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ARTICLE INFO ABSTRACT

The Piaotang vein-type tungsten deposit, hosted by Cambrian metasedimentary rocks, is one of the largest vein-
type hydrothermal deposits in South China. Wolframite is the dominant ore mineral and intergrown with quartz
and cassiterite in the main mineralization stage. Wolframite, cassiterite and quartz crystals have §'%0 values
ranging from 2.5 to 6.8%o, 6.1 to 7.2%o, 10.3 to 13.7%o, respectively. 8D values of fluid inclusions in these
minerals are very homogenous and lie mostly between —66.1 and —78.3%o. Chondrite-normalized REE patterns
of wolframite show HREE enrichment with significant negative Eu anomalies, which are different from those of
hosting metasedimentary rocks. H-O isotopes of fluid inclusions and trace elements of wolframite indicated that
the ore-forming fluids in the Piaotang tungsten deposit are dominantly magmatic in origin. Metamorphic and
meteoric fluids were not involved in the main mineralized stage although the wolframite-quartz veins were
hosted by metasedimentary rocks. Element pairs Zr/Hf and Y/Ho of wolframite are remarkably fractionated (Zr/
Hf = 13.4-34.6, Y/Ho = 10.0-14.4). Almost all the analyses of wolframite display unusual tetrad effect REE
patterns (TE;_3 > 1.1). These peculiar trace element characteristics of wolframites indicate that ore-forming
fluids have high ligands F and/or Cl contents. LA-ICP-MS analyses of individual fluid inclusion show that ore-
forming fluids contain all elements necessary for the formation of wolframite (W, Fe, Mn) and incompatible
elements (e.g., Li, Rb, Cs). Cs/Na ratios are positively correlated with Rb/Na ratios. We conclude that the ore-
forming fluids were reduced in nature and likely exsolved from the highly evolved granite that concealed in the
vicinity of the deposit. Wolframite precipitation resulted from decreasing temperature and pressure of magmatic
fluids during infilling along fracture, rather than fluid mixing and fluid-rock interaction.
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(“exogranitic”), which are often represented by clastic metasedimen-
tary rocks (Wood and Samson, 2000). However, the genetic link be-

1. Introduction

Wolframite-bearing quartz vein systems represent a major class of
hydrothermal tungsten deposits (Harlaux et al., 2018) and contribute
about half of the global W production (Korges et al., 2018). Most of
quartz-wolframite vein-type deposits are located within Phanerozoic
orogenic belts formed during continental collision- to subduction-re-
lated settings (Romer and Kroner, 2016). The most important W re-
sources are found in the South China and the Southeast Asian belt
(Fig. 1). The central Andean belt, the East Australian belt, the Karagwe-
Ankole belt and the European Variscan belt are also contributed sig-
nificant tungsten resources (Dewaele et al., 2016; Hulsbosch et al.,
2016; Harlaux et al., 2018).

These veins are generally developed either within the granitic body
(“endogranitic”) or hosted in the enclosing country rocks
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tween granite and the formation of wolframite-bearing quartz vein
systems remains currently debated, especially metasedimentary rocks
hosted wolframite-bearing quartz vein-type tungsten deposit. Con-
straining the nature and origin of ore-forming fluids are proposed. Most
models involve (1) metal-rich magmatic fluids exsolved from granitic
magmas (Audtat et al., 2000; Harlaux et al., 2018; Korges et al., 2018),
(2) “external fluids” (metamorphic or meteoric) that circulate around
cooling peraluminous granite and leach metals from the peraluminous
granite or the country rocks (e.g., Wilkinson, 1990; Zhao and Jiang,
2004), or (3) Mixing of the two (Wei et al., 2012a; Lecumberri-Sanchez
et al., 2017; Van Daele et al., 2018).

South China is well known for hosting abundant tungsten resources
in the world, which are mostly concentrated in the Nanling
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Fig. 1. The most important W-Sn deposits are distributed in the South China and the Southeast Asian belt. Wolframite-bearing quartz vein type tungsten deposit are
concentrated in the Nanling W-Sn metallogenic province, South China. Data for W-Sn deposit from previous literatures (Shen et al., 2015; Romer and Kroner, 2016;

Zhao et al., 2017).

metallogenic province as wolframite-bearing. quartz vein-type tungsten
deposit (Shen et al., 2015; Zhao et al., 2017). Several fluid inclusions
(FIs) studies have been carried out in these W deposits, involving mi-
crothermometry, Raman spectroscopy, stable isotope (C, H, O, S) ana-
lyses and noble gas isotope (He, Ar) analyses (Hu et al., 2012; Wei et al.,
2012a,b, 2019; Ni et al., 2015). All of these studies suggest the mixing
between a moderate-salinity magmatic fluid exsolved from granitic
magma (300-500 °C; 5-15wt%eq. NaCl) and low-salinity meteoric
fluid (100-250 °C; 0-5 wt% eq. NaCl) as being responsible for ore mi-
neral precipitation. Recently, Legros et al. (2018b) suggest that the
three or four types aqueous fluid end-members mixed episodically in
the mineralization process. Therefore, the source of ore-forming fluid

and the mechanism of ore minerals precipitation remain contentious.

We propose an alternative approach by focusing on the minor and
trace element compositions of wolframite and individual fluid inclu-
sions compositions, which are the most likely to record the geochemical
compositions of the ore-forming fluids. The present study focused on
the Piaotang tungsten deposit which is one of the largest tungsten de-
posits in the Nanling W-Sn metallogenic province, South China.
Individual fluid inclusions compositions, H-O isotopes of ore-forming
fluid, and in-situ LA-ICP-MS analyses of wolframite trace elements were
obtained to constrain the source of the ore-forming fluids and to clarify
the mechanisms of ore mineral precipitation.
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2. Geological setting
2.1. Regional geology

The Nanling W-Sn metallogenic province in the South China covers
a surface area of about 170,000 km? in Hunan, Jiangxi, Guangdong,
and Guangxi provinces (Fig. 1) (Yuan et al., 2018). The basement in this
region is mainly composed of weakly metamorphosed Precambrian
folded strata, which are unconformably overlain by the folded Paleo-
zoic and Lower Mesozoic strata of shallow marine origin (Yan et al.,
2003). Jurassic to Cretaceous granitoids are widespread and some of
them host important metallic ore deposits (Hsieh et al., 2008). Various
types of tungsten mineralization (i.e., greisen-, skarn-, altered granite-
and quartz vein-type) are spatiotemporally and genetically related to
the widespread Late Jurassic granitoids (Hu and Zhou, 2012; Mao et al.,
2013; Hu et al., 2017), making the Nanling W-Sn metallogenic province
as the most important production for tungsten in the world (Ni et al.,
2015). Among them, the wolframite-bearing quartz vein type tungsten
deposit is the most important in the region and occurred concentratedly
between 160 and 150 Ma (Hu and Zhou, 2012; Mao et al., 2013; Yang
et al., 2017, 2018).

