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The Xitian tungsten–tin (W–Sn) polymetallic deposit, located in eastern Hunan Province, South China, is a re-
cently explored region containing one of the largest W–Sn deposits in the NanlingW–Snmetallogenic province.
Themineral zones in this deposit comprise skarn, greisen, structurally altered rock and quartz-vein types. The de-
posit ismainly hosted byDevonian dolomitic limestone at the contactwith the Xitian granite complex. The Xitian
granite complex consists of Indosinian (Late Triassic, 230–215 Ma) and Yanshanian (Late Jurassic–Early Creta-
ceous, 165–141 Ma) granites. Zircons from two samples of the Xitian granite dated using laser ablation-
inductively coupled mass spectrometer (LA-ICPMS) U–Pb analysis yielded two ages of 225.6±1.3 Ma and
151.8±1.4Ma, representing the emplacement ages of two episodic intrusions of the Xitian granite complex.Mo-
lybdenites separated from ore-bearing quartz-veins yielded a Re–Os isochron age of 149.7±0.9 Ma, in excellent
agreement with a weighted mean age of 150.3±0.5 Ma. Two samples of muscovites from ore-bearing greisens
yielded 40Ar/39Ar plateau ages of 149.5±1.5 Ma and 149.4±1.5 Ma, respectively. These isotopic ages obtained
from hydrothermal minerals are slightly younger than the zircon U–Pb age of 151.8±1.4 Ma of the Yanshanian
granite in the Xitian area, indicating that the W–Sn mineralization is genetically related to the Late Jurassic
magmatism. The Xitian deposit is a good example of the Early Yanshanian regional W–Sn ore-forming event
(160–150 Ma) in the Nanling region. The relatively high Re contents (8.7 to 44.0 ppm, average of 30.5 ppm) in
molybdenites suggest a mixture of mantle and crustal sources in the genesis of the ore-forming fluids and
melts. Based upon previous geochemical studies of Early Yanshanian granite and regional geology, we argue
that the Xitian W–Sn polymetallic deposit can be attributed to back-arc lithosphere extension in the region,
which was probably triggered by the break-off of the flat-slab of the Palae-Pacific plate beneath the lithosphere.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

China ranks first in the world in terms of tungsten resources and re-
serves, and has some of the largest tungsten deposits. According to the
mineral commodity summaries of the United States Geological Survey
(USGS, 2016), China has more than 57% tungsten reserves of the
world, and yieldedmore than 81% of the world’s total tungsten produc-
tion in 2015. The Nanling region in the central part of South China
accounts for more than 92% of the Chinese tungsten resource; thus it
is the most important Tungsten–Tin (W–Sn) polymetallic province,
chemistry, Chinese Academy of
.

and it has a close spatial relationship with the Yanshanian granites
(Hsü, 1943; Lu, 1986; Mao et al., 2013a, 2013b). Several large-scale
W–Sn polymetallic deposits are distributed within the Nanling region,
such as the Shizhuyuan, Furong, Yaogangxian, Xihuashan, and
Pangushan deposits (Fig. 1). The Shizhuyuan deposit is the largest
among the economically important skarn-, greisen- or vein-type W–
Sn polymetallic deposits in South China (Mao and Li, 1995; Mao et al.,
1995, 1996a, 1996b; Zaw et al., 2007; Yin et al., 2002). It mainly occurs
at the contact between the Late Devonian dolomitic limestone and the
Late Jurassic (Yanshanian) granitoid, with 750, 000 t WO3, 490, 000 t
Sn, 300, 000 t Bi, 130, 000 tMo and 200, 000 t Be (Lu et al., 2003).Mining
activities have been carried out in the Nanling region for several tens of
years, but there remains an untouched reserve of 1.7 million tons of
tungsten and 1.2 million tons of tin (Che et al., 2005; Peng et al., 2006;
Zaw et al., 2007; USGS, 2016).
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Fig. 1. Sketchmap of tungsten and tin deposits in the Nanling region, South China. Modified after Mao et al. (2007) and Zhou et al. (2006). TB–Tarim block; CAB– Cathaysian Block; NCB–
North China Block; SCB–South China Block; YZB–Yangtze Block; ZGS–Zhuguangshan.
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The Xitian W–Sn polymetallic deposit in eastern Hunan Province is
one of the largest newly-discovered deposits during the latest phase of
exploration (1999–2011) in the Nanling region, an area with a great po-
tential for W and Sn resources (Wu et al., 2004; Fu et al., 2009, 2012)
(Fig. 2). It has four types of mineralization; these are skarn-type hosted
at the contact zone between the Yanshanian granite pluton and theDevo-
nian dolomitic limestone, and greisen- and vein-types, aswell as structur-
ally altered rockswithin or near the Yanshanian granite. The deposit has a
Sn reserve of 586,000 tonnes with a grade of 0.26–0.36% and aW reserve
of 46,300 tonnes with a WO3 grade of 0.28–0.63% (Mao et al., 2013a). In
addition, Pb, Zn, Mo, Nb and Ta are the by-products from the mineraliza-
tion (Wu et al., 2004; Luo et al., 2005).

Numerous field investigations, together with geochemical, geochro-
nological, and isotopic studies have been sporadically carried out in the
area of the Xitian deposit since 1999 and reported in the Chinese litera-
ture (Luo et al., 2005;Ma et al., 2005; Zeng et al., 2005; Cai and Jia, 2006;
Xu et al., 2006; Chen et al., 2013; Zhou et al., 2013; Niu et al., 2015; Deng
et al., 2015). Various geochronologic techniques have been adopted in
the studies, including the K–Ar, Rb–Sr, Sm–Nd isochrons, and LA-
ICPMS, SHRIMP, and SIMS zircon U–Pb. However, the lack of systematic
application ofmodern techniques has resulted in a limited consensus on
the exact timing of the granitic intrusion, although it has been tentative-
ly dated between 175-161 Ma by regional petrographic correlation
(HNBGMR, 1988). The intrusion has been subdivided into two stages,
233–227 Ma and 155–150 Ma (Ma et al., 2005; Niu et al., 2015; Su et al.,
2015), and three stages, at ~230 Ma or Indosinian, at ~155 Ma or Early
Yanshanian, and ~114 Ma (Whole rock Rb-Sr dating) or Late Yanshanian
(Chen et al., 2014; Fu et al., 2009). How the Xitian deposit relates to these
stages is amatter of debate. A combination ofmolybdenite Re–Os,musco-
vite Ar–Ar, and fluid inclusion Rb–Sr dating (Liu et al., 2008a, 2008b; Fu
et al., 2009, 2012; Wu et al., 2012; Wang et al., 2015) has yielded an age
of 157–150 Ma or Late Jurassic for the deposit. However, Niu et al.
(2015) argued the presence of another mineralization in 227–233 Ma,
and Deng et al. (2015) even obtained a molybdenite Re–Os age of
225.5±3.6 Ma. It is therefore necessary to undertake a systematic study
to date the deposit and the adjacent granite to resolve this conundrum.
This paper aims to accurately date the Xitian W–Sn deposit and the
associated granites. Zircon U–Pb, molybdenite Re–Os and muscovite
Ar–Ar isotopic dating, together with field, petrographic and geochemi-
cal studies, have rigorously been carried out in these years. These data
confirm the two stages of the Xitian granitic intrusion and, what is
more, the temporal relationship between the deposit and the Early
Yanshanian magmatism. This is helpful in better understanding the
W–Snmineralization of the Nanling region. The new data are combined
with recently published geochronology of other W–Sn deposits in the
Nanling region to accurately and precisely constrain the timing of min-
eralization and to identify the geodynamic processes that contraolled
the metallogenesis.

