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The Yinjiagou poly-metallic deposit is located at the southernmargin of the North China Craton (SMNCC). Pyrite,
themost economically importantmineral, is associatedwith Cu,Mo, Au, Pb, Zn and Agmineralization. Twomain
mineralization stages have been identified and studied: a porphyry stage, including the quartz–molybdenite and
quartz–sericite–pyrite (QSP) veins, and a vein stage, including the early and the late (economically most impor-
tant) pyrite stages.
Three types of fluid inclusions are distinguished in quartz and pyrite, including liquid-rich, vapor-rich biphase
(LV) and halite-bearing inclusions. The transmitted and infrared microthermometry produced several results.
(1) Each of the three types of fluid inclusions is trapped in the quartz of the porphyry stage, with homogeni-
zation temperatures of 335–419 °C and salinities of 4.7–49.6 wt.% NaCl equiv. The coexistence of
halite-bearing inclusions and low density, vapor-rich biphase (LV) inclusions indicates that the fluid was boil-
ing. The boiling elevated the Fe and S levels in the hyper-saline fluid, as reflected by the development of pyrite,
chalcopyrite and S daughter minerals in the halite-bearing inclusions. (2) The fluid in the early pyrite also dis-
plays features characteristic of boiling, with homogenization temperatures of 352–>400 °C and salinities of
3.7–42.4 wt.% NaCl equiv, whereas the late pyrite only contains liquid-rich biphase (LV) inclusions, with ho-
mogenization temperatures of 263–354 °C and salinities of 6.0–21.3 wt.% NaCl equiv. The relationship be-
tween the decreasing salinity and the corresponding decreasing homogenization temperature clearly
indicates extensive mixing and dilution. (3) Finally, the infrared calibration indicates that the impact of infra-
red light intensity on themicrothermometric results for the Yinjiagou pyrite-hosted fluid inclusions is limited.
The He\Ar isotopic analysis of the fluid inclusions in the pyrite indicates two different fluid sources that in-
volve abundant mantle input. The 3He/4He ratios in the porphyry stage are relatively uniform, ranging from
1.39 to 1.78 Ra (Ra = 1.39 × 10−6 for air), corresponding to 16–22% mantle 4He contribution. This relatively
constant range represents the actual helium isotopic composition of the fluids emanating from the cooling
intrusions at depth. The range of 3He/4He ratios in the vein stage is wide, varying from 0.80 to 5.26 Ra, cor-
responding to 9–65% mantle 4He. The significant variation in the 3He/4He ratios in the vein stage reflects
mixing between two fluids.
These data indicate that there are two different fluid sources and separate evolutionary processes for the por-
phyry and vein stages and support a multi-stage mineralization model. The veinlet molybdenite mineraliza-
tion was induced by the boiling and associated cooling of a magma-sourced fluid that emanated from
intrusions at depth. The QSP veins are likely to be pressure release zones and late fluid flow channels. The
early pyrite mineralization may be attributed to the influx of a dominantly mantle-derived fluid with high
3He/4He ratio (5.26 Ra), which is most likely related to a later, more mafic magmatic event. The precipitation
of the most economically important pyrite resulted from the mixing and diluting of this mantle-derived fluid
with a surface-derived fluid. Additionally, the high 3He/4He ratios indicate a strongly extensional setting,
which is most likely related to the Late Jurassic to Early Cretaceous lithospheric modification and thinning
of the SMNCC.
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1. Introduction

Much of what we know about the mineralizing fluids of hydrother-
mal ore deposits is derived from studies of fluid inclusions trapped in
gangue minerals, e.g., quartz. The applicability of infrared (IR) fluid in-
clusion microthermometry to metallic minerals, such as wolframite,
sphalerite, domeykite and hematite, reveal discrepancies in the homog-
enization temperatures and salinities between fluid inclusions in ore
minerals and the associated quartz that largely disprove the idea of
coprecipitation intergrowth (Campbell and Robinson-Cook, 1987;
Richards and Kerrich, 1993b; Hagemann and Lüders, 2003; Kouzmanov
et al., 2010). Pyrite, a ubiquitous mineral in most hydrothermal ore de-
posits, is transparent when imaged by IR light to reveal fluid inclusions
and internal features (Campbell et al., 1984; Richards and Kerrich,
1993a; Lüders and Ziemann, 1999; Kouzmanov et al., 2002; Lindaas et
al., 2002) and can provide more appropriate information regarding
the genesis of mineral deposits.

The significant difference of the helium isotope ratios between the
mantle and crustal reservoirs allows them to provide a unique insight
into the processes that add mantle volatiles to the continental crust
(Andrews, 1985; Burnard et al., 1997; Ballentine et al., 2002). Recently,
noble gases from ancient fluids trapped as inclusions in hydrothermal
minerals have been extensively employed to trace mantle-sourced
fluids, identify fluid origins and constrain their mixing histories during
the metallogenesis (Stuart et al., 1995; Burnard et al., 1999; Kendrick
et al., 2001; Burnard and Polya, 2004; Zhang L.C. et al., 2008). Pyrite,
which displays almost no He loss, is considered to be the perfect host
mineral to preserve the primary He\Ar isotope composition of the
ore-forming fluids (Stuart et al., 1994; Jean-Baptiste and Fouquet,
1996; Hu et al., 1999). Additionally, both the in situ production and dif-
fusion of 4He and 40Ar in pyrite and the release of lattice-trapped radio-
genic He and Ar during crushing are trivial when compared to the large
amounts of He and Ar trapped in fluid inclusions (York et al., 1982; Hu
et al., 1998; Kendrick and Burnard, 2013).

The Yinjiagou deposit is tectonically located at the southern margin
of the North China Craton (SMNCC) and is part of the East Qinling
metallogenic belt, whichhouses theworld'smost importantMoore dis-
trict and one of the most important gold provinces (Chen et al., 2009;
Mao et al., 2011) aswell as numerous Pb\Zn\Agdeposits (Fig. 1a). No-
tably, several important pyrite deposits also occur in this belt, such as
the Yinjiagou, Houyaoyu and Luotuoshan deposits. These deposits
play an important role in indicating the source of ore materials and in-
vestigating the regional tectonic setting. Widely distributed pyrite has a
close genetic relationship with porphyry and vein mineralization. In
this paper, we report the results of a systematic study of fluid inclusions
in quartz and pyrite and of He\Ar isotopic analyses of pyrite from dif-
ferent mineralized veins in Yinjiagou. Our investigation was designed
to reveal the characteristics, sources and evolution of ore-forming
fluid and to build a possible mineralization model.