2.2. Deposit geology

The Piaotang W-Sn deposit, located near the Xihuashan deposit
(Fig. 2a), is one of the largest tungsten deposits in the Nanling W-Sn
metallogenetic province and produces 1.5kt WO3 per year, ranking
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eighth largest of China’s reserves with 47 kt WO3 (Legros et al., 2018b).
The mineralized quartz veins are hosted by Cambrian metasedimentary
rocks that overlain the concealed granite (Fig. 2c and d). The exposed
Cambrian metasedimentary rocks of the mining areas consist mainly of
sandstone and slate, with minor siliceous slate (Ni et al., 2015). Two
sets of faults can be observed in the field: E-W-oriented faults inter-
secting NE-SW-oriented faults (Fig. 2c). The concealed granite was
discovered by drill hole during exploration and emplaced during the
Jurassic with zircon U-Pb age of 159.8 = 1.5Ma (Zhang et al., 2017).
The age of W mineralization was determined to be 159.5 + 1.5Ma
based on cassiterite U-Pb dating (Zhang et al., 2017).

The Piaotang tungsten deposit is a typical wolframite-bearing quartz
vein-type deposit. Ore veins trend EW and dip steeply to the north or
nearly vertical in mining area (Fig. 2c and d). The thickness of this vein
decreases from the top to the bottom, from a few centimeters to more
than one meter (Fig. 2d). Based on mineral assemblages, crosscutting
relationships and textures, the framework of three principal paragenetic
stages can be identified: an early silicate-oxide stage (stage I) followed
by a sulfide stage (stage II) and finally by carbonate stage (stage III).

The stage I is the main stage of tungsten mineralization and consists
mainly of massive quartz with wolframite, cassiterite, molybdenite,
beryl, feldspar. Wolframite, as the most abundant ore mineral, occurs
mainly as euhedral, dark-brown masses. Euhedral wolframite is mainly
found attached to the vein walls, with a central filling of massive quartz
(Fig. 3a and d). Locally, the wolframite-quartz vein also contains minor
cassiterite, feldspar, molybdenite, chalcopyrite, arsenopyrite, or pyrite
(Fig. 3b and c). Molybdenite, the earliest sulfide, occurs as euhedral or
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Fig. 2. Geological map of tungsten cluster of Xihuashan-Dangping-Muziyuan-Dalongshan-Piaotang-zongshukeng in the Nanling W-Sn metallogenic province (a),
Cross section along Xihuashan-Dangping-Muziyuan-Dalongshan-Piaotang-zongshukeng (b), geologic map of the Piaotang tungsten deposit, and Cross section along
the No. 12 exploration line in the Piaotang deposit (d). (a) and (b) are modified from Yang et al. (1981). (c) and (d) are modified from Zhang et al. (2017).



J.-H. Yang, et al.

Host rock

3

T &

Ore Geology Reviews 111 (2019) 102939

Host rock

Fig. 3. Photographs of ore and gangue minerals in vein system. Wol: wolframite, Qtz: quartz, Cst: cassiterite.

anhedral masses at vein margins or intergrown with chalcopyrite near
vein centers, and arsenopyrite occurs as euhedral or anhedral masses
that is intergrown with wolframite.

The sulfide stage (stage II) is characterized the presence of pyrite,
arsenopyrite, chalcopyrite, sphalerite, galena, and sphalerite, with trace
amounts of wolframite and cassiterite (Fig. 3c). The sulfides clearly
postdated wolframite precipitation, and are characterized by a great
mineralogical diversity (Fig. 4). The dominant sulfide mineral is pyrite
which is associated with subordinate amounts of arsenopyrite, pyrite,
sphalerite and chalcopyrite (Fig. 4). The main gangue minerals are
quartz and fluorite. The minerals that formed during the sulfide stage
occur either in distinct quartz-sulfide veins or as a late filling of stage I
quartz-wolframite veins. The structural orientation of the vein formed
during the sulfide stage is the same as that of stage I veins.

The last stage of carbonate stage (stage III) is represented by nu-
merous barren quartz and calcite veins with trace amounts of chalco-
pyrite and pyrite but no wolframite. These veins crosscut all other types
of veins, locally producing dense stockworks, and are commonly quite
thick.

3. Analytical methods
3.1. EPMA and LA-ICP-MS analyses of wolframite

Major element composition of wolframite was determined using a
1720H EPMA equipped with WDS spectrometers at Central South
University in Changsha City. An acceleration voltage of 20kV and a
beam current of 20 nA with counting times of 10 s on element peak and
5s on background position were used. Analytical error was < 1% for

the measured elements. Chemical compositions are expressed in weight
percent (%) oxides.

In situ LA-ICP-MS trace element analyses of wolframites were ob-
tained using an Agilent 7700x ICP-MS coupled with a GeoLasPro
193 nm ArF excimer laser ablation system) at Institute of Geochemistry,
Chinese Academy of Sciences (IGCAS). Analyses were done on homo-
geneous zone within the wolframite samples, which were identified
after EPMA analyses and are devoid of micro-cracks, micro-inclusions,
or alteration features. Laser ablation was performed with a constant
5Hz pulse frequency and a constant fluence of 4.5J/cm? by focusing
the beam at the sample surface. Helium was used as carrier gas to
transport the laser-generated particles from the ablation cell to the ICP-
MS and argon was added as an auxiliary gas via a flow adapter before
the ICP torch. The reference materials NIST SRM 610 and 612 were
used as external standards for calibration of all analyses. The NIST SRM
610 was used as primary reference material for the quantification,
whereas the NIST SRM 612 was used as secondary control standards to
test the accuracy and precision. For all analyses of wolframite, W was
used as internal standard determined from the EPMA analyses. Off-line
data was processed using the ICPDatacal 11.5 (Liu et al., 2010).

3.2. LA-ICP-MS analysis of individual fluid inclusions

The chemical compositions of individual fluid inclusion were ana-
lyzed by LA-ICP-MS at IGCAS by using Agilent 7900 ICP-MS equipped
with a GeoLasPro 193 nm ArF excimer laser. Laser repetition of 10 Hz
and energy density of 10J/cm? were used during the analyses. Laser
spot size was adjusted from 16 to 44 um for the fluid inclusion analyses.
The raw LA-ICP-MS data were reduced using the SILLS software
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Fig. 4. Photomicrographs showing the typical composition and texture of ores in the Piaotang deposit. Wol: wolframite, Qtz: quartz, Cst: cassiterite, Py: pyrite, Ccp:

Chalcopyrite.

