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Cu ± Au ± Mo mineralization is found in multiple intrusive suites in the Gangdese belt of southern Tibet (GBST). However,
the petrogenesis of these ore-bearing intrusive rocks remains controversial. Here, we report on mineralization-related Late
Cretaceous-early Eocene intrusive rocks in the Chikang–Jirong area, southern Gangdese. Zircon U–Pb analyses indicate that
the mainly granodioritic Chikang and Jirong plutons were generated in the Late Cretaceous (ca. 92 Ma) and early Eocene
(ca. 53 Ma), respectively. They are high-K calc-alkaline suites with high SiO2 (64.8–68.3 wt.%) and Al2O3 (15.1–
15.7 wt.%) contents. Chikang granodiorites are characterized by high Sr (835–957 ppm), Sr/Y (118–140), Mg# (58–60),
Cr (21.8–36.6 ppm), and Ni (14.3–22.9 ppm), and low Y (6.0–8.1 ppm), Yb (0.54–0.68 ppm) values with negligible Eu
anomalies, which are similar to those of typical slab-derived adakites. The Jirong granodiorites have high SiO2 (64.8–
65.3 wt.%) and Na2O + K2O (7.19–7.59 wt.%), and low CaO (2.45–3.69 wt.%) contents, Mg# (47–53) and Sr/Y (14–16)
values, along with negative Eu and Ba anomalies. Both Chikang and Jirong granodiorites have similar εHf(t) (7.6–13.1)
values. The Chikang granodiorites were most probably produced by partial melting of subducted Neo-Tethyan oceanic
crust, and the Jirong granodiorites were possibly generated by partial melting of Gangdese juvenile basaltic crust. In
combination with the two peak ages (100–80 and 65–41 Ma) of Gangdese magmatism, we suggest that upwelling
asthenosphere, triggered by the rollback and subsequent break-off of subducted Neo-Tethyan oceanic lithosphere, provided
the heat for partial melting of subducted slab and arc juvenile crust. Taking into account the contemporaneous occurrence of
Gangdese magmatism and Cu ± Au ± Mo mineralization, we conclude that the Late Cretaceous–early Eocene magmatic
rocks in the GBST may have a significant potential for Cu ± Au ± Mo mineralization.
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1. Introduction

Porphyry Cu ± Au ± Mo deposits often occur in subduc-
tion-related arc (Cooke et al. 2005; Sillitoe 2010) or post-
collisional orogenic (Hou et al. 2004, 2009, 2013) settings
worldwide. In recent years, numerous Miocene (18–
13 Ma) porphyry Cu ± Au ± Mo deposits have been
discovered in the Gangdese belt of southern Tibet
(GBST) (Chung et al. 2003; Hou et al. 2004, 2013;
Leng et al. 2013), which are closely associated with
post-collisional adakitic rocks (Hou et al. 2004, 2013;
Qu et al. 2004). Several older arc and collision-related
porphyry-/skarn-type Cu ± Au ± Mo deposits have also
been recognized in the GBST (Figure 1c), such as the
Middle Jurassic Xiongcun porphyry Cu–Au deposit (ca.
182–160 Ma, Tafti et al. 2009; Lang et al. 2014), the Late
Cretaceous Kelu (ca. 93–90 Ma, Jiang et al. 2012) and
Sambujiala skarn Cu–Au deposits (ca. 94–92 Ma, Liang
et al. 2010; Zhao et al. 2013), and the Eocene Jiru

porphyry Cu–Mo (51–45 Ma, Zhang et al. 2008; Zheng
et al. 2014b), Sharang porphyry Mo (53–51 Ma, Zhao
et al. 2014), Jiaduobule skarn Fe–Cu (ca. 51 Ma, Yu
et al. 2011a), and Lamda skarn Cu deposits (48 Ma,
Zhang et al. 2008). These data define three epochs
(Middle Jurassic (182–160 Ma), Late Cretaceous
(ca. 90 Ma) and early Eocene (ca. 50 Ma)) for Cu ±
Au ± Mo mineralization in the region.

Detailed geochronological data show that there are two
intense magmatic peaks (100–80 Ma and 65–41 Ma) in the
GBST (Wen et al. 2008b; Ji et al. 2009b; Ma et al. 2013a),
meaning that the Late Cretaceous (~90 Ma) and early
Eocene (~50 Ma) Cu ± Au ± Mo mineralization events
coincide with the mid-points of these peaks. However, the
geodynamic context for these two periods of magmatism
and mineralization remains highly controversial. For
example, various trigger mechanisms have been proposed
for the Late Cretaceous (ca. 100–80 Ma) magmatism, such
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as low-angle or flat oceanic slab subduction (Wen et al.
2008a, 2008b), oceanic ridge subduction (Zhang et al.
2010a; Zheng et al. 2014a), and rollback of subducted
oceanic slab (DeCelles et al. 2007; Ma et al. 2013a,
2013b, 2013c; Chen et al. 2015; Jiang et al. 2014).
Similarly, both Neo-Tethyan oceanic slab rollback (Zhao
et al. 2014) and slab break-off (Ma et al. 2014; Jiang et al.
2014; Zheng et al. 2014b; Chen et al. 2015) have been

proposed to account for the 65–41 Ma magmatism and
related Cu ± Au ± Mo mineralization.