2. Geologic background

2.1. District geology

SMNCC is structurally bounded by the Sanmenxia fault with the
North China block to the north and by the Tieluzi–Luanchuan fault
with the Qinling orogenic belt to the south (Fig. 1a) (Zhang et al.,
1996). The Late Archean (ca. 2.6 to 2.9 Ga) Taihua Group (Zhang et al.,
2001) forms the crystalline basement, consisting of gneiss, granulite
and migmatite, and is disconformably overlain by the Mesoproterozoic
(ca. 1.78 Ga) Xiong'er Group, which is arguably part of a large igneous
province (Peng et al., 2008; Pirajno et al., 2009) or arc-related volcanic
rocks (He et al., 2008). The overlying strata are Mesoproterozoic littoral
clastic rocks and carbonate rocks of the Guandaokou Group and
Neoproterozoic clastic and carbonate rocks from the shallowmarine fa-
cies of the Luanchuan Group. Cambrian and Lower Ordovician clastic
and carbonate rocks are extensively developed, whereas Upper Ordovi-
cian to Lower Carboniferous rocks are absent. Middle–Upper Carbonif-
erous and Permian terrigenous clastic rocks, Triassic clastic rocks from
alluvial and fluvial facies, Jurassic continental strata and Cretaceous
volcano-sedimentary rocks outcrop sporadically. The Mesozoic is the
most significant period for granitoid development in the SMNCC, clus-
tering in the Late Jurassic–Early Cretaceous (148 to 138 Ma) and Early
Cretaceous (131 to 112 Ma) (Mao et al., 2008).

Before the Early Triassic, the SMNCC was a relatively stable conti-
nental margin on the North China Craton with an Archean crystalline
basement and Mesoproterozoic cover structure (Zhu, 1998; Zhang et
al., 2001). In the Triassic, the SMNCC was involved in the Qinling oro-
genic belt forming a series of EW-trending faults (Li et al., 1989; Meng
and Zhang, 1999; Ding et al., 2011). Possibly due to the remote west-
ward Pacific subduction (Ren et al., 1992; Zhang et al., 1996; Dong et
al., 2011) in the Late Jurassic, the regional tectonic stress of the
SMNCC changed to NEE-trending, inducing extensive granitoid em-
placement. The Late Jurassic to Early Cretaceous poly-metallic mineral-
ization is attributed to this continental magmatic arc (Ratschbacher et
al., 2003; Mao et al., 2011). The intrusions dominate the occurrences
of Au deposits and porphyry (skarn) Mo deposits as well as the hydro-
thermal vein Ag\Pb\Zn deposits (Fig. 1a). Porphyry (skarn) Mo de-
posits that are spatially associated with Pb\Zn\Ag veins may be part
of a larger-scale hydrothermal system, which would provide a useful
potential vector for exploration (Mao et al., 2009).

2.2. Ore deposit geology

The Yinjiagou deposit (110°48′40″E, 34°12′21″N) is located at the
junction of the NEE-trending Yechangping–Yinjiagou faults and the
WE-trending Jizhang–Shipo faults (Fig. 1a). Pyrite, which is the source
of sulfur, the main economic product of the mine, is found in close as-
sociation with Cu, Mo, Au, Pb, Zn and Ag bearing phases. The deposit
has a S reserve of 48.8 Mt with an average grade of 20.32%, a Cu
metal reserve of 122,000 t with an average grade of 0.46%, and a Mo
metal reserve in excess of 6137 t with an average grade of 0.096%
(Chen et al., 2007; Zhang X.M. et al., 2008). The outcropping strata in
the deposit area are Mesoproterozoic dolomite with interbedded
chert. The deposit is hosted by the Yanshanian intrusive complex
(Fig. 1b), which has been dated at 148 to 142 Ma (Li et al., 2013).
The monzogranite porphyry, the earliest intrusion, is located in the
western part of the complex and invaded by the K-feldspar granite
porphyry. The rhyolitic tuffs and explosive breccias are locally distrib-
uted around the K-feldspar granite porphyry. The quartz diorite por-
phyry surrounds the northern, eastern and southern margins of the
K-feldspar granite porphyry. Zhang X.M. et al. (2008) considered the
quartz diorite porphyry as the marginal face of the K-feldspar granite
porphyry, without any obvious boundary line. The latest biotite
ivernite cuts through all of these intrusions. Both the K-feldspar gran-
ite and quartz diorite porphyries are closely related to the Mo, Cu, Au
and pyrite mineralization (Fig. 1c and d). Potassic and pyrite-phyllic
alterations and pyritization (Fig. 1c and d) occur pervasively and are
overprinted by advanced argillic alteration. Skarnization occurs in
some of the contact zones with dolomite.

Multiplemineralization stages developed and formed variousmin-
eralized veins. Generally, three stages have been identified and are de-
scribed in chronological and spatial order. (1) The porphyry stage
contains molybdenite veinlets and quartz–sericite–pyrite (QSP) ±
chalcopyrite ± chalcocite veins. The molybdenite veinlets occur in
the K-feldspar granite porphyry (Fig. 1b and d). Disseminated molyb-
denite in quartz–molybdenite (Q\Mo) ± pyrite veins commonly
occurs in multiple bands, often with parallel quartz, displaying a
co-depositional character (Fig. 2a). Hence, the fluid inclusions in quartz
should represent the fluid responsible for themolybdenummineraliza-
tion. Pyrite, where present, is commonly located along the edges of the
veins. QSP veins with thicknesses of several centimeters to several



Fig. 1. Regional geological map of the northern margin of the North China Craton (a) (after Luo et al., 1991; Li et al., 2007), local geological (b) and section maps (c and d) of the
Yinjiagou deposits.
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meters contain less than 20 vol.% sulfide (Fig. 2b), corresponding to the
pyrite-phyllic alteration (Fig. 1c and d). These veins, which occur
intensively at the roof and floor of themolybdenite and pyrite ore bodies,
represent the fracture zones within the granitoids from multi-fracturing
events. Quartz occurs as isolated grains and is commonly intergrown
with pyrite (Fig. 2b), most likely representing a paragenetic relationship.
(2) The veined pyrite ± quartz ± calcite ± chalcopyrite ± chalcocite
stage, with thicknesses of several meters to tens of meters, is located in
the K-feldspar granite and quartz diorite porphyries, and is locally in the
contact zoneswith dolomite. Pyrite commonly oxidizes to iron hydroxide
in the shallow and fault zones (Fig. 1b–d). At least two generations of
pyrite were identified based on the mineral assemblages and fluid



Fig. 2. Typical Photographs of the main mineralized veins from the Yinjiagou deposit. Quartz–molybdenite (Q\Mo) vein shows interbedded co-depositional character (a). Quartz is
intergrown with pyrite (Py) in the quartz–sericite–pyrite (QSP) vein (b). Quartz in an early pyrite (Py-1) vein occurs as isolated grains (c). Pyrite surrounds chalcopyrite (Ccp) in
Py-1 under reflected light (d). Late pyrite (Py-2) occurs as euhedral crystals (e). Void space within Py-2 grains suggests enough growing space (f).
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inclusion characteristics. The early pyrite (Py-1) is found in pyrite–
quartz–chalcopyrite ± chalcocite assemblages. Quartz occurs as iso-
lated grains wrapped by pyrite (Fig. 2c). Chalcopyrite is distributed
along micro-fractures within pyrite (Fig. 2d) or occurs in the pyrite
grains. The late pyrite (Py-2) is found in pyrite ± quartz ± chalco-
pyrite ± calcite assemblages, representing the most economically
important ore bodies. Py-1, usually with a fragmented texture, is
contained within Py-2 in some cases. The abundant void space be-
tween pyrite grains (Fig. 2e and f) indicates that pyrite had sufficient
growing space. (3) Distal quartz–Pb and Zn veins are predominantly
distributed within the faults and interstratified cracks of dolomite,
especially at the junctions of two fractures, and can extend to several
kilometers around the intrusions (Fig. 1b). This study generally
focuses on the first two stages.

