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ABSTRACT

The Jinshajiang-Red River alkaline igneous belt and the associated Cenozoic Cu-Au mineralization are located in
an intra-continental strike-slip fault zone in SW China. The Ce**/Ce>™ ratios of zircon from representative Cu-
mineralized, Au-mineralized and barren porphyry intrusions from the belt indicate that the Cu-Au ore-bearing
porphyry intrusions had much higher fO, of magma than the barren porphyry intrusions. Elemental and Sr-Nd
isotope ratio data indicate that both the Cu-Au ore-bearing and barren porphyry intrusions were derived from
partial melts of the ancient enriched metasomatized mantle sources (EMII type). The mantle source was possibly
modified by subduction of the Paleo-Tethyan oceanic slab beneath the Changdu-Simao block between the early
Permian and the late Triassic. The oxygen fugacity of the magma was likely related to the redox state of the
source, and the different fO, calculated for the magmas that gave rise to Cu-Au ore-bearing and barren porphyry
intrusions are a product of magmas from the different sources. The sources of the barren porphyry intrusions
were influenced mainly by the slab-derived fluids, whereas the sources of the Cu-Au ore-bearing porphyry intru-
sions were modified by both the slab-derived fluids and slab-derived melts. Cenozoic strike-slip faulting in this
region caused lithospheric-scale extension and upwelling of the asthenosphere; the heat produced by this pro-
cess produced partial melts of the ancient enriched metasomatized mantle sources, resulting in the emplacement

of alkaline porphyry intrusions and associated Cu-Au mineralization at ~40-30 Ma.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Porphyry Cu-Au systems are usually associated with calc-alkaline
and alkaline igneous rocks, and they are primarily formed in arc envi-
ronments (Sillitoe, 1972, 1997, 2002, 2010; Mitchell, 1973; Tatsumi,
1989; Richards, 1990, 2003; Muller and Groves, 1993; Ulrich et al.,
1999; Ulrich and Heinrich, 2001; Hattori and Keith, 2001; Muller,
2002; Mungall, 2002; Heinrich et al., 2005). Porphyry Cu-Au minerali-
zation in arc-settings is thought to be closely related to relatively oxi-
dized calc-alkaline and alkaline magmas (Sillitoe, 1972, 1997, 2002,
2010; Richards, 1990, 2003, 2009, 2011a; Muller and Groves, 1993;
Ulrich et al., 1999; Ulrich and Heinrich, 2001; Oyarzun et al., 2001;
Mungall, 2002; Ballard et al., 2002; Imai et al., 1993; Imai, 2002, 2004;
Sun et al,, 2004, 2013). This association can be ascribed to the redox con-
trol of oxygen fugacity (fO,) on the speciation and solubility of sulfur in
a magma, and the influence of fO, on the fractionation of Cu- and Au-
sulfides from a magma (Ballard et al., 2002; Mungall, 2002); under
high fO, conditions, the majority of the sulfur exists as SO, or SO3~
with very low concentrations of S>~ in a magma; this prevents
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saturation and precipitation of immiscible Cu- and Au-sulfides from a
fractionating magma, thus, allowing concentration of Cu and Au during
magmatic differentiation and eventually their localization in magmatic-
hydrothermal ore-forming fluids (Carroll and Rutherford, 1987;
Spooner, 1993; Wybon, 1994; Sillitoe, 1997; Streck and Dilles, 1998;
Mungall, 2002; Richards, 2003; Sun et al., 2004, 2013). Numerous stud-
ies have suggested that the high fO, of arc-magmas which gave rise to
porphyry Cu-Au mineralization, were primarily produced by oxidized
silicate melts or hydrothermal fluids, released from a subducted oceanic
slab (Wyllie, 1978; Tatsumi, 1989; Davies and Stevenson, 1992;
Peacock, 1993; McInnes and Cameron, 1994; Brandon and Draper,
1996; Mungall, 2002; Oyarzun et al., 2008). There are also abundant
porphyry Cu-Au systems in intra-continental settings (Hu et al., 1998,
2004; Bi et al., 2002, 2004, 2005, 2006, 2009; Hou et al., 2003a,b, 2004,
2007, 2011, 2013; Richards, 2009; Liu et al,, 2012; Lu et al.,, 2013;
Zhanget al., 2013); examples include the Cenozoic porphyry Cu-Au sys-
tems in the Jinshajiang-Red River alkaline igneous belt, SW China, the
Mesozoic Dexing porphyry Cu(Mo-Au) system in eastern China, and
the Miocene Gangdese porphyry Cu(Mo) belt in Tibet, western China
(Hu et al., 1998, 2004; Bi et al., 2002, 2004, 2005, 2009; Hou et al.,
2003a,b, 2004, 2007, 2011, 2013; Xu et al,, 2010; Liu et al.,, 2012; Lu
et al,, 2013). These porphyry Cu-Au systems are usually linked to
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intermediate-acidic rocks that belong to a group of high-K calc-alkaline
and shoshonitic magma series, and are not considered to be directly re-
lated to subduction of the oceanic slabs (Hou et al., 2004, 2007, 2011,
2013; Liu et al,, 2012). In comparison with porphyry Cu-Au systems in
arc-settings, the fO, of magmas associated with porphyry Cu-Au miner-
alization in intra-continental settings is not well understood. A few
studies indicate that the magmas associated with intra-continental por-
phyry Cu-Au mineralization had elevated fO, (Liang et al., 2006a,b; Bi
et al., 2006, 2009; Zhang et al., 2013), but the fO, of magmas related
to ore-bearing and barren porphyry intrusions, and the factors control-
ling the oxygen fugacity of magmas are still not well understood (Hou
et al., 2003a; Bi et al., 2006; Liang et al., 2006a,b; Zhang et al., 2013). It
is therefore important to examine the principal controls on the oxygen
fugacity of these types of magmas in intra-continental settings.

There are several methods for determining the oxygen fugacity of
magmas (Wones and Eugster, 1965; Huebner and Sato, 1970; Chou,
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1978; Sack et al., 1980; Kilinc et al., 1983; Wones, 1989; Carmichael
and Ghiorso, 1986; Wallace and Carmichael, 1994; Metrich and
Clocchiatti, 1996; Ballard et al., 2002; Audetat et al., 2004; Stern et al.,
2007). Oxygen barometers based on Fe-Ti oxides are easily affected
by slow cooling of the magma, and empirical redox indicators such as
Fe3*/Fe ™ ratios of whole-rock, amphibole and biotite, and the pres-
ence of anhydrite rarely survive the processes of hydrothermal alter-
ation and surficial weathering (Ballard et al., 2002). Ce**/Ce>* ratios
of zircon have been shown to be suitable in constraining the relative
redox states of magmas (Ballard et al., 2002; Liang et al., 2006a,b).
Zircon is a widespread mineral in many types of rocks, and is resistant
to strong physical-chemical destruction after crystallization (Lee et al.,
1997; Cherniak and Watson, 2001). Ce**/Ce®™ ratios of zircon are con-
trolled by fO, of magmas, and not affected by temperature of crystalliza-
tion (Ballard et al., 2002). For these reasons, the Ce**/Ce® ™ ratio of
zircon provides a very robust indicator of redox conditions.
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Fig. 1. A simplified geological map of the Jinshajiang-Red River alkaline igneous belt showing the representative Cu-mineralized, Au-mineralized and barren alkaline porphyry intrusions
(modified from Wang et al., 2001). Abbreviations: SG—Songpan-Ganze terrane, QT—Qiangtang terrane, LH—Lhasa terrane, TP—Tibetan plateau, JS—Jinshajiang suture, BNS—Bangonghu-
Nujiang suture, and IYS—Indian river-Yalu-Zangbu suture; Alkaline porphyry intrusions: 1—Yulong, 2—Machangqing, 3—Tongchang, 4—Chang'anchong, 5—Rentouqing-Jinchangqing,

