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The Sanjiang Tethyan domain in SE Asia is one of the most important mineral belts in China. The

Damajianshan (DMJS) W‐Cu‐As polymetallic deposit is located in the southern part of Sanjiang

Tethyan domain, related to Triassic quartz porphyry. Detailed exploration thereafter shows that

the reserves of W, Cu, and As are 0.09, 0.42, and 0.12 Mt, respectively. The W is a typical

oxyphile element and always coexisted with Sn–Li–Be–Nb–Ta. The Cu–As are typical sulphophile

elements and always coexisted with Au–Ag–Pb–Zn–Sb–Hg. It is rarely reported that a deposit

preserves tungsten and copper–arsenic simultaneously in the southern Sanjiang region. In this

study, the S–Pb isotopic ratios of sulphides, the H–O isotopic compositions of fluid inclusions

in hydrothermal quartz, and the He–Ar isotopic ratios of fluid inclusions in sulphides were

analysed to constrain the origin of the DMJS deposit. Studies have shown that the δ34S values

of sulphides from ores are mainly between −6.17‰ and +0.02‰; the sulphur isotope composi-

tions indicate that the ore‐forming materials might originate from deep sources. The Pb isotope

characteristics indicate that the ore metals might originate from deep sources and be closely

related to the quartz porphyry. The δ18Ofluid values of ore‐forming fluids calculated from hydro-

thermal quartz range from −5.5‰ to +7.5‰, and the δD values of the fluid inclusions in quartz

are from −81.7‰ to −50.2‰. The H–O isotope systematics indicate that the ore fluids in the

DMJS deposit were probably initially sourced from magmatic water and later gradually mixed

with Mesozoic meteoric water. Fluid inclusions in pyrite, chalcopyrite, arsenopyrite, and pyrrho-

tite possess 3He/4He ratios of 0.02–0.05 Ra, and their 40Ar/36Ar ratios range from 562.47 to

4159.15, indicating a complete crustal fluids and with higher radiogenic 40Ar. The noble gas iso-

topic data, along with the stable isotopic data, suggest that the ore‐forming fluids have a deep

the evolution of ore‐forming fluids both promoted the formation of this rare DMJS deposit.
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1 | INTRODUCTION

TheTethys is a global latitudinal tectonic belt in the southern margin of

Eurasia continent, located between Eastern European platform,

Kazakhstan block, Tarim, North China, Yangtze, Indo‐China, Arabian

cratons, Indian Plate, and African Plate and composed of terrains of

Anatolides, Transcaucasia, Alborz, Lut, Central Iran, Afghanistan,

Pamirs, Northern Qiangtang, Southern Qiangtang, Lhasa, Baoshan,

Sibu‐masu, and Western Myanmar as well as the orogenic belts among
wileyonlinelibrary.com/journal
these blocks. It was formed by two‐stage subduction and collision

between these blocks which commenced in Late Palaeozoic and con-

tinued to Cenozoic, called Paleo‐Tethyan and Neo‐Tethyan tectonic

events.

The Sanjiang Tethyan domain is one of the most important miner-

alization belts in China. A large number of studies have shown that the

Sanjiang Tethyan domain has experienced a superposed transition

from theTethys tectonic evolution in Late Palaeozoic to the continen-

tal collision orogeny in Cenozoic, associated with a great mass of
Copyright © 2018 John Wiley & Sons, Ltd./gj 1
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FIGURE 1 Geological map of the study area. (a, b) Geological map showing tectonic framework and distribution of ore deposits in the Sanjiang
Tethys (modified after Deng et al., 2010; Deng et al., 2011; Deng, Wang, Li, & Wang, 2014; Hou, Pan, et al., 2007a; Hou, Zaw, et al., 2007b;
Hou, Pan, et al., 2007a; Liu, Li, & Ye, 1993); (c, d) regional geological and profile map of the Damajianshan deposit (modified after Zhang et al., 2015)
[Colour figure can be viewed at wileyonlinelibrary.com]
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multistage mineralization and the formation of large volumes of metal-

lic mineral deposits (Deng, Wang, & Li, 2012; Deng, Yang, & Wang,

2011; Li, Liu, & Wei, 1993; Pan et al., 2004; Wang, Deng, Zhang, Xue

et al., 2010a; Wang, Deng, Zhang, & Yang, 2010b). Various deposit

types in the Sanjiang Tethyan domain occur in different metallogenic

epochs and display a trend from simple to complex natures corre-

sponding to the tectonic evolution of the Sanjiang Tethys from Early

Palaeozoic to Tertiary. In the Early Palaeozoic metallogenic epoch,

mineralizations took place only along the boundaries of scattered

blocks resulted from the break‐off of the continental block, and only

minor hydrothermal Pb–Zn deposits were formed. In the Late

Palaeozoic metallogenic epoch, mineralizations mainly occurred in

arc‐basin systems, resulting in the formation of a number of valcanic

hosted massive sulfide (VHMS) deposit with Cu–Zn, Cu–Pb–Zn, and

Fe–Cu associations. In the Late Triassic, at least three types of ore

deposits occurred in the postcollisional crustal extension settings

caused by the lithospheric delamination or slab break‐off and the

arc‐basin systems (Hou, Pan, Yang, & Qu, 2007a). The VHMS deposits

occur in both postcollisional extensional basins and intra‐arc rift

basins, whereas the porphyry Cu deposits and/or skarn‐type

polymetallic deposits were formed in arc volcano‐magmatic
complexes and the epithermal Ag–Au–Hg deposits in the back‐arc

