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The Shizhuyuan ore deposit in southern Hunan Province is a world-class W—Sn-Bi—-Mo
occurrence hosted by Devonian limestone in the thermal aureole of the Qianlishan
granite. Mineralization coincided with intrusion of the granite pluton during Mesozoic
crustal extension in South China. We present new He and Ar isotope data for volatiles
released from pyrite in the Shizhuyuan deposit. Concentrations of “’Ar range from
0.21 to 2.38 x 107 cm® STP “°Ar/g, and “He concentrations range from 0.8 to
65.1 x 107 cm® STP “He/g. 3He/*He ratios vary from 0.06 to 1.66 Ra (where Ra is
the 3He/*He ratio of air = 1.39 x 107%) and “°Ar/3®Ar ratios range from 293 to 1072.
The isotopic compositions of He and Ar indicate that the ore-forming fluids were
mantle-derived, modified by air-saturated crustal fluids. Shallow-level boiling increased
3He concentrations, whereas crustal contamination decreased *He/*He ratios in the
magmatic fluids. The occurrence of mantle-derived components in the magmatic fluid
indicates that the associated Qianlishan granite is not a typical S-type pluton that
formed entirely by crustal melting. We propose that the mineralization was related to
mantle upwelling and Mesozoic lithosphere extension of the South China Block.

Keywords: He and Ar isotopes; Shizhuyuan W-Sn—Bi-Mo deposit; Qianlishan
granite; crust-mantle interaction; Hunan Province, China

Introduction

The Shizhuyuan W-Sn-Bi—-Mo deposit, located 15 km SE of Chenzhou City, Hunan
Province, China, is one of the largest polymetallic ore deposits in the world. It contains
800,000 tons of tungsten, 500,000 tons of tin, 200,000 tons of bismuth, 100,000 tons of
molybdenum, and abundant fluorine (Mao et al. 1998). Many researchers have studied
the geology (Wang et al. 1987; Mao et al. 1998), petrogenesis and mineralization (Mao
et al. 1994; Liu et al. 1995; Mao et al.1996; Zhao et al. 2001), geochronology (Li et al.
1996, 2004), and geochemistry (Zhang 1989; Xu et al. 2002). However, the origin of the
ore-forming fluids is still debated.

He and Ar isotopes are sensitive tracers of volatiles derived from the crust versus the
mantle (Ballentine and Burnard 2002a). Simmons et al. (1987) successfully used these
isotopes to study the origin of hydrothermal fluids in the Casapalca and Pasto Bueno poly-
metallic deposits, Peru, about three decades ago. Subsequently, numerous similar studies
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were published (Stuart et al. 1995; Hu et al. 1998; Burnard et al. 1999; Ballentine et al.
2002; Kendrick et al. 2002; Burnard and Polya 2004; Hu et al. 2004; Li et al. 2006,
Sun et al. 2006). This article presents He and Ar isotopic compositions of volatiles in
hydrothermal minerals in the Shizhuyuan W—Sn—Bi-Mo deposit. We use these data to
evaluate the origin of the ore-forming fluids.

Geological background

The Shizhuyuan deposit occurs along the northern edge of Dongpo-Yuemei synclino-
rium, in the South China fold belt of the South China Block. About 30 km NW from the
deposit is the prominent Chaling-Linwu deep fault (Figure 1). The deposit covers an area
of 1200 x 600 m?, with a thickness of 200-300 m. The styles of mineralization (Figure 2)
include veinlet Sn—Be ore in marbles (type 1), massive W—Sn—Bi—Mo ore in skarn (type II),
W-Sn-Bi—Mo-F ore in greisen-stockwork-skarn (type III), and massive W—Sn—Mo—Bi ore
in greisen (type IV) (Wang et al. 1987; Lu et al. 2003). Numerous faults with different
strikes transect the area. The NE and NW faults host the stockwork mineralization in the
Shizhuyuan mine. The most intense mineralization occurs in deformed skarns and marbles
intersected by the major faults.

