikuangshan complex anti
cline, and the sub-anticlines of this complex anticline controlled the 
occurrence and distribution of orebodies and formed four ore blocks 
(Peng et al., 2003a, Fig. 2a). This complex anticline was cut by several 
NE-trending faults. Among these faults, the F75 fault cuts the northwest 
limb of the anticline, which is believed to have been the main channel 
for migrating ore fluids (Liu and Jian, 1983). A NE-trending lamp
rophyre dike with a calc-alkaline affinity is the only intrusive rock at 
Xikuangshan (Wu and Hu, 2000; Xie et al., 2001, Fig. 2a). Though the 
precise age remains unclear, the dike is believed to postdate the Sb 
mineralization of the Xikuangshan deposit (Hu and Peng, 2016). 

Orebodies at Xikuangshan are controlled by the secondary interlayer 
fractures associated with the F75 fault, and are chiefly stratiform in 
shape, and therefore parallel host strata of Devonian age. In addition to 
stratiform veins, high-angle veins and vein networks, and irregular 
veinlets are also identified (Peng et al., 2003a; Hu and Peng, 2018). The 
orebodies generally extend from 30 m to 600 m along strike and 
1300–1800 m down dip with a thickness of 1–5m (locally up to 20 m) 
(Kuang, 2000). The mineral assemblage of ores is monotonous with 
stibnite, the only economic mineral, and gangue consisting of quartz and 
calcite in variable proportions; minor fluorite, barite, and gypsum are 

also present (Hu et al., 1996; Peng et al., 2003a; Hu and Peng, 2018). 
Based on mineral paragenesis, three stages of mineralization are 
recognized, i.e., pre-ore, ore-forming, and post-ore (Hu et al., 2017; Hu 
and Peng, 2018). Ore-hosting carbonate rocks are highly silicified, and 
the distribution of all Sb orebodies does not appear to exceed the limit of 
silicic alteration (Kuang, 2000, Fig. 2b). 

Though no sophisticated model has been proposed to fully explain 
the formation of Xikuangshan deposit, available fluid-inclusion data 
show that the ore fluids had epithermal temperatures of 150–250 �C and 
salinities <5 wt % NaCl equiv. (Lin, 2014; Hu and Peng, 2018). The data 
from hydrothermal calcite Sm–Nd dating and (U–Th)/He dating of 
zircon in altered wall rocks suggest that mineralization occurred in the 
Mesozoic (~150–120 Ma; Peng et al., 2003a; Fu et al., 2019a). More 
recently, Fu et al. (2019b) proposed a new model that invoked 
deep-circulation of meteoric water that mobilized Sb and S from base
ment metamorphic rocks underlying the Xiangzhong basin, ascended 
along regional faults F75, and subsequently deposited Sb metals within 
favorable structural traps leading to the formation of this deposit. 

2.2. Woxi Sb–Au–W deposit 

The Woxi deposit is situated in the center of the Xuefengshan uplift 
(Fig. 1b). The strata exposed in the Woxi district mainly consist of the 
Proterozoic Lengjiaxi and Banxi Groups (Fig. 3a). The Lengjiaxi Group is 
exposed mainly in the southwest and southeast parts of the Woxi district 
and is mainly composed of epimetamorphic gray-green sandstones, 
siltstones, slates, and tuffaceous slates. The Banxi Group dominates in 
the middle and northern parts of the district and is composed of flysch 
consisting of slate and phyllite interbedded with local meta-volcanic 
materials (Luo et al., 1984). This group can be subdivided into the 
Madiyi Formation and Wuqiangxi Formation, which are separated by 
the EW-trending Woxi thrust fault. Mineralization is generally confined 
in the purplish-red calcareous sericite slate of Madiyi Formation, and is 
controlled by interlayer faults (Peng and Frei, 2004; Gu et al., 2012, 
Fig. 3b). The Woxi deposit contains five ore blocks from west to east: 
Hongyanxi, Yuershan, Lijiaxi, Shiliupenggong, and Shangwoxi (Fig. 3a). 
The Woxi thrust fault is the most important structure in the Woxi dis
trict, of which all orebodies occur in the footwall of this fault (Fig. 3b). 
No intrusive rocks have been identified in the Woxi district. 