2. Regional geology

The South China Block (SCB) is composed of the Yangtze Block (YZB)
to the west and the Cathaysian Block (CAB) to the east (Fig. 1a), which
amalgamated during the Neoproterozoic Sibao (also called “Jiangnan”
or “Jinning”) orogeny (Chen and Jahn, 1998; Li, 1998a, 1998b; Zhao
et al., 2011). The YZB comprises Neo-Archean metamorphosed base-
ment, sporadically exposed in Yunnan, Guizhou, and Hubei provinces
(Gao et al., 1999; Qiu et al., 2000; Charvet, 2013). The CAB is composed
of Proterozoic basement, Sinian to Triassic sedimentary cover (Li et al.,
1997, 2012; Chen and Jahn, 1998; Yu et al., 2009), and Mesozoic
granitoid intrusions and volcanic rocks with a total area of ~220,000
km2, characterized by extensive metallic mineralization (Zhou et al.,
2006). The Nanling region, geologically located in the northwestern
part of the CAB, is an important W–Sn–Mo–Bi–Pb–Zn–U metallogenic
belt where the Xitian W-Sn polymetallic deposit is in the north (Fig.
1b). It comprises two Caledonian units, the southern Hunan–eastern
Guangxi–northern Guangdong depression in thewest and the southern
Hunan–southern Jiangxi–Guangdong uplift in the east.

LateMesozoic (Jurassic or Early Yanshanian) granites are distributed
throughout much of the Nanling region, whereas Early Mesozoic
(Indosinian) granitoid intrusions are located mainly in the region of
the Zhuguangshan mountains (Fig. 1) (Li, 2000; Wang et al., 2003a,



Fig. 2. Schematic geological map of the Xitian W–Sn deposit. Modified after Wu et al. (2004). Age data from Chen et al. (2013); Fu et al. (2012) and Liu et al. (2008a).
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2003b, 2007; Zhou et al., 2006; Li and Li, 2007; Niu et al., 2015). Nearly
all of the polymetallic tungsten and tin deposits in South China are asso-
ciated with Late Mesozoic granites, and are located at the endo- and
exo-contacts of granitic intrusions (Mao and Li, 1995; Mao et al., 1995,
1996a, 1996b; Zaw et al., 2007; Yin et al., 2002; Wang et al., 2008;
Guo et al., 2011, 2014). The Yanshanian plutons consist predominantly
of seriate or porphyritic monzogranites, composed of quartz (25–30%),
K-feldspar and plagioclase (25–45%) with a K-feldspar/plagioclase
ratio of N1, and minor biotite (Fu et al., 2004a, 2004b; Li et al., 2004;
Zhu et al., 2005; Zhang et al., 2006; Wei et al., 2007; Yao et al., 2007;
Yang et al., 2009a, 2009b; Guo et al., 2011; Zhou et al., 2015). Accessory
minerals comprise tantalite, ilmenite, wolframite, cassiterite,
molybdenite, apatite, titanite, magnetite, zircon and fluorite. The geo-
chemical features of the granites are SiO2 N65%,with an alkaline content
of N8%, K2ONNa2O, and A/CNKN1.1, thus indicative of calcalkaline gran-
ites (Luo et al., 2005; Li et al., 2007b, 2007c, 2007d, 2007e; Guo et al.,
2011).

The Early Yanshanian granitoids consist mainly of slightly
peraluminous biotite monzogranites and K-feldspar granites, which
are closely associated in time and space with subordinate amphibole-
bearing granites, and muscovite- and garnet-bearing granites (Li et al.,
2007b). Biotite-bearing monzogranites are previously considered as
crustal transformation-type or S-type granites originated from regional
Paleoproterozoic meta-sedimentary rocks that occur in the region
(RGNTD, 1985; Li, 1991; Li et al., 2007b). However, some of them are re-
cently classified as fractionationed I-type granites or A-type granites
(Zhou and Li, 2000; Ma et al., 2004; Fu et al., 2004a; Bai et al., 2005;
Jiang et al., 2005, 2006, 2009, 2011; Li et al., 2007e, 2014a; Huang
et al., 2011; Zhou et al., 2013). All these rocks constitutemelts generated
in an anorogenic, intraplate environment where regional lithospheric
extension occurred in the Early Yanshanian (Li et al., 2007b; Jiang
et al., 2009, 2011; Zhou et al., 2013).

TheW–Sn mineralization in the region consists of four major types:
greisen-, skarn-, quartz vein- and structurally altered rock-types. These
types are present either in all in most deposits, or individually in some
deposits, for example, the Dengfuxian and Xihuashan quartz vein-type
deposits (Cai et al., 2012; Wang et al., 2011a; Hu et al., 2012b). Besides,
minor types include stratiform cassiterite+sulfide-, altered granite-,
and stockwork-types (Feng et al., 2011; Niu et al., 2015). All of these
types are spatially associated with widespread Late Jurassic granitic in-
trusions, as they frequently occur at the contacts between the intrusions
and sedimentary strata, and are hosted by Devonian to Permian sedi-
mentary rocks and/or granites. Field observations seem to reveal a near-
ly similar age for the deposits and the associated granites (e.g.Mao et al.,
2004a, 2004b, 2013a, 2013b; Guo et al., 2011, 2014; Wang et al., 2011a,
2011b; Hu et al., 2012a, 2012b; Li et al., 2014b).

3. Geology of the Xitian deposit

The XitianW–Sn polymetallic deposit is located within the Chaling–
Chenzhou deep fault, a major regional-scale structure, whose activity is
presumably related to the formation of the deposits (Wang et al., 2003a;
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Wu et al., 2004) (Fig. 1b). It is an S–N-trending extensional granite
dome, surrounded by Paleozoic sedimentary rocks that were deformed
into a series of NE-trending folds and NE- or NEE-trending strike-slip
faults (Wu et al., 2012). These folds with a steeply NE-dipping axial
plane formed during the Indosinian orogeny (HNBGMR, 1988; Fig. 2).
They include the Shaiheling and Heshuxia synclines at the eastern side
of the dome, and the Longshang syncline at the western side. Faults ter-
minate at or cut across the contact, seem to control theW–Sn ore bodies
of the deposit.

Surrounding the magmatic dome are Ordovician, Devonian and Car-
boniferous sedimentary rocks (Fig. 2). TheOrdovician strata in the south
comprise neritic facies sandstones and siltstones, and are overlain un-
conformably by theDevonian strata. TheDevonian strata are subdivided
into two formations, the Middle Devonian Qiziqiao Formation and the
Upper Devonian Xikuangshan Formation (HNBGMR, 1988). Both con-
sist of impure carbonate rocks, with an appreciable amount of clay,
which have a high content ofW and Sn with respect to the correspond-
ing Clarke values (Wu et al., 2004). In the folds comprising these strata,
axial cleavages and secondary fractures are so densely developed that
they might have provided channels for ore-forming fluids.

The type ofmineralization in skarn seems to varywith the formation
at the contact. For example, W-Sn mineralization tends to occur in the
Qiziqiao Formation, and Sn mineralization in the Xikuangshan Forma-
tion (Wu et al., 2004; Luo et al., 2005).

The Xitian granite complex, with an area of ca. 240 km2 and in an
N–S-trending dumbbell shape, makes up the majority of the dome.
As mentioned above, it comprises two distinctive phases of granitic
intrusion: Indosinian and Early Yanshanian. The Indosinian granites
cover 60% area of the granite complex, in the form of batholith and
stocks, and are mainly composed of grayish-white, coarse- to
medium-grained porphyritic biotite monzogranite and K-feldspar
Fig. 3. Hand specimens and microscopic images of the granitoids from the Xitian deposit. (
porphyritic biotite granite. Bt–Biotite; Kfs– K-feldspar; Pl–plagioclase; Qtz–Quartz.
granite (Ma et al., 2004; Fu et al., 2009; Niu et al., 2015). They have
a porphyritic and coarse-grained granitic texture, where unequal
crystals are frequently aligned around the contact to make up flow
foliation (Ni et al., 2014). They have 10–15% K-feldspar phenocrysts
embedded in the matrix of 24–36% quartz, 23–40% K-feldspar,
25–45% plagioclase, and 3–10% biotite (Fu et al., 2009) (Fig. 3a-b).
Accessory minerals include magnetite, ilmenite, tourmaline, apatite
and zircon. Dark mafic microgranular enclaves are very common.
The measured ages of the granites have a range of 233 Ma to
215 Ma (Ma et al., 2005; Fu et al., 2009; Chen et al., 2013; Yao et al.,
2013; Niu et al., 2015).