The sedimentary strata in the ore field include Sinian—Cambrian metasandstone,
Middle and Upper Devonian clastic and carbonate rocks, Lower Carboniferous sed-
imentary rocks, Jurassic and Cretaceous sedimentary rocks. The Middle Devonian
was subdivided into the Tiaomajian and Qiziqiao groups, and the Upper Devonian
was subdivided into Xikuangshan and Shetiangiao groups. The Devonian Shetiangiao
and Qizigiao groups are most important country rocks (Figure 2). Extensive
hydrothermal activity resulted in intensive wall-rock alterations such as skarniza-
tion, greisenization, K-feldsparization, albitization, fluoritization, siliconization, and
marmarization.

The Shizhuyuan polymetallic deposit occurs in the contact zone between the Qianlishan
granite and the Devonian limestone. The Yanshanian Qianlishan granite pluton (~10 km?)
is composed of three intrusive phases: pseudoporphyritic biotite granite, equigranular
biotite granite, and granite porphyry (Mao and Li 1995). Strong alteration of skarn and
greisen that formed in the contact zone between the first and second phases of granite
intrusions and Devonian limestone is responsible for the polymetallic mineralization. The
igneous rocks have zircon SHRIMP U—Pb ages of 152 + 2 million years (Li et al. 2004).
The age of mineralization varies from 151 £ 3.5 (Re—Os isochron; Li et al. 1996), 149 £ 2
(Sm-Nd isochron; Li et al. 2004) to 148.2 & 1.1 million years (mica ** Ar—3®Ar; Peng et al.
2006), similar to the age of the Qianlishan granite. For decades, the Qianlishan granite has
been regarded as the product of crustal remelting and thus classified as of S-type (Xu et al.
1984; Wang et al. 1987; Zhang 1989). However, the occurrence of abundant mafic micro-
granular enclaves (MME) in the granite (Ma et al. 2005) and the low initial 87Sr/3¢Sr ratios
of the pluton (0.703-0.729) suggest mixing between crust- and mantle-derived materials
(Zhao et al. 2001).

Fluid inclusions in quartz associated with mineralization are dominantly small
(5-20 pm in diameter; Figure 3), with low to high salinity (1.2-32.0 wt.% NacCl eq.) and
homogenization temperatures of 156—450°C. Fluid inclusion data suggest that at least two
types of fluids were associated with mineralization: one with high salinity and a high
homogenization temperature, and the other with low salinity and a low homogenization
temperature. The occurrence of coexisting saline fluid and vapour inclusions suggests
boiling during mineralization (Figure 3).
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Figure 1. Regional geologic map of southern Hunan Province, China (after Lu ez al. 2003).

Sampling and experimental methods

All pyrite samples used in this study were collected from the underground mining cuts
at the levels of 358, 490, 536, and 620 m in the Shizhuyuan mine. They are from three
types of ore: W-Bi-Mo—Sn massive skarn ore (type II), W—Sn—Mo—Bi-F stockwork ore
(type 1II), and W—Sn—Mo—Bi massive greisen (type IV). In these samples, pyrite occurs as
vein or mesh-vein structure, massive aggregates, and disseminated assemblages (Figure 4).
All pyrite crystals selected for this study are not deformed, with grain sizes varying from
0.1 to 5 mm in diameter.

The samples were first crushed and then hand-picked under a binocular microscope.
He and Ar isotopic compositions of volatiles released from the samples were measured
with a VG 5400 inert gas mass spectrometer at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. The mass spec-
trometer was regularly calibrated against 1.32 x 1077 cm® STP Ar with air *°Ar/3®Ar,
and 5.6 x 1077 cm® STP He with *He/*He = 1.4 x 107°. The volatile extraction and
analytical procedures are similar to those of Stuart ef al. (1994a). The pyrite samples were
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Figure 2. Geological and profile map of the Shizhuyuan deposit (modified from Zhao 2004).

ultrasonically cleaned with acetone for 20 min before loading into the online in vacuo
crushing devices. Approximately 0.5—1 g of sample was loaded into a screw-type crusher.
The samples were heated at 120—150°C in vacuum for 24 h to remove adhered atmospheric
contaminants. The samples were then crushed to release volatiles from fluid inclusions in
pyrite. The released gases were purified to remove reactive gas species. Ar and Xe were
kept in a cold trap whereas He and Ne were released to the online analytical system. Ar
was released at —78°C for isotope determination.

