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Available online 1 March 2017 vapor, and hypersaline inclusions. Fluid inclusion assemblages in a quartz-molybdenite vein contain

>60 vol% vapor, are equant to negative-crystal shaped, and form clusters or distinct inclusion trails.
They yield homogenization temperatures of 285-295 °C, with an estimated trapping temperature of
425 °C, suggesting a paleodepth of about 5 km calculated at a pressure correction of 100-150 MPa.
H-0-S-Fe isotopes Hydrothermal K-feldspar from early stockwork veins related to potassic alteration have calculated
Fluid and metal sources 3'80qyiq values of —1.9%o to +1.9%.. Hydrothermal sericite from an overprinting phyllic alteration associ-
Wenquan porphyry deposit ated with late quartz-pyrite veins has calculated 8Dgiq values between —68 and —60%0, and 5'%0gq val-
Western Qinling ues from —3.7 to +1.4%.. These isotopic data suggest that both early- and late-stage fluids are dominated
by magmatic fluids, with influx of meteoric water during the late stage. Exsolution of volatiles from
magma in a late-stage open system, results in more variable 8D values than an earlier closed-system.

Molybdenite and pyrite have 534S values ranging from 1.1%. to 6.6%., indicating that sulfur at Wenquan
had a magmatic source. A linear relationship between &34S values of sulfides separated from early
potassic alteration and late phyllic alteration could reflect incorporation of isotopically heavy evaporate
sulfate into source magmas from underlying Devonian sedimentary rocks during late alteration. The
856Fe whole-rock values of altered porphyries range from 0.08%c to 0.26%., similar to 8°Fe values of
0.15%0-0.32%. for pyrite from quartz veins related to both the potassic and phyllic alteration assem-
blages. The 8°°Fe values of pyrite are positively correlated to, but in general slightly lighter than, those
of altered porphyries, indicating similar metal sources. Moreover, both altered porphyries and the pyrite
are progressively enriched in heavy Fe isotopes from biotite, through potassic to late phyllic alteration,
consistent with isotopic evolution from an early lithostatic load to a late hydrostatic load.

The Triassic intrusive rocks and fluids responsible for mineralization were derived from a deeply-
sourced hybrid mantle-crustal magma crystallizing at a paleodepth of 5km under lithostatic load.
External Late Triassic meteoric or Devonian formational fluids became a part of the hydrothermal system
during the post-fracturing final stage of ore formation under a hydrostatic regime. The formation of the
Wenquan magmatic-hydrothermal systems spans the ductile-brittle transition based on a normal ther-
mal gradient as constrained by the temperature range of 550-300 °C. The early, high-temperature potas-
sic alteration developed under a ductile regime, whereas the later, low-temperature phyllic alteration
correlates to a brittle environment, where hydraulic rock fracturing enhances permeability and fluid cir-
culation. Most sulfur and metals were precipitated from vapor-rich fluids resulting from cooling and
expansion of a single-phase fluid exsolved from a hybrid magma.
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1. Introduction

The Central China Orogenic Belt, consisting of the Kunlun, Qil-
ian, Qinling and Dabie Mountains from west to east, is located in
central Eastern Asia, and formed during ocean basin closures and
subsequent collision between the North China Block and Tarim
Block to the north, and South China Block and Tibet to the south
(Fig. 1A, Meng and Zhang, 2000; Deng et al., 2013; Pirajno and
Zhou, 2015). The Qinling Orogenic Belt, linking the Kunlun and Qil-
ian Mountains in the west and the Dabie Mountain to the east, is
separated into the Western Qinling and Eastern Qinling segments
(shown as blue dashed line in Fig. 1B; Zhang et al., 2007; Liu
et al.,, 2010; Tang et al., 2015), on the basis of regional geology
and lithospheric features defined by geophysical studies. Several

South China
Block

studies have reviewed the evolution of the Qinling Orogen that cul-
minated with collision between the North China and South China
Blocks (Chen and Santosh, 2014; Dong and Santosh, 2016). Eastern
Qinling is well endowed with porphyry Mo deposits, with a proven
and inferred resource exceeding 6 million tonnes (Mt) Mo metal
(Mao et al., 2008; Li et al., 2013). In contrast, porphyry systems
in Western Qinling have been poorly documented, although they
were first recognized as early as the 1970s (GSBGME, 1979;
Xiang et al., 1985) and now comprise dozens of porphyry and asso-
ciated skarn deposits (Fig. 1B; Qiu et al., 2016; Qiu and Deng, 2016
and references therein). These include the Jiangligou W-Mo, Xie-
keng, Nianmuer Cu-As-Au, Amangshaji Cu, Longdegang Cu-As, Zao-
zigou Au, Dewulu Cu, Nanban Cu, Laodou Au-Cu, Riduoma Fe,
Xiahejiangang Fe, Shanglanggang Fe, Wenquan Mo, and Taiyang-
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Fig. 1. (A) Tectonic subdivision of China, showing the location of Western Qinling. (B) Generalized geological map of Western Qinling, showing major Triassic porphyry-skarn
systems and distribution of their associated granites (modified after Meng and Zhang, 2000; Yang et al., 2015a). (C) Sketch geological map of the Wenquan area, showing the
five phases: biotite granite (I), biotite monzogranite porphyry (II), porphyritic monzogranite (III), monzogranite porphyry (IV), and porphyritic syenogranite (V) of the
composite Wenquan granite batholiths (Modified after Han, 2009; Wang, 2011 and this field investigation).
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shan Cu deposits. Ore genesis studies using modern methodologies
on select deposits, as well as reconstructions of the regional struc-
tural and tectonic setting for the porphyry magmatism, are criti-
cally needed to increase targeting strategies for exploration in
Western Qinling.

Besides the world-famous Late Mesozoic (Late Jurassic-Early
Cretaceous) porphyry Mo systems located in the Eastern Qinling,
Early Mesozoic (mainly Triassic) Mo deposits throughout the Qin-
ling Orogen have been discovered and recognized (Li and Pirajno,
2017). Wenquan, the only large Triassic porphyry Mo deposit in
the Western Qinling, however formed by fluids with different char-
acteristics compared to fluids that formed coeval porphyry Mo
deposits in Eastern Qinling (Ren, 2009; He, 2012; Chen et al.,
2017). The Wenquan Mo deposit is easily accessible and has
well-developed alteration zonation, distinct mineralization styles,
and clear mineral assemblages, making it amenable to a compre-
hensive ore genesis study. The Wenquan deposit comprises
247 Mt ore in the measured and indicated categories, and
0.12 Mt Mo metal at a grade of 0.048% Mo (He, 2012). Previous
robust Re-Os dating on molybdenite from quartz-molybdenite
veins, and numerous geochronological and geochemical studies
on the associated granitoids, combined with geological investiga-
tions, have provided a basic framework for the geological environ-
ment and outlined possible genetic relationships at Wenquan (e.g.,
Han, 2009; Zhu et al., 2011). However, there remains no consensus
on a holistic genetic model for ore formation at Wenquan. The key
to understanding the uncertainties in ore genesis lies in defining
the nature of the ore fluids and metal sources for the deposit.