3. Sample preparation and methods

3.1. Sample preparation

The samples that were examined for the fluid inclusion study
were representative of the veins described above, including the
Q\Mo, QSP, Py-1 and Py-2 veins that were collected from the mine
trenches 100 to 250 m below the present surface. Thirty inclusion
sections of pyrite, including cubic, octahedral, granular, fragmented
and massive crystals, were prepared, and their thicknesses ranged
between 100 and 200 μm, which was thinner than the five quartz
sections of approximately 300 μm. Only eight pyrite sections of
Py-1 and Py-2 had adequate transparency and were, thus, chosen
for further IR microthermometry. A good polish on both surfaces of
the samples is required to optimize the transparency due to the
high refractive index contrast between pyrite and air. Note that in
the following text, tables and figures, we use the labels Q\Mo (Q)
and QSP (Q) for the quartz in the Q\Mo and QSP veins, respectively,
and Q\Mo (Py) and QSP (Py) for the pyrite in the Q\Mo and QSP
veins, respectively.

Pyrite grains for the He\Ar isotopic analyseswere selected from the
Q\Mo, QSP, Py-1 and Py-2 veins. Coarsely crushed chips were washed
ultrasonically in methanol, sieved and handpicked under a binocular
microscope. Fresh crystals of 20–40 (450–850 μm) mesh fractions
were selected by hand. The grains were then rinsed with distilled
water and dried. Approximately 1 g of sample was load into an in
vacuo one-step crusher.

image of Fig.�2
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3.2. Equipment of microthermometry

Optical observations and microthermometry of fluid inclusions in
quartz were conducted using a Linkam THMSG 600 heating and
freezing stage at the Key Laboratory of Mineral Resources, Institute
of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS).
Apparent salinities of the natural fluid inclusions are reported in
wt.% NaCl equiv, based on the halite dissolution temperatures for
halite-bearing inclusions (Hall et al., 1988) and the final ice melting
temperatures for biphase (LV) inclusions (Bodnar, 1993).

Optical observations and microthermometry of fluid inclusions in
pyrite were conducted using an Olympus BX51 microscope equipped
for IR-microscopy at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences (Wuhan). A
long-working-distance IR objective (Olympus MIRPlan 50×) is used.
An IR-sensitive Hamamatsu C274–03/ER camera, with a quoted spectral
response of 0.4–2.2 μm, is mounted on a trinocular head assembly,
which allows the observation of phase changes on a TV monitor.
Microthermometric measurements of pyrite-hosted fluid inclusions
were conducted using a Linkam MDS 600 heating and freezing stage.
Due to the strong IR absorption above 350 to 400 °C, the cycling heating
method, similar to the cyclic method described by Goldstein and
Reynolds (1994), was performed in order to obtain the homogenization
temperatures and salinities of fluid inclusions in pyrite.

3.3. Methods of He\Ar isotopic analysis

He\Ar isotopic analysis was conducted with the one-step crushing
technique at the Key Laboratory of the Earth's Deep Interior, IGGCAS.
Crusher was constructed from 316 L stainless steel and the noble gas
isotope analyses were performed on a Noblesse mass spectrometer in
static mode. The detailed crushing and analytical procedures have
been described by He et al. (2011). Helium blanks were negligible
(3He blank b 3 × 10−17 cm3 STP); and Ar blanks were small, about
0.1% relative to the signals. The air standard, whose 3He/4He ratio is
1.39 × 10−6 (Ra) and 40Ar/36Ar ratio is 298.5, was measured every
two weeks. The uncertainty of the average 3He/4He ratio of calibration
measurements is better than 5%, thus 5% error was assigned to the cal-
culated 3He/4He ratio and this error was included in the unknown sam-
ple correction. The sample results were normalized to the value of the
air standard and corrected for system blanks.

4. Results

4.1. Fluid inclusion petrography

4.1.1. Types of fluid inclusions
In general, three types of fluid inclusions are distinguished (Fig. 3).

The classification of fluid inclusion types observed in this study is pri-
marily based on the phase proportions at room temperature. Where
groups or clusters of inclusions exhibit similar heating and freezing be-
haviors, we infer that they were trapped in a homogeneous fluid and
that the inclusions have not experienced significant post-trappingmod-
ification (Goldstein and Reynolds, 1994). Some fluid inclusions in the
pyrite are isolated, representing primary inclusions, and some are
distributed along the growth banding, suggesting a pseudosecondary
origin.

Liquid-rich (L type) biphase (LV) inclusions occur as negative,
irregularly-shaped to rounded inclusions and usually range from 5 to
80 μm. No liquid CO2 was observed. Vapor bubbles occupy approxi-
mately 5 to 40% of the inclusion volume and homogenize to liquid. L
type inclusions are common in every mineralized vein, especially in
Py-2, where only L type inclusions were observed (Fig. 3g–i).

Vapor-rich (V type) biphase (LV) inclusions have negative crystal-
line or round shapes and range from 7 to 50 μm in size. Vapor bubbles
occupy more than 50% of the inclusion volume and homogenize to
vapor on heating. No daughter crystals or liquid CO2 were observed.

Halite-bearing (H type) inclusions generally have round, isometric
or negative crystalline shapes and are typically between 6 and 40 μm
in size. H type inclusions contain well-formed cubic halite and gener-
ally several other daughter minerals, such as round sylvite, high relief
calcite and plated anhydrite (Fig. 3a–f). Opaque daughter minerals
commonly occur as round shapes, and are identified as pyrite, chalco-
pyrite using Raman spectrometry on quartz (Fig. 4) and sulfur by
Scanning Electron Microscopy on the cavity of the fluid inclusions in
the pyrite (not shown). The vapor bubbles occupy approximately 5
to 30% of the inclusion volume. Anhydrite, calcite and opaque daugh-
ter minerals did not dissolve when heated to temperatures in excess
of 550 °C. Sylvite usually dissolved earlier than halite, and, thus, the
salinities are calculated from the halite dissolution temperatures.

Fig. 4 shows the results of the laser Raman spectrum of daughter
minerals in Q\Mo (Q) and QSP (Q). We first determined the peak
values of pyrite grains (crystals) (Fig. 4a) and then compared these
with the values we obtained from the opaque daughter minerals in
H type inclusions. The results show that some opaque daughter min-
erals are pyrite and chalcopyrite (Fig. 4b and c), and some transparent
minerals are calcite (Fig. 4c). According to the laser Raman analysis,
CO2 is present in the vapor of some L and V type inclusions in the
quartz (not shown), but the content is usually insufficient (less than
0.8 mol% CO2 calculated from the laser Raman data) to form discrete
liquid CO2 at room temperature (Hedenquist and Henley, 1985). The
presence of CO2 is also demonstrated by the melting of clathrate be-
tween 8.1 and 9.0 °C in some L type inclusions in Py-2. The salinities
derived from the ice melting temperatures are much higher than
those derived from the clathrate melting temperatures.

