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ARTICLE INFO ABSTRACT

Veinlet-disseminated and vein-type tungsten deposits are important tungsten resources in South China and show
remarkable diversity in dominant tungsten minerals. To better understand their genesis, scheelite from the
Shimensi veinlet-disseminated deposit and wolframite from the Xihuashan and Piaotang vein-type deposits were
selected to conduct in-situ laser ablation-inductively coupled plasma-mass spectrometry trace element analyses.

The Shimensi tungsten mineralization occurs in intensively altered granitic rocks and is characterized by
scheelite. Two generations of scheelite in a single grain can be identified by cathodoluminescence (CL) imaging.
The early scheelite (dark domains in CL images) is characterized by nearly flat chondrite-normalized REE (REEy)
patterns with significantly negative Eu anomalies, whereas the late one (bright domains in CL images) shows
light rare earth element (LREE)-enriched REEy patterns and obviously positive Eu anomalies. The former has
higher REE, Na, Nb and Ta and lower Sr contents than the latter. The Xihuashan and Piaotang wolframite-quartz
veins are developed in greisenized granite (type I) and metasedimentary rocks (type II). Both types of wolframite
show LREE-depleted patterns, but type I exhibits strongly negative Eu anomalies and type II positive Eu
anomalies. Type I contains higher REE, Nb and Ta concentrations, and lower FeO/MnO ratios than type IL

Variations of Eu anomalies and trace element compositions in both scheelite and wolframite can be used to
decipher the origin and processes of tungsten mineralization. Both the early scheelite and wolframite (type I)
display significantly negative Eu anomalies and have high REE, Nb and Ta contents, suggesting that the initial
ore-forming fluids were of magmatic origin. Precipitation of tungsten minerals and alteration would effectively
modify the composition of ore-forming fluids. Deposition of the early tungsten minerals would lower REE, Nb
and Ta in the mineralizing fluids, leading to depletion of these elements in the late ones. Although both the type I
and II wolframite have different REE contents and Eu anomalies, they show similar left-dipped REEy patterns,
implying that compositional variation of fluids is likely driven by crystallization of wolframite during the pro-
cesses of fluid evolution. In contrast, the elevated LREE/HREE (heavy rare earth element) ratios, 8Eu (Euy/Euy™)
values and Sr abundances in the late scheelite are possibly caused by the decomposition of plagioclase and K-
feldspar. Alteration plays an important role in the formation of veinlet-disseminated scheelite deposits. It can be
concluded that vein-type wolframite mineralization is mainly formed by filling and that veinlet-disseminated
scheelite mineralization is associated with metasomatism.
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1. Introduction

Veinlet-disseminated scheelite and vein-type wolframite deposits
are two important types of tungsten deposits in South China. These two
tungsten mineralization types differ in alteration intensity and scale,
mineral association, country rock compositions and vein systems, in-
dicating different mechanisms for ore formation. Veinlet-disseminated
scheelite deposits are hosted in granitic rocks and associated with
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pervasive alteration (Xiang et al., 2013). Ore minerals are dominated by
scheelite, which occurs in veinlets or is disseminated in altered granitic
rocks (Jiang et al., 2015; Sun and Chen, 2017; Xiang et al., 2013). Vein-
type wolframite deposits are hosted within both strata and granitic
rocks (Sheng et al., 2015; Zhao et al., 2017). Alteration is well devel-
oped in granites but very weak in strata (Chen et al., 2008). Wolframite
as the main ore mineral occurs mainly in large veins within strata but
sometimes dominantly within granitic rocks (Lecumberri-Sanchez et al.,
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2017). Although previous studies have proposed numerous precipita-
tion mechanisms, the origin of these two mineralization types remains
debated. For vein-type wolframite deposits, phase separation (Korges
et al., 2018), fluid mixing (Vallance et al., 2001; Wei et al., 2012) and
fluid-rock interaction (Codeco et al., 2017; Lecumberri-Sanchez et al.,
2017) have been identified as possible mechanisms for wolframite
precipitation. However, only fluid-rock interaction is considered to
have played an important role in the formation of veinlet-disseminated
scheelite deposits (Sun and Chen, 2017). Thus, further research is
needed to determine whether differences in fluid evolution processes
control what type of tungsten deposits forms.

