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Melt inclusions (MIs) in quartz from granitoids in the northern Qinling belt were studied
using microthermometry and laser Raman spectroscopy. The total homogenization of melt
inclusions occurs in a mean range between 1050 and 1100 °C. Laser Raman experiments
reveal H,0, C;Hg, C4Hg and CH,4 as the dominant volatile compounds. Our results provide
insights into the temperatures of magma crystallization and the dominantly reducing

KeyWQTdS-' ) environment during the early magmatic stage. Based on ore mineralogy, and on the
\I‘;Iellt _‘1“C1“5‘°“ volatile species content in the Mls, we evidence firstly that the Qiushuwan porphyry Cu-
olatiles

Mo deposit in the Qinling-Dabie-Sulu orogenic belt was derived from a reduced magmatic
system, emplaced at relatively deep domains more than 10 km deep, and secondly, that
the magmas that are responsible for the generation of Qiushuwan were either derived
from an inherently reduced source, or reduced during ascent and emplacement. The
mechanism might have involved the assimilation of sedimentary material with minimal
crustal interaction. The parental magmas likely underwent reduction essentially by loss of
all of their SO, by degassing, as evidenced by the low S content in melt inclusions. These
reduced materials provided adequate sulfur source for the formation of the porphyry Cu-
Mo deposits with obvious zonation, which plays a key role in the mineralization; finally,
we conclude that the reduced environment and the relatively deep domain of magma
emplacement probably limited the extent of mineralization, generating only a relatively
small Cu-Mo deposit in Qiushuwan, located within the northern Qinling accretionary belt.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Many of the important Cu, Mo, and Au deposits around
the world are associated with porphyry systems (Patrick
and Marco, 2010; Richards, 2003). Recent studies (e.g.,
Smith et al., 2012; Sun et al., 2013) show that porphyry
deposits are formed in either oxidized or reduced
environments, as can be seen on the basis of the
mineralogy of the host pluton, ores and associated
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alteration assemblages, and the nature of hydrothermal
alteration. The classic model of Burnham and Ohmoto
(1980) for ore mineralization involves fluids that are
relatively oxidized, with higher temperature and higher
fo, value varying between the hematite-magnetite (HM)
and nickel-nickel oxide (NNO) oxygen buffers, and also
hosts a large number of primary magnetite, hematite, and
sulfates associated with oxidized Type-I granitoids (Smith
et al.,, 2012; Sun et al., 2013). Experiments (e.g., Candela
and Bouton, 1990) also showed that the high oxygen
fugacity of magmas can improve the differentiation index
of Mo residual fluid (Mo in fluid over Mo in silicate melt).
Similar phenomena have been observed for porphyry
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copper deposits in eastern Tibet (Liang et al., 2006), and it
has been widely accepted fact that porphyry Cu-Mo-Au
deposits are usually related to fluids derived from highly
oxidized magmas (e.g., Han et al.,, 2013; Li et al, 2012,
2014). Therefore, many workers (e.g., Han et al., 2013; Li
etal., 2012) consider that the progressive increase in zircon
Ce/Ce” or oxygen fugacity of the magmas resulted in the
progressive extraction of Mo, leading to the accumulation
of this metal in porphyry and eventually forming giant Mo
deposits. In marked contrast to the models on highly
oxidized fluid systems, several other typical porphyry Cu-
Mo-Au deposits show evidence of having formed from
relatively reduced ore fluids with lower fq, less than or
equal to the QFM buffer (quartz-fayalite-magnetite), and
lack of primary hematite and sulfate minerals, but with
abundant reduced mineral assemblages, such as chalco-
pyrite, molybdenite, pyrite, sphalerite, galena, and hypo-
gene pyrrhotite (e.g., Gao et al., 2014; Rowins, 2000; Smith
et al., 2012); in addition to H,O, the ore fluids in these
deposits contain significant amounts of CO, and CHa,.