In this study, we present new geochemical and zircon
U–Pb ages and in situ Lu–Hf isotopic data for Late
Cretaceous–early Eocene intrusive rocks associated with
Cu ± Au ± Mo mineralization in the Chikang–Jirong area,
southern GBST. These new data, together with previously
published data, provide important evidence for the
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Figure 1. (a) Diagram showing the Lhasa block in the context of the Tibetan Plateau (modified from Zhu et al. 2011). The age data for
the Linzizong volcanic rocks are from Lee et al. (2009). The age data for the volcanic rocks of the Sangri Formation are from Kang et al.
(2010) and Kang et al. 2014. The age data for the volcanic rocks of the Yeba Formation are from Zhu et al. (2008). Abbreviations:
TARIM, Tarim craton; QAIDAM, Qaidam block; JSSZ, Jinsha suture zone; BNSZ, Bangong–Nujiang suture zone; SNMZ, Shiquan
River–Nam Tso Mélange zone; LMF, Luobadui–Milashan Fault; YTSZ, Yarlung–Tsangpo suture zone; SL, Southern Lhasa block; CL,
Central Lhasa block; NL, Northern Lhasa block. (b) Geological map of the Lhasa block (modified from Ma et al. 2013c). Abbreviations:
BNSZ, Bangong–Nujiang suture zone; YTSZ, Yarlung–Tsangpo suture zone; Lhasa, Lhasa block. (c) Distribution map of Late
Cretaceous–Eocene Cu ± Au ± Mo deposits in the Gangdese belt (modified after Ma et al. 2013c). The location and emplacement age
of Late Cretaceous–Eocene Cu ± Au ± Mo deposits were collected from these references (Zhang et al. 2008; Tafti et al. 2009; Yu et al.
2011a; Jiang et al. 2012; Zhao et al. 2013, 2014; Lang et al. 2014; Zheng et al. 2014b). The Jiru Cu–Mo mineralization is mainly
associated with Eocene Jiru monzogranite (Zheng et al., 2014b). The location of the Jiru Cu–Mo mineralization is the same as that of the
Jiru monzogranite. (d) Geological map of study area (modified after Ma et al. 2013b), showing the sampling locations and ages. The
locations of samples 09TB81 and 09TB82, and 09TB83 and 09TB84 represent those of the Jirong and Chikang plutons, respectively. The
zircon U–Pb age data are from Zhu et al. (2009), Liang et al. (2010), Jiang et al. (2014), and Zheng et al. (2014a). The Cu mineralized
spot locations are after Chen et al. (2012).
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petrogenesis and geodynamic processes responsible for
generating both magmatism and Cu ± Au ± Mo miner-
alization in the GBST.

2. Geological background and rock characteristics

From south to north, the Tibetan Plateau consists of the
Himalaya, Lhasa, Qiangtang, Songpan–Ganze, and
Kunlun–Qaidam blocks (Figure 1a) (Yin and Harrison
2000). The Lhasa block, located in the southern part of
Tibet Plateau, is between the Yarlung–Tsangpo suture
(YTS) to the south and the Bangong–Nujiang suture
(BNS) to the north (Figure 1b) (Yin and Harrison 2000).
The YTS marks the closure of the Neo-Tethyan ocean
during India–Asia collision (65–50 Ma) (Najman et al.
2010; Wu et al. 2014; Jiang et al. 2014). The Lhasa block
can be further divided into the northern, central, and south-
ern subblocks, separated by the Shiquan River–Nam Tso
Melange zone (SNMZ) and Luobadui–Milashan Fault
(LMF), respectively (Figure 1a) (Zhu et al. 2011, 2013).

The GBST is dominated by juvenile crust but includes
minor Precambrian basement and represents a Phanerozoic
subduction-related Andean-style accretionary convergent
margin related to the northward subduction of Neo-Tethyan
oceanic lithosphere prior to India colliding with Asia along
the YTS (Figure 1b) (Yin and Harrison 2000; Zhu et al.
2011). Voluminous Cretaceous–Eocene calc-alkaline grani-
toids (the main part of Gangdese batholith) and Late
Jurassic–early Tertiary volcanic sequences (e.g. Yeba,
Sangri and Linzizong volcanic successions) occur along the
1600 km-long E–W-trending Gangdese magmatic belt of the
southern Lhasa block (Figure 1b) (Wen et al. 2008b; Ji et al.
2009b; Wu et al. 2010). Abundant zircon U–Pb and whole-
rock 40Ar/39Ar data for the igneous and volcanic rocks
emplaced in the GBST delineate two episodes of intense
magmatic activity, including the Late Cretaceous (ca. 106–
80 Ma), dominated by voluminous slab-derived adakitic
rocks (Wen et al. 2008b; Ji et al. 2009b; Zhang et al.
2010a; Jiang et al. 2012; Ma et al. 2013a, 2013c; Chen
et al. 2015), and early Tertiary (65–41 Ma) basaltic to rhyo-
litic lavas and intrusive rocks (Mo et al. 2007, 2008; Wen
et al. 2008b; Lee et al. 2009, 2012; Ji et al. 2009b; Ma et al.
2014; Jiang et al. 2014; Chen et al. 2015).

