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During the Mesozoic–Cenozoic, northward Neotethyan subduction and subsequent India–Asia collision gave
rise to the extensive Transhimalayan magmatism that stretches from Burma and western Yunnan through
southern Tibet to the Ladakh and Kohistan complexes. To understand the age distribution and petrogenesis of
the Gangdese batholith, the largest intrusive exposure along the Transhimalayan magmatic belt, fifty granitic
samples were selected for in situ zircon U–Pb and Hf isotopic analyses. The U–Pb data suggest four discrete
stages of magmatic activity, i.e., ~205–152, ~109–80, ~65–41 and ~33–13 Ma, respectively, with the 65–
41 Ma stage being the most prominent. The Hf isotopic data indicate that the Gangdese batholith is
overwhelmed by positive εHf(t) values, which are comparable to those of the Kohistan–Ladakh batholiths in
the west but differ markedly from those of the Chayu–Burma batholiths in the east. Most of the Gangdese
granites show similar and young Hf model ages (1000–300 Ma), indicating their derivation from juvenile
crust. However, those formed in the 65–41 Ma stage exhibit more heterogeneous Hf isotopic ratios, with
negative εHf(t) values being observed in some granites younger than 50 Ma, suggesting the involvement of
old Indian continental crust in their petrogenesis. This age may thus mark the onset of the India–Asia
collision. The newly established zircon U–Pb age and Hf isotope database of the Gangdese batholith can be
used as a powerful tracer or “fingerprint” when studying the source-to-sink relation of the sediments eroded
from the southern Tibetan Plateau.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Granite is a major constituent of the continental crust. The
petrogenesis of the granite is, therefore, vital to studying the growth
and evolution of the continents. It was generally thought that granites
are derived from the partial melting of pre-existed crustal materials,
as indicated by the low Nd isotopic (143Nd/144Nd) ratios and old Nd
model ages (e.g., Allègre and Ben Othman, 1980). However, many
granites show high Nd isotopic ratios and young Nd model ages,
suggesting their derivations from either recycling of juvenile crust or
nascent mantle input to the continental crust (cf. Jahn et al., 2000).

In Tibet, during oceanic closure, terrane amalgamation and/or
collision, and subsequent post-orogenic processes between India and
Asia, various kinds of granites were formed (Le Fort, 1988) (Fig.1). The
most characterized granites in the region is the Transhimalayan
batholith, exposed along the southernmargin of the Lhasa terrane and
extended from the Kohistan–Ladakh batholith in the west through
Gangdese batholith in the middle to the Chayu–western Yunnan
+86 10 62010846.
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(Dianxi)–Burmabatholith in theeast,with a lengthofN3000km(Fig.1).
Although this gigantic batholith has attracted much academic attention
over the past decades, its geochronological framework, petrogenesis and
relationship with Tethysan ocean closure and India–Asia collision
remains unclear. In terms of geochronology, the pioneering work by
Schärer et al. (1984a,b) indicate that the Gangdese batholith, the largest
individual body in the Transhimalayan batholith, was largely emplaced
in the Paleocene–Eocene and subordinately in the Cretaceous, a notion
that was supported by subsequent studies (Harrison et al., 2000;
McDermid et al., 2002; Dong et al., 2005; Mo et al., 2005a,b; Xia et al.,
2007; Wen et al., 2008). However, recent data indicate that older
(Jurassic) and younger (Oligo–Miocene) magmatic activities were more
widely developed in the Gangdese belt than previously thought (cf.
Chung et al., 2005). The Jurassic granites, exposed in localities with
zircon U–Pb ages dated at 188–178 Ma (Chu et al., 2006; Zhang et al.,
2007a; Yang et al., 2008b) and somewhat deformed in the field, have
geochemical compositions that suggest an origin related to northward
subduction of the Neotethyan oceanic slab under Asia. The Oligo–
Miocene granites, dominatedwith porphyritic texture and bearing giant
copper deposits (Hou et al., 2004), have been dated at 30–10Ma (Chung
et al., 2003, Hou et al., 2004; Guo et al., 2007) that postdates the India–
Asia collision starting sometime around 70–35 Ma (cf. Yin and Harrison
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Fig. 1. (a) Distribution map of the Transhimalayan batholith. The dash line marks the boundary between the south and north Lhasa terranes, along which the Songduo eclogite is
indicated; (b) Detailed occurrences of granites from Lhasa–Dazhuqu sections of the Gangdese batholith with sampling locations. The number beside the yellow circle indicates the
last three digits of the sample (e.g., 108 means 06FW108). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(2000) andAitchison et al. (2007); for detailed reviews) and therefore is
petrogenetically unrelated to the pre-collisional Neotethyan subduction.