Orebodies at Woxi primarily occur as banded quartz veins parallel to 
bedding, and subordinately as bedding-discordant sheeted quartz veins, 
stockworks, and veinlets (Gu et al., 2012; Zhu and Peng, 2015 and 
pictures therein). Economically, the banded veins contribute about 70% 
of the total proven metal reserves and comprise a series of banded ore 
layers localized within different stratigraphic horizons of the Madiyi 
Formation. Compared to Xikuangshan, the mineral assemblage of ores in 
the Woxi deposit is more complex, with major metallic minerals 
including stibnite, pyrite and scheelite, and gangue minerals dominated 
by quartz, with minor calcite, dolomite, and chlorite. However, the 
mineral assemblages in separate ore blocks are diverse, and detailed 
mineralogical features and paragenesis of Woxi deposit have been pre
viously documented by several researchers (Shao et al., 1996; Zhang 
et al., 2014; Zhu and Peng, 2015 and figures therein). It is worth noting 
that, the Shangwoxi ore block studied here is characterized by a simple 
ore composition of stibnite-quartz. Fluid-inclusion data suggest that this 
deposit was generated by low temperature (140–240 �C), low salinity 
(<7.0 wt % NaCl equiv.), CO2-rich, N2-bearing ore-forming fluid (Zhu 
and Peng, 2015). Alterations related to mineralization are dominated by 
silicification and sericitization. Although several attempts have been 
done to determine the mineralization age of Woxi deposit, equivocal 
results were obtained by different dating methods, ranging from ca. 145 
Ma by quartz Rb–Sr dating (Shi et al., 1993) to ca. 400 Ma by scheelite 
Sm–Nd and quartz Ar–Ar dating (Peng et al., 2003b). Regarding genetic 
models, several viewpoints had been proposed including (i) SEDEX 
origin (Gu et al., 2007, 2012), (ii) magmatic hydrothermal origin (Mao 
and Li, 1997; Peng and Frei, 2004), and (iii) metamorphic hydrothermal 
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Fig. 2. (a) Geological map of the Xikuangshan giant Sb deposit in central Hunan, showing the locations of four ore blocks (i.e., Laokuangshan, Tongjiayuan, 
Feishuiyan and Wuhua) (Modified after from Peng et al., 2003a); (b) a typical profile map of the Xikuangshan Sb deposit, showing the occurrence of orebodies and its 
relationship with silicic alteration (Modified after Jin, 2002; Tao et al., 2002). 
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origin (Luo et al., 1984; Yang, 1992; Zhu and Peng, 2015). 

3. Samples and analytical methods 

A total of 39 stibnite-rich samples were collected from underground 
workings at Xikuangshan and Woxi deposits, and the details of samples 
are given in Table 1. Samples from Xikuangshan are generally massive 
but locally disseminated and stockwork. Three types of ores occur at 
Xikuangshan: (i) quartz-stibnite ore, (ii) calcite-quartz-stibnite ore, and 
(iii) calcite-stibnite ore (Fig. 4). As documented by Gu et al. (2007) and 
Zhu and Peng (2015), ores from different ore blocks at Woxi contain 
distinct mineral assemblages but, the Shangwoxi block is the major Sb 
producer and contains stibnite as the most important ore mineral 
(locally with trace scheelite). Therefore, samples of the Woxi deposit 
were mainly collected from different mining levels at the Shangwoxi 
block. It should be stressed that, similar to those of the Xikuangshan 
deposit, all the Woxi samples collected host a simple ore composition of 
stibnite as the major ore mineral and quartz as the principal gangue 
mineral (Table 1 and Fig. 5). 

3.1. EPMA analyses 

Electron microprobe analyses (EPMA) of stibnites was carried out on 
standard polished sections, and the areas of interest were delineated by 
the use of reflected light microscopy and were marked and photo
graphed before analyzing. Major and minor element compositions of 
stibnite were determined using a Shimadzu EPMA-1720 electron 
microprobe. The operating conditions of the electron microprobe 
employed an accelerating voltage of 15 kV, a probe current of 20 nA and 
a beam diameter of 20 μm. For elemental calibration, various sulfides or 
synthetic metals were used as standards: Sb2S3 (Sb), FeS2 (S, Fe), FeAsS2 
(As), Au–Ag (Au), CuFeS2 (Cu), PbS (Pb) ZnS (Zn) and HgS (Hg). Matrix 
corrections were carried out using the ZAF correction program supplied 
by the manufacturer Shimadzu. Analytical errors are about 1% for major 
elements and 3% for minor elements. 