The Chikang–Jirong area in the southern GBST is
adjacent to the YTS (Figure 1d). Magmatic rocks in the
Chikang–Jirong area were mainly generated during
Jurassic to Oligocene time (137–30 Ma) (Zhu et al.
2009; Liang et al. 2010; Jiang et al. 2014; Zheng et al.
2014a). Two plutons in the Chikang–Jirong area were
investigated in this study (Figure 1d). The Jirong and
Chikang plutons mainly consist of granodiorite
(Figure 2), which intrudes Jurassic sediments and is over-
lain by Quaternary sediments. To the northwest of the
Chikang pluton, a skarn-type Cu deposit has been discov-
ered in the Sumbajiala area (Figure 1d), where the copper

mineralization is predominantly hosted by granodiorite.
Laser ablation inductively coupled plasma mass spectro-
metry (LA-ICP-MS) zircon U–Pb dating of the host gran-
odiorites yielded an age of 92.1 ± 0.6 Ma (Liang et al.
2010). The Jirong granodiorites have fine-grained texture
and massive structure and are composed of plagioclase
(~40–45 vol.%), subhedral K-feldspar (~20–25 vol.%),
quartz (~10–15 vol.%), hornblende (~5–10 vol.%), and
biotite (~5–8 vol.%) with minor zircon, apatite, and mag-
netite (Figure 3a). The Chikang granodiorites exhibit med-
ium-grained textures and massive structure and consist of
plagioclase (~40–45 vol.%), K-feldspar (~20–25 vol.%),
quartz (~12–15 vol.%), hornblende (~5–10 vol.%), and
biotite (~5–10 vol.%) with minor zircon, apatite, and
magnetite (Figure 3b).

3. Analytical methods

Zircons were separated using conventional heavy-liquid
and magnetic separation techniques at the Langfang
Mineral Separation Laboratory, near Beijing. Zircon grains
were hand-picked and mounted in an epoxy resin disc, and
then polished and coated with gold. Cathodoluminescence
(CL) images were taken at the State Key Laboratory
of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (SKLaBIG
GIG CAS), with a JEOL JXA-8100 Superprobe for
inspecting internal morphology of individual zircons and
for selecting positions for U–Pb, Lu–Hf isotope analyses.

Zircon U–Pb dating was conducted at the multi-
collector (MC)-ICPMS laboratory of the Institute of
Geology and Geophysics, Chinese Academy of Sciences
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(IGG CAS) in Beijing. Detailed operating conditions for
the laser ablation system and the ICP-MS instrument and
data reduction were the same as described by Xie et al.
(2008). An Agilent 7500a quadruple (Q)-ICPMS and a
Neptune (MC)-ICPMS with a 193 nm excimer ArF
laser-ablation system (GeoLas Plus) attached were used
for simultaneous determination of zircon U–Pb ages.
A suite of zircon standards, that is Harvard zircon
91,500 (Wiedenbeck et al. 1995), Australian Macquarie
University standard zircon GJ–1 (Jackson et al. 2004), and
NIST SRM 610, were analysed following each five sam-
ples. Every spot analysis consisted of approximately 30 s
background acquisition and 40 s sample data acquisition.
207Pb/206Pb, 206Pb/238U, 207U/235U (235U = 238U/137.88),
and 208Pb/232Th ratios were corrected by using zircon
91,500 as the external standard. The fractionation correc-
tion and results were calculated using GLITTER 4.0
(Macquarie University) (Jackson et al. 2004). Common
Pb was corrected according to the method of Andersen
(2002). The weighted mean U–Pb ages and concordia
plots were processed using ISOPLOT 3.0 (Ludwig
2003). In situ Hf isotope measurements were subsequently
done using LA-ICPMS with a beam size of 60 μm and
laser pulse frequency of 8 Hz with age determinations at
the MC-ICPMS laboratory of IGG CAS. Details of instru-
mental conditions and data acquisition are given in Wu
et al. (2006). The isobaric interference of 176Lu on 176Hf is
negligible due to the extremely low 176Lu/177Hf in zircon
(normally < 0.002). During the analyses for this study,
GJ-1 analysed as an unknown yielded a weighted
206Pb/238U age of 609.7 ± 6.3 Ma (2σn, mean standard
weighted deviation (MSWD) = 0.97, n = 12) and a
weighted 176Hf/177Hf ratio of 0.282015 ± 0.000003 (2σn,
MSWD = 1.12, n = 94), which is in good agreement with
the recommended U–Pb age and Hf isotopic ratio (Wu
et al. 2006).

Rock samples were examined by optical microscopy,
and selected whole-rock samples were sawed into small
chips and ultrasonically cleaned in distilled water with

<3% HNO3 and then in distilled water alone and subse-
quently dried and hand-picked to remove visible altera-
tion. The rocks were powdered in a chrome ring mill, and
the resulting powders were used for analyses of major and
trace elements at SKLaBIG GIG CAS. Major-element
oxides were analysed using a Rigaku RIX 2000 X-ray
fluorescence spectrometer at SKLaBIG GIG CAS on
fused glass beads. Calibration lines used in quantification
were produced by bivariate regression of data from 36
reference materials encompassing a wide range of silica
compositions (Li et al. 2005), and analytical uncertainties
are between 1% and 5%. Trace elements were analysed by
ICP-MS, using a Perkin-Elmer Sciex ELAN 6000 instru-
ment at SKLaBIG GIG CAS. Analytical procedures are
the same as those described by Li et al. (2002). Repeated
runs give <5% relative standard deviation (RSD) for most
elements of reference materials analysed by ICP-MS.