6—Yao'an, 7—Liuhe, 8—Songgui and 9—Yanshuiqing.
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The Jinshajiang-Red River alkaline igneous belt is located in an intra-
continental strike-slip fault zone; it is an important belt of Cenozoic por-
phyry Cu-Au ore deposits in SW China. The Cu-mineralized, Au-
mineralized, and barren porphyry intrusions are widely distributed
along the belt (Fig. 1; Hou et al., 20033, b; Hu et al., 2004; Liang et al.,
20064, b; Bi et al., 2004, 2006, 2009). These porphyries are composed
of felsic rocks with high alkali (K;0 + Na,O usually >8 wt.%) and high
potassium (K,0/Na,0 > 1), and belong to shoshonitic or high-K calc-
alkaline series (Zhang and Xie, 1997; Chung et al.,, 1997, 1998). Studies
using the Ce**/Ce* ratio of zircon and the biotite Fe* "-Fe? " -Mg ter-
nary diagram (Liang et al., 2006a,b; Bi et al., 2006, 2009), indicate that
the magmas related to the Yulong and Machangqing Cu deposits and
Yao'an Au deposit crystallized from relatively oxidized magmas. We
propose that a systematic study of the fO, of magmas associated with
the Cu-mineralized, Au-mineralized and barren porphyry intrusions in
the Jinshajiang-Red River alkaline igneous belt may be useful in under-
standing intra-continental porphyry Cu-Au mineralization.

In this paper, we report Ce**/Ce3™ ratios of zircon, whole-rock
major- and trace-element and Sr-Nd isotope data for the representative
Cu-mineralized, Au-mineralized and barren porphyry intrusions from
the Jinshajiang-Red River alkaline igneous belt. This information when
combined with literature data, provide the basis to establish the oxygen
fugacity of the magmas which crystallized to form the porphyry intru-
sions, and we discuss the main controls on the fO, of the magmas.

2. Regional geology

The eastern Indo-Asian collision zone is composed of the Songpan-
Ganze, Qiangtang and Lhasa terranes and Yangtze blocks, which were
welded together prior to the Cretaceous to form part of the Eurasian
continent (Fig. 1; Hu et al., 2004). The Cenozoic Jinshajiang-Red River
alkaline igneous belt is located in the eastern Indo-Asian collision
zone. This belt is 2000 km long, 50-80 km wide and adjacent to the
NNW-NW-trending Jinshajiang-Red River deep fault (Fig. 1; Zhang
and Xie, 1997; Chung et al., 1997, 1998). Alkaline porphyry intrusion-
associated hydrothermal deposits in this belt, including the Yulong
and Machangqging Cu deposits and the Yao'an and Rentouqing-
Jinchangqing Au deposits, represent one of the most important Cu-Au
associations in SW China (Bi et al.,, 1999, 2002, 2004, 2005, 2009; Hu
et al.,, 1998, 2004; Gu et al., 2003; Wang et al., 2004; Hou et al., 2006,
2007, 2011; Xu et al., 2012, 2014a,b). The Indo-Asian collision at
~65 Ma created the Tibetan plateau; the collision triggered an intensive
eastward extrusion in the Tibetan plateau and surrounding regions
facilitated by strike-slip motion along a series of strike-slip faults
(e.g., the Jinshajiang-Red River, Jiali, Batang-Lijiang and Gaoligong
faults; Fig. 1) (Xu et al, 2012). Strike-slip motion along the
Jinshajiang—Red River fault led to lithospheric-scale extension and em-
placement of hundreds of alkaline intrusions in the Jinshajiang-Red
River alkaline igneous belt (Zhang and Xie, 1997; Chung et al., 1997,
1998; Bi et al., 1999, 2009; Yin and Harrison, 2000; Hou et al., 2006,
2007). These alkaline intrusions have been dated, and zircons yield U-
Pb ages ranging from ~43 to 35 Ma (Xu, 2011; Xu et al., 2012). The
alkaline intrusions have representative rock compositions ranging
from basaltic to trachytic and rhyolitic (Chung et al., 1998), and are
characterized by high alkali (K,O + Na,0 > 8 wt.%) and enrichment in
potassium relative to sodium (K,0/Na,O > 1); they belong to a high-K
calc-alkaline or shoshonitic series (Zhang and Xie, 1997; Chung et al.,
1998). Furthermore, the alkaline intrusions show incompatible trace-
element patterns which are enriched in large-ion lithophile elements
and light rare-earth elements, and the patterns are depleted in high
field strength elements such as Nb, Ta and Ti (Chung et al., 1998; Hou
et al.,, 2003Db; Bi et al., 2005, 2009). These alkaline intrusions have high
I and low gnq)t isotopic compositions, and they were considered to
be derived from an enriched mantle source (EMII) (Zhang and Xie,
1997; Hou et al., 2003b; Bi et al., 2005; Jiang et al., 2006).

3. Mineralized and barren porphyry intrusions

Cu-mineralized, Au-mineralized, and barren porphyry intrusions are
widely distributed in the Jinshajiang-Red River alkaline igneous belt.
Representative Cu-mineralized porphyry intrusions include the Yulong,
Machangqing, Tongchang and Chang'anchong. These porphyry intru-
sions are distributed in the northern, central and southern segments
of the Jinshajiang-Red River alkaline igneous belt (Fig. 1). Representa-
tive Au-mineralized porphyry intrusions include the Yao'an and
Rentouqing-Jinchangqing; they are distributed in the central segment
of the Jinshajiang-Red River alkaline igneous belt (Fig. 1). Barren por-
phyry intrusions include the Liuhe, Songgui and Yanshuiqing in the
central part of the Jinshajiang-Red River alkaline igneous belt (Fig. 1).

