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A B S T R A C T

The Xihuashan tungsten ore deposit in the central Nanling region, South China is a vein-type hydrothermal
deposit associated with the Late Jurassic granitoids that were previously thought to be the products of crustal
anatexis alone. In this study, we use helium (He) and argon (Ar) isotopes of fluid inclusions entrapped in pyrite
and arsenopyrite to determine the origin of the ore-forming fluids. The 3He/4He ratios of the crushed fluid
inclusions vary from 0.15 to 1.16 Ra, with a mean of 0.72 Ra (Ra, the atmospheric 3He/4He ratio of 1.4× 10−6),
indicating the presence of mantle-derived noble gasses in the fluids. The amounts of the mantle-derived noble
gasses are estimated to be between ∼2 and 17%. The 40Ar/36Ar ratios of the fluid inclusions vary from 306 to
1023, with an average of 440. These ratios are significantly higher than the average crustal value, indicating the
presence of air-saturated water in the volatiles released from the mineral separates. The results from this study
indicate that the associated, coeval granitoids, which is believed to provide the ore-forming fluids during magma
evolution, are not the products of pure crustal melts. Mantle-derived volatiles and heat was also involved in the
genesis of the host granite pluton.

1. Introduction

W-Sn polymetallic deposits are widespread in the Nanling region,
South China. In the past ten years the Jiangnan Tungsten Belt (JTB),
comprising several super-large W polymetallic deposits, located north
to the Nanling W-Sn region, has been newly defined. Both the Nanling
region and JTB are the important regions for further exploration of
world-class W ore deposits (Mao et al., 2015, 2017; Wei et al., 2017,
2008). In the Nanling region most of W deposits are spatially, tempo-
rally and genetically associated with Jurassic S-type granitoids, which
are previously believed to be produced by crustal anatexis, without any
mantle contribution (Wu et al., 1987; Chen et al., 2008a; Wang, 2008).
Recently, a growing number of studies show that mantle-derived
magmas were involved in the genesis of some W deposits and associated
granitoids in the region based on isotope data and whole rock compo-
sitions (e.g., Lu, 1986; Liu et al., 2002; Hsieh et al., 2008; Yang et al.,
2012; Li et al., 2016). However, due to composition convergence and/
or hydrothermal alteration, these data are not decisive constraints on
the involvement of mantle component in the genesis of the W deposits
and associated granitoids (Li et al., 2009).

Noble gas isotopes, especially Helium and argon isotopes are more
useful for identifying the presence of mantle component in magma and
hydrothermal fluids (e.g., Stuart et al., 1995; Hu et al., 1998a; Burnard
et al., 1999; Ballentine and Burnard, 2002). 3He and 36Ar are con-
centrated in the mantle and atmosphere, respectively (e.g., Bouabdellah
et al., 2015). 4He and 40Ar are produced by radioactive decay dom-
inantly in the crust (e.g., Landis and Hofstra, 2012). The isotope ratios
of helium and argon are generally more meaningful than their abun-
dance ratios because the former can provide definitive information on
source(s) (Kendrick and Burnard, 2013). Because of the distinctive
isotope ratios in different geochemical reservoirs, 3He/4He values can
provide clear evidence for the involvement of mantle-derived volatiles,
and 40Ar/36Ar variations can provide additional constraints on the fluid
source(s) in various ore deposit types (e.g., Stuart et al., 1995; Hu et al.,
1998a, 1998b, 1999, 2004, 2009, 2012a; Burnard and Polya, 2004; Li
et al., 2007; Kendrick et al., 2007; Wu et al., 2011; Marschik and
Kendrick, 2015). For example, the 3He/4He ratios (0.1–3.03 Ra) of fluid
inclusions in sulfides from most Asian W deposits point to the in-
volvement of mantle-derived fluids, possibly magmatic hydrothermal
fluids (Dae-Hwa, Korean; Stuart et al., 1995; Yaogangxian, China; Hu
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et al., 2012a). The 40Ar/36Ar ratios of the ore-forming fluids are also
variable, ranging from as high as ∼2952 coupled with high 3He/4He of
4.36 Ra (Zhai et al., 2012) to low values of 255–800 that can be at-
tributed to the involvement of atmospheric components (the atmo-
spheric 40Ar/36Ar ratio is 295.5, Stuart et al., 1995) according to the
majority of studies (e.g., Burnard et al., 1999; Burnard and Polya, 2004;
Wu et al., 2011; Hu et al., 2012a; Moura et al., 2014).