(Guillong et al., 2008). NIST SRM 610 was used as external standard
and analyzed twice every 10 analyses. The about average of NaCl
equivalent 5.0 wt% concentrations in the fluid inclusion trapped in
quartz, which were obtained by Ni et al. (2015). The charge-balance
method was adopted to correct the modeled amounts of Na (5.0 wt% eq
NaCl) for salinity contributions of other chloride salts (Allan et al.,
2005). The detail analytical process is described by Lan et al. (2018).

3.3. Hydrogen and oxygen isotopes analysis

We performed a comprehensive stable isotope study on the main ore
and gangue minerals. Representative samples from the principal mi-
neralization stage (stage I) of the Piaotang deposit were chosen for
picking mineral separates for stable isotope analyses. Most of quartz,
cassiterite and wolframite crystals for stable isotope analyses were
picked from the same samples. Hydrogen (H) and Oxygen (O) isotopes
analysis of quartz, cassiterite and wolframite was carried out by using a
Finnigan MAT-253 mass spectrometer at the Analytical Laboratory of
the Beijing Research Institute of Uranium Geology, China. Water was
released from quartz, cassiterite and wolframite by heating to ca. 600 °C
in an induction furnace and then reacted with heated zinc powder at
400 °C to produce H, for hydrogen isotopic analysis. Quartz, cassiterite
and wolframite grains were ground to power and then reacted with
BrFs at 500-600 °C for 14 h to generate O,. With the catalysis of pla-
tinum, the O, reacted with graphite at 700°C to produce CO, for
oxygen isotopic analysis. The analytical results of 2H/'H and '80/1°0
ratios are expressed as the conventional 8D and §'80 values in per mil
(%o) relative to the Vienna Standard Mean Ocean Water (VSMOW) with

precisions of 1%o and 0.2%o, respectively.

The 8'®0y._gmow for water equilibrated with quartz were calculated
using the equation from Matsuhisa et al. (1979) based on 8'%0y.gmow
value of quartz and equilibrium temperature. The 8*80y._gyow for water
equilibrated with wolframite and cassiterite using the equation from
Zhang et al. (1994) according to 8'80y.smow value of wolframite and
cassiterite. Oxygen isotopic exchange equilibrium temperatures for
texturally coexisting mineral pairs (quartz-wolframite and quartz-cas-
siterite) was calculated using experimentally determined calibrations
method of Zhang et al. (1994).

3.4. Major and trace elements analyses

Major elements of concealed granite and metasedimentary rock
were analyzed using a RANalytical Axios-advance (Axios PW4400) X-
ray fluorescence spectrometer at IG-CAS on fused glass beads. Trace
elements were analyzed using a Perkin-Elmer Sciex ELAN 6000 in-
ductively coupled plasma mass spectrometer (ICP-MS) at IGCAS.
Analytical procedures are similar to those described by Qi et al. (2000).

4. Results
4.1. Fluid inclusion petrography

The studied samples contain abundant fluid inclusions (FIs), ranging
in diameter between 6 and 25um, many of which are rounded rec-
tangles and ellipsoids. Representative fluid inclusion assemblages are
shown in Fig. 5. The vast majority of the inclusions are liquid-rich two
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Fig. 7. The element concentrations of the ore-forming fluids in Piaotang
tungsten deposit. The red filled boxes denote average values.

phases inclusions. On the basis of Raman spectroscopy analyses, the
main component of the volatile phase in FIs is dominated by H>O with
minor CO, and CH, in some cases. Multiple generation of secondary
inclusions are very abundant in most samples and their trails are locally
very dense, which appears possible that some of the original primary
fluid inclusions subsequently refilled. Some of the secondary inclusions
have healed very well with a scattered distribution, which texturally
appear isolated and look like primary but are in fact secondary in
origin. We have solved these problems by a particularly careful selec-
tion of primary and pseudosecondary fluid inclusions, where we ad-
hered strictly to the criteria for these fluid inclusion types established
by Roedder (1984) and Goldstein and Reynolds (1994).

4.2. Major and trace elements of granite and host rock
The major and trace elements of concealed granite and host rock are

presented in Appendix A. The enrichment and depletion of elements in
the host rock have been calculated based on a normalization to Zr and

Ore Geology Reviews 111 (2019) 102939

using the most distal sample from vein as reference approximating the
unaltered local host rock. The detail calculated method is similar to
Lecumberri-Sanchez et al. (2017). The variation of the chemical com-
position of the host rock as a function of distance from the vein are
illustrated in Fig. 6.

4.3. Chemical compositions of fluid inclusions

Two-phase aqueous primary FIs trapped in quartz associated with
the main mineralized stage (stage I) were selected for LA-ICP-MS ana-
lyses. A total of 72 fluid inclusions were conducted. Element con-
centrations in FIs are listed in Table 1 and Fig. 7.

LA-ICP-MS analyses show that all elements necessary for the for-
mation of wolframite (W, Fe, Mn) and cassiterite (Sn) can be detected in
FIs (Fig. 7). Fluids are systematically enriched in incompatible elements
such as Li, Cs and Rb (Fig. 7). Rb/Na ratios vary with Cs/Na ratio in the
FIs. Cs contents is positively correlated with As, W and Ti contents
(Fig. 8).

4.4. Major and trace element compositions of wolframite

Chemical compositions of wolframite from the Piaotang deposit
determined by EPMA and LA-ICP-MS are given in Tables 2 and 3, re-
spectively. Structural formulae of wolframite were calculated on the
basis of 4 atoms of oxygen in number of atoms per formula unit (apfu).
The wolframite from the Piaotang deposit are characterized by variable
Fe/(Fe + Mn) values (Table 2) ranging from 0.19 to 0.50 and falling in
the field of wolframite with Fe/(Fe + Mn) between 0.2 and 0.8 defi-
nition from White (1981).

Wolframite crystals from the Piaotang deposit contain high Nb
(1427-5550 ppm), Sc (9.6-202ppm), Ti (7.9-80ppm), Sn
(26.4-258 ppm), Ta (14-228 ppm), and U (4.2-24.4) contents. All of
the wolframite samples have trace element compositions different from
that in metasedimentary rocks (Fig. 9a). Their chondrite-normalized
REE patterns show steep LREE and relatively flat HREE patterns with
significant negative Eu anomalies and display unusual tetrad effect
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Fig. 8. The variation diagrams of selected element and ratio in fluid inclusion from the Piaotang deposit.
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Table 2
Major elements of representative wolframite from the Piaotang tungsten deposit.

