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ABSTRACT

The Mesozoic (160-130 Ma), fault-con-
trolled Xikuangshan Sb deposit within De-
vonian limestone strata of Hunan Province,
Southern China is the world’s largest Sb de-
posit containing a proven reserve of ~2.5 m
Sb. Although mined for over a century, its
genesis remains poorly understood. Here we
use new He-Ar isotope data of hydrothermal
stibnite and both new and existing C-O-Sr-Nd
isotopes of hydrothermal calcite with known
stages to decipher its genesis and the major
constraints on mineralization intensity. The
3He/*He and “Ar/*Ar ratios of fluid inclu-
sions trapped in stibnite are from 0.01 to 0.04
Ra (Ra: atmospheric 3He/*He ratio) and 304—
1077, respectively, indicating the ore-forming
fluids at Xikuangshan were dominated by
air-saturated meteoric groundwater after in-
teraction with crustal rocks. Ore-stage calcite
C and O isotopes indicated that most CO, in
the fluids was acquired from marine carbon-
ate rocks by dissolution; whereas Sr and Nd
isotopes differed from deposited Devonian
country rocks but were similar to the un-
derlying regional Proterozoic clastic rocks in
the region. Calcite from early and late stages
showed a strong positive correlation between
6130 and %Sr/3%Sr, consistent with the mix-
ing between the circulating groundwater and
compounds released from the Proterozoic
rocks due to extensive fluid-rock interac-
tion. The 3He/Q ratios of the fluid inclusions
are low, varying from 4.3 to 18.5 x 10~'5 cm?
standard temperature and pressure (STP)
J1, indicating deep-seated magma could have
provided heat by conduction but no volatiles
into the ore-forming fluids. Based on these
new results, we suggest that deep-seated gra-
nitic magma heated the down-going meteoric
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groundwater along fault zones, after which
the groundwater extensively interacted with
and extracted Sb from the Proterozoic Sb-
rich rocks to form Sb-rich fluids. The Sb-rich
fluids then ascended through regional faults
and deposited Sb as stibnites at favorable
structural traps to form the Xikuangshan
Sb deposit. This study highlights that ex-
tensive water-rock interaction is essential to
form the deposit, and more intensive water-
rock interaction at an early stage allowed for
early-stage mineralization yielding higher Sb
reserves (>80%) at Xikuangshan.

INTRODUCTION

The giant Xikuangshan Sb deposit, situated
in Hunan Province, Southern China, was dis-
covered in 1541, first mined in 1892, and has
since become one of the most important global
providers of Sb resource. This is the world’s
largest Sb deposit, containing a proven reserve
of ~2.5 m Sb, with an average Sb grade of 4%
(Hu et al., 2017). Though extensively studied
since the early 1920s (Tegengren, 1921), the
genesis of this deposit remains controversial.
Based on its distance from exposed intrusive
rocks, Wang et al. (1938) regarded it as a dis-
tal magmatic hydrothermal deposit. In the early
1980s, it was classified as a stratabound deposit,
with Sb derived from the host strata (Tu, 1984;
Xiao and Li, 1984). Based on geochemical and
geophysical data, some researchers suggested
that this deposit is related to igneous rocks at
depth or underlying Proterozoic basement rocks
(Liu et al., 1985; Li, 1996; Jin et al., 1999; Peng
etal., 2001; Maet al., 2002, 2003). In addition, a
syngenetic-exhalation model and a sedimentary-
diagenetic model have also been proposed for
this deposit (Zhang et al., 1998; Fan et al., 2004).
The mineralization stages of the deposit have
been split, where >80% of the total Sb reserves
in the deposit were produced in the early stage
(Wen et al., 1993; Hu and Peng, 2018); however,

little is known about why the mineralization dur-
ing this stage is so much more extensive.
Accordingly, a combined He-Ar-C-O-Sr-Nd
isotope comparison analysis on hydrothermal
minerals, notably lacking from previous stud-
ies, could help resolve the debates surrounding
the origin and mineralization intensity of the
deposit. Helium-Ar isotopes of fluid inclusions
trapped by hydrothermal sulfides have proven to
be good tracers of water-rock interaction and heat
source. These isotopes also act as an effective
mechanism for tracing the source of ore-forming
fluids due to significant differences in *He/*He
and “*Ar/*®Ar ratios between fluids derived from
different geochemical reservoirs (Turner et al.,
1993). For example, the >100-fold difference
between 3He/*He ratios of upper mantle (6-9
Ra, where Ra is the atmospheric *He/*He ratio,
1.39 x 10-°) and the crust (0.01-0.05 Ra) offers
unique insight into processes where mantle or
magmatic volatiles have been added to crustal
fluids (Stuart et al., 1995; Burnard and Polya,
2004; Hu et al., 2009, 2012; Davidheiser-Kroll
et al., 2014; Wu et al., 2018). Carbon and O iso-
topes of the associated hydrothermal calcites are
also effective tracers for origin of the ore-form-
ing fluids and the intensity of water-rock interac-
tion (Ohmoto, 1986; Hoefs, 1987; Wulff et al.,
2010; Jaguin et al., 2014). Alternatively, the
Sr-Nd and Sr-O isotopes of ore-stage minerals,
such as calcite in the Xikuangshan Sb deposit,
can be used to evaluate fluid-rock interaction in
a dynamic hydrothermal fluid system (Johnson
and McCulloch, 1995; Savard and Kontak, 1998;
Voicu et al., 2000; Peng et al., 2003b, 2008; San-
chez et al., 2010); however, no such study on
He-Ar isotopes for the Xikuangshan Sb deposit
was previously performed to date, and the pub-
lished C-O-Sr-Nd data of hydrothermal calcites
from this deposit are either limited in extent or
without known stages. With these in mind, the
present study used new He-Ar-C-O-Sr-Nd and
existing C-O-Sr-Nd isotope data of hydrother-
mal minerals with known stages to reveal the
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Genetic model of the world's largest Sb deposit (Xikuangshan)

origin and primary constraints on mineralization
intensity of the giant Xikuangshan Sb deposit.
Antimony concentrations of different types of
regional rocks from previous studies are also
included in the discussion, as such comprehen-
sive data sets allowed the proposal of a new
genetic model for this giant deposit.

GEOLOGY
Regional Geology

The South China Block (SCB) in the south-
eastern Eurasian continent consists of the Yang-
tze Block in the northwest and the Cathaysian
Block in the southeast (Fig. 1A), which were
amalgamated along the Jiangshao suture at ca.
830 Ma (Zhao et al., 2011). The giant Xikuang-

shan Sb deposit is located in the Xiangzhong
(central Hunan Province) Basin in the south-
eastern part of the Yangtze Block. This basin
is bounded by the Xuefengshan Uplift Belt to
the northwest (Fig. 1B). Rocks exposed in this
region are composed of the Proterozoic meta-
morphic basement occurring along the Xue-
fengshan Uplift Belt (Fig. 1B) and Paleozoic—
Mesozoic sedimentary cover, with Cenozoic
sediments in some areas (Wang et al., 2013).
The Proterozoic metamorphic basement
mainly comprises the Lengjiaxi and Banxi
Groups, which were overlain unconformably by
Ediacaran—Cambrian sequences, and to a lesser
degree, the Late Paleozoic sequence (Figs. 1B
and 2). The Lengjiaxi Group is mainly com-
posed of slate, siltstone and sandstone, plus
minor amounts of conglomerates and flysch

TIE!