The Xihuashan W ore deposit, discovered more than a century ago,
is one of the largest in the world (Guo et al., 2012). Local geologist
reported that the accumulate reserve in the Xihuashan is more than
120,000 tonnes of WO3. Most of the studies on the Xihuashan deposit
were conducted in the last few decades. Previous studies mainly fo-
cused on the geology, geochemistry, fluid inclusions and geochronology
of W mineralization (e.g., Wu et al., 1987; Giuliani et al., 1988; Shen
et al., 1994; Zeng et al., 2001; Guo et al., 2012; Hu et al., 2012b; Wei
et al., 2012). The previous studies suggested that the associated Late
Jurassic granite provided additional hydrothermal fluids to the ore-
forming fluids of the deposit (e.g., Hu and Zhou, 2012; Wei et al.,
2012). However, it remains unclear how and to what extent mantle
components were added. In this study, He-Ar isotope data of fluid in-
clusions in pyrite and arsenopyrite in the deposit are used to improve
our understanding on the sources of ore-forming fluids.

2. Geological background

2.1. Regional geology

South China comprises the Yangtze and Cathaysia Blocks, which
collided at ca. 830Ma along the Jiangshan-Shaoxing suture (Fig. 1a, b)
(Zhou et al., 2002, 2006; Yan et al., 2003; Zhao et al., 2011; Yuan et al.,
2012, 2015, 2018a; Zhong et al., 2017; Zhao et al., 2018). The Cath-
aysia Block is characterized by widespread Mesozoic granitic magma-
tism and associated metallogeny, such as W, Sn, and U mineralisation
(e.g., Zhao et al., 2016; Xie et al., 2018a,b; Yuan et al., 2018b). In the
Cathaysia Block, the Archean basement is overlain by Mesoproterozoic-
Ordovician flysch sequences, which are unconformably overlain by
Devonian to Triassic sedimentary rocks and intruded by widespread
Mesozoic igneous rocks (Gilder et al., 1996; Chen and Jahn, 1998;
Hsieh et al., 2008; Liu et al., 2014). The Cathaysia Block can be further
subdivided into northwestern and southeastern Cathaysia, roughly
along Guangchang–Xunwu fault zone (Fig. 1b), with the occurrence of
Mesozoic I-type granites mainly to the southeast and S-type granites
mainly to the northwest (Chen and Jahn, 1998; Zheng et al., 2004; Xu
et al., 2007; Chen et al., 2008b; Yu et al., 2011).

In the Nanling region, Sinian clastic sedimentary rocks, which have
experienced variable degrees of low grade metamorphism, are common
(Yao et al., 2011). These Sinian meta-sedimentary strata conformably
overlie the metamorphosed Precambrian lithologies (Yu et al., 2010).
Jurassic to Cretaceous granitoids are widespread and some of them host
important metallic ore deposits (Hsieh et al., 2008). For example, nu-
merous W-Sn-polymetallic ore deposits are spatially, temporally and
genetically related to the widespread Late Jurassic granitoids (ca.
150–160Ma) (Mao et al., 2007, 2008, 2013a,b; Feng et al., 2011, 2015;
Guo et al., 2011; Hu and Zhou, 2012). The strongly peraluminous
granitoids (A/CNK > 1.1) in the region are characterized by relatively
high initial 87Sr/86Sr (> 0.71), low εNd(t) (< 10) and the presence of
abundant inherited zircons, and mostly belong to the S-type according
to the studies of most researchers (e.g., Lu, 1986; Hua et al., 2003; Mao
et al., 2008; Wang, 2008; Feng et al., 2011, 2015). The in situ zircon Hf-
O isotope analysis realizes that the S-type granitic magma in this region
does not totally preclude mantle contribution (e.g., Jiao et al., 2015;
Gao et al., 2016), because the mantle-derived magma underplating
under lithospheric extension is thought to be the dominant heat source
for the S-type granitic magmatism (e.g., Clemens, 2003; Huang et al.,
2013; Wang et al., 2013).