felsic volcanic rocks. Cu, Pb–Zn, Ag, Au, and Sn are the most impor-

tant resources in this domain (Wang, Deng, Carranza, & Santosh,

2014). In contrast, only a few tungsten mineralizations were reported

in the Sanjiang Tethyan domain. There are some small‐scale tungsten

deposits in the central and northern Sanjiang Region, such as the

Lushui, Shangli‐La, Jiangda, and Yulong deposits (Deng et al., 2012;

Deng, Wang, Li, Li, & Wang, 2013; Hou et al., 2003; Hou, Pan,

et al., 2007a; Hu et al., 2004; Li & Li, 2007; Qiu, Dai, & Pu, 1994;

Sun et al., 2009; Xue et al., 2007; Zaw, Peters, Cromie, Burrett, &

Hou, 2007). In this paper, we describe some basic geological and geo-

chemical features of the DMJS deposit. Data on He–Ar–H–O–S–Pb

isotope are used to analyse the formation mechanism and the origin

of the deposit. The deposit formed in the same period of the same

mineral belt generally have similar geological background and

metallogenic essential factors. There are 23 Indosinian granitic rock

mass in this area. So the study on the DMJS ore deposit as a typical

one will help to understand the evolution and mineralization mecha-

nism of ore‐forming fluids in the same period and in the same region.

Understanding its metallogensis has important strategic significance

and industrial value and was a boon for this region.

http://wileyonlinelibrary.com
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2 | GEOLOGICAL SETTING

The DMJS deposit is located in Lvchun County, Yunnan Province, SW

China. Tectonically, the deposit is in the southernmost part of the

Jomda–Weixi–Lvchun arc‐volcanic belt, which was formed at the end

of the late Palaeozoic to early Mesozoic (Deng et al., 2010; Deng

et al., 2012; Hou, Pan, et al., 2007a; Hou, Zaw et al., 2007b; Li, Liu, &

Wang, 1999; Pan, Chen, & Li, 1997; Yin, Pan, Wang, Li, & Wang, 2006;

Figure 1a,b). The DMJS deposit was first discovered during a

1:200,000 regional geological survey by the Geological Survey Team

of Yunnan province in 1970s and identified as a Cu–As deposit. In

recent years, the further exploration have confirmed that it was the

quartz‐vein‐type W–Cu–As polymetallic deposit related to Triassic

quartz porphyry (Figure 1).

The DMJS deposit has 0.09 Mt metal reserves of W with an aver-

age grade of 0.35 wt.%, ranging from 0.15 wt.% to 1.2 wt.% WO3,

which belongs to large scale W deposit (≥0.05 Mt) according to the

industrial classification of ore deposits in China. Subsequent detailed

exploration showed that the metal reserves of Cu and As are

0.42 Mt (ore grade from 0.37 wt.% to 3.18 wt.%) and 0.12 Mt (ore

grade from 2.73 wt.% to 27.70 wt.%), respectively, corresponding to

medium scale for Cu (0.1–0.5 Mt) and large scale for As (≥0.05 Mt).

Besides W, Cu, and As, the associated metals resources of Pb–Zn, Bi,

and Mo also attain industrial value.

To date, 10 W‐bearing orebodies have been discovered (Figure 1

d). These orebodies commonly extend about 60–430 m in vertical

direction with 3.5–18 m thickness. Magmatic activity in the deposit

is marked by the intrusion of Triassic quartz porphyry and some

lamprophyres. Spatial‐temporally, the intrusion of Triassic quartz por-

phyry is closely connected to the formation of the DMJS hydrothermal

tungsten polymetallic deposit. The W‐bearing orebodies are mainly
FIGURE 2 Photographs and photomicrographs of quartz porphyry, ores,
(b) W‐bearing quartz (Qz) veins; (c) W‐bearing quartz veins under fluoresce
specimen. (e) arsenopyrite intergrowths with chalcopyrite, pyrite (Py), and
light); (f) scheelite (Sch) intergrowths with wolframite (Wol) (back scattered e
distributed within the external contact zone of the quartz porphyry.

The wall rock is a set of Silurian slate (Figure 1c,d). A great

variety of metasomatic alterations can be found in the deposit,

including potassic alteration, silicification, sericitization, pyritization,

epidotization, and tourmalinization. Faults are the dominant struc-

tural features in the study area, and they provided favourable

metallogenic and ore‐hosting space for the movement and deposi-

tion of ore‐forming fluid.