4. Analytical results

4.1. Zircon U–Pb geochronology

The results of zircon LA-ICPMS U–Pb isotopic analyses
for the Chikang and Jirong intrusive rocks are given in
Table 1. U–Pb concordia plots and representative CL
images of zircons are shown in Figure 4. Most zircon
grains are colourless, transparent and show euhedral pris-
matic forms (70–200 μm). Zircon crystals display oscilla-
tory zoning (Figure 4), typical of a magmatic origin (Corfu
et al. 2003). All of the analysed zircons have variable Th
(94–671 ppm) and U (152–655 ppm) contents with Th/U
ratios ranging from 0.51 to 1.17 (Table 1), indicating a
magmatic origin for these zircons (Hoskin and Schaltegger
2003). Zircons from two samples (09TB81 and 09TB82)
of the Jirong granodiorites yielded consistent 206Pb/238U
ages, with the coincident weighted mean ages of 53.2 ±
0.6 Ma (Figure 4a) and 53.2 ± 0.7 Ma (Figure 4b), respec-
tively. Ten analyses of Chikang granodiorites (09TB84)
yielded 206Pb/238U ages of 91–92 Ma, with a weighted
mean age of 91.8 ± 1.3 Ma (Figure 4c).
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Figure 3. Petrography of the Jirong–Chikang intrusive rocks: (a) Jirong granodiorites, hornblendes have been subjected to variable
degrees of alteration; (b) Chikang granodiorites. Abbreviations: Pl, plagioclase; Q, quartz; Bi, biotite; Hb, hornblende; Kf, potassic
feldspar.
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4.2. Whole-rock major and trace elements

Whole-rock major and trace element data of the Jirong and
Chikang granodiorites are presented in Table 2. On the
SiO2 vs. K2O + Na2O diagram (Figure 5a), all samples
plot in the granodiorite field, except for one Jirong pluton
sample in the quartz monzonite field. They have high SiO2

(64.84–68.29 wt.%), Al2O3 (15.05–15.67 wt.%), K2O
(3.14–3.97 wt.%), and Na2O (3.72–4.05 wt.%) contents
with K2O/Na2O = 0.77–1.10. All samples are high-K calc-
alkaline (Figure 5b) and metaluminous to slightly peralu-
minous (A/CNK = 0.89–1.08) (Figure 5c). The Jirong
granodiorites have low Mg# (47–53), Sr (232–284 ppm),
Cr (5.57–17.1 ppm), and Ni (5.68–10.2 ppm) and Sr/Y
(14–16) values (Table 2). Compared with the Jirong gran-
odiorites, the Chikang granodiorites have high Sr (835–
957 ppm), Sr/Y (118–140), Mg# (58–60), Cr (21.8–
36.6 ppm), and Ni (14.3–22.9 ppm), and low Y (6.0–
8.1 ppm) and Yb (0.54–0.68 ppm) values (Figure 5d–f,
Table 2), similar to those of typical slab-derived adakitic
rocks (Defant and Drummond 1990; Zhu et al. 2009; Jiang
et al. 2012, 2014; Ma et al. 2013c).

On chondrite-normalized rare earth element (REE)
patterns (Figure 6a and b), they exhibit light rare earth
element (LREE) enrichment and heavy rare earth element
(HREE) depletion. The Jirong granodiorites have

moderate negative Eu anomalies and slightly higher
HREE contents than the Chikang granodiorites (e.g.
Yb = 1.61–2.04 ppm, Y = 14.8–19.7 ppm). The Chikang
granodiorites have negligible Eu anomalies. The primitive
mantle-normalized trace-element distribution patterns of
both suites (Figure 6c and d) are characterized by the
relative enrichment of large ion lithophile elements
(LILEs) and depletion of high field strength elements
(HFSEs). All the samples exhibit significant negative Ta–
Nb–Ti anomalies.

4.3. Zircon Lu-Hf isotope geochemistry

The zircon Hf isotopic compositions of the Chikang–
Jirong granodiorites are given in Table 3, and further
illustrated in Figure 8. The Chikang granodiorites have
high εHf(t) (8.5–13.1) values similar to those of the
Jirong granodiorites (7.6–10.4). They have similar
TDM

C values ranging from 316 to 639 Ma. The
Chikang and Jirong granodiorites have εHf(t) values
similar to those of Gangdese belt Late Cretaceous
slab-derived adakitic rocks (Jiang et al. 2012; Ma
et al. 2013c) and Palaeogene–Eocene granotoids (Guan
et al. 2012; Jiang et al. 2014) exposed in the GBST
(Figure 8), respectively.
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5. Discussion

5.1. Petrogenesis

5.1.1. Chikang adakitic rocks

The Chikang granodiorites have adakitic affinities
(Figure 5e and f), for example high SiO2 and Sr contents
and Sr/Y and La/Yb ratios, and low Y and Yb values, and
were emplaced in the Late Cretaceous (ca. 92 Ma), con-
temporaneously with (106–86 Ma) slab-derived adakitic
rocks in the middle to eastern segment of the GBST
(Zhang et al. 2010a; Jiang et al. 2012; Ma et al. 2013c;
Chen et al. 2015). Adakitic rocks may be generated by a
variety of mechanisms (Castillo 2012), such as melting of

subducted young and hot oceanic crust (Defant and
Drummond 1990), partial melting of thickened basaltic
lower crust (Atherton and Petford 1993; Chung et al.
2003; Wang et al. 2005; Wen et al. 2008a), partial melt-
ing of delaminated lower crust (Wang et al. 2006a,
2006b) or subducted continental crust (Wang et al.
2008), crustal assimilation and low-pressure fractional
crystallization from parental basaltic magmas (Castillo
et al. 1999), high-pressure crystallization (involving gar-
net) of mafic magmas derived from mantle wedge peri-
dotites (Macpherson et al. 2006), and magma mixing
between felsic and basaltic magmas (Streck et al.
2007). We evaluate these alternative processes in the
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following sections with specific reference to the Chikang
adakitic rocks.