3.2. LA-ICP-MS analyses 

Quantitative trace element concentrations for stibnite were obtained 
using an Agilent 7700x Quadrupole ICP-MS coupled with a New Wave 
UP213 laser ablation system at the Institute of Geochemistry, Chinese 

Fig. 3. (a) Geological map of the Woxi Sb–Au–W deposit, showing the locations of five ore blocks (Hongyanxi, Yuershan, Lijiaxi, Shiliupenggong, and Shangwoxi) 
(Modified after Peng and Frei, 2004); (b) a typical profile map of the Woxi deposit, showing the occurrence of mineralized quartz veins (Modified after Luo 
et al., 1984). 
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Academy of Sciences. Laser ablation was carried out in a pure He at
mosphere (0.48 L/min) using an in-house small-volume sample cell and 
the aerosol was mixed with Ar as a transport gas (0.9 L/min) immedi
ately after leaving the cell. The measurement of stibnite spots was per
formed at 10 Hz laser pulse frequency and 40 μm spot size with laser 
energy of 3.5 J/cm2. Analysis time for each spot was 120 s, comprising a 
30-s measurement of background with laser off, and 60-s analysis with 
laser on, and followed by a 30-s retention time to ensure a proper cell 
washout. Batches of 10–15 analyses were bracketed by repeat analyses 
of the external standards, allowing monitoring of, and correction for, 
instrumental drift. A linear drift correction based on the analysis 
sequence and on the bracketing analyses of MASS-1 was applied to the 
count rate for each sample. Measured isotopes were selected to avoid 
isobaric and polyatomic interferences, and the following isotopes were 
measured: 7Li 27Al, 29Si, 34S, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 
66Zn, 71Ga, 72Ge, 75As, 77Se, 85Rb, 88Sr, 95Mo, 105Pd, 107Ag, 111Cd, 115In, 
118Sn, 125Te, 197Au, 201Hg, 205Tl, 208Pb, 209Bi and 238U. The dwell time 
was set to 10 ms for each element measured, with a total sweep time of 
<0.5 s. Time-resolved LA-ICP-MS signals that showed clear peaks or 
strong rises (possible mineral or fluid inclusions) were discarded and the 
smooth time-resolved depth spectra can therefore represent an aver
aging effect due to the limited depth resolution. The external calibration 
was performed against the in-house standards (GSE-1G and GSD-1G), 
and sulfide reference material MASS-1 (formerly known as PSD-1; Wil
son et al., 2002) was used as a secondary check (running as an “un
known”) to monitor the analytical accuracy. The raw analytical data in 
each spot is plotted as a time-resolved depth spectrum and the inte
gration time for background and sample signal selected. The counts are 

then corrected for instrument drift and converted to concentration 
values using the Sb values known from prior EMPA analyses as an in
ternal standard. The synthetic standard glasses NIST SRM 610 and 612 
(Pearce et al., 1997) were additionally measured to recognize a possible 
instrumental drift. Analytical accuracy for most elements is expected to 
be better than 20% with variations in spot size being the main additional 
contributing factor. 

Additionally, to image trace element distribution within stibnite 
grains, a set of touching parallel lines arranged in a grid was ablated 
using a beam size of 10 μm. Rastering speed for each line was equal to 
the beam size per second (i.e., 10 μm/s). A set of nine elements was 
chosen for image analysis (As, Au, Ag, Hg, Cu, Pb, Zn, Fe, and Sb). 
Acquisition time was set to 6 ms for most elements, except Au (9 ms), 
and Ag (9 ms), resulting in a total sweep time of ~0.3 s. Raw effective 
image resolution along each line is ~2 times beam diameter. The 
complete maps were generated throughout 2–3 h to keep instrument 
drift in sensitivity to the minimum. 

4. Results 

4.1. Mineral chemistry of stibnite 

A total of 14 representative stibnite-quartz ore samples, six from 
Xikuangshan and eight from Woxi, were analyzed by EPMA. As shown in 
Table 2, stibnites from two deposits host highly consistent major con
tents, i.e., S and Sb vary from 27.68% to 28.39% and 71.56%–73.44%, 
respectively. Although previously reported data suggested that stibnite 
could accommodate many elements (such as Fe, As, Pb, Au) to thousands 

Table 1 
Description of stibnite samples collected from the Xikuangshan Sb and Woxi Sb–Au–W deposits in southern China.  

