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a b s t r a c t

The Xuejiping porphyry copper deposit is located in northwestern Yunnan Province, China. Tectonically,
it lies in the southern part of the Triassic Yidun island arc. The copper mineralization is mainly hosted in
quartz-dioritic and quartz-monzonitic porphyries which intruded into clastic-volcanic rocks of the Late
Triassic Tumugou Formation. There are several alteration zones including potassic, strong silicific and
phyllic, argillic, and propylitic alteration zones from inner to outer of the mineralized porphyry bodies.

The ages of ore-bearing quartz-monzonitic porphyry and its host andesite are obtained by using the
zircon SIMS U–Pb dating method, with results of 218.3 ± 1.6 Ma (MSWD = 0.31, N = 15) and
218.5 ± 1.6 Ma (MSWD = 0.91, N = 16), respectively. Meanwhile, the molybdenite Re–Os dating yields a
Re–Os isochronal age of 221.4 ± 2.3 Ma (MSWD = 0.54, N = 5) and a weighted mean age of
219.9 ± 0.7 Ma (MSWD = 0.88). They are quite in accordance with the zircon U–Pb ages within errors. Fur-
thermore, all of them are contemporary with the timing of the Garzê-Litang oceanic crust subduction in
the Yidun arc. Therefore, the Xuejiping deposit could be formed in a continental margin setting.

There are negative eNd(t) values ranging from �3.8 to �2.1 and relatively high initial 87Sr/86Sr ratios
from 0.7051 to 0.7059 for the Xuejiping porphyries and host andesites. The (206Pb/204Pb)t, (207Pb/204Pb)t

and (208Pb/204Pb)t values of the Xuejiping porphyries and host andesites vary from 17.899 to 18.654, from
15.529 to 15.626, and from 37.864 to 38.52, respectively, indicative of high radiogenic Pb isotopic fea-
tures. In situ Hf isotopic analyses on zircons by using LA-MC-ICP-MS exhibit that there are quite uniform
and slightly positive eHf(t) values ranging from �0.2 to +3.2 (mostly between 0 and +2), corresponding to
relatively young single-stage Hf model ages from 735 Ma to 871 Ma. These isotopic features suggest that
the primary magmas of the Xuejiping porphyries and their host andesites were mainly derived from a
metasomatized mantle, with contamination of about 5–10% crustal rocks during ascending.

Comparing with typical porphyry Cu deposits, the Xuejiping porphyry Cu deposit is distinct by strong
silicific and phyllic alteration and major stockwork veining mineralization in the ore-bearing porphyries,
but lack of pervasive potassic alteration and disseminated mineralization. This indicates that there could
be more prospective Cu resources in the Xuejiping ore district.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Most porphyry-type deposits including giant deposits mainly
occur in continental margin and island-arc settings (Sillitoe,
1972; Corbett and Leach, 1998; Richards, 2003), although recent
studies indicate that porphyry Cu (–Mo–Au) deposits are also re-
lated to continent–continent collision (e.g., Tibet; Hou et al.,
ll rights reserved.
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2009). The NNW-striking Zhongdian arc is the southern part of
the Yidun island arc in the Sanjiang Tethyan metallogenic domain,
southwestern China (Fig. 1), with an area of about 1000 km2.
Exploration activities in the Pulang, Zhuoma, Langdu, Lannitang,
and Chundu prospects in the past decade suggests that the Zhong-
dian region would be a large prospective for porphyry Cu (Au) re-
sources (Ren et al., 2001; Li WC et al., 2011). To date, more than ten
polymetallic deposits of middle to large scales have been discov-
ered in the Zhongdian region (Table 1), and they are dominated
by Cu with estimated resources of more than 10 million tonnes
of contained copper (Li WC et al., 2011). The Xuejiping porphyry
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Cu deposit was discovered by Team 3 of the Yunnan Bureau of
Geology and Mineral Resources in 1977. There are 287,000 tonnes
of contained Cu and 3 tonnes of contained Au with average grade of
0.53% for Cu and 0.06 g/t for Au.

Studies on geochronology, hydrothermal alteration, stable iso-
topes and fluid inclusion have been carried out for many deposits
in the Zhongdian region (e.g., Zeng et al., 2003, 2004, 2006; Tan
et al., 2005; Fan and Li, 2006; Lin et al., 2006; Xu et al., 2006; Wang
et al., 2007a,b, 2008a,b; Leng et al., 2008a,b,c; Li WC et al., 2011;
Wang et al., 2011). However, it is uncertain for the origin of the
Xuejiping deposit because of relatively few detailed studies pre-
ceded (e.g., Zhong, 1982; Zhao, 1995; Zeng et al., 2003; Lin et al.,
2006; Hou et al., 2007; Leng et al., 2008b, 2008c; Cao et al.,
2009). In addition, several previous dating results, including a bio-
tite Rb–Sr isochronal age of 224.6 Ma by Tan et al. (1985), an horn-
blende 40Ar–39Ar plateau age of 249.3 ± 5.0 Ma by Zeng et al.
(2003), and zircon SHRIMP U–Pb dating ages of 215.3 ± 2.3 Ma by
Lin et al. (2006) and 215.2 ± 1.9 Ma by Cao et al. (2009), respec-
tively, on the quartz diorite porphyry are more or less ambiguous,
because the zircon U–Pb age should be generally older than the
hornblende 40Ar–39Ar plateau age due to the closure temperature
of zircon U–Pb system (>900 �C) is higher than that of hornblende
Fig. 1. (a) Tectonic framework of the Northern part of Sanjiang Tethyan Domain (modifi
the Zhongdian island arc belt (modified from Hou et al. (2007) and Leng et al. (2007)).
Ar–Ar system (�550 �C) (Rollinson, 1993). Moreover, the age of
mineralization has not determined yet.

In this paper, a detailed description both on geological relation-
ship and mineral paragenesis of alteration and mineralization of
the Xuejiping deposit will be given. Some new results of molybde-
nite Re–Os and zircon U–Pb geochronological data will be pre-
sented to constrain the timing of the mineralization, the ore-
bearing porphyries and their host andesites, respectively. In situ
zircon Hf isotopic analysis and whole-rock Sr–Nd–Pb isotopic com-
positions, as well as stable isotopic compositions compiled from
previous studies, will be used to discuss possible source of magma
and ore-forming fluids associated with the Xuejiping porphyry
copper mineralization. Implications for tectonic setting and explo-
ration in the Zhongdian region and the Xuejiping deposit will also
be briefly discussed.
2. Regional geology

The Yidun arc lies between the Songpan-Garzê Fold Belt and the
Qiangtang Block of the eastern Tibetan Plateau (Yin and Harrison,
2000; Reid et al., 2005, 2007) (Fig. 1). To the east, it is bounded
by the Garzê-Litang suture, which is considered to be a west-
ed from Mo et al. (1993) and Hou et al. (2007)) and (b) the sketch geological map of



Table 1
Geological features of several ore deposits and mineral occurrences in the Zhongdian area.

Deposit Type of
deposit

Metals Resources and
grade

Hosting rocks Alteration Ore minerals Ages (Ma) Reference

Pulang Porphyry Cu–Au 803.85 Mt@ 0.52%
Cu, 0.18 g/t Au

Quartz diorite porphyry,
quartz monzonite porphyry,
granodiorite

Outwards from center: silicic
zone ? potassic zone ? phyllic
zone ? propylitic zone

Chalcopyrite, bornite,
molybdenite, covellite,
pyrrhotite, pyrite, galena,
sphalerite

Zircon U–Pb ages of hosting
porphyry:226 ± 3–
228 ± 3 Ma; Molybdenite
Re–Os ages: 213 ± 3.8 Ma;
218 ± 3.4–219.7 ± 3.4 Ma

Wang et al.
(2008a,b), Zeng
et al.(2006), Cao
(2007),
Li WC et al.(2011)

Xuejiping Porphyry Cu 54.15 Mt @
0.53%Cu, 0.06 g/t
Au

Quartz diorite porphyry,
quartz monzonite porphyry

Outwards from center: potassic
alteration ? silic–phllic
alteration ? argillization ?
propylitization

Chalcopyrite, pyrite, galena,
sphalerite

Zircon U–Pb ages of hosting
porphyry: 215.3 ± 2.3–
218.4 ± 1.7 Ma;
Molybdenite Re–Os ages:
221.4 ± 2.3 Ma

This study, Lin
et al. (2006) and
Cao et al. (2009)

Lannitang Porphyry Cu–Au 36 Mt @0.50% Cu,
0.45 g/t Au

Diorite porphyry, quartz
diorite porphyry, quartz
monzonite porphyry

Silicification, gypsification,
phyllic, chloritization,
carbonization, arigllization

Chalcopyrite, pyrite,
bluechalcocite, cuprite,
magnetite, hematite

Zircon U–Pb ages of hosting
porphyry: 219.2 ± 1.8 Ma

Our unpublished
data

Chundu Porphyry Cu No data Diorite porphyry, granodiorite
porphyry

Potassic alteration, Silicification,
phyllic, propylitization

Chalcopyrite, pyrite, galena,
sphalerite

Zircon U–Pb ages of hosting
porphyry: 219.7 ± 1.8 Ma

Our unpublished
data

Songnuo Porphyry Cu No data Quartz diorite porphyry,
biotite quartz monzonite
porphyry, diorite porphyry,
quartz monzonite porphyry