3.1. Cu-mineralized porphyry intrusions

3.1.1. Yulong

Cu(Mo-Au) mineralization at the Yulong Cu deposit is related to the
~41 Ma monzogranite porphyry stock; this stock has an outcrop area of
0.64 km? (Xu et al.,, 2012), and it intruded the Triassic sandstone and
limestone (Fig. 2a; Li et al., 2012). The Yulong monzogranite porphyry
intrusions have phenocrysts of K-feldspar, plagioclase, quartz, horn-
blende and biotite in a cryptocrystalline groundmass (Fig. 3a) with
titanite, zircon and apatite as the principal accessory minerals. The
Yulong deposit contains over 6.5 Mt Cu with average grades of
0.38 wt.% Cu, 0.04 wt.% Mo, and 0.35 g/t Au (Hou et al.,, 2003a,b; Liang
et al,, 2006a; Xu et al., 2012). Alteration zones in the Yulong deposit in-
clude the deep K-silicate alteration zone, the shallow quartz-sericite
and argillic alteration zones, and the adjacent propylitic alteration
zone (Fig. 2a; Hou et al., 2003a,b; Hou et al., 2006; Li et al.,, 2012). The
K-silicate alteration zone, typically developed within the porphyry
stock, is characterized by pervasive formation of secondary quartz and
K-feldspar. The quartz-sericite alteration zone, formed along the mar-
gin of the porphyry stock and typically within the contact, is character-
ized by alteration of silicate minerals to secondary sericite and quartz.
Quartz-sericite alteration overprints the early K-silicate alteration and
grades into a more shallow advanced argillic alteration, which is largely
composed of kaolinite group minerals and quartz. The propylitic alter-
ation zone, developed in the Triassic sandstone wall-rocks, is character-
ized by large amounts of chlorite, epidote and tourmaline (Hou et al.,
2003a,b). The hydrothermal alteration zones have locally overprinted
earlier formed contact metamorphic zones that show a crude zonation
from inner hornfels, through to skarn alteration, and marble (Hou
et al., 2003a,b; Li et al., 2012). The Yulong deposit is composed of a
ring-shaped high-grade Cu-Au mineral zone (about 3 Mt Cu with
>1 wt.% Cu and 100 t Au with 4 g/t Au) overlying and surrounding a
pipe-like, steeply dipping, veinlet-disseminated Cu-Mo orebody within
the monzogranite porphyry stock (Hou et al., 2006).

3.1.2. Machangqing

The Machangqing Cu deposit exhibits Cu(Mo-Au) mineralization
within and around the ~35 Ma granite porphyry stock with an outcrop
area of 1.3 km?, and the stock intruded the lower Ordovician and lower
Devonian limestone and sandstone (Fig. 2b; Liang et al., 2006b; Xu et al.,
2012). The Machangqing granite porphyries have phenocrysts of K-
feldspar, plagioclase, quartz, hornblende and biotite in a cryptocrystal-
line groundmass (Fig. 3b). Titanite, zircon and apatite are the principal
accessory minerals. The deposit contains approximately 0.25 Mt Cu at
a grade of 0.44 wt.% Cu, 0.03 wt.% Mo and 0.03 g/t Au (Hou et al.,
2006). Alteration zones at the Machangqing deposit consist of the
deep K-silicate alteration zone, the shallow argillic alteration zone and
the adjacent propylitic alteration zone. The K-silicate alteration zone,
typically formed within the Machangqing granite porphyry stock, is
characterized by pervasive alteration of plagioclase to orthoclase, and
of hornblende and primary biotite to secondary biotite. Weak argillic al-
teration is characterized by the replacement of biotite and feldspar by
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2009), (¢) Tongchang and Chang'anchong Cu deposits (modified from Xue, 2008), (d) Yao'an Au deposit (modified from Bi et al., 2004), and (e) Liuhe, Songgui and Yanshuiqing alkaline

porphyry intrusions (modified from Zhao et al., 2003).

clay minerals. Propylitic alteration is weak but pervasive, forming a
wide halo in the country rocks, and the alteration is composed of
epidote, chlorite, albite and calcite. The orebodies occur as veins and
veinlet-disseminations in the granite porphyry stock, associated with
contact hornfels in the lower Ordovician meta-sedimentary rocks, and
as skarn mineralization in the Ordovician limestones (Bi et al., 2009).
Porphyry-type and skarn-type associations are the two major styles of
mineralization at the Machangqing deposit.

3.1.3. Tongchang and Chang'anchong
Both the Tongchang and Chang'anchong deposits contain Cu(Mo-
Au) mineralization within and around the ~35 Ma quartz syenite

porphyry intrusions (Huang et al., 2009; Xu et al., 2012), which were
emplaced into the middle Silurian limestone and sandstone. The intru-
sion at the Tongchang deposit occurs as stocks and dykes with an out-
crop area of 0.2 km?, and at the Chang'anchong deposit, it occurs as
stocks with an outcrop area more than 0.18 km? (Fig. 2c; Xu et al.,
2012). The Tongchang deposit is located about 5 km east of the
Chang'anchong deposit. Tongchang contains 8621 t Cu and 17,060 t
Mo with a grade of 1.24 wt.% Cu, 0.218 wt.% Mo and 0.13 g/t Au; the
Chang'anchong contains 29,337 t Cu and 13,310 t Mo with a grade of
1.48 wt.% Cu, 0.13 wt.% Mo and 0.25 g/t Au (Xue, 2008). Both the
Tongchang and Chang'anchong quartz syenite porphyry intrusions
contain rocks with phenocrysts of K-feldspar, plagioclase, quartz,



334 L. Xu et al. / Ore Geology Reviews 73 (2016) 330-345

Fig. 3. Photomicrographs showing the textural features and mineral compositions of the Yulong monzongranite porphyries (a), Machangging granite porphyries (b), Tongchang quartz
syenite porphyries (c), Chang'anchong quartz syenite porphyries (d), Yao'an syenite porphyries (e), Rentouqing-Jinchangqing monzonite porphyries (f), Songgui syenite porphyries
(g), Liuhe syenite porphyries (h) and Yanshuiqing syenite porphyries (i). Mineral abbreviations: Kfs—K-feldspar, Pl—plagioclase, Qz—quartz, Hbl—hornblende, Bt—biotite, and

Px—pyroxene.

hornblende and biotite in a cryptocrystalline groundmass (Figs. 3c-d).
Titanite, zircon and apatite are the principal accessory minerals. Quartz
syenite porphyry intrusions may originate from a shared source or
magma chamber; this is supported by the similar mineral assemblage,
whole-rock major- and trace-element data and initial Sr-Nd isotope
compositions, and zircon U-Pb age data (Xu, 2011). The mineralized
quartz syenite porphyry intrusions at Tongchang and Chang'anchong
have similar alteration assemblages and styles of mineralization. Three
notable alteration zones (i.e., inner alteration zone, skarn zone and
outer alteration zone) have been identified from the inner part of the
porphyry intrusion through the contact to the wall-rock, respectively
(No. 15 Geological Survey Team (GST) of Yunan Geological Bureau,
1973). The inner alteration zone, exhibiting common alteration
and mineralization characteristics for a porphyry Cu-Mo system, is
shown by the K-silicate and quartz-sericite alteration of the porphyry
intrusion, generally accompanied by abundant spot- and veinlet-
disseminated molybdenite and relatively minor veinlet-disseminated
chalcopyrite mineralization. The skarn zone, in the contact between
the porphyry intrusion and the middle Silurian limestone and
sandstone wall-rocks, is characterized by garnet, scapolite, tremolite,
epidote, diopside and forsterite, and is generally accompanied by abun-
dant massive and disseminated Cu-sulfide and massive magnetite min-
eralization. The outer alteration zone within the wall-rocks is mainly
composed of marble, with local serpentine, quartz, chlorite, wollaston-
ite and clinohumite; this alteration zone contains local weak Pb-Zn
and Cu-Mo mineralization near the skarn zone (No. 15 GST of Yunan
Geological Bureau, 1973; Xu et al., 2014a).