Ore Geology Reviews 111 (2019) 102939

Sample/spot WO03 MnO Nb205 FeO CaO Ta205 Total w Mn Nb Fe Ca Total Fe/(Fe + Mn)
wt% wt% wt% wt% wt% wt% wt% apfu apfu apfu apfu apfu apfu ratio
PT8A1 76.33 16.97 0.56 6.31 0.030 - 100.2 0.993 0.722 0.013 0.265 0.002 1.99 0.27
PT8B1 75.00 12.24 0.41 11.80 0.012 - 99.5 0.984 0.525 0.009 0.499 0.001 2.02 0.49
PT8C1 76.11 16.30 0.64 7.01 0.008 - 100.1 0.992 0.694 0.014 0.295 0.000 1.99 0.30
PT8D1 74.79 11.92 0.66 11.64 0.039 0.237 99.3 0.984 0.513 0.015 0.494 0.002 2.01 0.49
PT8D2 73.89 12.00 0.58 11.97 0.010 - 98.5 0.978 0.519 0.013 0.512 0.001 2.02 0.50
PT8E1 74.42 15.45 0.48 8.33 0.023 - 98.7 0.983 0.667 0.011 0.355 0.001 2.02 0.35
PT8E2 75.48 15.10 0.43 8.43 0.028 - 99.5 0.990 0.647 0.010 0.357 0.002 2.01 0.36
PT8F1 75.24 12.12 0.32 11.51 0.014 - 99.2 0.990 0.521 0.007 0.489 0.001 2.01 0.48
PT8F2 74.91 19.08 0.61 4.63 0.039 - 99.3 0.983 0.818 0.014 0.196 0.002 2.01 0.19
PT8F3 75.19 17.29 0.63 5.91 0.017 - 99.0 0.989 0.744 0.014 0.251 0.001 2.00 0.25
PT21A1 74.52 15.10 0.16 8.55 0.018 - 98.3 0.989 0.655 0.004 0.366 0.001 2.02 0.36
PT21B1 76.81 15.00 0.21 8.46 0.010 - 100.5 0.998 0.637 0.005 0.355 0.001 2.00 0.36
PT21B2 75.23 15.26 0.14 8.62 0.025 0.285 99.6 0.990 0.656 0.003 0.366 0.001 2.02 0.36
PT21C1 74.85 15.70 0.39 8.28 0.015 - 99.2 0.984 0.674 0.009 0.351 0.001 2.02 0.34
PT21D1 74.75 15.02 0.28 8.83 0.014 - 98.9 0.986 0.648 0.006 0.376 0.001 2.02 0.37
PT21E1 76.74 14.47 0.22 8.97 0.022 - 100.4 0.998 0.615 0.005 0.376 0.001 2.00 0.38
PT21F1 75.19 14.60 0.26 9.02 0.026 - 99.1 0.991 0.629 0.006 0.383 0.001 2.01 0.38
PT21F2 75.96 15.11 0.32 8.33 0.000 - 99.7 0.994 0.647 0.007 0.352 0.000 2.00 0.35
PT21F3 75.91 14.36 0.19 9.08 0.001 - 99.5 0.996 0.616 0.004 0.384 0.000 2.00 0.38
PT21F4 75.54 14.85 0.46 8.55 0.027 - 99.4 0.991 0.637 0.010 0.362 0.001 2.00 0.36
PT11A1 75.57 17.73 0.31 6.08 0.030 - 99.7 0.989 0.758 0.007 0.257 0.002 2.01 0.25
PT11B1 75.91 17.65 0.69 6.09 0.015 0.045 100.4 0.985 0.749 0.016 0.255 0.001 2.01 0.25
PT11B2 75.45 18.04 0.12 6.11 0.024 0.272 100.0 0.987 0.772 0.003 0.258 0.001 2.02 0.25
PT11C1 75.09 16.39 0.30 7.41 0.018 - 99.2 0.988 0.705 0.007 0.314 0.001 2.01 0.31
PT11C2 74.86 16.81 0.22 6.70 0.029 0.072 98.7 0.991 0.727 0.005 0.286 0.002 2.01 0.28
PT11D1 76.10 17.53 0.53 5.98 0.048 - 100.2 0.990 0.746 0.012 0.251 0.003 2.00 0.25
PT11D2 76.32 17.69 0.42 5.74 0.018 - 100.2 0.994 0.753 0.010 0.241 0.001 2.00 0.24
PT11E1 73.52 18.27 0.66 5.90 0.014 - 98.4 0.973 0.790 0.015 0.252 0.001 2.03 0.24
PT11E2 74.95 17.75 0.41 5.99 0.008 - 99.1 0.986 0.763 0.009 0.254 0.000 2.01 0.25
PT11F1 73.64 17.72 0.70 6.12 0.027 - 98.2 0.976 0.768 0.016 0.262 0.001 2.02 0.25
PT11F2 74.97 17.74 0.18 5.78 0.013 - 98.7 0.992 0.767 0.004 0.247 0.001 2.01 0.24

(Fig. 9b). Irber (1999) has quantified the degree of tetrad effect (TE;_3)
by determining the deviation of the first and third tetrad of granite REE
patterns from a hypothetical tetrad effect-free REE pattern. The large
majority of wolframite are characterized by significant tetrad effect
(TE;_3 > 1.1) (Table 3). Element pairs Zr/Hf and Y/Ho of wolframite
are remarkably fractionated and these ratios (Zr/Hf = 13.4-34.6, Y/
Ho = 10.0-14.4) fall outside of CHARAC (CHArge-and-Radius-Con-
trolled) field defined by Bau (1996) (Fig. 10).

4.5. Hydrogen and oxygen stable isotopes

The H isotopic compositions of the fluids hosted by quartz and
wolframite were directly obtained through the analyses by mass spec-
trometer. The 8D values of fluid hosted by quartz lie in a narrow range
between —65.6 and —70.5%o (Table 4). The 8D values of fluid trapped
in wolframite samples and cassiterite samples vary from —67.6 to
—78.9%0 and —72.3 to —78.3%o, respectively (Table 4).