« Xiangzhong
Basin

\"\‘"S"a" N ®

112E’

=%

BanX|

0 ‘
244-210Ma |5 /

N,

/’?/\

220 218Ma
)
4

200km
—

E Cenozoic I:l Mesozoic

|:| Fault - Triassic granitic rocks
O Sh deposits q

Sb-Au deposits

I:I Paleozoic

O W-Sb deposits

l:l Neoproterozoic - Paleo-to Mesoproterozoic
Paleozoic granitic rocks

? Sb-Au-W deposits

Figure 1. (A) Tectonic framework of South China Block showing the location of central Hu-
nan (Xiangzhong) (modified from Qiu et al., 2016; Hu et al., 2017). (B) Regional geological
map of the central Hunan, South China showing the distribution of important Sb deposits
(modified from HBGMR, 1988; Xie et al., 2019). Age data for granites are sourced from Wang
et al. (2007), Wang et al. (2012), Li et al. (2014), Fu et al. (2015), and 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; @—Xikuangshan-Lianyuan

fault; @—Chengbu-Taojiang fault; A—A'—location of Figure 12.
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turbidite (total thickness >2500 m). Mafic-
ultramafic intrusive rocks and bimodal volcanic
rocks are also present in this group (Zhou et al.,
2002). The overlying Banxi Group consists
of the lower Madiyi Formation and the upper
Wugiangxi Formation (Fig. 2). The major rock
types of this group are gray-green and purplish-
red graywacke, siltstone, sandy slate, and slate
(total thickness, 10006000 m; Fig. 2; HBGMR,
1988). Regionally, the sedimentary rocks of
Ediacaran—Early Paleozoic consist of silicalite,
argillite, sandstone, siltstone, and minor tuffa-
ceous slate beds (total thickness, 20007000 m;
Fig. 2; Yang et al., 2006). The Xiangzhong Basin
is unconformably developed on the top of the
pre-Devonian sequences (Lengjiaxi and Banxi
Groups and Ediacaran to Early Paleozoic sedi-
mentary rocks). Continuous sedimentation from
Middle Devonian to Early Triassic produced
1500-9000 m of carbonates and clastic sedimen-
tary rocks, such as limestone, sandstone, shale,
and conglomerate, in the basin (Fig. 2).

Several tectonic events took place in this
region at various times, including the middle
Paleozoic, early Mesozoic, and late Mesozoic,
since the Neoproterozoic amalgamation of Yang-
tze and Cathaysian Blocks (Faure et al., 2009;
Charvet, 2013; Wang et al., 2013). The Middle
Paleozoic tectonic event, commonly referred
to as the Caledonian orogeny, was responsible
for the development of the angular unconfor-
mities between the Lower Silurian and Middle
Devonian strata in the basin (Fig. 2; Shu, 2006;
Wang et al., 2013), as well as the deformation of
the pre-Devonian strata, such as folding, shear-
ing, faulting, and uplift (Shu et al., 2009; Chu
et al., 2012a, 2012b). This tectonic event also
produced abundant granitic rocks with ages
from ca. 450-350 Ma (Fig. 1B), while the early
Mesozoic tectonic event or the Indosinian orog-
eny produced more widespread granitic plutons
(Wang et al., 2013), with granite ages varying
from 255 to 200 Ma across the entire SCB and
from 244 to 204 Ma in the Xiangzhong district
(Fig. 1B; Wang et al., 2013; Fu et al., 2015; Lu
et al., 2017). It is suggested that the Indosinian
granitoids are related to the westward subduc-
tion of the paleo-Pacific plate underneath the
Eurasian continent (Li and Li, 2007) or the con-
tinental collision between the SCB and the Indo-
china Block to the west in response to the closure
of the Paleotethys (Lepvrier et al., 2004; Wang
et al., 2013). The late Mesozoic tectonic event
(i.e., Yanshanian event) is responsible for the for-
mation of a large granite province covering much
of the Cathaysia Block (Li and Li, 2007; Wang
etal., 2013). The Yanshanian granitic rocks were
dominantly emplaced from the Jurassic to Cre-
taceous (160-140 Ma; Mao et al., 2013; Wang
et al., 2013) and related to either lithospheric
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Figure 2. Stratigraphic columns of the central Hunan Province including the Xuefengshan
Uplift Belt and Xiangzhong Basin (modified after HBGMR, 1988).

extension and associated asthenosphere upwell-
ing in an intraplate setting (Wang et al., 2013)
or the westward subduction of the Pacific plate
beneath the Cathaysia Block (Li and Li, 2007).
Although no substantial Yanshanian granites
have been identified in the Xiangzhong district,
sparse patches have intruded into the Late Tri-
assic granites around the Xiangzhong Basin
(Ding et al., 2006; Chen et al., 2007; Liu et al.,
2013), indicating that there might be substantial
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Yanshanian granites in the depth of those Late
Triassic granites (Hu et al., 2021). Extensive
gravity abnormalities within the Xiangzhong
Basin further suggest there might be buried Yan-
shanian granites in this region (Rao et al., 1999;
Zhu, 2004).

More than 100 Sb-bearing deposits have been
found in this region (Hu et al., 2017), all of
which can be divided into two groups based on
metal association, as well as lithological control:
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Group A hosted in the late Paleozoic carbonates
and clastic rocks within the Xiangzhong Basin
and Group B associated with the Proterozoic
low-grade metamorphosed clastic rocks in the
Xuefengshan Uplift Belt and Xiangzhong Basin
(Ma et al., 2002). Group A is dominated by
Sb-only deposits, which are commonly distal
to known granitic intrusions in the region and
occur as stratiform, as represented by the giant
Xikuangshan Sb deposit (Fig. 1B; Fan et al.,
2004; Hu and Peng, 2018). In these deposits,
stibnite is the only ore mineral. Group B deposits
are polymetallic (Fig. 1B), as represented by the
Woxi Sb-Au-W (Zhu and Peng, 2015), Zhazixi
Sb-W (Peng et al., 2010; Zeng et al., 2017a,
2017b), and the Longshan Sb-Au deposits (Fu
etal., 2016; Zhang et al., 2019). The mineraliza-
tion occurred as veins, mainly confined to the
weakly metamorphosed clastic rocks of Pro-
terozoic ages. The ore minerals include stibnite,
native gold, pyrite, arsenopyrite, and scheelite.

Deposit Geology

The giant Xikuangshan Sb deposit is located
at the intersection of the NE-striking Taoji-
ang-Chengbu and NW-striking Xikuangshan-
Lianyuan major faults (Fig. 1B). The exposed
sedimentary strata in the region are mainly
Upper Devonian Xikuangshan Formation (Dsx)
and Shetiangiao Formation (D;s) and Lower
Carboniferous Datang Formation (C,d) and Yan-
guan Formation (C,y; Fig. 3). The Xikuangshan
Formation is composed of interbedded carbon-
ate and shale, with a hematite layer (Fig. 3B).
Most important Sb mineralization is present in
the middle portion of the Shetianqiao Formation
(D5s?), and to a lesser extent, the lower part of
this Formation (D5s'). The Dss? is composed of
sandstone, carbonate and mudstone layers from
the bottom to the top (total thickness >350 m).
The carbonate layer is primarily composed of
limestone interlayered with thin shale or sandy
mudstone, and hosts the bulk of Sb mineraliza-
tion. The ore-bearing carbonate layer is overlain
by a layer of shale and/or mudstone, which was
considered to be a fluid barrier during the hydro-
thermal mineralization (Jin et al., 2001; Yang
et al., 2006).

Structurally, the Xikuangshan deposit
is strictly confined within the NE-trending
Xikuangshan composite anticline consisting of
four smaller anticlines that all contain important
orebodies (Fig. 3A; Laokuangshan, Tongjia-
yuan, Feishuiyan, and Wuhua). The composite
anticline was cut by several NE-trending faults;
among them, the fault F;5 is a part of the NE-
striking Chengbu-Taojiang regional fault that
cut the northwest limb of the anticline. This
fault formed in the Triassic as a thrust and

Geological Society of America Bulletin, v. 135, no. 3/4
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Figure 3. (A) Simplified geological map of the Xikuangshan Sb deposit (modified after Peng
and Hu, 2001). (B) A-A’ profile of the Xikuangshan Sb deposit showing the shapes and dis-
tribution of orebodies in the Xikuangshan deposit (modified after Tao et al., 2002).

reactivated in the Jurassic to a normal fault (Li
et al., 2013), and it was thought to be the main
pathway of the ore-forming fluids, which is
demonstrated by the occurrence of Sb miner-
alization in the immediate footwall of this fault
and increasing intensity of hydrothermal altera-
tion such as silicification toward the fault (Liu
and Jian, 1983).