3.2. Au-mineralized porphyry intrusions

3.2.1. Yao'an

The Yao'an Au deposit has Au mineralization primarily within and
around the ~34 Ma syenite porphyry intrusions with an outcrop area
less than 1.0 km?; the intrusions occur as stocks and apophyses, and
were emplaced into the Jurassic silty mudstones and marl (Fig. 2d; Bi
et al., 2004, 2009; Lu et al., 2013). The Yao'an syenite porphyries have
phenocrysts of K-feldspar, plagioclase, hornblende and biotite in a cryp-
tocrystalline groundmass (Fig. 3e) with the principal accessory minerals
of titanite, zircon and apatite. The Yao'an deposit contains ~10 t Au with
a grade of 4-5 g/t Au (Bi et al., 2009). The mineralized syenite porphyry
intrusions show different degrees of hydrothermal alteration including
K-feldspar alteration, sericitization and propylitization (Bi et al., 2009).
Close to the orebody, the syenite porphyry intrusion was heavily altered
and is characterized by abundant secondary K-feldspar, whereas, away
from the orebody, the syenite porphyry intrusion exhibits weak alter-
ation and is characterized by minor calcite as a product of hydrothermal
alteration (Bi et al., 2009).

3.2.2. Rentouqing-Jinchangqing

The Rentouqing-Jinchangqing Au deposit is adjacent to the
Machangqing Cu deposit (Fig. 2b). The Rentouging-Jinchangqing
deposit contains Au mineralization within the ~36 Ma monzonite
porphyry intrusions, and the lower Ordovician and lower Devonian
sandstone wall-rocks. The Rentouging-Jinchangqing monzonite
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porphyry intrusions occur as small stocks and dykes with an outcrop
area less than 1.0 km?, and were intruded into the lower Ordovician
and lower Devonian limestone and sandstone (Fig. 2b; Xue, 2008; Xu,
2011). The Rentouqing-Jinchangqing monzonite porphyries have phe-
nocrysts of K-feldspar, plagioclase, quartz and biotite in a cryptocrystal-
line groundmass (Fig. 3f). The principal accessory minerals include
titanite, zircon and apatite. The Rentouqing-Jinchangqing deposit con-
sists of two mineral zones: the Rentouqing mineral zone to the west
and the Jinchangqing mineral zone to the east, which contain 0.44 t
Au at a grade of 5.68 g/t Au, and 5.53 t Au at a grade of 8.73 g/t Au, re-
spectively (Xue, 2008). The fracture zones which were developed in
the monzonite porphyry intrusions and wall-rocks are the principal
ore-controlling and ore-bearing structures. Gold mineralization was
closely related to silicification, pyritization, and arsenopyritization.

3.3. Barren porphyry intrusions

The Yanshuiqing, Songgui and Liuhe barren syenite porphyry intru-
sions are located between Dali in the south and Lijiang in the north.
These porphyry intrusions were intruded into the Caledonian to
Himalayan tectonic layers, and occur as stocks and dykes that outcrop
in areas of ~15 km?, ~25 km? and ~25 km?, respectively (Fig. 2e; Xu
et al., 2014b). Both the Yanshuiging and Songgui syenite porphyries
have phenocrysts of K-feldspar, plagioclase, pyroxene, quartz, and
minor hornblende in a cryptocrystalline groundmass (Figs. 3g-i). The
Yanshuiqing and Songgui syenite porphyries have been dated (zircon
U-Pb) at ~37 Ma and ~39 Ma, respectively (Xu, 2011). The ~37 Ma
Liuhe syenite porphyries (Xia et al.,, 2005; Xu, 2011) have phenocrysts
of K-feldspar, plagioclase and pyroxene, and minor biotite and horn-
blende in a cryptocrystalline groundmass (Fig. 3h). Titanite, zircon and
apatite are the principal accessory minerals in the Yanshuiqing, Songgui
and Liuhe syenite porphyry intrusions. The Liuhe syenite porphyry in-
trusions contain various xenoliths which are composed mainly of the
garnet diopside gneiss and garnet diopside amphibolite, and were con-
sidered to be derived primarily from the lower crust (Zhao et al., 2003).

4. Sampling and analytical methods
4.1. Trace elements of zircon

Ten rock samples were collected for zircon separation; these
samples are from the Cu-mineralized porphyry intrusions (Yulong,
Machangqing, Tongchang and Chang'anchong), Au-mineralized por-
phyry intrusions (Yao'an and Rentouqing-Jinchangqing) and barren
porphyry intrusions (Songgui, Liuhe and Yanshuiqing), respectively
(Fig. 1). Zircons were separated from a ~2 kg rock sample through
standard density and magnetic separation techniques. Representative
grains were hand-picked and mounted in an epoxy resin disk, and
then polished. Internal structures of zircons were examined using
cathodoluminescence (CL) prior to trace-element analysis. CL imaging
was obtained using a Quanta 400FEG environmental scanning electron
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microscope equipped with an Oxford energy dispersive spectroscopy
system and a Gatan CL3 + detector at the State Key Laboratory of Con-
tinental Dynamics, Northwest University, Xi'an, China. The operating
conditions for the CL imaging were 15 kV and 20 nA.

Trace elements of zircon were determined using the laser-ablation,
inductively coupled plasma mass spectrometer (LA-ICP-MS) at the
State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences (Wuhan), China. A pulsed (Geolas)
193 nm ArF Excimer (Lambda Physik, Gottingen Germany) laser
power of 50 mJ/pulse energy was used for ablation with diameter of
laser spot of 32 pm, at a repetition rate of 10 Hz. Detailed analytical pro-
cedures follow those described by Liu et al. (2008, 2010a,b). Helium was
used as a carrier gas and argon as the take-up gas, and mixed with the
carrier gas via a T-connector before entering the ICP. Zircon standard
91500 was used as a calibration standard for mass discrimination and
isotope fractionation and NIST SRM 610 glass as an external standard
for trace elements. An Agilent 7500a ICP-MS was used to acquire ion-
signal intensities. Each analysis incorporated a background acquisition
of approximately 20-30 s (gas blank) followed by 50 s data acquisition
from the sample. Off-line selection and integration of background and
analytical signals, and time-drift correction and quantitative calibration
for zircon trace elements were made using the ICPMSDataCal program
(Liu et al,, 2010a,b).

4.2. Whole-rock major- and trace-element analyses

Whole-rock major elements were analyzed with a PANalytical
Axios—advance (Axios PW4400) X-ray fluorescence spectrometer
(XRF) at the State Key Laboratory of Ore Deposit Geochemistry
(SKLOG), Institute of Geochemistry, Chinese Academy of Sciences
(IGCAS). Fused glass disks were analyzed and the analytical precision
as determined on the Chinese National standard GSR-1 and GSR-3 was
better than 5%. Loss on ignition (LOI) was obtained using 1 g powder
heated up to 1100 °Cfor 1 h.

Whole-rock trace elements were determined using a Perkin-Elmer
ELAN-DRC-e inductively -coupled plasma mass spectrometer (ICP-
MS) at the SKLOG. The powdered samples (50 mg) were dissolved in
high-pressure Teflon bombs using HF + HNO3; mixture for 48 h at
~195 °C (Qi et al., 2000). Rhodium was used as an internal standard to
monitor signal drift during counting. The international standards
GBPG-1 and OU-6, and the Chinese National standard GSR-1 were
used for quality control. The analytical precision is 5% or better.