4.1.2. Transparency of pyrite
Pyrite was commonly transparent or displayed patched or zoned

transparency under the IR light source (Richards and Kerrich,
1993a); this result is attributed to the crystalline shape and growth
environment of pyrite. The transparency of euhedral pyrites is
much better than that of the anhedral and fine grained pyrites be-
cause fine-grained aggregates contain numerous planes oblique to
the section, and these planes considerably decrease the IR transparency.
Different parts of the same pyrite section also have different IR trans-
mittance properties, which may be caused either by the nonuniform
distribution of some of themost common elements that can be incorpo-
rated into the pyrite lattice to form extensive solid solutions (Richards
andKerrich, 1993a; Kouzmanov et al., 2002) or othermineral inclusions
trapped within the pyrite. Additionally, late deformation can fragment
the pyrite and lead to brittle or plastic slide along the crystal plane
(Boyle et al., 1998), inducing the IR opacity of pyrite in some cases. Dur-
ing heating, the transmittance of the pyrite gradually decreased, caused
by a gradual shift of the main absorption edge of pyrite towards longer
wavelengths (Lindaas et al., 2002). Freezing has practically no influence
on the IR transparency.

4.1.3. Fluid inclusions in pyrite
The fluid inclusion size in the pyrite is usually large and can reach

200 μm. Most fluid inclusions occur in clusters and have elongated
shapes (Fig. 3d–h) and some are distributed along the growth banding
of pyrite (Fig. 3h), most likely suggesting primary or pseudosecondary
origins. Pyrite has more opaque inclusions than transparent inclusions.
The opacity is attributed to a high refractive index contrast between py-
rite and the trapped aqueous fluid (Richards and Kerrich, 1993a),
resulting in the intense refraction of light. Lüders and Ziemann (1999)
suggested that the post-entrapment reactions of the fluid with the
host-mineral induced the precipitation of a solid phase on the inclusion
walls, and this rim absorbs near-IR light and causes the inclusions to be
opaque. However, this idea was rejected by Philippot et al. (2000), who
noted that the relatively homogeneous distribution of most elements



Fig. 3. Transmitted (a–c) and infrared light (d–i) photomicrographs of fluid inclusions from the Yinjiagou deposit. Coexistence of vapor-rich biphase (LV) and halite-bearing inclu-
sions hosted in the Q\Mo (Q) suggests boiling (a). Daughter mineral is usually cubic halite (Hal) and opaque (Op) daughter mineral is pyrite. Fluid inclusions hosted in the QSP (Q)
also suggest boiling; Halite-bearing inclusions contain daughter minerals of cubic halite, rounded sylvite (Syl) and plated anhydrite (Anh) as well as opaque pyrite and chalcopyrite
(b and c). Liquid-rich biphase (LV) inclusions in early pyrite (Py-1) show unobvious phase change during cooling and heating (d). Coexistence of vapor-rich biphase (LV) and
halite-bearing inclusions in Py-1, with perfect infrared light transparence, suggest boiling (e and f). Liquid-rich biphase (LV) inclusions in Py-2 show typical stretching texture
(g) and occur along growth banding (h) or in isolation (i).
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throughout the inclusion argues against the presence ofminute, optical-
ly invisible compounds that are precipitated inside the inclusion. The
nonopaque and opaque fluid inclusions can coexist even within the
same view of the pyrite (Fig. 3e and f), indicating that some opaque in-
clusions may simply be vapor-rich, vapor or halite-bearing inclusions
that share similar fluid characteristics. The complex morphology is an
important cause of the total internal light reflections, thus resulting in
the partial or complete opacity of the fluid inclusion (Fig. 3d–f) as de-
scribed by Kouzmanov et al. (2002). Considering the widths of 100 to
200 μm for the doubly polished sections and the sizes of approximately
200 μm for some fluid inclusions, some opaque fluid inclusions may
simply be the empty cavities with their roofs removed. Where cavities
intersect the surface of the section, the daughter minerals were deter-
mined to be NaCl, KCl and sulfur by Scanning Electron Microscopy.
4.2. Results of microthermometry and calibration for pyrite

4.2.1. Microthermometry
The microthermometric results of different types of fluid inclu-

sions in different types of veins are presented in Table 1 and Figs. 5
and 6. Note that the salinities and homogenization temperatures of
the V type inclusions are difficult to determine and the presented
values are approximate.
4.2.1.1. Transmitted microthermometry of quartz-hosted fluid inclusions.
Q\Mo (Q) has L, V and H type inclusions (Fig. 3a). The salinities of
the L type inclusions vary from 14.1 to 19.2 wt.% NaCl equiv, with ho-
mogenization temperatures ranging from 378 to 416 °C. The V type
inclusions homogenize between 395 and 402 °C and no ice melting
temperatures are determined. The H type inclusions completely ho-
mogenize by vapor bubble disappearance from 389 to 402 °C and
have salinities ranging from 39.1 to 40.8 wt.% NaCl equiv (Fig. 5a).

QSP (Q) hosts L, V and H type inclusions (Fig. 3b–c). L type inclu-
sions have salinities ranging from 14.5 to 15.5 wt.% NaCl equiv and
homogenize between 335 and 377 °C. The salinities of the V type in-
clusions range from 4.7 to 7.3 wt.% NaCl equiv and homogenization
temperatures vary from 359 to 419 °C. Some of the H type inclusions
completely homogenize when vapor dissolves into the liquid phase
from 340 to 379 °C, with salinities ranging from 33.7 to 35.7 wt.%
NaCl equiv. Others homogenize when halite dissolves into the liquid
phase between 397 and 419 °C, with salinities ranging from 47.2 to
49.6 wt.% NaCl equiv (Fig. 5b).

image of Fig.�3


Fig. 4. Laser Raman analyses of pyrite grain (a) and halite-bearing inclusions in Q\Mo (Q) (b) and QSP (Q) (c). Pyrite grain shows typical Raman spectrum of pyrite (a). Daughter
minerals are distinguished as opaque pyrite (Py), chalcopyrite (Ccp) (b and c) and transparent calcite (Cal) (c).
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4.2.1.2. Infrared microthermometry of pyrite-hosted fluid inclusions.
Py-1 contains L, V and H type inclusions (Fig. 3d–f). Despite the fact
that cooling had almost no impact on the transmittance of fluid inclu-
sions, the phase change for some L type inclusions was not obvious
(Fig. 3d). The apparent salinities of several L type inclusions vary
from 4.2 to 6.4 wt.% NaCl equiv. During heating to greater than 350
°C, most of the L type inclusions could not homogenize and were
opaque, whereas some homogenize between 361 and 367 °C. The V
type inclusions have salinities ranging from 3.7 to 7.3 wt.% NaCl
equiv and homogenize between 352 and >370 °C. The H type inclu-
sions have salinities ranging from 36.8 to 42.4 wt.% NaCl equiv. Com-
plete homogenization temperatures range from 372 to >400 °C as
vapor dissolves into the liquid phase (Fig. 5c).

Py-2 hosts only L type inclusions. However, the possibility of the
presence of V type inclusions cannot be entirely excluded from some
dark inclusions. L type inclusions have large ranges of salinities from
6.0 to 21.3 wt.%NaCl equiv, withhomogenization temperatures ranging
from 263 to 354 °C (Fig. 5d).

To summarize, the microthermometric results (Figs. 5 and 6) in-
dicate that quartz of the porphyry stage contains various types of
fluid inclusions and has relatively high and much larger ranges of ho-
mogenization temperatures and salinities. The Py-1 fluid characteristics
are similar to those of quartz inclusions of the porphyry stage, but quite
different from those of Py-2 pyrites, which only contains L type inclu-
sions with variable salinities and homogenization temperatures.