Deposits Sample No. Locality (elevation) Mineral assemblage Textures 

Xikuangshan 
Sb deposit 

XKS-2-2 Level 2#, þ320 m Stibnite þ quartz þ talc Massive, breccia 
XKS-2-4 Stibnite þ minor quartz Massive 
XKS-3-3 Level 3#, þ300 m Stibnite þ quartz Massive 
XKS-3-4 Stibnite þ quartz Massive, breccia 
XKS-3-5 Stibnite þ quartz Massive 
XKS-3-8 Stibnite þ quartz Breccia 
XKS-4-1 Level 4#, þ300 m Stibnite þ minor quartz Massive, radial 
XKS-7-6 Level 7#, þ190 m Stibnite þ quartz Breccia 
XKS-9-3 Level 9#, þ170 m Stibnite þ quartz þ calcite Massive, breccia 
XKS-9-5 Stibnite þ quartz Massive 
XKS-11-1 Level 11#, þ136 m Stibnite þ quartz Breccia, disseminated 
XKS-11-3 Stibnite þ quartz þ calcite Massive 
XKS-13-5 Level 13#, þ78 m Stibnite þ quartz þ calcite Breccia 
XKS-13-8 Stibnite þ quartz þ calcite(þtalc) Massive, breccia 
XKS-15-1 Level 15#, þ30 m Stibnite þ calcite þ quartz Massive 
XKS-21-2 Level 21#, � 34 m Stibnite þ calcite Massive 
XKS-23-2 Level 23#, � 120 m Stibnite þ quartz Massive, breccia 
XKS-23-8 Stibnite þ calcite Vein, network-like 
XKS-25-2 Level 25#, � 142 m Stibnite þ calcite þ quartz Breccia 

Woxi Sb–Au–W deposit WX-31-1 Level 31#, � 485 m Stibnite þ quartz þ pyrite Massive 
WX-31-2 Stibnite þ quartz Massive (þveined) 
WX-31-3 Stibnite þ quartz Massive 
WX-32-1 Level 32#, � 510 m Stibnite þ quartz Massive (þveined) 
WX-32-2 Stibnite þ quartz Massive 
WX-32-3 Stibnite (þminor quartz) Massive 
WX-32-4 Stibnite þ quartz þ pyrite Veined 
WX-32-5 Stibnite þ quartz Massive 
WX-34-1 Level 34#, � 560 m Stibnite þ quartz þ scheelite Veined 
WX-32-2 Stibnite þ quartz Massive 
WX-34-3 Stibnite þ quartz þ scheelite Massive 
WX-34-4 Stibnite þ quartz Veined 
WX-34-5 Stibnite (þminor quartz) Massive 
WX-34-6 Stibnite þ quartz Massive, veined 
WX-34-7 Stibnite (þminor quartz) Massive 
WX-34-8 Stibnite þ quartz Massive 
WX-34-9 Stibnite þ quartz Massive 
WX-34-10 Stibnite þ quartz Massive, disseminated 
WX-34-11 Stibnite þ quartz Massive 
WX-34-12 Stibnite þ quartz Massive  
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of ppm or even wt. % level (; Dickson et al., 1975; Watling et al., 1995; 
Murao et al., 1999; Hampton et al., 2004), elements (reported as minor 
elements in stibnite) including As, Au, Cu, Pb, Zn, Fe, and Hg analyzed in 
the present study were below their respective detection limits (0.04% or 
400 ppm) using EPMA and thus no useable minor element data were 
obtained. 

4.2. Trace element composition of stibnite 

A total of 198 LA-ICP-MS spot analyses were acquired on 39 repre
sentative stibnite samples from two deposits, including 19 samples from 

the Xikuangshan deposit and 20 samples from the Woxi deposit. Since 
many elements were detected at extremely low concentrations or even 
below detection limits, here we just include the mean concentrations of 
a few elements with elevated concentrations as shown in Fig. 6, but 
report statistical data (mean, standard deviations, minimum and 
maximum concentrations) and entire LA-ICP-MS dataset in Electronic 
Supplementary Table S1 and Table S2, respectively. Despite our efforts 
to avoid visible inclusions, some analyses did show anomalous con
centrations which may be a result of the presence of mineral or fluid 
inclusions (e.g., Fe- and Mn-rich inclusions). Identification of inclusions 
was determined by spot analyses that were inconsistent with stibnite. 

Fig. 4. Hand specimen and reflected light microphotographs of ores at the Xikuangshan Sb deposit. (a) Quartz-stibnite ores collected from the mining level 3#; (b) 
quartz-calcite- stibnite ores with disseminated fine-grained pyrites collected from the mining level 13# and (c) calcite-stibnite ore collected from the mining level 
21#. Cal: Calcite; Qtz: Quartz; Py: Pyrite; Stib: Stibnite. 
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The statistical calculations did not include these analyses inferred to 
contain inclusions. 