Twenty O isotope analyses were performed on carefully handpicked
mineral separates of quartz, wolframite and cassiterite of 11 samples
from main mineralized stage. The 8'80 values for the individual mi-
nerals are all positive and have relatively narrow ranges of 10.3-13.7
%o for quartz, 2.5-6.8%o for wolframite and 6.1-7.2%o for cassiterite
(Table 4). Calculated O isotopic equilibrium temperature between
quartz and wolframite are in the range of 371 —579 °C, about 100 °C
higher than the fluid inclusion homogenization temperatures. Thus, we
adopted the highest fluid inclusion homogenization temperature about
360 °C for calculating O isotopic compositions of ore fluids. The results
show that the 880 values of ore fluids equilibrated with quartz, wol-
framite and cassiterite are from 5.3 to 8.6%o, 5.0 to 9.3%o, and 9.5 to
10.6%o, respectively (Table 4).
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5. Discussion
5.1. Sources of ore-forming fluids

The source and nature of ore-forming fluids of Piaotang wolframite-
quartz vein tungsten deposit in the Nanling W-Sn metallogenic province
have been studied (Wang et al., 2009; Ni et al., 2015; Legros et al.,
2018a). Fluid inclusions trapped in ore and gangue minerals from the
vein systems are dominantly liquid-vapor two phase inclusions. Mi-
crothermometry data indicate homogenization temperature (T},) and
salinity range from 170 to 369 °C and 4.3 to 9.0 wt% eq. NaCl, respec-
tively (Ni et al., 2015). Stable isotope analyses (H-O) of the FIs hosted
by quartz and wolframite from this deposit have been performed. §'%0
values of quartz and wolframite are 11.6%o and — 3.0%o, respectively
(Legros et al., 2018b). Quartz and wolframite hosted FIs have 8D values
of —54 to —51%o0 and —77 to —76%o, respectively (Legros et al.,
2018b). Helium (He) and argon (Ar) isotopic compositions of FIs en-
trapped in wolframite and sulphide minerals from the Piaotang vein-
type tungsten deposits also have been carried out. >He/*He ratios vary
from 0.17 to 0.86 R/R, and *CAr/3®Ar ratios from 355 to 591 (Wang
et al., 2009). The compositions and conditions of FIs from this vein-type
tungsten deposits are interpreted as either mixing between magmatic
and meteoric water or single magmatic fluid. The origin of ore-forming
fluids remains contentious.

We have calculated the oxygen and hydrogen isotope composition
of the ore-forming fluids focusing on the main mineralization stage
(stage I) to constrain the most likely fluid source for the Piaotang
tungsten deposit. The isotopic composition of the early fluids, which
were equilibrium with stage I wolframite, cassiterite and quartz, is very
close to magmatic water values (Fig. 11). The different fluid inclusion
types show a strong similarity in chemical compositions, showing Rb/
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Table 3
Trace elements of representative wolframite from the Piaotang tungsten deposit.