Silicification, chloritization,
carbonization

Chalcopyrite, bornite, pyrite,
magnetite, galena

Zircon U–Pb ages of hosting
quartz monzonite
porphyry: 220.9 ± 3.5 Ma

Ren et al. (2001)
and Leng et al.
(2008a,b,c)

Disuga Porphyry Cu No data quartz diorite porphyry, quartz
monzonite porphyry

Phyllic, slicification,
chloritization

Chalcopyrite, bornite,
sphalerite, pyrite, galena

Zircon U–Pb ages of hosting
quartz monzonite
porphyry: 231.0 ± 5.1 Ma

Our unpublished
data

Hongshan Skarn Cu–
polymetellic

23.76 Mt @ 1.01%
Cu, 4.87% Pb,
4.86% Zn

Cu mineralization in skarn; Mo
mineralization in monzonite
granite porphyry

Skarnization Chalcopyrite, molybdenite,
pyrite, galena, sphalerite

Rb–Sr isochronal age of
hosting porphyry: 214 Ma
Molybdenite Re–Os age:
77 ± 2 Ma

YBGMR (1990)
and Xu et al.
(2006)

Langdu Skarn Cu 1.67 Mt @ 6% Cu SKARN Skarnization, marmarization,
carbonatization

Chalcopyrite, pyrrhotite, pyrite Biotite 39Ar–40Ar age of
monzonite granite:
216.93 ± 4.34 Ma

Zeng et al. (2003)

Gaochiping Skarn Cu No data Skarn, diorite porphyry Skarnization, Silicification,
chloritization,

Chalcopyrite, pyrite, bornite No date Ren et al. (2001)

Zhuoma Epithermal Cu–
polymetallic

No data Diorite porphyry, skarn Phyllic, skarnization Chalcopyrite, pyrite,
sphalerite, galena

No date Ren et al. (2001)

Xiuwacu Hydrothermal W–Mo No data Monzonite granite Biotite
monzogranite

Potassic alteration Silicification
greisenization arigllization

Scheelite,molybdenite,
pyrite,Chalcopyrite

Rb–Sr isochronal age of
monzonite granite:88.3 Ma
Molybdenite Re–Os age:
81 ± 3 Ma

Hou et al. (2003)
and Li et al. (2007)

Relin Hydrothermal W–Mo–Cu No data Monzonite granite Biotite
monzogranite

Silicification greisenization
arigllization

Scheelite,molybdenite,
Chalcopyrite, cassiterite, pyrite

Biotite 39Ar–40Ar age of
monzonite granite:
82.0 ± 0.8 Ma Molybdenite
Re–Os age: 81.2 ± 2.3 Ma

Yin et al. (2009)
and Li et al. (2007)
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Fig. 2. Simplified geological map and cross-section of the Xuejiping porphyry Cu deposit (modified from Huang et al. (2001) and Hou et al. (2003)).

34 C.-B. Leng et al. / Journal of Asian Earth Sciences 60 (2012) 31–48
ward-dipping Paleo-Tethys oceanic subduction zone during the
Middle–Late Triassic (Zhong, 2000). To the west, it is bounded by
the Jinshajiang suture which is considered to be a Late Paleozoic
Paleo-Tethys oceanic subduction zone dipping to the west (Sengör,
1985; Chen et al., 1987; Li et al., 1999; Wang et al., 2000; Zhong,
2000) or to the east (Reid et al., 2005). Therefore, the Yidun arc is
an important tectonic unit of the Tethy-Himalayan orogenic belts.
Meanwhile, it is also a significant Cu–Ag–Sn polymetallic mineral-
ization belt in the Sanjiang Tethyan metallogenic domain (Qu et al.,
2002; Pan et al., 2003; Hou et al., 2003, 2007; Li WC et al., 2011).

The oldest rocks currently exposed in the Yidun arc are Paleo-
zoic metasedimentary rocks in the Zhongza Massif (Fig. 1; e.g.
Chang, 1997), or called as ‘‘western Yidun arc’’ by Reid et al.
(2005). These carbonate-rich Palaeozoic successions have fossil
assemblages similar to sediments and metasediments of the Long-
man Shan Thrust Nappe Belt, west of the Yangtze Block (Chang,
1997). Therefore, it is thought that the Zhongza Massif was sepa-
rated from the Yangtze Block due to the opening of the Garzê-Li-
tang Ocean during the middle to late Palaeozoic, possibly
associated with a major Permian phase regional extension (Zhang
et al., 1998). The Palaeozoic metasediments of the Zhongza Massif
were separated from the Triassic cover sequences of the Qiangtang
Block to the west by the Jinshajiang Suture (Fig. 1), which is inter-
preted to have closed in the Middle Triassic (e.g., Wang et al., 2000;
Zhong, 2000). Triassic sequences of clastic rocks intercalated with
arc volcanic rocks overlie on the Palaeozoic sequences of the Yidun
arc. The arc volcanic rocks were formed during the westward-dip-
ping subduction of the so-called ‘‘Garzê-Litang Ocean’’ during the
Late Triassic (Chen et al., 1987; Hou and Mo, 1991; Hou, 1993).
Jurassic and Cretaceous sediments are absent in the Yidun arc,
although there is a belt of Cretaceous granites in the eastern Yidun
arc (Qu et al., 2002; Reid et al., 2007). In addition, voluminous
granite and granodiorite plutonic batholiths intruded into the de-
formed Paleozoic and Triassic volcanic–sedimentary rocks across
the arc. These granites were emplaced in four episodes (206–
238 Ma, 138–206 Ma, 76–135 Ma and 65–15 Ma) (Hou et al.,
2001). The Yidun arc was deformed during the Indosinian orogeny
which resulted from the terminal accretion of the Qiangtang Block
to the southern margin of Eurasia during the Late Triassic to Juras-
sic (e.g., Xu et al., 1992; Burchfiel et al., 1995; Zhou and Graham,
1996; Harrowfield and Wilson, 2005; Reid et al., 2005, 2007). Fol-
lowing the collision of India with Asia during the Tertiary, the Yi-
dun arc was incorporated into the modern Tibetan Plateau and
deformed by numerous strike–slip faults and localized zones of
transpression (Ratschbacher et al., 1996; Wang and Burchfiel,
2000; Reid et al., 2005).

In the northern Yidun arc (the ‘‘Changtai’’ arc), widely distrib-
uted Late Triassic bimodal volcanic suites and arc-type volcanic
rocks host numerous sulfide deposits (Hou et al., 2003), including
the large Gacun Ag-polymetallic VMS deposit (Hou and Mo,
1993; Hou et al., 2001). In the southern Yidun arc (the ‘‘Zhongdian’’
arc), numerous Late Triassic intermediate-felsic porphyry bodies
which intruded into contemporaneous volcanic–sedimentary rocks
contain porphyry-type or skarn-type Cu-polymetallic mineraliza-
tion. These porphyries can be roughly classified into the East and
West porphyry belts, separated by the Geza River (YBGMR, 1990;
Zeng et al., 2003; Li WC et al., 2011). The East porphyry belt mainly
comprises the Pulang, Songnuo, Langdu and Qiansui hypabyssal
intrusive complexes (Fig. 1b). The West porphyry belt comprises
the Lannitang, Xuejiping, Chundu and Ousaila hypabyssal intrusive
complexes (Fig. 1b).
3. Deposit geology

The Xuejiping porphyry Cu deposit is located at 99�5001500E and
28�020N, 25 km northeast of the Shangri-la (Zhongdian) County
town. It is the first porphyry Cu deposit discovered in the Zhong-
dian area. It is situated in the center of the West porphyry belt.
The newly discovered Lannitang and Chundu porphyry Cu deposits
are located in its north and south sides, respectively (Fig. 1b).
3.1. Local stratigraphy and structural geology

The main exposed strata (Fig. 2) in the Xuejiping area comprise
the Upper Triassic Tumugou Formation which conformably over-



Fig. 3. Macro-photographs of ores. (a) potassic altered quartz monzonitic porphyry; (b) quartz–chalcopyrite veinlets in the quartz dioritic porphyry; (c) quartz–molybdenite–
chalcopyrite–pyrite in the quartz monzonitic porphyry; (d) quartz–chalcopyrite–pyrite stockwork veins in quartz diorite porphyry; (e) quartz–chalcopyrite patches in strong
silicic and phyllic zones; (f) chalcopyrite–sphalerite–quartz–calcite veins; (g) pyrite–galena–sphalerite–chalcopyrite–calcite–quartz veins; (h) sphalerite–galena–dolomite–
barite coarse vein. Abbreviations of minerals: Bar – barite, Cal – calcite, Cpy – chalcopyrite, Dol – dolomite, Ga – galena, Moly – molybdenite, Py – pyrite, Qz – quartz, Sph –
sphalerite.
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lies the Upper Triassic Qugasi Formation (YBGMR, 1990; Li, 2007).
The Tumugou Formation is composed of three members from bot-
tom to top (Li, 2007). Member 1 is composed mainly of dark gray
slates and meta-sandstone, with locally thin layers of limestone
and conglomerate. Its thickness varies from 488 m to 634 m. Mem-
ber 2 is composed mainly of dark gray slate, sandy sericite slate,
and intermediate to intermediate-felsic volcanic rocks. Its thick-
ness varies from 2347 m to 2713 m. It hosts the Cu mineralized
porphyry bodies. Member 3 consists dominantly of dark gray slates
and sandy sericite slate, with meta-sandstone and crystalline lime-
stone. Its thickness is more than 270 m.