The East Qinling—Dabie orogenic belt hosts the largest
Mo ore deposits in the world, with measured reserves of
802.4 Mt of Mo metal (Mao et al., 2011). The majority of the
Mo deposits in this orogenic belt are associated with
granite porphyries (Chen et al., 2014; Mao et al., 2008,
2011; Zhu et al., 2010). However, the redox states of these
granitoids and their significance to metallogenesis have
not been fully investigated. The redox states of melts and
fluids could influence the behavior of the metallogenic
components, such as Mo, Cu and Au, etc., during magma
evolution (Candela, 1997). Silicate melt inclusions (MIs)
are small (~1 to 300 wm) droplets of silicate melt that are
trapped within phenocryst minerals in magmatic rocks.
They are glassy or crystalline, and are found within both
extrusive and intrusive rocks. Since many MIs form at high
pressures and are enclosed within relatively robust
phenocryst hosts, they may also preserve the traces of
volatile elements that normally escape from magmas
during degassing, even though the bulk magma decom-
presses to surface pressure during eruption. The careful
analysis of quenched MlIs can provide important informa-
tion on the history of magma evolution and the role of
volatile compounds (Anderson et al., 2000; Chesner and
Luhr, 2010; Lowenstern, 1995). Quartz is one of the best
minerals for inclusion studies because of its transparent
and simple composition, which allows minimal chemical
exchange with the included melt (Chesner and Luhr, 2010).
In this study, we investigate melt inclusions in quartz from
ore-bearing granitoids in the northern Qinling belt using
microthermometry and laser Raman spectroscopy. Our
results provide insights into the temperatures of magma
crystallization and the role of volatiles.

2. Regional geology

The Qinling-Tongbai-Hong’an-Dabie-Sulu orogenic
belt was developed through the Paleozoic convergence
between the South China and North China cratons
involving a series of tectonic processes including subduc-
tion-accretion—collision (Wu and Zheng, 2013, and refer-
ences therein). Arc-continent collision and continent-

continent collision dominated during the Early Mesozoic in
the Dabie-Sulu orogens. The Qinling Orogen is considered
to have evolved from the closure of the northernmost
Paleo-Tethys Ocean and finally through the Mesozoic
collision between the North China Craton and the blocks
separated from Gondwana, such as the Yangtze Craton
(Fig. 1A and B; Chen et al., 2009; Deng et al., 2013; Dong
et al,, 2011; Li et al,, 2012; Wang and Shu, 2012; Wu and
Zheng, 2013; Zhang et al., 2012). The Qinling Orogen is
divided into four major tectonic units as follows: the
Huaxiong block, which is the reactivated southern margin
of the North China Craton; the northern Qinling accre-
tionary belt; the southern Qinling orogenic belt; the
foreland fold-thrust belt (e.g., the Songpan fold-thrust belt)
along the northern margin of the Yangtze Craton. These
four tectonic units are separated by the San-Bao, Luan-
chuan, Shang-Dan, Mian-Lue, and Longmenshan faults
(Fig. 1B). In a recent synthesis, Deng et al. (2013) identified
that among the 25 Mo deposits in the Eastern Qinling
Molybdenum Belt (EQMB), 22 occur in the Huaxiong Block,
with the remaining three small deposits being located
within the northern Qinling accretionary belt (Fig. 1C).
The northern Qinling accretionary belt is bound to the
south by the Shang-Dan fault, and to the north by the
Luanchuan fault, which is considered as the southern
boundary fault of the North China Craton (Chen et al.,2004).
The main lithostratigraphic units of the northern Qinling
belt include the Qinling Group, the Erlangping Group, and
the Kuanping Group from south to north (Deng et al., 2013;
Zhang et al., 2011). The Qinling Group, distributed between
Zhu-Xia fault and Shang-Dan fault, is composed of gneisses,
amphibolites, and marbles, and was mostly metamor-
phosed to amphibolite facies, and partly to granulite facies
with ages ranging from the Neoproterozoic to the Early
Paleozoic (Deng et al., 2013; Zhang et al., 2011). The
protoliths of these rocks are commonly interpreted as being
dominated by volcanic and sedimentary rocks formed in a
Neoproterozoic-Ordovician volcanic arc (Hu et al., 1988;
Zhang et al., 2001, 2009). The Erlangping Group, located to
the north of Qinling Group and to the south of Kuanping
Group, and separated by faults, is composed of an ophiolite
unit, of metamorphosed clastic sedimentary rocks and
carbonates, where the ophiolite unit includes ultramafic
rocks, mafic lavas, and a small amount of radiolarian cherts
(Dong et al., 2010; Zhang et al., 2011). The Kuanping Group
to the north of the Erlangping Group is composed of highly
deformed greenschist facies rocks, the protoliths of which
comprise mainly basic volcanic rocks, clastic rocks and
carbonates with Meso-Neoproterozoic ages (Zhang et al.,
2001). All these three tectono-stratigraphic units in the
northern Qinling area were accreted to the North China
Craton before Devonian, and intruded by Late Paleozoic to
Mesozoic granitoids (Chen et al., 2004; Hu et al., 1988).