2.2. Deposit geology

The Xihuashan W deposit is a vein-type hydrothermal deposit, oc-
curring in the Chong-You-Yu ore cluster. In the ore cluster, Cambrian
low-grade meta-sandstone and slate were intruded by a Late Jurassic
granitoid batholith that consists of multiple plutons (ca.
155.6 ± 1.9–158.7 ± 0.7Ma; Li et al., 2013; Yang et al., 2018)
(Fig. 2), with compositions varying from medium-grained porphyritic
biotite granite to medium-grained biotite granite, plus minor fine-
grained two-mica granite (Guo et al., 2012; Yang et al., 2012). The W-
mineralized veins are spatially associated with the medium-grained
biotite granites (Fig. 2). Whole-rock chemical and isotopic data indicate
that these rocks are strongly peraluminous, belong to the S-type (e.g.,
Wu et al., 1987; Shen et al., 1994; Zeng et al., 2001; Xiao et al., 2009;
Lü et al., 2011) derived from a reduced (fO2 < ΔFMQ+0, (ΔFMQ
−10 to −3)) magma mainly due to partial melting of the Proterozoic
basement with minor mantle contribution (Yang et al., 2018).

The Xihuashan W ore deposit comprises more than 700W-bearing
veins (Hu et al., 2012b; Wei et al., 2012). They occur in two groups
with different orientations, i.e., an EW-trending, steeply dipping
(75–85°) group in north and an NEE-trending, steeply diping (80–85°)
group in the south (Giuliani et al., 1988; Wei et al., 2012). Within each
group, the veins are sub-parallel. An echelon structure is common in the
veins of both groups. Individual veins are mostly 200–600m in length
and 0.2–0.6 m in thickness, with downward extension mostly from 60
to 200m and rarely> 350m (Wu et al., 1987; Giuliani et al., 1988; Wei
et al., 2012). Ore minerals in the veins are mainly wolframite and
molybdenite, with minor arsenopyrite, cassiterite, pyrite and chalco-
pyrite (Fig. 3). Gangue minerals are predominately quartz, with minor
muscovite, feldspar, fluorite, beryl and calcite (Hu et al., 2012b; Wei
et al., 2012). Based on variations in mineral assemblages, crosscutting
relationships and ore textures, the following paragenetic sequence is
deduced for the veins: early silicate-oxide stage, middle sulfide stage,
and late carbonate stage (Tanelli, 1982; Lu, 1986; Wu et al., 1987;
Giuliani et al., 1988; Chang et al., 2007). Features of each stage are
summarized in Fig. 4. The silicate-oxide stage produced massive wol-
framite and minor arsenopyrite or pyrite. The sulfide stage produced
pyrite, arsenopyrite and rare wolframite (Wu et al., 1987; Wei et al.,
2012). The hydrothermal alteration in different mineralization stages is
quite similar (Wu et al., 1987; Chang et al., 2007). Greisen-, potassic-,
silicic- and sericite alteration, were well developed at the contacts with
country rocks (Wu et al., 1987). K-feldspar alteration and greisenization
are intensive and pervasive, and closely W mineralization-related (Chen
and Zhang, 1990). Greisenization and potassic alteration comprise
muscovite ± quartz+wolframite ± sulfide and K-feldspar ±
quartz+muscovite+wolframite ± sulfide, respectively (Wu et al.,
1987). The age of W-mineralization was determined to be
157.8 ± 0.9Ma based on molybdenite Re-Os method and
152.8 ± 1.6Ma based on muscovite Ar-Ar method (Hu et al., 2012b).
These ages are indistinguishable with the zircon U-Pb age of
156.0 ± 4Ma for the associated granite (Liu et al., 2002). Coexisting
vapor-rich and liquid-rich fluid inclusions in quartz have similar
homogenization temperatures, indicating that boiling may have taken
place during quartz crystallization (Wei et al., 2012). However, the
absence of vapor-rich fluid inclusions in coexisting pyrite and wol-
framite in the veins (Huang et al., 2012) indicates that boiling was not
important during the deposition of pyrite and wolframite (Wei et al.,
2012). The fluid inclusions entrapped in the minerals formed at the
silicate-oxide stage have the homogenization temperatures from ∼236
to 380 °C and salinities of 1.2–13.7 wt% NaCl equivalent; the fluid in-
clusions entrapped in the quartz have lower homogenization tempera-
tures from 177 to 241 °C and lower salinities from 0.9 to 5.1 wt% NaCl
equivalent (Wei et al., 2012).
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3. Sampling and methodology

Arsenopyrite and pyrite separates (Fig. 3) from wolframite-bearing
samples from the Xihuashan W ore deposit were analyzed for the He
and Ar isotopes. The samples were collected from underground mining
channels at different elevations (270, 378, 431 and 538m). The sam-
ples were crushed to 1–3mm and the mineral separates were hand-
picked under a binocular microscope. Eight samples of the silicate-
oxide stage and seven samples of the sulfide stage are used in this study
(Table 1).