Furthermore, studies have repeatedly shown that the Gangdese
batholith is characterized by low initial 87Sr/86Sr (~0.705), coupledwith
high and positive εNd(t) (+4.9 to +2.5) and εHf(t) (+10 to +18)
values, yielding young Nd and Hfmodel ages of 0.4–0.7 Ga (Harris et al.,
1988; Jiang et al., 1999; Mo et al., 2005a; Chung et al., 2005; Chu et al.,
2006; Zhang et al., 2007a). The overall isotopic features, reflecting a
juvenile nature of the magma source similar to that observed in the
Phanerozoic granites from the Central Asian Orogenic Belt (Jahn et al.,
2000), require the formation of these granites either by partial melting
of the subducted oceanic crust and/or underplated mafic material from
thedepletedmantle, or bymixingbetween themafic and felsicmagmas.
Therefore, we conducted a detailed zircon U–Pb “agemapping” study of
the Gangdese batholith. Zircon in situ Hf isotopic analysis was also
performed to better constrain the petrogenetic processes involved.
Lastly, we combined our comprehensive database with relevant
information to explore thepre- topost-collisional geodynamic evolution
in southernTibet for a longperiodof time from theearlyMesozoic to late
Cenozoic.
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2. Geological background and samples

The Tibetan plateau is geologically composed of the Indian
continent in the south and the Asian continent in the north, separated
by the Yarlung–Tsangpo suture zone (Fig. 1a). South of the suture zone
lies the Tethyan Himalaya, consisting of low-grade metasedimentary
and sedimentary rocks of Cambrian–Eocene ages that were originally
deposited along the passive margin of northern India (Allègre et al.,
1984; Yin and Harrison, 2000). Within the Tethyan Himalaya
Precambrian–Cambrian granites crop out in a series of metamorphic
core complexes, often associated with leucogranites that were
emplaced at ~30–10 Ma (Schärer et al., 1986; Zhang et al., 2004).
Cretaceous to Lower Tertiary marine sedimentary sequences are
locally preserved (Willems et al., 1996; Ding, 2003, Ding et al., 2005;
Zhu et al., 2005; Li et al., 2005). To further south, separating by the
South Tibetan Detachment Zone and then the Main Central Thrust,
there exist the High and Lesser Himalayas, respectively. The High
Himalaya is mainly composed of amphibolite-facies Proterozoic
metasedimentary rocks, intruded locally by early Paleozoic granites
(Lee et al., 2000; Gehrels et al., 2003). North of the Yarlung–Tsangpo
Table 1
Summary of zircon U–Pb ages and Hf isotopic compositions of the Gangdese batholith.