Recently, in-situ analyses of minerals are widely used in tracing
detailed mineralization processes (Crowe et al., 2001; Huang et al.,
2015; Reich et al., 2013; Zhao and Zhou, 2015; Zhu et al., 2015).
Scheelite and wolframite are the dominant tungsten minerals in veinlet-
disseminated and vein-type tungsten deposits, respectively. Both of
them can incorporate significant amounts of REE, Nb, Ta and other
trace elements (Goldmann et al., 2013; Guo et al., 2016; Sun and Chen,
2017; Xiong et al.,, 2017). Extensive studies demonstrated that the
contents of trace elements and their variations in scheelite and wol-
framite can record the physicochemical conditions and compositions of
ore-forming fluids, and thus reflect their source and evolution. Zhao
et al. (2018) showed that the behavior of the REE in scheelite could be
used to quantitatively reconstruct the changing physicochemical con-
ditions during ore formation. Song et al. (2014) documented that high
Mo scheelite in skarn-type W-Mo deposits formed under oxidized con-
dition. Ghaderi et al. (1999) addressed that two types of scheelite from
the Archean hydrothermal gold deposits in Western Australia pre-
cipitated from oxidized Na-rich and reduced Na-poor fluids, respec-
tively. Brugger et al. (2000) demonstrated that heterogeneous compo-
sition of scheelite was caused by the evolution of hydrothermal fluids.
Sun and Chen (2017) argued that the evolution of ore-forming fluids at
the giant Dahutang deposit, inferred from trace element compositions
of scheelite, resulted from fluid-rock interaction. Harlaux et al. (2018)
considered that ore-forming fluids and metals in hydrothermal W de-
posits from the French Massif Central were mainly sourced from
evolved peraluminous granites on the basis of chemical compositions of
wolframite. However, few studies have compared the compositional
evolution of fluids and the controlling factors for different types of
tungsten deposits, which hinders our better understanding of tungsten
mineralization systems.

The Dahutang deposit, located in northwestern Jiangxi Province, is
a giant tungsten deposit with estimated reserves of 2 million tons of
WO; and is characterized by veinlet-disseminated scheelite miner-
alization in granitic rocks (Mao et al., 2013b). The Xihuashan and
Piaotang deposits in southern Jiangxi Province are two large-scale vein-
type wolframite deposits, and contain reserves of 121,000 t and 92,000
tons of WO3, respectively (Mao et al., 2013a). Wolframite-quartz veins
in Xihuashan are mainly hosted in granite, and those in Piaotang
dominantly in metasedimentary rocks. These three deposits provide a
good opportunity for comparing the genesis of the two types of tungsten
mineralization. In this paper, we performed in-situ LA-ICP-MS trace
element analyses of scheelite from the Shimensi ore section in the Da-
hutang deposit and wolframite from the Xihuashan and Piaotang de-
posits. By using the trace element datasets of these tungsten minerals,
this paper constrained the source and evolution of ore-forming fluids
and revealed different ore-forming processes of these two tungsten
deposits types.

2. Geological background

The South China Block is composed of the Yangtze Block to the
northwest and the Cathaysia Block to the southeast, and contains two
important tungsten deposit belts, i.e. the E-W-trending Nanling Range
metallogenic belt and the Jiangnan Orogen (Fig. 1). Exposed strata in
the Nanling Range comprise weakly metamorphosed Precambrian-
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Ordovician flysch-volcanic sequences, folded Late Devonian-Early
Triassic shallow marine carbonate-argillaceous-arenaceous sequences
and Late Triassic-Paleocene terrigenous clastic-volcanic rock formation
(Shu et al., 2006). Granites formed during the Late Ordovician-Silurian,
Triassic and Jurassic-Cretaceous in this region (Chen et al., 2013; Shu
et al., 2006). It is now generally accepted that tungsten deposits are
genetically related to these granites, especially the Late Jurassic gran-
ites (Chen et al., 2008, 2013; Mao et al., 2013a, 2007; Zhao et al.,
2017).

The Jiangnan Orogen was formed by amalgamation of the Yangtze
and Cathaysia Blocks during the Neoproterozoic (Li et al., 2009; Wang
et al.,, 2007, 2014) and is characterized by widespread occurrence of
Neoproterozoic greenschist-facies metamorphosed sedimentary rocks.
In addition to the Paleozoic and Mesozoic granites, the Neoproterozoic
granitic rocks such as the Jiuling batholith in northern Jiangxi Province
are widely distributed within this orogen. The super-large Dahutang
and Zhuxi tungsten deposits have been discovered in this area and are
considered to be related to the Mesozoic granites (Huang and Jiang,
2014; Mao et al., 2013b, 2015; Zhao et al., 2017).

3. Deposit geology
3.1. The Dahutang deposit

The Neoproterozoic Shuanggiaoshan Group, a suite of thick
greenschist-facies volcanic-clastic sedimentary rocks, is present in the
Dahutang deposit (Fig. 2a). Fault structures at Dahutang comprise an E-
W-trending ductile shear zone, a NNE-striking basement fault, NNE-NE
and NNW-NW-striking faults and stockwork fractures (Fig. 2). The
former two structures control the emplacement of Mesozoic granites
and distribution of the tungsten deposits (Mao et al., 2013b). Wol-
framite-scheelite quartz veins occur mainly along the NNE-NE and
NNW-NW striking faults. The stockwork fractures control the veinlet-
disseminated mineralization (Xiang et al., 2012).

Exposed intrusions at Dahutang include the Neoproterozoic biotite
granodiorite and Mesozoic granites (Fig. 2). The latter consist mainly of
porphyritic and fine-grained biotite granite, two-mica granite, musco-
vite granite and granite porphyry (Huang and Jiang, 2014; Jiang et al.,
2015; Mao et al., 2015). In the Shimensi ore section, the porphyritic
biotite granite is cut by the subordinate fine-grained biotite granite
(Fig. 2b). The granite porphyry formed later than both the porphyritic
and fine-grained biotite granite. A pegmatite shell (0.2-1.5m thick)
occurs at the top of the porphyritic biotite granite. These Mesozoic
granites are highly fractionated S-type granites and are considered to be
associated with the tungsten mineralization (Huang and Jiang, 2014;
Mao et al., 2015).