The noble gas isotopes of volatiles released from the mineral sepa-
rates were analyzed by gas mass spectrometry (GV 5400; with an all
metal extraction system) at the Institute of Geochemistry, Chinese
Academy of Sciences in Guiyang (IGCAS). The analytical procedures
were similar to those described by Stuart et al. (1994, 1995) and Hu
et al. (2012a). Approximately 0.5–1 g of arsenopyrite and pyrite sepa-
rates with diameters from 0.5 to 1.5 mm were cleaned ultrasonically in
acetone for 20min followed by several runs of washing using distilled
water and ethanol, then dried, and finally loaded into the online

vacuum crushing device. The samples of pre-treated mineral separates
were heated at ∼150 °C in ultra-high vacuum for 24 h to remove ad-
hered atmospheric contaminants before analysis. The inclusion-hosted
noble gases in the sulfide crystals were extracted by sequential crushing
in modified Nupro valves. A two-stage gas clean-up procedure was
employed. In the first stage, a Ti sponge furnace at 800 °C for 20min
was used to remove the bulk of active gases (e.g., H2O and CO2). In the
second stage the SAES Zr-Al getters, one at room temperature and the
other at 450 °C for 10min each, were used to further purify the samples.
This was followed by the sequential trapping of Ar into an activated
charcoal cold finger at liquid nitrogen temperature (−196 °C) and He
into an activated charcoal finger at a higher temperature. Helium was
released from the cryogenic finger, and its abundance and isotope
compositions determined using a GV 5400 noble gas mass spectro-
metry. This was followed by the analyses for Ar. The abundance of
noble gas was measured by peak-height comparison with accurately
known amount of standard air. Helium and Ar abundance and isotopic
ratios were calibrated against pipettes of 0.1 cm3 STP air
(5.2× 10−7 cm3 STP 4He and 9.3× 10−4 cm3 STP 40Ar). Procedural

Fig. 1. Distribution of major W deposits in the central Nanling region, South China (modified from Hu et al., 2012b).
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blank contributions (< 2×10−10 cm3 STP 4He, (2–4)× 10−10 cm3

STP 40Ar, constituting<1% of the analytical results) were insignif-
icant.

4. Results

One disadvantage of the crushing analytical technique is that it is
difficult to separate different generations of fluid inclusions in a sample
of mineral separates. Consequentially, the analytical results represent
an average composition of all fluid inclusions crushed (Burnard and
Polya, 2004). Both the fluid inclusion density in the minerals, and the

efficiency and processes of the in vacuum crushing would affect the
estimation of He-Ar concentrations in sulfides, and therefore measured
He-Ar concentrations are semi-quantitative (e.g., Burnard et al., 1999)
and may have little geological significance (Kendrick and Burnard,
2013). In contrast, the He and Ar isotopes of the crushed fluid inclu-
sions can be used to determine the mantle and atmospheric inputs to
crustal fluids (Kendrick and Burnard, 2013). Table 1 lists the He and Ar
isotope ratios for the crushed fluid inclusions in pyrite and arsenopyrite
from the Xihuashan deposit. The 3He/4He ratios for these samples are
0.15–1.16 Ra, with a mean of 0.72 Ra. The 40Ar/36Ar ratios for these
samples are ∼306 to 1023, with an average of 440. The 40Ar*/4He

Fig. 2. Geological map of the Xihuashan W deposit (modified from Zhang et al., 2018).

Fig. 3. Photographs (a-b) and photomicrographs (c-d) of ore minerals. Wol=wolframite, Qz= quartz, Py=pyrite, Cp= chalcopyrite, Asp= arsenopyrite,
Photomicrograph d from Wei et al. (2012).
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[40Ar* is non-atmospheric Ar, calculated assuming that all 36Ar is at-
mospheric in origin, i.e. 40Ar*= 40Ar – (36Ar× 295.5)] and 3He/36Ar
are from 0.008 to 0.481 and from 0.18× 10−3 to 6.39× 10−3, re-
spectively.