Sample Location GPS position Section

06FW101 North of Lhasa N29°41′12″, E91°06′42″ Lhasa
06FW104 North of Lhasa N29°40′31″, E91°04′32″ Lhasa
06FW105 Yangda N29°40′54″, E90°55′55″ Lhasa
06FW108 North of Gurong N29°45′32″, E90°46′32″ Lhasa
06FW110 Zhongduiguo N29°44′15″, E90°49′59″ Lhasa
06FW111 Caina N29°26′36″, E90°57′23″ Quxu
06FW112 North of Caina N29°29′26″, E90°57′40″ Quxu
06FW114 Northeast Caina N29°31′51″, E90°59′35″ Quxu
06FW118 Niedang N29°29′57″, E90°56′19″ Quxu
06FW119 Niedang N29°29′57″, E90°56′19″ Quxu
06FW120 Niedang N29°29′57″, E90°56′19″ Quxu
06FW121 Niedang N29°29′57″, E90°56′19″ Quxu
06FW123 Nanmu Copper N29°31′18″, E90°48′38″ Quxu
06FW124 Nanmu Copper N29°31′18″, E90°48′38″ Quxu
06FW125 East of Nanmu Copper N29°31′02″, E90°49′29″ Quxu
06FW126 Nanmu Power Station N29°28′54″, E90°52′26″ Quxu
06FW127 Nanmu Power Station N29°28′54″, E90°52′26″ Quxu
06FW128 Nanmu Power Station N29°28′54″, E90°52′26″ Quxu
06FW129 Nanmu N29°27′50″, E90°53′48″ Quxu
06FW131 Jiangcun N29°24′28″, E90°54′21″ Quxu
06FW133 Galashan tunnel N29°20′01″, E90°51′56″ Quxu
06FW134 Galashan tunnel N29°21′38″, E90°52′32″ Quxu
06FW139 East of Quxu N29°22′59″, E90°42′56″ Quxu
06FW140 Badi N29°28′21″, E90°42′56″ Quxu
06FW142 Baijin N29°26′21″, E90°42′39″ Quxu
06FW146 Qupu N29°24′10″, E90°43′03″ Quxu
06FW147 Northwest of Quxu N29°22′03″, E90°43′28″ Quxu
06FW148 Northwest of Quxu N29°22′03″, E90°43′28″ Quxu
06FW151 West of Quxu N29°21′27″, E90°43′00″ Quxu
06FW152-2 East of Qulin N29°24′05″, E90°10′44″ Nymo
06FW154 Angang N29°34′41″, E90°16′27″ Nymo
06FW155 Angang Power Station N29°32′33″, E90°16′23″ Nymo
06FW156 Kongdonglang N29°29′58″, E90°16′16″ Nymo
06FW157 Northwest of Qulin N29°24′49″, E90°13′24″ Nymo
06FW158 Southwest of Nymo N29°31′15″, E90°02′31″ Nymo
06FW159 Chongjiang Copper N29°36′25″, E89°59′02″ Nymo
06FW160 Chongjiang Copper N29°36′25″, E89°59′02″ Nymo
06FW161 Chongjiang Copper N29°36′25″, E89°59′02″ Nymo
06FW174 Karu N29°21′04″, E90°05′49″ Nymo
06FW175 Karu N29°20′56″, E90°04′02″ Nymo
06FW176 Nymo N29°20′05″, E90°14′57″ Nymo
06FW162 Numa N29°32′20″, E89°37′21″ Dazhuqu
06FW163 Numa N29°32′20″, E89°37′21″ Dazhuqu
06FW164 Numa N29°31′19″, E89°37′24″ Dazhuqu
06FW165 North of Numa N29°30′12″, E89°37′52″ Dazhuqu
06FW166 North of Numa N29°30′12″, E89°37′52″ Dazhuqu
06FW167 West of Numa N29°26′23″, E89°37′55″ Dazhuqu
06FW168 West of Numa N29°26′23″, E89°37′55″ Dazhuqu
06FW169 West of Numa N29°26′23″, E89°37′55″ Dazhuqu
06FW170 North of Dazhuqu N29°23′34″, E89°37′42″ Dazhuqu
suture zone, the Lhasa terrane that represents the southernmost part
of the Asian continent is characterized by extensive Jurassic–Early
Tertiary calc-alkaline granitoids (Debon et al., 1986; Chung et al.,
2005; Wen et al., 2008) and Cretaceous to Tertiary terrestrial volcanic
sequences of the Linzizong Formation (Maluski et al., 1982; Coulon
et al., 1986; Chung et al., 2005; Zhou et al., 2004; He et al., 2007; Lee
et al., 2007; Mo et al., 2003, 2007, 2008). Further northward, the
Qiangtang terrane is juxtaposed with the Lhasa terrane along the
Bangong–Nujiang suture zone that closed during the Middle Jurassic
to Early Cretaceous (Allègre et al., 1984; Kapp et al., 2005).

