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Abstract The Xihuashan tungsten deposit, Jiangxi prov-
ince, China, is a world-class vein-type ore deposit hosted in
Cambrian strata and Mesozoic granitic intrusions. There are
two major sets of subparallel ore-bearing quartz veins. The
ore mineral assemblage includes wolframite and molybde-
nite, with minor amounts of arsenopyrite, chalcopyrite, and
pyrite. There are only two-phase aqueous-rich inclusions in
wolframite but at least three major types of inclusions in
quartz: two- or three-phase CO2-rich inclusions, two-phase
pure CO2 inclusions and two-phase aqueous inclusions,
indicating boiling. Fluid inclusions in wolframite have
relatively higher homogenization temperatures and salin-
ities (239–380°C, 3.8–13.7 wt.% NaCl equiv) compared
with those in quartz (177–329°C, 0.9–8.1 wt.% NaCl
equiv). These distinct differences suggest that those
conventional microthermometric data from quartz are not
adequate to explain the ore formation process. Enthalpy–
salinity plot shows a linear relationship, implying mixing of
different sources of fluids. Although boiling occurred
during vein-type mineralization, it seems negligible for
wolframite deposition. Mixing is the dominant mechanism
of wolframite precipitation in Xihuashan. δ34S values of the
sulfides range from −1.6 to +0.1‰, indicative of a
magmatic source of sulfur. δ18O values of wolframite are

relatively homogeneous, ranging from +4.8‰ to +6.3‰.
Oxygen isotope modeling of boiling and mixing processes
also indicates that mixing of two different fluids was an
important mechanism in the precipitation of wolframite.
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Introduction

Granite-associated tungsten deposits are well-known in the
literature (Higgins 1985; Polya et al. 2000; Rice et al. 2001;
Lu et al. 2003; Rios et al. 2003; Burnard and Polya 2004;
Petrunic and Al 2005; Macey and Harris 2006; Gu et al.
2007), but the mechanism of ore deposition is still a matter
of debate. Mechanisms that initiate the precipitation of
wolframite include pressure decrease (Polya 1989), cooling
(Heinrich 1990; Samson 1990; Xi et al. 2008), wall-rock
alteration (Gong et al. 2004), boiling (So and Yun 1994;
Graupner et al. 1999), and fluid mixing (Yokart et al. 2003;
Beuchat et al. 2004). Among these, boiling and mixing of
magmatic and meteoric waters are thought to be significant
in the formation of the unconventionally high ore grades of
some tungsten deposits (Landis and Rye 1974; Kelly and
Rye 1979). However, the importance of boiling or mixing is
not well examined in this type of mineralization.

China ranks first in the world in terms of tungsten
resources and reserves (USGS 2010). The Xihuashan
tungsten deposit is famous throughout the world for its
large-scale and long history of geological exploration and
investigation. It is an ideal place to study the above-
mentioned issues of tungsten mineralization. Previously,
fluid inclusion-oriented studies on this deposit were
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confined to transparent gangue minerals (Sheng 1985; Lu
1986; Giuliani et al. 1988; Liu et al. 2002) because most
ore minerals are opaque under the normal petrographic
microscope. However, fluid inclusions trapped in gangue
minerals are not necessarily representative of the actual
conditions under which the ore minerals were precipitated
(Campbell et al. 1984; Campbell and Panter 1990; Lüders
1996). Thus, direct analysis of fluid inclusions in ore
minerals is required. Infrared microscopy is approved to be
useful for examining fluid inclusions in opaque minerals
(Richards and Kerrich 1993; Lüders et al. 1999, 2005,
2009; Lüders and Ziemann 1999; Lindaas et al. 2002;
Kouzmanov et al. 2004; Rosiere and Rios 2004; Ni et al.
2008; Cao et al. 2009; Kucha and Raith 2009). In particular,
infrared microscopy technology is widely used in the study
of fluid inclusions in wolframite (Campbell and Panter
1990; Lüders 1996; Bailly et al. 2002; Rios et al. 2006). In
this paper, we use this technique to examine fluid inclusions
in wolframite from the Xihuashan deposit.

The objectives are to obtain information directly on the
mineralizing fluids and to gain further insight into the
evolution of fluids. New infrared investigation data from
the fluid inclusions in wolframite are obtained and reported.
In addition, stable isotope (S, O) data of ore minerals are
used to evaluate the source of the ore-forming fluids and
the mechanism of ore deposition. Although boiling occurs
during mineralization, fluid mixing is proved as the
dominant precipitation mechanism for wolframite.

Regional geological setting

South China is composed of the Yangtze Block to the
northwest and the Cathaysian Block to the southeast,
separated by the Jiangshan-Shaoxing fault (Fig. 1). The
two blocks were welded during Neoproterozoic time (Zhou
et al. 2002; Yan et al. 2003). The Yangtze Block, separated
from the North China Block by the Qinling-Dabie orogenic
belt to the north, is bounded to the west by the Tibetan
Plateau. The Cathaysian Block has a Precambrian basement
overlain by a Sinian to Mesozoic cover sequence (Chen and
Jahn 1998). The Xihuashan tungsten deposit is located in
the western Cathaysian Block (Fig. 1).