The Early Yanshanian granites consist of grayish white, fine- and
medium-grained porphyritic biotite monzogranite and hornblende-
bearing biotite granite, in the form of stocks, apophyses and bosses.
They are fine-grained, with or without porphyritic texture. They are
composed of 28–30% quartz, 28–38% K-feldspar, 25–30% plagioclase,
5–12% biotite and minor muscovite (Fu et al., 2009; Zhou et al., 2013,
2015; Fig. 3c-d). Accessory minerals are magnetite, tourmaline, topaz,
apatite and zircon. These granites have a smaller size and a smaller con-
tent of phenocrysts and a greater content of quartz, muscovite and fluo-
rite than the Indosinian granites. They have previously been dated as
165–147 Ma (Liu et al., 2008a; Fu et al., 2012; Chen et al., 2013; Yao
et al., 2013; Zhou et al., 2013, 2015).

In the Xitian deposit, more than 100 W–Sn polymetallic ore bod-
ies are divided into four major types of W–Sn mineralization: skarn-,
greisen-, quartz vein- and structurally altered rock-types (Fig. 2).
Skarns are present only in the Longshang, Shaiheling and Heshuxia
mining districts, and occur in the endo- and exo-contact zones be-
tween the Devonian limestone and the Xitian Yanshanian granite
pluton (Wu et al., 2004, 2012; Fu et al., 2009). The majority of
them have an N–S, NE or NEE trend and a W, SE or SSE dip direction,
a, b): the coarse-grained porphyritic biotite K-feldspar granite; (c, d): the fine-grained
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and are hosted by Devonian sedimentary rocks. They are 400–4,500
m in length and 4.2 m in average vertical thickness, with an average
ore grade of 0.27% WO3 and 0.43% Sn (Wu et al., 2012). Ore minerals
include cassiterite, scheelite, chalcopyrite and pyrite, with a minor
amount of christophite, magnetite and pyrrhotite. Gangue minerals
are diopside, epidote, quartz, feldspar, calcite, and so forth.

Greisen-type ore bodies are present in the Heshuxia, Tongmushan,
Dagoulan and Hualiquan mining districts (Wu et al., 2012; Fig. 2).
Most of them trend toward ENE or NW, and dip toward SSE or NE.
They are hosted by Early Yanshanian granites. They are 100–1,000 m
in length and 0.5 –3.0 m in width, with an ore grade of 0.16–3.35 %
Sn and 0.17–2.08 % WO3 (Wu et al., 2012). Ore minerals are
sphalerite, pyrite, cassiterite, scheelite, wolframite, molybdenite,
bismuthinite and chalcopyrite. Gangue minerals are quartz, musco-
vite and minor topaz.

Structurally altered rock–type ore bodies are strictly controlled
by the fracture zones in the Xitian granites and/or the Devonian
sandstone. They cut across the skarn- and greisen-type ore bodies
(Fu et al., 2012; Wu et al., 2012), indicating a younger age for them.
Most of them have an NE or E–W trend and an SE or S dip direction.
They are 500–2,700 m in length and 0.8–10.0 m in width, with an
average ore grade of 0.27% Sn and 0.44% WO3 (Luo et al., 2005; Liu
et al., 2008a; Fu et al., 2012; Wu et al., 2012). Ore minerals consist
of sphalerite, galena and pyrite with minor amounts of cassiterite
and arsenopyrite. Gangue minerals comprise feldspar, quartz and
chlorite (Yang et al., 2007).

Quartz vein–type ore bodies exist in the Hualiquan, Goudalan and
Tongmushan mining districts, and are controlled by joints. They are
generally 0.5 m wide and no more than 1 m in width (Wu et al.,
2012). Ore minerals are wolframite, sphalerite, pyrite, arsenopyrite,
molybdenite and chalcopyrite. Gangue minerals are quartz, feldspar,
muscovite and minor topaz (Fu et al., 2012).
Fig. 4. Section number 14B showing the geology based on surface geology and
4. Sampling and analytical procedures

4.1. Zircon U–Pb dating

Two samples were chosen for U-Pb dating. The sample from drill
core ZK50901-1 is a coarse-grained porphyritic biotite K-feldspar gran-
ite (Fig. 3a) and the sample fromZK14B04-2 is a fine-grained porphyrit-
ic biotite granite (Fig. 3c). The first sample was collected at a depth of
250-253 m in the Shaiheling mining district (Fig. 2), and the second
sample at a depth of 198-200 m in the Longshang mining district
(Figs. 2 and 4).

Zircons were separated by conventional heavy liquid and magnetic
methods, and then handpicked under a binocular microscope. The sep-
arated grains were mounted in epoxy resin and polished to get a cross-
section for exposing the central feature of the zircons. Reflected and
transmitted light photomicrographs and cathodoluminescence (CL) im-
ages (Fig. 5) were taken to determine the internal structures of the zir-
con grains. U–Pb dating and trace element analyses were carried out at
the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences, using a LA-ICPMS
equipped with a Resonetics Resolution M-50 (193 nm ArF excimer)
laser system. Samplemountswere placed in a specially designed double
volume sample cell flushedwith Ar and He. Laser ablationwas conduct-
ed at a constant energy (between80 and 81mJ cm–3) at 10Hz. The anal-
ysis spots were 31 μm in diameter. The ablated material was carried by
He–Ar gas via a custom-made Squid system to homogenize the signal to
the ICPMS (Liang et al., 2009). Raw data were processed using a time-
drift correction and quantitative calibration and U–Pb dating were
established using an in-house program ICPMSDataCal (Liu et al.,
2010). External standard glass NIST SRM 610 (Pearce et al., 1997; Gao
et al., 2002) and standard zircon Temora (Black et al., 2003) were
used for external calibration. 29Si was used as the internal standard. A
drilling of the Xitian deposit. The location of sample ZK14B04-2 is shown.



Fig. 5. Cathodoluminescence (CL) images showing internal features of zircons from the coarse-grained porphyritic K-feldspar granite (ZK50901-1, a) and the fine-grained porphyritic
biotite granite (ZK14B04-2, b).
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common Pb correction and ages of the samples were carried out using
the EXEL program of ComPbCorr#3-17 (Andersen, 2002). Concordia di-
agrams and weighted mean calculations were made using the ISOPLOT
program (version 3.0; Ludwig, 2003).

4.2. Molybdenite Re–Os dating

Five samples of molybdenite were collected for Re–Os dating from
wolframite -bearing quartz veins in the Xitian deposit (Fig. 2). The
ore-bearing quartz veins consist of quartz, wolframite, molybdenite
and muscovite; and the molybdenite displays a flake-like texture
along the margins of the veins. The samples were crushed in an agate
mortar, and thenmolybdenite grains for Re–Os datingwere handpicked
under binocular microscope to remove the impurities (purity N99%).
The Re–Os isotope analysiswas performed using an inductively coupled
plasma mass spectrometer (ICPMS) in the State Key Laboratory of Iso-
tope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, China. The Carius tubesmethodwas used to digest
samples (Shirey andWalker, 1995), andRe andOswere separatedusing
the distillation technique described in Du et al. (2004). Details of the
chemical procedure were described by Sun et al. (2001, 2010).