There are abundant bivalve fossils in the Tumugou Formation,
implying that it is a deep-water flysch–volcanic formation, similar
to continental margin turbidite sedimentation (Li, 2007).

Faults are well developed in the Xuejiping area and are con-
trolled by the activity of the Geza deep fracture (Fig. 2). There
are about 15 major faults in the deposit area. They are character-
ized by high-angle strike–slip thrust faults with predominant



Fig. 4. Reflected light photomicrographs of various ore. (a) pyrite and chalcopyrite dissemination in the potassic quartz monzonite porphyry (Fig. 3a); (b) chalcopyrite is
interstitial with quartz grains (Fig. 3e); (c) pyrite crosscutting magnetite; (d) early pyrite is cut and replaced by late chalcopyrite; (e) galena crosscutting pyrite; (f) crumpled
structure of galena formed under stress. Abbreviations of minerals: Cpy – chalcopyrite, Ga – galena, Mt – magnetite, Py – pyrite, Qz – quartz.
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NNW- and NE-striking and the dip angles varying from 50� to 70�
(Fig. 2). These strike–slip thrust faults probably resulted in some
local dilation zones as pathway channels for magma and hydro-
thermal fluids (Zhong, 1982). The copper mineralization is con-
trolled by small fractures in porphyry bodies. According to the
drill core logging, there are more than eight fractures in each
10 cm-long core of mineralized porphyry, whereas only 2–3 frac-
tures are presented in each 10 cm-long core of barren porphyry
(Zhong, 1982; Hou et al., 2003).

3.2. The Xuejiping intrusive complex

The Xuejiping complex is composed of more than 20 hypabyssal
porphyries with an area of about 2 km2. It intruded into Member 2
of the Tumugou Formation with approximately NNW-direction
extension along faults and strata in this area (Fig. 2). Detailed field
observations indicate that the Xuejiping complex can be divided
into two intrusive clusters (Zhong, 1982). The early cluster consists
of pre-mineral diorite porphyry, syn-mineral quartz diorite por-
phyry and quartz monzonite porphyry. The late cluster consists
of post-mineral monzonitic granite porphyry and granite porphyry.
The most widely distributed porphyry in the Xuejiping deposit
area is quartz diorite porphyry which covers an area of about
0.94 km2 with NNW-trending length of 2.4 km and width of 0.5–
0.78 km (Fig. 2).

The pre-mineral diorite porphyry usually occurs as dike and
accompanies eruption of andesite. It is grayish green, with massive
structure and porphyritic texture. It is composed of phenocrysts of
plagioclase (23–40%), amphibole (10–25%) and biotite (1–5%) and
fine to microgranular sized groundmass of plagioclase, chlorite
and minor quartz, with minor accessory minerals of zircon, apatite
and rutile. Alteration is dominated by chloritization, sericitization
and silicification.

The syn-mineral quartz diorite porphyry is gray, with massive
structure and porphyritic–blastoporphyritic texture. It is com-
posed of phenocrysts of plagioclase (20–45%), muscovite (0–8%),
biotite (0–10%), amphibole (0–10%) and quartz (0–5%), and fine
to mircogranular sized matrix of plagioclase, K-feldspar and quartz,
with minor accessory minerals of zircon, apatite, magnetite and ru-
tile. The plagioclase phenocrysts generally occur as 1–4 mm sized
euhedral tabular crystals with well-developed polysynthetic twin
and rhythmic zonation. Most of plagioclase grains are altered to
sericite–quartz–clay, while dark minerals are generally altered to
chlorite.

The syn-mineral quartz monzonite porphyry is pinkish gray
with porphyritic texture and massive structure. It is composed of



Fig. 5. Simplified paragenetic sequence of ore and gangue minerals from the Xuejiping porphyry Cu deposit and related stages of Cu mineralization.
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phenocrysts of plagioclase (20–30%), K-feldspar (5–15%), biotite
(0–5%) and amphibole (0–5%), and fine to mircogranular sized ma-
trix of the K-feldspar and quartz, with minor accessory minerals of
zircon, apatite and rutile. Alteration is dominated by sericitization,
K-feldsparization, silicification and pyritization.

The post-mineral quartz diorite porphyry occurs as dike and cut
the Number I and Number II ore bodies (Fig. 2). It is petrologically
similar to the quartz diorite porphyry of the early unit, but displays
weakly phyllic alteration and mineralization.

The post-mineral monzonitic granite porphyry occurs as dike in
the eastern part of the main intrusive body (Fig. 2). It is pinkish
gray with porphyritic texture and massive structure. It comprises
phenocrysts of plagioclase, K-feldspar, amphibole and biotite, and
fine to mircogranular sized matrix of K-feldspar and quartz.

3.3. Alteration and mineralization

3.3.1. Hydrothermal alteration and zonation
In the Xuejiping deposit area, various types of hydrothermal

alteration are distributed. They include potassic alteration, silicifi-
cation, albitization, sericitization, pyritization, chloritization, argil-
lization, and carbonation. The mineralized porphyry rocks show
obvious alteration zones which are similar to other porphyry Cu
deposits in the world (Lowell and Guilbert, 1970; Corbett and
Leach, 1998). From the center to the outer parts of the mineralized
porphyry body, four alteration zones have been identified. They in-
clude potassic alteration zone, strong silicic and phyllic alteration
zone, argillic alteration zone, and propylitic alteration zone
(Fig. 2). The Cu mineralization is closely related to the strong silicic
and phyllic alteration zone.

Potassic alteration zone consists of K-feldspar, secondary biotite
and quartz, and locally minor albite and magnetite. This zone is
distributed in the center of the mining area and dominantly lo-
cated within the syn-mineral quartz monzonite porphyry. There
is abundant chalcopyrite and pyrite, and minor molybdenite which
are disseminated in the quartz monzonite porphyry (Figs. 3a, b and
4a).

Strong silicic and phyllic alteration zone is distributed in the
center of the syn-mineral quartz diorite porphyry, and consists
dominantly of quartz, sericite and pyrite. In this zone, patches
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and stockwork veins of quartz are well developed. Meanwhile,
sercitization occurs pervasively in the ore-bearing porphyries. Cu
mineralization is intimately associated with the strong silicifica-
tion (Fig. 3d and e).

Argillic alteration zone is distributed outside of the strong silicic
and phyllic alteration zone. It is characterized by sericite, which
formed by the alteration of feldspar and was altered further to clay
minerals (kaolinite, illite, and dickite). Limited Cu mineralization
occurred in this zone (Fig. 3f and g).

Propylitic alteration zone is distributed outside of the argillic
alteration zone and composed mainly of chlorite, carbonate, and
minor epidote. It occurs very commonly and widely within the
pre-mineral diorite porphyry and andesite. A few ore-bearing
quartz veins have been observed in this zone.
3.3.2. Mineralization and paragenesis
The Cu mineralization zone occupies about 1/3 volume of the

quartz diorite porphyry body, with a length of 1100 m and a width
of 300 m (Fig. 2; Zhong, 1982). Four major NNW-trend lentoid ore-
bodies have been delineated in the deposit. Orebody I and orebody
II in the north are hosted in the altered quartz diorite porphyry,
while the orebody III and orebody IV in the south are mainly
hosted in the altered quartz monzonite porphyry. Orebody IV has
been mainly mined at present.

There are various mineralization types including dissemina-
tion (Fig. 4a), stockwork veining (Fig. 3d) and coarse veining
(Fig. 3f–h) in the deposit. There are dominant sulfides of chalco-
pyrite and pyrite, with minor chalcocite, cuprite, galena, sphaler-
ite, and molybdenite in the ore (Fig. 3c). Gangue minerals include
quartz, plagioclase, sericite, biotite, chlorite, epidote, kaolinite, il-
lite, calcite, dolomite and barite. EPMA analysis show that there
are trace amounts of Mo (0.18–0.53 wt.%) and As (0.41–
0.90 wt.%) in pyrite, chalcopyrite and sphalerite (our unpublished
data).

Based on the mineral assemblages and crosscutting relation-
ships of various veins (Figs. 3 and 4), six stages of Cu mineralization
which are accompanied by relevant types of alteration have been
identified. The paragenetic sequence of metallic and gangue miner-
als of this deposit and their relationship to stages of mineralization
are shown in Fig. 5.

Stage I of Cu mineralization is characterized by the dissemina-
tion of fine chalcopyrite, with an assemblage of chalcopyrite, pyr-
ite, K-feldspar, and magnetite. It is associated with potassic
alteration. Chalcopyrite and pyrite spots are generally dissemi-
nated in weakly potassic altered porphyry which contains little
quartz veins (Fig. 4a).