The ore mineralogy in DMJS deposit is complex. The main ore

minerals are arsenopyrite, pyrite, chalcopyrite, scheelite, wolframite,

galena, sphalerite, and several Pb–Bi–sulphosalt and Pb–Sb–

sulphosalt (Figure 2). The gangue minerals are quartz, dolomite,

manganocalcite, and others. It is very common for these minerals

to occur as mutual metasomatic inclusions and interpenetrations.

According to the mineral intercalating relationships, the mineral for-

mation sequence had four stages (Zhang et al., 2015). From the

earliest to latest, the four stages can be classified as silicate,

quartz–sulphide, sulphide–oxide, and carbonate. The deposit

includes two main ore types, massive ores and vein ores. The mas-

sive ores are a medium grained arsenopyrite–chalcopyrite ores usu-

ally with small amounts of pyrrhotite and pyrite. Galena, sphalerite,

and several sulphosalts occur in minor amounts. The vein ores are

scheelite and wolframite usually with small amounts of molybdenite

and manganocalcite.

The mineralization of tungsten are complex and can be

approximately divided into three types: (a) single type—there is

only tungsten mineralization except for that with local molybde-

num mineralization and no other industrial mineralization. Alter-

ations are single and mainly silication, associated with

sericitization, always appearing on the upper middle of mining,

such as middle of levels 926, 889, 854, and 803; (b) mixed
and minerals assemblages of the DMJS deposit. (a) Quartz porphyry;
nt light; (d) arsenopyrite (Apy) and chalcopyrite (Ccp) under the hand
galena (Gn), and its formation earlier than other sulphides (reflected
lectron images) [Colour figure can be viewed at wileyonlinelibrary.com]
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type—the tungsten mineralization is dominated but with a spot of

copper–arsenic, molybdenum, bismuth, lead, zinc mineralization

which do not constitute industrial concentration. Alterations are

complex and mainly silication, associated with sericitization,

pyritization, and pyrrhotitization, always appearing on the middle‐

upper part of mining, such as middle of levels 803, 760, and

726; (c) compound type—the tungsten mineralization and cop-

per–arsenic mineralization are superimposed, associated with

lead–zinc mineralization, and they all have attained industrial con-

centration. Alterations are complex and pyritization, sericitization

are comparatively developed except for silicatization, always

appearing on the lower‐middle part of mining, such as middle of

levels 588 and 541. Single type is the most important mineraliza-

tion type in the DMJS deposit.
3 | SAMPLING AND ANALYTICAL METHODS

3.1 | Sampling

Samples collected from theW‐bearing and Cu–As‐bearing quartz veins

of the DMJS deposit were first crushed. Pyrite, galena, chalcopyrite,

arsenopyrite, sphalerite, pyrrhotite, molybdenite, bismuthinite, and

quartz were hand‐picked under a binocular microscope. The purity of

single mineral separate is over 99%. All mineral separates were cleaned

in an ultrasonic bath before being grinded in an agate mortar. Pyrite,

galena, chalcopyrite, arsenopyrite, sphalerite, pyrrhotite, molybdenite,

and bismuthinite separates were analysed for S isotope compositions;

pyrite, chalcopyrite, arsenopyrite, and pyrrhotite separates for He–Ar

isotopic compositions; and quartz separates for H–O isotope composi-

tions. He–Ar and S isotope analyses were performed at the State Key

Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,

China Academy of Sciences, Guiyang, China. H–O and Pb isotope com-

positions were measured at the Analytical Laboratory of Beijing

Research Institute of Uranium Geology.
3.2 | Analytical methods

3.2.1 | S isotope

Sulphur isotopic analyses of sulphide minerals were carried out at

the Institute of Geochemistry, Chinese Academy of Sciences, by

using Continuous Flow Mass Spectrometer. GBW 04415 and

GBW 04414 Ag2S were used as the external standards, and the

relative errors (2σ) were better than 0.2‰ from the replication of

standard materials. Sulphur isotopic compositions are reported rela-

tive to Canyon Diablo Troilite (CDT).
3.2.2 | Pb isotope

Nine sulphide samples with similar occurrences as that of the S

isotope samples were used to determine the Pb isotope composi-

tions. The samples were dissolved in a mixed solution of

hydrofluoric acid and perchloric acid, followed by basic anion

exchange resin to purify Pb. Next, the samples were analysed

using an ISOP‐ROBE‐T Thermal Ionization Mass Spectrometer

instrument (Zhou, Huang, Zhou, Li, & Jin, 2013). The data of Pb
isotopic compositions were provided in the form of (value ± 2σ).