Four types of fluid inclusions have been recognized in the Wen-
quan deposit based on detailed petrography (Han, 2009; Ren, 2009;
He, 2012; Wang et al.,, 2012): single-phase aqueous inclusions,
vapor-rich fluid inclusions, hypersaline liquid inclusions, and low-
salinity aqueous inclusions. However, no specific geological infor-
mation was provided to illustrate which of the multi-generations
of quartz in a complex paragenetic sequence was chosen for fluid
inclusion analyses in the past research. Moreover, most microther-
mometric data recorded from these previous studies were not col-
lected following the procedure by Goldstein and Reynolds (1994) of
defining Fluid Inclusion Assemblages that carefully discriminated
groups of petrographically associated fluid inclusions trapped at
the same time and conditions, which is essential for identifying
post-entrapment modification of fluid inclusions from necking
down, stretching, or leakage and refilling (Bodnar, 2003). Measure-
ments of ice-melting temperature (Tm, ice), halite dissolution tem-
perature (Ts, halite), and homogenization temperatures of fluid
phases in these fluid inclusions (Th, total) thus inevitably provide
little accurate information about ore fluid characteristics at the
pressure and temperature of entrapment of the fluids.

Stable isotope geochemistry is typically applied to furnish
invaluable information concerning the genesis and physiochemical
aspects of ore-forming hydrothermal solutions, as well as to con-
strain the origin and evolution of some ore-forming components
(Calagari, 2003; Goldfarb and Groves, 2015). Some workers
reported hydrogen and oxygen isotopic compositions (3D = —96
to —68%0; 8'80guia = —0.9 to +0.6%0) from inclusion fluids extracted
from quartz grains separated from quartz-molybdenite veins at the
Wenquan deposit, and proposed that the ore fluids were a mixture
of magmatic and meteoric waters (Han, 2009; Ren, 2009; He,
2012). Fluid inclusions in quartz, a ubiquitous gangue mineral of
hydrothermal deposits, have long been extensively used to define
fluid sources. Scanning electron microscope and cathodolumines-
cence (CL) techniques, however, have confirmed that early-
formed quartz grains are readily overprinted by later hydrothermal
events, and these techniques define different generations not
observed under an optical microscope (Rusk et al., 2006, 2008;
Qiu et al., 2015). This observation indicates that the quartz that

has been overprinted could host fluid inclusions correlated to mul-
tiple hydrothermal events. The isotopic data collected from such
quartz and trapped fluid inclusions therefore cannot be used to
interpret the formation of the ore deposit.

Han (2009) and He (2012) measured sulfur isotopes on molyb-
denite (8%*S=+4.69 to +6.61%.) separated from quartz-
molybdenite veins, and proposed that sulfur was sourced from
the lower crust and upper mantle. Wang (2011) and Zhu et al.
(2011) reported sulfur isotopic values of pyrite (5*4S=+5.02 to
+5.58%0) and molybdenite (534S =+5.46 to +5.66%.) from quartz-
sulfide veins, and suggest that magmatic-hydrothermal fluids asso-
ciated with granitoids were the major sulfur source at Wenquan.
They suggested that mineralization resulted from internal frac-
tional crystallization of fluids within the Triassic magmatic system.
However, the lack of detailed paragenetic information on these sul-
fides hinders interpretation. Pyrite occurs as a ubiquitous mineral
in different quartz-sulfide veins at Wenquan (Zhu et al., 2011;
Qiu et al,, 2015), so only pyrite that can be clearly ascribed to a
specific stage can provide meaningful genetic information.

The principal aim of this study is to elucidate the source and
evolution of fluids and metals for porphyry mineralization in order
to provide a comprehensive ore genesis model for the Wenquan
mineral system. Previous research at Wenquan has provided a geo-
logic framework for geodynamic setting, the duration of
magmatic-hydrothermal processes, and the nature of alteration
zonation and mineralization styles. This previous work has been
enhanced here through drill core logging and new fieldwork. We
present carefully constrained fluid-inclusion microthermometric
data for least-overprinted quartz samples following careful petrog-
raphy using the Goldstein and Reynolds (1994) approach, in con-
cert with SEM and CL imaging. Furthermore, stable isotope
geochemistry is presented for minerals of different well-defined
mineralization and alteration generations.

2. Geological background
2.1. Regional geology

The Triassic Western Qinling Orogenic Belt is an important geo-
logical boundary that separates the North and South China Blocks.
This belt is tectonically bounded by the North China Block and Qil-
ian Mountain Terrane to the north of the Shangdan suture zone
(Fig. 1B), and A’nimaqing-Mianlue suture zone (Fig.1B; Deng
et al., 2014b; Dong et al., 2016; Wang et al., 2016a), which defines
the eastern branch of Paleotethys Ocean, to the south (Bian et al.,
2004; Wang et al., 2014; Deng et al., 2014a). The Paleozoic Shang-
dan suture zone reflects closure of the Shangdan Ocean and multi-
stage amalgamation of the South China Block-South Qinling Block
to the North China Block during the Paleozoic (Meng and Zhang,
2000; Yang et al., 2015b; Tang et al., 2016). This suture zone com-
prises discontinuously exposed mélange, mainly Paleozoic ophi-
olitic assemblages, and subduction-related volcanic and
sedimentary rocks, all intensely deformed during Paleozoic thrust-
ing, Late Triassic sinistral ductile-shearing, and Cretaceous brittle
faulting (Ratschbacher et al., 2003; Li et al., 2014; Liu et al.,
2015). The Triassic A'nimaqing-Mainlue suture zone represents
the closure of a northern branch of the eastern Paeotethyan Ocean
which separated the South Qinling Block from the South China
Block (Chen and Santosh, 2014). The suture zone is characterized
by intensively dismembered ophiolite and arc-related volcanic
rocks, high-pressure/temperature metamorphic rocks, and
continental-margin sedimentary rocks of Paleozoic to Middle Tri-
assic age. These were later affected by south-directed overthrust-
ing during the Late Jurassic to Cretaceous (Dong and Santosh,
2016).
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The Triassic Western Qinling Orogenic Belt underwent a multi-
stage amalgamation process between the South and North China
Blocks, from the Proterozoic up to late Mesozoic (Dong et al.,
2016). The widely-exposed Devonian to Middle Triassic sedimen-
tary rocks record deformation related to this subduction and colli-
sion history, whereas the Precambrian basement rocks are rarely
exposed (Luo et al., 2012). Mesozoic magmatism is widespread in
Western Qinling, with hundreds of Triassic granitic plutons
intruded throughout the belt between the Paleozoic Shangdan
and Triassic A'nimaqging-Mianlue suture zones (Li et al., 2013;
Wang et al., 2013; Deng and Wang, 2016). Subsequent uplift and
exhumation led to the widespread exposure of Triassic granitoids
in the belt (Chen and Santosh, 2014), with closely-related
porphyry-skarn deposits (Qiu et al., 2015; Qiu and Deng, 2016
and references therein).

2.2. Geology of the Wenquan deposit

The Wenquan porphyry Mo deposit is hosted in the Wenquan
batholith (E105°04'-E105°08’, N34°35'-N34°38’), which is irregu-
lar in shape, and covers an area of about 250 km? (Fig. 1B). The
Wenquan batholith consists of five units: biotite granite, biotite
monzogranite porphyry, porphyritic monzogranite, monzogranite
porphyry, and porphyritic syenogranite (Fig. 1C; Han, 2009). In
the northeast, the composite batholith intruded a suite of gently-
dipping strata of the Paleoproterozoic to Mesoproterozoic Qinling
Group, consisting predominantly of schist and gneiss, and the
Devonian Dacaotan Group, primarily composed of clastic and
carbonate rocks in the southwest (Qiu et al., 2014). Three NW-
trending mafic dikes named Lannigou (~8 km), Yangjiashan-
Shijishan (~8 km) and Heigou (~4 km) intrude the batholith to
the northeast (Han, 2009). Abundant mafic enclaves are hosted
mainly by biotite monzogranite porphyry, porphyritic monzogran-
ite, and monzogranite porphyry (Fig. 1C; Cao et al., 2011; Qiu et al.,
2014). These mafic enclaves show consistent directional alignment
as well as mineral assemblages and geochemical composition to
that of mafic dikes (Han, 2009; Zhu et al., 2011).