The average blanks for Re and Os are 2.8 pg and 0.7 pg, respectively.
These blanks have negligible effect on the measured Re and Os abun-
dances. The analytical reliability was tested by repeated analyses of
the molybdenite standard HLP-5, which is a carbonate rock vein–type
molybdenum–lead deposit in the Jinduicheng–Huanglongpu area of
Shanxi Province, China (Sun et al., 2001, 2010). The uncertainty in
each individual age determinationwas about 0.35% including the uncer-
tainty of the decay constant of 187Re, uncertainty in isotope ratio mea-
surement, and spike calibrations. The average Re–Os age for HLP-5 is
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221.3±0.3 Mawith confidence limit of 95% (Stein et al., 1997). Median
age and mean absolute deviation were 221.34±0.12 Ma. The average
Re concentration was 283.71±1.54 ppb. The average Os concentration
was 657.95±4.74ppb.Molybdenitemodel ageswere calculated using a
187Re decay constant of 1.666×10-11 per year (Smoliar et al., 1996),
following the equation t=[ln (1+187Os/187Re)]/λ, where λ is the
decay constant of 187Re.
4.3. Muscovite 40Ar–39Ar dating

Two samples of greisens or greisenized granites were collected
(Fig. 2), from which muscovite was seperated. The separates were
then washed repeatedly in an ultrasonic bath using deionized water
and acetone. About 10 mg aliquots were wrapped in Al foil and stacked
in quartz vials. After samples had been stacked, the sealed quartz vials
were put in a quartz canister, which was wrapped with cadmium foil
(0.5 mm in thickness) to act as a slow neutron shield thereby
preventing interface reactions during irradiation. Samples were irradi-
ated for 48 hours in channel B4 of Beijing 49-2 reactor at the Chinese
Academy of Nuclear Energy Sciences. During irradiation, the vials
were rotated at a speed of two cycles per minute to ensure uniformity
of the irradiation. The biotite standard ZBH-2506 (132.5 Ma) was used
to monitor the neutron flux. 40Ar/39Ar stepwise heating analyses were
performed at the Argon Laboratory of the State Key Laboratory of Iso-
tope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, using a GVI5400 mass spectrometer equipped
Table 1
Zircon U–Pb dating results of granite in the Xitian W–Sn deposit.

Analysed spot Concentration Th/U Isotopic ratios and 1σ errors

232Th 238U 207Pb/206Pb 1σ 207Pb/235U 1σ

ZK50901-1 coarse-grained porphyritic biotite K-feldspar granite
ZK50901-1-01 754 1288 0.59 0.05638 0.00174 0.28051 0.00864
ZK50901-1-02 428 2941 0.15 0.05528 0.00231 0.26690 0.01246
ZK50901-1-03 611 1726 0.35 0.05515 0.00184 0.27305 0.00926
ZK50901-1-04 1330 2866 0.46 0.05495 0.00158 0.27428 0.00788
ZK50901-1-05 619 2199 0.28 0.05461 0.00175 0.27482 0.00876
ZK50901-1-06 2833 3941 0.72 0.05374 0.00167 0.26638 0.00813
ZK50901-1-07 547 1184 0.46 0.05474 0.00219 0.27187 0.01129
ZK50901-1-08 717 390 1.84 0.05506 0.00243 0.27219 0.01197
ZK50901-1-09 658 447 1.47 0.05352 0.00237 0.26718 0.01197
ZK50901-1-11 483 1966 0.25 0.05263 0.00156 0.26259 0.00800
ZK50901-1-12 1840 1793 1.03 0.05078 0.00155 0.25488 0.00827
ZK50901-1-13 505 2122 0.24 0.05193 0.00170 0.25456 0.00824
ZK50901-1-14 720 846 0.85 0.05128 0.00205 0.25799 0.01068
ZK50901-1-15 4286 2726 1.57 0.05015 0.00203 0.25368 0.00990
ZK50901-1-16 514 1565 0.33 0.04849 0.00164 0.24275 0.00808
ZK50901-1-17 284 1631 0.17 0.04841 0.00166 0.24578 0.00883
ZK50901-1-18 923 810 1.14 0.05105 0.00213 0.25523 0.01082
ZK50901-1-19 1088 5303 0.21 0.04971 0.00162 0.24496 0.00773
ZK50901-1-20 103 939 0.11 0.04981 0.00208 0.24837 0.01023

ZK14B04-2 fine-grained porphyritic biotite granite
ZK14B04-2-1 303 658 0.46 0.04772 0.00287 0.15503 0.00972
ZK14B04-2-2 480 875 0.55 0.04667 0.00234 0.15152 0.00778
ZK14B04-2-3 287 566 0.51 0.04654 0.00467 0.15875 0.01825
ZK14B04-2-4 345 1273 0.27 0.04753 0.00267 0.15485 0.00853
ZK14B04-2-5 383 837 0.46 0.04614 0.00362 0.15632 0.01199
ZK14B04-2-6 325 713 0.46 0.04728 0.00366 0.15518 0.01164
ZK14B04-2-7 155 291 0.53 0.04671 0.00523 0.15917 0.01872
ZK14B04-2-8 175 335 0.52 0.04822 0.00354 0.16105 0.01244
ZK14B04-2-9 363 716 0.51 0.05149 0.00361 0.17376 0.01231
ZK14B04-2-10 208 378 0.55 0.05238 0.00496 0.17396 0.01546
ZK14B04-2-11 192 255 0.75 0.05219 0.00585 0.16662 0.01816
ZK14B04-2-12 387 483 0.80 0.05100 0.00393 0.16609 0.01271
ZK14B04-2-13 143 205 0.70 0.04751 0.00653 0.15368 0.02354
ZK14B04-2-14 236 509 0.46 0.04981 0.00348 0.16461 0.01205
ZK14B04-2-15 97 180 0.54 0.05010 0.00605 0.15577 0.01791
ZK14B04-2-16 237 747 0.32 0.04605 0.00298 0.15569 0.01191
ZK14B04-2-17 91 162 0.56 0.05056 0.00888 0.15604 0.02472
with a Faraday cup and an ion counter (multiplier) for Ar isotopesmea-
surement. The irradiated samples were loaded into a sample holder and
degassed at 200–250°C for about 72 hours in a high vacuum system. The
samples were analyzed in 16 temperature steps from 780°C to total fu-
sion at 1480–1500°C. Step-heating analysis was carried out in a double-
vacuum resistance furnace. Samples were heated at each temperature
step for 10 min and the extracted gasses purified using two SAES Zr–
Al getters (NP10). K2SO4 and CaF2 crystals were analyzed to calculate
Ca, K correction factors: (39Ar/37Ar)Ca= 8.984×10–4, (36Ar/37Ar)Ca=
2.673×10–4, (40Ar/39Ar)K= 5.97×10–3. The data–processing software
we usedwas the ArArCALC 2.4 software by Koppers (2002). The plateau
criteria involves: (1) at least 60% of the 39Ar released in three or more
contiguous steps, and the ages of these steps have to be concordant
within 1 sigma error; (2) no resolvable slope on the plateau; (3) no out-
liers or trends at the upper or lower steps; and (4) probability of fit of
the plateau is N0.01.
5. Results

5.1. Zircon U–Pb ages

Zircon CL images of the Xitian granite are displayed in Fig. 5. In the
images, most of the zircons are transparent, euhedral and prismatic,
and have an oscillatory zoning or linear zoning, diagnostic of
magmatic origin (Corfu et al., 2003). They are generally colorless or
light brown and 80–270 μm long, with a length/width ratio of 1.1–2.6.
Corrected ages and ±1σ errors (Ma)

206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ

0.03601 0.00046 477.8 100.9 251.1 6.9 228.1 2.8
0.03488 0.00058 433.4 97.2 240.2 10.0 221.0 3.6
0.03563 0.00044 416.7 78.7 245.1 7.4 225.7 2.7
0.03562 0.00035 409.3 64.8 246.1 6.3 225.6 2.2
0.03565 0.00055 394.5 70.4 246.5 7.0 225.8 3.4
0.03527 0.00042 361.2 70.4 239.8 6.5 223.5 2.6
0.03576 0.00058 466.7 88.9 244.2 9.0 226.5 3.6
0.03568 0.00046 413.0 93.5 244.4 9.6 226.0 2.9
0.03583 0.00050 350.1 100.0 240.4 9.6 226.9 3.1
0.03556 0.00040 322.3 73.1 236.8 6.4 225.2 2.5
0.03565 0.00053 231.6 67.6 230.5 6.7 225.8 3.3
0.03539 0.00057 283.4 74.1 230.3 6.7 224.2 3.6
0.03587 0.00054 253.8 88.0 233.0 8.6 227.2 3.4
0.03564 0.00048 211.2 97.2 229.6 8.0 225.7 3.0
0.03542 0.00048 124.2 84.2 220.7 6.6 224.4 3.0
0.03581 0.00041 120.5 81.5 223.1 7.2 226.8 2.6
0.03572 0.00052 242.7 100.9 230.8 8.8 226.3 3.2
0.03528 0.00054 189.0 75.9 222.5 6.3 223.5 3.4
0.03573 0.00065 187.1 96.3 225.3 8.3 226.3 4.0