3. Deposit geology

The Qiushuwan Cu-Mo porphyry-skarn deposit was
the first Mo deposit to be discovered in the northern
Qinling accretionary belt in the 1980s, and the deposit was
formed in the Late Jurassic (ca. 148 Ma), associated with
the Yanshanian orogeny, as estimated from Re-Os dating
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Fig. 1. (Color online). Schematic map showing the geology and tectonic setting of the Qiushuwan Mo-Cu deposit, Henan province. (A) Tectonic units of
China and position of the Qinling Orogen; (B) tectonic subdivision of Qinling Orogen, showing the location of East Qinling Mo Belt; (C) distribution of Mo

500 1000 m
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Fig. 2. (Coloronline). (A) Mo mineralization in Qiushuwan deposit associated with K-feldspar alteration; (B) Cu mineralization related to sericitic alteration.

of molybdenite mineralization (Guo, 2006; Guo et al.,
2006; Mao et al., 2011). The deposit is hosted by the Early
Proterozoic Qinling Group and the Yanlinggou and
Guozhuang formations in the eastern margin of the
northern Qinling accretionary belt, and to the north of
Zhu-Xia fault (Fig. 1C and D) (Guo, 2006; Guo et al., 2006).
The major metal in the Qiushuwan deposit is Cu, which
distinguishes this deposit from the other porphyry systems
in the East Qinling-Dabie belt (Mao et al., 2011), which are
Mo-rich porphyry deposits.

The Qiushuwan porphyry Cu-Mo deposit (Fig. 1C) has a
provenreserve of 500 kt of Cuwith local ore grade averaging
at0.8%and 100 kt of Mo averaging at 0.12% (Guoetal., 2006;
Mao et al., 2008). It is crosscut by several NE-trending faults
like in the other Mo deposits along the southern margin of
the North China Craton. A number of Mesozoic biotite
granodiorite stocks hosting the mineralization were
emplaced along the intersection of these NE-trending
faults and WNW-trending thrust faults leading to the
typically irregular shapes of the stocks, with area extents of
about 0.06 km? (nearly 300 m long from east to west, 200 m
wide from south to north) (Guo et al., 2006), and intruded
into Early Proterozoic biotite gneissic rocks, biotite quartz
schist, plagioclase amphibolites and marble (Mao et al.,
2011, and their Fig. 17). Previous studies show that the
Cu-Mo mineralization of the deposit is of two distinct
types with obvious zonation regionally:

e a Mo-dominant skarn type along the southern contact of
the Qiushuwan granodiorite stock;

e a Cu-dominant style within a 1000 m-long NE-striking
breccia pipe (Guo, 2006; Mao et al.,2008,2011; Qin et al.,
2012).

The Cu-Mo mineralization is associated with siliceous,
K-feldspar, sericitic, calc-silicate (skarn) and propylitic
alteration. The Mo mineralization is associated with the
K-feldspar alteration (Fig. 2A), whereas the Cu mineraliza-
tion is related to sericitic and skarns (Fig. 2B). The major
ore minerals include chalcopyrite, molybdenite, pyrite,
sphalerite, galena and pyrrhotite, and the main gangue
minerals are quartz, epidote, calcite, and diopside (Guo
et al,, 2006; Mao et al., 2011).