The Dahutang deposit comprises three ore sections: Shiweidong,
Dawutang, and Shimensi (Fig. 2a). The Shimensi ore section is the
largest W-Cu-Mo deposit at Dahutang and has reserves of > 740,000
tons of WO3 with an average grade of 0.195% WO;3 (Xiang et al., 2013).
At Shimensi, the mineralization types are dominated by veinlet-dis-
seminated type with subordinate breccia and vein type (Fig. 2b), which
contribute to > 90%, 5% and 1% of the total tungsten reserves, re-
spectively (Jiang et al., 2015; Mao et al., 2013b). The veinlet-dis-
seminated mineralization occurs mainly in Neoproterozoic biotite
granodiorite and subordinately in Mesozoic granites as thick stratiform-
like ore bodies. Ore minerals are mainly scheelite with minor wol-
framite. Scheelite occurs mainly in quartz veinlets with a width of less
than 2cm (Fig. 3a) and in the surrounding altered rocks. Wall-rock
alteration is characterized by pervasive greisenization around veinlets
(Fig. 3). The breccia-type mineralization is mainly situated in the apical
part of the Mesozoic porphyritic biotite granite, and is marked by the
presence of breccia fragments of granodiorite and porphyritic biotite
granite that are cemented by ore-bearing quartz. Tungsten minerals in
the vein-type mineralization are dominated by wolframite and sub-
ordinate scheelite. Quartz veins in this type mineralization commonly
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Fig. 3. (a) Veinlet-disseminated mineralization in Neoproterozoic granodiorite in the Shimensi ore section. (b) Disseminated scheelite in greisenized granodiorite in
the Shimensi ore section. (c-d) Photomicrographs of disseminated scheelite in greisenized granodiorite (c: transmitted plane-polarized light; d: transmitted cross-
polarized light); circles on scheelite represent laser ablation pits. Mineral abbreviations: Bt, biotite; Fl, fluorite; Ms, muscovite; Pl, plagioclase; Qtz, quartz; Sch,

scheelite.

have a width of more than 10 cm and are bordered by greisen selvages
of several to tens of centimeters in width.

3.2. The Xihuashan and Piaotang deposits

Upper Cambrian low-grade metamorphosed flysch-like sedimentary
rocks, including sandstone and slate, are exposed in the Xihuashan and
Piaotang deposits (Figs. 4 and 5). The EW-trending faults control the
emplacement of granitic intrusions and tungsten mineralization in the
deposits.

The Xihuashan granitic complex contains four phases, namely
medium-grained, medium- to fine-grained and fine-grained porphyritic
biotite granite, and medium-grained biotite granite (Li et al., 1986;
Fig. 4). These granites were formed at 158-161 Ma (Guo et al., 2012)
and are thought to be highly evolved S-type granites (Lv et al., 2011;
Xiao et al., 2009). Tungsten mineralization at Xihuashan is related to
both medium-grained biotite granite and medium-grained porphyritic
biotite granite (Wang and Zhou, 1982). Xihuashan is a large-scale vein-
type tungsten deposit (Figs. 4 and 6a) that contains reserves of 121,000
tons of WO3; with an ore grade of 0.63-1.06% WO3 (Mao et al., 2013a).
Ore-bearing quartz veins commonly have thickness of 0.2-0.6 m, occur
in clusters and show an echelon distribution. Hydrothermal alterations
around veins comprise potassic alteration, greisenization (Fig. 6b), si-
licification and sericitization, which display horizontal and vertical
zonation (Liu, 1989). Based on mineral assemblages and crosscutting
relationships, ore-forming processes include an early silicate-oxide
stage, a sulfide stage and finally a carbonate stage (Giuliani et al., 1988;
Wei et al.,, 2012). The silicate-oxide stage formed massive quartz,
wolframite, molybdenite, cassiterite, beryl and feldspar. The sulfide
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stage is featured by assemblages of pyrite, arsenopyrite, chalcopyrite,
sphalerite and galena with minor wolframite. The carbonate stage
generated calcite and quartz with trace amounts of chalcopyrite and
pyrite but no wolframite.