Spot PT8A1 PT8B1 PT8C1 PT8D2 PT8E1 PT8E2 PT8F1 PT8F2 PT8F3 PT11A1 PT11B1 PT11B2 PT11C1 PT11C2 PT11D1 PT11D2 PT11El

Li 0.88 0.60 0.25 0.62 0.85 0.18 0.41 0.79 1.14 0.02 0.31 0.00 0.32 0.00 1.15 0.79 0.17
Sc 202.05 64.50 52.04 8237 36.89 123.67 48.79 101.64 106.18 6.58 7.20 7.60 13.09 8.63 9.00 11.47 11.71
Ti 79.66 18.17 19.34 38.44 19.62 55.93 2291 66.88 17.22 6.48 8.65 9.66 3.46 5.94 5.41 16.81 16.94
\ 0.83 0.50 0.31 0.42 0.34 1.41 0.39 0.88 0.68 0.23 0.02 0.00 0.04 0.00 0.00 0.14 0.01
Cr 0.57 2.28 0.91 9.96 0.00 0.35 2.19 0.00 2.27 0.60 0.19 0.09 0.00 0.72 0.33 0.00 0.00
Co 0.29 0.79 0.62 0.75 0.62 1.01 1.16 1.20 1.21 0.62 0.56 0.41 0.58 0.67 0.65 1.21 0.45
Ni 0.03 0.48 0.31 0.24 0.19 0.00 0.91 0.09 0.19 0.00 0.11 0.00 0.05 0.35 8.84 0.26 0.00
Cu 2.16 0.12 2.73 0.40 0.05 0.00 4.72 0.15 0.03 1.11 0.21 0.04 0.08 0.78 0.05 0.00 0.09
Zn 26.2 189.2 163.6 1558 2029 117.8 193.4 948 101.3 166.0 168.3 188.5 191.5 188.5 181.3 185.0 144.0
Ga 0.04 0.04 0.15 0.02 0.07 0.03 0.13 0.08 0.02 0.01 0.05 0.33 0.03 0.00 0.05 0.09 0.05
Rb 0.04 0.00 0.06 0.02 0.00 0.01 0.04 0.03 0.06 0.06 0.03 0.56 0.03 2.14 0.12 0.04 0.01
Sr 0.07 0.04 0.87 0.36 0.06 0.04 0.50 0.13 0.07 0.02 0.02 0.01 0.02 0.03 0.02 0.03 0.00
Y 35.40 49.87 7486 76.70 39.57 68.99 5896 58.10 58.20 22.57 25.42 29.54 31.89 28.05 29.29 40.79 46.05
Zr 57.73 35.68 4390 51.70 33.23 53.19 60.21 25.02 20.84 9.51 21.55 30.23 10.66 8.58 16.92 33.14 30.23
Nb 5550 2815 3523 4021 3042 4158 3765 3091 2614 1635 2430 2830 1452 2048 2320 3774 2741
Mo 2.64 5.62 4.70 4.11 4.67 5.14 5.66 5.53 3.99 4.68 3.73 3.94 5.79 6.32 4.25 4.64 3.38
Ccd 0.22 0.41 0.92 1.54 0.76 0.48 0.47 0.20 0.20 0.94 0.58 0.77 0.29 0.63 0.79 0.71 0.81
In 17.03  21.46 16.04 19.68 21.23 15.75 31.49 1450 21.97 9.39 5.84 11.13 15.01 11.98 13.65 17.28 4.86
Sn 258.3 1029 1545 2152 1347 134.2 211.2  52.5 101.4 33.8 50.9 75.5 35.7 31.1 66.5 142.1 128.2
La 0.02 0.01 0.02 0.02 0.01 0.00 0.01 0.03 0.01 0.03 0.00 0.04 0.01 0.00 0.00 0.01 0.01
Ce 0.10 0.03 0.05 0.11 0.01 0.04 0.05 0.03 0.03 0.06 0.03 0.09 0.01 0.02 0.03 0.07 0.04
Pr 0.02 0.01 0.02 0.03 0.02 0.04 0.02 0.03 0.00 0.01 0.01 0.06 0.01 0.00 0.01 0.00 0.01
Nd 0.27 0.14 0.23 0.43 0.20 0.32 0.15 0.30 0.18 0.10 0.11 0.11 0.14 0.10 0.15 0.14 0.17
Sm 0.78 0.72 1.35 1.52 0.87 1.25 1.11 1.56 1.08 0.47 0.51 0.71 0.73 0.64 0.63 0.80 0.96
Eu 0.13 0.06 0.17 0.21 0.10 0.07 0.13 0.05 0.03 0.04 0.06 0.06 0.07 0.09 0.04 0.12 0.10
Gd 1.91 3.24 5.09 5.39 2.53 4.66 3.73 4.62 3.61 1.50 1.78 2.25 2.51 1.99 1.90 2.83 3.16
Tb 1.08 1.51 2.38 2.37 1.10 2.12 1.78 2.01 1.77 0.70 0.78 0.81 1.00 0.89 0.85 1.18 1.21
Dy 12.12 15.33  24.09 24.69 1293 20.96 18.44 18.08 18.76 7.06 8.10 9.02 10.78 9.55 8.71 11.79 12.98
Ho 3.55 3.97 6.62 6.40 3.51 5.19 5.29 4.28 4.78 1.80 1.96 2.41 2.84 2.48 2.23 3.19 3.47
Er 17.36 18.14 28.12 2822 1699 21.27 2290 17.62 20.30 7.84 8.75 10.72 12.55 10.97 9.94 13.49 15.29
Tm 4.78 4.85 6.97 6.86 4.64 5.36 6.19 4.25 5.10 1.95 2.34 2.81 3.28 272 2.59 3.46 3.72
Yb 57.18 5298 7480 7486 5559 56.70 69.90 4299  55.39 23.19 24.59 29.71 35.55 30.85 29.48 40.47 43.66
Lu 10.48  9.75 13.47 1296 10.52 9.70 1297 7.18 9.75 4.54 4.72 5.59 6.78 5.69 5.52 7.39 7.95
Hf 3.36 1.99 1.46 2.09 1.39 3.97 2.44 1.58 1.03 0.57 1.22 1.74 0.52 0.31 0.70 1.31 1.22
Ta 228 179 228 290 215 318 228 83 311 128 190 230 49 94 183 555 412
Bi 0.08 0.04 0.07 0.01 0.06 0.04 0.00 0.05 0.05 0.11 0.07 0.07 0.05 0.05 0.06 0.07 0.05
Pb 0.78 0.14 1.24 1.07 0.10 0.33 1.26 0.19 0.35 0.40 0.12 0.12 0.18 0.14 0.13 0.23 0.12
Th 0.86 0.20 0.40 0.88 0.29 0.27 0.41 0.50 0.16 0.26 0.11 0.13 0.12 0.09 0.23 0.47 0.47
0) 24.4 12.8 25.9 29.3 19.1 15.0 33.6 8.0 8.8 6.0 8.5 11.5 6.3 5.8 12.2 30.8 34.6
Zr/Hf  17.2 17.9 30.1 24.7 24.0 13.4 24.7 15.8 20.2 16.6 17.7 17.4 20.4 27.2 24.2 25.3 24.8
Y/Ho 10.0 12.6 11.3 12.0 11.3 13.3 11.1 13.6 12.2 12.6 13.0 12.3 11.2 11.3 13.1 12.8 13.3
TE; 3 1.1 1.0 0.9 1.2 0.6 2.5 1.7 0.7 0.6 1.1 1.6 1.9 0.7 0.5 2.3 0.4 1.1
8Eu 0.3 0.1 0.2 0.2 0.2 0.1 0.2 0.1 0.0 0.1 0.2 0.1 0.2 0.3 0.1 0.2 0.2
PT11E2 PT11F1 PT11F2 PT21A1 PT21B1 PT21B2 PT21C1 PT21D1 PT21E1 PT21F1 PT21F2 PT21F3 PT21F4
0.00 0.90 0.37 0.24 0.00 0.17 0.35 0.20 - 0.00 0.00 0.03 0.32
10.82 16.20 8.21 6.71 12.59 10.70 13.17 10.86 11.25 12.95 10.94 11.46 9.55
19.29 41.43 12.79 4.88 5.23 4.59 4.32 5.48 8.37 8.12 7.51 8.91 7.90
0.03 0.19 0.00 0.09 0.05 0.03 0.10 0.05 0.00 0.05 0.07 0.04 0.06
0.62 0.00 0.75 41.87 0.59 6.66 0.43 5.60 0.16 0.69 0.05 3.24 0.00
0.55 0.29 0.54 1.23 1.07 1.16 1.00 0.85 1.06 0.97 1.13 1.16 1.25
0.07 0.17 0.00 0.00 0.14 0.00 0.23 0.00 0.00 0.04 0.24 0.33 0.18
0.08 0.07 0.07 0.26 0.02 0.57 0.09 0.12 0.00 0.16 0.04 0.00 0.00
175.3 96.6 137.2 200.9 205.8 207.3 207.0 177.2 186.4 182.1 175.9 182.4 176.6
0.00 0.02 0.03 0.06 0.06 0.00 0.03 0.01 0.02 0.03 0.00 0.02 0.02
0.02 0.07 0.06 0.00 0.02 0.00 0.03 0.03 0.02 0.02 0.00 0.04 1.80
0.14 0.02 0.03 0.09 0.04 0.07 0.09 0.05 0.05 0.06 0.04 0.12 0.09
43.18 49.20 30.51 23.78 37.38 31.38 44.31 36.71 26.68 36.27 32.17 33.66 28.79
44.86 41.14 19.78 4.87 16.93 10.82 14.80 11.62 46.13 32.10 23.64 42.69 16.15
4320 3666 3016 1573 2072 1793 2087 1834 1683 2448 2020 2481 1427
3.67 2.55 3.17 10.70 9.75 9.61 10.37 9.29 11.80 9.66 10.73 10.44 10.51
0.73 0.37 0.53 0.27 0.24 0.39 0.75 0.45 0.45 0.43 0.15 0.29 0.40
21.85 1.97 1.43 13.30 17.06 15.33 23.36 18.43 16.46 17.26 15.63 15.23 15.23
171.6 231.6 88.1 12.5 47.8 34.3 40.1 29.5 30.3 66.1 44.2 57.9 26.4
0.02 0.00 0.00 0.01 0.19 0.00 0.14 0.01 0.00 0.00 0.01 0.01 0.02
0.05 0.03 0.02 0.02 0.02 0.02 0.02 0.04 0.64 0.01 0.02 0.01 0.00
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.16 0.00 0.01 0.00 0.01 0.00
0.16 0.30 0.13 0.04 0.14 0.12 0.17 0.10 0.12 0.06 0.12 0.13 0.00
1.09 1.06 0.69 0.52 0.73 0.58 0.83 0.76 0.44 0.76 0.75 0.76 0.56
0.09 0.08 0.14 0.04 0.06 0.05 0.07 0.05 0.03 0.04 0.07 0.06 0.03
2.90 2.82 1.78 1.51 1.88 1.73 2.96 2.01 1.76 211 1.05 1.97 1.65
1.32 1.30 0.77 0.68 0.91 0.75 1.24 1.03 0.74 1.00 0.65 0.91 0.76

(continued on next page)

12



J.-H. Yang, et al.