In South China, extensive magmatism produced Mesozoic
granitoid intrusions (Li et al. 2009). Metallic mineralization
in the Cathaysian block was associated with the widespread
Jurassic to Cretaceous (Yanshanian) granitic magmatism
(Hsieh et al. 2008). The granites are traditionally thought
to be S-type or transitional type (Mo et al. 1980), but they
are also argued as A-type granites recently (Fan and Chen
2000; Wu et al. 2007; Hu et al. 2008; Li et al. 2009).
Spatially, the distribution of the granitoid rocks is controlled
by Mesozoic NE-striking faults (Peng et al. 2006).

South China is rich in mineral resources and especially
renowned as the world’s major tungsten-producer. There are
various types of tungsten mineralization, i.e., greisen-,
skarn-, altered granite-, and quartz vein-type, among which
the quartz vein-type is the most important one. Temporally,
these tungsten deposits are related to Yanshanian granites
and coincident with crustal extension (Mao et al. 2007).

Geology of the Xihuashan ore deposit

The Xihuashan deposit is a typical vein-type tungsten
polymetallic deposit and occurs in the endocontact zones of
a Yanshanian composite granitic stock (Wu et al. 1987;
Chang et al. 2007; Zhou et al. 2008). This deposit, together
with five surrounding much smaller deposits constitutes a
tungsten ore field (Fig. 2). In the Xihuashan mining district,
exposed sedimentary rocks are mainly early Paleozoic
(upper Cambrian) metasandstone and slate intruded by
Jurassic and Cretaceous (Yanshanian) granite (Fig. 2). The
Cambrian strata underwent low-grade metamorphism. The
petrology of the complex was described by many geologists
(Le Bel et al. 1984; Giuliani 1985; McKee et al. 1987; Wu
et al. 1987; Maruéjol et al. 1990; Zeng et al. 2001; Wang et
al. 2003). Spatially, this granitic complex is distributed
along EW- or NNE- orientated structures (Wu et al. 1987;
Xie et al. 2008). It is a polyphase intrusion composed of
porphyritic biotite granites with coarse-grained, medium-
grained, and medium- to fine-grained variants (Wang et al.
2003). The granite is strongly peraluminous, belonging to
the high calc-alkaline series and is usually considered as S-
type granite (Wu et al. 1987; Shen et al. 1994; Zeng et al.
2001; Xiao et al. 2009). The ore veins are spatially and
genetically associated with this granite (Tanelli 1982;
Giuliani 1985; Chang et al. 2007; Zaw et al. 2007).

Nature of the ore veins

There are more than 700 ore veins in the Xihuashan mining
district. In general, the veins vary from 200 to 600 m in length
and about 0.2 to 0.6 m in thickness. These veins can be divided
into two sets according to their orientation and location.
In the northern part of the mining area, they dip steeply
(75–85°) with an EW strike. However, they dip more
steeply (80–85°) and strike ENE in the south. These veins
usually show an echelon structure and are distributed in groups
or clusters (Giuliani et al. 1988). The total resource is 81,300
tonnes WO3, with an average ore grade of 1.08% WO3.

Mineralogy and paragenesis

The mineralogy and paragenesis of the Xihuashan deposit
have been documented previously (Tanelli 1982; Lu 1986;
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Wu et al. 1987; Giuliani et al. 1988). Based on mineral
assemblages, crosscutting relationships and textures, the
paragenetic sequence of the mineralized quartz veins
consists of an early silicate-oxide stage, followed by a
sulfide stage, and a later 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. 3.

The silicate-oxide stage consists mainly of massive
quartz with wolframite, molybdenite, beryl, feldspar
(Fig. 4a, d). Quartz, the most abundant mineral, appears
mainly anhedral but is also found as prismatic crystals in
vugs (Wu et al. 1987). As the most abundant ore mineral,
wolframite occurs mainly as euhedral, dark-brown masses.
Euhedral wolframite is mainly found attached to the vein
walls, with a central filling of massive quartz, and is seldom
found embedded in the massive quartz (Fig. 4b; Tanelli
1982; Lu 1986; Wu et al. 1987). In some cases, wolframite
is disseminated in the host granite (Fig. 4e). It can be
concluded that quartz is younger than wolframite, and
wolframite preceded quartz with some depositional overlap
(Lu 1986; Lu et al. 2003). The earliest mineral in the
hydrothermal veins is feldspar (Fig. 3). Molybdenite, the
earliest sulfide, occurs as euhedral or anhedral masses at
vein margins or intergrown with chalcopyrite near vein
centers, and arsenopyrite occurs as euhedral or anhedral
masses that are associated with wolframite (Wu et al. 1987).
Generally, pyrite is intergrown with chalcopyrite near vein
centers or in the microfractures in wolframite (Fig. 4f).