Geological Society of America Bulletin, v. 135, no. 3/4

A NNE-trending lamprophyre dike that occurs
in the eastern part of the deposit is the only
exposed intrusion in the deposit area (Fig. 3A)
and was considered to postdate the Xikuang-
shan Sb deposit (Wu and Hu, 2000). K-Ar dat-
ing of biotite and K-feldspar in this dike yielded
127.8 Ma and 118.4 Ma, respectively (Wu and
Hu, 2000). Moreover, granitic xenoliths were
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found in the dike (Wu and Hu, 2000), suggesting
the presence of buried granites at the depth of the
Xikuangshan deposit area. Considering the ages
of the lamprophyre dike and geophysical data,
these buried granites may have formed during
the Yanshanian (Li, 1996; Rao et al., 1999).

The host rocks, mainly the carbonates of the
Devonian Shetiaogiao Formation, were variably
silicified in the fractures, with increasing inten-
sity toward the regional fault F,5. The Sb orebod-
ies are associated with intensive silicification and
were spatially controlled by the interlayer fault
zones, thus appearing to be stratiform in distri-
bution (Fig. 3B); however, at a smaller scale, a
single orebody contains multiple veins that form
irregular networks, consistent with a fractured
zone (Fig. 4). Each orebody measures 30-600 m
in length along strike and 1-5 m (locally up to
20 m) in thickness (Fig. 3). The ore grades vary
from 3.5 to 5.7 wt% Sb, with an average of
4.0 wt% Sb (Kuang, 2000).

The common ore textures are massive, brec-
ciated, disseminated, strip and network-like
(Figs. 4 and 5). Stibnite is the only ore mineral,
while quartz and calcite are the main gangue
minerals. Minor amounts of pyrite, fluorite,
barite, and talc are present locally. Based on
mineral assemblages, the ores can be divided
into quartz-stibnite, calcite-quartz-stibnite, and
calcite-stibnite types. The quartz-stibnite type of
ores represents >80% of the Sb reserves of the
deposit (Wen et al., 1993; Hu and Peng, 2018).
Alternatively, the mineral paragenesis can be
divided into three stages of early, late, and post-
mineralization (Fig. 6). The mineral assemblage
of the early mineralization stage is mainly com-
posed of quartz and stibnite, with minor calcite.
Stibnite is present in massive ores (Fig. 5A),
disseminated ores with quartz (Fig. 5B), as ran-
domly oriented needles in a silicified limestone
matrix (Fig. 5C), and as large tabular crystal
intergrown with calcite (Figs. 5D and 7A). This
stage of mineralization is estimated to produce
>80% of the total Sb reserves of the deposit. The
late mineralization stage assemblage is com-
posed of calcite and stibnite, with minor quartz
and rare fluorite and barite. The calcite crystals
are intergrown with acicular and fine-grained
stibnite (Figs. SE-5G and 7B). Postmineraliza-
tion minerals are mainly coarse-grained calcite
(Fig. 5H) that commonly fills the pores or frac-
tures of deformed ores (Fig. 4B).

Nearly all Sb orebodies in the Xikuangshan
deposit are strictly confined within the NE-trend-
ing Xikuangshan complex anticline that formed
during the Mesozoic, placing the Sb mineraliza-
tion event in the Mesozoic; however, the precise
age of the Xikuangshan deposit has not been
well constrained due to the lack of suitable min-
erals for radiometric dating. The ore-stage cal-
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cites in the Xikuangshan have high Sm/Nd ratios
and are thought to be suitable for Sm-Nd dating
(Peng et al., 2003a, 2004). Using this technique,
Peng et al. (2003a) determined that the Xikuang-
shan Sb deposit was likely formed sometime
between 156 Ma and 124 Ma. More recently,
Fu et al. (2020) obtained 156-117 Ma (U-Th)/
He ages for the zircons in alteration zones of the
Xikuangshan deposit, broadly overlapping with
the Sm-Nd ages. Similar ages have been obtained
for other Sb deposits in the region. For example,
Rb-Sr and Sm-Nd isotopes of hydrothermal sul-
fides and (U-Th)/He isotopes of zircons from
altered host rocks yield ca. 130 Ma for the Banxi
Sb deposit (Li et al., 2018; Fuetal., 2019). Ar-Ar
isotopes of hydrothermal muscovite yield ca.
160 Ma for the Longshan Sb-Au (Zhang et al.,
2018). The Mesozoic Sb mineralization event is
not restricted to the Xiangzhong district. It also
took place in the adjacent Youjiang district to
the southwest. For instance, Peng et al. (2003b)
reported a Sm-Nd age of ca. 148 Ma for fluorite
from the Qinglong Sb deposit in the Youjiang
district; Xiao (2014) reported a Sm-Nd isochron
age of ca. 131 Ma for calcite from the Banian
Sb deposit in the same district. The reported
ages of above deposits overlap with those of the
Xikuangshan Sb deposit, indicating that Sb min-
eralization between 160 and 130 Ma may have
been extensively developed in the Xiangzhong
and Youjiang districts.
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The fluid inclusion data indicate that the ore-
forming fluids of the Xikuangshan Sb deposit
are of low temperatures and salinities (Jin et al.,
2001): 140-250 °C and 3-6 wt% NaCl equiv.,
respectively, for the early stage, and 120-200 °C
and 0.3-0.9 wt% NaCl equiv., respectively, for
the late stage (Lin, 2014). Thus, the temperatures
and salinities decreased during mineralization.

SAMPLES AND ANALYTICAL
METHODS

Previously published C-O-Sr-Nd data of
hydrothermal calcites from the Xikuangshan Sb
deposit are either limited in extent or without
known specific stages; therefore, a new set of
samples of early and late stages were collected
here from several underground mining tunnels of
the deposit (Tables 1 and 2) for He-Ar-C -O-Sr-
Nd isotope analysis. Hand specimens were
crushed to 0.3-0.5 mm fragments for calcite sep-
aration and 1-2 mm fragments for stibnite sepa-
ration, using a binocular microscope. The calcite
separates were ground to 200 mesh in an agate
mortar, and the powdered calcite samples were
used for C-O-Sr-Nd isotope analysis. Because
calcite is not a good helium trap (Turner et al.,
1993), the stibnite separates were used for He-Ar
isotope analysis.

A mass spectrometer (GV 5400) equipped
with an online volatile extraction system was
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Figure 4. Field photographs of
orebodies from the Xikuang-
shan Sb deposit. (A) Early
mineralization stage stibnite-
quartz ore veins occurred in
Devonian silicified limestone;
(B) early- and late-stage ores
cut by postmineralization cal-
cite vein; (C) network ore in the
brecciated silicified limestone;
(D) acicular stibnite dissemi-
nated in late stage-calcite vein.

used for He and Ar isotope analysis at the Insti-
tute of Geology and Geophysics, Chinese Acad-
emy of Sciences, Beijing, China. The analytical
methods are similar to those described in Stuart
et al. (1994, 1995), where ~500-1000 mg of
stibnite separates were ultrasonically cleaned
in alcohol, dried, and then loaded in online in
vacuo crusher buckets. The samples were then
baked at ~150 °C online with an ultra-high
vacuum system for >24 h to remove adhered
atmospheric gases. Gases within fluid inclusions
were released from the grains into an all-metal
extraction system by sequential crushing within
modified Nupro-type valves, and the released
gases were purified with two SAES Zr-Al get-
ters, one at room temperature and the other at
450 °C. Helium was separated from Ar using
activated charcoal at liquid N, temperature to
trap the Ar, and afterwards, He and Ar isotopes
were analyzed on the GV 5400 mass spectrom-
eter. Procedural blanks were <2 x 10710 cm?3
STP “He and (2—4) 10~'%cm3 STP “°Ar, and
constituted <1% of analyses. Gas abundances
were measured by peak-height comparison
with known amounts of air, and Ar isotopes
were calibrated against pipettes of 9.3 x 10~*
cm?® STP air. Helium calibrations were made on
5.2 x 1077 cm?® STP air.