4.2.2. Temperature calibration for pyrite
Campbell and Robinson-Cook (1987) reported that no difference

in microthermometric results was found between the visible light
and IR light sources during the heating and freezing runs for wol-
framite, whereas Moritz (2006) suggested that the IR light source
intensity affects the microthermometry results for some opaque
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Table 1
Microthermometric results from the Yinjiagou deposit.

FI
type

Size
(μm)

Tm, Hal

(°C) (N)
Salinity
(Wt.% NaCl equiv)
(N)

Ttotal
(°C) (N)

Q\Mo (Q)
HY1-7 L 14.1–19.2 (14) 378–416 (19)

V n. m. 395–402 (5)a

H 312–333 (2) 39.1–40.8 (2) 389–402 (2)
QSP (Q)

HY1-9 L 5–13 14.5–15.5 (5) 335–377 (14)
V 7–12 4.7–7.3 (8)a 359–419 (8)a

H 6–10 235–419 (13) 33.7–49.6 (13) 340–417 (12)
Py-1

HY3-7 L 20–70 4.2–6.4 (4) 361–>420 (13)b

V 40–50 3.7–7.2 (3)a 352–>370 (3)b

H 35–40 281–350 (3) 36.8–42.4 (3) 372–>400 (3)b

Py-2
HY3-4 L 40–50 19.4–20.0 (2) 282–295 (2)
HY3-5 L 10–50 15.6–21.3 (5) 305–354 (7)
HY3-10 L 10–80 15.5–16.0 (2) 290–352 (4)
HY3-14 L 30–40 6.0–16.6 (15) 263–336 (20)
HY21-1 L 20–40 14.5–19.8 (5) 278–341 (5)
HY21-2 L 15–50 13.9–20.6 (5) 307–324 (5)
HY23-7 L 10–30 15.2–18.8 (4) 303–334 (5)

L, V and H FI are types of liquid-rich, vapor-rich biphase (LV) and halite-bearing fluid
inclusions, respectively. Tm, Hal and T total represent the halite dissolution temperature
and the complete homogenization temperature, respectively. n.m.: salinity is not de-
termined due to unobvious phase change when cooling.

a Homogenization temperatures and salinities are approximate values owing to dif-
ficulties in observing phase boundaries on vapor-rich inclusions.

b Uncertainty of homogenization temperatures of fluid inclusions in Py-1 is greatest
owing to the infrared opacity under high temperatures.

Fig. 5. Histograms of fluid inclusion homogenization temperatures hosted in the
Q\Mo (Q) (a), QSP (Q) (b), Py-1 (c) and Py-2 (d) from the Yinjiagou deposit. The un-
certainty of temperatures from Py-1 is greatest owing to the infrared opacity under
high temperatures.
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minerals, e.g., enargite, leading to an overestimate of fluid salinities
and an underestimate of homogenization temperatures. A similar
conclusion has been reported by Ge et al. (2011). There have been
no available data reported to determine the impact of the IR light
intensity for pyrite to date.

We chose several L type inclusions, between 40 and 80 μm in size, to
verify this potential problem in pyrite. The analytical results are listed in
Table 2. The relative IR light intensities (2, 4, 6, 8, 10 and 12) are con-
trolled by the adjusting knob and approximately equal to the voltage
values displayed by the LED indicator, and each of the IR light intensities
corresponds to a salinity and/or homogenization temperature. The re-
sults indicate that the variation in ice melting temperatures is less
than−0.3 °C (Fig. 7a) and that in homogenization temperatures ranges
from0.3 °C to 1.3 °C (Fig. 7b). Given the instrumental, analytical and as-
sociated errors, we consider the influence of IR light intensity on the
microthermometry of fluid inclusions in pyrite to be negligible.

4.3. Results of He\Ar isotopic analyses

TheHe\Ar analytical results (Table 3) indicate that the 4He/4He ratios
offluid inclusions in pyrite range from0.80 to 5.26 Ra; in contrast, there is
a considerable range in 40Ar/36Ar, from421 to 1095. 4He concentrations in
the pyrites are 5.33–83.78 × 10−9 cm3 STP g−1, whereas Ar concentra-
tions are in the range of 2.26–25.28 × 10−9 cm3 STP 40Ar g−1.

The variation in the amounts of helium and argon released by
duplicate extractions of the same sample (Table 3) may have
resulted from heterogeneous distribution of fluid inclusions in py-
rite rather than from crushing processes, which is consistent with
the petrographic observation that the distribution of fluid inclusions is
nonuniform for each section, even for different parts of the same section
(Fig. 3d–i). The 3He/4He ratios of the different crushes remained essen-
tially constant (within 0.1 Ra), regardless of the amount of 4He released
(Fig. 8a), demonstrating that the He isotopic composition of the fluid
trapped in the inclusions was homogeneous and that diffusion and in
situ 4He production were not important. The atmospheric He contribu-
tion can be determined from the F4He values (Kendrick et al., 2001),
defined as the 4He/36Ar of a sample relative to the atmospheric
4He/36Ar value of 0.1727 (Sano et al., 2013). The high F4He values
of 1861–20,892 for the pyrite are evidence that the fluids contain
negligible contributions of atmospheric He. 40Ar/36Ar ratios of
421–1095 are significantly higher than that of air (298.5), consistent
with the very limited amount of atmospheric contamination inferred
from the F4He values.

5. Discussion and interpretation

5.1. Fluid characteristics of various veins

Boiling andmixing are the two principal physical processes affecting
mineral deposition in geothermal systems (Giggenbach and Stewart,
1982). The unmixing of supercritical H2O\NaCl fluids into a high den-
sity brine and a low salinity, low-density vapor has been recognized in
many magmatic–hydrothermal mineralized systems (Audétat and
Pettke, 2003; Redmond et al., 2004; Chen and Wang, 2010). In the
Yinjiagou deposit, the quartz of the porphyry stage and the Py-1 of
the vein stage have identical fluid inclusion assemblages and similar
fluid characteristics (Fig. 6). The intermediate density and salinity
fluid reflected by the L type inclusions of the porphyry stage might rep-
resent the initial fluid compositions. The coexistence of halite-saturated
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Fig. 7. Effects of infrared light intensity on ice melting temperatures (a) and homoge-
nization temperatures (b) of pyrite-hosted fluid inclusions from the Yinjiagou deposit.
Infrared light intensities (2, 4, 6, 8, 10 and 12) are controlled by the adjusting knob and
approximately equal to the voltage values displayed by the LED indicator.

Fig. 6. Homogenization temperature vs. salinity of fluid inclusions from the Yinjiagou
deposit. Halite saturation curve based on Driesner and Heinrich (2007). L, V and H
are liquid-rich, vapor-rich biphase (LV) and halite-bearing fluid inclusions. The uncer-
tainty of temperatures from Py-1 is greatest owing to the infrared opacity under high
temperatures. Coupled decrease in salinity and homogenization temperature shown
by the large arrow clearly indicates a mixing fluid of Py-2, evidence that a hot, saline
fluid mixed with a cooler, more dilute fluid at temperatures up to 350 °C.
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liquid inclusions (H type) and V type inclusions, even in the same
grain (Fig. 3a–f), indicates that the fluids were boiling (Bodnar,
1985) throughout the period from quartz–molybdenite vein forma-
tion through to early pyrite deposition. The presence of explosive
breccia in the K-feldspar granite porphyry with molybdenite miner-
alization is evidence of sharp pressure drops. These may have led to
the boiling. The H type inclusions are considered to have trapped sat-
urated immiscible fluid during the boiling (Shepherd et al., 1985).