The host granite porphyries of the Wenquan complex batholith
are an intermediate to felsic, and high-K calc-alkaline to shoshoni-
tic suite of peraluminous to metaluminous granites with I-type
affinity (Zhu et al., 2011). They have relatively higher MgO con-
tents and Mg* compared to normal crustal-derived felsic magmas,
but lower Nb/Ta ratios compared to the mafic enclaves (Cao et al.,
2011; Zhu et al., 2011). These hybrid magmas resulted from
magma mixing during their Late Triassic emplacement at roughly
the transition from a collisional setting, between the South Qinling
and South China Blocks, to a post-collision setting (Zhu et al., 2011;
Chen and Santosh, 2014). At the Wenquan deposit, biotite granite
porphyry and monzogranite porphyry are the two prominent
phases associated with Mo mineralization (Fig. 2).

Uranium-lead ages on zircons from these ore-hosting granites
are reported as 223 +3 Ma and 2253 Ma (Cao et al, 2011),
218+24Ma and 221+13Ma (Xiong et al, 2016), and
217.2 +2.0 Ma and 216.2 + 1.7 Ma (Wang, 2011; Zhu et al,, 2011),
respectively. The mafic enclaves hosted in the porphyries yield zir-
con U-Pb ages of 217 £2.0Ma and 218 £2.5 Ma (Xiong et al.,
2016), respectively. Zircons from host porphyries have negative
ep(t) values of —3.6 to —0.1, with two-stage Hf model ages
(Tpmz) of 1056-1234 Ma, and positive eygt) values ranging from
+0.1 to +3.0, with single-stage Hf model ages (Tpyi) of 739-
868 Ma (Wang, 2011; Xiong et al., 2016). This indicates that the
host porphyries are most likely formed by partial melting of Meso-
proterozoic lower continental crust. Zircons in the mafic enclaves
have negative eyqt) values ranging from —10.1 to —0.1 and Tpum»
of 1052-1565 Ma, and have positive gyqt) values of +0.5 to +10.8
and corresponding Tpy; of 441-856 Ma (Zhu et al., 2011; Xiong

et al., 2016), suggesting an origin by partial melting of Neoprotero-
zoic subcontinental lithosphere mantle.

Alteration zones at Wenquan are well developed outward from
a potassic, to phyllic, and then to propylitic silicate + sulfide
+ oxide assemblage (Fig. 2A; Han, 2009). Porphyry-style Mo miner-
alization at Wenquan consists predominantly of stockworks, vein-
lets, and disseminated sulfides (Fig. 3). The NS-trending orebodies
comprise planar to irregular veins that dip 30° to 75° northeast
(Fig. 2B, Han, 2009). The disseminated Mo mineralization is gener-
ally developed within the biotite granite porphyry and monzogran-
ite porphyry bodies, which contain widespread mafic enclaves.
Previous Re-Os dating on molybdenite from quartz-molybdenite
veins yielded model ages of 214.4+7.1 Ma (Song et al., 2008;
Zhu et al., 2009) and 219 + 5.2 Ma (Xiong et al., 2016). The molyb-
denite from quartz-molybdenite veins has Re contents of 20-
33 pg/g, suggesting mantle involvement for the magma and metal
source (Song et al., 2008; Zhu et al., 2009).

3. Samples and analytical methods
3.1. Optical and QEMSCAN microscopy

All 53 samples collected from the Wenquan deposit were pre-
liminarily surveyed by transmitted and reflected microscopy, and
then seven selected samples were analysed using automated scan-
ning electron microscopy (QEMSCAN) at the Colorado School of
Mines to more comprehensively determine mineral assemblages.
The samples were loaded into the QEMSCAN instrument and anal-
yses were initiated using the control program (iDiscover, FEI). Four
energy dispersive X-ray (EDX) spectrometers acquired spectra
from each particle with a beam stepping interval (i.e., spacing
between acquisition points) of 20 um, an accelerating voltage of
25 keV, and a beam current of 5 nA. Interactions between the beam
and the sample were modeled through Monte Carlo simulation.
The EDX spectra were compared with known spectra allowing an
assignment to be made of a composition at each acquisition point.
The assignment makes no distinction between mineral species and
amorphous grains of similar composition. Results were output by
the QEMSCAN software as a spreadsheet giving the area percent
of each composition in the pre-existing spectra. This procedure
allows a compositional map of each sample to be generated. Com-
position assignments were grouped appropriately.

3.2. Fluid inclusion petrography

Reconnaissance fluid-inclusion petrography was conducted on
quartz veins from all paragenetic stages recognized by observing
intersection and overprinting relationships between different veins
(veinlets), intrusive contacts, and alteration types (halos) and
temporal-spatial relationships of gangue and ore minerals by using
microscope and QEMSCAN. Subsequently, optical microscopy and
detailed fluid inclusion petrography were performed at the U.S.
Geological Survey in Denver on selected quartz vein samples with
an Olympus BX51 microscope using a series of doubly polished,
60 pum-thick sections. Microthermometric data on selected fluid
inclusions were collected using a Fluid Inc.-adapted U.S. Geological
Survey gas-flow heating and freezing stage that was calibrated
using synthetic fluid inclusions. Freezing temperatures were accu-
rate to 0.1 °C. The accuracy of heating measurements ranged from
approximately +2 °C at 200 °C to approximately +10 °C at temper-
atures above 600 °C. Imaging of representative fluid inclusions was
conducted using an OptronicsMicrofire A/R camera at the Colorado
School of Mines.
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Fig. 2. (A) Generalized geological map of the Wenquan porphyry Mo deposit illustrating principal geology and alteration zonings. (B) Profile of diamond drill core section

through Line A-B in Figure A.

3.3. Hydrogen and oxygen isotopes

Oxygen and hydrogen isotope analyses were conducted on ore-
related sericite separates from quartz-pyrite-sericite phyllic
assemblage veins. Additional oxygen isotope analyses were per-
formed on K-feldspar separates from the potassic halos surround-
ing quartz-chalcopyrite-pyrite-molybdenite veins and quartz-
molybdenite-chalcopyrite veins truncated by late quartz-pyrite-
sericite veins. Pure sericite aggregates and K-feldspar flakes were
obtained by crushing, washing and drying, and then hand-
picking using a binocular microscope. The isotopes were measured
in the Isotope Laboratory at the U.S. Geological Survey in Denver.
Oxygen was extracted from 15 to 20 mg silicate minerals by reac-
tion with BrFs and then reacted with carbon to give CO, (Clayton
and Mayeda, 1963), whereas hydrogen was liberated as water by
the fusion of the samples and then reacted with zinc to give H,
(Coleman et al., 1982). The resultant CO, was analysed for oxygen
isotopes using a Finnigan MAT-252 mass spectrometer, whereas
the hydrogen isotopes were obtained using a MAT 253. The
precisions for O and H isotopes are +0.1 and +2 per mil (1c),
respectively. The '80/'®0 and D/H ratios are reported in normal
d-notation relative to V-SMOW standard. Hydrogen isotopic
compositions of ore fluids (8Dguq) in equilibrium with the
hydrothermal sericite were calculated using the sericite-
water equilibrium function of Marumo et al. (1980): 8Dquiq =
8D mineral + 22.1 x 10 T2 — 19.1. Oxygen isotopic compositions of
ore fluids (8'®0qyq) were calculated using the K-feldspar-water
equations  (8"®0guiq = 8'®0mineral — 2.91 x 10°T~2+ 3.41), and
muscovite-water fractionation factors (5%0qyiq = 8'®Omineral — 2.38 X
10°T2 - 3.89) of Zheng (1993).