Carbon and O isotope measurements were
carried out using the methods described in Wal-
ters et al. (1972). CO, gas was extracted by react-
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Figure 5. Photographs of hand specimens from the Xikuangshan Sb deposit. (A) Stibnite
present in massive ore; (B) stibnite present in disseminated ore with quartz; (C) randomly
oriented acicular stibnite in a silicified limestone matrix; (D) large tabular stibnites in early-
stage quartz vein; (E and F) acicular stibnite in late-stage calcite vein; (G) fine-grained
stibnite in late-stage calcite; (H) postmineralization stage coarse-grained calcite.

ing ~5 mg of carbonate powder for 12 h with
phosphoric acid at 25 °C. The liberated gas was
analyzed on the MAT-252 mass spectrometer at
the Institute of Geochemistry, Chinese Academy
of Sciences, Guiyang, China. Carbon and O iso-

Geological Society of America Bulletin, v. 135, no. 3/4

topic compositions are reported in the common
d notation in permil relative to the (W04406)
Peedee belemnite (PDB) and standard mean
ocean water (SMOW) standards, respectively.
The analytical precision is about +0.2%0 (20).
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Rubidium, Sr, Sm, and Nd concentrations,
as well as Sr-Nd isotopic compositions were
measured using a MAT-261 mass spectrometer
at the Tianjin Institute of Geology and Mineral
Resources, Chinese Academy of Geological
Sciences. Two separate sample solution ali-
quots were prepared: one for the determina-
tion of Rb, Sr, Sm, and Nd concentrations
and the other to measure the 7Sr/%Sr and
143N d/'*4Nd ratios. The elemental abundances
were determined by isotope dilution, whereas
the 87Sr/36Sr and *3Nd/'#*Nd ratios were mea-
sured from unspiked solutions of pre-concen-
trated sample splits. Procedural blanks used
in the Rb-Sr isotope analyses are ~50 pg for
Rb and Sr. The measured Sr isotopic ratios
were normalized to an $6Sr/%Sr of 0.1194.
The National Bureau of Standards (NBS) 987
standard (recommended 87Sr/86Sr = 0.710249,
Thirlwall, 1991) was used for instrument cali-
bration. Procedural blanks used in the Sm-Nd
isotope analyses are 30 pg for Sm and 54 pg
for Nd. The Johnson and Mattey Nd stan-
dard, with a recommended !*3Nd/!**Nd ratio
of 0.511132 + 5 (Su et al., 2009), was used
for instrument calibration. The measured Nd
isotopic ratios were normalized to 'YNd/'*Nd
of 0.7219, using the power law fractionation
correction. The errors of reproducibility of the
isotopic ratios are less than 0.005% (20); the
precision for Sm and Nd concentrations are
less than 0.1% deviation (20) from the recom-
mended values. The BCR-1 reference used in
this study yielded 6.57 ppm Sm, 28.75 ppm
Nd, and an average '3Nd/'**Nd ratio of
0.512644 £+ 5, notable within the ranges
of recommended values (0.512650 + 40,
Jahn et al., 1980; 0.512629 + 8, Raczek
et al., 2003).

ANALYTICAL RESULTS
Helium-Argon Isotopes

Helium and Ar isotopic and abundance data
of fluid inclusions trapped in stibnite from
the Xikuangshan Sb deposit are presented in
Table 1. The concentrations of “He and “°Ar
range from 1.4 x 1077 t0 97.5 x 10~7 cm?® STP
g ! and 2.6 x 1077 to 86.0 x 107 cm? STP
g1, respectively. Compared with the late-stage
stibnite, both the “He and “°Ar concentrations in
fluid inclusions trapped by the early-stage stib-
nite were generally higher. The He/*He ratios
vary narrowly from 0.01 to 0.03 Ra (average,
0.02 Ra). The “°Ar/*°Ar ratios vary from 304
to 1077 (average, 365), which is slightly higher
than the atmospheric value of 296 (Hu et al.,
1998a; Burnard et al., 1999). The co-variation
of He-Ar isotopes is illustrated in Figure 8.
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Figure 6. A paragenetic se-
quence of minerals from the
Xikuangshan Sb deposit.
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Carbon-Oxygen Isotopes

The C-O isotopic compositions of hydrother-
mal calcites from the Xikuangshan Sb deposit
are listed in Table 2. The calcites of the early
and late mineralization stages yielded §'*C val-
ues ranging from —8.2%o to —4.3%o, and +0.6%o
to +2.1%o, respectively, whereas the §'%0 values
of these two calcite types ranged from +17.8%o
to +18.6%0 and +15.3%o0 to +17.1%o, respec-
tively. The co-variation of the C-O isotopes is
illustrated in Figure 9.

Rubidium-Strontium Isotopes

The concentrations and Rb-Sr isotopes of
hydrothermal calcites from the Xikuangshan Sb
deposit are given in Table 3. Overall, the late-
stage calcites have higher Rb contents than those
in the early stage. Strontium contents in the late-
stage calcites (less than 210 ppm) are much lower
than those in the early stage (642-815 ppm).
The 37Sr/3Sr ratios of the early-stage calcites
vary narrowly from 0.71212 to 0.71282 (aver-
age, 0.7125). In contrast, the 87Sr/%Sr ratios of

late-stage calcites vary more significantly from
0.71018 to 0.71241 (average, 0.7108), which is
slightly lower than that of the early-stage calcites.

Samarium-Neodymium Isotopes

The Sm-Nd isotopic compositions of hydro-
thermal calcites from the Xikuangshan Sb
deposit are listed in Table 4. The calcites formed
at different stages have contrasting '4’Sm/!*Nd
and '$3Nd/'*Nd ratios. Early-stage calcites
have “’Sm/!*Nd values of 0.9411-8.4197 and
143N d/'**Nd values of 0.51260-0.52021; whereas
late-stage calcites had lower '¥7Sm/'*Nd values
of 0.0890-0.6017 and '*3Nd/'*Nd values of
0.51178-0.51220.

DISCUSSION

Ore-Forming Fluids Source
and Water-Rock Interaction

The source of ore-forming fluids for the
Xikuangshan deposit has long been a matter

Figure 7. Photomicrographs
of thin sections from the Xi-
kuangshan Sb deposit. (A)
Early-stage calcite intergrown
with coarse-gained stibnite,
crossed polars; and (B) late-
stage calcite intergrown with
fine-grained acicular stibnite,
crossed polars.

TABLE 1. HELIUM AND ARGON ISOTOPE DATA OF FLUID INCLUSIONS TRAPPED BY HYDROTHERMAL STIBNITE FROM THE XIKUANGSHAN ANTIMONY DEPOSIT