With regard to the fluid of Py-2, the relationship between the de-
crease in salinity from 21 to 6 wt.% NaCl equiv and the corresponding
decrease in homogenization temperature from 354 to 263 °C (Fig. 6)
clearly indicates a trend of strong dilution, evidence that a hot, saline
fluidmixedwith a cooler,more dilute fluid. Considering the paragenetic
sequence of mineralization and the fluid features of various veins, the
hot, saline fluid is likely to be the residue of the early boiling fluid,
mixing with groundwater at temperatures up to 350 °C.

Recent experiments and microanalysis for single fluid inclusions
demonstrate that phase separation between coexisting vapor and
hyper-saline liquid phases can be an important step in the segrega-
tion of elements, with the tendency of some elements, including Fe,
Zn, Pb and Mn to partition into the brine, while other elements,
such as Cu, Au and As in HS complexes, partitioning into the vapor
phase (Heinrich et al., 1999; Simon et al., 2004; Pokrovski et al., 2005;
Simon et al., 2005; Williams-Jones and Heinrich, 2005; Seo et al.,
2009). In the Yinjiagou deposit, H type inclusions containing plenty of
opaque pyrite and sulfur are widely distributed in both the porphyry
Table 2
Calibration results of typical fluid inclusions in pyrite from the Yinjiagou deposit.

Number FI type
(size)

Temperature
(°C)

Infrared light intensity

2 4

1 L (80 μm) Tice −4.2
Ttotal 291.6

2 L (60 μm) Ttotal 304.5
3 L (40 μm) Ttotal 305.5

L FI is liquid-rich biphase (LV) fluid inclusions. Tice and Ttotal represent ice melting tempera
(2, 4, 6, 8, 10 and 12) are controlled by the adjusting knob and approximately equal to the
stage and Py-1 (Fig. 3), which demonstrates that, during phase separa-
tion, Fe and S preferentially entered into the hyper-saline liquid over
the low density vapor.

5.2. Variation of He\Ar isotopes and sources of the ore-forming fluids

5.2.1. Variation of He\Ar isotopes
40Ar/36Ar ratios of 465–1095 of the boiling fluids from Q\Mo (Py),

QSP (Py) and Py-1 are slightly higher than those of 421–460 of the
mixing fluid from Py-2. Both the nonlinearity of 40Ar* vs. 40Ar/36Ar
(not shown) and the approximate linearity of 40Ar/36Ar and 3He/36Ar
(Fig. 8b) generally exclude the effects of the in situ generation of
40Ar due to the radioactive decay of K-bearing daughter minerals
trapped in fluid inclusions of pyrite. However, considering that
K-bearing daughter crystals are contained in some H type inclusions
and that the initial ore-forming fluid might have a certain amount of
K+, the content of K is significant, and, thus, could produce consider-
able 40Ar*, as reflected by the slight scatter of 40Ar and 40Ar* on the
Variation

6 8 10 12

−4.2 −4.3 −4.3 −4.5 −0.3
291.6 291.8 291.6 291.5 0.3
304.4 304.2 303.5 303.2 1.3
305.7 305.4 305.2 305.0 0.5

ture and complete homogenization temperature, respectively. Infrared light intensities
voltage values displayed by the LED indicator.
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Table 3
Noble gas compositions (E−9 cm3 STP g−1) and isotopic ratios of fluid inclusions trapped in pyrite from the Yinjiagou deposit.

No. Stage Weight (g) 4He 40Ar 40Ar* 3He/4He (Ra) Error 40Ar/36Ar 4He/40Ar* F4He 4Hemantle (wt.%) T total (°C) (n)

HY1-7 1 Q\Mo (Py) 0.49 12.00 7.41 2.76 1.51 0.12 465.69 4.35 4367 17.8 397 ± 9 (26)
HY1-9 1 QSP (Py) 0.65 59.12 20.71 10.06 1.78 0.11 567.94 5.88 9388 21.8 375 ± 29 (34)

2 0.65 10.94 2.26 1.37 1.39 0.12 745.37 7.97 20892 16.3
3 0.67 83.78 19.24 7.46 1.47 0.09 477.11 11.23 12030 17.3

HY3-7 1 Py-1 0.73 5.33 4.32 3.17 5.26 0.35 1095.35 1.68 7825 65.3 ca. 380 ± 25a

2 0.57 53.19 25.28 17.05 5.19 0.30 897.04 3.12 10929 64.4
HY3-10 1 Py-2 0.66 23.31 12.58 4.04 0.80 0.06 430.18 5.77 4616 8.9 325 ± 28 (4)

2 0.52 28.60 9.79 3.00 0.84 0.07 421.12 9.53 7124 9.4
HY3-14 1 Py-2 0.73 12.20 16.77 5.68 2.40 0.17 441.84 2.15 1861 29.1 304 ± 20 (20)

2 0.62 16.16 9.60 3.50 2.28 0.15 459.47 4.62 4479 27.6

Numbers for the No. column represent multiple aliquots of the same sample. 40Ar* is radiogenic 40Ar given all of the Ar come from the fluid inclusions; 40Ar⁎ = 40Ar–295.5 × 36Ar.
F4He values reflect enrichment of 4He in the fluid relative to air; F4He = (4He/36Ar)sample/(4He/36Ar)air, where 4He/36Arair = 0.1727 (Stuart et al., 1995). T total represents complete
homogenization temperature. T total of fluid inclusions in Q\Mo (Q) and QSP (Q) are used to approximately represent T total of fluid inclusions in Q\Mo (Py) and QSP (Py).

a Uncertainty of homogenization temperatures of fluid inclusions in Py-1 is greatest owing to the infrared opacity under high temperatures.
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mixing line (Figs. 8b and 9a). The radiogenic gas composition of the
fluid endmembers can be reconstructed using mantle and crustal
3He/4He. Using a mantle endmember R/Ra = 8 (Fig. 9a), the
undiluted mantle volatiles have 40Ar*/4He = 0.64 ± 0.16 (Fig. 9a).
This is higher than the best estimated value of MORB mantle (0.49;
Staudacher et al., 1989) andmay reflect fractionation during phase sep-
aration or assimilation of crustal material prior to degassing, consistent
with the higher 40Ar*/3He ratio of 86 ± 37 × 103 compared with the
mantle 40Ar*/40He ratio of 45 × 103 (Moreira et al., 1998).