The sulfide stage is characterized by the presence of pyrite,
arsenopyrite, chalcopyrite, sphalerite, galena, and quartz
(Fig. 4c, g–i), with trace amounts of wolframite. In addition,

pyrrhotite and bismuthinite have also been observed
(Giuliani et al. 1988; Xie et al. 2009). Euhedral or subhedral
pyrite, the most abundant sulfide, is generally associated with
arsenopyrite, chalcopyrite-diseased sphalerite, and chalcopy-
rite or occasionally enclosed in chalcopyrite (Fig. 4g–i).

The carbonate stage is marked by the appearance of calcite
and quartz with trace amounts of pyrite and chalcopyrite but
no wolframite (Lu 1986; Giuliani et al. 1988).

Samples and analytical methods

Fluid inclusions

Fluid inclusions were examined in both wolframite and
quartz from the silicate-oxide and sulfide stages (Fig. 2b).
The thickness of doubly polished sections of wolframite
was about 90 to 120 μm and about 200 μm for quartz.

The microthermometric study of fluid inclusions trapped
in wolframite was performed using a heating–freezing
system mounted on an Olympus BH51 infrared microscope
at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, China. Temperatures of phase changes are influ-
enced by the infrared light source intensity, and therefore it is
necessary to turn off all possible diaphragms to minimize this
analytical error (Moritz 2006). Because ice is not observed in
some inclusions and thick inclusion borders often obscure
the vapor phase during the approach to homogenization
(Mancano and Campbell 1995), Tm and Th values were
measured using a cycling method described by Goldstein

Fig. 1 A geological sketch map
of South China showing the
main tectonic blocks and the
location of the Xihuashan
tungsten deposit (modified
from Yan et al. 2003). YB
Yangtze block, CB Cathaysian
block, NCB North China block

Miner Deposita (2012) 47:589–605 591



and Reynolds (1994). Quartz-hosted fluid inclusions were
measured by conventional microthermometry using a
Linkam THMSG 600 stage, calibrated at −56.6°C, 0°C,
and 374.1°C using synthetic fluid inclusions. The precisions
of the measurements are ±0.2°C and ±2°C in cooling cycles
and heating cycles, respectively. Temperatures of phase
transitions were observed at a heating rate of 0.1°C/min.
Laser Micro-Raman spectroscopic analysis was carried out
on a Renishaw InVia Reflex Raman spectrometer with the
counting time of 60 s.

Salinity and density of liquid-vapor inclusions were
estimated by using the online calculation of Duan (www.
geochem-model.org). Salinities of CO2-rich inclusions were
calculated from the melting temperature of clathrate. Bulk
composition and molar volume were determined with the

computer programs of Brown (1989) and the equation of
state from Duan et al. (1995).

Stable isotopes

Representative samples from the Xihuashan deposit were
chosen for picking mineral separates for sulfur and oxygen
isotope analyses. Wolframite and sulfide minerals, pyrite,
arsenopyrite, chalcopyrite, and molybdenite were separated
by careful handpicking under a binocular microscope.

Oxygen isotope compositions of wolframite separates were
measured at the Laboratory of Stable Isotope Geochemistry,
Institute of Mineral Resources, Chinese Academy of Geolog-
ical Sciences, Beijing, using a MAT 253 mass spectrometer.
Oxygen isotopes were analyzed with the conventional BrF5

Fig. 2 Geological map of the
Xihuashan tungsten deposit
(a; modified from Wu et al.
1987) and cross-section with
sample location (b)
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method (Clayton and Mayeda 1963). All values are reported
relative to the V-SMOW standard, with the error of ±0.2‰.

Sulfur isotope analyses were performed at the State Key
Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, Guiyang, China,
by using the continuous flow isotope ratio mass spectrometry.
The procedures described by Grassineau et al. (2001) were
followed during the analysis. The data are reported relative to
CDT, and the analytical precision is ±0.2‰.

Fluid inclusions

Petrography

Fluid inclusion analysis in wolframite and quartz is focused
on fluid inclusion assemblages if the inclusions were
trapped along growth zones or healed microfractures
(Goldstein and Reynolds 1994; Lüders et al. 2009). At
Xihuashan, the lack of growth banding in quartz makes it
difficult to classify fluid inclusions based on above criteria.
In this study, fluid inclusion data of quartz were obtained
from some isolated inclusions that might be primary in
origin according to Roedder (1984) or groups of inclusions
that have similar vapor-to-liquid ratios, as well as heating
and freezing behavior. Such fluid inclusion assemblages can
provide the most reliable information (Rusk et al. 2008).

Wolframite

Apparent growth banding is observed in wolframite (Fig. 5a).
In some cases, fluid inclusions are arranged along or within

the growth banding. Microscopic and microthermometric
observations displayed two-phase liquid-rich aqueous inclu-
sions at an ambient temperature. Two- or three-phase CO2-
rich or vapor-rich inclusions are not observed in wolframite.
Tubular shaped or subrounded inclusions (Fig. 5b–f) range
from a few microns to more than 20 μm. The vapor phase is
approximately 8–30% of the total volume of the inclusion.
Primary inclusions often occur within the growth banding
(Fig. 5b–d), and some isolated inclusions (Fig. 5e, f) also can
be of primary origin (Roedder 1984; Lüders et al. 2009).