Sample Mineral Location and elevation Weight “He 4OAr SHe/*He 4 OArPAr 4 “°Ar*/*He SHe/Q
(m) (9) (10-7cm3STP)/g  (10-7cm3STP)/g (Ra) (10-9) (10-15 cm3
STP J-)
Early-stage
XKS-1-6 Stibnite | evel #1, Laokuangshan, +350 0.5467 975 86.0 0.021  0.010 1077 12 637 177
XKS-3-3 Stibnite | evel #3, Laokuangshan, +300 0.4362 10.8 3.12 0.022 0.010 311 3 11 16.7
XKS-7-1 Stibnite | evel #7, Laokuangshan, +190 0.7793 16.4 7.95 0.011  0.005 307 3 13 4.73
XKS-9-3 Stibnite  |evel #9, Laokuangshan, +170 0.7536 30.4 6.41 0.014  0.002 311 3 8 18.5
XKS-9-5 Stibnite  |evel #9, Laokuangshan, +170 0.6162 11.3 8.71 0.021  0.010 304 3 13 5.70
XKS-13-8 Stibnite  |_evel #13, Laokuangshan, +78 0.7104 9.9 3.38 0.020  0.009 313 4 15 12.9
XKS-5-1 Stibnite  Level #5, Tongjiayuan, +250  0.6800 14.2 5.64 0.015  0.001 310 5 15 9.66
XKS-6-3 Stibnite  Level #6, Tongjiayuan, +210  0.4263 11.0 4.07 0.019  0.009 316 4 20 11.6
Late-stage
XKS-5-6 Stibnite  Level #5, Tongjiayuan, +250  0.5272 5.7 419 0.016  0.008 308 3 22 4.65
XKS-6-2 Stibnite Level #6 Tongjiayuan, +210  0.6203 5.4 2.73 0.015  0.008 316 4 28 6.73
XKW9 Stibnite Level #3, Wuhua, unclear 0.1665 14 2.64 0.029 0.003 307 8 51 5.73
XKS-23-6 Stibnite | evel #23, Laokuangshan, —120 0.4635 2.3 1.96 0.014  0.002 312 3 37 4.34
XKS-25-3 Stibnite | evel #25, Laokuangshan, —142 0.2550 5.9 2.64 0.012  0.002 314 3 22 748
XKS-25-2 Stibnite | evel #25, Laokuangshan, —142 0.4026 6.1 4.75 0.016  0.003 308 3 24 5.46

Notes: 4°Ar* is non-atmospheric Ar, 4°Ar* = 40Ar — [3Ar x 298.6]. The *He/Q was calculated using the equation 3He/Q = 3He/*Ar x [3Ar] ./ (CP0). MASW—modified

air-saturated meteoric water.
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TABLE 2. CARBON AND OXYGEN ISOTOPE DATA OF THE HYDROTHERMAL
CALCITE FROM THE XIKUANGSHAN ANTIMONY DEPOSIT

Stage Sample Location and elevation Mineral §"%Cppg 68 0gmow
assemblage (%o) (%o)
XN3-9 _56 18.3
XN3-10 6.7 18.4
XN3-11 . ~6.0 18.6
Early stage XN3-13 Level #3, Tongjiayuan, +300 m q -+ stb + cal 43 178
XN3-15 _8.2 17.8
XKL-3 _6.6 19.5
XS11- . . 1. 171
XSS11-3%* Level #11, Feishuiyan, +136 m 2_? 171
XS19W-1* .9 6.2
XS19W-3 0.6 6.3
S1OW- 2
igl w_g Level #19, Feishuiyan, —34 m 3 ES
XS19W-13 0.7 6.4
XS19E-2* .5 5.3
XS19E-1* Level #19, Feishuiyan, —34 m .9 5.0
XKS-33 Level #11, Tonjjiayuan, +136 m 0 5.3
XKS-15 1.6 15.8
Late stage REETE Level #15, Tonjjiayuan, +30 m cal + stb+ q o b
XKSS-17 _0.2 121
XKSS-21 . . .9 5.7
XKSS-052 Level #21, Feishuiyan, —25 m 5 47
XKSS-24 7 4.6
XKSS-26 0.4 8.0
XKW-6 0.8 171
XKW-7 1.4 15.9
XKW-8 Level #3,Wuhua, unclear 0.8 13.8
XKW-9 0.9 16.1
XKW-11 -0.1 17.8

Notes: cal—calcite; stb—stibnite; g—quartz; PDB—Peedee belemnite; SMOW—standard mean ocean water.

*Peng and Hu (2001).
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Figure 8. Plots of “°Ar*/*He
versus 3He/*He of fluid in-
clusions trapped in stibnites
from the Xikuangshan Sb de-
posit. The ranges of mantle
and crustal fluids are defined
by the data from Turner et al.
(1993), Stuart et al. (1995),
Burnard et al. (1999), and Hu
et al. (2012). The data of the
Yaogangxian W, Xihuashan
W, and Shizhuyuan W-Sn-Bi-
Mo deposits are, respectively,
from Hu et al. (2012), Wei et al.
(2019), and Wu et al. (2011).

Figure 9. Plots of §3C versus
8180 of the hydrothermal cal-
cites and limestone from the
Xikuangshan Sb deposit. For
reference, the fields for typical
marine carbonates (MC), sedi-
mentary organic matter (Sedim
Org), igneous carbonatite and
mantle xenoliths (CMX), basic
and ultrabasic rocks (BUR),
and granite (Gran) are out-
lined. The arrows show typical
isotopic trends resulting from
carbonate dissolution (Dis

Carb), decarbonation (Dec), decarboxylation of organic matter (Decbx), oxidation of or-
ganic matter (Oxid Org), and mixing trend (MT) (modified after Liu et al., 1996, 2003).
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of debate. Many workers have suggested that
the fluids are magmatic (Wang et al., 1938; Liu
et al., 1985), meteoric (Tu, 1984; Liu, 1992;
Yang et al., 1998; Hu et al., 2017), marine
(Zhang et al., 1998; Liu et al., 2002), or mantle-
derived (Li, 1996; Jin et al., 1999). The new
integrated isotopic data below, however, indi-
cate that they are modified air-saturated meteoric
water (MASW).

Helium-Argon Isotopes

It has been demonstrated that sulfide miner-
als, including stibnite, are a faithful trap of noble
gases in the parental fluids; thus, noble gas loss
from the fluid inclusions of the sulfide separates
by diffusion is unlikely to be significant for rela-
tively young sulfide minerals (e.g., 160-130 Ma)
(Stuart et al., 1994; Jean-Baptiste and Fouquet,
1996; Burnard et al., 1999; Hu et al., 1999;
Burnard and Polya, 2004). A primary advan-
tage of crushing samples for analysis of noble
gas isotopes is that only a negligible proportion
of the lattice-trapped radiogenic He and Ar is
likely to be released (Stuart et al., 1994, 1995;
Hu et al., 1998a, 1998b, 2012; Burnard et al.,
1999). In situ—produced “He and “°Ar within
the fluid inclusions is also unlikely to be signifi-
cant even for sulfide minerals from a uranium
deposit with an age of ca. 120 Ma (Hu et al.,
2009). Cosmogenic production of He can be
ruled out here because all of the samples were
collected from underground mines (Simmons
et al., 1987; Stuart et al., 1995; Burnard et al.,
1999). One notable disadvantage of the crushing
analytical technique is the difficulty of separat-
ing different generations of fluid inclusions that
exist in Xikuangshan minerals, and the results
thus represent some averaging of different fluid
compositions. Fortunately, the fluid inclusions in

TABLE 3. RUBIDIUM AND STRONTIUM ISOTOPE
DATA FOR THE ORE-STAGE CALCITE FROM
THE XIKUANGSHAN ANTIMONY DEPOSIT

Sample Rb Sr Rb/Sr 87Sr/86Sr
(ppm) (ppm) (20)

Early stage

XN3-9 0.37 7874 0.0005 (712684 + 8
XN3-10 1.083 7770 0.0013 (712823 + 7
XN3-11 0.27 814.7 0.0003 (712193 + 6
XN3-13 0.72 642.0 0.0011 (712790 +5
XN3-15 0.66 6545 0.0010 (.712115+7
Late stage

XS11-5* 8.51 186.8 0.0456 (0.712410+8
XS811-36* 0.43 1535 0.0028 (710198 + 8
XS19W-1* 0.65 174.9 0.0037 (.710334 +7
XS19W-3  4.17 198.7 0.0210 (.710375+ 6
XS19W-7 557 208.7 0.0267 (.711409 + 8
XS19W-8 210 190.7 0.1101 (711888 +7
XS19W-13 2.63 1111  0.0237 (.710610 + 7
XS19E-2* 2.32 1470 0.0158 (710317 +7
XS19E-1* 182 86.8 0.0210 (.710184 + 6

Notes: From Peng et al. (2001). Locations are
shown in Table 2.
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TABLE 4. SAMARIUM AND NEODYMIUM ISOTOPE DATA FOR THE HYDROTHERMAL
CALCITE FROM THE XIKUANGSHAN ANTIMONY DEPOSIT