Intrusive rocks at Piaotang include exposed quartz diorite and
hidden stock-like granite (Fig. 5), which were emplaced at 434-439 Ma
and 158-160 Ma, respectively (He et al., 2010; Li et al., 2010; Zhang
et al., 2017). Three facies exist in the granite from bottom to top, i.e.
porphyritic biotite granite, two-mica granite and muscovite granite
(Zhang et al., 2017). This granite is classified as a highly fractionated S-
type (Zhang, 2004) and is closely associated with the tungsten miner-
alization (Zhang et al., 2017). The Piaotang tungsten deposit contains
total metal reserves of 92,000 tons of WO3 (0.154% WO; ore grade) and
64,000 tons of Sn (0.115% Sn ore grade) (Mao et al., 2013a). Veins
system at Piaotang shows a five-floor vertical zonation from cupola of
granite to metasedimentary rocks, namely: pinch-out zone, large vein
zone (Fig. 6¢), thin vein zone, veinlet/stockwork zone (Fig. 6d) and
stringer zone (Gu, 1979, 1984). The veinlet/stockwork zone and thin
vein zone in the metasedimentary rocks host 72% of the total tungsten
reserves in this deposit (Zhang et al., 2017). Around the veins, strong
potassic alteration and greisenization occur in granite (Fig. 6e) and
weak muscovite alteration halos in the metasedimentary rocks (Fig. 6f).
Based on crosscutting relationships and mineral associations, seven
mineralizing stages have been recognized (Li et al., 1993): garnet-
diopside skarn (stage I), molybdenite-(wolframite)-quartz veins (stage
II), cassiterite-wolframite-quartz veins (stage III), wolframite-cassi-
terite-sulfide-quartz veins/veinlets (stage IV), sulfide-quartz veins
(stage V), chlorite-quartz veins (stage VI) and fluorite-calcite veins
(stage VII). Stage II, IIT and IV are the main tungsten mineralizing stages
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and contribute 13%, 17% and 64% of the total tungsten reserves, re-
spectively (Zhang et al., 2017).

4. Sampling and analytical methods
4.1. Scheelite and wolframite samples

Disseminated scheelite in the altered Neoproterozoic granodiorite
from the Shimensi ore section was sampled. Wolframite sample
16XHS01b-2 from Xihuashan was taken from the quartz-wolframite-
molybdenite vein in the medium-grained biotite granite at 100 m level.
Wolframite samples 16PT10a and 16PT03cl from Piaotang were col-
lected from the quartz-wolframite-cassiterite vein (stage III) in the
granite at 268 m level and from the quartz-wolframite-cassiterite-sul-
fide vein (stage IV) in the metasedimentary rocks at 556 m level, re-
spectively. These samples were prepared as polished probe sections for
in-situ laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) analyses.

4.2. LA-ICP-MS

LA-ICP-MS analysis was performed at the FocuMS Technology Co.
Ltd., Nanjing, China. Laser sampling was performed using a Cetac
Photon Machines 193 nm ArF excimer laser ablation system, coupled to
an Agilent 7700x ICP-MS. A 40um spot was used with an energy density
of 5.6J/cm? and a repetition rate of 5Hz. Each LA-ICP-MS analysis

incorporated a ~15s background acquisition (gas blank) and a 40s
data acquisition from the sample. Every nine-spot analysis was followed
by one NIST SRM 610 analysis to correct the time-dependent drift of
sensitivity and mass discrimination of the ICP-MS. Reference glasses
(NIST612, NIST610) were analyzed prior to and after the sample
measurements. The NIST SRM 610 was used as the external standard
and data reduction was performed using the ICPMSDataCal software
(Liu et al., 2008).

5. Results
5.1. Internal textures of scheelite and wolframite

Scheelite from Shimensi shows complex zoning of dark and bright
domains in cathodoluminescence (CL) images. Two generations of
scheelite exist and the early generation (dark domains in CL image) is
replaced and cemented by the late generation (bright ones) (Fig. 7).

Wolframite hosted in the granite has zones consisting of regular
succession of micrometer-sized growth bands (Fig. 8a and b) and one in
the metasedimentary rocks shows homogeneous internal textures under
transmitted infrared radiation (IR) (Fig. 8c).

5.2. Trace element geochemistry of wolframite from Xihuashan and
Piaotang

Major and trace element compositions of wolframite in Xihuashan
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and Piaotang are showed in Table 1. Although all of the wolframite
samples display similar chondrite-normalized REE (REEy) patterns
(heavy rare earth element (HREE)-enriched), wolframite hosted within
the granite (type I) at Xihuashan and Piaotang has compositions dif-
ferent from that in the metasedimentary rocks (type II) at Piaotang
(Fig. 9). Type I wolframite has significantly negative Eu anomalies,
whereas type II shows positive Eu anomalies. In addition, type I has

lower FeO/MnO ratios and higher REE, Nb and Ta contents than type II
(Table 1; Fig. 9b).

5.3. Trace element geochemistry of scheelite from Shimensi

Analytical results of scheelite at Shimensi are given in Table 2. REEy
patterns and trace element diagrams for scheelite are presented in
Fig. 10. Two generations of scheelite have distinct REEy patterns and
trace element compositions. The early generation is characterized by
nearly flat REEy patterns with significantly negative Eu anomalies,
while the late one is of light rare earth element (LREE)-enriched REEy
patterns and obviously positive Eu anomalies. The former has higher

REE, Na, Nb and Ta, and lower Sr concentrations than the latter
(Fig. 10).