Quartz

At Xihuashan, fluid inclusions in quartz include types I, II,
and III, on the basis of their appearance at 25°C and by
their Raman spectra. Type I inclusions are two-phase,
liquid-rich aqueous inclusions. The most abundant inclu-
sions of quartz from the silicate-oxide and sulfide stages are
type I. They occur both as individual isolation or groups
(Fig. 5g, h), with 10 to 30 vol.% at room temperature,
ranging from 5 to 35 μm in diameter. These inclusions have
typically rounded rectangles and ellipsoids. Both micro-
thermometry and Raman spectroscopy analyses reveal that
the main component of the volatile phases is H2O, with
minor CO2 and trace CH4 in some cases.

Type II inclusions are two-phase CO2-rich inclusions
(aqueous solution+CO2 vapor, type IIa) or three-phase CO2-
rich inclusions (aqueous solution+liquid CO2+CO2 vapor,
type IIb) at room temperature. They are observed only in
quartz from the silicate-oxide stage and occur isolated or in
groups together with liquid-rich aqueous inclusions or pure
CO2 inclusions (Fig. 4i–l). Type II inclusions are typically 8–
35 μm in diameter and have nearly ellipsoidal, rounded-
rectangular, or irregular shapes. The CO2 phase typically
occupies 25% to 90% of the inclusion volumes. Both
microthermometry and Raman spectroscopy analyses reveal
that the main component of the volatile phase is CO2.

Type III inclusions are relatively rare and are two-phase
pure CO2 inclusions (liquid CO2+CO2 vapor). They are
generally less than 15 μm in diameter and are observed in
quartz from the silicate-oxide stage. They can coexist with
three-phase CO2-rich inclusions and liquid-rich aqueous
inclusions (Fig. 4j).

Microthermometric results

Microthermometric results of fluid inclusions in wolframite
and quartz are summarized in Table 1.

Wolframite

Final ice melting temperatures of primary aqueous inclusions
range from −2.1°C to −9.8°C, corresponding to salinities from

Fig. 3 Paragenetic sequence of minerals from the Xihuashan tungsten
deposit
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3.8 to 13.7 wt.% NaCl equiv, with an average of 6.8 wt.%
NaCl equiv (Fig. 6a, Table 1). The relatively low salinity
aqueous inclusions usually occur clustered together with
relatively high salinity aqueous inclusions. Temperatures of
homogenization to liquid phase for all fluid inclusions vary
from 239°C to 380°C, mostly between 320°C and 370°C
(Fig. 6b). The densities lie between 0.63 and 0.88 g/cm3.

Quartz

Type I liquid-rich aqueous inclusions have ice-melting
temperatures (Tm) from −0.5°C to −5.2°C, corresponding to
salinities of 0.9 to 8.1 wt.% NaCl equiv (Fig. 6c, Table 1),
with an average of 4.2 wt.% NaCl equiv. Temperatures of
homogenization to the liquid phase of these fluid inclusions
range from 236°C to 325°C for the silicate-oxide stage and
177°C to 241°C for the sulfide stage (Fig. 6d). The densities
vary from 0.74 to 0.90 g/cm3.

Type II inclusions form solid CO2 upon cooling
from −92.1°C to −97.6°C. Melting temperatures of the CO2

phase range from −55.7°C to −57.2°C with a majority
at −56.6°C (type IIa, –56.3°C to −57.1°C; type IIb, –55.7°C
to −57.2°C), indicative of a volatile phase of nearly pure CO2,
as further confirmed by laser Raman spectroscopy. The CO2

Fig. 4 Photographs (a–e) and
photomicrographs (f–i) of ore
and gangue minerals. a, d Ore
minerals of the silicate-oxide
stage. b Euhedral wolframite
attached to the vein walls, with
central infill of massive quartz
(Tanelli 1982). c Ore minerals of
the sulfide stage. e Disseminated
wolframite in greisenized
granite (photograph taken in
Xihuashan museum.). f Pryrite
infill in wolframite veinlet. g
Pyrite intergrown with chalco-
pyrite and arsenopyrite of the
sulfide stage. h Pyrite enclosed
in chalcopyrite, and intergrown
with galena, chalcopyrite-
diseased sphalerite of the sulfide
stage. i Chalcopyrite disease in
sphalerite of the sulfide stage.
Wol wolframite, Fel feldspar,
Ber beryl, Qz quartz, Py pyrite,
Cp chalcopyrite, Asp arsenopy-
rite, Cal calcite, Sph sphalerite,
Gn galena