First, the Chikang granodiorites have MgO or Mg#
(58–60) values that are distinctly higher than those of
thickened lower crust-derived adakitic rocks (Figure 5d).
Adakitic rocks derived by partial melting of either old
thickened lower crust (Chung et al. 2003) or juvenile
mafic lower crust beneath the GBST commonly have low
MgO or Mg# values (31–50) (Hou et al. 2004; Wen et al.
2008a; Chung et al. 2009; Guan et al. 2012; Ji et al. 2012;
Ma et al. 2014; Jiang et al. 2014), which are consistent
with those of metabasalt- and eclogite-derived experimen-
tal melts (mostly Mg# < 45: Sen and Dunn 1994; Rapp
et al. 1999). Moreover, the relatively high Cr (22–37 ppm)
and Ni (14–23 ppm) contents of the Chikang granodiorites
are distinct from those (mostly Cr <10 ppm and
Ni < 7 ppm) of lower crust-derived adakitic rocks in the
GBST (Wen et al. 2008a; Guan et al. 2012; Ma et al.
2014; Jiang et al. 2014). In addition, there is no geochem-
ical or tectonic evidence that the Gangdese belt had devel-
oped thickened crust prior to 90 Ma.

Second, a scenario involving partial melting of dela-
minated or subducting continental lower crust is also
inconsistent with the Late Cretaceous emplacement age
of the Chikang granodiorites, despite their high Mg#,
Cr, and Ni values. Such adakitic rocks generally occur

in within-plate extensional or post-collisional settings
(Wang et al. 2006a, 2006b, 2008), whereas the Chikang
granodiorites were generated in a Late Cretaceous arc
setting (Jiang et al. 2012; Ma et al. 2013a, 2013b,
2013c; Chen et al. 2015) at least ~20–25 million
years prior to the onset of India–Asia collision. In
addition, the relatively high εHf(t) (8.5–13.1) values of
the Chikang granodiorites do not match those of GBST
adakitc rocks (εHf(t) < 7) derived by partial melting of
subducted continental crust (Jiang et al. 2014) or dela-
minated lower crust in the northern Lhasa block (Wang
et al. 2014).

Third, the Chikang granodiorites could not have been
generated by high- or low-pressure crystallization from
basaltic parental magmas. Adakitic rocks derived by
high-pressure fractional crystallization involving garnet
will generally display a distinct geochemical trend
(Macpherson et al. 2006). Given that high-pressure crys-
tallization involving garnet will cause a decrease in HREE
and Y contents, Al2O3 contents will decrease and Sr/Y and
Dy/Yb ratios will increase with the increasing SiO2 con-
tents in the evolved magmas (Macpherson et al. 2006).
However, both Chikang and Sumbajiala granodiorites do
not show such trends in their chondrite-normalized REE
patterns (Figure 5a) or on Al2O3, Dy/Yb and Sr/Y versus
SiO2 diagrams (Figure 7a–c). During low-pressure
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fractional crystallization involving olivine and pyroxene,
the evolved magmas should have a marked decrease in
Mg# values as well as Cr and Ni contents with the increas-
ing SiO2 contents (Castillo et al. 1999), but their Mg#
values show an increasing trend (Figure 5d). Moreover,
they do not exhibit the compositional trends characteristic
of low-pressure fractional crystallization (Figures 7d–f)
(Castillo et al. 1999). The flat MREE to HREE patterns
do not appear to result from amphibole fractionation
(Richards 2009). Amphibole fractionation (KdMREE >
KdHREE) will decrease Dy/Yb ratios (Macpherson et al.
2006). In contrast, Dy/Yb ratios increase with the increas-
ing SiO2 contents for both Chikang and Sumbajiala ada-
kitic granodiorites (Figure 7b). Numerous workers have
pointed out that very high degrees of amphibole (>85%)
and (or) garnet (>15%) fractionation are required to pro-
duce the fractionation trends observed in adakitic rocks if
they are generated from fractionation processes (Bourdon
et al. 2002; Mori et al. 2007). This scenario requires an
enormous volume of primary basaltic parent magma to
supply these minerals (Gomez-Tuena et al. 2007), but
coeval mafic magmatism has not yet been identified in
the region. In addition, the MREEs would be more
depleted than HREEs, rather than the flat patterns
observed in the Chikang granodiorites (Figure 5b), if
abundant amphibole fractionation had occurred.
Therefore, we conclude that amphibole fractionation was
unlikely to have been the controlling factor in the forma-
tion of the Chikang adakitic rocks. Geochemical charac-
teristics of the Chikang adakitic rocks also preclude

significant crustal contamination in their petrogenesis.
Ma et al. (2013b) investigated the Zhengga gabbros (ca.
94 Ma) exposed in the GBST and showed that they were
generated by assimilation and fractional crystallization of
olivine or clinopyroxene from hydrous melt of lithospheric
mantle. However, the Chikang granodiorites have higher
SiO2 (66.8–68.3 wt.%) and εHf(t) (8.3–13.0) than those of
the Zhengga gabbros (SiO2 = 43.7–52.2 wt.%, εHf(t) =
2.9–6.5). Moreover, the Chikang granodiorites have
homogeneous zircon εHf(t) (ΔεHf(t) < 5.0) values
(Figure 7, Table 3) that also preclude the model of
magma mixing between mantle-derived mafic and crust-
derived felsic magmas.