4.3. Whole-rock Sr-Nd isotopic analyses

Whole-rock samples for Sr-Nd isotopic analyses were spiked and
dissolved in Teflon bombs with HF + HNOs acid, and separated by con-
ventional cation-exchange techniques. The isotopic measurements
were performed on a Thermal ionization mass spectrometry—TIMS at
the State Key Laboratory of Ore Deposit Geochemistry (SKLOG), Insti-
tute of Geochemistry, Chinese Academy of Sciences (IGCAS). The

Table 1
Average trace-element results (ppm) for zircon samples from the Cu-mineralized, Au-mineralized and barren porphyry intrusions in the Jinshajiang-Red River alkaline igneous belt.
Mineralization ~ Porphyry intrusion Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf u Th
Cu-mineralized Yulong YL912 (n=23) 0.879 569 0317 262 362 157 17.1 510 572 21.6 102 235 244 537 9908 1206 651
Machangging BXC920 (n =21) 0445 45.1 0169 1.60 2.65 1.12 147 490 587 234 117 283 302 66.0 10,743 946 489
LDS906 (n = 20) 0.686 58.8 0287 2.69 437 180 21.7 672 762 283 131 296 298 624 10313 1013 660
Tongchang TC917 (n=24) 0368 49.1 0.185 209 392 169 19.1 6.15 695 259 121 27.7 281 592 9581 1002 502
Chang'anchong CA907 (n=122) 0.584 55.0 0250 249 423 190 207 649 732 270 125 285 290 622 9734 1067 603
Au-mineralized Yao'an YA11-4 (n=123) 0.118 116 0.280 442 722 325 285 7.87 751 285 114 291 241 61.0 8218 1072 1275
Rentougqing- RTQ920 (n =19) 0.912 481 0318 229 320 131 162 526 612 237 113 26.0 266 583 10685 905 520
Jinchangqing
Barren Liuhe LHO4 (n = 6) 0.030 11.1 0.131 206 4.01 275 198 6.04 559 17.7 606 12.1 91.0 195 9403 389 134
Songgui SGO5 (n = 10) 263 293 183 108 6.11 2.83 194 568 607 21.6 968 21.5 214 449 10393 865 408
Yanshuiging YS01 (n=7) 0999 343 0.726 6.10 6.88 3.70 27.0 824 899 325 146 320 312 642 9191 736 694

n in parentheses representing the number of analyzed valid spots in every zircon sample.
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Fig. 4. Chondrite-normalized average zircon REE patterns for the studied alkaline porphy-
ry intrusions (normalization values from Sun and Mcdoonough, 1989).

measured 87Sr/%6Sr and '#3Nd/'#*Nd ratios are normalized to
865r/38Sr = 0.1194 and '®Nd/'**Nd = 0.7219, respectively. The
87Sr/86Sr ratio of the NIST SRM987 Sr standard and the '**Nd/'#*Nd
ratio of the La Jolla Nd standard solution determined during this study
were 37Sr/86Sr = 0.710259 + 8 (20, n = 41) and **Nd/'*Nd =
0.511841 4 4 (20, n = 53), respectively.

5. Results
5.1. Trace elements, Ce® */Ce®* ratios and Eu/Eu* values of zircon

Trace-element results for zircon are presented in Table 1 and plotted
in Fig. 4. Zircon grains from the Cu-mineralized and Au-mineralized por-
phyry intrusions are euhedral with clear magmatic oscillatory zoning,
and range in diameter from ~150 to 300 um (Figs. 5a-g); these zircons
generally produced consistent trace-element compositions and related
U-Pb ages. However, those zircons from the barren porphyry intrusions
are relatively small, and subhedral to euhedral with poorly developed
magmatic oscillatory zoning (Figs. 5h-j). Many of the analyzed zircon
grains from the barren porphyry intrusions yielded complicated trace-
element compositions and related complicated U-Pb ages, which
probably reflect inheritance of the zircon. Thus, the trace element
geochemistry and geochronology data for inherited zircons have been
removed.

Chondrite-normalized REE patterns of zircon are characterized by
enrichment in HREEs and depletion in LREEs with notably positive
Ce anomalies and weak negative Eu anomalies. Ce?*/Ce>* ratios and
Eu/Eu* values of zircon were calculated using the method of Ballard
et al. (2002) and the data are presented in Table 2. Zircons from the
Cu-Au ore-bearing porphyry intrusions have Ce**/Ce® ratios from
161 to 265 with an average of 210, whereas the barren porphyry intru-
sions contain zircons with Ce**/Ce* ratios ranging from 9.52 to 33.1
with an average of 24.2. Ce*"/Ce3™ ratios of zircon from the Cu-Au
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Fig. 5. Cathodoluminescence (CL) images showing the textural features of representative zircon grains from the Yulong (a), Machangqing (b, c), Tongchang (d), Chang'anchong (e), Yao'an
(f), Rentouqing-Jinchangqing (g), Liuhe (h), Songgui (i) and Yanshuiqing (j) porphyry intrusions.
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ore-bearing porphyry intrusions are notably different from, and much
higher than those for the barren porphyry intrusions (Fig. 6a). In
contrast, zircons from the Cu-Au ore-bearing porphyry intrusions
have Eu/Eu* values varying from 0.55 to 0.69 with an average of 0.60,
which are notably lower than those for the barren porphyry intrusions
(Eu/Eu* values of zircon = 0.79-0.94, average 0.86) (Fig. 6b).

5.2. Whole-rock major and trace element data

Over 100 rock samples were collected from the Cu-mineralized, Au-
mineralized and barren porphyry intrusions, and they have been
analyzed for major- and trace-element compositions. The analytical
data together with selected previously published data are compiled
and presented in Supplementary Tables 1 and 2.

The rocks have a wide range for SiO, contents (58.51-72.81 wt.%),
and plot into the monzonite, syenite, quartz monzonite and granite
fields on the TAS diagram (Fig. 7a). They have elevated alkaline contents
(K20 + Nay0 = 7.45-11.14 wt.%, average 9.37 wt.%) and they show po-
tassium enrichment (K;0/Na,O = 0.88-4.53, average 1.53); these rocks
can be classified as the products of high-K calc-alkaline and shoshonitic
magmatic series (Fig. 7b). On the A/CNK vs. A/NK diagram, these rocks
plot in the metaluminous to peraluminous fields (Fig. 7c).

Chondrite-normalized REE patterns of the rock samples are notably
enriched in LREEs relative to HREEs (LREE/HREE = 6.94-39.7, average
19.5), and have weakly negative Eu anomalies (Eu/Eu* = 0.47-1.07,
average 0.83) (Fig. 8a). Samples from the Cu-mineralized and Au-
mineralized porphyry intrusions have higher LREE/HREE ratios (LREE/
HREE = 14.0-28.0, average 21.1 versus LREE/HREE = 20.7-39.7, aver-
age 30.0) than those from the barren porphyry intrusions (LREE/
HREE = 6.94-13.1, average 10.6) (Fig. 8a). Primitive mantle-
normalized trace-element patterns of all the samples are relatively
enriched in Rb, Ba, Th, U and Pb, and significantly depleted in Nb, Ta, P
and Ti (Fig. 8b).