Fig. 5 a Growth banding in wolframite. b–l Photomicrographs of
representative fluid inclusion types in wolframite and quartz: b–d
Primary liquid-rich aqueous inclusions within growth banding in
wolframite. e, f Isolated aqueous inclusions in wolframite. g Isolated
liquid-rich aqueous inclusion (type I) in quartz. h A group of liquid-
rich aqueous inclusions in quartz. i–k Type I, type II and type III
inclusions in one field of view in quartz, homogenization both to the
vapor and liquid at about the same temperatures, indicative of boiling.
i CO2 of type IIa inclusion homogenizing to vapor phase at 28.7°C. j
CO2 of type IIb and type III inclusions homogenizing to liquid phase
at 27°C and 30.7°C, respectively. k CO2 of type IIb inclusion critical
homogenization at 30.7°C. l CO2 of type IIb inclusion in quartz
homogenizing to vapor phase at 29°C

�
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phase homogenizes to vapor from 27.6°C to 29.1°C for type
IIa inclusions (e.g., Fig. 4i). However, the CO2 phase
homogenizes to liquid, to vapor, and by critical behavior
(e.g., Fig. 4j–i) between 26.9°C and 30.8°C for type IIb
inclusions (Fig. 7a). Clathrate melting temperatures of type II
inclusions range from 7.0°C to 9.4°C, corresponding to
salinities of 1.2 to 5.8 wt.% NaCl equiv. The density of the
volatile phase lies between 0.23 and 0.68 g/cm3. Although
some of the type II inclusions decrepitated before total
homogenization on account of high internal pressures
generated by their high CO2 contents, the final homogeni-
zation temperatures of many type II inclusions could still
be measured. Type II inclusions mostly homogenized to
the aqueous phase from 287°C to 319°C, and to the CO2

phase from 296°C to 329°C (type IIa, 287°C; type IIb, 303

to 309°C, Fig. 7b). Their bulk densities range from 0.35 to
0.85 g/cm3.

Type III inclusions also form CO2 solid upon cooling. Their
Tm was 56.6°C, inferring a phase of solely CO2. Th-CO2

values vary from 30.6°C to 30.7°C (Table 1).

Stable isotopes

Thirty-seven sulfide mineral separates were analyzed for
sulfur isotope composition (Table 2). δ34S values of
sulfide minerals from the Xihuashan deposit vary in a
relatively narrow range of −1.6 to +0.1‰ (Fig. 8). δ18O
values of wolframite range from +4.8‰ to +6.3‰ with an
average of +5.5‰ (Table 3).

Fig. 6 Histograms of homoge-
nization temperatures and salin-
ities of fluid inclusions in
wolframite and quartz from
Xihuashan

Fig. 7 Histograms of CO2

homogenization temperatures
(ThCO2) and total homogeniza-
tion temperatures (Thtotal) of
type II inclusions in quartz at
Xihuashan
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Discussion

Comparison of fluid inclusions in wolframite and quartz

Fluid inclusions in wolframite and quartz from Xihuashan
have remarkably different temperatures and salinities. There
are also differences between minerals in the same sample
(e.g., 431–22, 431–23, 483–4). Homogenization temper-
atures of fluid inclusions of wolframite are mostly higher

than those of fluid inclusions in quartz from the silicate-
oxide stage. The mineralizing fluids entrapped in wolfram-
ite are moderate to high-salinity solutions.

At Xihuashan, halite-bearing inclusions and coexisting
aqueous inclusions homogenize both to vapor and liquid at
similar temperatures, indicating boiling (Sheng 1985; Wu et
al. 1987). Two- or three-phase CO2-rich inclusions and two-
phase pure CO2 inclusions always coexist with two-phase
aqueous inclusions in quartz, with similar homogenization
temperatures, indicative of fluid boiling (e.g., Fig. 5i–k;
Roedder 1984; So and Yun 1994; Lu et al. 2004) in the
silicate-oxide stage. Thus, at least one episode of boiling
probably occurred during hydrothermal mineralization
leading to the formation of type II and III inclusions
trapped in quartz.

On the other hand, two- or three-phase CO2-rich
inclusions or vapor-rich inclusions are not present in
wolframite from Xihuashan. Furthermore, wolframite
occurs in the vein walls and quartz in the vein centers,
which is the textural evidence for wolframite relatively

Table 2 δ34S values of various sulfide minerals of the Xihuashan
tungsten deposit

Sample Minerals δ34SCDT (‰)

378-6 Pyrite −1.0
378-9 Pyrite −1.0
378-11 Pyrite −1.6
378-5 Pyrite −1.2
270-5 Pyrite −0.9
270-4 Pyrite −1.1
270-10 Pyrite −1.2
270-13 Pyrite −1.3
270-23 Pyrite −1.3
431-3 Pyrite −1.4
431-4 Pyrite −1.2
538-4 Pyrite −1.0
538-10 Pyrite −1.3
538-20 Pyrite −0.7
538-9 Pyrite −0.8
431-5 Pyrite −1.4
270-28 Molybdenite −0.9
378-20 Molybdenite −1.4
378-19 Molybdenite −1.4
378-17 Molybdenite −1.2
378-34 Molybdenite −1.4
378-35 Molybdenite −0.8
431-1 Molybdenite −1.4
431-6 Molybdenite −1.1
431-7 Molybdenite −0.5
538-3 Arsenopyrite +0.1