The precisions for 204Pb/206Pb and 208Pb/206Pb are better than

0.005%.
3.2.3 | H–O isotopes

Oxygen was liberated from quartz by reaction with BrF5 (Clayton &

Mayeda, 1963) and converted to CO2 on a platinum‐coated carbon

rod. The oxygen isotopic determinations were made on a Finnigan

MAT 253 mass spectrometer. Reproducibility for isotopically homo-

geneous pure quartz is about ±0.2‰ (1σ). Hydrogen isotope ratios

on bulk fluid inclusions in quartz were measured by mechanical

crushing of about 1 g of quartz grains, 1 to 5 mm in size, according

to the method described by Simon (2001). Samples were first

degassed of labile volatiles and secondary fluid inclusions by

heating under vacuum to 120°C for 3 hr. The released water was

trapped, reduced to H2 by zinc, and then analysed with a Finnigan

MAT 253 mass spectrometer at the Stable Isotope Laboratory of

Beijing Research Institute of Uranium Geology. Analyses of stan-

dard water samples suggest a precision for δD of ±2‰ (1σ). With

the continuous improvement of stable isotope testing technology

and accuracy in recent years, the method has been applied to

reveal the source and evolution of ore‐forming fluid, and the pro-

cess of mineralization.
3.2.4 | He–Ar isotopes

An all metal extraction line and mass spectrometer (GV5400) at the

Institute of Geochemistry, Chinese Academy of Sciences, Guiyang,

was used. The analytical methods used here were similar to those

described in Burnard, Stuart, Ayliffe, and Turner (1993); Stuart,

Burnard, Taylor, and Turner (1995), and Stuart, Turner, Duckworth,

and Fallick (1994). Approximately 500–1,000 mg of separated coarse

grained (generally 0.5–1.5 mm, but the coarser the better) pyrite,

chalcopyrite, arsenopyrite, and pyrrhotite grains were cleaned ultra-

sonically in alcohol, dried, then loaded in online in vacuo crusher

buckets. The samples were baked at 150°C onlined with the ultra‐

high vacuum system for >24 hr prior to analysis in order to remove

adhered atmospheric gases. Gases were released from the grains into

the all metal extraction system by sequential crushing in modified

Nupro‐type valves. The released gases were exposed to a titanium

sponge furnace at 800°C for 20 min to remove the bulk of active

gases (e.g., H2O and CO2) and then exposed to two SAES Zr–Al get-

ters (one at room temperature, the other at 450°C) for 10 min to fur-

ther purify. He was separated from Ar using an activated charcoal

cold finger at liquid N2 temperature (−196°C) for 40–60 min to trap

Ar. He and then Ar isotopes and abundances were analysed on the

GV 5400. Gas abundances were measured by peak height compari-

son with known amounts of standard air from an air bottle. He and

Ar abundances and isotopic ratios were calibrated against pipettes

of 0.1 cm3 STP air (5.2 × 10−7 cm3 STP 4He and 9.3 × 10−4 cm3

STP 40Ar). Procedural blanks were <2 × 10−10 cm3 STP 4He and

(2–4) × 10−10 cm3 STP 40Ar, and constituted <1% of analyses. The

blank is too low to affect calibration of the abundance measurement

(Hu et al., 2012).
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4 | RESULTS

4.1 | S isotopic composition

The sulphur isotopic results are given in Table 1 and Figure 3. In

the DMJS deposit, chalcopyrite, arsenopyrite, pyrite, and galena

are the dominant sulphide ore minerals, so the δ34S values of these

sulphides can be considered approximately equal to that of hydro-

thermal fluids. The δ34S values have a smaller range in the histo-

gram (Figure 3). The sulphur isotope compositions are

characterized by δ34S deficiency, with values of δ34S between
TABLE 1 Sulphur isotope compositions of the Damajianshan W–Cu–As p

Mineral δ34Sv‐CDT‰ Mineral δ34Sv‐CDT‰ Mineral δ

Pyr −2.04 Py −0.30 Py

Pyr −3.47 Apy −0.25 Py

Pyr −3.36 Apy −0.51 Ccp

Pyr −2.50 Apy −0.27 Ccp

Pyr −2.16 Apy −0.09 Ccp

Apy −0.49 Apy −0.46 Ccp

Apy −0.18 Apy −0.65 Ccp

Apy −0.39 Apy −0.97 Ccp

Apy −0.47 Gn −3.07 Ccp

Apy −0.43 Gn −3.03 Ccp

Apy −0.37 Gn −3.82 Ccp

Apy −0.19 Gn −2.92 Ccp

Apy 0.02 Py −1.08 Ccp

Apy −0.20 Py −0.06 Ccp

Apy −0.28 Py −0.44 Ccp

Apy −0.07 Py −0.79 Ccp

Apy −0.36 Py −0.35 Ccp

Apy −0.02 Py −0.20 Ccp

Apy −0.26 Py −2.52 Ccp

Apy −0.22 Py −3.84 Ccp

Apy −0.38 Py −4.93 Ccp

Apy 0 Py −0.64 Ccp

Note. Apy = arsenopyrite; Bm = bismuthinite; Ccp = chalcopyrite; Gn = galena;

FIGURE 3 Histogram of the sulphur isotope
compositions of sulphides from the
Damajianshan deposit [Colour figure can be
viewed at wileyonlinelibrary.com]
−6.2‰ and 0‰ (Table 1). No obvious variations in the δ34S values

exist in the deposit. The relatively homogeneous sulphur isotopic

compositions probably indicate a consistent sulphur source for the

W–Cu–As polymetallic deposit.
4.2 | Pb isotopic composition

The Pb isotopic compositions are presented in Table 2 and Figure 4.