Based on the mineral assemblages, ore fabrics, wall-
rock alteration and cross cutting veins, the mineralization

stages in the Qiushuwan deposit can be divided into early
(1), middle (II) and late (III), in which stage I is subdivided
into four substages: prograde skarn-K-feldspar-quartz (I;),
crypto-explosive breccias (I), retrograde hydrous skarn
(I3), and magnetite stages(l4); stage Il includes porphyry
Cu(Mo) mineral stage, and quartz-sulfide stage; stage III
comprises calcite, barite and quartz (Qin et al., 2012). Qin
et al. (2012) measured the homogenization temperatures
of fluid inclusions from these stages, which are 222-406 °C
for stage I, 152-315 °C for stage Il and 119-189 °C for stage
III; the salinities of these three stages are 4.2%-36.5%,
3.3%-34.8%, and 4.2%-11.9%, respectively. Qin et al. (2012)
suggested that the early stage fluids of Qiushuwan deposit
were high temperature, high-salinity, CO,-bearing H,O-
NaCl-CO, magmatic fluids, and experienced boiling and
phase separation during stage I, and thus deduced that
fluid boiling, typically with CO, escape, temperature drop,
addition of meteoric water, and decrease in salinity, results
in the precipitation of metal sulfides of this deposit; in
stages Il and III, the ore-forming system became open, and
meteoric water mixed with the hydrothermal solutions,
evolving into the late low-salinity, low-temperature, poor-
CO5 fluid system.

Several studies show that the Qiushuwan granites
related to Cu-Mo mineralization are geochemically similar
to other highly fractionated Jurassic Type-I granites within
the Qinling orogen (Fu, 2003; Guo, 2006; Mao et al., 2008,
2011; Qin et al., 2011). High Ba-Sr features from this
granite were reported (Qin et al., 2011; Zhang et al., 2002),
combined stable H and O isotope compositions with
characteristics of mantle source, suggesting that the
metallogenic components were derived from the lower
crust and partly from the upper mantle (Guo, 2006; Guo
etal.,2006; Qinetal., 2011,2012; Zhang et al., 2002, 2011).

4. Analytical methods
4.1. Melt inclusion sampling and petrography

Samples used for melt inclusion study were collected
from the granite porphyry and quartz porphyry in the
Qiushuwan deposit with emphasis on the vein types and
alterations. Nine thin sections were used for petrographic
melt inclusion studies and then analyzed by microthermo-
metry and laser Raman spectroscopy. Quartz phenocrysts

deposits in the Eastern Qinling Molybdenum Belt, showing the location of the Qiushuwan deposit; (D) geology of the Qiushuwan Mo-Cu deposit (modified
after Guo et al., 2006; Deng et al., 2013; Li et al, 2012). [Legend for D: 1: Quaternary loess; 2: Lower Proterozoic amphibolites schist, Qinling Group,
Shicaogou Formation; 3: Lower Proterozoic marble, Qinling Group, Guangzhuang Formation; 4: Lower Proterozoic granitic gneiss, Qinling Group,
Yanlinggou Formation; 5: skarn; 6: breccias with Cu; 7: Yanshanian granite and granite porphyry; 8: exploration line and number; 9: sample location].
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Fig. 3. (Color online). Representative melt inclusion types in the Qiushuwan porphyry Cu-Mo deposit. (A) Crystallized melt inclusion composed of two
types of solids (S; and S5), vapor (V) and liquid (L); (B) microcrystallized melt inclusion with vapor (V) coexists with several fluid inclusions containing vapor
CO,; (C) crystallized melt inclusion contains glass with one or more shrinkage bubbles(V).

with melt inclusions were used for this study, since they
tend to survive the emplacement of the granitic intrusions
and sample preparation without fracturing, and their
homogeneous and constant composition makes data
acquisition and reduction fairly simple (Lowenstern, 1995).

Fluid inclusions commonly occur in the quartz pheno-
crysts of the Qiushuwan porphyry Cu-Mo deposit and
most of them contain CO, (Fig. 3B). Primary melt inclusions
(MI) with unusually large vapor/melt ratios were avoided,
as these inclusions might have lost volatile compounds
during fracturing events (Lowenstern, 1995). The volu-
metric vapor/glass ratios in 18 MIs of the Qiushuwan
porphyry Cu-Mo deposit show linear trend (Fig. 4),
suggesting that they were trapped in a homogeneous
state (Frezzotti, 2001).

MIs are relatively rare in the quartz phenocrysts of
Qiushuwan deposit, and typically show a scattered or
isolated distribution. They possess elliptical cavities 10-
25 wm in diameter, and contain glass with one or more
shrinkage bubbles (Fig. 3A and B). The MIs commonly
contain several daughter crystals with one or more
shrinkage bubbles, described herein as crystal-rich inclu-
sions (Fig. 3A and C). These crystallized MIs were studied
further for homogenization experiments and estimation of
the water content with visually identical phase ratios and
similar shapes (Goldstein and Reynolds, 1994).