538-9 Arsenopyrite −0.2
538-11 Arsenopyrite −0.1
538-12 Arsenopyrite −0.1
538-18 Arsenopyrite 0.0

270-9 Arsenopyrite −0.2
431-32 Arsenopyrite −0.2
538-14 Chalcopyrite −0.7
538-9 Chalcopyrite −0.7
538-7 Chalcopyrite −0.4
538-5 Chalcopyrite −0.3
538-4 Chalcopyrite −0.6

Table 3 δ18O values of Wolframite in the Xihuashan tungsten deposit

Sample Minerals δ18OV-SMOW‰

230-12 Wolframite +5.8

270-2 Wolframite +5.7

270-31 Wolframite +6.3

378-43 Wolframite +5.2

378-45 Wolframite +4.9

431-22 Wolframite +4.8

431-24 Wolframite +5.4

483-4 Wolframite +5.9

483-6 Wolframite +5.7

Fig. 8 Histogram displaying the sulfur isotope composition of various
sulfides from the Xihuashan deposit, southern Jiangxi
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preceding quartz paragenetically (Fig. 4b). The data
obtained from fluid inclusions also indicate that wolframite
was deposited prior to quartz under higher temperatures
from high-salinity fluids. Therefore, although there was an
episode of boiling during the vein mineralization process,
boiling of the ore-forming fluids seems to occur after
wolframite deposition and did not play an important role for
wolframite precipitation. Although CO2-rich inclusions are
not observed in wolframite, the possibility that aqueous
fluid inclusions contain trace amounts of dissolved CO2

or CH4 (Roedder 1984; Hagemann and Lüders 2003)
cannot be excluded. Furthermore, fluid inclusion volatile
analysis by gas chromatography implies that fluid
inclusions in wolframite contain trace amounts of CO2

(Wu et al. 1987).

Fluid evolution

During the silicate-oxide stage, the relatively low salinities
in fluid inclusions of both wolframite and quartz suggest
lower salinity fluids. Boiling cannot yield such a fluid.
Instead, it can cause a gradual and slight increase in salinity
of the liquid phase (So and Yun 1994). The lower salinities
may be ascribed to mixing. The homogenization tempera-
ture–salinity plot (Fig. 9) clearly shows a trend of dilution,
evidence for mixing between a hot, saline fluid and a
cooler, dilute fluid (Chi and Savard 1997). Evidence of
mixing also includes the appearance of groups of relatively
low-salinity aqueous inclusions close to isolated high-
salinity aqueous inclusions (Zoheir et al. 2008).

Fluid inclusions suggesting fluid boiling are common in
tungsten deposits (Giamello et al. 1992; Smith et al. 1996).
Our results and previous studies (Sheng 1985; Giuliani et
al. 1988) provide evidence for the occurrence of boiling in

Xihuashan. In this observation, it is difficult to define
exactly the initial hydrothermal fluid before boiling.
However, according to Giuliani et al. (1988), the earlier
low-density and low-salinity CO2-bearing aqueous solu-
tions may represent the initial hydrothermal fluid before
boiling. During boiling, the dissolved gas (e.g., CO2, CH4)
would be separated from the fluids, producing two- or three-
phase CO2-rich inclusions, leaving a residual liquid of only
very low CO2 content which may be represented by some
type I inclusions in quartz. The process of CO2 separation
together with spatial separation of the fluids could give birth
to a ‘refining’ effect that causes the entrapment of pure CO2

inclusions (Johnson and Hollister 1995). As a result of fluid
boiling, drastic fluctuating CO2 contents can be observed in
which two-phase pure CO2 inclusions grade into three-phase
CO2-rich inclusions (Fig. 5j).

During the sulfide stage, salinities of aqueous inclusions
in quartz are relatively low. Decreasing salinities are likely
attributed to mixing. Furthermore, mixing of fluids is
implied from the relationship between homogenization
temperatures and salinities of aqueous inclusions (Fig. 9).

Estimation of pressure during boiling

Fluid inclusions trapped during boiling can be used for
accurate estimating fluid temperature and pressure
(Ruggieri et al. 1999; Yoo et al. 2010). Homogenization
temperatures of coexisting boiling type I, II, and III inclusions
are equal to the fluid trapping temperature. Isochores for the
type I aqueous inclusions in quartz from the silicate-oxide
stage were calculated with the equation of state for H2O-NaCl
of Zhang and Frantz (1987). Isochores of type II and III
inclusions were estimated using the equation of state for
NaCl–H2O–CO2 or CO2 of Bowers and Helgeson (1983)
and Brown (1989). Based on fluid inclusion compositions,
calculated isochores of type I and II inclusions are shown in
Fig. 10. At 329°C, the highest homogenization temperature
for type II inclusions coexisting with type I inclusions from
the silicate-oxide stage, isochores of type II inclusions
indicate a pressure range from 600 to 750 bars. The pressure
range is from 252 to 683 bars on the basis of isochore
calculations at a temperature of 300°C, the average
homogenization temperature of fluid inclusions for samples
538-5 and 538-14 from the silicate-oxide stage. This
range is consistent with the pressure of 300–700 bars
obtained by Lu (1986).