In view of the above, and the fact that the high MgO,
Cr and Ni contents and Mg# values of the Chikang gran-
odiorites are similar to those of Cretaceous adakitic rocks
in the GBST derived from Neo-Tethyan slab (Zhu et al.
2009; Jiang et al. 2012, 2014; Ma et al. 2013c; Chen et al.
2015), we conclude that the Chikang adakitic granodior-
ites were also most likely generated by partial melting of
subducted Neo-Tethyan Oceanic crust. Studies on tec-
tonics, sedimentation and magmatism in the Lhasa block
have demonstrated that the southern GBST, including the
Chikang area, was in an arc setting during the Late
Cretaceous (Kapp et al. 2005, 2007; Wen et al. 2008b; Ji
et al. 2009b; Jiang et al. 2012, 2014; Ma et al. 2013a,
2013b, 2013c). Moreover, their high Mg# (58–60) values
and Ni (14–23 ppm) and Cr (22–37 ppm) contents are
similar to those (Mg# > 47, Ni = 20–40 ppm and Cr = 30–
50 ppm) of subducted oceanic crust-derived adakites
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worldwide (Martin 1999) as well as those of the GBST.
The εHf(t) values of the Chikang granodiorites are also
similar to those of Cretaceous slab-derived adakitic rocks
in the GBST (Figure 8) (Zhu et al. 2009; Jiang et al. 2012;
Ma et al. 2013c; Chen et al. 2015).

5.1.2. Jirong granodiorites

The Jirong granodiorites (~53 Ma) are characterized by
high SiO2 contents (64.8–65.3 wt.%) and are high-K calc-
alkaline and metaluminous to slightly peraluminous
(Figure 5b and c). We propose that they were probably
generated by partial melting of juvenile lower crust
beneath the GBST. They have high SiO2 and low MgO,
Mg#, Cr, and Ni contents, similar to Jurassic–early Eocene
calc-alkaline granitoids derived from juvenile lower crust
in the GBST (Ji et al. 2009a, 2012). Trace element and
REE patterns of the Jirong granodiorites are also similar to
those of classic arc-type granitoids (Zhu et al. 2008), i.e.
enriched in LILEs (Rb, Ba, Th, U, K) and LREEs (La, Ce)
and relatively depleted in HFSEs (Nb, Ta, Ti). The deple-
tion of Eu can be explained either by the fractional crystal-
lization of plagioclase or the retention of residual of
plagioclase in the source, while the depletion of P may
reflect the crystallization of apatite (Li et al. 2007). The
Jirong granodiorites exhibit relatively flat HREE patterns
(Figure 6b), suggesting that amphibole, rather than garnet,
played an important role during partial melting as a resi-
dual phase in the source (Wen et al. 2008a).

The Jirong granodiorites also have high εHf(t) (7.6–
10.4) values with young Hf model ages (TDM

C = 463–
639 Ma), consistent with those of the Jurassic–Cretaceous
calc-alkaline granitoids in the GBST (Figure 8). In

particular, they have εHf(t) and TDM
C values similar to

those of Paleogene–Eocene granitoids exposed in the
Zhanang–Wolong area, which mainly originated from
juvenile lower crust beneath the GBST (Guan et al.
2012; Jiang et al. 2014).

5.2. Geodynamic processes and implications for
metallogenesis

5.2.1. Geodynamic processes

Voluminous zircon U-Pb and whole-rock 40Ar/39Ar age
data for igneous and volcanic rocks developed in the
GBST suggest two significant stages of magmatic activity,
i.e. ca. 100–80 Ma and ca. 65–41 Ma (Wen et al. 2008b;
Lee et al. 2009; Ji et al. 2009b; Ma et al. 2013a). Various
geodynamic models have been proposed for these two
stages.

Wen et al. (2008b) proposed that the Late Cretaceous
magmatic event (ca. 100–80 Ma) was linked to a geody-
namic transition where subduction of the Neo-Tethyan
oceanic slab changed from normal-angle (100–85 Ma) to
shallow-angle subduction (85–80 Ma). Zhang et al.
(2010a) suggested that Late Cretaceous (90–86 Ma) char-
nockites in the Milin–Lilong area of the GBST resulted
from Neo-Tethyan mid-ocean ridge subduction. However,
Ma et al. (2013a) suggested that contemporaneous (ca.
93 Ma) norites and hornblendites in the Milin area were
generated by the interaction of upwelling asthenospheric
and metasomatized lithospheric mantle due to the rollback
of subducted Neo-Tethyan oceanic slab. All these pro-
cesses can lead to partial melting of subducted oceanic
slab. However, if the mid-ocean ridge subduction model is
correct, then the lack of any age trend in the distribution of
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mafic rocks and adakites (Figure 1c in Ma et al. 2013b)
would imply a spreading ridge sub-parallel to the trench.
In such a scenario, however, subduction is likely to cease
because of the dominance of young buoyant oceanic crust
(Thorkelson 1996), rather than lasting for over 15 Ma.
Moreover, the required 70–80 km depth of slab partial
melting (Sen and Dunn 1994) and continuous magmatism
during the Cretaceous (Wu et al. 2010) are also inconsis-
tent with the subduction angle transition model (Wen et al.
2008b).