4.2. Homogenization experiments

A high temperature heating stage was used to estimate
entrapment temperatures of the MI by observing the
temperature of homogenization of the shrinkage bubbles
into the silicate melt (Touret and Huizenga, 2012). Ideally,
homogenization indicates the minimum possible tem-
perature of crystallization of the host phenocryst (Low-
enstern, 1995). Most heating experiments in this study
were performed on individual phenocrysts within doubly
polished wafers with a thickness of ~1 mm, using a Linkam
TS1500 heating stage with a Leitz optical microscope fitted
with a CCD camera at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, China. The
detailed procedures follow those of Thomas et al. (2000).
Inclusions were remelted at temperatures of 700, 750, 800,
850, 900, 950, 1000, 1050, and 1100 °C using conventional
hydrothermal rapid quench techniques. The total run
duration was between 5 and 13h; the higher the
temperature, the longer the run duration to avoid the
apparent homogenization temperature due to insufficient
diffusion rates for water and other volatiles in MI allowing
the bubble to dissolve into the melt within the time frame
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Fig. 4. Plot of Vpypple VS. Vgass in different Mls of the Quiushuwan
porphyry Cu-Mo deposit. Circles and diamonds correspond to volumetric
vapor/glass ratios in single inclusions, which trapped a homogeneous
magma. The star indicates the volumetric vapor/glass ratio in the single
inclusion that trapped differently from the above magma, probably in
immiscible phases. Please note that the volumetric vapor/glass ratios in
these MIs were calculated respectively according to the approximate
radius of the bubble and the glasses, assuming that the melt inclusions
and the bubbles inside are standard spheres. Redrawn after Tian (2009).

of the experiment (Lowenstern, 1995). For inclusions that
homogenize at high temperatures, the initial run up to
700 °C was for 5 h. Subsequently, the run duration for every
50 °C heating step above 700 °C was 1 h. Thus, for those
inclusions which homogenize at the highest temperature
(1100 °C), the total run duration was 13 h. The remelted
inclusions located at the polished surface of the quartz host
were used for Raman spectroscopic analysis.

4.3. Laser Raman microspectroscopy

Laser Raman microspectroscopy has been effectively
used for quantitatively determining water concentrations
in the remelted silicate glasses. The technique is non-
destructive, requires minimal sample preparation, and can
be used to analyze both exposed and unexposed inclusions
as small as 3 wm in diameter (Chabiron et al., 1999, 2004;
Thomas et al., 2000). The technique and analytical details
were described in detail by Chabiron et al. (2004), Muro
et al. (2006), Severs et al. (2007), Thomas and Davidson
(2007), Thomas et al. (2000), Zajacz et al. (2005), and have
been applied to analyze concentrations from 0 to 20 wt.%
within an accuracy of +0.2wt.% (Thomas et al., 2000).
Although the water content was not analyzed in this study
due to experimental limitations, the data for H,O concentra-
tion available in previous studies from this pluton (e.g., Tian,
2009) are used for interpretations in this study.
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The homogenized melt inclusions of the Qiushuwan
porphyry Cu-Mo deposit were used in this experiment
after quenching. The gas analysis in melt inclusions was
obtained using a RM-2000 Laser Raman microspectrom-
eter at the State Key Laboratory of Lithospheric Evolution,
Institute of Geology and Geophysics, Chinese Academy of
Sciences, China. A grating of 600 was used and allowed us
to record spectra ranging from 100 to 4000cm™!,
covering, in one experiment, the area of the silicate
framework at low wave numbers and the area of the
water-stretching bands at high wave numbers. A CCD
detector collected glass spectra with sample excitation
produced by an argon laser beam (514 nm) at a power of
300 mW and with an acquisition time of 10 s. The laser
beam is about 1 wm in diameter, and spectral resolution
is 2cm™1.