Results

The noble gas compositions of volatiles released from pyrite crystals from the Shizhuyuan
deposit are listed in Table 1 and Figure 5. The concentrations of “°Ar range from 0.21
to 2.38 x 107% cm?® STP “°Ar/g, and *He concentrations are 0.8-65.1 x 107% cm? STP
“He/g. The large variations in the noble gas isotopic concentrations may reflect variable
fluid inclusion abundance in the sample. The *He/*He ratios vary from 0.06 to 1.66 Ra
(Ra represents the *He/*He ratio of air, 1.39 x 107°). The **Ar/3°Ar ratios vary between
293 and 1072.
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Figure 3. Fluid inclusions in quartz and fluorite in the Shizhuyuan deposit. (A) Vapour-rich and
aqueous inclusions in quartz (sample SZY-490-4, level 490 m). (B) Daughter mineral-bearing and
vapour-rich inclusions in quartz (sample SZY-385-2, level 385 m). (C) CO,-rich inclusions in quartz
(sample SZY-490-111-4, level 490 m). (D) Daughter mineral-bearing fluid inclusions in fluorite (sam-
ple SZY-114, level 385 m). Abbreviations: qz = quartz, fl = fluorite, L = liquid, v = vapour,
S = daughter mineral.

Discussion

Pyrite is known to be a suitable trap for noble gases (Stuart et al. 1994b; Baptiste and
Fouquet 1996; Hu et al. 1998; Burnard et al. 1999). Inclusion-trapped He and Ar are
unlikely to be extensively lost within 100 million years (Burnard et al. 1999). Even though
the trapped He and Ar are partially lost, the ratios of *He/*He and “°Ar/3°Ar can still
remain unchanged (Baptiste and Fouquet 1996; Hu et al. 1997; Ballentine and Burnard
2002b; Hu et al. 2004). Because the pyrite samples used in this study are from under-
ground workings, cosmogenic *He can be ruled out (Simmons et al. 1987; Stuart et al.
1995). The measured He is not the product of nuclear decay of lithium because pyrite
is not a Li-bearing mineral (Ballentine and Burnard 2002b). The in situ produced “’Ar
from mineral lattice and fluid inclusions are thought to be negligible due to low diffu-
sivity of Ar in pyrite (York et al. 1982; Smith et al. 2001) and the extremely low K
concentration in pyrite (York e al. 1982). The amount of radiogenic “He produced from
the decay of U and Th is within the analytical errors. In addition, the fluid inclusions in
quartz and fluorite coexisting with pyrite are all primary (Figure 3). Therefore, the mea-
sured values of He and Ar abundances and isotopic compositions of the pyrite samples
likely represent the characteristics of primary fluid inclusions of ore-forming fluids of the
deposit.

Hydrothermal fluids contain noble gases from three ultimate sources (Burnard et al.
1999; Ballentine et al. 2002): (1) air-saturated (i.e. meteoric) water; (2) mantle-derived flu-
ids; and (3) He and Ar produced in the crust. Air-saturated water has He and Ar isotopic