Sample Sm Nd 147Sm/14Nd 143N d/"4Nd e end
(ppm) (ppm) (20) (156 Ma) (124 Ma)

Early stage

XN3-9 0.670 0.251 1.6167 0.513287 + 24 _15.57

XN3-10 0.854 0.199 2.5994 0.514287 + 26 —15.63

XN3-11 4.43 0.318 8.4197 0.520207 + 25 ~16.03

XN3-13 0.633 0.407 0.9411 0.512598 + 22 ~15.56

XN3-15 0.725 0.241 1.8210 0.513495 + 24 ~15.58

Late stage

XS11-2 0.373 0.854 0.2643 0.511923 + 26 —14.97

XS11-5 0.701 0.705 0.6017 0.512198 + 09 —14.95

XS11-36 0.791 1.56 0.3068 0.511958 + 24 —14.96

XS19W-1 0.533 3.62 0.0890 0.511782 + 08 —14.95

XS19W-3 0.914 1.53 0.3616 0.512005 + 10 —14.94

XS19W-7 1.32 1.95 0.4094 0.512044 + 18 —14.91

XS19W-13 0.571 0.995 0.3468 0.511988 + 22 —14.91

XS19E-2 0.402 0.771 0.3154 0.511966 + 11 —15.01

Notes: Sm and Nd isotopic data are from Peng et al. (2003a). The '*7Sm/'4Nd and *3Nd/'**Nd of the
present-day chondritic uniform reservoir (CHUR) are 0.1967 and 0.512636, respectively. The ages for eyq
calibration are from Peng et al. (2003a). Locations are shown in Table 2.

the analyzed stibnite crystals may be dominated
by primary ones, because primary fluid inclu-
sions are the dominant types in the associated,
transparent minerals based on textural observa-
tion (Lin, 2014). Thus, it was concluded that the
measured He and Ar isotopes of the volatiles
extracted from the stibnite separates from the
Xikuangshan Sb deposit (Table 1) could roughly
represent the initial isotope compositions of the
ore-forming fluids.

Three potential sources for noble gases in
fluid in the crust are commonly accepted: air-
saturated water, mantle, and radiogenic isotopes
produced by decay of U, Th, and K within the
crust (Turner et al., 1993; Stuart et al., 1994;
Burnard et al., 1999; Hu et al., 2012). Atmo-
spheric He is too low to exert a significant influ-
ence on its abundance and isotopic composition
in most crustal fluids; thus, He in ore-forming
fluids of the deposits have only two possible
sources: mantle He and radiogenic He produced
within the crust (Turner et al., 1993; Stuart et al.,
1994; Hu et al., 2012). The *He/*He ratios of
ore-forming fluids for the Xikuangshan deposit
ranged from 0.01 to 0.03 Ra, significantly lower
than the upper mantle value range of 6-9 Ra,
although well within the range of crustal val-
ues (0.01-0.05 Ra; Table 1; Turner et al., 1993;
Stuart et al., 1994; Burnard et al., 1999; Hu
et al., 2004), supporting a crustal origin of He
in the fluids.

In the late Mesozoic (160-130 Ma), numer-
ous granite-related W-Sn polymetallic deposits
that are generally contemporaneous with the
Xikuangshan Sb deposit are present to the eastern
end (Hu and Zhou, 2012; Mao et al., 2013; Hu
et al., 2017). This raises a possibility of a com-
mon source of fluids for these deposits; however,
unlike the Xikuangshan Sb deposit (Fig. 8), the
ore-forming fluids of the granite-related W-Sn
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polymetallic deposits that were exsolved from
granitic parent magma (e.g., the Yaogangxian,
Xihuashan, and Shizhuyuan deposits) contain
significant amounts of mantle-derived noble
gases in addition to crustal noble gases (Li et al.,
2007; Wuetal.,2011; Huetal., 2012; Wei et al.,
2019). This implies that, during the late Meso-
zoic in or around the Xiangzhong region, there
were not “pure” crust-derived S-type granites
that could also provide crustal He. Therefore, it
was concluded here that the ore-forming fluids
of the Xikuangshan Sb deposit are most likely
MASW, i.e., air-saturated water (meteoric) with
variable additional crustal radiogenic He and
Ar (much “He and little “°Ar*, where “0Ar* is
non-atmospheric Ar calculated according to the
Equation “°Ar* = “0Ar — [**Ar x 298.6]).

The “°Ar*/*He of the Xikuangshan deposit
ranged from 0.01 to 0.05 (average, 0.03; exclud-
ing one outlier sample, 0.64; Table 1 and Fig. 8),
significantly lower than the average crustal ratio
(~0.2; Torgersen et al., 1989; Ballentine and
Burnard, 2002), and thus suggesting preferen-
tial acquirement of “He relative to “°Ar from
the crustal rocks via the fluid pathway. Mod-
ern groundwater commonly has a much lower
40Ar*/*He value than the crustal ratio, likely the
result of preferential *He acquirement relative to
4Ar from the crust due to higher closure tem-
perature of the latter Ar (Torgersen et al., 1989;
Ballentine and Burnard, 2002; Hu et al., 2012).
For the majority of minerals, the closure tem-
perature of He is commonly <200 °C, whereas
Ar is quantitatively retained in most minerals at
250 °C (Lippolt and Weigel, 1988; McDougall
and Harrison, 1988; Elliot et al., 1993). Based
on fluid inclusion thermometry of coexisting
quartz and calcite, the mineralization tempera-
ture of the Xikuangshan deposit is 140-250 °C
(Lin, 2014). At these temperatures, the fluids
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would have gained much more He than Ar from
the crustal rocks; therefore, it was concluded
here that the ore-forming fluids of the Xikuang-
shan Sb deposit are initially of low-temperature,
meteoric groundwater origin. Further, the noble
gases in the fluids were derived from two major
reservoirs: most Ar from the initial air-saturated
meteoric water and most He from the crustal
rocks in the pathway of the fluid, resulting from
water-rock interaction.

Additionally, the *He concentrations of the
early-stage stibnite (9.9 x 10-7—=97.5 x 107
cm? STP g~! (average, 25.2 x 10~7 cm? STP
g~!) are five times higher than those of the late-
stage stibnite (1.4 x 10-7—6.1 x 10~7 cm?® STP
g~! (average, 4.7 x 1077 cm? STP g~1), sug-
gesting more “He was extracted out from crustal
rocks by the ore-forming fluids responsible for
the early-stage stibnite (Table 1). This could
arise from either the higher temperature of the
early-stage fluids, or most likely from the greater
intensity of water-rock interactions during this
stage, the latter of which can be further verified
by the co-variation relationship of Sr-O isotopes
of calcites deposited in these two stages (dis-
cussed in further detail in the next section).

Carbon-Oxygen-Strontium Isotopes

The C and O isotopes of hydrothermal calcites
and limestone host rocks of the Xikuangshan Sb
deposit are compared with other rocks and reser-
voir types (Liu and Liu, 1997; Liu et al., 2003) in
Figure 9. The “fresh” host carbonate rocks have
similar 8'3C values and lower §'%0 values than
those of typical marine limestones. The C-O iso-
topic decoupling is consistent with interaction
of meteoric hydrothermal fluids. Compared to
Devonian limestones, the early-stage calcites of
the deposit had lower §'3C values, and the late-
stage calcites of the deposit had overall lower
8180 values. A plausible interpretation for such
variations is that the CO, in the ore-forming flu-
ids of both stages was derived primarily from
marine limestones in the pathway by dissolution
(Fig. 9); however, a significant amount of CO, in
the early-stage ore-forming fluids could also be
organic carbon from country rocks by oxidation
and/or decarboxylation reaction during water-
rock interaction. A more significant magmatic
input could also explain the lower §'3C values,
although direct evidence for this is lacking.