3.4. Sulfur isotopes

Sulfur isotope measurements were collected for sulfide miner-
als separated from quartz-sulfide veins in the Isotope Laboratory
at the U.S. Geological Survey in Denver. Mineral separations using
standard methods of concentration were performed by conven-
tional preparation techniques including crushing, heavy liquids,
and magnetic separation. Prior to subsequent preparation for iso-
topic analyses, the purity of all concentrates was checked by

examination under a binocular microscope to ensure they were
not oxidized, and contaminant-free, and thus essentially
monomineralic. Purities were 95% to, more commonly, 99% or bet-
ter. Aliquots of pyrite and molybdenite were combined with V,05
and combusted in an elemental analyzer. Sulfur isotope ratios were
determined by an on-line method using an elemental analyzer
coupled to a Micromass Optima mass spectrometer (Giesemann
et al.,, 1994). Analytical results are generally reproducible within
+0.2 per mil (2c). Isotope data are reported in conventional 3 nota-
tion relative to the Canyon Diablo Troilite (CDT) standard. The
measured and calculated oxygen and hydrogen isotopic composi-
tions are listed in Table 1. Sulfur isotope data in this study and pre-
vious literature are summarized in Table 2.

3.5. Iron isotopes

Iron isotopic analyses were conducted on pyrite separates (BO1,
C01,C02,D01 and E01) and altered monzogranite porphyry samples
(B02, C03, D02, E02 and EO03) that are cut by quartz-sulfide veins
(Fig. 3). Sample W31 is altered with hydrothermal biotite and cross-
cut by a quartz-chalcopyrite-pyrite vein (Fig. 3B). Sample W32 is
potassically altered and crosscut by a quartz-chalcopyrite-pyrite-
molybdenite vein (Fig. 3C). Sample W33 represents potassically
altered rock crosscut by a quartz-molybdenite-pyrite vein (Fig. 3D),
whereas Sample W34 is characterized by sericitic selvages along a
quartz-pyrite-sericite vein within an area of potassic alteration
(Fig. 3E). The Fe isotopic compositions of granitoid samples and pyr-
ite separates from the Wenquan deposit are presented in Table 3.

Iron isotopic analyses were conducted in the Isotope Geochem-
istry Laboratory at the China University of Geosciences, Beijing
(CUGB). The analytical procedures were previously reported by
He et al. (2015). Bulk samples were carefully cleaned ultrasonically
in purified Elga H,0 (18.2 MQ) before crushing and milling into
minus-200 mesh powders. Approximately 30 mg of whole-rock
powder was dissolved with a concentrated in a HF-HNO3-HClO4
mixture, whereas pyrite separates were dissolved using a concen-
trated HF-HNO5-HCl mixture at 130 °C. Sample solutions were
then evaporated to dryness after complete dissolution, and
refluxed with aqua regia (HCI:HNOs = 3:1) and excess HNO3; aqua
regia (HCI:HNOs = 2:1) successively at 130 °C. The solutions were
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Fig. 3. Photographs of quartz stockwork veins at Wenquan. (A) The barren early irregular, discontinuous, and segmented dark-quartz veinlets. (B) The quartz-chalcopyrite-
pyrite veins with mineral assemblage of quartz, K-feldspar, biotite, magnetite and minor pyrite, generally associated with biotite alteration. (C) The quartz-chalcopyrite-
pyrite-molybdenite veins, consisting of quartz, K-feldspar, biotite, magnetite and chalcopyrite, with minor pyrite, molybdenite and bornite. (D) The quartz-molybdenite vein,
with mineral assemblage of quartz and molybdenite, with minor pyrite and chalcopyrite. (E) The quartz-pyrite-sericite vein, filled predominantly with mineral assemblage of
quartz, pyrite, sericite, chlorite and lesser sphalerite. (F) The silicate, sulfide and oxide assemblages in hydrothermal quartz vein sequences showing ore and gangue mineral
paragenesis and their associated alteration types. The following mineral abbreviations are from Whitney and Evans (2010): Bn = bornite, Bt = biotite, Ccp = chalcopyrite,

Chl = chlorite, K-spar = K-feldspar, Mag = magnetite, Moly = molybdenite, Py = pyrite, Qtz = quartz, Ser = sericite, Sph = sphalerite. The black full lines indicate high abundance
and the black dashed lines represent minor amounts in the paragenetic sequence box.

subsequently evaporated to dryness at 100 °C. Finally, residues
were dissolved in 6 N HCI for chromatographic purification. Iron
was separated from matrix elements and potential isobars with
AG1X-8 resin (200-400 mesh) in a HCl medium. Isotopic ratios
were analysed by the sample-standard bracketing method using
a Thermo-Finnigan Neptune Plus MC-ICPMS on high resolution
modes. The measurement sequence was repeated four times to
get better reproducibility and accuracy, and the data are reported

in the traditional & values relative to IRMM-014 (&'Fe=
[(Fe/>*Fe)sampie/('Fe/>*Fe )irmm-014-1] x 1000, where i can be 56 or
57). Internal errors are reported as 2se, 95% confidence interval
after Dauphas et al. (2004) and He et al. (2015). The long-term
external reproducibility and accuracy on §°°Fe are estimated to
be better than +0.05%. (2SD) (He et al., 2015). Geostandard GSP-2

(granodiorite) and BCR-2 (basalt) were processed during the course
of this study.
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Table 1

Hydrogen and oxygen isotopic compositions of K-feldspar and sericite separates at Wenquan.
Sample description Mineral 5"80mineral(%o) SD(%e)smow T (°C) 5'80quia(%0) 5Dfuia(%e)
Potassic halo along Qtz-Ccp-Py vein K-feldspar 2.8 550 19 —45
Qtz-Py-Ser vein Sericite -99 300 -34 -51
Qtz-Py-Ser vein Sericite 3.6 -98 300 0.3 -50
Qtz-Py-Ser vein Sericite -105 300 -34 -57
Potassic halo along Qtz-Moly-Ccp vein K-feldspar 0.6 425 -1.9 —45
Qtz-Py-Ser vein Sericite -1.4 -103 300 —4.8 —54
Potassic halo along Qtz-Moly-Ccp vein K-feldspar 14 425 -1.2 —45

Table 2
Sulphur isotopic compositions (5>4S%0) of sulfides at Wenquan.