6. Discussion

6.1. Source and evolution of ore-forming fluids for vein-type mineralization

Wolframite and quartz from quartz veins within the granite in
Xihuashan have 880 values from 4.92 to 6.94%o and 11.98 to 13.95%o,
respectively, corresponding to the 8*80 values of ore-forming fluids of
6.33 to 8.27%0 (Mu et al., 1982). The ranges of 880 values of wol-
framite (3.67-7.61%) and quartz (11.47-13.62%o) from Piaotang are
similar to those in Xihuashan, yielding §"0y,0 values of 4.90-8.86%o
(Mu et al., 1982). The oxygen isotopic compositions of these fluids
forming ore-bearing veins suggest a magmatic origin.

Compared to LREE, the ionic radii of HREE (Gd®>*-Lu®*:
0.94-0.86 A) are much closer to those of Fe** (0.78A) and Mn?*
(0.83 f\) in octahedral site (Shannon, 1976), and hence HREE have

higher wolframite-fluid partition coefficients than LREE. This explains
the LREE-depleted REEy patterns exhibited by type I and type II wol-
framite, which differ from the host granite (Fig. 9a). Due to the lack of
the partition coefficient for each element in wolframite, REEy patterns
of wolframite cannot be used to trace the source of mineralizing fluids
directly. Although type I wolframite from the granite in Xihuashan and
Piaotang has different REE concentrations, it has significantly negative
Eu anomalies, similar to the host granite (Fig. 9a). Wolframite grains
from the medium- to low-temperature Woxi Au-Sb-W deposit, with no
evidence showing its genetic relation to granite by far, have low Nb-Ta
contents (< 2ppm) and no clear Eu anomalies (Zhu et al., 2014).
However, wolframite samples in quartz vein systems, which are ge-
netically correlated with highly evolved and Eu-depleted granite, ex-
hibit strongly negative Eu anomalies and elevated Nb-Ta contents
(Harlaux et al., 2018; Zhang et al., 1990; Zhang, 2012). Thus, such
negative Eu anomalies of the wolframite in the two deposits are likely
inherited from the highly fractionated host granite. Nb and Ta are
commonly concentrated in high temperature fluids, and decrease with

decline of temperature (Liu and Cao, 1987). Harlaux et al. (2018)

considered that progressive increase of Nb and Ta in wolframite with

depth indicated that ore-forming fluids and metals were from hidden

granite. Nb and Ta concentrations in wolframite from Piaotang increase

from type II (shallow) to type I (deep; Fig. 9b) and type I contains

significantly high Nb and Ta (Nb, 2,740-11,000ppm; Ta,

64.7-7,900 ppm; Table 1), possibly implying that type I has pre-
cipitated from high temperature magma-derived fluids.

Type II wolframite contains lower REE (31.5-99.4 ppm, Table 1),
Nb (20.9-723 ppm) and Ta (0.19-12.8 ppm) but higher 8Eu (Euy/
Euy” = 0.93-2.69) and FeO/MnO (1.8-2.5) values than type I (Fig. 9).
Despite the differences in REE contents and Eu anomalies, both types
have similar LREE-depleted REEy patterns, suggesting that fluids
forming type II wolframite might have evolved from the fluids that
crystallized type I. Brugger et al. (2000) proposed that the precipitation
of tungsten minerals could effectively alter the compositions of fluids.
Crystallization of type I wolframite with high REE, Nb and Ta would
significantly lower these elements in the fluids. Therefore, type II pre-
cipitating from evolved fluids would contain relatively lower
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concentrations of these elements. Oxygen isotopic compositions of
wolframite and quartz from Piaotang indicate that meteoric water was
added into vein systems in the metasedimentary rocks (Zhang, 1988).
The addition of meteoric water would increase the oxygen fugacity of
hydrothermal systems, resulting in elevated Eu®*/Eu®* in fluids.
Compared with Eu?* (1.17 A), the ionic radius of Eu* (0.95A) is
much closer to those of Fe** (0.78 A) and Mn>* (0.83 A) (Shannon,
1976) so that partition coefficient of Eu®" between wolframite and
fluids is much higher than that of Eu®>*. Thus, wolframite-fluid parti-
tion coefficient of Eu would increase in the evolved fluids, which might
lead to elevated 8Eu values and weakly positive Eu anomalies in type II
wolframite.

6.2. Source and evolution of ore-forming fluids for veinlet-disseminated type
mineralization

The source and evolution of ore-forming fluids can be reflected by
compositional variations of scheelite (Sun and Chen, 2017; Zhao et al.,
2018). In the present study, the early generation of scheelite has higher
REE, Nb and Ta and lower Sr concentrations than the late generation
(Fig. 10), indicating that the early fluids likely contain high REE, Nb
and Ta and low Sr contents.

Significantly negative Eu anomalies of the early generation of
scheelite might have been inherited from the highly fractionated
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Fig. 6. Mineralization and alteration char-
acteristics of the Xihuashan (a and b) and
Piaotang (c—f) deposits. (a) Wolframite-
bearing quartz vein hosted in biotite granite
at 100m level. (b) K-feldspathization and
greisenization in the sidewalls of quartz vein
in granite. (c¢) Wolframite-bearing quartz
vein hosted in granite at 268 m level. (d)
Wolframite-bearing quartz veinlets hosted
in slate at 556 m level. (e) Greisenization
and K-feldspathization around quartz vein
in biotite granite at 268 m level. (f) Quartz-
wolframite-cassiterite-sulfide veinlet in slate
at 556 m level; muscovite alteration halos in
the sidewalls of quartz vein. Mineral ab-
breviations: Gn, galena; Py, pyrite; Qtz,
quartz; Wol, wolframite.

| K-feldspathized
| biotite granite

granite which also shows negative Eu anomalies (Fig. 10a). High Nb
and Ta in the early fluids also indicate a close genetic relationship with
the granite (Sun and Chen, 2017). These features suggest a magmatic
source for the ore-forming fluids in Shimensi, which is supported by
8804400 values (4.5-7.3%o) of fluid inclusions in quartz from the
scheelite-bearing quartz veins (Wang et al., 2015).