The mean concentrations of major trace elements in individual 
samples from both deposits are plotted in Fig. 6, which allows visuali
zation for both the range of absolute values for each element and the 
variance within each deposit. Overall, As, Cu, Pb, Hg, Fe, Zn, Se, and Te 
are the most abundant trace elements in stibnite. However, stibnite from 
different deposits has distinct trace element compositions. Arsenic is 
measurable in stibnite for both deposits but, the As concentration at 
Woxi deposit (typically >100–300 ppm) is generally one to two orders of 
magnitude higher than that of the Xikuangshan deposit (typically at 
1–10 ppm; Fig. 6). In addition to As, the Cu and Pb concentrations at 

Woxi, varying within the range of tens to hundreds of ppm, are much 
higher than those of the Xikuangshan deposit that are commonly at the 
level of 0.01–10 ppm (Fig. 6). In contrast, Hg is significantly enriched in 
stibnite from the Xikuangshan deposit with concentration at tens to 
hundreds of ppm, whereas Hg in stibnite from Woxi deposit is typically 
at levels of 0.01–10 ppm. The Zn concentrations for stibnite from the 
Xikuangshan deposit is also relatively high and variable (typically at 
0.1–100 ppm) compared to that of the Woxi deposit, which varies from 
0.1 to 10 ppm. Additionally, the Fe, Se, and Te concentrations in stibnite 
from two deposits are comparable, with value for Fe and Te in the range 
of 1–100 ppm but, Te contents are lower, from 0.1 to 10 ppm (Fig. 6). 
Other trace elements in stibnite such as Au, Ag, Bi, In, Mo, Sn, Co, Cr, V, 

Fig. 5. Hand specimen and reflected light microphotographs of ores at the Woxi Sb–Au–W deposit. (a) Massive quartz-stibnite ores; (b) fine-grained quartz-stibnite 
aggregates; (c) veined quartz-stibnite with sparse pyrites. Cal: Calcite; Qtz: Quartz; Py: Pyrite; Stib: Stibnite. 
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Ni, Ga, Rb, Sr, Pd, Cd, and U, compare similarly between deposits but 
have extremely low concentrations, which are typically on the order of 
0.01–0.1 ppm (Fig. 6 and Table S2). 

In addition to spot analyses, trace element distribution within stib
nite grains from two types of Sb deposits was imaged by LA-ICP-MS. 
Fig. 7 shows the distribution of most abundant trace elements within 
stibnite grain from the sample XKS-3-4 collected at the level 3# 

(elevation of þ300 m) at Xikuangshan deposit, and no obvious grain- 
scale compositional zoning was observed. 

5. Discussion 

5.1. Trace element distribution in stibnite 

Previous studies suggest that trace elements in sulfide minerals (e.g., 
pyrite, sphalerite, galena) generally occur as (i) solid solution or nano
particles in crystal lattice; (ii) micro-inclusions; or (iii) visible fluid or 
mineral inclusions (Cook et al., 2009; Deditius et al., 2011; Ciobanu 
et al., 2013; Zhang et al., 2014; George et al., 2015). A careful inspection 
of LA-ICP-MS output signals from each laser spot analyses was done to 
discriminate between whether a particular trace element occurs as ho
mogeneous solid solutions, or as larger isolated micro-inclusions. In 
general, a relatively flat time-resolved depth profile suggests that the 
associated trace element is either in solid solution or included as 
nanoparticles within the mineral structure (Genna and Gaboury, 2015; 
Dehnavi et al., 2018); while elements with spiky depth profiles typically 

indicate the presence of micro-scale inclusions carrying these elements 
(Cook et al., 2009; Ciobanu et al., 2013). Representative single-plot 
LA-ICP-MS depth profiles of major trace elements in stibnite are pre
sented in Fig. 8, which can serve as key evidence for the trace element 
distribution in stibnite. In this study, the LA-ICP-MS depth profiles for 
As, Cu, Pb and Hg are relatively smooth or consist of a series of peaks of 
varying, but comparable, size (Fig. 8a and b), suggesting that these el
ements may primarily occur as solid solution within the crystal lattice or 
at least as invisible nanoparticles in stibnite. However, the high vari
ability between individual spots and irregular depth profiles for such Fe 
and Mn (Fig. 8c) imply that these elements may be present in both solid 
solution and as micro-inclusions in stibnite. Element mapping also 
suggests that part of the Fe in stibnite can be present as isolated Fe-rich 
inclusions (Fig. 7). The LA-ICP-MS depth profiles for remaining trace 
elements including Au, Ag, Zn, Mo, Bi, Sn, Cr, V, Ni, Sr, Se, Te, Ge, Ga, 
Cd and U, generally show pronounced spikes, indicating that these el
ements primarily occur as micro-inclusions in stibnite (Zhao et al., 
2011b; Deol et al., 2012). 