Based on the isotope fractionation equa-
tion between calcite and water (10000
water = 2.78 x 109/T? — 3.39; O’Neil et al., 1969),
the calculated §'%0yy,, values of the early- and
late-stage ore-forming fluids of the Xikuangshan
deposit are from +5.8%o to +7.6%0 and from
+0.5%0 to =9.3%o, respectively, markedly higher
than estimated values for the Mesozoic meteoric
water in the region (~—10%o¢, Zhang, 1989). The
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Figure 10. Plots of 380 versus
87Sr/%6Sr of the hydrothermal
calcites from the Xikuang-
shan Sb deposit. The 8’Sr/%¢Sr
and average &0 values of
the Proterozoic metamorphic
rocks are, respectively, from
Peng et al. (2001) and Ma et al.
(2003). SMOW—standard
mean ocean water.
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difference could be due to the addition of mag-
matic fluid (4+5.5%0 to +8.5%0; Ohmoto, 1986)
to the ore-forming fluids or a highly evolved
meteoric water for the fluids. The strong posi-
tive correlation between 6'%0 and #Sr/®Sr for
the ore-stage calcites of the deposit is more con-
sistent with the latter interpretation (Fig. 10). It
was verified that 8'80 and 37Sr/%°Sr of meteoric
hydrothermal fluids would become rock-buftered
through water-rock interaction until equilibrium
(Barker et al., 2009; Satish-Kumar et al., 2010;
Beaudoin and Chiaradia, 2016). Between the two
stages of hydrothermal calcites of the deposit,
the early-stage calcites have significantly greater
8180 and ¥7Sr/%Sr values, possibly resulting from
the higher intensity of water-rock interactions
compared to the late-stage ones. Accordingly,
the early-stage ore-forming fluids acquired more
amounts of 80 and ¥’Sr from the crustal rocks
that are enriched in both 6'%0 and 37Sr/%Sr val-
ues. The Neoproterozoic rocks in the region have
such high isotopic compositions (Fig. 10; Peng
et al., 2001; Ma et al., 2003). Further, analogous
interpretations have been proposed to explain the
origin of hydrothermal minerals with elevated
8180 and ¥7Sr/3Sr values elsewhere in the world
(Savard and Kontak, 1998; Barker et al., 2009;
Satish-Kumar et al., 2010; Beaudoin and Chiara-
dia, 2016).

It is important to note that there is an inverse
relationship between measured 8Sr/*°Sr and Rb/
Sr ratios of the hydrothermal calcites from the
Xikuangshan Sb deposit. Accordingly, the early-
stage calcites have higher measured #’Sr/®6Sr and
lower Rb/Sr ration than the late-stage calcites
(Table 3). The inverse relationship indicates
that the contrasting measured %7Sr/%Sr ratios
between these two different stages of calcites
are likely not due to the radiogenic growth of
8Sr from ¥7RbD in the samples. For this reason,
the Rb/Sr in the calcites can be used as an inde-
pendent genetic indicator. Thus, it is suggested
here that such variation derived from different
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degrees of water-rock interaction, with a higher
intensity of water-rock interaction for the early
stage. Further, it is envisioned here that a larger
amount of Sr was released from the crustal rocks
with increasing intensity of water-rock interac-
tion. This is also consistent with the significantly
higher “He concentration for early- versus late-
stage stibnite (as described above). Therefore, it
is proposed that as the intensity of water-rock
interaction increases, more Sb was released
from the rocks to the fluids, consistent with the
dominant amount of Sb (>80% of the total Sb
reserve) deposited in the early-stage versus the
late-stage mineralization (Wen et al., 1993; Hu
and Peng, 2018).

Notably, the early-stage versus late-stage
average enrichment times of the concentra-
tions for calcite Sr (735/162 = 4.5) (Table 3)
and stibnite “He (25.2/4.7 = 5.4) (Table 1), as
well as the Sb reserves (>80/20 > 4), are nearly
equal, possibly representing the intensity index
of the water-rock interactions at the early and
late stages.

Sources of Antimony

Although the Xikuangshan deposit has been
the focus of numerous previous studies, the pre-
cise source of the Sb remains unclear. To date,
different origins have been proposed including
Devonian host rocks (Tu, 1984; Xiao and Li,
1984; Zou, 1988; Wen et al., 1993; Fan et al.,
2004), marine rocks (Zhang et al., 1998; Liu
et al., 2002), intrusive rocks at depth (Liu et al.,
1985; Lin et al., 1987; Li, 1993), and the Neo-
proterozoic rocks in the basement of the Xiang-
zhong basin (e.g., Peng et al., 2001, 2002; Ma
et al., 2002, 2003). Based on Sr-Nd isotope data
and the concentrations of Sb in different types of
rocks in the region, it is concluded here that most
of Sb in the Xikuangshan deposit was derived
from the basement rocks of the basin, as dis-
cussed in more detail below.
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Strontium-Neodymium Isotopes

Strontium isotope fractionation between cal-
cite and a hydrothermal fluid is insignificant
(Kontak and Jackson, 1997; Savard and Kontak,
1998). Further, the Rb/Sr ratios of the ore-stage
calcites of the Xikuangshan deposit are very low
(Table 3). As a result, the amounts of 37Sr in the
calcites produced by decay of 8Rb to ¥Sr are
negligible, and the measured 3’Sr/%Sr ratios of
ore-stage calcites from this deposit approximate
the initial ratios of the parental fluids for the
deposit. The 87St/%Sr ratios of the ore-forming
fluids of the deposit, as inferred from the values
of the early- and late-stage calcites (0.7102—
0.7128, Table 3), were much higher than those of
circulating hydrothermal fluids in modern oce-
anic ridges (0.7035 £ 5; Albarede et al., 1981;
Piepgras and Wasserburg, 1985), present-day
seawater (0.709241 4 32; Elderfield, 1986), and
Phanerozoic seawater (0.7067-0.7092; Veizer,
1989), thereby excluding seawater or heated,
circulating seawater as the ore-forming fluids of
the Xikuangshan Sb deposit.

Owing to the relatively homogeneous Sr iso-
topic composition of seawater, and the lack of
significant fractionation of Sr isotopes during
carbonate precipitation from seawater (Veizer,
1989), marine carbonate and seawater are
expected to have similar 8Sr/%0Sr ratios. The host
Devonian marine limestones of the Xikuangshan
deposit maintained ¥Sr/%Sr ratios of 0.7078-
0.7086 (Lu et al., 1994), markedly similar to
those of seawater, but lower than those of the
ore-forming fluids inferred from the hydrother-
mal calcites of the Xikuangshan deposit (0.7102—
0.7128; Table 3). Such inverse relationship
indicates that the elevated 87Sr/%0Sr ratios of the
ore-forming fluids were not the result of in situ
exchange reaction with the immediate Devonian
country rocks at Xikuangshan but were rather
acquired at depth from the rocks that have high
87S1/%Sr ratios, such as the Mesozoic granites
(¥7Sr/%6Sr = 0.705-0.730; Chen and Jahn, 1998)
and Proterozoic rocks (37Sr/3¢Sr 0.713-0.726;
Peng et al., 2001) found in the region. Among
these two alternatives, the latter is a better choice
after considering Sm-Nd isotope data as well. The
ena(t) values of the Mesozoic granites (—10.15 to
—11.91; Fu, 2015) were much higher than those
of the hydrothermal calcites of the Xikuangshan
deposit (—16.03 to —14.95; Table 4); whereas in
contrast, the gyy(t) values of the Neoproterozoic
rocks at the time of mineralization (Li, 1996;
Mao et al., 1997; Zhu, 1997) are from —10.3 to
—15.2, similar to the ore-stage calcite eyq(t) val-
ues of the Xikuangshan deposit (Table 4).