0.02346 0.00035 87.1 146.3 146.3 8.5 149.5 2.2
0.02350 0.00038 31.6 118.5 143.3 6.9 149.7 2.4
0.02440 0.00048 33.4 216.6 149.6 16.0 155.4 3.0
0.02348 0.00047 76.0 135.2 146.2 7.5 149.6 3.0
0.02423 0.00043 400.1 -216.6 147.5 10.5 154.3 2.7
0.02367 0.00046 64.9 174.0 146.5 10.2 150.8 2.9
0.02405 0.00052 35.3 248.1 150.0 16.4 153.2 3.3
0.02393 0.00053 109.4 166.6 151.6 10.9 152.4 3.4
0.02441 0.00040 261.2 158.3 162.7 10.7 155.5 2.5
0.02441 0.00049 301.9 213.9 162.8 13.4 155.4 3.1
0.02350 0.00053 294.5 257.4 156.5 15.8 149.8 3.3
0.02371 0.00047 242.7 177.8 156.0 11.1 151.1 2.9
0.02373 0.00062 76.0 296.3 145.2 20.7 151.2 3.9
0.02384 0.00047 187.1 164.8 154.7 10.5 151.9 3.0
0.02387 0.00062 198.2 259.2 147.0 15.7 152.1 3.9
0.02368 0.00043 400.1 -250.0 146.9 10.5 150.9 2.7
0.02304 0.00082 220.4 362.9 147.2 21.7 148.9 3.2



Fig. 6. LA-ICPMSU–Pb concordia age plots (a, c) andweighted average diagrams (b, d) for zircons from theMesozoic granite of the Xitian deposit. (a, b): the coarse-grained porphyritic K-
feldspar granite (ZK50901-1); (c, d): the fine-grained biotite granite (ZK14B04-2).
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For sample ZK50901-1, a number of 20 spots were carried out on
twenty zircons (Table 1). Only spot ZK50901-1-10 was excluded for
its low (b90%) concordance level (Fig. 6a). These spots have a variable
abundance of U, 390–5,303 ppm and Th, 103–4,286 ppm, with a Th/U
ratio of 0.11–1.84, typical of magmatic zircons (Rubatto, 2002; Corfu
et al., 2003). After common lead correction, 207Pb/206Pb ages can be
used for zircons which are N1.0 Ga in ages, and 206Pb/238U ages can be
used for younger zircons (Andersen, 2002). The ISOPLOT program
Table 2
Re–Os data for molybdenites from the Xitian W–Sn deposit.

Sample no. Weight (g) Re (ppm) 187Re (ppm

Measured 2σ Measured

ST201016-1 0.1089 8.67401 0.02287 5.4520
ST201016-2 0.1023 18.5982 0.0558 11.6897
ST201016-3 0.0517 41.9488 0.1744 26.3664
ST201016-4 0.0528 43.9859 0.2241 27.6469
ST201016-5 0.0528 39.1277 0.1214 24.5933
(version 3.0; Ludwig, 2003) was used to calculate the 206Pb/238U
weighted mean age, 225.6 ±1.3 Ma (n=19, MSWD=0.25; Fig. 6b),
representing the crystallization age of the coarse-grained porphyritic bi-
otite K-feldspar granite.

For sample ZK14B04-2, seventeen spots were carried out on seven-
teen different zircons (Table 1). All of them have a large concordance
level (Fig. 6c). They have a small abundance range of 162–1,273 ppm
for U and 91–480 ppm for Th. The Th/U ratio has a value of 0.27–0.80,
) 187Os (ppb) Model ages (Ma)

2σ Measured 2σ Measured 2σ

0.01437 13.8736 0.1185 150.35 1.36
0.0351 29.5714 0.225 153.56 1.24
0.1096 66.1320 0.5432 150.36 1.59
0.14087 69.1082 0.4677 149.85 0.96
0.0763 61.6665 0.3976 150.32 0.82



Fig. 7. Re–Os isochron diagram for five molybdenite samples from the Xitian W–Sn
deposit.
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indicating typical magmatic origin (Rubatto, 2002; Corfu et al., 2003).
The 206Pb/238U weighted mean age is 151.8±1.4 Ma (n=17,
MSWD=0.63; Fig. 6d), which is interpreted as the age of crystallization
of the fine-grained porphyritic biotite granite.
Fig. 8. 39Ar–40Ar age spectra and isochron for two m
5.2. Molybdenite Re–Os ages

Listed in Table 2 are the concentrations of Re and Os, and the osmi-
um isotopic compositions of molybdenites for samples ST201016-1 to
ST201016-5. Total Re and 187Os contents varied from 8.67 to
43.99 ppm and from 13.87 to 69.11 ppb, respectively. The Re–Os
model ages of five molybdenite samples had a relatively narrow range
of 149.9±1.0 Ma–150.9±1.2 Ma, and a weighted mean age of
150.3±0.5 Ma with MSWD=0.48. The ISOPLOT program (Ludwig,
2003) was used to calculate the isochron age, 149.7±0.9 Ma with
MSWD=0.44 (Fig. 7), for these molybdenite grains. Both the model
age and the isochron ages are nearly identical, illustrating the reliability
of these analytical results.
5.3. Muscovite 40Ar–39Ar ages

As shown in previous studies (Yu and Mao, 2004; Peng et al.,
2006), there may be reliable 40Ar/39Ar ages for hydrothermal ore de-
posits under some appropriate conditions. Twelve and fifteen
heating steps at temperatures of 450–1,300oC and 450–1,360oC
were performed for samples ST201001 and ST201005-1, respective-
ly. The Ar–Ar age spectra of the analyzed samples are presented in
Fig. 8, and the results of the Ar–Ar data are summarized in Table 3.
Plateau ages were determined using the criteria of Dalrymple and
Lanphere (1971). Sample ST201001 has a well-defined plateau
age of 149.5±1.5 Ma that encompass 90.08 percent of the gas
released, with an isochron age of 149.9±1.5 Ma (Fig. 8; Table 3).
Sample ST201005-1 has a similar well-defined plateau age of
uscovite samples from the Xitian W–Sn deposit.



Table 3
40Ar/39Ar stepwise heating analytical data for two muscovite samples from the XitianW–
Sn deposit, South China.

T(oC) 40Ar/39Ar 36Ar/39Ar 37Ar/39Ar 40Ar*/39Ar
(k)

40Ar*
(%)

39Ark
(%)

Apparent
age (Ma)

ST201001, Sample weight =190.9mg, J=0.0119246
450 35.4567 0.0936 0.0006 12.4644 21.99 1.76 160.4±9.7
480 11.3758 0.0126 0.0014 21.6744 67.16 3.10 157.3±1.9
510 10.4871 0.0093 0.0004 33.2739 73.76 2.22 159.2±1.8
560 9.2578 0.0071 0.0003 8.0092 77.38 9.66 147.9±1.0
600 8.7838 0.0054 0.0009 8.5955 81.79 9.52 148.3±1.0
700 9.3499 0.0070 0.0014 14.1028 77.96 5.53 150.4±1.5
1150 7.5064 0.0008 0.0001 3.7078 96.74 26.09 149.8±0.6
1210 7.4792 0.0007 0.0006 4.3460 97.23 22.37 150.0±0.6
1240 7.3962 0.0005 0.0010 5.7984 98.05 16.91 149.6±0.6
1270 7.3899 0.0016 0.0326 65.1072 93.36 1.43 142.6±2.2
1300 8.2168 0.0042 0.0269 60.1116 84.75 1.41 143.9±2.3

ST201005-1, Sample weight =207.6mg, J=0.0120724
450 110.3585 0.35499 0.0002 10.6440 4.94 0.46 115.0±35.6
480 27.4082 0.07076 0.0007 39.7058 23.69 0.60 136.1±7.4
510 20.1723 0.04515 0.0001 26.0574 33.83 1.30 142.8±4.6
550 14.9595 0.02721 0.0001 27.6535 46.22 1.67 144.6±2.9
600 11.1919 0.01432 0.0002 17.4514 62.12 3.56 145.4±1.6
650 9.8305 0.00978 0.0000 15.5476 70.54 4.54 145.0±1.1
700 9.2915 0.0075 0.0001 10.8886 76.08 6.99 147.7±1.0
740 9.2629 0.0071 0.0000 9.4634 77.28 8.17 149.5±0.9
800 8.8289 0.00565 0.0001 8.5123 81.03 9.52 149.4±0.8
860 8.6825 0.00517 0.0001 7.4211 82.35 11.10 149.4±0.8
880 8.8383 0.00577 0.0003 29.6088 80.63 2.72 148.9±1.0
960 8.4472 0.00437 0.0001 5.1877 84.64 16.31 149.4±0.7
1060 8.4390 0.00437 0.0000 5.5210 84.64 15.33 149.2±0.7
1160 8.4334 0.00438 0.0001 6.0091 84.57 14.07 149.0±0.8
1360 8.0941 0.00303 0.0003 24.2732 88.88 3.66 150.2±0.7
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149.4±1.5Ma that contain 80.89 percent of the gas released, with an
isochron age of 150.2±1.9 Ma (Fig. 8; Table 3).