5.3. Whole-rock Sr-Nd isotopic compositions

Newly determined and selected previously published Sr and Nd iso-
tope data for the studied porphyry intrusions are presented in Supple-
mentary Table 3 and plotted in Fig. 9. All the samples exhibit high
(37Sr/85sr); and low eng(t) values, that follow an enriched trend. Plots
of the Cu-Au ore-bearing porphyry samples exhibit a linear trend
with (87Sr/85Sr); values varying from 0.706469 to 0.709314 and
ena(t) values varying from — 10.6 to — 1.9. However, plots of the barren
porphyry samples are relatively concentrated with (37Sr/36Sr); values of
0.707094-0.707830 and eng(t) values of —5.3 to —3.7. Samples from
the Cu-Au ore-bearing porphyry intrusions have two-stage depleted
mantle model ages (Topy) of 1706-1003 Ma, whereas samples from
the barren porphyry intrusions have two-stage depleted mantle
model ages (Topy) of 1284-1154 Ma.

6. Discussion
6.1. Redox states of the magmas forming the porphyry intrusions

As mentioned above, a remarkable difference in Ce**/Ce3* ratios of
zircon exists between the Cu-Au ore-bearing and barren porphyry in-
trusions. Ce**/Ce " ratios of zircon from the Cu-Au ore-bearing por-
phyry intrusions are much higher than those for the barren porphyry
intrusions. This indicates that the Cu-Au ore-bearing porphyry intru-
sions have higher fO, of magmas than that for the barren porphyry in-
trusions, which is consistent with conclusions made on the basis of
compositions of titanites from these porphyry intrusions (Xu et al.,
2014b). The Ce**+/Ce3 ratios of zircon from the Cu-Au ore-bearing
porphyry intrusions have a wide range (161 to 265), indicating that
magmas with Ce**/Ce3* > 161 (in zircon) have potential to produce
intra-continental porphyry Cu-Au mineralization in the Jinshajiang-

Table 2
Calculated Ce**/Ce>* ratios for zircon samples from the Cu-mineralized, Au-mineralized
and barren porphyry intrusions in the Jinshajiang-Red River alkaline igneous belt.

Mineralization ~ Porphyry intrusion Sample Zircon Ce**/Ce>* Zircon Eu/Eu*

ratio value

Cu-mineralized Yulong YL912 185 0.61
Machangging LDS906 175 0.55
BXC920 265 0.57
Tongchang TC917 243 0.60
Chang'anchong CA907 192 0.62
Au-mineralized Yao'an YA11-4 247 0.69
Rentouqing- RTQ920 161 0.56

Jinchangqing
Barren Liuhe LHO4 331 0.94
Songggui SGO5 9.52 0.79
Yanshuiqing YS01 30.1 0.83

Eu/Eu*= \/SnE:NTdN .

Red River alkaline igneous belt. This ratio must reach at least 300 in
arc settings (Ballard et al., 2002). Without fractional crystallization of
plagioclase, the Eu/Eu* value of zircon will positively correlate with
the corresponding Ce**/Ce® ™ ratio, and in this case the Eu/Eu* value
can also indicate redox state of a magma (Ballard et al., 2002). However,
in this study, such positive correlations do not exist (Fig. 6b), demon-
strating a strong fractional crystallization control from plagioclase in
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Fig. 6. Histogram of Ce* */Ce> " ratios of zircon for the studied alkaline porphyry intrusions
(a) (selected partial data from Liang et al., 2006a, b), and Ce**/Ce®* ratios vs. Eu/Eu* of zir-
con for the studied alkaline porphyry intrusions (b) (symbols: 1—Yulong, 2—Machangqing,
3—Tongchang, 4—Chang'anchong, 5—Yao'an, 6—Rentouqing-Jinchangqing, 7—Liuhe,
8—Songgui, and 9—Yanshuiqing; symbols of the studied alkaline porphyry intrusions in
the following figures are the same as those in this figure).
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the Cu-Au ore-bearing magmas, which is supported by other studies
(e.g., Xu et al., 2014b).

6.2. Sources of the Cu-Au ore-bearing and barren porphyry intrusions

The sub-continental lithospheric mantle that was modified by hy-
drous fluids from a subducted Paleo-Tethyan oceanic slab (Zhang and
Xie, 1997; Deng et al., 1998a,b; Hou et al., 2003a,b; Bi et al., 2005;
Jiang et al., 2006; Xu et al., 2011), thickened juvenile mafic lower crust
(Hou et al., 2007, 2011) and juvenile arc lower crust (Li et al., 2012)

were previously proposed to be as the sources of the Jinshajiang-Red
River alkaline igneous rocks.

Almost all of the alkaline igneous rocks from the Jinshajiang-Red
River alkaline igneous belt were emplaced at ~40-30 Ma, and have
chemical compositions varying from basaltic to trachytic and rhyolitic
(Zhang and Xie, 1997; Chung et al., 1998); these rocks have similar
Sr-Nd isotopes, trace-element and REE patterns, K;0 + Na,O and
K>0/Nay0 (Zhang and Xie, 1997; Chung et al., 1997, 1998). Moreover,
coeval alkaline mafic and ultramafic rocks in the belt display geochem-
ical characteristics similar to intermediate-acidic rocks in the same belt
(Xie and Zhang, 1995; Deng et al., 1998a, b; Guan et al., 2006; Dong
et al., 2007); this indicates that the alkaline igneous rocks in the
Jinshajiang-Red River alkaline igneous belt could not be directly derived
from the thickened juvenile mafic lower crust or juvenile arc lower
crust, but most possibly from an enriched metasomatized mantle
sources (EMII-type mantle) as revealed by the high (87Sr/65r); values
and low eyng(t) values (Fig. 9; Zhang and Xie, 1997; Deng et al., 19983,
b; Hou et al., 2003a, 2003b; Bi et al., 2005; Jiang et al., 2006; Xu et al.,
2011).

The Cu-Au ore-bearing and barren alkaline porphyry intrusions
(Zhang and Xie, 1997; Chung et al., 1997, 1998) show enrichment of
LILEs (such as Rb, Ba and Sr) and LREEs, and depletion of HFSEs (such
as Nb, Ta and Ti) (Figs. 8a-b), indicating an arc-magmatic affinity
(Figs. 10a-b); this suggests that the Cu-Au ore-bearing and barren alka-
line porphyry intrusions were derived from a mantle wedge that was
modified by subducted slab-derived fluids (Gill, 1981; Tatsumi et al.,
1986; Tatsumi, 1989; lonov and Hofmann, 1995; Hofmann and
Jochum, 1996; Richards, 2003). Some studies indicate that these alka-
line porphyry intrusions were not emplaced in an arc-setting, but in
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an intra-continental strike-slip fault zone (Chung et al., 1997; Zhang and
Xie, 1997; Hou et al,, 2003a,b, 2006, 2007, 2011; Xu et al., 2012). There-
fore, to explain the arc-magmatic affinity of these alkaline porphyry in-
trusions is important. Subduction of the oceanic slab took place between
the early Permian and the late Triassic in this region, resulting in the clo-
sure of the Jinshajiang-Ailaoshan Paleo-Tethyan oceanic basin (Pan
et al,, 1996, 2003; Mo and Pan, 2006). Subduction of the Paleo-
Tethyan oceanic slab possibly modified the mantle wedges, which
were preserved and became the sources of the alkaline magmas. Partial
melts of the enriched metasomatized mantle sources (EMII type) gave
rise to the alkaline magmas for the Cu-Au ore-bearing and barren por-
phyry intrusions.