3He/4He ratios of the porphyry stage and the vein stage range
from 1.39 to 1.78 Ra and from 0.80 to 5.26 Ra, respectively. Hearn
et al. (1990) considered that extensive boiling could result in frac-
tionation of 3He into the vapor phase, with steam loss at the surface,
whereas the boiling that affected our samples wasmost likely a small
scale event with steam loss at depth. Simmons et al. (1987) sug-
gested that preferential vapor-phase partitioning of 3He could not
account for the helium isotopic compositions at Pasto Bueno
tungsten-base-metal-bearing deposit, Peru. In our study, the fluids
of Q\Mo (Py) and QSP (Py) are both characteristic of boiling, where-
as no notable differences are found between their 3He/4He ratios
(Figs. 8a and 9), excluding the effect of fluid immiscibility. The re-
markable difference of 3He/4He ratios between the porphyry and
vein stages most likely represents two different fluid sources
(Fig. 9; see below). Since all of the samples were collected at depth
(100 to 250 m below the present surface), a contribution from cos-
mogenic 3He can be ruled out. Furthermore, atmosphere-derived
He is unlikely to affect He abundances and isotope compositions of
crustal fluids, due to the insolubility of He in water and the low He
concentration of the atmosphere (Ozima and Podosek, 2001). There-
fore, themajor sources of He in ore-forming fluids are themantle and
the crust. Crustal production of 3He is dominated by the reaction
6Li(n, α) → 3H(β) → 3He (Mamyrin and Tolstikhin, 1984). Because
of the absence of any Li-rich phases in the study area, He production
should have the same 3He/4He ratio as typical crust (b0.1 Ra). The
3He/4He ratios in Yinjiagou range from 0.80 to 5.26 Ra, considerably
higher than that of He produced in the continental crust and provide
clear evidence that both mantle-derived and crustal-derived (radio-
genic) He is present in these ore-forming fluids. Additionally, the ex-
cellent correlation between 3He/36Ar and 40Ar/36Ar (Fig. 8b) also
demonstrates that the ore-forming fluid can be considered as a com-
bination of crustal and mantle components.

5.2.2. Sources of the ore-forming fluids
Crust and mantle contributions to ore-forming processes can

often be traced using the fluid helium isotopic composition in the
hydrothermal minerals, especially in pyrite. Many syngenetic and
epigenetic metallic ore deposits have been reported as indicating
the involvement of mantle-derived components based on helium
isotope studies (Simmons et al., 1987; Stuart et al., 1995; Hu et al.,
1998; Mao et al., 2003; Burnard and Polya, 2004; Zhang L.C. et al.,
2008). Given the simple, separate binary mixing in the porphyry
and vein stages, the proportion ofmantle 4He is estimated fromHemantle

(%) = (R − Rc)/(Rm − Rc) × 100, where Rm, Rc and R represent the
3He/4He ratios of the fluids in themantle, the crust and the samples, re-
spectively. We use 8 Ra for Rm and a maximum 0.1 Ra for Rc omitting
the impact of mantle and cosmogenic 3He for Rc (Andrews, 1985); the
actual Rc value is likely to be much lower than 0.1 Ra, based on the av-
erage crustal contents of Li (14 ppm), Th (8.2 ppm) and U (1.44 ppm)
of the SMNCC (Zhang et al., 2001; Ballentine and Burnard, 2002). The
mantle 4He values of the porphyry stage range from 16 to 22%, while
values of the vein stage range from 9 to 65% (Table 3). This mixture of
mantle and crustal He should be related to the magmatic contribution.
The participation ofmantlefluids in the ore-formingfluids and thepres-
ence of a diluting fluid of crustal origin, have been previously proposed
based on S, H and O isotopes (Chen and Fu, 1992;Wu, 2011). The values
of δ34S (−0.3‰–5.8‰) for fifty pyrite samples, δ18OH2O (5.6‰–8.8‰)
and δDH2O (−64% to−52%) for quartz intergrown with pyrite all indi-
cate a dominantly magmatic origin mixing with minor meteoric water.
The involvement of mantle helium in this district was also reported
from other deposits, resulting in the high 3He/4He ratios of 1.4–3.6 Ra
from the Jinduicheng, Donggou, Shijiawan and Sandaozhuang deposits
(Zhu et al., 2009) and the 3He/4He of 0.82 ± 0.41 Ra from gold deposits
in adjacent Xiaoqinling district, SMNCC (Li et al., 2012).

Both the decreasing homogenization temperatures (Fig. 6) and
the positive correlation of 3He/36Ar and 40Ar/36Ar (Fig. 8b) of various
veins reflect an increasing dilution of a magmatic fluid by low tem-
perature meteoric water in the hydrothermal system. The magmatic
fluid 3He/4He and 40Ar/36Ar are below typical mantle values. For
helium isotopes this represents a mixture of radiogenic and mantle
derived He. The mantle He has likely exsolved from mantle derived
calc-alkaline magmas. The intercept of a best-fit line in Fig. 8b iden-
tifies a 40Ar/36Ar of 390 for the crustal fluid component, which is higher
than atmospheric Ar, representing ameteoric fluid componentwithin a
small volume of crustal radiogenic 40Ar. Fig. 9 defines two different
trends and radiogenic isotopic ratios of the endmembers. One is for
the porphyry stagewith relatively constant 3He/4He ratios, of magmatic
origin with initial R/Ra of ca. 1.8 and mantle 4He of 22%. The Yinjiagou
K-feldspar granite porphyry has low 87Sr/86Sr ratios (0.7074–0.7082;
Chen and Fu, 1992; Li et al., 2013), characteristic of I-type granites,
which are largely produced by partial melting of the lower crust. The
initial fluid of the porphyry stage should emanate from the cooling
intrusions (K-feldspar granite porphyry) at depth. The relatively
constant R/Ra from the porphyry stage could represent the isotopic
characteristics of deep magma (perhaps K-spar granite porphyry).
Another trend for the later vein stage indicates amixing relationship.
The highest 3He/4He (5.26 Ra) of fluid inclusions in Py-1 is close to



Fig. 8. Graphs of 4He vs. 3He/4He (a) and 3He/36Ar vs. 40Ar/36Ar (b) of pyrite-hosted fluid
inclusions from Yinjiagou deposit. Square filled with green and diamonds filled with blue
represent Q\Mo (Py) and QSP (Py) of porphyry stage, respectively. Black triangles filled
with purple and red triangles filled with yellow represent Py-1 and Py-2 of vein stage, re-
spectively. The magmatic component is characterized by the presence of both 40Ar and
3He. The low 40Ar/36Ar\3He/36Ar component represents a meteoric fluid component
(40Ar/36Ar = 390) and variable amounts of atmospheric noble gases (40Ar/36Ar = 298,
3He/36Ar = 2 × 10−7).