Stage II of Cu mineralization is represented by the distribution
of patchy chalcopyrite, with an assemblage of quartz, chalcopyrite,
and pyrite. It is associated with strong silicification (Fig. 3d and e).
Sulfides spots are distributed interstitially among the quartz crys-
tals (Fig. 4b). Only minor high grade Cu ore were formed in this
stage.

Stage III of Cu mineralization is characterized by the distribu-
tion of veining and stockwork veining chalcopyrite, with an assem-
blage of quartz, sericite, chalcopyrite, molybdenite, and pyrite
(Figs. 3b, c and 4d). It is mainly associated with phyllic alteration.
Major Cu mineralization occurred in this stage.

Stage IV of Cu mineralization is marked by coarse veining chal-
copyrite, with an assemblage of quartz, carbonate, pyrite, chalco-
pyrite, and sphalerite (Fig. 3e). Minor low grade Cu ore bodies
were formed in this stage.

Stage V of Cu mineralization is featured by both the veining and
disseminated chalcopyrite, with an assemblage of quartz, clay,
chlorite, pyrite, and chalcopyrite. It is associated with the argillic
alteration overprinted on the phyillic alteration.
Stage VI of Cu mineralization is represented by the veins or
stockwork veins of carbonate–quartz–pyrite–galena–sphalerite–
chalcopyrite (Figs. 3g, h, 4e and f).
4. Samples and analytical methods

4.1. Molybdenite Re–Os analytical methods

Five molybdenite samples collected from Orebody IV were cho-
sen for Re–Os isotopic dating. The molybdenite was mostly very
fine grained and was distributed as a film on the walls of the potas-
sic altered porphyries (e.g., Fig. 3c). Gravity separation method was
applied firstly to separate molybdenite from the finely crushed
mineralized rocks. Then molybdenite grains were handpicked indi-
vidually under a binocular microscope to get over 99% purity
molybdenite separates. Re–Os sample dissolution and preparation
were performed at the Key Laboratory of Isotope Geochronology
and Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. Re and Os concentration and isotopic
composition were measured using a Thermo ICP-MS (TJA X-7) at
the Laboratory of Mineralization and Dynamics, Chang’an Univer-
sity. The detailed analytical procedures were described by Sun
et al. (2010) and Li N et al. (2011). Average blanks of this analysis
were ca. 2.8 pg for Re and 0.7 pg for Os, respectively, which was
negligible for the measured Re and Os abundances. The molybde-
nite model ages were calculated by using an equation of
t = [ln(1 + 187Os/187Re)]/k, where k is the 187Re decay constant of
1.666 � 10�11 year�1 (Smoliar et al. 1996). Re–Os isotopic data
have been processed by using the ISOPLOT 2.49 program (Ludwig
2001).
4.2. Zircon SIMS U–Pb dating methods

In order to constrain the formation age and the origin of the
porphyry, one sample of syn-mineral quartz monzonite porphyry
(X07-23) and another sample of peripheral andesite (X07-20) in
the Tumugou Formation have been selected for zircon U–Pb dating
and in situ Lu–Hf isotopic analyses.

Firstly, zircon grains were separated respectively from about
5 kg of the X07-23 and X07-20 samples by using conventional hea-
vy liquid and magnetic separation techniques and hand picking.
Secondly, the zircon separates, together with the zircon standards
Plešovice (Sláma et al., 2008) and Qinghu (Li et al., 2009) were
mounted in epoxy mounts which were then polished to section
the crystals in half for analyses. Thirdly, all zircon crystals of the
separates and standard grains on the mounts were documented
with transmitted and reflected light micrographs as well as
cathodoluminescence (CL) images to reveal their external and
internal structures. The micrographs were taken under the micro-
scope at the State Key Laboratory of Ore Deposit Geochemistry
(SKLODG) in Guiyang. The CL images were obtained by using a
microprobe associated instrument JEOL JXA-8900RL at the Insti-
tute of Geology of the Chinese Academy of Geological Sciences in
Beijing. Fourthly, the mount was vacuum-coated with high-purity
gold for analyzing zircon U–Pb isotopic compositions and U, Th and
Pb concentrations which were conducted by using Cameca IMS
1280 SIMS at the Institute of Geology and Geophysics, Chinese
Academy of Sciences in Beijing (IGGCAS). The analytical procedures
are described by Li et al. (2009). Measured compositions were cor-
rected for common Pb by using the measured non-radiogenic
204Pb. Uncertainties on individual analyses are reported at 1r level,
and weighted mean ages for pooled U–Pb analyses are quoted with
95% confidence interval. Data reduction was carried out by using
the Isoplot program of Ludwig (2001).



Table 2
Re–Os data for molybdenite from the Xuejiping porphyry Cu deposit.

Sample Weight (g) Re (ppm) 187Re (ppm) 187Os (ppm) Model age (Ma)

Measured ±2r Measured ±2r Measured ±2r Measured ±2r

X1 0.0208 1467 2.76 922 1.74 3.40 0.032 221.0 2.1
X2 0.0148 2437 8.83 1530 5.55 5.61 0.059 220.5 2.4
X3 0.0232 997 3.47 625 2.18 2.29 0.009 219.6 1.2
X6 0.0174 1237 8.38 775 5.27 2.86 0.015 220.9 1.9
X14 0.0302 728 1.87 458 1.18 1.68 0.007 219.5 1.1

Fig. 6. Re–Os isochronal diagram (a) and weighted average model age diagram (b) for the molybdenite samples from the Xuejiping deposit.

Fig. 7. Cathodoluminescence (CL) images of zircon grains from the ore-bearing quartz monozonite porphyry (X07-23) and andesite (X07-20) in the Xuejiping porphyry Cu
deposit. The ellipses indicate the SIMS analysis spots for U–Pb isotopes.
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4.3. In-situ zircon Hf analysis

In situ zircon Lu–Hf isotopic analysis was carried out on those
zircon grains that were previously analyzed for U–Pb isotopes by
using a Neptune multi-collector ICP-MS equipped with a Geolas-
193 laser-ablation system at the IGGCAS. During the course of this
study, a laser repetition rate of 10 Hz at 100 mJ was used and the
laser beam diameters were either 40 or 60 lm. Isobaric interfer-
ence of 176Lu on 176Hf was corrected by measuring the intensity
of the interference-free 175Lu isotope and using a recommended
176Lu/175Lu ratio of 0.02669 (De Bievre and Taylor, 1993) to calcu-
late 176Lu/177Hf ratios. The 176Yb/172Yb value of 0.5886 (Chu et al.,
2002) and mean bYb value obtained during Hf analysis on the same
spot were applied for the interference correction of 176Yb on 176Hf
(Iizuka and Hirata, 2005). Measured 176Hf/177Hf ratios were nor-
malized to 179Hf/177Hf value of 0.7325. The detailed analytical pro-
cedures were described by Wu et al. (2006).

During the course of this study, a weighted mean 176Hf/177Hf ra-
tio of the standard zircon Mud Tank of 0.282516 ± 5 (2r) is yielded.
It is in good agreement with the reported 176Hf/177Hf ratios of
0.282507 ± 6 (2r) from solution analysis by Woodhead and Hergt
(2005) and of 0.282523 ± 43 (2r) from in situ analysis by Griffin
et al. (2006). Initial Hf isotopic ratios are calculated with the refer-
ence to the chondritic reservoir at the time of magma crystalliza-
tion that corresponds to age of zircon growth from magma. A
decay constant for 176Lu of 1.865 � 10�11 yr�1 (Scherer et al.,
2001), and the chondritic ratios of 0.282772 for 176Hf/177Hf and
0.0332 for 176Lu/177Hf given by Blichert-Toft and Albarede (1997)



Table 3
SIMS zircon U–Pb data for the ore-bearing quartz monzonite porphyry and peripheral andesite from the Xuejiping porphyry Cu deposit.

Spots U (ppm) Th (ppm) Th/U 207Pb/206Pb ±1r (%) 207Pb/235U ±1r (%) 206Pb/238U ±1r (%) t207/235 (Ma) ±1r t206/238 (Ma) ±1r f206 (%)

X07-23 quartz monzonite porphyry
1 266 172 0.65 0.05088 1.55 0.24376 2.17 0.0347 1.51 221.5 4.3 220.2 3.3 0.04
2 314 265 0.84 0.05126 1.68 0.23939 2.28 0.0339 1.55 217.9 4.5 214.7 3.3 0.07
3 409 361 0.88 0.05101 1.30 0.24745 2.00 0.0352 1.51 224.5 4.0 222.9 3.3 0.05
4 391 303 0.78 0.04999 1.40 0.23669 2.06 0.0343 1.51 215.7 4.0 217.7 3.2 0.08
5 184 136 0.74 0.05083 2.49 0.24030 2.91 0.0343 1.52 218.7 5.7 217.3 3.2 0.08
6 324 226 0.70 0.04999 1.40 0.23864 2.05 0.0346 1.50 217.3 4.0 219.4 3.2 0.00
7 291 213 0.73 0.05101 1.46 0.24092 2.10 0.0343 1.51 219.2 4.2 217.1 3.2 0.03
8 416 454 1.09 0.05015 1.23 0.23780 1.95 0.0344 1.52 216.6 3.8 218.0 3.3 0.00
9 284 191 0.67 0.05208 1.46 0.24683 2.10 0.0344 1.51 224.0 4.2 217.9 3.2 0.03