The 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of the sul-

phides vary from 17.203 to 18.245, 15.402 to 15.726, and 37.541

to 38.422, respectively. The 206Pb/204Pb, 207Pb/204Pb, and
olymetallic deposit

34Sv‐CDT‰ Mineral δ34Sv‐CDT‰ Mineral δ34Sv‐CDT‰

−4.77 Ccp −1.56 Bm −3.93

−1.05 Ccp −1.94 Mol −5.05

−0.15 Ccp −1.30 Mol −1.74

−3.48 Ccp −2.11 Mol −4.66

−1.48 Ccp −1.28 Mol −4.36

−0.93 Ccp −1.62 Mol −3.99

−1.91 Ccp −1.38 Mol −4.42

−0.95 Ccp −1.56 Mol −5.26

−1.04 Ccp −1.89 Mol −3.50

−1.40 Ccp −3.19 Mol −6.00

−1.26 Ccp −0.80 Mol −6.17

−1.01 Ccp −1.05 Mol −3.37

−1.47 Ccp −1.32 Mol −3.38

−1.91 Ccp −2.15 Mol −4.20

−1.88 Ccp −1.86 Mol −5.29

−2.02 Ccp −1.96 Mol −4.27

−1.50 Ccp −2.65 Sp −1.52

−1.27 Ccp −0.32 Sp −2.03

−1.22 Ccp −1.09 Sp −3.52

−2.86 Ccp −1.15 Sp −2.13

−2.11 Ccp −2.09

−2.40 Ccp −1.85

Mol = molybdenite; Py = pyrite; Pyr = pyrrhotite; Sp = sphalerite.

http://wileyonlinelibrary.com


TABLE 2 Pb isotope compositions of sulphides and quartz porphyry from the Damajianshan deposit [Colour table can be viewed at
wileyonlinelibrary.com]

Sample Mineral 208Pb/204Pb 2σ 207Pb/204Pb 2σ 206Pb/204Pb 2σ

Sulphides

462–6 Ccp 37.661 0.005 15.441 0.002 17.214 0.002

512–8 Ccp 37.679 0.008 15.446 0.003 17.217 0.003

462–7 Apy 37.541 0.005 15.402 0.002 17.203 0.002

512–10 Apy 37.885 0.006 15.459 0.003 17.402 0.002

512–11 Py 38.386 0.004 15.726 0.002 18.171 0.002

726–12 Py 38.343 0.005 15.707 0.002 18.154 0.002

512–16 Mol 38.422 0.004 15.684 0.002 18.245 0.002

462‐kb Sp 38.376 0.005 15.714 0.002 18.164 0.002

Quartz porphyry

512–12 38.814 0.006 15.708 0.002 18.287 0.002

512–14 38.700 0.003 15.692 0.001 18.232 0.002

588–3 38.701 0.005 15.689 0.002 18.231 0.003

726–3 38.448 0.004 15.679 0.002 17.962 0.002

760–1 38.668 0.004 15.696 0.001 18.228 0.002

Note. The age of quartz porphyry is 228.7 ± 3.8 Ma (MSWD = 0.66; will be published elsewhere). λU238 = 0.155125 × 10−9 year‐1,
λU235 = 0.98485 × 10−9 year‐1, λTh232 = 0.049475 × 10−9 year‐1 (Steiger & Jäger, 1977).

FIGURE 4 (a) 207Pb/204Pb versus 206Pb/204Pb diagram and (b) 208Pb/204Pb versus 206Pb/204Pb diagram of sulphides and quartz porphyry from the
Damajianshan tungsten polymetallic deposit. Lead isotope curves for the upper crust, lower crust, orogene, and mantle are from Zartman & Doe,
1981 [Colour figure can be viewed at wileyonlinelibrary.com]
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208Pb/204Pb ratios of quartz porphyry which related to mineralization

vary from 17.962 to 18.287, 15.679 to 15.708, and 38.448

to 38.814, respectively. The Pb isotope ratios of the quartz porphyry

exhibit narrow ranges, but the Pb isotopic data of the sulphide

samples were plotted over a wide range covering the mantle,

orogene, and upper crustal reservoirs. This indicates that the lead

source is multiple. The data present a quite good linear correlation,

which probably indicates the mixing of variable proportions of mantle,

orogenic belt, and upper crust lead, and the lead was derived from

upper crust mainly mixed with a little from the mantle.
4.3 | H–O isotopic compositions

The δ18Ofluid values were calculated from the δ18O values of quartz,

based on the formation temperatures of quartz (220–330°C) deter-

mined on fluid inclusions, using an equation for quartz–water isotopic

equilibrium (Clayton, O'Neil, & Mayeda, 1972). The calculated oxygen
isotope composition of the fluid varies between −5.5‰ and +9.2‰