Enthalpy–salinity relationship

Plots of enthalpy and salinity are useful for evaluating fluid
mixing and boiling processes of ascendant hydrothermal
fluids (Hedenquist 1990; Hayba 1997; Wilkinson 2001). An
enthalpy–salinity plot for the Xihuashan deposit is shown

Fig. 9 Homogenization temperature versus salinity of different types
of fluid inclusions in wolframite and quartz at Xihuashan deposit
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in Fig. 11. The enthalpy values of the fluids within the
studied inclusions were calculated according to the
online calculation program (http://geotherm.ucsd.edu).
Although boiling occurred during the silicate-oxide stage
in Xihuashan, it is impossible to explain the changes of
enthalpy and salinity by boiling. Mixing may decrease
both salinity and enthalpy, whereas boiling decreases
only enthalpy but increases salinity (Wilkinson 2001).
Therefore, fluid mixing can be estimated from a positive
correlation between enthalpy and salinity shown in Fig. 11.
The mixing may have provided a mechanism for the
deposition of wolframite.

Sources of ore-forming fluids

Sulfides from the Xihuashan deposit have quite homoge-
neous δ34S values (Fig. 8), in agreement with previously
published data (δ34S=−2.3 to +2.4‰; Zhang et al. 1981).
These rather uniform values indicate igneous sulfur and
point to a large-scale hydrothermal system with a homoge-
neous source of sulfur, which was likely of magmatic origin
and magmatic sulfur directly mingling into a fluid system
(Wagner et al. 2005, 2009). According to Mu et al. (1981),
Zhang et al. (1981), and Liu et al.(2002), quartz at
Xihuashan has δD values of −43‰ to −81‰ for water
extracted from fluid inclusions and the δ18O values of
−8.8‰ to +8.4‰ for water in equilibrium with quartz. This
composition could be reasonably explained by the mixing
of magmatic water with meteoric water.

The role of boiling and mixing for tungsten mineralization

In order to further constrain the origin of the mineralization,
we have quantitatively modeled the isotopic effects of
boiling and mixing (Fig. 12) using δ18O values of minerals
by the method of Wagner et al. (2009). The calculations
have employed the mineral-water isotope fractionation
equation of Matsuhisa et al. (1979) and Zhang et al.
(1994). The equilibrium temperature was assumed to be
380°C which is the highest homogenization temperature of
fluid inclusions in wolframite. For the calculations, we have
chosen the δ18O values of −8.1‰ for meteoric water, which
represents the oxygen isotope composition of Mesozoic
meteoric waters at Xihuashan and of +10.1‰ for the
magmatic end member, which represents the δ18O value for
water in equilibrium with quartz of the biotite granite at
Xihuashan (Chen and Zhang 1990). Mixing models have
been calculated for the temperatures of the meteoric water
for 200°C, 150°C, 100°C, 50°C, respectively. In Fig. 12a, a
rectangle represents the measured values of wolframite and
the main range of fluid inclusion homogenization temper-
atures in wolframite. In Fig. 12b, a rectangle represents the
δ18O data (+10.4‰ to +13‰) of quartz in the silicate-oxide
stage reported by Zhang et al. (1981) and our fluid
inclusion homogenization temperatures in quartz. It is
obvious that, instead of boiling, mixing can explain the
observed relationship between fluid inclusion temperatures
and δ18O values of wolframite. The mass fractions of
meteoric water during the silicate-oxide stage were about
0.1–0.4. Although there is evidence for boiling from fluid
inclusions in quartz, local boiling (Giuliani et al. 1988) is
probably less important for the evolution of the hydrother-
mal system at Xihuashan. As a dominant ore-forming
process, mixing between magmatic and meteoric fluids may
have resulted in the deposition of wolframite.

Fig. 11 Enthalpy–salinity plot for fluid inclusions in wolframite from
Xihuashan

Fig. 10 P–T diagram isochores for type I, II, and III inclusions under
boiling conditions in the Xihuashan tungsten deposit. 283°C, the
average homogenization temperature of type I inclusions in quartz
from silicate-oxide stage. 2.6 wt.% NaCl eq., the average salinity of
type II inclusions in quartz from silicate-oxide stage
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Fluid mixing and mineral deposition

Experimental studies and thermodynamic modeling show
that salty, reduced, and acidic solutions have the highest
solubility for tungsten and that tungsten is transported in
ore fluids as simple tungstate species (i.e., H2WO4,
HWO4