Compared to the early generation of scheelite, the late one has
lower REE, Nb and Ta concentrations, but higher LREE/HREE ratios
(5.86-26.6, Table 2), 8Eu values (1.09-2.84) and Sr contents
(307-423 ppm) (Fig. 10). The decrease of REE, Nb and Ta in the late
scheelite is likely caused by precipitation of the early one and the re-
sulting decline of these elements in fluids. It is noteworthy that the late
scheelite is highly LREE-enriched, very similar to the porphyritic biotite
granite, but different from the early one. Obviously, crystallization of
the early scheelite which shows nearly flat REEy patterns could not
result in fractionation of LREE and HREE in fluids and thus the en-
richment of LREE in the late one. In addition, the obviously positive Eu
anomalies in the late scheelite could not be generated only by pre-
cipitation of the early one with negative Eu anomalies. Thus, additional
LREE and Eu inputs are required for the evolved fluids to achieve this
transition. Tungsten mineralization at Shimensi is closely associated
with pervasive greisenization around veinlets in granitic rocks (Fig. 3).
Plagioclase and K-feldspar in these rocks would be decomposed during
greisenization (Heinrich, 1990). Both plagioclase and K-feldspar are
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Fig. 7. Representative CL image of scheelite in the Shimensi ore section. Scheelite showing complex zoning texture with dark and bright domains. The circles in CL
image represent laser ablation pits. Mineral abbreviations: Fl, fluorite; Sch, scheelite.

characterized by positive Eu anomalies and enrichment of LREE (Arth,
1976), meaning that their decomposition would release LREE and Eu
into fluids. Therefore, the scheelite precipitating from such evolved
fluids would exhibit obviously positive Eu anomalies and LREE-en-
riched REEy patterns.

Sr can substitute for Ca in plagioclase so that plagioclase generally
contains high Sr concentrations. The Mesozoic porphyritic biotite
granite and Neoproterozoic granodiorite are the main host rocks of the
Shimensi tungsten deposit and contain abundant plagioclase.
Decomposition of such plagioclase could release significant amounts of
Sr into fluids. With progressive alteration, increasing amounts of pla-
gioclase in these granitic rocks would be altered to muscovite and
quartz (Fig. 3c and d; Heinrich, 1990), resulting in elevated Sr contents
in the late fluids. This explains why the late generation of scheelite,
which precipitated from evolved fluids, shows high Sr concentrations.

From the above discussion, it could be concluded that in addition to
scheelite crystallization, alteration also played an important role in the
evolution of ore-forming fluids of veinlet-disseminated tungsten mi-
neralization.

On the (XREE + Y-Eu)-Na diagram (Fig. 11), almost all data show a
good linear correlation near the 1:1 correlation line, indicative of the
Na-REE coupled substitution mechanism. Variation of Na in scheelite
could indicate fluctuating Na concentrations in fluids. From early to
late generation of scheelite, Na concentrations show a decreasing trend,
suggesting that salinity might decrease during the evolution of fluids.

6.3. Genesis of the two deposit types: filling vs. metasomatism

The Shimensi veinlet-disseminated scheelite mineralization and the
Xihuashan and Piaotang vein-type wolframite mineralization are both
driven by magma-derived fluids. Oxygen isotope compositions of quartz
and wolframite in the three deposits suggest a magmatic origin of the
ore-forming fluids (Mu et al., 1982; Wang et al., 2015), as do the §*S
values (—3.4 to +0.6%o) of sulfide minerals (Mu et al., 1982; Wang
et al., 2015; Wei et al., 2012). Early tungsten minerals with obviously
negative Eu anomalies and high REE, Nb and Ta contents also show a
genetic relationship with granite. Moreover, the formation of greisen
around W-bearing veins/veinlets in granitic rocks (Figs. 3 and 6) is
thought to be associated with magmatic fluids (§temprok et al., 2005).

Many mechanisms have been proposed to account for the pre-
cipitation of ore minerals in W(-Sn) deposits, such as cooling (Heinrich,
1990; O’Reilly et al., 1997), mixing of magmatic and meteoric fluids
(Bychkov and Matveeva, 2008; Sushchevskaya and Bychkov, 2009), a
pH increase by boiling and/or CO, effervescence due to depressuriza-
tion (Higgins, 1985; Korges et al., 2018) and fluid-rock interaction
(Dewaele et al., 2016; Lecumberri-Sanchez et al., 2017; Sun and Chen,
2017). By using the trace element compositions of tungsten minerals
from veinlet-disseminated and vein-type tungsten mineralization, to-
gether with other evidences such as fluid inclusions and stable isotopes,
two contrasting fluid evolution histories for the two types of deposits
have been revealed, and we consider that controlling factors that lead
to their ore formation are quite different.