5. Discussion

5.1. The sources of He–Ar volatiles released from the crushed minerals

The He-Ar isotope compositions of primary fluid inclusions in pyrite
and arsenopyrite are useful tracers for the sources of fluids. The mea-
sured 3He/4He and 40Ar/36Ar values of different crushing steps (i.e.,
crushing 1, crushing 2, etc.) are generally within error, and there is no
distinct decrease in 3He/4He and 40Ar/36Ar with increasing degree of
crushing. Our new He-Ar isotope compositions for the crushed fluid
inclusions in the mineral separates from the Xihuashan W ore deposit
mainly represent initial He and Ar compositions of the ore-forming
fluids because (i) the majority of the fluid inclusions entrapped in the
sulfides are primary rather than secondary (Huang et al., 2012), (ii)
fluid inclusions in the sulfides have high degrees of He and Ar retention
(Burnard et al., 1999; Zhang et al., 2011; Hu et al., 2012a), (iii) the
samples were collected from underground, precluding significant cos-
mogenic 3He (Burnard et al., 1999; Kendrick et al., 2011), (iv) con-
tribution of 3He from 6Li decay is negligible because Li-rich minerals
are absent in the samples (Wu et al., 1987), (v) in-situ generated
radiogenic 4He and 40Ar after fluid entrapment as primary inclusions
were also negligible (Burnard and Polya, 2004; Graupner et al., 2006;
Kendrick et al., 2006, 2007) and the crush-released noble gases were
largely derived from fluid inclusions instead of impurities of the host
minerals that may contain large amounts of in-situ produced radiogenic
noble gasses (Burnard et al., 1999; Kendrick et al., 2011), (vii) isotope
fractionation during He-leakage can be ruled out because preferential
escape of 3He over 4He would produce lower 3He/4He (Kendrick et al.,
2005; Bouabdellah et al., 2015) instead of the observed elevated values
(Table 1).

The measured 40Ar/36Ar ratios are commonly significantly lower

than the actual 40Ar/36Ar of the crushed fluid inclusions, mainly due to
contribution of atmospheric Ar during sample preparation or analysis
(Burnard et al., 1999; Kendrick et al., 2005). Although careful analy-
tical procedures can minimize atmospheric Ar absorbed on the surfaces
of the samples and the crushing apparatus, air-derived contamination is
difficult to be entirely eliminated. Therefore, the actual 40Ar/36Ar of the
fluid inclusions in the minerals must be higher than the highest mea-
sured values (Kendrick et al., 2001; Hu et al., 2012a). However, the
observed variation of 40Ar/36Ar from sample to sample may be in part
related to variable 40Ar/36Ar in the fluids entrapped in different sam-
ples (Hu et al., 2012a).

5.2. Origin of He and Ar

Noble gas Isotopes can be used to quantitatively trace the sources of
volatiles in ore-forming fluids (Stuart et al., 1994; Kendrick et al., 2001)
and constrain the fluid-rock interaction (Bouabdellah et al., 2015). He
and Ar isotopes have been widely used to determine the fluid sources
(Turner et al., 1993; Hu et al., 1998b; Burnard et al., 1999; Kendrick
and Burnard, 2013). Helium has an extremely low abundance in the
atmosphere and a low solubility in aqueous fluids (Stuart et al., 1994),
leaving only two possible sources for the He in hydrothermal fluids, i.e.,
mantle-derived He and radiogenic He produced in the crust (Turner
et al., 1993; Hu et al., 2012a; Moura et al., 2014). The wide range of
3He/4He in the fluid inclusions in the sulfide separates from the Xi-
huashan W ore deposit indicates that various fluid sources were in-
volved in the origin and evolution of the ore-forming fluids. The
3He/36Ar ratios of the volatiles released from the crushed fluid inclu-
sions in the sulfides of the deposit (0.18–6.39×10−3) are five orders of
magnitude higher than the value for air-saturated water (∼5×10−8),
indicating negligible atmospheric contribution to the He in the Xihua-
shan ore-forming fluids. The F4He ((4He/36Ar)sample/(4He/36Ar)air,
where (4He/36Ar)air = 0.1655) for a sample containing 100% atmo-
spheric He will have F4He=1 (Kendrick et al., 2001). The F4He for the
Xihuashan samples are from 1928 to 47514 (Table 1), which are more
than 4 orders of magnitude higher than the value for an atmospheric
sample.