Downloaded by [Northeastern University] at 16:13 07 January 2015

682 L.-Y Wu et al.

compositions of 3He/*He = 1.39 x 107¢ (1 Ra), and *°Ar/3®Ar = 295.5, similar to the
atmosphere values, because air-saturated water is isotopically in equilibrium with the atmo-
sphere. The upper oceanic mantle has >He/4He ratio of 1-1.3 x 107> (7-9 Ra), and the
subcontinental lithospheric mantle (SCLM) has 3He/*He ratio of 0.8-1 x 1075 (6-7 Ra)
(Porcelli et al. 1992; Patterson et al. 1994; Dunai and Baur 1995; Reid and Graham 1996;
Gautheron and Moreira 2002). Mantle-derived Ar has “°Ar/*®Ar ratios >40,000. Crustal
lithophile elements can produce abundant radiogenic and nucleogenic Ar and He. As a
result, fluids reacted with crustal rocks will eventually have He and Ar isotopic composi-
tions similar to that of the crust that has “’ Ar/3¢ Ar ratios >1000 (Drescher et al. 1998) and
3He/*He ratios of 0.01-0.05 Ra (Tolstikhin 1978; Stuart ez al. 1995).

The proportion of atmospheric He can be calculated using the F*He values, which are
defined as the *He/3®Ar ratio of the sample relative to the atmospheric *He/3°Ar value of
0.1655. A sample containing 100% atmospheric He will have an F value of unity. The F*He
values for all the samples studied by us are much greater than 1 (Table 1), indicating that the
volatiles released from pyrite contain negligible atmospheric He. Mantle-derived He and
radiogenic He produced in the crust are more important in our samples (Turner et al. 1993).
As shown in Figure 3, the *He/*He ratios of the volatiles released from pyrite crystals of
the Shizhuyuan deposit are similar to or higher than the crust values but lower than the
subcontinental mantle values, indicating that the volatiles are dominated significantly by
crustal-derived fluid with minor mantle-derived fluid. The correlation between He and Ar
isotopic compositions (Figures 6 and 7) indicates mixing between two fluids, one with

Figure 4. Photographs of the Shizhuyuan pyrite samples. (A) Pyrite occurs as a small veinlet in
massive skarn. (B) Massive pyrite in greisen. (C) Cubic pyrite associated with colourless fluorite and
bismuthinite. (D) Disseminated pyrite and bismuthinite associated with violet fluorite.
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Table 1. He and Ar isotopic compositions of volatiles released from pyrite in the Shizhuyuan
deposit.
Mineralization
Sample Sampling location type Sample description Mineral
SZY-9 490 underground tunnel I Pyrite vein in Pyrite
greisen-stockwork-skarn
SZY-22 490 underground tunnel v Pyrite vein in silicious rock ~ Pyrite
SZY-83 620 underground tunnel II Pyrite veinlet in massive Pyrite
skarn
SZY-89 620 underground tunnel II Massive pyrite associated Pyrite
with pyrrhotine
SZY-90 620 underground tunnel M1 Pyrite vein in Pyrite
greisen-stockwork-skarn
SZY-105 536 underground tunnel 111 Disseminated pyrite Pyrite
associated with
bismuthinite in
colourless
fluorite-stockwork
SZY-107 536 underground tunnel I Massive pyrite with fluorite ~ Pyrite
veinlets
SZY-108 536 underground tunnel I Disseminated pyrite Pyrite
associated with
bismuthinite in violet
fluorite-stockwork
SZY-109 536 underground tunnel v Massive pyrite associated Pyrite
with sheeted muscovite
and quartz
SZY-112 385 underground tunnel I Pyrite veinlet in quartz vein ~ Pyrite
SZY-113 385 underground tunnel M1 Pyrite veinlet in quartz vein ~ Pyrite
SZY-120 385 underground tunnel v Disseminated pyrite in Pyrite
greisen
SZY-127 385 underground tunnel I Pyrite veinlet in quartz vein ~ Pyrite
“HeP YA ‘He/*He
Weight® (g) (cm®STP)  (cm*STP) (Ra) BAr/Ar OAr/3Ar  YOAr*/4He’
0.3138 5.34 x 1077 1.78 x 1077 0.378 £ 0.005 0.195 £0.007 365.4 £ 4 0.064
0.411 1.52 x 107¢ 2.28 x 1077 0.579 £0.003 0.190 & 0.006 448.5 + 7 0.051
0.2578 1.07 x 107% 6.13 x 1077 0.449 £0.009 0.187 4 0.004 349.6 & 1 0.089
0.2465 7.55 x 1077 3.34 x 1077 0.171 £0.005 0.184 £0.003 322.8 £ 1 0.037
0.2222 4.92 x 1077 n¢ 0.306 +0.004
0.3545 2.62 x 107% 1.86 x 1077 0.280 £0.004 0.193 +0.013 527.7+7 0.035
0.3474 2.26 x 1075 7.14 x 107% 0.063 £0.003 0.118 0.027 785.0 £33 0.002
0.4159 1.47 x 1075 7.42 x 1077 0.143 £0.003 0.187 £ 0.0007 311.9 &1 0.003
0.34 1.09 x 107¢ 1.16 x 1077 1.662 £ 0.009 0.186 4 0.019 1071.8 448 0.084
0.2182 1.83 x 1077 3.56 x 1077 0.517 £0.009 0.186 4 0.005 287.8 &1 0.015
0.2414 520 x 1077 4.71 x 1077 0.459 +0.004 0.182 4 0.003 317.8 £ 1 0.063
0.2543 2.16 x 1077 3.51 x 1077 0.704 £ 0.007 0.186 & 0.002 294.4 42
0.2077 1.68 x 1077 3.62 x 1077 0.428 +0.01 0.184 4+0.001 292.8 + 1
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“He YOAr