(Table 3). The analyses of hydrogen isotopic composition, measured

directly on inclusion fluid, gave a relatively narrow spread between

−81.7‰ and −50.2‰. In a plot of δD versus δ18Ofluid (Figure 5), quartz

samples are plotted in the area between the meteoric water line and

the primarymagmaticwater area but near themagmaticwater area. This

may reflect the increasing influence of meteoric water during the evolu-

tion of the ore‐forming fluid (Figure 6).
4.4 | He–Ar isotopic compositions

He and Ar isotopic compositions and concentrations in samples were

given in Table 4 and Figures 7 and 8. All samples show 3He/4He ratios

are between 0.020 and 0.049 Ra (average 0.034, Ra is 3He/4He ratio

in the atmosphere: 1.399 × 10−6, Figures 7 and 8). The 40Ar/36Ar ratios

in all samples range from 562.47–4159.14 (average 2022.34), which is

greater than the air value of 295.5. One disadvantage of the crushing

http://wileyonlinelibrary.com
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FIGURE 5 Hydrogen versus oxygen isotope
diagram showing the compositions of
hydrothermal fluids for W‐bearing quartz
veins from the Damajianshan deposit.
Meteoric water line and primary magmatic
water box are taken from Craig (1961) [Colour
figure can be viewed at wileyonlinelibrary.
com]

FIGURE 6 The relations between temperature, δ18Ofluid values, and
level at the Damajianshan deposit [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Oxygen and hydrogen isotope compositions of quartz from the Damajianshan tungsten polymetallic deposit

Sample T (°C) δ18OMineral (‰) δ18OFluid (‰) δDFluid (‰) Sample T (°C) δ18OMineral (‰) δ18OFluid (‰) δDFluid (‰)

462–1 330 13.3 6.9 −67.9 588–6 300 13.3 5.9 −81.0

462–4 330 11.1 4.7 −75.9 588–32 300 12.8 5.4 −73.0

462–8 330 11.9 5.5 −75.5 628–4 280 12.3 4.2 −73.1

512–4 320 12.6 5.9 −68.0 628–7 280 12.0 3.9 −65.7

512–5 320 11.8 5.1 −71.1 628–10 280 11.6 3.5 −67.7

512–8 320 14.2 7.5 −79.0 726–5 240 9.4 −0.5 −58.3

512–10 320 13.6 6.9 −65.6 726–12 240 9.4 −0.5 −81.7

512–17 320 12.4 5.7 −78.4 760–7 220 10.8 −0.2 −52.5

512–19 320 13.4 6.7 −64.7 976–5 220 10.3 −0.7 −50.2

541–1 300 12.8 6.1 −71.3 1026–3 220 8.6 −2.4 −61.2

541–2 300 10.2 3.5 −64.2 1026–4 220 9.0 −2.0 −60.8

588–1 300 12.4 5.0 −81.0 1026–5 220 5.5 −5.5 −69.3

588–2 300 13.6 5.9 −76.2

Note. Temperatures are based on fluid inclusion microthermometry; δ18O fluid was calculated according to the equation: 1,000lnαquartz‐water =
3.38 × 106/T2–2.9 (Clayton et al., 1972).
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analytical technique is the difficulty to separate different generations of

fluid inclusions in the sample, and the results represent some averaging

of all fluid inclusions crushed (Burnard & Polya, 2004). Cosmogenic He
is produced in the uppermost 1.5 m of the earth's surface (Kurz, 1986).

The research samples used in this study were collected from under-

ground tunnels at different levels, so cosmogenic He as a source of high
3He/4He can be ruled out. Because of the absence of any Li‐bearing

phases in the study area, nucleogenic 3He can also be ignored

(Simmons, Sawkins, & Schlutter, 1987; Stuart et al., 1995). The isotope

fractionation caused by diffusing of He–Ar in the fluid inclusion and

epigenetic superimposed He and Ar can also be ignored (Hu, Burnard,

Turner, & Bi, 1998).
5 | DISCUSSION AND CONCLUSIONS

5.1 | Source of the ore‐forming fluids

Although the δ34S values of individual sulphides cannot indicate their

source, the δ34S value of total S (i.e., ΣS) in the fluids may be diagnostic

(Ohomoto, 1972). In hydrothermal systems, where H2S is the domi-

nant sulphur species in the fluids or the fluid redox state is below the

SO2/H2S boundary, a relation exists as δ34S (sulphide) = δ34S (fluid;

Kelly & Rye, 1979). This means that the δ34S values of sulphide min-

erals approximate those of the hydrothermal fluids. Therefore, these

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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TABLE 4 He and Ar isotopic compositions of inclusion‐trapped fluid in pyrite, chalcopyrite, arsenopyrite, and pyrrhotite from the Damajianshan
tungsten polymetallic deposit

Sample Mineral

3He × 10−13

(cm3 STP/g)

4He × 10−6

(cm3 STP/g)

36Ar × 10−10

(cm3 STP/g)