Mantle-derived fluids are high in 3He and low in 36Ar.
3He/4He>∼0.05 Ra in hydrothermal fluids may indicate a contribu-
tion from a mantle-derived He flux (Oxburgh et al., 1986). Overall, the
measured 3He/4He values for the volatiles released from crushed fluid
inclusions in the sulfide separates from the Xihuashan deposit are much
higher than the average crustal value (0.02 Ra; Ballentine and Burnard,
2002), but lower than that for the sub-continental lithospheric mantle
(SCLM) (6.1 ± 0.8 Ra; Gautheron and Moreira, 2002). The mineral
separates from each hand specimen yield a range of 3He/4He that can
be explained by mixing between crustal radiogenic- and mantle-derived
components. The observed high 3He/36Ar values for the Xihuashan ore-
forming fluids (Table 1) and similarly high 3He/36Ar values for the W-
mineralized granitoids (Fig. 5) indicates a common noble gas source for
the ore-forming fluids and the associated granitoids as well as a sig-
nificant mantle component in both systems. The 40Ar/36Ar ratios for the
crushed fluid inclusions in the minerals separates from the Xihuashan
deposit are from 306 to 1023, slightly higher than the atmospheric
value (295.5) but lower than that for the MORB (10,000 to 40,000,
Burnard et al., 1999), which indicates that the Xihuashan ore-forming
fluids resulted from the mixing between mantle-derived and crustal
fluids.

Pure air-saturated water is characterized by atmospheric He and Ar
isotope compositions (40Ar/36Ar= 295.5 and 3He/36Ar= 5×10−8)
(Turner et al., 1993; Stuart et al., 1995; Burnard et al., 1999, 2013).
Radiogenic 4He and 40Ar, produced by the decay of U, Th and K in the
aquifer rocks, would diffuse into the groundwater and pore fluids (Elliot
et al., 1993; Burnard et al., 1999). As a result, the crustal fluids were
actually a mixture between air-saturated water and additional crustal
radiogenic components, and were characterized by low 3He/4He

Fig. 4. Paragenetic sequence of minerals from the Xihuashan tungsten deposit
(modified from Wei et al., 2012).
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(0.001–0.05 Ra) and 3He/36Ar (<×10−7), and near-atmospheric
40Ar/36Ar (295.5), and could be described as modified air-saturated
water (MASW) (e.g., Stuart et al., 1995; Burnard et al., 1999; Hu et al.,
2004, 2009, 2012a; Xie et al., 2016). As shown in Fig. 6, the 40Ar*/4He
values of the crustal fluid end member are below the crustal production
ratio of∼0.2 (Ballentine and Burnard, 2002), reflecting the preferential
acquirement of 4He relative to 40Ar from crustal rocks and low tem-
perature characteristics of MASW (Hu et al., 2004, 2012a; Kendrick
et al., 2005).

Due to the lack of He isotope data for Mesozoic mafic rocks in South
China, the highest 3He/4He (6.64 Ra) of the mantle-derived xenoliths in
the Cenozoic Lianshan basalts from Yangtze craton (Correale et al.,
2016), within the typical SCLM range (6.1 ± 0.8 Ra; Gautheron and
Moreira, 2002), was taken to represent the SCLM value of the late
Mesozoic W deposits in South China. A simple two-component mixing
model between the mantle (6.64 Ra) and crustal He (0.02 Ra) indicates
that the contributions of mantle-derived He in the Xihuashan ore-
forming fluids were likely to be in the range of ∼2 to 17%.
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Fig. 5. 40Ar/36Ar vs. 3He/36Ar plot of the inclusion-trapped fluids from the
Xihuashan W deposit. For comparison, shown are He–Ar isotopic compositional
fields of porphyry Cu deposits in SW China (Hu et al., 1998a, 2004; Xu et al.,
2014), the W deposits in the Nanling region (Wang et al., 2010; Wu et al., 2011;
Hu et al., 2012b; Zhai et al., 2012), Portugal (Panasqueira deposit from Burnard
and Polya, 2004; Carris deposit from Moura et al., 2014), and South Korea (Dae
Hwa deposit from Stuart et al., 1995) are shown for comparison.