Table 3 (continued)
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PT11E2 PT11F1 PT11F2 PT21A1 PT21B1 PT21B2 PT21C1 PT21D1 PT21E1 PT21F1 PT21F2 PT21F3 PT21F4
13.95 13.02 8.12 8.06 10.47 9.16 14.54 12.03 8.45 10.52 9.65 9.83 8.45
3.62 3.42 2.12 2.35 2.91 2.56 4.26 3.62 2.16 3.06 2.61 2.81 2.44
16.26 15.42 8.92 10.41 14.40 12.60 20.38 17.28 10.28 14.76 12.29 12.63 11.48
4.20 4.15 2.37 2.68 3.63 3.28 5.25 4.59 2.80 3.91 3.23 3.42 3.06
47.12 51.42 27.21 30.83 44.73 38.71 62.06 53.78 33.75 46.32 39.29 40.59 35.94
8.71 10.13 5.07 5.37 8.27 6.98 11.54 9.58 6.17 8.41 7.31 7.40 6.75
1.87 2.20 0.89 0.16 0.71 0.46 0.43 0.47 3.20 1.94 1.53 2.98 0.98
699 597 272 54 220 136 150 107 37 105 44 82 14
0.04 0.05 0.07 0.04 0.04 0.04 0.07 0.03 0.04 0.46 0.01 0.03 0.05
0.19 0.28 0.31 0.13 0.18 0.10 0.06 0.09 0.11 0.17 0.14 0.22 0.09
0.57 0.61 0.43 0.06 0.11 0.10 0.12 0.05 0.04 0.09 0.07 0.14 0.07
46.7 36.0 19.9 2.6 5.4 3.8 7.4 6.1 3.1 7.4 4.9 5.9 4.2
24.0 18.7 22.2 29.6 23.7 23.3 34.6 24.8 14.4 16.6 15.4 14.3 16.5
119 14.4 14.4 10.1 12.9 12.2 10.4 10.2 12.4 11.8 12.3 12.0 11.8
0.9 1.1 - 1.6 0.1 1.7 0.2 4.4 - 1.9 0.8 0.5 -
0.2 0.1 0.4 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.2 0.1
T
a
108 4 AL
102 |
10" 4 i
8 100 o A
S 3 | I :
) 104 \. 4/5 = i Wolframite
g— M i ~From the
c 1024 § ] i French
@ © o 1 Massif
10 : |
: ' Central
1041 i 5
—O— Wolframite : :
1054 ¢ Metasediment 0 : - L bt - L ot -
10-6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5 10 20 26 30 40 46 50 60
Y Li TaNbSnZnTh Ti Zr Hf U Mo In Pb Bi ScGe V Co Zr/Hf
103 ; - :
(b) Fig. 10. Zr/Hf versus Y/Ho ratios in wolframite from the Piaotang tungsten
" deposit. The CHArge-and-Radiums-Controlled (CHARAC) field has been defined
10% + for common igneous rocks with 26 < Zr/Hf < 46 and 24 < Y/Ho < 34
(Bau, 1996). The data source of wolframite in the French Massif Central from
o)
£ 10" A Harlaux et al. (2018).
©
c
e}
<
O 100 4 Table 4
% Stable isotopes (H and O) for minerals and fluid from the Piaotang tungsten
g .
5 10 4 deposit.
(72}
) Wolframite Samples  Minerals 8Dv.smow (%0)  8'80y.smow (%0) 8'%0y.smow (%o0)
10 4 o Metasediment
o— Concealed granite Fluid measured  Mineral measured  Fluid calculated
103 R I B PT-5 Quartz —68.2 10.3 5.3
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu PT-4 Quartz —66.2 10.4 5.4
X . . . . . PT-6 Quartz -70.5 11.1 6.1
Fig. 9. Upper continent crust normalized multi-elements spider diagram (a) and PT-7 Quartz _791 10.4 5.4
Chondrite normalized REE patterns for wolframite from the Piaotang deposit. PT-8 Quartz —67.8 11.6 6.6
PT-10 Quartz —66.8 12.5 7.5
. . . . s PT-11 Quartz —-69.3 13.6 8.6
N?jl ratios vary w1t1? Cs/Na ratlo.and Cs contents is po§1t1vely correlat‘ed PT-21 Quartz —66.6 1.9 6.0
with As, W and Ti contents (Fig. 8). These correlation trends are in- PT-22 Quartz —66.1 10.5 5.5
terpreted as a single magmatic fluid source (Korges et al., 2018). PT-27 Quartz -66.9 13.7 8.7
Moreover, the trace element pattern of wolframite is remarkably dif- PT-28  Quartz —65.5 13.1 8.1
. . . PT-4 Wolframite —67.6 5.5 8.0
ferent from those of hosting metasedimentary rocks (Fig. 9). Therefore, PT6 Wolframite  —78.9 49 74
these isotopic signatures, coupled with correlation among elements in PT.7 Wolframite  —74.0 e 5.0
fluid inclusion, suggesting that without any fluid mixing at this time PT-8 Wolframite ~ —67.8 4.1 6.6
took place during wolframite precipitation. Thus, the ore-forming fluids PT-10 Wolframite ~ —71.2 6.8 9.3
was dominantly magmatic in origin. Metamorphic and meteoric fluids PT-11 Wolframite  —76.9 6.6 9.1
are not involved in the main mineralized stage although the quartz- TS Cassiterite  ~72.3 62 26
Involv zed stag & quartz PT-7 Cassiterite ~ —75.8 6.1 9.5
wolframite veins were hosted by metasedimentary rocks. PT-22 Cassiterite ~ —78.3 7.2 10.6
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Fig. 11. Plot of 8D versus 8'80 for ore-forming fluid from the Piaotang deposit
(a), and distribution of the calculated §'20 values for fluid in equilibrium with
quartz, wolframite and cassiterite (b). The H-O isotopic compositions of mag-
matic water are from Sheppard (1994).