40Ar × 10−7

(cm3 STP/g) 3He/4He (Ra) 40Ar/36Ar 3He/36Ar (10−3) 40Ar*/4He

512–20 Py 3.1515 4.5992 4.7792 7.3120 0.049 1529.95 0.659 0.128

726–8 Py 1.5480 3.6047 6.1432 6.4462 0.031 1049.33 0.252 0.128

976–2 Py 9.3940 22.8750 9.5473 8.7427 0.030 915.73 0.984 0.026

462–6 Ccp 1.7432 2.7471 0.9567 3.7164 0.046 3884.84 1.822 0.125

512–4 Ccp 1.5940 5.7949 1.4675 6.1036 0.020 4159.14 1.086 0.098

512–7 Ccp 3.3369 6.8779 2.4865 5.3626 0.035 2156.67 1.342 0.067

512–8 Ccp 12.2580 37.0380 12.6780 42.3900 0.024 3343.54 0.967 0.104

512–10 Apy 0.4461 0.9067 5.0106 2.8183 0.035 562.47 0.089 0.148

628–5 Apy 1.3991 2.2936 2.4064 4.6929 0.044 1950.13 0.581 0.174

462‐kb Pyr 0.0861 0.2134 0.6328 0.4250 0.029 671.59 0.136 0.111

FIGURE 7 Plot of 3He/4He (R/Ra) versus 40Ar/36Ar ratios of fluids
inclusions obtained from sulphides of the Damajianshan deposit
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values can be used directly as representative of the sulphur source. In

the DMJS deposit, pyrite, galena, chalcopyrite, arsenopyrite, sphalerite,

pyrrhotite, molybdenite, and bismuthinite are the dominant ore min-

erals, so the δ34S values of sulphides can be considered approximately
FIGURE 8 Plot of 3He/4He (R/Ra) versus 40Ar*/4He ratios of fluids
inclusions obtained from sulphides of the Damajianshan deposit
[Colour figure can be viewed at wileyonlinelibrary.com]
equal to that of the hydrothermal fluids. The δ34S values of the sul-

phides are slightly negative (Table 1 and Figure 3). The bulk of the

δ34S values are restricted to the interval of −6.2‰ to 0‰ (aver-

age − 1.9‰). Traditionally, a δ34S value of about 0‰ is taken as

indicative of a magmatic fluid, so the δ34S values of the DMJS

deposit indicate that the sulphur in the ores was derived from a

magmatic source, and the alumina saturation index (ACNK) of

quartz porphyry related to mineralization is 1.1–2.5 which reflect

that the magma derived from the partial melting of the continental

crust (Table 5).

The δ18O values of W‐bearing quartz veins range from +5.5‰

to +16.6‰. Their δD values vary from −81.7‰ to −50.2‰. The

δ18Ofluid values of the fluid are calculated from the δ18O values of

hydrothermal quartz based on the fluid inclusion temperatures of

190–330°C and the oxygen fractionation equation of Clayton

et al. (1972). The calculated values are between −5.5‰ and

+7.5‰, a range between the magmatic domain and the meteoric

water line (Figure 5). The magnitude of the dispersion in δ18Ofluid

values may be due to mixing of magmatic water and Mesozoic

meteoric water. Hydrogen versus oxygen isotope diagram is shown

in Figure 5. The values of δ18Ofluid show a trend of decreasing from

deep to shallow as the metallogenic temperature decreases and

showing that the proportion of meteoric water increased towards

the shallow (Figure 6). The ore‐forming temperature decreases grad-

ually upward. The δ18Ofluid values of ore‐forming fluids increase and

δ18D values lower from shallow to deep (Zhang, 1985). Figure 5

shows that in the ore‐forming fluids, the hydrogen isotope compo-

sition presents a little change, but the oxygen isotope decreases sig-

nificantly in the DMJS deposit. These may be caused by the mixing

of the local meteoric water.

The isotopic composition of the noble gases can be used as an

ideal tracer for the crust and mantle contributions to the ore‐

forming processes (Stuart et al., 1995; Turner et al., 1993). Noble

gases in inclusion‐trapped fluids have three potential sources, nota-

bly air‐saturated water, mantle‐derived fluids, and crust‐derived

fluids (Burnard, Hu, Turner, & Bi, 1999; Stuart et al., 1995; Turner

et al., 1993). The amount of helium in the atmosphere is too low

to exert a significant influence on the He abundances and isotopic

compositions of most crustal fluids (Marty, Jambon, & Sano, 1989;

Stuart et al., 1994). Helium in the ore‐forming fluids of the deposit

http://wileyonlinelibrary.com


TABLE 5 Part data of the major (wt%) and trace elements (×10−6) analyses of the Damajianshan quartz porphyry [Colour table can be viewed at
wileyonlinelibrary.com]