Based on the compositions of fluid inclusions and alteration geo-
chemistry, Lecumberri-Sanchez et al. (2017) argued that interaction of



Q. Zhang et al.

Ore Geology Reviews 99 (2018) 166-179

16XHS01b-2

@ 16PT40a

gk
13

Fig. 8. Representative transmitted infrared images of wolframite in the Xihuashan and Piaotang deposits. Wolframite hosted in the granite from Xihuashan (a) and
Piaotang (b) shows growth bands. (c) Wolframite in the metasedimentary rocks from Piaotang displays homogeneous internal texture. Red circles and numbers
beside them represent analytical spots by LA-ICP-MS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

W-rich, Fe-poor magmatic fluids with Fe-rich wall rocks in the Pa-
nasqueira (Portugal) vein-type wolframite deposit was the decisive
factor for wolframite formation. However, the host granite at Xihua-
shan and Piaotang is very low in Fe (iron oxide < 1.2%; Guo et al.,
2012; Zhang, 2004). Although the metasedimentary rocks at Piaotang
contains 4-5% iron oxide and 0.02-0.07% manganese oxide (Li et al.,
1986), wall-rock alteration around wolframite-quartz veins in these
rocks is extremely weak (Fig. 6d and f). Thus, alteration of these wall
rocks unlikely provides sufficient Fe and Mn for fluids to precipitate
wolframite. REE, Nb and Ta contents in wolframite show a decreasing
trend from type I to II and both types exhibit similar nearly parallel left-
dipped REE patterns, implying that compositional evolution of ore-
forming fluids is likely mainly controlled by crystallization of wol-
framite during the formation of quartz vein system by filling and ad-
dition of other sources (e.g., wall rocks via fluid-rock interaction) into
the evolved fluids might be limited. Thermodynamic modelling in-
dicated that wolframite could be precipitated in large quantities by
cooling of an Fe-W-bearing fluid without significant alteration in a
confined channel (Heinrich, 1990). Theoretical calculations showed

that solubility of tungsten is not only controlled by temperature, but
also by salinity and pH, and decreases with decreasing temperature and
salinity, and increasing pH (Wood and Samson, 2000). Fluid inclusion
studies revealed that fluid depressurization usually occurred during
fracture opening in vein systems (Giuliani et al., 1988; Korges et al.,
2018), and that the resulting vapor loss (e.g., of CO5) from fluids by
boiling would lead to an increase of pH, which is an effective me-
chanism for tungsten deposition (Higgins, 1985). Oxygen isotope
modelling by wolframite and quartz from Xihuashan implied the mixing
of ore-bearing magmatic fluids and meteoric water in ore-forming
systems, which may also contribute to wolframite precipitation by di-
lution and promoting cooling of fluids (Wei et al., 2012). Thus, in the
vein-type wolframite deposits, depressurization and phase separation of
fluids, and fluid mixing as well as cooling are likely the most effective
mechanisms for wolframite deposition.

For the veinlet-disseminated mineralization system at Shimensi,
fluid compositions are not only modified by scheelite deposition, but
also by wall-rock alteration. Compositional changes of fluids by al-
teration have been recorded by the late scheelite which has elevated
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Fig. 9. (a) REEy patterns of wolframite in the Xihuashan and Piaotang deposits; REE values of chondrite are from Taylor and McLennan (1985); REE contents of the
medium-grained biotite granite in Xihuashan and porphyritic biotite granite in Piaotang are from Xiao et al. (2009) and Zhang (2004), respectively. (b) Trace element
compositions of wolframite from Xihuashan and Piaotang. The lines with symbols correspond to the average values of LA-ICP-MS analyses per sample and the colored

fields represent the values range.

LREE/HREE and Sr values and obviously positive Eu anomalies, dif-
fering from the early one. The positive correlation between Sr contents
and 87Sr/%°Sr ratios in scheelite from this type mineralization also re-
flects that ore formation is closely related to intense fluid metasomatism
(Li et al.,, 2018; Sun and Chen, 2017). The Shimensi veinlet-dis-
seminated scheelite mineralization occurs in intensively altered (espe-
cially greisenization) Mesozoic porphyritic biotite granite and Neo-
proterozoic granodiorite. Greisenization of these granitic rocks
transforms plagioclase to mica and quartz, releasing significant
amounts of LREE, Eu and Sr into fluids. A source of Ca is critical for
scheelite mineralization. Plagioclase in the Mesozoic and Neoproter-
ozoic granitic rocks has average An values of 11.9 and 38.8, respec-
tively (Wang et al. 2015). During greisenization, Ca can be easily re-
leased from plagioclase into fluids. Meanwhile, this alteration would
consume H* and hence increase pH of fluids, which lowers solubility of
scheelite in fluids (Wood and Samson, 2000). The alteration of these
granitic rocks not only modifies the fluid composition, but also provides
necessary Ca to form scheelite (Jiang et al., 2015), and thus is decisive

for the formation of veinlet-disseminated scheelite deposits. Therefore,
it could be concluded that vein-type wolframite deposits are mainly
formed by filling and that veinlet-disseminated scheelite deposits
dominantly by metasomatism.