6. Discussion

6.1. Re contents and origin of ore metals

The Re–Os isotope system has been recognized as a possible geo-
chemical tool for not only directly datingmineralization but also tracing
the source of metals (Stein et al., 1997, 1998; Ruiz and Mathur, 1999;
Wang et al., 2011a, 2011b; Li et al., 2007a, 2014b). Comparing Re con-
tents in molybdenite from various types of endogenous Mo deposits in
Table 4
Concentrations of Re in W–Sn deposits in the Nanling region.

Deposit Contents o

Dengfuxian quartz vein-type W deposit 0.003–0.09
Huangshaping skarn-type Pb–Zn–W–Mo deposit 0.46–25.9
Yaogangxian greisen- and skarn-type W–Sn–Bi–Mo–Be deposit 0.1–4.9
Maoping greisen-type W–Sn deposit 0.08–0.72
Piaotang quartz vein-type W deposit 0.037–22.3
Zhangtiantang altered granite-type W deposit 0.03–0.07
Hukeng quartz vein-type W deposit 2.85–7.45
Shizhuyuan skarn- and greisen-type W–Sn–Bi–Mo deposit 1.04–1.34
Da’ao greisen- and vein-type W–Sn deposit 0.029–1.17
Hongling quartz vein- or altered granite-type W deposit 1.3–14.5
Shigushan quartz vein-type W–Bi deposit 0.57–1.5
Shirenzhang quartz vein-type W deposit 0.48–5.04
Zhangdou quartz vein-type W deposit 0.252–0.52
Niuling quartz vein-type W–Sn deposit 0.029–13.1
Meiziwo quartz vein-type W–Sn deposit 0.72–4.66
Yaoling quartz vein-type W–Sn deposit 0.46–3.8
Xintianling skarn-type W–Mo deposit 20.56–34.6
Jinwutang skarn-type Sn–Bi deposit 4.89–30.3
Hehuaping skarn-type Sn deposit 9.29–86.6
Wangshe quartz vein-type W deposit 22.92–32.9
Dabaoshan skarn-type W–Mo polymetallic deposit 64.7–102
China, Mao et al. (1999) recognized that Re in molybdenite varies in
content from hundreds (a mantle source) to tens (a mixed mantle/
crust source) to several ppm (a crust source). Similarly, Stein et al.
(2001) found out that deposits with the mantle materials (mantle un-
derplating, mantle metasomatism, melting of mafic or ultramafic
rocks) have a higher Re content than deposits with a crustal origin.
This variation has been confirmed in numerous other deposits
(McCandless and Ruiz, 1993; Suzuki et al., 1996; Selby and Creaser,
2004; Zhang et al., 2004; Berzina et al., 2005).

The Re contents in molybdenites from the Xitian W–Sn deposit
range from 8.7 ppm to 44.0 ppm, with an average of 30.5 ppm
(Table 2). These values fall into the range of tens of ppm Re. Comparing
it with Re contents from other W–Sn deposits in the Nanling region
(Table 4) indicates that ore metals in the deposit were derived from a
mixed mantle/crust provenance. This is supported by high 3He/4He
ratio of 1.15 to 4.43 and 40Ar/4He ratio of 0.55 to 2.62 from fluid inclu-
sions in the Xitian deposit, which is indicative of a crustal–mantle
source (Cai et al., 2004, 2005; Yang et al., 2007; Wu et al., 2011).

The Xitian Early Yanshanian granites, which are closely related to
W–Sn mineralization, show some typical geochemical signatures of an
A-type granite (Ma et al., 2004; Zhou et al., 2013, 2015). These granites
are characterized by high SiO2 (73.44–78.45 wt.%), moderate Al2O3

(11.20–13.90wt.%) and highly variable Na2O (0.01–4.24wt.%) contents,
as well as low Fe2O3 (0.69–2.07 wt.%), MgO (0.003–0.42 wt.%), CaO
(0.25–2.22 wt.%), TiO2 (0.03–0.19 wt.%) and P2O5 (0.004–0.04 wt.%)
contents. Their ΣREEs have a value of 159–351×10−6, (La/Yb)N
1.35–5.40, and Eu anomalies 0.004–0.08 (Zhou et al., 2015). Their in-
situ zircon ƐHf(t) values range from –4.30 to –14.69, and their
ƐNd(t) values are –9.2 to –7.3, with corresponding TDM2 ages of
1.72–1.56 Ga (Yao et al., 2013; Zhou et al., 2015; Su et al., 2015).
These characteristics indicate that the early Yanshanian granites have
originated from partial melting of metamorphosed rocks in the base-
ment, with some input of a certain amount of mantle-derivedmaterials
(Liu et al., 2008a; Yao et al., 2013; Zhou et al., 2013, 2015).

6.2. Ages of magmatism and mineralization

The closure temperature for the Re–Os isotope system in molybde-
nite is estimated at about 500°C (Suzuki et al., 1996), and is not easily
disturbed by post-mineralization hydrothermal, metamorphic and/or
tectonic events (Stein et al., 2001). The K–Ar closure temperature for
muscovite is less certain but in a range of 350–640°C (Hames and
Bowring, 1994). In the Xitian W–Sn deposit, fluid inclusions of quartz
f Re (ppm) Source of Re Reference

8 crust Cai et al. (2012)
crust Yao et al. (2007)
crust Peng et al. (2006)
crust Zeng et al. (2009)
crust Zhang et al. (2009)

9 crust Feng et al. (2007a)
crust Liu et al. (2008b)
crust Li et al. (1996)
crust Fu et al. (2007)

7 crust Wang et al. (2010a)
crust Fu et al. (2008)
crust Fu et al. (2008)

3 crust Feng et al. (2011)
crust Feng et al. (2011)
crust Qi et al. (2012)
crust Qi et al. (2012)

9 crust-mantle mixture Yuan et al. (2012)
6 crust-mantle mixture Liu et al. (2012)
5 crust-mantle mixture Cai et al. (2006)
1 crust-mantle mixture Lin et al. (2008)
.4 crust-mantle mixture Wang et al. (2011b)
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and fluorite crystals have three intervals of homogenization tempera-
tures: 290–380°C, 210–240°C and 90–190°C (Yang et al., 2007). These
temperatures are much lower than the closure temperatures of the
Re–Os molybdenite and Ar–Ar mica chronometers. Thus, the Re–Os
and Ar–Ar ages reported in this study are sufficiently reliable to charac-
terize the timing of ore formation in the Xitian W–Sn polymetallic
deposit.