6.3. Process of formation of high fO, of magmas associated with porphyry
Cu-Au mineralization

High fO, of magmas may be generated by the following processes:
1) metasomatism of a mantle source prior to or during partial melting,
induced by the subducted slab-derived hydrous fluids or silicate melts
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with enrichment in oxidation agents such as Fe>*, CO, or sulfate
(Wyllie, 1978; Tatsumi, 1989; Davies and Stevenson, 1992; Peacock,
1993; Mclnnes and Cameron, 1994; Brandon and Draper, 1996;
Mungall, 2002; Oyarzun et al., 2008), and 2) modification or magmatic
evolution after formation of magmas. The second process model in-
cludes: (1) fractional crystallization of the Fe? "-bearing silicate, oxide
or sulfide phases in a closed-system magma chamber (Carmichael and
Ghiorso, 1986), (2) degassing of a hydrous magma at low pressures
with preferential removal of reduced volatile species such as H, or H,S
(Czamanske and Wones, 1973; Candela, 1986; Ague and Brimhall,
1988), and (3) assimilation of the oxidized country rocks during migra-
tion of a magma from depth to higher levels in the crust (Ballard et al.,
2002).

There are two main viewpoints for the genesis of the high fO, of
magmas which are associated with porphyry Cu-Au mineralization:
(1) the high fO, was caused by K- and Fe-enriched fluids in sources of
the magmas (Bi et al., 2006) or caused by H,0 from breakdown of am-
phibole in sources of the magmas (Hou et al., 2007, 2011), and (2) the
high fO, was caused primarily by assimilation of the H,O-rich oxidized
crustal components during ascent of the magma from the sources
(Liang et al., 2006a,b).

6.3.1. Crustal assimilation and its influence on the redox states of magmas
for the Cu-Au ore-bearing and barren porphyry intrusions

Most of the Cu-Au ore-bearing porphyry intrusions have Nb/Ta ra-
tios of 5.8-14.3 with an average of 11.9, which are similar to the values
for the continental crust (Nb/Ta = 12-13; Pfander et al., 2007), but
lower than that of average global subduction sediments (Nb/Ta =
14.2; Plank and Langmuir, 1998) and those of the barren porphyry in-
trusions (Nb/Ta = 15.3-19.6, average 16.9) (Fig. 11a). The exception
to this is the Yao'an ore-bearing porphyry intrusion. As HFSEs, Nb and
Ta have similar geochemical behavior, and are not fractionated in
most magmatic processes (Liang et al., 2009). Ti-rich minerals such as
rutile, titanite and ilmenite are the potential minerals that fractionate
Nb from Ta (Green, 1995; Dostal and Chatterjee, 2000; Ying et al.,
2007); these minerals favor Ta over Nb in the silicate melt (Foley
et al., 2000; Horng and Hess, 2000; Schmidt et al., 2004; Klemme
et al., 2005; Xiong et al., 2005; Bromiley and Reffern, 2008; Liang et al.,
2009). Fractional crystallization of these Ti-rich minerals would lead
to an increase of Nb/Ta ratio in the residual melt. However, such a
scenario is not observed in the Cu-Au ore-bearing and barren porphyry
intrusions (Fig. 11b). Therefore, relative to the barren porphyry intru-
sions, the lower Nb/Ta ratios of the Cu-Au ore-bearing porphyry intru-
sions may be caused primarily by crustal assimilation rather than
fractional crystallization of Ti-rich minerals. The abundance of Mo
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studied alkaline porphyry intrusions.

in these porphyry Cu deposits also indicates that these Cu ore-
bearing magmas underwent crustal assimilation, because Mo was
derived mainly from the crust (Hou et al., 2011; Richards, 2011).
end(t) values of the Cu-Au ore-bearing porphyry intrusions do not
increase with increasing Nd contents (Fig. 12); this indicates that
crustal assimilation probably occurred in the shallower level magma
chambers of the Cu-Au ore-bearing magmas, not during magma ascent.

Crustal assimilation of the Cu-Au ore-bearing magmas most likely
occurred in the “MASH” (i.e., crustal melting and assimilation by prima-
ry basaltic magmas, magma storage at the base of the crust, and magma
homogenization; Richards, 2003) process, when their basaltic parental
magmas that were generated in the enriched metasomatized mantle
sources, under-plated at the crust/mantle boundary or near the base
of the crust due to density contrasts (Richards, 2003, 2011). Regional
enriched metasomatized mantle and regional lower crust as two
end-members for mantle-crust mixing which may explain the for-
mation of most of the Cu-Au ore-bearing magmas. Sr-Nd isotopic
mixing models indicate that different degrees of crustal assimilation
are recorded in the different Cu-Au ore-bearing magmas as revealed
by increasing (37Sr/%6Sr); values and decreasing enq(t) values
(Fig. 9). Increasing two-stage depleted mantle model ages (Topm)
(Supplementary Table 3) with the different Cu-Au ore-bearing
magmas further indicate that different degrees of crustal assimilation
(possibly representing old lower crust) occurred between the Cu-Au
ore-bearing magmas.

Most of the ore-bearing magmas show evidence of crustal contami-
nation, but the Tongchang, Chang'anchong, and Machangqing ore-
bearing magmas (which exhibit larger degrees of crustal assimilation
than the Yulong and Rentouqing-Jinchangging ore-bearing magmas)
did not form from a high fO, magma. Thus, the fO, of magmas for the al-
kaline porphyry intrusions mainly reflected the redox states of the
sources. The Cu- and Au-released from sulfides in the sources requires
a high-fO, condition than the sulfide-sulfur oxide buffer (ASSO) or
more than two orders of magnitude higher than fayalite-magnetite-
quartz oxygen buffer (AFMQ + 2) (Mungall, 2002; Richards, 2003,
2011; Sun et al., 2004, 2013). Therefore, the high fO, of the Cu-Au
ore-bearing magmas in the Jinshajiang-Red River alkaline igneous belt
is probably derived from the high fO, of the sources, and the fO, of
magmas for the Cu-Au ore-bearing and barren porphyry intrusions
mainly reflected the redox states of the sources. The difference of fO,
of magmas between the Cu-Au ore-bearing and barren porphyry intru-
sions might suggest different characteristics of the sources.

6.3.2. Different enrichment mechanisms of the metasomatized mantle
sources for mineralized versus barren porphyry intrusions

LILEs and HFSEs have different geochemical behaviors in fluids and
melts (Hawkesworth et al., 1997). LILEs, such as Rb, Ba, Sr, K and U,
are relatively mobile in fluids released from the subducted slab, whereas
it has been suggested that Th, LREEs and HFSEs are mobilized by the
melts (Pearce and Peate, 1995; Elliott et al., 1997; Hawkesworth et al.,

8
; FC
s — >
<]
i V
oV
R O
?4@3 WH O,
i LR YV
- .~. O .
-12F
_1610 30 50 70 90 110 130 150 170
Nd (ppm)

Fig. 12. Nb vs. enq(t) diagram for the studied alkaline porphyry intrusions.
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1997; Class et al., 2000). The clear enrichment of LILEs and LREEs, the
depletion of HFSEs (Figs. 8a-b), and the high Ba/Th and Ba/La ratios of
the barren porphyry intrusions (Figs. 13a-b), indicate that a source
was modified mainly by slab-derived fluids (Pearce and Peate, 1995;
Elliott et al., 1997). The Cu-Au ore-bearing porphyry intrusions not
only have obvious enrichment of LILEs and LREEs, and depletion of
HFSEs (Figs. 8a-b), but also have high Th/Nb and Th/Yb ratios
(Figs. 13a-b). This indicates that the source was modified not only by
the slab-derived fluids but also by the slab-derived melts (Johnson
and Plank, 1999; Class et al., 2000). The sources of the ore-bearing por-
phyry intrusions of the Dexing porphyry Cu(Mo-Au) deposit and the

Gangdese porphyry Cu(Mo) belt, in intra-continental settings, also
show enrichment related to slab-derived melts (Figs. 13a-b); this also
points to enrichment created by slab-derived melts in the formation of
the porphyry Cu-Au mineralization.