Additionally, unlike other sulfide minerals, such as, pyrite, arseno
pyrite, sphalerite and galena that often display grain-scale composi
tional zoning (Hinchey et al., 2003; Di Benedetto et al., 2005; Large 
et al., 2009; George et al., 2015), we did not observe any zoned distri
bution of trace elements in stibnite (Fig. 7). However, the trace element 
composition in stibnite from different deposits shows significant dif
ference. For example, stibnite from the Woxi Sb–Au–W deposit is rela
tively enriched in Cu and Pb but depleted in Hg, with the Hg/(Cu þ Pb) 
ratio typically lower than 1, while stibnite in the Xikuangshan deposit 
are relatively enriched in Hg but depleted in Cu and Pb with Hg/(Cu þ
Pb) ratios generally much greater than 1. The difference in trace element 
composition between deposits implies that stibnite from two deposits 
may be distinct in origin, or have been generated by different processes. 

5.2. Element correlation and substitution mechanisms 

Since the majority of measured trace elements in stibnite are below 
or slightly above minimum detection limits, the following discussion is 
focused on the correlation and substitution mechanisms for those trace 
elements with elevated concentrations well above the limits of detec
tion. Considering the mean for each sample in the full dataset, Fig. 9a 
reveals a marked positive correlation (R ¼ 0.95) between Cu and Pb in 
stibnite. This positive correlation implies that there must be an under
lying factor governing the distribution of the two elements in stibnite, 
which is expected to be the result of the coupled substitution Cuþþ
Pb2þ↔Sb3þ. This correlation is best observed where the Cu and Pb in 
stibnite are at elevated concentrations (>100 ppm) for the Woxi deposit 
(Fig. 9a). In an ideal coupled substitution, the Cu and Pb would be 
present in stibnite in an equal proportion. However, data obtained in 
this study show that mol% Cu is slightly higher that mol% Pb in stibnite 
(~1.2:1). This implies that the Cu, in addition to being incorporated in 
the crystal lattice via the substitution of CuþþPb2þ↔Sb3þ, may also 
occur as micro-inclusions in stibnite. Element mapping also revealed the 
presence of isolated Cu-rich inclusions in stibnite (Fig. 7). In addition, it 
should be noted that, the presence of Cu in the 1þ oxidation state within 
the above substitution was assumed based on its presence in other 
common sulfide minerals such as chalcopyrite, sphalerite and galena 
(Goh et al., 2006; Cook et al., 2012; George et al., 2015), and thus 
further work needs to be done to validate the presence of Cuþ in stibnite. 
Therefore, it is plausible to propose that the substitution of Sb3þ by 
CuþþPb2þ is the dominant mechanism responsible for the enrichment of 
Cu and Pb into stibnite. 

The full LA-ICP-MS dataset reveals several additional correlations 
between different element couples (Fig. 9b–d). For example, a weak 
positive correlation between Hg and Fe in stibnite at Xikuangshan de
posit (R ¼ 0.66; Fig. 9b) was observed, with a slope of ~2, implying that 
these two elements might be involved in a coupled substitution. Since 
both Hg and Fe are primarily present as solid solution within stibnite, it 

Table 2 
Electron microprobe analytical data of stibnites from the Xikuangshan Sb and 
Woxi Sb–Au–W deposits in southern China.  

Deposits Samples Analyses S/% Sb/% Total/% 

Xikuangshan 
Sb deposit 

XKS-2-2 X-2-2-1 28.13 72.60 100.73 
X-2-2-2 28.10 72.39 100.49 
X-2-2-3 27.92 72.63 100.56 

XKS-3-7 X-3-7-1 27.98 72.18 100.16 
X-3-7-2 28.00 71.62 99.62 
X-3-7-3 27.68 72.43 100.11 

XKS-4-3 X-4-3-1 27.93 72.65 100.58 
X-4-3-2 28.09 72.82 100.92 
X-4-3-3 27.88 72.69 100.57 

XKS-7-4 X-7-4-1 28.39 72.77 101.16 
X-7-4-2 27.80 72.61 100.41 
X-7-4-3 28.03 72.70 100.73 

XKS-11-3 X-11-3-1 28.39 72.44 100.83 
X-11-3-2 28.02 72.38 100.40 
X-11-3-3 28.14 72.72 100.86 
X-11-3-4 28.00 72.42 100.42 

XKS-13-8 X-13-8-1 27.96 72.23 100.19 
X-13-8-2 28.22 72.45 100.67 
X-13-8-3 28.08 72.34 100.43 
X-13-8-4 27.84 72.59 100.44 

Woxi Sb–Au–W deposit WXK-31-1 W-31-1-1 27.72 71.56 99.28 
W-31-1-2 27.79 72.09 99.88 