Sample Silicate + sulfide + oxide assemblage Mineral 54
No. (%o)
WQ13S12  Qtz + K-spar + Bt + Mag + Ccp + Py Py 1.1
WQ13S11  Qtz + K-spar + Bt + Mag Py 23
+Ccp + Py + Moly + Bn
WQ13S13  Qtz + K-spar + Bt + Mag Py 3.1
+ Ccp + Py + Moly + Bn
WQ13S14  Qtz + K-spar + Bt + Mag Moly 5.7
+ Ccp + Py + Moly £ Bn
WQ13S15  Qtz + K-spar + Bt + Mag Moly 5.0
+ Ccp + Py + Moly + Bn
WQ13S21  Qtz + Moly £ Py + Ccp Py 3.5
WQ13S22  Qtz + Moly £ Py + Ccp Py 1.6
W-68-1* Disseminated ore Moly 5.8
W-24* Qtz + Moly + Py + Ccp Moly 5.6
M-1* Qtz + Moly + Py + Ccp Moly 5.5
Ww9-1* Qtz + Moly + Py + Ccp Moly 5.7
Wwi18-1* Qtz + Moly + Py + Ccp Moly 5.6
W20-2* Qtz + Moly + Py + Ccp Moly 5.5
w-21* Qtz + Moly + Py + Ccp Moly 5.6
Ww22-1* Qtz + Moly * Py + Ccp Moly 6.4
W-46-1* Qtz + Moly + Py + Ccp Moly 6.6
W-33-1* Qtz + Moly + Py + Ccp Moly 6.3
W-PD3-1*  Qtz + Moly * Py + Ccp Moly 5.1
W-PD7-2*  Qtz + Moly £ Py + Ccp Moly 4.7
WQ13S31  Qtz + Moly £ Py + Ccp Moly 5.8
WQ13S32  Qtz + Moly + Py + Ccp Moly 5.8
YDZ-2* Qtz + Moly * Py + Ccp Moly 6.3
YX-3* Qtz + Py + Ser + Chl £ Sph Py 5.6
YX-6* Qtz + Py + Ser + Chl + Sph Py 5.5
W24-1* Qtz + Py + Ser + Chl + Sph Py 5.0
W20-1* Qtz + Py + Ser + Chl £ Sph Py 5.6

Note: x samples from He (2012), Han (2009) and Zhu et al. (2011).

4. Analytical results
4.1. Mineral assemblage

The Wenquan deposit displays stockworks veins (Fig. 3A, B, D)
typically defined by two or three preferred vein orientations with
conjugate or orthogonal relationships, and occur together with
sheeted vein arrays (Fig. 3C, D). The scheme of quartz-sulfide vein
classification at Wenquan, with distinctive silicate + copper-iron

sulfide + oxide assemblages, was determined by previous work
and new careful paragenetic study of drill core and hand samples
(Fig. 3F). The earliest dark-quartz veinlets with minor copper sul-
fides (Fig. 3A) are irregular, discontinuous, and segmented. The
quartz-chalcopyrite-pyrite veins (Fig.3B), comprising mineral
assemblages of quartz, K-feldspar, biotite, with minor magnetite
and pyrite, are generally associated with biotite alteration. The q
uartz-chalcopyrite-pyrite-molybdenite veins (Fig. 3C), composed
of quartz, K-feldspar, biotite, magnetite and chalcopyrite, with
minor pyrite, molybdenite and bornite, are spatially related to
potassic alteration in which plagioclase was altered to potassium
feldspar. The quartz-molybdenite veins (Fig. 3D), characterized by
continuous, planar veins with parallel walls, contain coarse-
grained quartz and molybdenite, with minor pyrite and chalcopy-
rite, which normally occur in cracks or along the margins of molyb-
denite. Molybdenite grains are predominantly along the contacts
between the quartz veins and host granite. The quartz-pyrite-
sericite veins (Fig. 3E) represent the final mineralization event at
Wenquan. They invariably cut and overprint earlier quartz-
sulfide veins, and are also cut by fractures filled with kaolinite
and clays. These phyllic veins, with low copper and molybdenum
grades, occur as a radial array of continuous, systematically ori-
ented veins (Han, 2009). These late-stage veins comprise abundant
euhedral quartz and pyrite, with lesser chalcopyrite, chlorite and
sphalerite, and are surrounded by sericitic selvages.
Micropetrography and QEMSCAN analyses indicate that ore
minerals are dominated by molybdenite, pyrite, and chalcopyrite,
with minor bornite, tetrahedrite, and sphalerite (Fig. 4). Gangue
minerals include quartz, calcite, K-feldspar, plagioclase, biotite,
sericite, chlorite, epidote, and apatite (Fig. 4). The best developed
zones of mineralization are closely associated with potassic- and
phyllic-altered porphyries (Fig. 3). The molybdenite aggregates
occur normally along the margin of the granites and quartz-
stockwork veins (Figs. 3D, 4A, C), and sparsely disseminated in
the K-feldspar alteration zone (Fig. 4A, B, C, F). Pyrite, a major con-
stituent of the stockwork ore, is mainly developed in the center of
the veins (Fig. 4C, D, F), and is disseminated in the altered grani-
toids (Fig. 4C). Chalcopyrite, with subordinate pyrite along its mar-
gins, and bornite occur as disseminated and late fracture-fillings
within the quartz veins (Fig. 4B, E) and intrusions (Fig. 4C). Acces-

Table 3

Fe isotopic compositions of host bulk rocks and pyrite separates at Wenquan.
Sample No. Sample description Sample analysed 5°6Fe* 2se 5°7Fe* 2se
B02 Biotite-altered porphyry Whole rock 0.17 0.03 0.30 0.05
BO1 Qtz-Ccp-Py vein Pyrite separate 0.15 0.03 0.21 0.05
C03 Potassic-altered porphyry Whole rock 0.19 0.03 0.32 0.05
Cco1 Qtz-Ccp-Py-Moly vein Pyrite separate 0.17 0.03 0.25 0.05
C02 Qtz-Ccp-Py-Moly vein Pyrite separate 0.17 0.03 0.27 0.05
D02 Potassic-altered porphyry Whole rock 0.21 0.03 0.37 0.05
D01 Qtz-Moly vein Pyrite separate 0.21 0.03 0.31 0.05
EO03 Sericitic alteration overprinting early potassic-altered porphyry Whole rock 0.08 0.03 0.17 0.05
E02 Sericitic-altered porphyry Whole rock 0.26 0.03 0.42 0.05
EO1 Qtz-Py-Ser vein Pyrite separate 0.32 0.03 0.55 0.05
GSP-2 Granodiorite Geostandard 0.15 0.03 0.21 0.05
BCR-2 Basalt Geostandard 0.09 0.03 0.17 0.05
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Fig. 4. Scanning thin-section images (A and B), quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) image (C), and photomicrographs (D, E, F) of

quartz-molybdenite veins at Wenquan.

sory phases are Ti-bearing minerals chiefly occurring along mar-
gins of vein in alteration halo side. They probably formed as a
result of hydrothermal alteration of host porphyries. Gangue min-
erals including chlorite and muscovite/kaolinite are locally present
in secondary alteration processes occur pervasively in the vein
selectively, alteration halo and wallrock.

4.2. Fluid inclusion petrography, fluid composition, and
temperature/pressure estimates

Dozens of fluid inclusion assemblages, including those
dominated by hypersaline inclusions, liquid-rich inclusions, and
gas-rich inclusions were observed to be randomly occurring in
numerous quartz veins. Only one isolated quartz grain in a
quartz-molybdenite vein (W33: Figs 3D, 4C, 5A) was determined
to represent the Mo mineralization based on extensive petro-
graphic study, and thus was used for detailed microthermometric
investigation. Sample W33 is from a 2-cm-wide planar
quartz-molybdenite vein cutting potassically-altered porphyry
(Figs 3D, 4A, C). Minor pyrite and chalcopyrite are disseminated
in altered porphyry (Fig. 4A, C) and along the cracks or margins of
molybdenite aggregates within this quartz vein (Fig. 4B, C, D, F).
Pyrite is also rarely present at the margins of chalcopyrite grains
(Fig. 4C, E). Three fluid inclusion assemblages (FIAs-1, FIAs-2 and
FIAs-3) among numerous fluid inclusions in the isolated quartz
within molybdenite aggregates of sample W33 (Fig. 4A, C) were
chosen for microthermometry. These three fluid-inclusion assem-
blages (Fig. 5D, E, F) provide information on the fluid that deposited
the coeval molybdenite (Fig. 5A, B, C). Moreover, the FIAs-2 and two
molybdenite flakes show a close spatial relationship (Fig. 5C, D).