−, WO4
2−), and alkali–tungstate ion pairs (Wood

and Samson 2000; Gong et al. 2004). Therefore, the
precipitation of tungsten results from increase of pH and
oxygen fugacity as well as decrease of temperature and
chloride concentration. Possible mechanisms for wolframite
deposition may include pressure decrease, wall-rock alter-
ation, boiling, and fluid mixing (Ramboz et al. 1985; Polya
1989; So and Yun 1994; O’Reilly et al. 1997; Yokart et al.
2003; Beuchat et al. 2004; Gong et al. 2004). In Xihuashan,
wolframite occurs mainly within quartz veins, where wall-
rock alteration is limited (Zhao et al. 1998). Thus, wall-rock
alteration can be excluded as an effective mechanism for
wolframite deposition. Structural evidence for a transition
from a closed to open vein system suggests a pressure
decrease during crystallization (Wu et al. 1987). Pressure
fluctuations have a dramatic effect on the wolframite
solubility (Polya 1990). However, recent study suggests
that wolframite solubility is only weakly dependent on
pressure (Wood and Samson 2000). Consequently, a
pressure decrease would not have been an effective cause
of wolframite deposition in Xihuashan.

A number of numerical modelings (Drummond and
Ohmoto 1985) and laboratory studies (Sondergeld and
Turcotte 1979) emphasize the importance of boiling
phenomena during ore deposition. Boiling has been
considered as the most efficient mechanism for wolframite
precipitation at several tungsten deposits (Higgins 1985; So
and Yun 1994). In Xihuashan, fluid inclusions in quartz
from the silicate-oxide stage show evidence of fluid boiling
during mineralization. Boiling would decrease temperature
but increase pH of the fluid. Accordingly, it could promote
the precipitation of wolframite. However, in some deposits,

the effect of boiling has been overemphasized (Roedder
1984; Hayba 1997). No unambiguous evidence for boiling
was observed in the wolframite-hosted fluid inclusions
from Xihuashan. In addition, the boiling temperatures for
quartz are lower. Consequently, the absence of two- or
three-phase CO2-rich or vapor-rich inclusions in wolframite
may be attributed to wolframite precipitation prior to the
boiling of the ore-forming fluids. Boiled fluid inclusions in
quartz are rare but may be present locally (Giuliani et al.
1988). Even if boiling occurred, the extent was probably
limited. Moreover, because vapor separation leads to a
relative depletion in D of residual fluids, boiling could have
influenced the hydrogen isotope composition of the fluids
(Koděra et al. 2005; Yoo et al. 2010). However, this is not
apparent in the measured δD values in Xihuashan (Liu et al.
2002). Therefore, limited fluid boiling does not appear to
be an effective tungsten mineralizing process in Xihuashan.
During the silicate-oxide stage, temperatures (from 236°C
to 380°C) and salinities (from 1.2 to 13.7 wt.% NaCl equiv)
show considerable fluctuations, suggesting fluid mixing.
Boiling inclusions have low pressures, corresponding to
shallow depths and consequently the involvement of
meteoric water (Neiva 2008). Furthermore, most of the
measured isotope compositions indicated the mixing of two
fluids, meteoric water, and magmatic hydrothermal fluids
(Mu et al. 1981; Liu et al. 2002).

Quantification of boiling and fluid mixing mechanisms
of ore formation also shows that boiling is not a major
process in the evolution of the ore-forming fluid. Instead,
mixing of magmatic and meteoric waters coincides with the
observed δ18O values of wolframite and quartz. Therefore,
mixing of meteoric water and tungsten-bearing magmatic
fluids led to oxidation, decrease in temperature and chloride
concentration, increased pH, and finally led to the precip-
itation of wolframite. Numerical thermodynamic modeling
also indicates that boiling does not affect wolframite
precipitation, whereas mixing of meteoric waters and
deep-seated ore-bearing solutions leads to wolframite

Fig. 12 Diagram showing the
effect of boiling and mixing on
the oxygen isotope composition
of wolframite and quartz
precipitated from hydrothermal
fluids at different temperatures.
Numbers are mass fraction of
meteoric water
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precipitation (Bychkov and Matveeva 2008; Sushchevskaya
and Bychkov 2009). Thus, fluid mixing, rather than boiling,
can best explain the formation of wolframite at Xihuashan.

Conclusions

1. Wolframite and quartz from the Xihuashan tungsten
deposit did not co-precipitate. Wolframite deposition
seems to occur prior to quartz deposition and boiling of
the ore-forming fluid. Boiling of the ore fluids occurred
during quartz precipitation.

2. Mixing between a dominantly magmatic fluid and a
minor meteoric fluid is the main metallogenic mecha-
nism associated with wolframite precipitation in the
Xihuashan tungsten deposit.

3. Quantitative modeling of isotopic compositions of
wolframite and quartz show that mass fractions of the
meteoric water in the mixed fluid were between 0.1 and
0.4 during the silicate-oxide stage.

4. Differences in fluid inclusions from wolframite and
quartz demonstrate that the conventional microthermo-
metric data from gangue minerals cannot be used for
simple extrapolating the depositional conditions of
associated ore minerals.
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