7. Conclusions

(1) In-situ LA-ICP-MS trace element compositions of scheelite and
wolframite confirm that the ore-forming fluids for the Shimensi
veinlet-disseminated scheelite and the Xihuashan and Piaotang
vein-type wolframite deposits are mainly derived from granitic
magmas.

(2) The compositional changes of fluids in vein-type deposits are
mainly controlled by wolframite crystallization during fluid evo-
lution. In addition to scheelite precipitation, alteration such as
greisenization also exerts a significant effect on the composition of
fluids in veinlet-disseminated deposits.

(3) Vein-type deposits are mainly formed by filling, whereas veinlet-

Table 2
Trace element analytical results (in ppm) of scheelite by LA-ICP-MS in the Shimensi ore section.

Spots SM-06 ~ SM-07  SM-09  SM-10  SM-11  SM-12  SM-13  SM-14  SM-15 SM-17  SM-18 SM-20 SM-21  SM-22  SM-23
La 175 96.8 85.2 47.5 115 121 60.6 112 35.8 61.3 57.4 49.8 95.8 123 67.5
Ce 571 292 242 89.5 317 324 116 316 77.1 234 108 212 356 323 290
Pr 82.1 40.9 34.0 9.45 41.9 43.2 11.7 45.0 8.38 41.8 10.6 42.6 57.6 39.3 51.6
Nd 363 184 164 34.8 188 194 40.9 212 33.0 250 33.2 271 289 168 289
Sm 103 57.0 50.9 7.71 50.3 53.4 10.0 57.3 7.76 99.3 6.12 112 85.8 46.5 98.1
Eu 16.2 10.4 8.51 4.46 10.8 11.0 8.25 8.42 2.76 3.51 5.04 12.2 9.40 11.0 8.75
Gd 123 92.1 58.3 9.24 58.5 58.6 10.2 65.8 7.74 146 4.79 154 112 68.8 132
Tb 26.8 19.2 10.2 1.76 11.2 111 1.82 11.4 1.26 25.3 0.88 27.6 21.5 14.5 23.2
Dy 193 139 66.4 13.4 80.9 79.2 10.9 77.2 9.12 160 5.18 166 149 112 153
Ho 40.7 31.3 14.2 3.25 18.0 17.6 2.03 16.1 2.13 34.0 1.11 30.3 33.1 25.9 30.8
Er 115 86.1 39.6 10.8 54.0 51.6 5.11 43.6 6.65 87.6 3.13 67.7 87.1 77.8 76.3
Tm 16.9 11.62 5.74 1.90 8.08 7.95 0.79 6.19 1.22 10.9 0.52 7.54 11.2 11.5 8.76
Yb 103 71.4 38.2 15.8 52.1 49.8 5.91 40.8 8.34 59.1 3.70 37.6 60.0 72.5 46.5
Lu 11.4 8.76 4.92 2.40 6.30 6.21 0.80 5.20 1.39 6.70 0.53 3.85 7.36 9.56 5.36
Y 981 746 347 190 429 423 62.1 356 114 885 38.9 317 714 846 601
LREE/HREE 4.85 3.45 5.94 5.86 5.50 5.90 18.2 7.15 8.76 3.57 26.6 4.93 4.82 3.82 5.11
ZREE 1940 1140 822 252 1010 1030 285 1020 203 1220 241 1200 1370 1100 1280
8Eu 0.44 0.44 0.48 1.61 0.61 0.60 2.50 0.42 1.09 0.09 2.84 0.09 0.29 0.59 0.24
Na 493 517 180 64.8 195 198 50.0 183 45.6 201 36.0 179 257 287 205
Sr 57.3 75.8 168 378 57.8 64.7 423 78.9 307 26.9 378 95.1 68.7 53.6 70.1
Nb n.a. n.a. 84.6 5.18 114 111 5.08 131 9.15 250 4.07 203 329 166 386
Ta n.a. n.a. 3.95 0.09 5.74 5.53 0.12 5.78 0.15 12.8 0.09 4.89 10.2 5.10 12.5
Mo 54.3 38.8 115 54.9 198 192 46.8 125 57.3 127 46.7 33.9 35.9 130 36.9
Pb n.a. n.a. 19.9 31.3 15.8 17.2 27.8 16.7 28.8 7.11 31.8 16.9 19.0 16.9 17.0
Th 0.51 4.68 21.9 24.3 0.24 0.25 7.74 0.23 8.97 0.12 12.7 0.14 0.64 0.18 0.12
U 0.24 0.23 5.01 7.19 0.06 0.06 0.51 0.04 1.82 0.03 0.09 0.01 0.12 0.12 0.08

Note: n.a.-not analyzed.
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two generations of scheelite in the Shimensi ore section. The solid line is the 1:1
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disseminated deposits are associated with metasomatism.
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