From our perspective, the microthermometric data from these
three FIAs provide the most robust PTX information for the
molybdenite-bearing fluid at Wenquan.

The isolated quartz (Fig. 4A, C) contains variable numbers of
fluid inclusions (Fig.5A). Three vapor-rich fluid inclusions
(Fig.5C, D, E) within the isolated quartz were selected for
microthermometric measurements based on detailed fluid inclu-
sion petrography. The 5-10 um vapor-rich inclusions are equant
to negative-crystal shaped, indicating a relatively high entrapment
temperature (cf. Bodnar, 2003), and form clusters or distinct inclu-
sion trails. The FIAs-1 (Fig. 5E) yield homogenization temperatures
of 285-290 °C (n = 3). The FIAs-2 (Fig. 5D) closely associated with
two molybdenite flakes have homogenization temperatures of
285-290 °C (n = 4). The FIAs-3 (Fig. 5F) have homogenization tem-
peratures of 290-295 °C (n =4). The ice-melting temperatures of
the fluid inclusions in all FIAs are between —4.0 and —3.2 °C, and
the presence of clathrate indicates contamination by a non-
aqueous phase, likelyCO,. Therefore the ice melting data only give
a maximum salinity, which is <6.5 equiv.wt.% NaCl.

When pressure corrected to 100-150 MPa (4-6 km paleodepth
under lithostatic load), which is consistent with the calculated pale-
odepth of the host porphyries at approximately 5 km (He, 2012).
Hydrothermal activity occurred at the same depth of porphyry host
emplacement, and the formation temperature is calculated to be
~425 °C by using the calculation proposed by Potter (1977).

4.3. Hydrogen and oxygen isotope data

The temperature used for calculation of the isotopic composi-
tion of the hydrothermal K-feldspar from the potassic alteration
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Fig. 5. Photomicrographs of fluid inclusions in the Wenquan porphyry Mo deposit.

(Fig. 3C) is 425 °C, based on the above estimation. The equilibrium
temperatures of hydrothermal K-feldspar (550°C: Rusk et al.,
2008) and sericite (300 °C: Han, 2009; Ren, 2009; He, 2012) sepa-
rates, from a potassic halo surrounding a quartz-molybdenite-
pyrite vein (Fig. 3D) and quartz-pyrite-sericite vein (Fig. 3E), were
estimated by using the trapping temperature of primary fluid
inclusions in quartz coexisting with these different alteration min-
erals. The measured and calculated oxygen and hydrogen isotopic
compositions are listed in Table 1. The analysed hydrothermal
K-feldspars have 5'80mineraivaluesof + 0.6% to +2.8%., and
corresponding calculated 5'%0qyiq values of —1.9%. to +1.9%.. The
analysed hydrothermal sericite separates yield 8D values from
—105 to —98%o, which correspond to calculated 8Dgy;q values from
—68 to —60%. Two hydrothermal sericite separates have
5'80mineral Values of —1.4%. and +3.6%., with calculated §'®0gqyuiq
values of —3.7 and +1.4%c. In the 8'80guiq vS. 8Dquiq plot (Fig. 6),
all samples of early silicates plot in or proximal to the magmatic
water field, with later-stage silicates plotting relatively near the
meteoric water line (Fig. 6).

4.4. Sulfur isotope data

Sulfur isotope data obtained for nine sulfide minerals from dif-
ferent stages or alteration zones in this study and data from liter-
ature are summarized and shown in Fig. 7. One pyrite separate
from a quartz-chalcopyrite-pyrite vein crosscutting biotite-
altered porphyry yields the lowest 534S value of +1.1%.. Two pyrite
separates from quartz-chalcopyrite-pyrite-molybdenite veins that
crosscut potassically-altered porphyry samples have §2*S values
of +2.3%. to +3.1%. Two pyrite separates from quartz-

molybdenite-pyrite veins that crosscut potassically-altered por-
phyry exhibit §34S values of +1.6%o to +3.5%.. Four pyrite separates
from the latest quartz-pyrite veins, with sericitic selvages, that
crosscut potassically altered porphyries have 534S values from
+5.0%0 to +5.6%0. Molybdenites from quartz-chalcopyrite-pyrite-
molybdenite veins related to potassic alteration have 534S values
from +5.0%0 to +5.7%.. The quartz-molybdenite veins with minor
pyrite and chalcopyrite related to potassic alteration yield 534S val-
ues for molybdenite of +4.7%o to +6.6%.

4.5. Iron isotope data

All samples including geostandards (GSP-2 and BCR-2) analysed
in this study define a mass fractionation line in three-isotope
space. The correlation between &°°Fe and &% ’Fe s
8°7Fe = 1.6248 * §°Fe + 0.002, and R?=0.9371 (Fig. 8), indicating
no analytical artifacts from unresolved isobaric interferences on
Fe isotopes. Considering 8°’Fe is a minor isotope, accurate >’Fe/>*-
Fe ratio analyses need relative large ion beams and accordingly
more concentrated introducing sample solutions. The Isotope Geo-
chemistry Laboratory at CUGB, which performed the analyses in
this study, thus optimizes the conditions for 5°°Fe, and therefore
data on the 8°°Fe scale is discussed in the manuscript, although
theoretically 8°’Fe = 1.475 * 8°Fe.

All analysed bulk samples have 5°Fe values in a range of 0.08%o
to 0.26%., with an average of 0.22%. (Fig. 9), falling within the
range of igneous rocks (e.g., Beard et al.,, 2003; Heimann et al.,
2008). The biotite-altered sample (B02) exhibits a 5°°Fe value of
0.17%., whereas the potassically altered samples (CO3 and D02)
yield 5°Fe values of 0.19% and 0.21%.. Sample W34 exhibits a
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8°6Fe value for potassically altered bulk rock (E03) of 0.08%c, and
highest §°°Fe value is for the phyllically altered bulk rock (E02)
of 0.26%e.

Five pyrite separates yield 5°°Fe values in a range of 0.15%.-0.
32%0 (Fig. 9), consistent with the range of igneous rocks (e.g.,
Beard et al., 2003; Heimann et al., 2008). The 5°°Fe value of pyrite
(BO1) separated from the quartz-chalcopyrite-pyrite vein is 0.15%,
and the pyrites (CO1 and C02) separated from the quartz-chalcopyr
ite-pyrite-molybdenite vein yield 5°Fe values of 0.17%.. The &°°Fe
value of pyrite (DO1) separated from the quartz-molybdenite-
pyrite vein is 0.21%., whereas the pyrite (EO1) separated from
the quartz-pyrite-sericite vein exhibits the highest 5°°Fe value of
0.32%e.