Fig. 6. 3He/4He vs. 40Ar*/4He plot of FIs from the Xihuashan W deposit. The
fields for the average crust (3He/4He= 0.02 Ra, 40Ar*/4He=0.2) and mantle
(3He/4He=6.1 ± 8 Ra; 40Ar*/4He= 0.69 ± 0.06) are from Gautheron and
Moreira (2002), Ballentine et al. (2002). Data source and symbols are the same
as in Fig. 5.
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5.3. Granitic magma and mantle-derived noble gases

In the Xihuashan hydrothermal W deposit, 3He/4He and 40Ar/36Ar
are from 0.15 to 1.16 Ra and from 306 to 1023, respectively, which
indicates mixing between MASW and a fluid with a mantle component.
These values are consistent with different proportion of mantle-derived
components within the formation of the Cu–Fe and Fe skarn deposits
(e.g., Xie et al., 2016) and the porphyry Cu deposits in Southwest China
(e.g., Hu et al., 1998a,b, 2004; Xu et al., 2014) (Figs. 5–7). He–Ar
isotopic compositions are also similar to those for several granite-re-
lated W deposits in South China, Korea and Portugal (Stuart et al.,
1995; Burnard and Polya, 2004; Wu et al., 2011; Hu et al., 2012a;
Moura et al., 2014) (Figs. 5–7). One of the hydrothermal deposits with
the highest mantle contribution to the ore-forming fluids reported to
date is the Panasqueira W deposit in Portugal which is characterized by
Ra > 5, corresponding to 75% mantle component in the fluids. Since
the magma of the granitoids associated with this deposit was pre-
dominantly crustally derived, such extremely high proportion of
mantle-derived He in the fluids required an independent mantle source
(Burnard and Polya, 2004). However, no independent mantle source is
required for the Xihuashan deposit because the proportion of mantle-
drived He in this deposit is much lower (only∼2 to 17%) and similar to
that in the associated granite pluton. In addition, the C-S isotopes of the
deposit and the associated granitoids are also consistent each other. The
δ34S and δ13C values of hydrothermal sulfides and calcites are from
−1.6 to +0.1‰ and from −4.5 to −7.5‰, respectively (Wu et al.,
1987; Wei et al., 2012), indicating that the sulfur and CO2 in the fluids
were mainly derived from the associated granitoids during magma
evolution. The H and O isotope data for the deposit are consistent with
the interpretation that the ore-forming fluids formed by mixing be-
tween magmatic fluids and meteoric water (Mu et al., 1981; Zhang
et al., 1981; Liu et al., 2002; Wei et al., 2012). Therefore, we propose
that the mantle end-member in the ore-forming fluids of the Xihuan-
shan W deposit was inherited from the magmatic fluids of the asso-
ciated granitoids.

In most magmatic hydrothermal ore deposits, He and Ar isotopes of
inclusion-trapped fluids are significantly lower than their potential
sources in the SCLM (e.g., Kendrick and Burnard, 2013; Xie et al.,
2016). This may have resulted from two processes, (1) source mixing of
radiogenic- and mantle-derived noble gases in the magma, and (2) di-
lution of hydrothermal fluids by MASW (e.g., Hu et al., 2009, 2012a).
Before the exsolution of hydrothermal fluids, radiogenic He might be
added to the magma via crustal assimilation or magma evolution pro-
cesses in a long-lived magma chamber (Simmons et al., 1987; Graupner
et al., 2006). The underplating of mantle-derived magma might cause
partial melting of the overlying crust (Huppert and Sparks, 1988). The

mixed magma produced by this process could ultimately produce a
magmatic fluid with both crustal and mantle He isotopic signatures
(Stuart et al., 1995). Alternatively, magmatic fluids with strong crustal
and minor mantle-derived He isotopic signatures might have resulted
from a heterogenous protolith that was dominated by an old crust but
also contained minor amount of jevinile igneous rocks with a mantle
origin (Hu et al., 2012a). As described above, the observed elevated
3He/4He (∼0.15 to 1.16 Ra; Table 1) for the Xihuashan W ore deposit is
consistent with the involvement of ∼2 to 17% mantle-derived He. It is
difficult to distinguish the above-mentioned possibilities for the deri-
vation of the mantle noble gasses in the ore-forming fluids of the de-
posit, owing to the fact that there is no significant He-Ar isotopic
fractionation between magma and fluids in a magmatic hydrothermal
system (Turner et al., 1993; Graham, 2002; Hu et al., 2004; Kendrick
et al., 2007).