10 346 294 0.85 0.05070 1.34 0.24060 2.02 0.0344 1.51 218.9 4.0 218.1 3.2 0.00
11 313 250 0.80 0.05129 2.23 0.24386 2.69 0.0345 1.51 221.6 5.4 218.5 3.2 0.03
12 339 275 0.81 0.04970 1.45 0.23730 2.09 0.0346 1.50 216.2 4.1 219.4 3.2 0.06
13 372 346 0.93 0.05158 1.45 0.24628 2.09 0.0346 1.50 223.5 4.2 219.4 3.2 0.05
14 295 279 0.95 0.04866 1.89 0.22961 2.42 0.0342 1.52 209.9 4.6 216.9 3.2 0.12
15 272 230 0.85 0.05185 1.77 0.24543 2.32 0.0343 1.50 222.9 4.6 217.6 3.2 0.04
X07-20 andesite

1 393 690 1.76 0.05035 1.58 0.24177 2.18 0.0348 1.51 219.9 4.3 220.7 3.3 0.04
2 203 179 0.88 0.05285 2.18 0.24437 2.65 0.0335 1.50 222.0 5.3 212.6 3.1 0.00
3 536 644 1.20 0.04935 2.48 0.23911 2.91 0.0351 1.52 217.7 5.7 222.6 3.3 0.02
4 366 292 0.80 0.05197 1.64 0.24764 2.22 0.0346 1.51 224.7 4.5 219.0 3.2 0.03
5 293 332 1.13 0.04940 1.84 0.23637 2.38 0.0347 1.51 215.4 4.6 219.9 3.3 0.00
6 395 464 1.18 0.05142 1.59 0.24521 2.37 0.0350 1.51 222.7 4.8 222.1 3.3 0.09
7 462 550 1.19 0.05051 1.47 0.24495 2.10 0.0352 1.50 222.5 4.2 222.8 3.3 0.05
8 385 511 1.33 0.04835 1.66 0.22982 2.26 0.0345 1.54 210.1 4.3 218.5 3.3 0.07
9 436 677 1.55 0.05175 1.52 0.24652 2.14 0.0345 1.51 223.7 4.3 218.9 3.2 0.00

10 193 173 0.90 0.06163 2.60 0.23421 5.22 0.0341 1.51 213.7 10.1 216.1 3.2 1.93
11 251 223 0.89 0.05208 3.18 0.24105 3.51 0.0336 1.50 219.3 7.0 212.9 3.1 0.11
12 362 299 0.83 0.05221 1.69 0.24623 2.39 0.0347 1.50 223.5 4.8 220.0 3.2 0.10
13 392 373 0.95 0.05163 1.65 0.24083 2.43 0.0343 1.60 219.1 4.8 217.5 3.4 0.09
14 382 359 0.94 0.05086 1.67 0.24377 2.25 0.0348 1.51 221.5 4.5 220.3 3.3 0.07
15 329 347 1.06 0.04932 2.61 0.23392 3.02 0.0344 1.50 213.4 5.8 218.0 3.2 0.05
16 219 189 0.86 0.05135 2.21 0.24119 2.68 0.0341 1.51 219.4 5.3 215.9 3.2 0.00

Note: f206 is the percentage of common 206Pb in total 206Pb.

Fig. 8. U–Pb concordia plots for zircon grains from the sample X07-23 and X07-20 in the Xuejiping porphyry Cu deposit. The insets indicate the weighted mean 206Pb/238U
ages.
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have been adopted. These values were reported relative to the
176Hf/177Hf ratio of 0.282163 for the JMC475 standard. Single stage
model ages (TDM1) are calculated by using the measured
176Lu/177Hf ratios, referred to the 176Hf/177Hf ratio of 0.28325,
which is similar to that of average MORB (Nowell et al., 1998)
and the 176Lu/177Hf ratio of 0.0384 (Griffin et al., 2002) for a model
of depleted mantle at present-day. This is similar, though not iden-
tical, to that of the depleted mantle curve defined by juvenile rocks
through time (Vervoort and Blichert-Toft, 1999). Two-stage model
ages (TDM2) are calculated for the source rock of the magma under
the assumption of a mean 176Lu/177Hf value of 0.015 for the aver-
age continental crust (Griffin et al., 2002).

4.4. Sr–Nd–Pb isotope analyses

The whole-rock Sr–Nd–Pb isotopic analysis was carried out
by using an IsoProbe-T thermal ionization mass spectrometer
(TIMS) at the Analytical Laboratory of the Beijing Research Institute



Table 4
Hf isotope analyses of samples X07-23 and X07-20.

Spots 176Yb/177Hf ±2r 176Lu/177Hf ±2r 176Hf/177Hf ±2r t206/238 (Ma) eHf(t) TDM1(Ma) TDM2(Ga)

X07-23
1 0.019308 0.000062 0.000813 0.000005 0.282666 0.000014 220 1.0 825 1.19
2 0.015906 0.000227 0.000680 0.000010 0.282686 0.000014 215 1.6 795 1.15
3 0.024040 0.000421 0.000957 0.000016 0.282659 0.000014 223 0.8 839 1.21
4 0.024451 0.000154 0.001013 0.000005 0.282704 0.000016 218 2.2 777 1.11
5 0.012814 0.000100 0.000540 0.000004 0.282674 0.000014 217 1.2 809 1.17
6 0.021818 0.000108 0.000938 0.000006 0.282675 0.000014 219 1.3 816 1.17
7 0.017602 0.000057 0.000734 0.000003 0.282678 0.000014 217 1.4 807 1.17
8 0.024704 0.000171 0.000967 0.000007 0.282669 0.000012 218 1.0 825 1.19
9 0.017182 0.000150 0.000712 0.000007 0.282672 0.000013 218 1.2 815 1.18

10 0.021089 0.000197 0.000846 0.000007 0.282650 0.000013 218 0.4 848 1.23
11 0.015130 0.000288 0.000659 0.000013 0.282690 0.000014 219 1.8 790 1.14
12 0.017547 0.000079 0.000718 0.000004 0.282662 0.000014 219 0.8 829 1.20
13 0.036531 0.000236 0.001472 0.000008 0.282660 0.000017 219 0.6 849 1.21
14 0.028675 0.000167 0.001150 0.000006 0.282682 0.000017 217 1.4 811 1.16
15 0.016774 0.000117 0.000696 0.000005 0.282671 0.000016 218 1.1 816 1.18
X07-20

1 0.050695 0.000491 0.001838 0.000015 0.282677 0.000020 221 1.2 832 1.18
2 0.034696 0.000740 0.001304 0.000025 0.282714 0.000021 213 2.4 768 1.09
3 0.030074 0.000612 0.001105 0.000015 0.282686 0.000020 223 1.7 803 1.15
4 0.039473 0.000316 0.001496 0.000016 0.282658 0.000019 219 0.6 853 1.22
5 0.027837 0.000123 0.001084 0.000005 0.282692 0.000018 220 1.9 795 1.14
6 0.032903 0.000210 0.001281 0.000007 0.282679 0.000020 222 1.4 818 1.17
7 0.044788 0.000531 0.001658 0.000021 0.282645 0.000022 223 0.2 875 1.25
8 0.031779 0.000359 0.001240 0.000012 0.282700 0.000019 218 2.1 787 1.12
9 0.033119 0.000164 0.001242 0.000006 0.282663 0.000019 219 0.8 840 1.21

10 0.035173 0.000461 0.001316 0.000015 0.282666 0.000019 216 0.8 837 1.20
11 0.031273 0.000434 0.001160 0.000010 0.282735 0.000021 213 3.2 735 1.04
12 0.028405 0.000073 0.001156 0.000005 0.282704 0.000022 220 2.3 779 1.11
13 0.032269 0.000756 0.001248 0.000021 0.282684 0.000028 218 1.5 810 1.16
14 0.029410 0.000355 0.001196 0.000016 0.282699 0.000021 220 2.1 788 1.12
15 0.029776 0.000232 0.001203 0.000008 0.282705 0.000022 218 2.2 779 1.11
16 0.026442 0.000153 0.001062 0.000007 0.282638 0.000020 216 �0.2 871 1.26

Table 5
Whole-rock Sr and Nd isotopic compositions of altered porphyries and hosting andesite from the Xuejiping porphyry Cu deposit.