5. Results
5.1. Microthermometric results

We analyzed the homogenization temperature of 28
melt inclusions in quartz phenocrysts from Qiushuwan
granitoids to constrain the magmatic temperatures. Fig. 5
shows the evolution of a crystallized melt inclusion as it is
heated from room temperature up to 1100 °C. During
heating, the daughter crystals melt, the bubbles shrink, and
in many cases disappear, resulting in a homogeneous melt
at about 1100 °C; and the light color of melt inclusions
overall tend to become dark in the initial heating stage, and
gradually return to transparent near the homogenization
temperature. Although not always possible, repeated
cycling of temperature between 900 and 1000°C can
produce nucleation of hypersaline fluid bubbles (not
shown in the figure) before reaching the final homo-
genization temperature. Some of the melt inclusions after
remelting failed to quench homogenously and exsolved a

liquid and a vapor phase even during rapid quenching, and
in most cases, complete rehomogenization, that is,
L+ glass + crystals — melt, could not be observed at the
heating stage because the inclusions decrepitated prior to
attaining the necessary rehomogenization temperature.
Thus, only nine melt inclusions in this study reached the
final homogenization temperature, with an average
temperature of 1050-1100 °C, suggesting that the inclu-
sions were trapped from a homogenous melt at around
1100 °C. The initial melting of daughter crystals occurred at
around 800 °C, and bubbles in melt inclusions started to
shrink at 750-800 °C. Some of the vapor bubbles were
reproduced at 900-1000 °C, and then gradually shrunk and
disappeared while reaching the homogenization tempera-
tures.

Furthermore, we noticed that the melt inclusions with
larger size have relatively higher homogenization tem-
peratures, and longer run durations (> 20 h). The melt
inclusions with larger initial vapor/glass bubble volume
ratios tend to have higher homogenization temperatures,
the difference in homogenization temperatures being up to
150-200 °C.

5.2. Laser Raman microspectroscopy

We analyzed the laser Raman microspectrosocpy of the
above nine melt inclusions with homogenization tem-
peratures in the quartz phenocrysts from Qiushuwan to
obtain information on the volatile components of the
magma. Fig. 6 shows the main results from laser Raman
experiments, which show that H,0, C;Hg, C4Hg and CH,4 are
mainly present in the melt inclusions (the ranges of the
Raman peak shift for these phases are: 3200-3750 for H,0,
2945-2975 for CoHg, 1633-1653 for C4Hg, and 2905-2925
for CH,4), lack oxidized volatile components, such as SO,
CO,, CI” etc., indicating a dominantly reducing environ-
ment at the trapping stage.

Fig. 5. (Color online). Behavior of fluid oversaturated silicate melt inclusions in quartz from the Qiushuwan granite during high temperature experiments.
(A) At room temperature, the inclusion consists of partly devitrified glass (G), vapor (V), and salt (S). (B-E) While progressively heated, the inclusion
remained microcrystalline up to 850 °C, and the color is getting dark (F) when melting began around the inclusion periphery at 900 °C. (G-I) The glass
appears more transparent and the salt progressively melts in the silicate melt, and the single vapor bubble began to shrink in the inclusion; at 1050 °C the
inclusion has not yet reached homogenization within 5 h duration of heating, and the crystals had mostly melted and all that remained was silicate melt
(M), vapor bubbles (V). (J) At 1100 °C, the inclusion has reached Th, at which point the bubble had homogenized in the silicate melt, after having been heated

during 8 h.
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Fig. 6. (Color online). Laser Raman spectra of melt inclusions of the Qiushuwan deposit. A shows the presence of water vapor inside the melt inclusion; B
shows that the melt inclusion includes gas bubbles of C;Hg and C4Hg; C shows that C4Hg and CH,4 are present in the melt inclusion.

6. Discussion
6.1. Emplacement of the Qiushuwan granitoids

Magma contains many magmatic volatile components
phases, such as, H,0, CO,, F, Cl, B, which play important
roles in magma evolution and magmatite formation
(Lowenstern, 1995; Wyllie and Ryabchikov, 2000). The
magmatic volatile phase (MVP) is thought to be a critical
agent in ore formation because of the high fluidity and
buoyancy, and also the geochemical affinity (Candela,
1997). Plank et al. (2013) suggested that melt inclusion
H,0 values reflect vapor saturation at the last storage
depth in the crust prior to eruption. Although the water
content was not analyzed in this study, the data for H,O
concentration in the melt inclusions of this region reported
by Tian (2009) following the Raman spectroscopy techni-
que on melt inclusions of Severs et al. (2007) show a range
of 0.58 to 20.85 wt%, with an average of 7.27wt%,
indicating a relatively high original H,O concentration of
the acidic silicate magma at this emplacement. According
to the solution models of Newman and Lowenstern (2002)
and Witham et al. (2012), a magma with 7 wt% H,0 will
reach pure H,O-vapor saturation at ca.400 MPa, or ca.15-
16 km in the crust (assuming an upper crustal density of
2.6 g/cc). In this case, considering the arc tectonic setting of
this region and also the porphyritic texture of the rocks, we
could deduce that Qiushuwan granitoids magmas rise
from the mantle with high temperatures (about 1100 °C
from the homogenization experiment in this study), high
H,0 values and other reduced volatiles, and become vapor-
saturated at relatively deep domains, probably more than
10 km, in the crust prior to eruption.