WXK-31-2 W-31-2-1 27.80 72.43 100.23 
W-31-2-2 28.08 72.50 100.58 

WXK-31-3 W-31-3-1 27.80 72.28 100.08 
W-31-3-2 28.19 73.44 101.63 
W-31-3-3 28.21 73.01 101.22 

WXK-32-1 W-32-1-1 28.06 72.63 100.69 
W-32-1-2 27.95 72.35 100.31 
W-32-1-3 27.98 72.75 100.73 

WXK-32-2 W-32-2-1 28.10 72.81 100.91 
W-32-2-2 28.15 72.90 101.05 
W-32-2-3 28.10 72.57 100.67 

WXK-34-1 W-34-1-1 28.13 72.62 100.75 
W-34-1-2 27.89 72.85 100.74 

WXK-34-2 W-34-2-1 28.04 72.56 100.60 
W-34-2-2 28.13 72.77 100.90 
W-34-2-3 28.34 73.19 101.53 

WXK-34-3 W-34-3-1 28.02 72.84 100.86 
W-34-3-2 28.09 72.74 100.82 
W-34-3-3 28.30 72.76 101.07  
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can be presumed that the coupled substitution 2Sb3þ↔2Hg2þþFe2þmay 
be the major factor governing the correlation between Hg and Fe. 
However, since such a trend is relatively weak as the distribution of Fe in 
stibnite is inhomogeneous, further work is needed to verify this substi
tution. Other correlations such as Sn vs Te in the Xikuangshan deposit 

(Fig. 9c), and Se vs Te in the Woxi deposit (Fig. 9d) were also observed. 
Nevertheless, the substitution mechanism for these elements remains 
unclear because these elements are generally at low concentrations of a 
few parts per million and are interpreted to be primarily present as 
micro-inclusions in stibnite. 

Fig. 6. Scatter plots showing the mean concentrations of key elements in stibnite determined by LA-ICP-MS. XKS: Xikuangshan Sb deposit, WX: Woxi Sb–Au–W 
deposit. All values in ppm. 
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It is notable that As is the most abundant trace element in stibnite, in 
particular for the Woxi deposit (generally >100–300 ppm); however, 
our results show that As does not have any discernible positive or 
negative correlation with any of the other trace elements analyzed. 
However, since As and Sb are similar in ionic radii and chemical prop
erty (Rytuba, 2003; Wilson et al., 2010) and both occur as solid solution 
in stibnite (Figs. 7 and 8), it is reasonable to speculate that the substi
tution of 2Sb3þ by CuþþPb2þþAs3þ, or the simple substitution of Sb3þ

by As3þ is likely responsible for the incorporation of As into stibnite for 
both deposit types. 

5.3. Implications for ore genesis of Sb deposits 

A variety of studies suggest that the majority of global Sb deposits 

generally host a monotonous mineral association with stibnite as the 
principal ore mineral (Gokce and Spiro, 1994; Dill et al., 1997, 2008; 
Peng et al., 2003a; Chen et al., 2018; Fu et al., 2019a,b). For example, 
although the Woxi is a Sb-polymetallic (Sb–Au–W) deposit, the Sb 
mineralization is often present separately from the W and Au mineral
ization, and produces a simple ore composition in the Shangwoxi ore 
block. However, the cause of essentially a monomineralic nature of 
stibnite ores in various deposit types remains unclear. Stanton (1972) 
proposed that the nearly complete absence of coevally deposited 
base-metal sulfide minerals in Sb deposits may have resulted from two 
potential mechanisms: (i) a simple lack of base-metals in source areas 
available for uptake into a Sb-bearing fluid; and (ii) a geochemical 
segregation or partitioning of base-metals from Sb-bearing fluids at 
depth through precipitation of higher P-T sulfides. The data obtained in 

Fig. 8. Representative single-spot LA-ICP-MS depth profiles of selected elements in stibnite. Signals of As, Cu, Pb and Hg are relatively flat and consist of comparable 
peaks, implying that they may occur as solid solutions; whereas those of Au, Ag, Zn, Mo, Cr, Ni, C, Se, Sn, Bi, Sr and Ge show pronounced spikes, suggesting they may 
be present as micro-inclusions. However, the features of signals for Fe and Mn indicate that there may be Fe- and Mn-rich mineral inclusions beneath the sam
ple surface. 
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this study shows that stibnite from Woxi Sb deposit contains relatively 
high levels of base metals and As (typically at hundreds of ppm) but 
extremely low of Hg (from below detection limits to a few ppm). In 
contrast, those from the Xikuangshan Sb deposit are almost completely 
absent of other metals but contain measurable Hg. Such a difference in 
trace element composition indicates that stibnite at the two Sb deposits 
were generated from fluids having distinct origins. 