Fig. 9. 40Ar*/4He vs. 3He/4He (a) and 40Ar/36Ar vs. 3He/4He (b) of various veins. Symbols
as in Fig. 8. Two different trends with endmembers with different isotopic composi-
tions are defined. One is for the porphyry stage with relatively constant 3He/4He ratios,
of magmatic origin with initial R/Ra = 1.8, representing the isotopic characteristics of
deep magma (perhaps K-spar granite porphyry). Another is for the vein stage, indicat-
ing a mixing relationship and representing a different magmatic sourced hydrothermal
system mixed with a low 3He/4He surface-derived fluid.
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the ratio of subcontinental mantle (6 Ra; Gautheron and Moreira,
2002). The fluid from Py-1 with mantle 4He of 65% must represent
another individual magmatic sourced hydrothermal system (as op-
posed to the porphyry ore-forming system), which might be attrib-
uted to a later, more mafic magmatic event. This conjecture has
been confirmed by the latest geochronology study (see below). The
notable variation in R/Ra from Py-1 to Py-2 similar to the helium iso-
topic variation in most sulfides from hydrothermal deposits ana-
lyzed to date (e.g., Stuart et al., 1995; Hu et al., 1998; Kendrick et
al., 2001; Mao et al., 2003), reflects the mixing (Figs. 6 and 9) of the
mantle-derived fluid with a low 3He/4He diluted fluid undoubtedly
containing a surface-derived radiogenic crustal helium.
5.3. Possible mineralization model

The combination of the 3He/4He and temperature results allows us
to further trace the fluid evolution. The temperatures are presented as
the averages of fluid inclusions in each sample with a 1 sigma standard
deviation. Because we could not directly obtain temperatures for the
fluid inclusions in Q\Mo (Py) and QSP (Py), because of the intergrowth
relationship between quartz and pyrite (Fig. 2a and b), the homogeniza-
tion temperatures of fluid inclusions in the Q\Mo (Q) and QSP (Q) are
used to approximately represent the temperatures of fluid inclusions in
the Q\Mo (Py) and QSP (Py). An interesting relationship is observed
between 3He/4He and homogenization temperature (Fig. 10). The ratios
of 3He/4He from the porphyry stage are relatively uniform and low,with
relatively high homogenization temperatures, whereas the 3He/4He ra-
tios from the vein stage form an approximately linear relationship with
the homogenization temperatures. Although the cause of the difference
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Fig. 10. Homogenization temperature and 3He/4He graph of various mineralized veins
from the Yinjiagou deposit. Symbols as Fig. 8. The homogenization temperatures of
fluid inclusions in the Q\Mo (Q) and QSP (Q) are used to approximately represent
the temperatures of fluid inclusions in these pyrites. R/Ra from porphyry stage are rel-
atively uniform and low, with relatively high homogenization temperatures, whereas
R/Ra from vein stage form an approximately linear relationship with the homogeniza-
tion temperatures, reflecting their different fluid sources and evolutionary paths.

12 M.-T. Zhu et al. / Chemical Geology 351 (2013) 1–14
is uncertain, we speculate that it might also reflect two different fluid
sources and evolutionary paths. This speculation is consistent with the
field observation that the veinlet molybdenite of the porphyry stage
was formed before the veined pyrite–chalcopyrite; the former occurs
in the K-feldspar granite porphyry, whereas the latter occurs in the
K-feldspar granite porphyry and quartz diorite porphyry, locally cutting
the molybdenite ore bodies. This result is also consistent with a Re\Os
age of 146 ± 1.1 Ma for the molybdenite mineralization (Wu, 2011)
and a slightly younger age of 141 ± 1.1Ma for the pyritemineralization
based on both zircon U\Pb and pyrite Re\Os ages of the quartz–pyrite
veins (Zhu et al., 2013).

Our microthermometric and He\Ar isotopic results favor a
multi-stage model for the Yinjiagou poly-metallic deposit. The initial
medium density and salinity fluid of the porphyry stage, with tem-
perature more than 420 °C, which emanates from K-feldspar granite
porphyry at depth, contains ca. 20% mantle helium. As this fluid mi-
grated upwards, boiling occurred due to the decompression and asso-
ciated cooling and resulted in molybdenite precipitation. The QSP
veins are widely distributed along the roof and floor of the ore bodies,
most likely representing pressure release zones and late fluid flow
channels, similar to the Big Gossan Cu\Au skarn deposit in Irian
Jaya (Meinert et al., 1997) and the Far Southeast-Lepanto porphyry
and epithermal Cu\Au deposits in the Philippines (Hedenquist et
al., 1998). After the development of the K-feldspar granite and/or
quartz diorite porphyries, another magmatic event occurred, which
produced new hydrothermal fluid (s) involving approximately 65%
mantle helium with temperature more than 350 °C. During the up-
ward migration of this fluid along the fractured weak zones (perhaps
the QSP veins), boiling occurred. The fluid thenmixed with a low 3He/
4He surface-derived fluid. Continued addition of a crustal component
during deposition further lowered the temperature below 350 °C and
diluted the 3He/4He to 2.4 Ra and 0.8 Ra for the main pyrite deposit,
reflecting the increasing importance of the meteoric component as
mineralization proceeded. Mixing and diluting could account for the
significant variation in the R/Ra of the vein stage and resulted in a
large amount of pyrite precipitating, forming the most economically
important pyrite in Yinjiagou.

5.4. Implications for the regional tectonic setting

The large scale metallogenesis in the SMNCC is related to a series of
Mesozoic granitoid plutons that were triggered by the transformation
of the tectonic regime during the Late Jurassic to Early Cretaceous pe-
riods. The initial 87Sr/88Sr ratios (0.7061–0.7100) of these intrusions
suggest eithermixedmantle and crustal sources or derivation frompar-
tialmelting of the lower crust (Chen et al., 2000; Zhang et al., 2009;Mao
et al., 2011; and references therein) in an extensional setting (e.g.,
Ratschbacher et al., 2003; Mao et al., 2008; Ling et al., 2009; Li et al.,
2012). The extensional setting related to the lithospheric modification
and thinning in the western (Xiaoqinling) and eastern parts of the
NCC has been described based on the geochemistry of numerous meta-
morphic core complexes, intra-continental rift-basins and felsic and
mafic intrusions (Wu et al., 2008; Li et al., 2012; and references therein)
and on the geophysics (Chen et al., 2008; Xu et al., 2011; Zhu et al.,
2011). Lithospheric extension and asthenospheric upwelling caused ex-
tensive mantle-derived magmatism and could have provided sufficient
fluids, sulfur and other components to form the poly-metallic province
in the SMNCC (Fig. 1a). The transport of mantle volatiles through the
crust is closely linked to the tectonic setting; mantle 3He in groundwa-
ter is typically found in regions of crustal extension, and is thought to be
released during the intrusion of subsurface melts that are associated
with the extension (Oxburgh et al., 1986). Hence, the high 3He/4He ra-
tios of the Yinjiagou deposit indicate an intense extensional setting,
whichmay be attributed to Late Jurassic to Early Cretaceous lithospheric
modification and thinning of the SMNCC. This settingwould explain the
emplacement of the large-scale pyritemineralization in the East Qinling
metallogenic belt.

6. Conclusions

Geologic, petrographic, fluid inclusion and He\Ar isotopic evidence
indicate different fluid sources and evolutionary processes between
porphyry molybdenite mineralization and vein pyrite–chalcopyrite de-
position in the Yinjiagou ore district. The hydrothermal evolution was
controlled by the Yanshanian complex intrusions and involved fluids
of mixed crust–mantle origin. Hydrothermal processes occurred during
boiling, progressive cooling and mixing as recorded by the fluid inclu-
sions. Fluid immiscibility is not only an important factor for the precip-
itation of molybdenite but also concentrates the content of Fe and S. For
the vein stage, both fluid features and He\Ar isotopic compositions in-
dicate that an individual hydrothermal fluid dominated by a mantle
component, much larger than the mantle component in the porphyry
ore-forming system, mixed to various extents with crustally derived
fluids. This mixing process was the main factor leading to the precipita-
tion of themost economically important pyrite. The high 3He/4He ratios
imply a strongly extensional setting.
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