(cm3STP-g~!) (cm?STP-g71) F*He
1.7027 x 107¢ 5.6594 x 1077 6590
3.7003 x 107° 5.5418 x 1077 18069
41321 x 1076 2.3765 x 1076 3667
3.061 x 107 1.3547 x 1076 4414
2.2156 x 1076

7.3776 x 107° 5.2358 x 1077 48449
6.5104 x 1073 2.0561 x 1077 1498044
3.536 x 1073 1.7837 x 1076 37340
3.2143 x 107° 3.4195 x 1077 56039
8.3736 x 1077 1.6335 x 1076 921
2.155 x 1076 1.9498 x 1076 2126
8.5127 x 1077 1.3817 x 1076 1078
8.0739 x 1077 1.7427 x 1076 812

Notes: *Sample weights are the fraction of crushed pyrite that passes
through a 100-wm diameter sieve. ®Uncertainties in noble gas concentra-
tions are A25%:; quoted errors of isotope ratios are for lo. “*0Ar* refers to
the excess Ar. YNot analysed.

107"
107"
c)
& o
@
£
A
)
x 10
Shizhuyuan
10 [ ] Primal helium
Mantle-derived helium
10~ El Crusl-derh:ed helium
10 10° 107 10" 10~ 10™ 10°

‘He (cm*STP/g)

Figure 5. Helium isotopes of volatiles released from pyrite in the Shizhuyuan W-Sn-Bi-Mo
deposit. (A), (B), and (C) are from Mamyin and Tolstikhin (1984).

high 3He/*He, high “’Ar/3*°Ar and the other with low *He/*He and near-atmospheric
40Ar/3%Ar. This is consistent with the presence of two types of fluid inclusions in quartz
in the deposit. One type of fluid inclusions has salinity from 26 to 41 wt.% NaCl eq., and
the other has salinity from 1 to 21 wt.% NaCl eq. (Lu et al. 2003). The high *He/*He,
high *°Ar/3¢Ar fluid was most likely derived from a magmatic source whereas the low
3He/*He, near-atmospheric *’ Ar/3¢ Ar fluid was undoubtedly surface-derived or ‘modified
air-saturated water’ (MASW).
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Figure 7. Plots of He/3° Ar versus “He/*° Ar(top) and *He /3 Ar versus “°Ar/3° Ar (bottom). Least-
square fitting to the data gives the equations: “He/**Ar = (8.21 x 10°) *He/*®Ar+1311, r* = 0.72;
OAL/AT = (3.09 x 10%) 3He/Ar4330.87, 12 = 0.88.