5. Discussion

5.1. Genetic relationship between Mo mineralization and Wenquan
magmatism

Previous geologic studies have established an spatial and tem-
poral relationship between hydrothermal mineral assemblages,
abundant stockwork veining, and Triassic porphyries at Wenquan
(Han, 2009; Zhu et al., 2009, 2011; Wang, 2011; He, 2012; Qiu
et al,, 2014, 2015; Xiong et al.,, 2016). The Mo mineralization at
Wenquan is spatially related to the composite granitic pluton
(Fig. 3). The main ore minerals (molybdenite, pyrite, and chalcopy-
rite) are disseminated in the porphyritic phases of the pluton (Figs

4 and 5), and are also ubiquitous in the quartz stockworks, and as
infills in joints and cracks in the stockwork veins and their host
porphyries (Fig. 5). These mineralization styles are consistent with
those of typical porphyry deposits worldwide (Seedorff et al.,
2005). Moreover, the granitoids of Wenquan composite display a
high degree of crystallization (Han, 2009; Wang, 2011), meaning
that that more Mo will be concentrated into the aqueous fluid
phase because of its favorable partitioning coefficient.

Previous geochronological data also support a genetic relation-
ship between Mo mineralization and Triassic granite magmatism.
Robust U-Pb data on zircons from ore-hosting porphyries and
hosted mafic enclaves yield emplacement ages of ca. 225-217 Ma
(Caoetal,2011; Zhu et al,, 2011; Xiong et al., 2016). They are iden-
tical or slightly older, within analytical error, than Re-Os isochron
ages on molybdenite of ca. 219-214 Ma (Song et al., 2008; Xiong
et al., 2016). This close spatial and temporal connection between
metal precipitation and magma crystallization suggests that the
Late Triassic hybrid magma was responsible for generating the
Mo mineralization (Cao et al., 2011; Xiong et al., 2016).

Within the porphyritic intrusions, estimated formation depths
are 5 km, the early veinlets (Fig. 3A, B) are irregular, discontinuous,
and segmented. In contrast, the later quartz-chalcopyrite-pyrite-
molybdenite veins (Fig. 3C) and quartz-molybdenite veins (Fig. 3D)
tend to be more continuous and planar, some with internal sym-
metry. This evolution in vein structures is broadly consistent with
a transition from >550 °C early-stage vein formation in a ductile
crystal mush to formation in a coherent, solidified brittle granite
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during potassic alteration. By the time quartz-pyrite-sericite veins
(Fig. 3E) form, where euhedral grain textures and open-space fill
textures are most common in the phyllic alteration zones, the
magmatic-hydrothermal system evolved to lower temperatures
(~300°C) and brittle fractures predominated. The late quartz-
pyrite-sericite veins, generally with low Mo and Cu grades, have
coarse-grained quartz and pyrite, but no chalcopyrite and molyb-
denite. They appear to mark the end of the magmatic-
hydrothermal system, and probably just complicate the original
ore shells by locally redistributing metals to form complex zones
of overprinting hydrogen-ion metasomatism.

5.2. Possible fluid sources and evolution: constraints from fluid
inclusion and H-0O isotope data

Fluid inclusion types in porphyry deposits are well described
with respect to pressure and thus paleodepth of emplacement
(Bodnar, 2003). Fluids that formed the Wenquan porphyry Mo
deposit vary widely in composition, from single-phase and low-
salinity aqueous inclusions (this study; Han, 2009; Ren, 2009;
He, 2012), through low-salinity vapor inclusions (this study; Han,
2009; Ren, 2009) to dilute liquid to high-salinity brine inclusions
(at room temperature; Ren, 2009; He, 2012). The early veins at
Wenquan are intimately related to potassic-silicate alteration,
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including biotite and/or K-feldspar, alteration (Fig. 3B, C, D). Fluid
inclusion petrography indicates that quartz grains in these veins
generally contain a diagnostic primary fluid-inclusion population
of coexisting hypersaline brines and low density vapor, for which
micro analytical research is critical to understand fluid phase
behavior in terms of metallogenesis. During the early potassic-
silicate alteration stage, a single-phase fluid unmixes into a hyper-
saline liquid and a vapor through condensation at a temperature
exceeding 550 °C. Hydraulic fracturing under lithostatic conditions
causes transient permeability, which could be manifested as per-
meability waves (Landtwing et al., 2010; Weis et al., 2012; Deng
et al., 2015; Wang et al., 2016a), producing irregular, discontinu-
ous, and segmented veins.

The early quartz veins containing Cu-Fe sulphide minerals indi-
cate that extreme metal partitioning occurred in magmatic fluids
(Qiu et al., 2015). Such magmatic fluids subsequently underwent
immiscibility with the low-salinity and vapor-rich component
being significantly metal-enriched compared to coexisting hyper-
saline liquids (Ren, 2009; He, 2012), similar to that proposed for
ore formation in typical porphyry deposits worldwide (Redmond
et al., 2004; Pudack et al., 2009; Weis et al., 2012; Liu et al.,
2012; Wang et al., 2017). The estimated ore formation temperature
of quartz-chalcopyrite veins related to biotite alteration is about
550 °C identical to typical porphyry deposits, and that of quartz-
molybdenite veins related to potassic alteration is 425 °C based
on calculations in this study. These veins have low-salinity
(<6.5 eq. wt.% NaCl), vapor-rich fluid inclusions and locally hyper-
saline liquid inclusions with an extremely high salinity. As
described above, pressure constraints from these inclusions typi-
cally indicate shallow conditions (less than 5 km), consistent not
only with field observations for subvolcanic emplacement and
brittle-stockwork vein systems, but also the observed immiscibil-
ity (Muntean and Einaudi, 2001). This pressure includes lithostatic
and hydrostatic components because the formation of the Wen-
quan magmatic-hydrothermal deposits spans the ductile-rittle
transition (550-300 °C), where crustal rocks are both resistant to
fracturing and fluid circulation under ductile conditions or fracture
readily and exhibit enhanced fluid circulation under brittle ones.

Hydrogen and oxygen isotopic signatures show that K-feldspar
and sericite from potassic and phyllic assemblages in this study,
together with data from ore-bearing quartz veins reported in the
literature, plot between the magmatic water field and the meteoric
water line (Fig. 6). This suggests that both the early- and late-stage
fluids are dominated by magmatic fluids, and the hydrothermal
system was subjected to an influx of meteoric water in the late
mineralization event. Because the homogenization temperatures
of fluid inclusion assemblages used for calculation of the fluid iso-

tope values generally represent the minimum trapping tempera-
ture of the ore-forming fluids, presented §'80qy;q values could be
erroneously low. Our refined H-O isotopic compositions suggest
that ore fluid compositions varied through time. Early potassic
alteration is characterized by fluid compositions similar to mag-
matic water (5'®0quiq from 5 to 9%., and 3D from —20 to —80%.:
Giggenbach, 1992; Taylor, 1992; John et al., 2010), as observed in
some typical porphyry deposits around the world, such as from
the early alteration phases at El Salvador (Watanabe and
Hedenquist, 2001), Bingham (Bowman et al., 1987), and OyuTolgoi
(Khashgerel et al., 2008). In contrast, later stage sericite from phyl-
lic alteration is characterized by §'80qyiq values that are nearer to
the meteoric water line or lower 3'®0gquiq isotopic values (Fig. 6),
consistent with those at Bingham (Bowman et al., 1987) and
OyuTolgoi (Khashgerel et al., 2008), reflecting the input of meteoric
water during phyllic alteration under a hydrostatic load.