The Xihuashan granite pluton is a typical W-bearing granite pluton
in South China. Since the 1980s, many studies have investigated the
mineralogy, petrology, geochemistry, and isotopes of this pluton (e.g.
McKee et al., 1987; Wu et al., 1987; Shen et al., 1994; Xiao et al., 2009;
Zhou et al., 2010; Wang et al., 2011). Whether or not mantle-derived
materials were involved in the formation of Xihuashan granite pluton is
still debated. Recently, zircon Hf-O (δ18O: mainly 6.93 to 10.40‰; εHf
(t): mainly –5 to –15‰) isotope data and Sr-Nd isotope data clearly
indicate the minor involvement of mantle components in the magma of
the Xihuashan granite pluton (Guo et al., 2012), because solely crust-
derived granitoids produced by partial melting of metasedimentary
rocks without mantle input mostly have δ18O values higher than 10‰
(Jo et al., 2018). Based on these results, some researchers proposed that
this pluton was the product of crustal melt derived from the Paleo-
proterozoic-Mesoproterozoic meta-sedimentary rocks, mixed with the
underplating mantle-derived magma (Yang et al., 2012). It is suggested
that such magmatic event was related to the tectonic evolution of South
China and that from 160 to 150Ma South China underwent lithospheric
extension-thinning coupled with mantle upwelling (Mao et al., 2007,
2008, 2013a,b; Hu et al., 2012b). According to this model, partial
melting of the crust was triggered by underplating of the mantle-de-
rived magma generated by mantle upwelling. Evidence for the exi-
stance of the mantle-derived magma includes widespread coeval mafic
dykes and intermediate igneous complexes in the Nanling region (Zhu
et al 2009). The influx of mafic magma could be highly efficient to
provide the heat input which induces partial melting of the crust
(Annen and Sparks, 2002; Clemens, 2003). The estimated 3He/Q ratio
for Xihuashan fluids ranging from 0.13 to 4.44×10−12 cm3 STP J−1

(Table 1) are 2 to 40 times higher than those recorded by hydrothermal
fluids from mid-oceanic ridges (0.1–0.2×10−12 cm3 STP J−1) (Baker
and Lupton, 1990; Lupton et al., 1989) and slightly lower than those of
the granite-related Panasqueria W deposit (up to 10×10−12 cm3 STP
J−1, Burnard and Polya, 2004). The 3He/40Ar* ratio of the samples
range from 0.2 to 3.4×10−5, close to that of mantle value (∼10−4,
Kennedy et al., 1991) and far higher than that of the crust value
(∼10−8, Kennedy et al., 1991). The high 3He/Q and near mantle
3He/40Ar* ratios of the mineralizing fluids indicate that mantle could
provide heat and volatiles (e.g., Wu et al., 2011).

As described above, the Xihuashan W ore deposit was not only
spatially but also temporally related to the granite pluton. We propose
that small amount of mantle-derived He in the ore-forming fluids was
inherited from the exsolved magmatic fluids from the granite pluton.
Therefore, it is inferred that the host granite pluton was not the product
of pure crustal melts proposed previously. Small amount of mantle-
derived heat and volatiles were involved in the formation of this granite
pluton.

6. Conclusions

Crushed fluid inclusions entrapped in sulfide minerals separated
from the Xihuashan W ore deposit are characterized by 3He/4He from

Fig. 7. 40Ar/36Ar vs. 3He/4He (Ra) plot of the inclusion-trapped fluids from the
Xihuashan W deposit. Data source and symbols are the same as in Fig. 5.
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0.15 to 1.16 Ra and 40Ar/36Ar from 306 to 1023. The results show that
the released volatiles are mixtures of magmatic fluids with the so-called
modified air-saturated water (MASW) and that the magmatic fluids
contain small amount of mantle-derived He up to 17%. We propose that
the mantle-derived He in the ore-forming fluids of the deposit was
derived from the magma of the host granite pluton and that the parental
magma of this pluton was generated by crust-mantle interaction in an
extension tectonic environment.
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