The Cu-Au ore-bearing porphyry intrusions in the Jinshajiang-Red
River alkaline igneous belt have much higher Th/Nb and Th/Yb ratios
than those for the crust and lower continental crust (LCC) (Figs. 13a-
b), indicating that influence from crustal assimilation on Th/Nb and
Th/Yb ratios for the Cu-Au ore-bearing porphyry intrusions is negligi-
ble. The Th/Nb and Th/Yb ratios of the Cu-Au ore-bearing porphyry
intrusions in the belt are much higher than those for the average global
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2013).
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sediment from subduction zone settings (GLOSS), E-MORB and N-
MORB (Figs. 13a-b), which supports the idea that slab-derived melts
were responsible for modification of sources of the Cu-Au ore-bearing
porphyry intrusions (Hawkesworth et al., 1997; Oyarzun et al., 2008;

Subduction of the Paleo-Tethyan oceanic slab and
formation of the EMM
(from the early Permian to the late Triassic)

Jinshajiang—Ailaoshan Paleo-Tethyan ocean

@ Closure of the Jinshajiang—Ailaoshan Paleo-Tethyan oce-
anic basin and preservation of the EMM
(at the end of the Triassic)

Jinshajiang—Ailaoshan suture

Asthenosphere

Asthenospheric upwelling caused by strike-slip faulting,
partial melting of the EMM and formation of the ore-be-
aring and barren porphyry intrusions
(at ~40-30 Ma)
Ore-bearing porphyry
intrusion ~_Barren porphyry intrusion

Asthenospherl

upwelling Asthenosphere

Delaminated SCLM

Fig. 14. Schematic model illustrating the various stages to explain genesis of the Cu-Au
ore-bearing and barren porphyry intrusions in the Jinshajiang-Red River alkaline igneous
belt through the partial melting of the ancient enriched metasomatized mantle
sources. Abbreviations: SCLM—sub-continental lithospheric mantle and EMM—enriched
metasomatized mantle.

Dokuz, 2011). The slab-derived melts with high Th/Nb and Th/Yb ratios,
which are different from adakitic melts, were most likely derived from
low degrees of partial melting of an altered oceanic crust where
subducted sediments were incorporated (Hawkesworth et al., 1997;
Oyarzun et al., 2008; Dokuz, 2011). Partial melting of the altered oceanic
crust with rutile and garnet as the main residual minerals that may se-
questrate the majority of the HFSEs and HREEs such as Nb, Ta and Yb,
gave rise to a slab-derived melt with high Th/Nb and Th/Yb ratios.
Although melting of the oceanic crust requires special conditions,
some relatively uncommon scenarios including shallow or stalled
subduction where the slab has more time to heat up at shallow depths,
ridge subduction, or edge-melting of the detached slabs or slab
windows, might result in melting of the subducted oceanic crust (Gao
et al,, 2010; Richards, 2011, and references therein).

6.3.3. Possible process producing the Cu-Au ore-bearing and barren por-
phyry intrusions

Elemental and isotope ratio data indicate that the Cu-Au ore-bearing
and barren porphyry intrusions were derived from metasomatically
enriched mantle sources formed by subduction of a slab of Paleo-
Tethyan oceanic crust. A simplified scenario is shown in Fig. 14 to ac-
count for the formation of these porphyry intrusions from magmas
with different fO, within the Jinshajiang-Red River alkaline igneous
belt (Fig. 14).

From the early Permian, the Jinshajiang-Ailaoshan Paleo-Tethyan
oceanic slab began to subduct westwards beneath the Changdu-Simao
block (Fig. 14a; Pan et al., 1996, 2003; Mo and Pan, 2006). During subduc-
tion, the hydrous oceanic slab experienced dehydration and partial melt-
ing, resulting in formation of the slab-derived fluids and slab-derived
melts. Interaction of the slab-derived fluids and slab-derived melts with
overlying mantle wedge led to formation of the heterogeneous enriched
metasomatized mantle sources (Fig. 14a). The sources of the barren
porphyry intrusions were affected mainly by slab-derived fluids, whereas
the sources of the Cu-Au ore-bearing porphyry intrusions were modified
by both slab-derived fluids and slab-derived melts.

By the end of the Triassic, the closure of the Jinshajiang-Ailaoshan
Paleo-Tethyan oceanic basin led to the final collision of the Changdu-
Simao and Yangtze blocks (Pan et al., 1996, 2003; Mo and Pan, 2006)
and preservation of the enriched metasomatized mantle sources
(Fig. 14b).

The Indo-Asian collision at ~65 Ma created the Tibetan plateau, and
the collision triggered an intensive eastward extrusion in the Tibetan
plateau and surrounding regions; this extrusion was facilitated by
strike-slip motion along a series of strike-slip faults such as the
Jinshajiang-Red River mantle-penetrating fault. Strike-slip faulting of
the Jinshajiang-Red River mantle-penetrating fault caused lithospheric-
scale extension and upwelling of the asthenosphere; the heat pro-
duced by this process produced partial melts of the ancient enriched
metasomatized mantle sources, resulting in the emplacement of the
alkaline porphyry intrusions and associated porphyry Cu-Au minerali-
zation in this region at ~40-30 Ma (Fig. 14c; Chung et al.,, 1997, 1998;
Zhang and Xie, 1997; Bi et al., 1999, 2009; Yin and Harrison, 2000;
Hou et al., 2006, 2007; Xu et al., 2012).

7. Conclusions

(1) The Cu-Au ore-bearing porphyry intrusions formed from
magmas with much higher fO, than the melt which produced
the barren porphyry intrusions.

(2) The Cu-Au ore-bearing and barren porphyry intrusions were de-
rived from the ancient enriched metasomatized mantle sources
(EMII type) formed by subduction of the Paleo-Tethyan oceanic
slab.

(3) Most of the Cu-Au ore-bearing magmas experienced crustal as-
similation in the “MASH” process; however, this process did not
change their original redox states.
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(4) The fO, of magmas that formed the Cu-Au ore-bearing and bar-
ren porphyry intrusions mainly reflected the redox states of
their sources, and different fO, of magmas for the Cu-Au ore-
bearing and barren porphyry intrusions could be ascribed to dif-
ferent enrichment mechanisms of the sources. Sources of the
barren porphyry intrusions were affected mainly by the slab-
derived fluids, whereas sources of the Cu-Au ore-bearing por-
phyry intrusions were modified by both the slab-derived fluids
and slab-derived melts.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2015.05.007.
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