Modified air-saturated water

The crustal component in the volatiles released from pyrite crystals probably contains
radiogenic “He and (to a lesser extent) radiogenic *°Ar. In contrast, the *He/3®Ar of the
MASW is unlikely to be changed because both *He and 3 Ar are not radiogenic. Therefore,
it is possible to estimate the *’Ar/3®Ar for the MASW endmember by extrapolating the
trends in Figure 7 to the *He/*®Ar value of PASW (pure air-saturated water, 5 x 10%; Hu
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et al. 2004). The estimated “°Ar/3°Ar for the MASW endmember is 331, which is close
to the Ar isotopic composition of PASW (*°Ar/30Ar ~ 295.5, Turner et al. 1993; Stuart
et al. 1995; Burnard et al. 1999) plus minor radiogenic “°Ar derived either from crustal
rocks (Stuart e al. 1995) or from “°Ar produced by in situ decay of “°K. Similarly, the
3He/*He for the MASW endmember is estimated to be 0.08 Ra by extrapolating the trends
in Figure 8 to “*Ar*/*He value of 0. This value is much lower than the value of PASW
(*He/*He = 1 Ra), but close to the crustal value, indicating the presence of radiogenic *He
derived from crustal rocks or from “He produced by in situ decay of U and Th.

A YAr*/*He ratio of 0.1 is obtained from the correlation (albeit poor) between
3He/*He and “°Ar*/*He (Figure 8), similar to but slightly lower than the estimated value
for the crust (& 0.2) (Torgersen et al. 1989; Ballentine and Burnard 2002b). The low
40Ar* /*He ratios of MASW are attributed to preferential acquisition of *He over *’Ar
from aquifer rocks (Torgersen et al. 1989), due to the higher closure temperature of Ar
relative to He (Torgersen et al. 1989; Ballentine and Burnard 2002b). Ar is quantitatively
retained in most minerals at 250°C, whereas the closure temperature of He is usually less
than 200°C (Lippolt and Weigel 1988; McDdougall and Harrison 1988; Elliot ef al. 1993).
The MASW trapped in these samples acquired not only He but also Ar from crustal rocks,
implying that it was a relatively high-temperature fluid (=200°C), which is consistent with
the homogenization temperatures (156—450°C) of fluid inclusions in coexisting quartz.

The proportion of °Ar* can be estimated by the measured *’ Ar/3¢ Ar values according
to the following equation (Kendrick et al. 2001):

40 36
40Ar*% _ ( Ar/ Ar)sample —295.5 e
(40Ar/36Ar)sample

The estimated concentrations of **Ar* range from 0.2 to 72.4%, and the proportion of
air-derived “°Ar is as high as 27.6-99.8% (72.6% average).

: ]
C Mantle
i +
= C o +
[
£ - F+
5 r +
x I + +
01 F
E +
| Crust
001 1 1 IIIlIll 1 1 lllllll 1 1 TR S =R
0.001 0.01 0.1 1
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Figure 8. Plot of “°Ar*/*He versus R/Ra. Least square fitting to the data gives the equation:
3He/4He = 8.7856 x Ar*/*He+0.0805, r* = 0.37.
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Magmatic fluid

High “°Ar/*°Ar ratios and high 3He values are unique for the mantle (Stuart ez al. 1995).
Therefore, the inferred endmember with high *°Ar/?®Ar and high 3He (Figure 6) is most
likely mantle derived. Using a value of 6 Ra to represent the mantle He, and 0.03 Ra for
crustal fluid, the proportion of mantle He is estimated to be between 0.6 and 27.3% (mainly
in the range of 1-10%), indicating a small quantity of mantle-derived fluid in our samples.