Molybdenites in ore-bearingquartz-veins of the Xitiandeposit give a
Re–Os isochron age of 149.7±0.9Ma (Fig. 7); these are similar to previ-
ous results (Liu et al., 2008a; Guo et al., 2014). These ages are not in
agreement with the LA-ICPMS zircon U–Pb age of 225.6±1.3 Ma for
the Indosinian K-feldspar granite (Fig. 6a-b) but they do agree with
the well-constrained LA-ICPMS zircon U–Pb age of 151.8±1.4 Ma for
the Early Yanshanian granite (Fig. 6c-d) and the muscovite 40Ar/39Ar
isochron ages of 149.9±1.5Ma and 150.2±1.9Ma for the greisen sam-
ples (Fig. 8). The slight difference between these ages indicates a close
relation between the W-Sn mineralization of the Xitian deposit and
Table 5
U–Pb zircon, Re–Os molybdenite and 40Ar/39Ar muscovite/biotite ages from different mineraliz

Deposit Mineralization type Analyze

Hunan Province
Xitian skarn- and vein-type W–Sn deposit zircon in

molybd
muscov

Dengfuxian quartz vein-type W deposit molybd
Huangshaping skarn-type Pb–Zn–W–Mo deposit zircon in

molybd
Furong greisen- and quartz vein-type Sn deposit zircon in

biotite
muscov

Yaogangxian greisen- and skarn-type W–Sn–Bi–Mo–Be deposit molybd

Hehuaping skarn-type Sn deposit zircon in
molybd

Xintianling skarn-type W–Mo deposit molybd
Xianghualing alteration granite- or skarn-type Nb–Ta–W–Sn deposit Muscov

Shizhuyuan skarn- and greisen-type W–Sn–Bi–Mo deposit zircon in
molybd
muscov

Jinwutang skarn-type W–Bi deposit molybd
Da’ao greisen- and quartz vein-type W–Sn deposit zircon in

molybd

Jiangxi Province
Dajishan albitization granite-type W–Nb–Ta–REE deposit zircon in

muscov
Hukeng quartz vein-type W deposit molybd
Piaotang quartz vein-type W deposit molybd

muscov
Zircon

Maoping greisen-type W–Sn deposit molybd
Taoxikeng quartz vein-type W deposit zircon in

molybd
muscov

Xihuashan quartz vein-type W deposit Zircon i
Xian'etang quartz vein-type W deposit muscov
Muziyuan quartz vein-type W deposit molybd
Niuling quartz vein-type W–Sn deposit molybd
Yaolanzhang altered granite-type W deposit molybd

Guangxi Province
Huashan–Guposhan quartz vein-type W deposit zircon in

zircon in

Liguifu quartz vein-type W deposit molybd
Limu quartz vein-type W deposit muscov

Guangdong Province
Shirenzhang quartz vein-type W deposit molybd
Shigushan quartz vein-type W–Bi deposit molybd
Hongling quartz vein/altered granite-type deposit molybd
Meiziwo quartz vein-type W deposit molybd

muscov
the Early Yanshanian granitic magmatic event. As a rule of thumb, the
Re-Os ages of molybdenites are slightly younger (b6 Ma) than the LA-
ICPMS zirconU-Pb ages of ore forming-related intrusions, and are a little
older than mica Ar-Ar ages (Selby et al., 2002; Guo, et al., 2011).

Sn,W, Bi, Mo, Cu and Li in the Xitian Early Yanshanian granites have
a value of 1.2–43.2 ppm, 25.3–49.7 ppm, 0.4–15.7 ppm, 4.0–18.8 ppm,
36.1–320.4 ppm and 79.0–387.2 ppm, respectively, all being 10 to 20
times than their Clark values, which are 2.2 ppm, 1.1 ppm, 0.025 ppm,
1.1 ppm, 68 ppm, and 17 ppm, respectively (Taylor, 1964), whereas
Sn and W in the Indosinian granites have a much lower abundance
(Liu et al., 2008a; Fu et al., 2012; Yao et al., 2013). This suggests that
the Early Yanshanian granite be more closely tied to the W–Sn
mineralization, thus probably providing ore-forming materials for the
mineralization (Liu et al., 2008a; Zhou et al., 2015).

According to previous studies of the Xitian granite, the Early
Yanshanian granites are characterized by high Si (73.44–78.45 wt.%)
and Rb (662–1119 μg/g) contents, low Ti, P, Sr and Ba contents, low
ation styles in the W–Sn deposits of the Nanling region.

d phase Age (Ma) Method Reference

granite 151.8±1.4 LA-ICPMS This study
enite 149.7±0.9 Re–Os This study
ite 149.5±1.5, 149.4±1.5 Ar–Ar This study
enite 150.5 ±5.2 Re–Os Cai et al. (2012)
granite 161.6 ±1.1 LA-ICPMS Yao et al. (2005)

enite 154.8 ±1.9 Re–Os Yao et al. (2007)
granite 160 ±2 SHRIMP Yao et al. (2007)

157.5 ±0.3 Ar–Ar Mao et al. (2004a)
ite 156 ~ 160 Ar–Ar Peng et al. (2007)
enite muscovite 154.9 ±2.6 Re–Os Peng et al. (2006)

153.0±1.1 Ar–Ar
granite 212±4 SHRIMP Wei et al. (2007)

enite 224.0±1.9 Re–Os Cai et al. (2006)
enite 159.1 ±2.6 Re–Os Yuan et al. (2012)
ite 154.4±1.1, 161.3±1.1,

158.7 ±1.2
Ar–Ar Yuan et al. (2007)

granite 152 ±2 SHRIMP Li et al. (2004)
enite 151.0 ±3.5 Re–Os Li et al. (1996)
ite 153.4±0.2 Ar–Ar Mao et al. (2004b)
enite 158.8±6.6 Re–Os Liu et al. (2012)
granite 156±2, 157±1, 156±2 SHRIMP Fu et al. (2004b)

enite 151.3 ±2.4 Re–Os Fu et al. (2007)

granite 151.7 ±1.6 Dilution Zhang et al. (2006)
ite 144, 147 Ar–Ar
enite 150.2±2.2 Re–Os Liu et al. (2008b)
enite 155.0 ±2.4 Re–Os Zhang et al. (2009)
ite 153.6±1.5 Ar–Ar

153.3 ±1.9 LA-ICPMS
enite 156.8±3.9 Re–Os Zeng et al. (2009)
granite 158.7 ±3.9, 157.6 ±3.5 SHRIMP U–Pb Guo et al. (2011)

enite 154.4±3.8 Re–Os
ite 153.4 ±1.3, 152.7 ±1.5 Ar–Ar
n granite 158 ~ 155 LA-ICPMS Yang et al. (2009b)
ite 231.4±2.4 40Ar–39Ar Liu et al. (2008c)
enite 155.0±2.4 Re–Os Zhang et al. (2009)
enite 154.9±4.1 Re–Os Feng et al. (2007b)
enite 155.8±2.8 Re–Os Feng et al. (2007a)

granite 163 ±4, 160 ±4 SHRIMP Zhu et al. (2005)
granite 160.8±1.6, 165±1.9,

163±1.3
LA-ICPMS Gu et al. (2007)

enite 211.9±6.4 Re–Os Zou et al. (2009)
ite 214.1±1.9 40Ar–39Ar Yang et al. (2009a)

enite 159.1±2.2 Re–Os Fu et al. (2008)
enite 154.2±2.7 Re–Os Fu et al. (2008)
enite 159.1±1.5 Re–Os Wang et al. (2010a)
enite 157.7±1.4 Re–Os Qi et al. (2012)
ite 156.2±1.6 Ar–Ar Zhai et al. (2010)



Fig. 9. Distribution of Mesozoic W–Sn deposits and their ages in the Nanling Region (see Table 5 for references). CAB– Cathaysian Block; SCB–South China Block; YZB–Yangtze Block; De-
posits: DA-Da’ao; DJS-Dajishan; FR-Furong; HL- Hongling; HK-Hukeng; HL-Hongling; HSP-Huangshaping; JWT-Jinwutang; LGF-Liguifu; LM-Limu; MP-Maoping; MZW-Meiziwo; MZY-
Muziyuan; NL-Niuling; PT-Piaotang; SGS-Shigushan; SRZ-Shirenzhang; SZY-Shizhuyuan; TXK-Taoxikeng; XHL-Xianghualing; XT-Xitian; TL-Xintianling; YGX-Yaogangxian.
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Rb/Sr andNb/Ta ratios, and REE patternswith the pronounced tetrad ef-
fect (Liu et al., 2008a; Zhou et al., 2015). These features suggest the pres-
ence of intense fluid-magma interaction, extremely favorable to W–Sn
Fig. 10. Schematic diagram showing the Mid- and Late-Jurassic tectonomagmtic
mineralization (Lehmann and Harmanto, 1990; Jahn et al., 2001;
Bastos Neto et al., 2009). In contrast to the Early Yanshanian granites,
the Indosinian granites are intermediate to acidic, and have higher Ti,
evolution and metallogeny of South China. Modified after Li and Li (2007).
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P, Sr and Ba contents, but lower Si, Rb and Nb/Ta values, and right-
inclined REE patterns (Ma et al., 2004; Yao et al., 2013).