We therefore prefer a model of Neo-Tethyan oceanic
slab rollback during the Late Cretaceous (Figure 9a) as
described in greater detail by Ma et al. (2013a) and Jiang
et al. (2014). It can readily account for the contemporary
Gangdese magmatic ‘flare-up’ event. Ma et al. (2013a)
documented high-temperature (up to 1340°C) norites in

the Milin area of the GBST, which originated from inter-
action between lithosphere and upwelling asthenosphere
caused by rollback of the subducting Neo-Tethyan oceanic
slab. Collectively, the coeval occurrence of high-tempera-
ture norites and charnockites (Ma et al. 2013a) with ada-
kitic magmatism (Zhang et al. 2010a; Ma et al. 2013c) and
granulite-facies metamorphism (Zhang et al. 2010b) in the
Milin area provide strong evidence for an early Late
Cretaceous regional thermal event. The upwelling of asth-
enosphere was possibly triggered by slab rollback though
migrating backward of an asthenosphere mantle
(Gvirtzman and Nur 1999). Meanwhile, asthenospheric
upwelling or the triggered mantle flow probably provided
the high temperature regime required for partial melting of
the upper surface of subducted Neo-Tethyan oceanic slab
to generate the Chikang adakitic granodiorites.

For the early Tertiary magmatic activity (ca. 65–
41 Ma), we suggest that the ca. 50 Ma magmatic flare-up
in the Gangdese belt was most probably related to slab
break-off following Neo-Tethyan oceanic slab rollback
(Figure 9b) as suggested by Lee et al. (2009), Chen et al.
(2015) and Ma et al. (2014). The lines of evidence include
the following. (1) slab break-off can readily explain the
diverse geochemical characteristics of the Linzizong vol-
canic rocks that likely resulted from multiple magma
source regions (e.g. Lee et al. 2012). (2) Geological map-
ping and geochronological data show that early Tertiary
magmatic rocks crop out in a linear distribution across the
southern Lhasa block. This distribution is consistent with
magmatism developed after slab break-off (Chung et al.
2005). (3) Slab break-off can also explain why there was a
decrease in the India–Asian convergence velocity during
the Eocene (Lee and Lawver 1995) given that break-off
would have eliminated slab pull from the existing Neo-
Tethyan subdution zone and consequently prevented sub-
duction of the Indian continental lithosphere beneath south-
ern Tibet. (4) The occurrence of ultrahigh-pressure rock is
consistent with Eocene slab break-off, as proposed by pre-
vious workers based on Himalayan metamorphic records
(Kohn and Parkinson 2002; Guillot et al. 2003). Leech
et al. (2005) suggested that the ca. 53 Ma ultrahigh-pres-
sure rocks in the northwestern Himalaya result from early,
steep continental subduction and proposed that oceanic
slab break-off broadly coincided with exhumation of the
ultrahigh-pressure rocks in this region. (5) Eocene slab
break-off also could explain early Tertiary topographic
uplift in southern Tibet (Lee et al. 2009; Smit et al. 2014).

5.2.2. Implications for metallogenesis

Zircon U–Pb dating of the Chikang adakitic graodiorites
indicates that they were generated in the Late Cretaceous
(ca. 92 Ma) and therefore were contemporaneous with the
Late Cretaceous (ca. 100–80 Ma) magmatic ‘flare-up’ in
the central and eastern segments of the GBST (Ma et al.
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Figure 9. Model for Late Cretaceous and early Eocene geody-
namic evolution and related Cu ± Au ± Mo mineralization of the
Gangdese belt. (a) 100–80 Ma; rollback of subducted Neo-
Tethyan oceanic lithosphere; (b) 60–40 Ma; breakoff of sub-
ducted Neo-Tethyan oceanic lithosphere. GBST, Gangdese belt
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2013a). The existing geochronological and geochemical
data for Late Cretaceous igneous rocks exposed in the
GBST show that voluminous ca. 106–86 Ma slab-derived
adakitic rocks developed along the central and eastern
sectors of the GBST (Table 4), including quartz diorites,
felsophyres, and quartz diorite porphyrites from Nuri (ca.
106–93 Ma; Chen et al. 2015), granodiorites and diorites
from Lilong–Milin (ca. 100–86 Ma; Zhang et al. 2010a;
Ma et al. 2013c; Zheng et al. 2014a), quartz monzonites
and diorites from Kelu (ca. 93–90 Ma; Jiang et al. 2012),
and granodiorites from Sambujiala (ca. 92 Ma; Liang et al.
2010; Zhao et al. 2013). Moreover, abundant ca. 100–
80 Ma zircon xenocrysts in the Sailipu Miocene ultra-K
volcanic rocks (Liu et al. 2014) also indicated the presence
of magmatic activity at ca. 100–80 Ma in the western
GBST. Accordingly, ca. 90 Ma slab-derived adakitic mag-
matism likely developed along the entire southern margin
of the GBST. Jiang et al. (2012) first reported the occur-
rence of the Kelu skarn Cu–Au deposits associated with
the Late Cretaceous (~90 Ma) Neo-Tethyan slab-derived
adakitic rocks. Subsequently, the Sumbajiala skarn Cu–Au
deposit was also attributed to the ca. 90 Ma slab-derived
adakitic rocks (Zhao et al. 2013). These recent discoveries
indicate that the ca. 106–86 Ma slab-derived adakitic
rocks in the GBST have significant potential for Cu–Au
mineralization.