Sample Lithology N K2O Na2O CaO Al2O3 SiO2 Y Yb Rb Nb Ta A/CNK

512 Porphyry 3 4.57 1.91 0.8 12.57 74.28 18.67 2.27 352.33 17.07 2.20 1.31

588 Porphyry 2 8.53 1.08 0.28 12.19 74.88 22.70 2.36 342.50 15.80 2.01 1.05

726 Porphyry 3 8.82 1.03 0.34 12.46 74.92 16.43 1.69 242.83 15.07 1.75 1.04

760 Porphyry 1 6.25 2.35 0.50 12.98 74.57 15.50 1.48 325.00 19.70 1.95 1.12

803 Porphyry 1 6.88 1.32 0.22 11.79 76.55 12.60 1.23 377.00 14.00 1.56 1.17

976 Porphyry 1 5.82 0.15 0.02 12.97 74.02 21.30 2.29 470.00 18.50 2.32 1.96

1026 Porphyry 1 7.58 1.50 0.09 13.14 75.65 13.30 1.50 368.00 16.50 1.77 1.21

Note. The data are the average value. N = number of the samples.
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could have only two possible sources: mantle and crust. In this

study, the results show a 3He/4He ratio of 0.020 to 0.049 R/Ra,

which fall within the range of continental crust (0.01–0.05 R/Ra)

but are significantly lower than those of air‐saturated water (1 R/

Ra) and the normal mantle (6–9 R/Ra). The R/Ra values suggest

that crustal fluids played an important rule during the mineralization

of the DMJS deposit (Figures 7 and 8). The measured 40Ar/36Ar

values of fluid inclusions obtained from sulphides of the DMJS

deposit range from 562.47 to 4,159.14. Compared with low atmo-

spheric values (295.5), the higher 40Ar/36Ar values indicate a signif-

icantly higher concentration of 40Ar* (radiogenic 40Ar) of mantle or

crustal sources. Most 40Ar*/4He values are between 0.026 and

0.174, the average 40Ar*/4He value of 10 samples is 0.111

(Table 5) and are all lower than the crustal 40Ar*/4He production

ratio of 0.2. The 40Ar*/4He versus R/Ra plot (Figure 8) shows the

data points distributed in the area of crustal fluid. The variations

of 3He/4He ratios change slightly. These features indicate that the
FIGURE 9 Sketch map of the metallogenic
model of the Damajianshan tungsten
polymetallic deposit [Colour figure can be
viewed at wileyonlinelibrary.com]
ore‐forming fluid may be mainly derived from crustal fluid mixed

with some amounts of air‐saturated water, but there was no consid-

erable involvement of mantle‐derived fluid.
5.2 | Source of the ore metals

Pb isotopes are useful in assessing the source of ore metals, providing

important information about the nature of Pb reservoir(s) and defining

a geotectonic environment for the ore deposits (Ballentine, Burgess, &

Marty, 2002; Wang et al., 2015). The Pb isotopic composition of sul-

phides from the DMJS deposit span a wide range, suggesting a multiple

source. On the 207Pb/204Pb–206Pb/204Pb and 208Pb/204Pb–
206Pb/204Pb diagrams (Figure 4), all of the sulphides are distributed in

the domain between the upper crust and the mantle curve and present

a quite good linear correlation, which probably indicates mixing of var-

iable proportions of mantle, orogenic belt, and upper crust lead. The

http://wileyonlinelibrary.com
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ore‐forming metals of the DMJS deposit might derive from the upper

crust mainly mixed with a little from the mantle.

5.3 | Metallogenic model for the DMJS deposit

An integrated isotopic study of the DMJS deposit allow us to draw the

following conclusions: (a) The δ34S values of the hydrothermal sulphides

indicate that the sulphur in the ore‐forming fluids of the DMJS deposit

was of a magmatic source and was primarily derived from the porphyry

magma; (b) the δD and δ18Ofluid values of ore‐forming fluid indicate that

the fluids responsible for the tungsten polymetallic mineralization were

derived from amagmatic source andwere mixedwith a small amount of

meteoric water after the main‐ore stage; (c) He and Ar isotope compo-

sitions of the inclusions in sulphides from the DMJS deposit suggest

that the ore‐forming fluids in the main‐ore stage are mainly crust‐

derived; (d) Combining all the H–O, He–Ar, and S isotope data from

the DMJS deposit, we can confirm that the ore‐forming fluids in the

main‐ore stage is primary from crust‐derived porphyry magma and

was mixed with a small amount of meteoric water after the main‐ore

stage; (e) the Pb isotopic compositions of sulphideminerals indicate that

the ore‐forming metals of the DMJS deposit were mainly derived from

the deep crust and probably with a minor input of mantle materials.

Based on the above‐mentioned discussions, the formation process

of the DMJS deposit might be described as follows: The magmatic

water rich in volatiles and ore‐forming elements from the crystalliza-

tion differentiation of granitic magma was mixed with a small amount

of air‐saturated water, which infiltrated through a large number of

faults and fissures in the mining area. After that, the mixed fluids were

heated and extracted metal elements from the wall rock in processes

of deep circulation and then migrated upward. Once the physicochem-

ical conditions changed, ore metals precipitated and mineralized at

favourable tectonic positions. In the spatial distribution, from the

quartz porphyry to outside and shallow, the ore bodies output W,

Cu–As, and Pb–Zn, respectively (Figure 9). The regularity of ore bodies

distribution have a well spatiality.
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