The 3D fluid values related to different ore and alteration stages
within the Wenquan system also vary over a large range. This may
indicate that the 3D values are controlled by magma degassing, in
addition to mixing of early magmatic and later meteoric waters,
similar to what is observed at the Bingham (Bowman et al,
1987) and OyuTolgoi (Khashgerel et al., 2008) porphyry deposits.
This is because the later open-system degassing, where exsolved
volatiles separate from magma, generally results in more variable
3D values than an earlier closed-system, where exsolved volatiles
and magma co-exist.

In summary, based on a detailed study of the paragenesis of
alteration and mineralization, and fluid inclusion and H-O data at
Wenquan, it is proposed that both the Triassic intrusive rocks
and fluids responsible for mineralization were derived from a dee-
per magma chamber with a paleodepth of 5 km under a lithostatic
load (Fig. 10A). However, external fluids were likely involved dur-
ing the late stage of ore formation spanning the ductile-brittle
transition under a hydrostatic load (Fig. 10B).

5.3. Sulfur and iron isotope implications for metal sources

The average §3%S values of sulfide minerals are considered to
represent the 534S composition of hydrothermal fluids because
8>S qutfide ~ 834Sos ~ 8*%Squiq in  hydrothermal systems, where
H,S is the dominant sulfur species in the fluids or the fluid redox
state is below the SO,/H,S boundary (Kelly and Rye, 1979;
Rollinson, 1993). As discussed above, quartz stockwork veins at
Wenquan have pyrite and molybdenite as the main sulfides, and
lack oxide phases and sulfate minerals, suggesting that H,S was
the dominant sulfur species, and therefore the average 5>*S values
of pyrite and molybdenite represent the 8>S composition of the
hydrothermal fluids. Sulfur isotopic signatures of all analysed
molybdenite and pyrite separates yield §**S values ranging from
1.1%o0 to 6.6%o (Fig. 7A), with an average of 4.5%.. These relatively
homogeneous 534S values of the Wenquan deposit are consistent
with those of the fluids in equilibrium with porphyry magmas
(84S = 0.0%0: Ohmoto, 1972), suggesting a magmatic origin for sul-
fur and metal sources. The 5'>Cppg values (—8.3%o to —7.9%.: Wang
et al.,, 2012) of calcite separated from post-mineralization calcite-
quartz veins are consistent with those of typical magmatic sources
(—8%o0 to —4%0: Ohmoto, 1972; Pirajno, 2016), indicating the car-
bon at Wenquan had a dominant magmatic source.

A declining/increasing trend of 5*4S values is documented from
many different metal-bearing porphyry systems (e.g., Wenquan,
Butte, Bingham, Marysdale, Sierrita, Twin Butte, Sungun, Ajo and
El Salvador). When compared to these porphyry deposits, the Wen-
quan deposit has relatively heavy sulfur, similar to Butte and Bing-
ham (Fig. 7B). Ohmoto and Rye (1979) pointed out that 5*4S values
are very sensitive to the oxidation state of the fluid, which is lar-
gely determined by H,S/SOZ~, and temperature. As mentioned
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Fig. 10. Schematic model for formation of the Wenquan porphyry Mo deposit,
illustrating the inferred fluid evolution paths from the deep lithostatic to the
shallow hydrostatic environment (Modified after Seedorff et al., 2008; Pudack et al.,
2009; John et al., 2010).

above, temperatures of the early potassic alteration stage are
higher than those of the late phyllic alteration stage in the Wen-
quan magmatic-hydrothermal system (Klemm et al., 2008;
Audetat et al., 2008, 2011). Therefore, the heavy %S values for
early sulfides could be interpreted to reflect late incorporation of
isotopically heavy evaporate sulfate into the porphyry magma
(Field et al., 2005; Rye, 2005; John et al., 2010; Liu et al., 2011;
Zhang et al., 2014; Yang et al., 2016; Wang et al., 2016b) from
underlying Devonian sedimentary rocks. The Pb isotopes of bulk
samples and K-feldspar from Wenquan porphyry samples plot
close to the orogenic Pb evolution line, and between the upper
crust and mantle Pb evolution lines. This indicates that the granitic
magmas were sourced from the middle-lower crust with lesser
involvement of mantle-derived materials. Moreover, the ore-
forming materials could be incorporated into the hydrothermal
fluid during differentiation of the Triassic magmatic system with
only a minor contribution of sedimentary country rock (Wang,
2011; Zhu et al,, 2011; He, 2012).

Anbar and Rouxel (2007) reviewed iron isotopic composition
reservoirs, includings®°Fe values of igneous rocks (0.1%c), deep
sea clays (—0.1%o0), altered oceanic crust (—1.5-1.5%0), aerosols
(0.1%0), and rivers (—1 to 0%o); the altered oceanic crust yields
the most variable °®Fe compositions probably due to its complex
formation. The §°Fe values of the altered intrusive rocks (0.08-
0.26%0) and pyrite separates (0.15-0.32%.) from Wenquan are
higher and more variable that that of unaltered igneous rocks. This
relatively wide range of §°Fe values may be attributed to variable
degrees of fluid:rock interaction. The §°°Fe values of pyrite sepa-
rates are positively correlated to those of bulk samples (Fig. 9),
indicating their possible relationship on metal sources. Moreover,
the °°Fe values for pyrite are generally slightly lower than those
of their host granitoid samples, suggesting that iron in pyrite is
sourced, or at least partially sourced, from altered porphyries.
The 8°6Fe values of both bulk samples and pyrite grains related

to early biotite, potassic, and later phyllic alteration show a declin-
ing trend with time, and are enriched in heavy Fe, which indicates
8°6Fe in the hydrothermal system at Wenquan became lighter as it
transitioned from an early lithostatic to late hydrostatic regime.

In conclusion, it is suggested that early potassic-silicate alter-
ation assemblages formed under lithostatic loads at temperatures
ranging from 550 to 425 °C, with high water-rock interaction and
wallrock buffering. This resulted in progressive alteration zonation
from the center outward in the Wenquan magmatic-hydrothermal
system (Fig. 10A). Transitions to phyllic alteration correlate with a
progression from lithostatic to hydrostatic load at 300 °C, possibly
due to the ingress of meteoric water. Such a process marks the end
of porphyry ore formation. Sulfur and metals in the Wenquan Mo
deposit mainly originated from a magmatic-hydrothermal fluid
associated with crystallization of granitic magmas. They were pos-
sibly incorporated by contamination from the underlying Devonian
sedimentary rocks during the late stage (Fig. 10B).

6. Conclusions

Geologic, petrographic, and fluid-chemical-isotopic evidence
indicate that the formation of the Wenquan porphyry Mo deposit
involves an interplay between magmatic metal sources and
hydrothermal fluid systems in spatially, temporally, and geneti-
cally related Triassic porphyries. An early, high-temperature
hypersaline fluid of magmatic origin resulted in potassic alteration
under a lithostatic load, whereas phyllic alteration under a hydro-
static load likely formed from lower-temperature and less-saline
non-magmatic meteoric or formation water. The bulk of the metals
were precipitated from an expanding vapor-rich fluid, coexisting
with a hypersaline fluid, both of which were derived from cooling
and expansion of a single-phase fluid exsolved during magma crys-
tallization. The timing of deposit formation was during Late Trias-
sic collision between the South China and North China Blocks. The
sulfur and metals were likely derived from a hybrid magma, and
they were originated from lower crust and mantle due to deep
magma mixing, with possible incorporation from the underlying
Devonian sedimentary rocks at a higher crustal level.
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