Lithology Andesite Diorite porphyry Quartz monzonite porphyry Quartz diorite porphyry

Sample XJP06-34 X07-20 X07-2 X07-21 XJP05-15 X07-23 X07-14 X07-15

Rb (ppm) 109 106 86.0 132 56.2 81.5 88.7 112
Sr (ppm) 1040 652 882 201 832 517 1177 637
Sm (ppm) 6.84 7.04 4.90 4.73 4.49 5.58 4.01 4.28
Nd (ppm) 37.4 37.8 28.9 27.7 24.8 33.7 24.4 26.5
87Rb/86Sr 0.3033 0.4704 0.2821 1.9066 0.1955 0.4561 0.2179 0.5088
147Sm/144Nd 0.1105 0.1125 0.1024 0.1032 0.1094 0.1000 0.0993 0.0979
87Sr/86Sr 0.706091 0.707118 0.706513 0.711277 0.706485 0.706717 0.706429 0.707493
±2r (mean) 0.000010 0.000008 0.000011 0.000016 0.000007 0.000034 0.000008 0.000007
143Nd/144Nd 0.512368 0.512402 0.512306 0.512349 0.512377 0.512332 0.512389 0.512364
±2r (mean) 0.000011 0.000012 0.000008 0.000007 0.000005 0.000008 0.000007 0.000008
(87Sr/86Sr)i 0.70514 0.70565 0.70563 0.70531 0.70587 0.70529 0.70575 0.70590
(143Nd/144Nd)i 0.512209 0.512240 0.512159 0.512200 0.512219 0.512188 0.512246 0.512223
eNd(t) �2.9 �2.2 �3.8 �3.0 �2.6 �3.3 �2.1 �2.6
TDM(Ga) 1.15 1.13 1.15 1.10 1.13 1.10 1.01 1.03

Note: (1) 87Rb/86Sr and 147Sm/144Nd ratios are calculated using measured Rb, Sr, Sm and Nd contents. (2) eNd(t) values are calculated using present-day
(147Sm/144Nd)CHUR = 0.1967 and (143Nd/144Nd)CHUR = 0.512638; TDM values are calculated using present-day (147Sm/144Nd)DM = 0.2137 and (143Nd/144Nd)DM = 0.51315.
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of Uranium Geology. The mass fractionation corrections for Sr
and Nd isotopic ratios are undertaken on the basis of 86Sr/88Sr
ratio of 0.1194 and 146Nd/144Nd ratio of 0.7219, respectively.
The 87Sr/86Sr ratios of the NBS987 Sr standard and the 143Nd/144Nd
ratio of the SHINESTU Nd standard applied in this study were
0.710250 ± 0.000007 (2r) and 0.512118 ± 0.000003 (2r),
respectively. Pb was separated and purified by using a conven-
tional cation-exchange technique (AG1 � 8, 200–400 resin) with
diluted HBr used as eluant. The 208Pb/206Pb, 207Pb/206Pb and
204Pb/206Pb ratios of the NBS981 Pb standard were 2.1681 ±
0.0008 (2r), 0.91464 ± 0.00033 (2r) and 0.059042 ± 0.000037
(2r), respectively.
Rb, Sr, Sm, Nd, U, Th, and Pb contents are measured by ICP-MS
at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG),
Institute of Geochemistry Chinese Academy of Sciences. The ana-
lytical procedures are described by Qi et al. (2000). The analytical
precision is generally better than 10%.
5. Results

5.1. Molybdenite Re–Os ages

Re–Os data for five molybdenite samples from the Xuejiping de-
posit are listed in Table 2. Total Re concentrations are notably high,



Fig. 9. Diagram of Hf isotopic evolution of zircon from the Xuejiping complex. The
data of Triassic granites from north Yidun arc (triangle) are from Reid et al. (2007).
The depleted mantle (DM) evolution is drawn by using 176Hf/177Hf ratio of 0.28325
and 176Lu/177Hf ratio of 0.0384 for DM at present (Griffin et al., 2000). The
corresponding lines of crustal extraction are calculated by using the 176Hf/177Hf
ratio of 0.015 for average continental crust (Griffin et al., 2002). CHUR, chondritic
uniform reservoir.
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varying from 728 to 2434 ppm. The 187Os concentrations vary from
1.68 to 5.61 ppm. All the molybdenite Re–Os model ages vary in a
relatively narrow range from 219.5 ± 1.5 Ma to 221.0 ± 2.1 Ma.
They show an excellent reproducibility. An 187Re-187Os isochronal
age of 221.4 ± 2.3 Ma (MSWD = 0.54) and a weighted mean age of
219.9 ± 0.7 Ma (MSWD = 0.88) have been obtained (Fig. 6). The
interception on the 187Os axis is nearly zero within uncertainty,
with an initial 187Os value of �0.015 ± 0.023 ppm (Fig. 6a). This is
expected because molybdenite contains little or no non-radiogenic
187Os. This indicates that the model age for molybdenite is reliable.

5.2. Zircon U–Pb ages

Zircon grains separated from the quartz monzonite porphyry
(Sample X07-23) are mostly euhedral tetragonal dipyramids and
tetragonal prisms (Fig. 7), with lengths varying from 100 lm to
300 lm and the length to width ratios varying from about 3:1 to
2:1. Igneous oscillatory zonation is clearly shown in all CL images
of zircon grains. Fifteen U–Pb analyses of 15 zircon grains were ob-
tained (Table 3). The concentrations of U and Th of these zircon
grains vary from 184 ppm to 416 ppm and from 136 ppm to
457 ppm, respectively, with Th/U ratio varying from 0.65 to 1.09.
Table 6
Whole-rock Pb isotopic compositions of the altered porphyries and peripheral andesite fr

Lithology Andesite Diorite porphyry

Sample XJP05-33 XJP07-19 X07-2 X07-2

U (ppm) 3.75 4.01 3.10 5.75
Th (ppm) 17.9 15.1 15.1 22.2
Pb (ppm) 28.7 20.7 25.79 30.70
238U/204Pb 8.26 12.30 7.74 11.87
232Th/204Pb 40.76 47.86 38.99 47.37
208Pb/204Pb 38.350 38.509 38.948 38.455
±2r (mean) 0.001 0.004 0.005 0.005
207Pb/204Pb 15.578 15.589 15.640 15.559
±2r (mean) 0.001 0.002 0.002 0.002
206Pb/204Pb 18.248 18.369 18.923 18.325
±2r (mean) 0.001 0.002 0.003 0.002
(208Pb/204Pb)t 37.904 37.985 38.521 37.937
(207Pb/204Pb)t 15.564 15.567 15.626 15.538
(206Pb/204Pb)t 17.961 17.942 18.654 17.913

Note: 238U/204Pb and 232Th/204Pb ratios are calculated using whole-rock U, Th and Pb co
All analyses are quite concordant within analytical errors (Fig. 8).
Thus, a weighted mean 206Pb/238U age of 218.3 ± 1.6 Ma
(MSWD = 0.31, 2r) has been yielded. This age is interpreted as
the crystallization age of the quartz monzonite porphyry.

Zircon grains separated from the andesite (Sample X07-20) are
mostly euhedral to subhedral (Fig. 7). They are smaller (50–
150 lm) than those of zircon grains separated from Sample X07-
23. The CL images of these zircon grains show clear oscillatory
zonation. 16 analyses show that concentrations of U and Th, and
Th/U ratios of sixteen zircon grains (Table 3) vary from 193 ppm
to 536 ppm, from 173 ppm to 677 ppm, and from 0.80 to 1.55,
respectively. They are quite similar to those of the zircon grains
separated from Sample X07-23. All analyses have yielded concor-
dant U–Pb ages within analytical errors (Fig. 8), with a weighted
mean 206Pb/238U age of 218.5 ± 1.6 Ma (MSWD = 0.91, 2r), repre-
senting the formation age of andesite in the Tumugou Formation.
5.3. In situ zircon Hf isotopes

The U–Pb dated zircons from the above two samples were also
analyzed for Lu–Hf isotopes on the same domains, and the results
are listed in Table 4. As all zircon grains, which will be analyzed
for Hf isotopes, show concordant U–Pb ages, little pre- or post-
emplacement contamination to the zircon grains by non-radiogenic
Hf could be occurred, hence the observed Hf ratios of the zircon
grains could represent those of the parent melt (Stille and Steiger,
1991). The initial Hf ratios of the analyzed zircon grains were calcu-
lated on the basis of the previously measured 206Pb/238U age,
respectively.

Fifteen analyses were made on 15 zircon grains from Sample
X07-23. The calculated eHf(t) values vary positively from +0.4 to
+2.2 with an average value of +1.2 (Table 4). Their corresponding
single-stage Hf model ages (TDM1) vary from 777 Ma to 849 Ma
with an average of 820 Ma (Table 3). Similar eHf(t) values varying
from �0.2 to +3.2 with an average of +1.5 have been yielded
through sixteen analyses on 16 zircon grains from Sample X07-
20. Their corresponding TDM1 model ages range from 735 Ma to
871 Ma with an average of 810 Ma.
5.4. Sr–Nd–Pb isotopic compositions

Eight samples including six altered porphyry samples and two
peripheral andesite samples from the Tumugou Formation were
selected for whole-rock Sr–Nd isotopes analysis. The results are gi-
ven in Table 5. Based on the measured 87Rb/86Sr and 87Sr/86Sr ratios
of all samples, an isochronal age of 206.7 ± 13.5 Ma (r = 0.9875)
om the Xuejiping porphyry Cu deposit.

Quartz monzonite porphyry Quartz diorite porphyry

1 XJP05-15 XJP07-23 X07-14

4.35 3.46 4.63
20 15.2 18.15
41.6 485 23.87
6.59 0.45 12.30
31.31 2.03 49.78
38.207 37.907 38.441
0.002 0.002 0.005
15.551 15.530 15.559
0.001 0.001 0.002
18.167 17.923 18.326
0.001 0.001 0.003
37.864 37.885 37.896
15.539 15.529 15.537
17.938 17.908 17.899

ntents.