Antimony Abundances

The Devonian carbonate host rocks of the
Xikuangshan deposit are unlikely to be the
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major source of Sb for the deposit, because they
maintain very low Sb contents (0.4-0.8 ppm;
Xie, 1996; Lu et al., 2001). Though the shales
in the Devonian were thought to be source beds
because of their relatively elevated Sb contents
(Fan et al., 2004), in spite of their limited thick-
ness, the abnormally elevated Sb contents deter-
mined by semiquantitative spectrochemical
analyses most likely arose from their either low
analytical precisions or sampling localities near
mineralization (Yang et al., 2006). Furthermore,
the least altered host rocks of the Xikuangshan
deposit generally contain much lower Sb (aver-
age, 0.9 ppm) than the severely altered host
rocks (up to 46 ppm; Ma et al., 2002), thereby
ruling out the potential of in situ extraction of
Sb from the country rocks during alteration
(Ma et al., 2003; Hu et al., 2017). The Meso-
zoic granitic rocks in the region are also unlikely
to be the source of Sb for the deposit, because
their Sb concentrations are also very low (0.26—
0.74 ppm; Shi et al., 1993; Jin et al., 1999).
Alternatively, the Proterozoic rocks in the
basement of the basin are most likely the Sb
source for the deposit, as these rocks have the
highest Sb abundances in the studied region
(7.8-27.2 ppm; Ma, 1999; Lu et al., 2001; Ma
et al., 2002). Hydrothermal leaching experi-

1084

ments indicate that 20%-90% of Sb can be
transferred from this type of rock to fluids at 200
°C (Niu and Ma, 1991; He and Ma, 1996; Ma
et al., 2002). More recently, an antimony isotope
study suggests that the Neoproterozoic base-
ments might have served as the primary metal
source for this deposit (Zhai et al., 2021). The
presence of many Sb deposits that were directly
hosted in the Proterozoic strata, including sev-
eral relatively large ones such as the Woxi,
Banxi, Fuzhuxi, and Zhazixi deposits (Fig. 1B),
further supports the interpretation here that the
Proterozoic rocks are the main source of Sb for
the Xikuangshan deposit.

Heat Source

Heat is essential for the production and circu-
lation of hydrothermal fluids. Generally, heat and
“He in the earth are both produced by the decay
of U and Th; whereas the observed helium/heat
(*He/Q) ratios in crustal fluids may carry useful
information on the transporting mechanisms of
heat, and volatiles within the earth (Turner and
Stuart, 1992). Because the conductive transfer of
heat without volatiles into a system will fraction-
ate He from heat (Burnard and Polya, 2004),
heat fluxes transported to the crust by conduction
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would have much lower He/Q ratios than that
transported by convection (Castro et al., 2005,
2007). Hence, the 3He/Q ratios are often used
to constrain the mechanism of heat transfer. The
3He/Q ratio can be obtained by the equation
*He/Q = *He/*Ar x [*Ar],,.,/(C,0), where
[*°Ar],.w 18 the concentration of 3°Ar in modi-
fied air-saturated water, Cp is the specific heat
of MASW, and 0 is the temperature increase of
the cold fluid (Burnard et al., 1999; Burnard and
Polya, 2004). The estimated *He/Q ratios of the
ore-forming fluids at Xikuangshan are from 4.3
to 18.5 x 10~ ¢cm3 STP J-! (Fig. 11; Table 1),
notably three orders of magnitude lower than
those recorded by the hydrothermal fluids of the
mid-oceanic ridge vents (0.1 — 1.0 x 10712 cm?
STP J-!; Lupton et al., 1989; Baker and Lup-
ton, 1990), and of the Mesozoic granite-related
W-Sn polymetallic deposits, such as the con-
temporaneous Yaogangxian W, Xihuashan W,
and Shizhuyuan W-Sn-Bi-Mo deposits in the
neighboring regions (Fig. 11). The ore-forming
fluids of the three coeval W-Sn polymetallic
deposits were demonstrated to be exsolved from
the related granitic magma (Li et al., 2007; Wu
et al., 2011; Hu et al., 2012; Wei et al., 2019);
thus heat was likely acquired by convection from
this source (Fig. 11). Therefore, the significantly
lower *He/Q values suggest that the deep-seated
magma could have provided heat by conduction
without transferring volatiles to the ore-forming
fluids of the Xikuangshan Sb deposit.

Granitic xenoliths in the postmineralization
lamprophyre dike within the deposit and geo-
physical data show that there are buried granites
beneath the Xikuangshan deposit (Rao et al.,
1999; Wu and Hu, 2000). Since late Mesozoic
(Yanshanian) granites are regionally common
(Hu and Zhou, 2012; Mao et al., 2013), the
inferred granites beneath this deposit could be
of late Mesozoic ages, contemporaneous with
the ore formation of the deposit. As discussed
above, there was no evidence of magmatic
chemical components in the ore-forming fluids
of the deposit. This suggests that the granitic
magma beneath the Xikuangshan ore-forming
system provided only conductive heat to this
system, notably consistent with the geothermal
genetic model for the Xikuangshan Sb deposit
(Yang et al., 2003).

A Comprehensive Genetic Model

The stratabound model, proposed by Xiao and
Li (1984), can reasonably explain the occurrence
of stratiform-like orebodies but cannot account
for the source of Sb, as the Devonian limestone
host strata are extremely Sb poor. Similarly, the
syn-genetic seafloor exhalation model of Zhang
et al. (1998) and Liu et al. (2002) and the sed-
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imentary-diagenetic model of Fan et al. (2004)
are inconsistent with the deposit formation age
between Jurassic and Early Cretaceous (160—
130 Ma), more than 200 m.y. after the formation
of the Devonian host rocks. Accordingly, a new
comprehensive genetic model has been proposed
here that can adequately explain the geological
and isotopic data of this deposit (Fig. 12):

(1) The late Mesozoic (Yanshanian) tectonic
event resulted in the formation of a giant Yansha-
nian granite province (swath >1000 km wide)
across the whole Cathaysian and eastern Yangtze
Blocks, with the peak ages of 160—140 Ma. The
Xikuangshan Sb deposit in the eastern Yang-
tze Block and numerous granite-related W-Sn
polymetallic deposits in the Cathaysia Block,
to the east of the Xikuangshan, formed during
this period.

(2) Among the different lithologies in the
Xiangzhong basin, where the Xikuangshan and
surrounding regions are located, the Neoprotero-
zoic rocks have the highest Sb contents, and thus
served as the primary Sb source in the Xikuang-
shan deposit.

(3) The deep-seated Yanshanian granitic
magma in the region had provided heat in the
way of conduction to the cover rocks, heating
the meteoric groundwater and triggering large-
scale circulation of these fluids. The heated flu-
ids extensively interacted with the underlying
Sb-rich Neoproterozoic low-grade metamor-
phic rocks, extracted Sb, and other components
(e.g., S) to derive the ore-forming fluids of the
Xikuangshan Sb deposit.

(4) The ore-forming fluids ascended through
the regional fault F,5 and subsequently depos-
ited Sb as stibnites at favorable structural traps,
ultimately forming the giant Xikuangshan
Sb deposit.
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CONCLUSIONS

(1) The ore-forming fluid of the Xikuangshan
Sb deposit is a kind of modified air-saturated
meteoric water that had gained Sb and other
components predominantly from the underlying
Sb-rich Neoproterozoic low-grade metamorphic
rocks through extensive water-rock interaction
although CO, mainly from dissolution of marine
carbonate strata.

(2) The deep-seated granitic magma had pro-
vided heat by conduction to the overlying ore-
forming systems. The heated meteoric ground-
water circulated in, interacted with, and extracted
out of Sb from the Sb-rich Neoproterozoic rocks
to form ore-forming fluids. The ore-forming
fluids used the major fault F;5 as a conduit and
deposited Sb as stibnites at Xikuangshan to form
such giant Sb deposit.

(3) The occurrence of Sb-rich source rocks at
depth, as well as extensive interaction between
these rocks and heated meteoric groundwater
are two of the most important constraints on the
formation of the giant Xikuangshan Sb deposit.
Due to much more extensive water-rock inter-
action relative to the late stage, the early-stage
mineralization produced >80% of the Sb reserves
of the deposit.
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