The elevated concentrations of base metals in stibnite indicate that 
original Sb-bearing fluids or fluid source regions for the Woxi Sb deposit 
were relatively enriched in base metals (Cu, Pb). As the fluids moved 
upward, the changing physicochemical conditions of fluids (e.g., tem
perature and pH) caused the solubility of base metals to decrease and 
therefore base metals precipitated from the fluids prior to Sb. Experi
mental data suggest that chloride complexes are key ligands for base 
metal transport and they are stable at higher temperatures, and cooling 
of a hydrothermal fluid to 300 �C can destabilize and cause Cu and Pb 
sulfides to precipitate (Seward, 1984; Barrett and Anderson, 1988; 
Tagirov and Seward, 2010; Mei et al., 2015; Zhong et al., 2015). How
ever, Sb is mainly transported as hydroxides complexes (e.g., Sb(OH)3) 
in moderate temperature (250–300 �C) conditions (Dickson et al., 1975; 
Bratney, 1977; Krupp, 1988; Pokrovski et al., 2006; Obolensky et al., 
2007), and a drop in temperature to below 250 �C would cause signif
icant stibnite precipitation from fluids containing <10 ppm (Wil
liams-Jones and Normand, 1997). Therefore, the formation of 
monomineralic of stibnite ores at Woxi was likely generated by cooling 
of an initially high-temperature hydrothermal system where Cu and Pb 
sulfides progressively precipitate prior to stibnite during migrating 
ascent. The positive correlation between Cu þ Pb concentrations and 
sampling depth (Fig. 10a) also indicates that Cu and Pb complexes may 
have separated from Sb-bearing fluids at depth through precipitation of 
higher T sulfides during fluid ascent. Therefore, it is possible that there 
might be Cu and Pb mineralization at depth of the Woxi deposit. The 
extensive occurrence of Pb–Zn (-Cu) deposits in Woxi and adjacent 
districts (Li, 1996; Yang and Lao, 2007; Tang et al., 2009; Li et al., 2013) 

further supports this inference. 
Contrastingly, the relatively low concentrations of almost all trace 

elements in stibnites for the Xikuangshan deposit, as well as no 
discernible correlation between the concentrations of Cu þ Pb and 
sampling depth, indicate that the initial Sb-bearing fluids of this deposit 
were likely depleted in base and other metals, or the source regions were 
geochemically lacking of base metals. The minor occurrences of base 
metal deposits in Xikuangshan and adjacent district, in contrast to the 
widespread occurrence of Sb-only deposits (Tao et al., 2001; Hu et al., 
2016, 2017), also support that the monomineralic nature of stibnite ores 
for the Xikuangshan Sb deposit may have been generated from a 
geochemical lack of base metals in the source regions. In addition, it 
should be noted that no Au mineralization is present in Xikuangshan 
probably because the conditions in the Devonian limestone at 
Xikuangshan were too oxidizing (i.e., in the field of SO4

� ) that would 
have favored transport of Sb but not Au (Williams-Jones and Normand, 
1997), which is supported by presence of gypsum and barite at 
Xikuangshan. As a result, the monomineralic nature of stibnite ores for 
the two distinct types of Sb deposit was generated by different processes, 
or from different source regions. 

6. Conclusions 

Electron microprobe analyses did not identify any significant dif
ference in major element compositions in stibnite, even though stibnite 
was collected from two deposits with different styles of mineralization 
(XKS-type and WX-type). However, significant differences in trace 
element composition were recognized between different deposit types 
using LA-ICP-MS analyses. In general, the Woxi deposit contains 
measurable concentrations of Cu, Pb, and As, whereas the Xikuangshan 
deposit is highly depleted in these trace elements but relatively enriched 
in Hg. The substitution 2Sb3þ↔CuþþPb2þþAs3þ is interpreted to be the 
most important mechanism for the incorporation of Cu, Pb, and As 
within stibnite lattice. However, the difference in trace element 

Fig. 9. Correlation plots of (a) Cu vs. Pb, (b) Hg vs. Fe, (c) Sn vs. Te, and (d) Se vs. Te in stibnite determined by LA- ICP-MS.  
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composition in stibnite from the two major Sb deposits suggests they 
may have been generated from different processes or mechanisms. The 
Sb-bearing fluids or source regions for the Woxi deposit were relatively 
enriched in As and base metals, but a geochemical segregation or 
element partitioning by early base-metal sulfide precipitation during 

early fluid ascent may have led to the depletion of most other metals 
except antimony in higher level (thus lower T) settings resulting in the 
formation of nearly monomineralic stibnite ores. In contrast, there is an 
almost complete absence of base metals in stibnite from Xikuangshan, 
which we interpret was generated by a depletion of these elements in the 
fluid source regions. Therefore, distinct differences in trace element 
composition in stibnite (Fig. 10b and c) could be used to provide insights 
into the ore genesis or even for mineral exploration of Sb deposits. 
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