6.2. Generation of reduced granitoid magmas and
mineralization

During the Late Jurassic-Early Cretaceous, the East
Qinling region was under post-collisional extensional
setting (Ding et al., 2011; Liu and Zhang, 2008), and many

porphyry and porphyry-skarn types of Cu and Mo ore
deposits were formed during this second episode in the
Qinling orogen (Mao et al., 2008), spatially and genetically
associated with granitic porphyry intrusions (see Fig. 1).
Several workers (e.g., Chen et al.,, 2014; Li et al., 2012)
suggested that most of the ore-forming elements (Mo and
Cu) in the Qinling Orogenic Belt were transported from the
crystallizing magma into a hot, alkaline, and oxidized fluid
in the initial stage, and precipitated with decreasing
temperatures and pH, water-rock interaction, and fluid
immiscibility during fluid ascent. However, the granite of
the Qiushuwan deposit studied here shows evidence of
having formed from a reduced magma, containing sub-
stantial C;Hg, C4Hg, and CH4 in melt inclusions. Field
observation shows that primary pyrrhotite is far more
abundant than magnetite, and the ore system also shows
reduced mineral assemblages, such as chalcopyrite,
molybdenite, pyrite, sphalerite, galena, and pyrrhotite.
Neither anhydrite nor hematite is present at Qiushuwan,
and the abundant hypogene pyrrhotite suggests a rela-
tively reducing ore fluid (Smith et al, 2012). These
characteristics of the ore system are in conformity with
the substantial C;Hg, C4Hg, and CH,4 contents found in the
Qiushuwan granite, which are orders of magnitude higher
than those typical of magmas associated with typical
oxidized porphyry Cu deposits. The same studies were
reported by Rowins (2000), who analyzed several reduced
porphyry Cu-Mo-Au deposits, such as the Mile Hill
(Western Australia), and San Anton (Mexico) deposits,
and showed that the ore fluids of both deposits are
compositionally complex. In addition to H,O, the ore fluids
in these deposits contain significant amounts of CO, and
CH,. The reduced fluids usually encountered in these cases
typically lack primary hematite, magnetite, and sulfate
minerals (i.e., anhydrite), but contain abundant hypogene
pyrrhotite. The fluid inclusions are carbonic-rich with
substantial CHy, and are associated with ilmenite-bearing,
reduced Type-I granitoids.

Some studies have proposed that the subduction of C-
and S-rich sediments could lead to the production of
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reduced arc magmas (Ague and Brimhall, 1988; Rowins,
2000; Takagi, 2004), which involves the significant input of
reducing sedimentary material to a subduction zone to
generate arc magmas. Qin et al. (2012) showed that some
of the §4S values of pyrite from the Qiushuwan deposit
have the characteristics of a sedimentary source of sulfur,
suggesting that S-rich sediments might have been involved
in magma genesis.

Rowins (2000) reported field evidence and low fluid-
oxidation states that suggest that reduced porphyry Cu-Au
deposits are intimately associated with reduced type-I
granitoids, which could generated oxidized type-I partial
melts, associated with oxidized porphyry Cu-Au deposits.
Burham and Ohmoto (1980) and Rowins (2000) proposed
that low fo, S-type granitoids could also exsolve reduced
hydrothermal fluids, but these magmas are unlikely to be a
factor in the genesis of reduced porphyry Cu-Au deposits.
This is because S-type magmas associated with Sn-W
deposits only contain about 10% of the S present in type-I
granitoids and also contain much lower initial abundances
of Cu and Au. They concluded that S-type granitoids are
substantially reduced and contain neither sufficient S nor
background metal components to produce economic
porphyry Cu-Au mineralization. Thus, in our case, a
possible alternate origin of the reduced materials is a
parental type-I granite which might have acquired a low
fo, value and have reduced materials during their ascent
from the mantle through the crust, and subsequently have
mixed with an S-type melt containing reduced materials.
Such a mixing process has been described from orogenic
belts elsewhere (e.g., Winter, 2001).