The concentrations of *He in our samples are extremely high (0.4-6.8 x 107'2 cm?3
STP g~'), higher than in basaltic phenocrysts and most xenoliths in basalts, but lower
than in some basaltic glasses (Burnard and Polya 2004). The concentration of *He in
the fluid ([*Helnuiq) may be estimated by assuming that the measured 3°Ar is entirely
derived from air-saturated water. The *He/3°Ar ratios of our samples are in the range
0.0001-0.0198, corresponding [*He]guiq from 5.4 x 1072 to 1.5 x 1078 cc STP g’1 H,O
assuming [*®Ar]puia = 7.65 x 1077 cc STP g’1 H,O. The estimated [*He]nyq values are
very high, which may have resulted from boiling and selective sampling of the vapour
phase (Ballentine et al. 2002). The characteristics of fluid inclusions in coexisting quartz
suggest that boiling may have indeed occurred during mineralization.

The *He/*He ratio of mantle-derived fluid is estimated to be 2.28 Ra by extrapolating
the trend in Figure 8 to the *°Ar* /*He ratio of 0.25. The estimated value is much lower than
that of the subcontinental lithospheric mantle. This probably resulted from crustal anatexis
due to underplating of mantle-derived magma or addition of radiogenic “He produced by
decay of U and Th. However, assuming U 2.7 x 10~° (which is possibly much higher
than the true value), Th/U = 0 (Th solubility in hydrothermal fluid is extremely low), and
age of 160 million years, the amount of radiogenic *He ingrowth is within the analytical
uncertainty. Therefore, the low *He/*He ratio in the mantle-derived fluid endmember most
probably resulted from mixing between mantle-derived magma and melts produced by
crustal anatexis.

Genetic implications

The ore-forming fluids of the Shizhuyuan deposit are thought to be mainly derived
from the Qianlishan granitic magma (Zhang 1989; Xu et al. 2002). Our He and Ar
isotopes show that mantle-derived fluid is present in the volatiles trapped in pyrite
in the contact zone of the granite, suggesting mantle-derived materials were involved
in the formation of the Qianlishan granite pluton. This is consistent with Sr isotopes
(®¥7Sr/%Sr = 0.703-0.729, Mao et al. 1995) of the Qianlishan granite pluton. In addi-
tion, the studies of MME in the Middle—Late Jurassic granite in the middle segment of the
Nanling Mountains also show that the Qianlishan granite is formed by crust-mantle inter-
action (Ma et al. 2005). Therefore, we do not believe that the Qianlishan granite is typical
S-type.

The origin of the Qianlishan granite pluton and the Shizhuyuan deposit is most likely
related to mantle upwelling and lithospheric extension in South China during the Mesozoic.
Mantle-derived magma ascended to mid-lower crust, providing heating and inducing
crustal anatexis. Mixing between them formed hybrid magma. Such hybrid magma contin-
ued to ascend to shallow crust at levels and continued to provide heating. The emplacement
of the hybrid magma triggered large-scale fluid convection in the region, producing miner-
alization along the contact zones as well as in the nearly fault systems. Similar condition
was made previously by Li ef al. (2006) who studied the Furong Sn ore deposit in the
region.
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Conclusions

(1) 3He/*He and *°Ar/3®Ar ratios of volatiles released from pyrite in the Shizhuyuan
W-Sn-Bi—Mo polymetallic deposit range from 0.06 to 1.66 Ra and from 293 to
1072, respectively. The measured He and Ar isotopic compositions of the fluid
inclusion samples are considered to represent the primary ore-forming fluids.

(2) We infer that the ore-forming fluids in the Shizhuyuan deposit formed by mixing
of high 3He/*He and high *°Ar/3¢Ar magmatic fluid, and low *He/*He and low
40 Ar /38 Ar meteoric water. The meteoric water experienced an intensive interaction
with crustal rocks, gaining crustal He and near-atmospheric Ar isotopic signa-
tures. The magmatic fluid was contaminated by MASW with crustal *He/*He and
near-atmospheric *°Ar/3°Ar. The magmatic fluid was derived from the Qianlishan
granite pluton. This igneous body has He and Ar isotopes consistent with mantle
derivation as well as a crustal melt. This suggests that the Qianlishan granite is not
a typical S-type pluton. We conclude that the pluton and the associated Shizhuyuan
deposit are related to mantle upwelling and lithospheric extension in South China
during Mesozoic time.
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