The Jurassic period is an important time interval of granitic
magmatism and W–Sn metallogenesis in the Nanling region, South
China (Table 5; Fig. 9). Hua et al. (2005) recognized three major
metallogenic events in this region in theMesozoic: Cu–Pb–Zn–(Au)min-
eralization in 180–170 Ma, W–Sn–Nb–Ta mineralization in 150–139 Ma,
and Sn–Umineralization in 125–98 Ma. This last event corresponds with
Au–Cu–Pb–Zn–Ag mineralization in the Southeast coastal belt (Pirajno
and Bagas, 2002). This does not differ greatly from Mao et al.’s (2007)
two stages ofW–Snmineralization in the region: Late Jurassic–Early Cre-
taceous or 165–150Ma, andMid-Cretaceous or 130–90Ma. A recently in-
creasing number of isotopic datings define an accurately narrow age
interval of 165–145 Ma, for a majority of W–Sn deposits there, which
are in correspondence with intense Late Jurassic magmatic activity
(Table 5) (Li et al., 1996, 2014a; Peng et al., 2006; Fu et al., 2007, 2008;
Feng et al., 2007a, 2007b; Tan et al., 2007; Yao et al., 2007; Yuan et al.,
2007, 2012; Liu et al., 2008b, 2012; Yang et al., 2009a, 2009b; Zhang
et al., 2009; Zou et al., 2009; Wang et al., 2010a; Zhai et al., 2010; Guo
et al., 2011; Qi et al., 2012). The close relationship between the Xitian de-
posit and the Early Yanshanian granites, as discussed in the previous sub-
section, is a good example of this relationship.

6.3. Geodynamics for W–Sn metallogeny

Widespread, intense Yanshanian graniticmagmatism andmineraliza-
tion in South China have attracted attention of geologists (Jahn et al.,
1976; Charvet et al., 1994; Lan et al., 1996; Sewell and Campbell, 1997;
Wang et al., 2010b, 2011a, 2011b). However, the tectonic regime respon-
sible for the Yanshanian magmatism and related W–Sn mineralization is
still debated. Gilder et al. (1996) identified the NNE-trending Shi–Hang
granite belt, characterized by low TDM (neodymium depleted mantle
model age) values and relatively high εNd values in central South China,
and attributed it to the coeval processes of lithospheric extension and
crust–mantle interaction. Mao et al. (1998) proposed the mantle plume
model to explain the extensive polymetallic mineralization and associat-
ed granites in the Mesozoic of South China. Zhou and Li (2000) empha-
sized the importance of a gradual change in dip angle of the westward
subducting Paleo-Pacific plate beneath the SCB in 180–80 Ma. Hua et al.
(2005) believed themantle upwelling, as a result of lithospheric thinning
and crustal extension, led to copious granitoids and associated W–Sn
polymetallic mineralization in the SCB during the Yanshanian. Li and Li
(2007) proposed the flat-slab subduction and slab-foundering model to
account for both the widespread Indosinian orogeny and the widespread
Mesozoic magmatism in South China.

Rapidly growing geochronological data in the Nanling region have
revealed the close relation of mostW–Sn polymetallic deposits to gran-
ites of 165–150 Ma in age (Fig. 9; Table 5; Peng et al., 2006, 2008; Yao
et al., 2007; Fu et al., 2007, 2008; Feng et al., 2007a, 2007b; Yuan et al.,
2007, 2012; Liu et al., 2008b, 2012; Yang et al., 2009a, 2009b; Zhang
et al., 2009; Zou et al., 2009; Wang et al., 2010a; Zhai et al., 2010; Guo
et al., 2011; Qi et al., 2012; Li et al., 2014a). In the Xitian area, the
Early Yanshanian granites, genetically related to W–Sn mineralization,
are identified as A2- type (Zhou et al., 2013, 2015). A-type granites are
generally considered to form in various extensional tectonic settings,
such as back-arc, post-collisional extension or continental interior, re-
gardless of the origin of the magma source (e.g. Whalen et al., 1987;
Eby, 1992; Turner et al., 1992). In this sense, we would like to attribute
the Early Yanshanian granites of A2-type to back-arc extension (Zhou
et al., 2013, 2015; Mao et al., 2013a) rather than the mantle plume or
the continental rifting (Mao et al., 1998), based on the following region-
al geological data:

(1) The NNE-trending Shi-Hang (from Shiwandashan in the west to
Hangzhou in the east) high-ƐNd granite belt in the interior of
South China (Gilder et al., 1996; Hong et al., 2002; Mao et al.,
2013a; Zhou et al., 2015), where the Xitian deposit lies, is proba-
bly a Neoproterozoic suture zone between the YZB and CAB. The
flat subduction of the Paleo-Pacific plate beneath the SCB in Me-
sozoic might have terminated beneath the belt, where there
existed contemporaneous bimodal magmatism, diagnostic of
the continental arc to intra-arc rift setting due to slab rollback
(Jiang et al., 2009 and references therein);

(2) The Early Yanshanian granitic magmatism took place only in the
Nanling region, with a southeastward-younging trend, in com-
parison with the distribution of the Late Yanshanian (140–90
Ma) volcanic and intrusive rocks near to the coast (Gilder et al.,
1991; Chen and Jahn, 1998; Zhou and Li, 2000; Sun et al., 2003;
Wang et al., 2005; Li et al., 2006; Li and Li, 2007; Li et al., 2007a).

Li and Li (2007) attributed this younging trend to the slab rollback or
high-angle subduction of the Paleo-Pacific plate (Fig. 10). Foundering of
the flab-slab likely occurred during Middle Jurassic, and resulted in
strong upwelling of the asthenosphere mantle, mafic underplating,
and extensive mantle-crust interaction. These deep processes increased
the geothermal flow, which eventually induced widespread emplace-
ment of I-type or A-type granites and their related W–Sn polymetallic
mineralization throughout the Nanling and adjacent areas during
160–150 Ma (Mao et al., 2007, 2008, 2013a).

7. Conclusions

Dating of the Xitian W–Sn polymetallic deposit in eastern Hunan
Province using Re–Os molybdenite, Ar–Ar muscovite and LA-ICPMS
U–Pb zircon techniques enables us to draw the following conclusions:

1) Molybdenites in ore-bearing quartz veins of the Xitian deposit are
characterized by a relatively variable Re content, 8.7–44.0 ppm,
with an average of 30.5 ppm, indicating that the ore-forming mate-
rials were derived from the mixed mantle and crustal sources.

2) LA-ICPMS zircon U–Pb dating yields a crystallization age of
225.6±1.3 Ma for the Indosinian granites, in no relation to W–Sn
mineralization. Molybdenites have a Re–Os age of 149.7±0.9 Ma,
slightly smaller than the LA-ICPMS zircon U–Pb age of the
Yanshanian granites, 151.8±1.4 Ma, and similar to two muscovite
40Ar/39Ar ages of ore-bearing greisen, 149.5±1.5 Ma and
149.4±1.5 Ma. That is to say, W–Sn mineralization took place im-
mediately after the emplacement of the Early Yanshanian granites.

3) These data are generally consistent with previously published isoto-
pic ages, also indicative of large-scaleW–Snpolymetallicmineraliza-
tion in late Jurassic or 160–150 Ma in the Nanling region. This
regional mineralization is interpreted as in the back-arc extensional
setting, whichwas probably triggered by the break-off or foundering
of the subducted flat-slab beneath the lithosphere.
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