Ratschbacher et al. (2003) suggested that the Late
Jurassic to Early Cretaceous granites of the Qinling Group
in the East Qinling-Dabie have been associated with a
continental magmatic arc on the north margin of Yangtze
Craton. According to several studies (e.g., Carmichael,
1991; Lee et al., 2005; Smith et al., 2012), the magmas in
arcs are typically more oxidized than in other tectonic
settings. Several mechanisms have been invoked to
generate oxidized magmas including fractional crystal-
lization during ascent or emplacement, assimilation of
oxidized country rock, or degassing of reduced volatile
species (i.e., Hy, H,S and CH,4) (Holloway, 2004; Lee et al.,
2005). However, few mechanisms generate reduced
magmas, especially in arc settings. Smith et al. (2012)
proposed that one possibility for the generated reduced
magmas is linked with the subduction of a mid-ocean ridge
and the formation of a slab window, in which the slab
window setting could form a pulse of lower f, MORB-like
mantle into the overriding mantle wedge, leading to a
source region at a lower fo, than typical of arc magmas
(Madsen et al., 2006). The geochemistry of the magmatic
rocks of Qiushuwan suggests an arc signature (Fu, 2003;
Guo, 2006; Mao et al., 2008, 2011; Qin et al., 2011; Zhang
et al.,, 2002), but shows no geochemical evidence of
derivation from a MORB or OIB-like mantle source (Guo
et al., 2006; Mao et al., 2008, 2011).

The possibility that Qiushuwan Cu-Mo mineralization
originates from reduced magma could be deduced and
interpreted as such: it was formed by remelting of the
lower crust caused by asthenospheric mantle upwelling,

with the magma ascending along the intersection of
existing NWW-trending regional faults and newly devel-
oped NNE-trending faults (Mao et al., 2005). The magma
might have been an initially reduced type-I magma
containing volatile compounds such as CHy, or got reduced
during ascent and emplacement with volatiles such as SO,
through reaction with S-bearing sources under specific
physicochemical conditions and crystal fractionation
processes. Following magmatic fractionation during their
ascent toward shallow levels of the crust, the generated
S2-could prevent the formation of sulfate minerals (e.g.,
anhydrite), but could easily combine with the metallogenic
element, Mo, to cause molybdenite mineralization from
magma in the fluid phase to the melt phase, whereas other
metallic elements (e.g., Cu and Au) have a tendency to
accumulate in the fluid phase of magma because of their
strong chemical activities under reduced environment, and
to accumulate and precipitate in favorable locations of the
magma chambers and their immediate host rocks, but
probably far away from the granite systems. Therefore, it is
probably the reason why a distinct Cu—-Mo mineralization
formed in the studied area compared with other deposits
in the Qinling Orogen, with Cu-rich compounds and the
obvious zonation of Cu-Mo mineralization regionally.

7. Conclusions

Based on ore mineralogy, and volatile species in MlIs, we
identified that the Yanshanian Qiushuwan porphyry Cu-
Mo deposit in the Qinling-Dabie orogenic belt is a reduced
homogeneous magmatic system with high temperature
(about 1100°C), emplaced in relatively deep domains,
probably more than 10 km deep. Magmas responsible for
the generation of Qiushuwan were either derived from an
inherently reduced source, or were reduced during ascent
and emplacement. The mechanism might have involved
the assimilation of sedimentary material with minimal
crustal interaction. Parental magmas likely underwent
reduction essentially by loss of all of its SO, by degassing,
as evidenced by the low S level in Mls. These reduced
materials provided an adequate sulfur source for the
formation of the porphyry Cu-Mo deposits with obvious
zonation, which plays a key role in the mineralization. In
this regard, the reduced environment and the relatively
deep domain of magma emplacement probably limited the
extent of mineralization, generating only a relatively small
Cu-Mo deposit in Qiushuwan.
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