Fig. 10. Rb-Sr isochronal age and initial Sr isotopic composition for the Xuejiping
complex.
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and an initial 87Sr/86Sr ratio of 0.70567 ± 0.00015 have been
yielded (Fig. 9). This isochronal age is quite consistent with the zir-
con U–Pb age within deviation. This indicates that the Rb–Sr isoto-
pic system was not significantly disturbed by hydrothermal
alteration. The initial 87Sr/86Sr and eNd(t) ratios are recalculated
at the age of 220 Ma (zircon U–Pb ages). The calculated (87Sr/86Sr)i

values, which range from 0.7051 to 0.7059 with an average of
0.7056, are in accordance with the (87Sr/86Sr)i value
(0.70567 ± 0.00015) obtained through the Rb–Sr isochron. The cal-
culated eNd(t) ratios vary from �3.8 to �2.1 with an average of
�2.8, with the mantle-depletion Nd model ages (TDM) varying from
1.01 Ga to 1.15 Ga.

Whole-rock Pb isotopic data indicate that both porphyry and
andesite samples have similar Pb isotope compositions (Table 6).
All samples are characterized by high radiogenic Pb isotopic com-
positions with the present-day whole-rock Pb isotopic ratios vary-
ing from 17.923 to 18.923 for 206Pb/204Pb, from 15.530 to 15.64 for
207Pb/204Pb and from 37.907 to 38.948 for 208Pb/204Pb, respectively.
The initial Pb isotopic ratios were calculated at 220 Ma by using
the single-stage Pb isotopic evolution model (Zartman and Doe,
1981). The calculated initial Pb isotope ratios vary from 17.899
to 18.654 for (206Pb/204Pb)t, from 15.529 to 15.626 for
(207Pb/204Pb)t and from 37.864 to 38.521 for (208Pb/204Pb)t,
respectively.
Fig. 11. (A) 207Pb/206Pb versus 206Pb/204Pb diagram; (B) 208Pb/204Pb versus 206Pb/204Pb dia
Pb isotopic ratios of Mesozoic granitoids (Zhang, 1995). Data of Songpan-Garzê Mesozoic
lines of upper crust, lower crust and mantle are from Zartman and Doe (1981). NHRL, N
6. Discussion

6.1. Timing of the magmatism and mineralization

As mentioned above, previous isotopic dating results gave var-
ious ages for the Xuejiping ore-bearing porphyries. The obvious
conflict between the hornblende 40Ar–39Ar plateau age of
249.3 ± 5.0 Ma by Zeng et al. (2003) and the zircon SHRIMP U–Pb
ages of 215.3 ± 2.3 Ma by Lin et al. (2006) and 215.2 ± 1.9 Ma by
Cao et al. (2009) indicate that the hornblende 40Ar–39Ar plateau
age of 249.3 ± 5.0 Ma could not be reliable.

Our zircon SIMS U–Pb dating results show that the ore-bearing
quartz monzonite porphyry and its host andesite have two precise
and synchronous crystalline ages of 218.3 ± 1.6 Ma and 218.5 ±
1.6 Ma, respectively. They are a little bit older than those of ages
obtained by Lin et al. (2006) and Cao et al. (2009).

The Xuejiping complex intruded into the strata of the Late Tri-
assic Tumugou Formation which is determined by assemblage of
fossils (e.g., Halobia ganziensis Chen, superbesens, H.cf. yunnanensis,
Palaeonucula stigilata, Cladiscites sp., Aulacoceras sp., Halobia sp.,
H.cf. austriaca, H.cf. yunnanensis, Posidoniasp., H. plicosa, H.cf. norica,
Posidonia sp., etc. YBGMR, 1990). Moreover, the ages of andesite in
the Xuejiping area and basaltic andesite from the second member
of Tumugou Formation in the Disuga area have been well confined
to 218.5 ± 1.6 Ma and 219.8 ± 1.9 Ma, respectively (Leng, 2009).
Therefore, the emplacement age of the ore-bearing porphyries
from the Xuejiping deposit should not be older than the formation
age of the Tumugou Formation. In this case, the hornblende
40Ar–39Ar plateau age of 249.3 Ma for the quartz diorite porphyry
of the Xuejiping complex by Zeng et al. (2003) should be unreli-
able, whereas the previous published whole-rock Rb–Sr isochronal
age (Tan et al., 1985) and the zircon U–Pb ages (Lin et al., 2006; Cao
et al., 2009) should be acceptable.

The molybdenite Re–Os dating method has become a powerful
tool to constrain the age of mineralization directly, due to the high
Re and little common Os concentrations of molybdenite (Stein
et al. 1997). In this study, Re–Os model ages varying from
219.5 Ma to 221.0 Ma with an isochronal age of 221.4 ± 2.3 Ma
have been obtained by analyzing five molybdenite samples sepa-
rated from Orebody IV. They are well in accordance with our zircon
U–Pb ages of ore-bearing porphyries within deviation, but slightly
older than previous zircon U–Pb ages of porphyries by Lin et al.
(2006) and Cao et al. (2009). Therefore, it is suspected that the pre-
vious published zircon U–Pb ages could represent the timing of the
gram. Data of the North China and Yangtze granitoids are represented by K-feldspar
granitoids are from Zhang et al. (2006) and Xiao et al. (2007). Pb isotopic evolution
orthern Hemisphere reference line of Hart (1984).



Fig. 12. (A) eNd(t) vs. (87Sr/86Sr)i diagram of the Xuejiping complex. All the initial isotopic ratios were corrected to 220 Ma. The trends of lower continental crust (LCC) and
upper continental crust (UCC) are from Jahn et al. (1999). The data of Jinshajiang MORB are from Xu and Castillo (2004), the Songpan-Garzê granitoids from Zhang et al. (2006,
2007) and Xiao et al. (2007), and the Kangding Complex from Ling et al. (1998) and Chen and Yang (2006). (B) The simulated diagram of Sr–Nd isotopic mixing. The
Jinshajiang MORB represents the mantle-drived end-member: eNd(t) = 6.1, Nd = 7.2 ppm, (87Sr/86Sr)i = 0.7054, Sr = 260 ppm (Xu and Castillo, 2004). Gneisses of the Yangtze
Block LCC [eNd(t) = �37, Nd = 21.9 ppm, (87Sr/86Sr)i = 0.710, Sr = 380 ppm are estimated by Gao et al. (1999, 2011) and Ma et al. (2000). Figures on the mixing line refer to mass
fractions (wt.%) of the crustal components in the mixed magmas.
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post-mineral quartz diorite porphyry, rather than the syn-mineral
porphyries.

6.2. Sources of magma

Because zircon is a resistant and refractory mineral during
chemical weathering and partial melting, it is capable of preserving
its primary Hf isotope composition of magma crystallization (Han-
char and Hoskin, 2003). The uniformity of initial Hf compositions
(mostly between 0 and +2.0) of the ore-bearing quartz monzonite
porphyry and andesite suggest that they could be originated from a
cognate magma chamber. This view is also further confirmed by
the Sr and Nd isotopic data of the porphyries and andesites. These
positive eHf(t) values and relatively young TDM1 model ages
(�0.8 Ga) of the porphyry and andesite from the Xuejiping deposit
are significantly different from those of the Triassic granites from
the north Yidun arc, due to their negative and variable eHf(t) values
(varying from �1.0 to �7.5) and their old TDM1 model ages
(�1.6 Ga) (Fig. 9) of the Triassic granites which are interpreted to
derived from an isotopically heterogeneous crustal source (Reid
et al., 2007). Both the positive eHf(t) values and relatively young
TDM1 model ages suggest that mantle components could have
played an important role on the magma evolution of porphyries
and andesite in the Xuejiping area.

The radiogenic Nd and Sr isotopes have also been used as pow-
erful tools to constrain the characteristics of the magma source and
even locate fossil hydrothermal systems for porphyry copper
deposits (e.g., Farmer and Depaolo, 1984, 1987; Lang and Titley,
1998; Cooke et al., 2007). The (87Sr/86Sr)i and eNd(t) values of the
altered porphyries vary narrowly from 0.7053 to 0.7059 and from
�3.8 to �2.1, respectively. They are well consistent with those of
the fresh andesites from the Tumugou Formation (Table 4). As
the 87Rb/86Sr and 87Sr/86Sr data of the altered porphyries and
andesite samples could form a whole-rock isochronal age
(Fig. 10), which is quite similar to the zircon U–Pb ages of the
ore-bearing quartz monzonite porphyry and andesite, it is believed
that the 87Sr/86Sr ratios of the altered porphyries were almost not
disturbed by the hydrothermal alteration. Therefore, the Sr and Nd
isotopic compositions can be used to trace the nature of the mag-
ma source.