5.2. Magmatic fluid geochemistry and redox state

5.2.1. Magmatic fluid geochemistry

Element pairs Zr-Hf and Y-Ho, have the same charge and similar
ionic radius, consequently should not fractionation (Dostal and
Chatterjee, 2000). The Zr/Hf and Y/Ho ratios are expected to remain in
the same value ranges. However, almost all the analyses of wolframite
from the Piaotang deposit all fall outside the CHARAC field (Fig. 10),
indicating that the ionic radius and the charge valence were not the
only parameters controlling the mobility of the isovalent trace elements
into the fluids precipitating the wolframites. Bau (1996) proposed that
the non-CHARAC behavior of isovalent trace elements were controlled
by ligands F and Cl complexation and transport in aqueous solution.

Moreover, the wolframite crystals precipitated in hydrothermal
fluid show unusual tetrad effect REE patterns (Fig. 9b). Although the
existence of the tetrad effect is still controversial, most of authors have
argued that such REE patterns actually reflect a selective complexation
of REE by efficient ligands F and Cl in hydrothermal fluid (Bau, 1996;
Irber, 1999).

Therefore, the concentration of elements incorporated during the
crystallization of wolframite reflects the specific chemical compositions
of the hydrothermal fluid that contains high ligands F and Cl con-
centration. Generally, the volatile elements (F and Cl) and incompatible
elements are enriched in highly evolved peraluminous granite and have
high fluid-melt partition coefficient (mostly between 1 and 20) (Zajacz
et al., 2008). LA-ICP-MS analyses show that the bulk incompatible
elements Rb, Cs and Li are presented in FIs (Fig. 7), which coincide with
the magmatic fluid exsolution likely from granite that concealed in the
vicinity of the deposit.
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5.2.2. Redox state of magmatic fluid

The wolframite from the Piaotang tungsten deposit show obviously
Eu negative anomaly (Fig. 9b) with 8Eu values of 0.1-0.4 (Table. 3). Eu
is a redox sensitive element and presents as Eu>* and Eu®* in different
redox state. Compared with Eu’t (1.17 f\), the ionic radius of Eu®* is
much closer to those of Fe?™ (0.78 10\) and Mn®* (0.83 A) (Shannon,
1976). Thus, Eu®" is vastly more compatible than Eu®** in the wol-
framite, more-oxidized melts will yield higher Eu contents in the wol-
framite. However, the wolframite from the Piaotang tungsten deposit
depleted in Eu contents and display negative Eu anomaly, which imply
Eu mainly presented as Eu?>* in magmatic fluid and cannot easily in-
corporate in wolframite. Thus, the ore-forming fluids of the Piaotang
tungsten deposit are reduced in nature. Previous studies suggest tung-
sten mineralization is typically associated with reduced granitic
magmas of crustal origin (Lecumberri-Sanchez et al., 2017). It is pos-
sible that the reduced ore-forming fluid of Piaotang tungsten deposit
inherited from the reduced granitic magmas.

In summary, the ore-forming fluids of the Piaotang tungsten deposit
are of reducing in nature and exsolved from the concealed granite in the
vicinity of the deposit. These fluids contain all elements necessary for
the formation of wolframite and incompatible elements as well as li-
gands F and Cl.

5.3. Wolframite precipitation

Based on the experimental study, NaHWO,, NaWO,, HWO, and
W02~ are the dominant tungsten species for the mineralizing fluids at a
moderately acidic pH (between 4 and 6) and close to the fayalite-
quartz-magnetite (FMQ) buffer (Gibert et al., 1992; Wood and Samson,
2000). The wolframite precipitation from a fluid can express by fol-
lowing reactions adapted to the physicochemical conditions (Wood and
Samson, 2000).

WO;~ + (Fe, Mn)**Cl; = (Fe, Mn)WO, + 2CI~ 1)

HWO; + (Fe, Mn)**Cly = (Fe, Mn)WO, + 2Cl- + H* )

On the basis of these chemical reaction, Dewaele et al. (2016) and
Lecumberri-Sanchez et al. (2017) concluded that fluid-rock interaction
was the controlling factor in wolframite precipitation in general. The
metasedimentary rocks acted as a source of Fe and Mn while magmatic
fluids contributed W for the formation of wolframite. However, the ore-
forming fluids in the Piaotang tungsten deposit contain all elements
necessary for the formation of wolframite (Fig. 7). Moreover, the sur-
rounding metasedimentary rocks near the wolframite-bearing quartz
vein contain low Fe (FeO < 5.0wt%) and Mn (MnO < 0.2 wt%)
contents (supplementary Table 1). The metasedimentary rocks prox-
imal to the veins are altered weakly and are not systematically depleted
in Fe, Mn and fluid-mobile elements (Fig. 6).

Alternatively, some researchers proposed that various types fluid
mixing resulted in wolframite precipitation (Wei et al., 2012b, 2019;
Dewaele et al., 2016; Legros et al., 2018b). However, the ore-forming
fluids in the main mineralized stage in this research have homogeneous
H-O isotopic compositions and show single magmatic fluid affinity
(Fig. 11).

Thus, fluid-rock interaction and fluid mixing are not factor for
controlling wolframite precipitation. Decreasing temperature and
pressure of magmatic fluids has been considered decisive mechanism
for formation wolframite quartz vein-type deposits (Thorn, 1988;
Gibert et al., 1992; Korges et al., 2018). Within Piaotang deposits,
wolframite FIs usually display a continuum between a high-salinity,
high-temperature end-member and low-salinity, low-temperature end-
member (Legros et al., 2018b). These FIs trapped in wolframite service
as direct evidence for wolframite precipitation duo to decreasing
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temperature and pressure of magmatic fluid during infilling along
fracture.

6. Conclusions

(1) The ore-forming fluids in the Piaotang vein-type deposit was
dominantly magmatic in origin. Metamorphic and meteoric fluids
are not involved in main mineralized stage although the wol-
framite-quartz veins were hosted by metasedimentary rocks.

(2) The ore-forming fluids of the Piaotang tungsten deposit are of re-
duced in nature and exsolved from the highly evolved melt that
formed the concealed granite in the vicinity of the deposit. These
fluids contain all elements necessary for the formation of wol-
framite and incompatible elements as well as ligands F and CL

(3) Decreasing temperature and pressure of magmatic fluids have been
responsible for wolframite precipitation during hydrothermal fluid
infilling along fractures, rather than fluid mixing and fluid-rock
interaction.
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