Based on the detailed comparisons of post-collisional
fertile and barren porphyry systems in the GBST, Hou
et al. (2013) proposed that the fertile magmas were most
likely derived by partial melting of a thickened juvenile
mafic lower crust, formed by the underplating of earlier
asthenospheric melts at the base of the crust. The Sr–Nd–
Hf isotopic data for the fertile magmatic rocks show a

greater than 70% mantle contribution to the source of the
ore-related magmatic rocks (Hou et al. 2013). These
results emphasize the significant contribution of juvenile
mantle components to the Cu mineralization. Richards
(2009) proposed that the remelting and remobilization of
mantle components in juvenile crust, including sulphide-
bearing phases, most likely provided Cu-Au and S for the
collisional zone porphyry systems. Numerous studies have
shown that, as a result of the Neo-Tethyan slab rollback
(Ma et al. 2013a, 2013b), Late Cretaceous (ca. 100–
80 Ma) mafic magmatism from the asthenospheric mantle
was emplaced into the base of the Gangdese arc and
strongly reworked the lower crust. As previously noted,
numerous zircon U–Pb ages in the Gangdese belt show
that there was a second magmatic peak at 50 Ma, which
was generated by partial melting of underplated juvenile
lower crust as a result of slab break-off (Wen et al. 2008b;
Ji et al. 2009b, 2012). As a result, the Gangdese arc lower
crust underwent additional intense reworking (Ji et al.
2009a; Lee et al. 2012: Ma et al. 2014). Thus, voluminous
asthenospheric material was transferred to the lower crust
though the processes of slab rollback and break-off. The
Jiru porphyry Cu ± Mo deposits (Zheng et al. 2014b) and
Sharang Mo deposits (Zhao et al. 2014) demonstrate that
this Eocene period of magmatism also has important
potential for Cu ± Mo mineralization.

Since the late 1990s, most Cu ± Au ± Mo deposits
discovered in the GBST were attributed to an extensional
setting following India–Asia collision (Hou et al. 2009).
The increasingly recognized Late Cretaceous and Eocene
Cu ± Au ± Mo mineralization events, however, demon-
strate that the Gangdese porphyry copper belt also
contains subduction- and collision-related porphyry/

Table 4. Summary of the 106–86 Ma slab-derived adakites in the Gangdese belt of Lhasa block.

Location Rock type Dating method Age (Ma) Geochemcial affinity References

Kelu Quartz monzonite Zircon 93–90 Mg# = 57 ‒ 61 Jiang et al. (2012)
Diorite LA ICPMS U–Pb εNd(t) = +3.0 – +4.4

εHf(t) = +9.3 – +15.8
Sambujiala Granodiorite Zircon 92.1 ± 0.6 Mg# = 49 – 64 Zhao et al. (2013)

LA ICPMS U–Pb
Lilong–Milin Granodiorite Zircon 100–89 Mg# = 46 – 56 Ma et al. (2013c)

Diorite LA ICPMS U–Pb εNd(t) = +2.4 – +4.0
εHf(t) = +10.1 – +15.8

Lilong–Milin Charnockite Zircon 90–86 Mg# = 50 – 54 Zhang et al. (2010a)
LA ICPMS U–Pb

Nuri Quartz diorite Zircon 95.9 ± 0.9 Mg# = 48 – 64 Zheng et al. (2014a)
LA ICPMS U–Pb εNd(t) = +2.7 – +2.8

δ18O = +8.9 – +9.2
Chikang Granodiorite Zircon 85.6 ± 1.5 Mg# = 58 – 60 This paper

LA ICPMS U–Pb εHf(t) = +8.5 – +13.1
Nuri Felsophyre Zircon 106–93 Mg# = 48 – 60 Chen et al. (2015)

Quartz diorites LA ICPMS U–Pb εNd(t) = +3.1 – +3.5
εHf(t) = +3.7 – +15.5

International Geology Review 387



skarn-type Cu ± Au ± Mo deposits. Thus, Late Cretaceous
and Eocene intrusive rocks should be targeted as important
potential hosts for Cu ± Au ± Mo mineralization during
mineral exploration.

6. Conclusions

New zircon U–Pb ages indicate that the Chikang and
Jirong granodiorites were emplaced at ca. 92 Ma and ca.
53 Ma, respectively. The Chikang granodiorites show
geochemical features typical of slab-derived adakites and
were most probably produced by partial melting of sub-
ducted oceanic crust, followed by subsequent adakitic
melt–mantle interactions. The Jirong granodiorites were
likely generated by partial melting of juvenile crustal
materials. The two episodes of magmatism were generated
in response to the rollback and subsequent break-off of
Neo-Tethyan oceanic lithosphere, respectively. The Late
Cretaceous–Eocene magmatic rocks in the GBST have
important potential for Cu ± Au ± Mo mineralization.
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