The negative eNd(t) values and the relatively high values of
(87Sr/86Sr)i ratios argue against the derivation of the parent magma
from partial melting of depleted mantle or ancient crustal rocks. All
the eNd(t) values and the (87Sr/86Sr)i ratios of all samples are plot-
ted in the mantle array in the diagram of eNd(t) versus (87Sr/86Sr)i

(Fig. 12a). They are similar to those of other oceanic island volcanic
rocks in the world (e.g., Kerguelen), suggesting the possible mixing
of two different end members (including depleted mantle and con-
tinental crustal rocks) (Zindler and Hart, 1986). The Jinshajiang
MORB is used as the inferred depleted mantle component (Xu
and Castillo, 2004), while the gneisses of the Yangtze lower crust
(Gao et al., 1999, 2011; Ma et al., 2000) are taken as the continental
crustal component, on the basis of following evidences. (1)
Although the Archean-Proterozoic crystalline basement has not
been identified within the Yidun arc, the Zhongza Massif was still
thought to have been derived from the Yangtze Block because both
the Zhongza Massif and the Yangtze Block have similar strati-
graphic sequences and fossil assemblages (Chang, 1997; Reid
et al., 2007). (2) Pb isotopic data of the altered porphyries and
andesite provide another line of evidence that there is affinity be-
tween the Yangtze Block and the Yidun basement. (3) High initial
Pb isotopic ratios of rocks from the Xuejiping deposit (Table 6;
Fig. 11) are similar to those of the Yangtze Block, but are distinctly
different to those of the North China Mesozoic granitoids (Zhang,
1995). Based on the two end-members, a mantle–crust mixing
model is proposed here to evaluate the contribution of mantle to
the formation of the Xuejiping porphyry complex (Fig. 12b). The
estimated results show that 90–95% mantle sourced material mix-
ing with 5–10% continental crust sourced material can explain the
isotopic compositions of the altered porphyries and andesites from
the Xuejiping deposit. This indicates that the parent magma of por-
phyry in the Xuejiping deposit could be derived dominantly from
partial melting of mantle with contamination of minor crustal
rocks.

6.3. Sources of ore-forming metals

Although factors controlling Re contents of molybdenite are still
under debate (Berzina et al., 2005), several researchers emphasized
that the metal source of the deposit was probably a key factor (e.g.,
Mao et al., 1999; Stein, 2006). Mao et al. (1999) suggested that the
Re contents in molybdenite are decreased gradually from mantle to
I-type and then to S-type granite-related deposits. Stein et al.
(2001) also proposed that deposits involved mantle underplating
or metasomatism, or melting of mafic and ultramafic rocks have
significantly higher Re contents in associated molybdenite than
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those deposits that are crustally derived. As noted above, the Xueji-
ping deposit shows a markedly high Re contents in the molybde-
nite (from 728 ppm to 2434 ppm, Table 2). These data resemble
those in large subduction-related porphyry Cu–Mo–Au deposits
(e.g., Zimmerman et al., 2003; Stein et al., 2004; Voudouris et al.,
2009), but contrast sharply with much lower Re contents (tens of
ppm to sub-ppm level) observed in the deposits that are crustally
derived (e.g., Mao et al., 1999). Therefore, it is suggested that the
high content of Re in molybdenite at the Xuejiping deposit is di-
rectly derived from partial melting of metasomatized mantle
whereby Re is supplied by dehydration of the subducted Garzê-Li-
tang oceanic crust.

A preliminary investigation of Pb and S isotopes for sulfides
from the Xuejiping deposit has been conducted by Leng et al.
(2008c). The measured 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ra-
tios of 14 sulfide samples including chalcopyrite, pyrite, galena and
sphalerite vary from 17.929 to 18.082, from 15.528 to 15.614, and
from 37.917 to 38.230, respectively. They are similar to those of
the porphyries and andesites. This similarity suggests that Pb iso-
topes of both the Xuejiping complex and sulfides might have the
same origin and similar evolution history.

The measured d34S values of 31 sulfide separates from the
Xuejiping deposit range from �3.1‰ to +0.7‰ with an average of
�1.1‰ and a tower distribution on the histogram of d34S (Leng
et al., 2008c). They are roughly similar to that of the mantle-de-
rived sulphur (0 ± 3‰, Chaussidon and Lorand, 1990), and are also
consistent with those of other porphyry Cu deposits in the world
(Rui et al., 1984; Ohmoto, 1986; Field et al., 2005). This indicates
that the sulfur of the Xuejiping deposit was originated from a mag-
matic source.

6.4. Tectonic setting of the Xuejiping porphyry Cu deposit

It is generally accepted that the Yidun island arc has experi-
enced an evolution history from the Indosinian subduction orog-
eny of oceanic crust (238–210 Ma), then the Yanshanian arc-
continental collision orogeny (207–138 Ma) and post-orogenic
extention (138–73 Ma), and then the Himalayan intra-continental
strike–slip shearing (65–15 Ma) (Hou et al., 2001, 2003, 2004).
Numerous Indosinian arc granitic bodies and coeval hypabyssal
porphyry stocks and volcanic rocks are considered to be related
to the westward-dipping subduction of the ‘‘Garzê-Litang Ocean’’
during Late Triassic. The tectonic framework, rock assemblages,
and associated ore deposits between the northern and southern
segments of the Yidun arc were obviously different. This is thought
to have been resulted from the different subduction dip angle (Hou
et al., 2004, 2007). The bimodal volcanic suites, in which VMS-type
Cu–Zn–Pb deposits (e.g., Gacun) are hosted, are developed in the
Changtai arc, which was characterized by intra-arc rifting, of the
northern part of the Yidun arc. In contrast, there are abundant
intermediate-felsic porphyries, in which porphyry and skarn type
Cu polymetallic deposits are hosted, but there is lack of back-arc
basin in the Zhongdian arc of the southern segment of the Yidun
arc.

The Zhongdian arc has also experienced a complicated geody-
namic evolution history (Yang et al., 2002). A range of mineral sys-
tems were developed in various evolution periods of the
Zhongdian arc. A lot of magmatic-hydrothermal ore deposits
including porphyry, skarn and epithermal types of Cu-polymetallic
deposits are closely associated with Indosinian hypabyssal por-
phyry stocks in this area with over 10 Mt of contained Cu re-
sources. Both the ages of magmatism and mineralization in the
Xuejiping porphyry Cu deposit are similar to those of other por-
phyry deposits in the Zhongdian arc (e.g., Pulang, Lanitang, Chun-
du, etc.; Fig. 1b; Table 1). They are coincident with the period of
the oceanic crust subduction orogeny in the Yidun arc (Hou
et al., 2004). Therefore, it is believed that the Xuejiping porphyry
Cu deposit was formed during the Late Triassic westward-dipping
subduction of the Garzê-Litang oceanic crust.
6.5. Implications for exploration in the Xuejiping area

Comparing to other porphyry Cu (–Au–Mo) deposits in the world
(Lowell and Guilbert, 1970; Corbett and Leach, 1998), the Xuejiping
Cu deposit is characterized with a strong silicification and quartz–
sericite–pyrite alteration, and a major stockwork veining minerali-
zation in the quartz diorite porphyry body, but lacking of pervasive
potassic alteration and dissemination mineralization. On the basis
of following two evidences, it is proposed that the stockwork vein-
ing mineralization dominantly distributed in the phyllic zone could
represent the upper part of the porphyry copper mineralization sys-
tem, and there is possible potassic alteration zone and dissemina-
tion mineralization below the phyllic alteration zone.

(1) Abundant stockwork veins containing carbonate, pyrite,
galena and sphalerite are observed in the phyllic and argillic
zones in the Xuejiping area. They are usually presented at
the top and outmost of the typical porphyry Cu mineraliza-
tion system (Lowell and Guilbert, 1970). In addition, the
large propylitic alteration zone is distributed within the dio-
rite and andesite in the deposit area. This suggests that the
depth of erosion after mineralization is very limited.

(2) Overwhelming majority of fluid inclusions in quartz veins or
patches are aqueous inclusions (cf. Leng et al., 2008b; Zhang
et al., 2009). The daughter mineral-bearing fluid inclusions
are mainly observed in quartz patches but rarely observed
in quartz stockwork veins. The lack of vapor-rich fluid inclu-
sions in the quartz patches and veins from phyllic zone could
indicate that the inclusion fluids were highly fractionated
and trapped at relatively shallow level.

Some new porphyry-type Cu orebodies have been discovered
recently in the Lannitang and Chundu deposits, which are close
to the Xuejiping deposit, by Yunnan Huaxi Mining Co. Ltd. There
could be more prospective Cu (Au) resources in depth of the Xueji-
ping district.
7. Conclusions

Following conclusions can be drawn from our combined studies
on Re–Os dating of molybdenite, U–Pb dating and in situ Hf iso-
topes of zircons and the whole-rock Sr–Nd–Pb isotopes for the gen-
esis of the Xuejiping porphyry copper deposit in the Zhongdian arc,
Northwest Yunnan, China.

(1) Molybdenite Re–Os and zircon U–Pb dating results indicate
that the Xuejiping porphyry Cu deposit was formed in Late
Triassic and related to the subduction of the Garzê-Litang
oceanic crust.

(2) The uniform and slight positive eHf(t) values, relatively young
single-stage Hf model ages for zircons, in combination with
the negative eNd(t) values and relative high (87Sr/86Sr)i ratios
of porphyries and andesites, suggest that the Xuejiping intru-
sive complex was predominantly originated from the mantle
with limited contamination of crustal materials (ca. 5–10%).

(3) The special geological and geochemical characters of the
Xuejiping porphyry copper deposit comparing with other
porphyry Cu deposits in the world indicates that there could
be more prospective Cu resources in the depth of the Xueji-
ping district.
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