As a prominent part of the Transhimalaya batholith, the Gangdese
batholith is located in southern Tibet and extended from Kailas in the
west through Lhasa, and then to Linzhi in the east (Fig. 1a). The major
Gangdese rock types includegabbro, diorite, granodiorite,monzogranite
and/or syenogranite. Except for gabbro, which contains orthopyroxene,
clinopyroxene and various contents of amphiboles, all these rocks are
coarse-grained with mineral assemblage of quartz, plagioclase, potas-
sium feldspar, biotite and hornblende, indicating that the granites
genetically belong to I-type granites. Field investigations suggest that
phenocrysts of potassium feldspar are common for the granodiorite and
Rock type Age (Ma) εHf(t) TDM2 (Ma)

Bi-monzogranite 64.7±1.1 7.9±0.3 873±30
Bi-monzogranite 64.4±0.9 6.9±0.8 949±63
Bi-monzogranite 55.2±1.5 6.0±0.4 1018±36
Hb-Bi-granodiorite 56.8±0.7 7.7±0.5 858±38
Bi-monzogranite 54.3±0.9 7.7±0.4 872±30
Hb–Bi-monzogranite 50.6±0.7 11.1±0.4 566±30
Hb-Bi-granodiorite 53.4±1.0 10.6±0.4 600±30
Hb-Bi-granodiorite 86.4±1.6 11.5±0.5 552±44
Bi-monzogranite 51.0±0.7 10.6±0.5 600±44
Bi-granodiorite 51.2±0.7 11.1±0.4 530±33
Dioritic enclave 50.3±0.6 10.9±0.4 585±37
Granitic dike 51.1±0.7 11.0±1.0 553±40
Bi-monzogranite 17.0±0.9 5.8±0.7 1041±44
Granitic porphyrite 15.3±0.4 6.9±1.1 926±97
Hb-Bi-monzogranite 17.7±0.6 6.4±0.7 992±39
Hb-granodiorite 55.3±1.0 6.4±0.7 989±54
Granitic dike 49.5±0.6 7.4±0.3 915±18
Doleritic dike 49.9±1.0 9.4±1.4 720±130
Hb-Bi-granodiorite 52.9±0.7 6.2±0.6 1016±53
Tonalitic gneiss 44.0±0.8 2.7±1.2 1335±110
Bi-Hb-monzonite 47.1±1.0 0.9±0.6 1486±38
Bi-monzogranite 41.9±0.6 2.3±0.6 1367±53
Qz monzonite 41.5±0.7 0.6±0.5 1513±38
Bi-monzogranite 43.7±0.9 7.0±2.0 915±130
Bi-monzogranite 21.3±0.6 9.0±0.9 817±110
Gabbro 56.9±1.4 13.0±0.3 402±24
Bi-granodiorite 51.5±0.8 13.4±0.3 365±24
Syenogranitic dike 51.3±0.6 11.7±0.5 508±34
Diorite 55.5±1.2 12.7±0.4 434±31
Diorite 57.3±0.9 12.9±0.4 410±32
Bi-monzogranite 51.3±0.7 8.2±0.4 825±30
Bi-monzogranite 61.1±1.2 7.7±0.7 899±54
Bi-monzogranite 55.4±0.8 8.5±0.5 823±40
Monzogranite 32.5±0.5 5.0±0.6 1105±56
Bi-monzogranite 14.9±0.3 4.7±0.5 1133±39
Monzogranite 15.3±0.2 4.6±0.5 1136±42
Granitic porphyrite 13.7±0.3 6.2±1.0 997±55
Dioritic porphyrite 13.5±0.4 6.4±0.6 948±52
Hb-diorite 50.2±1.5 10.9±0.4 585±35
Hb-quartz diorite 52.6±1.2 11.2±0.6 554±44
Hb-diorite 53.6±1.0 11.3±0.9 559±63
Granodiorite 50.9±0.8 11.8±0.6 552±26
Monzogranite 48.2±0.7 11.0±0.4 525±35
Monzogranite 184.9±3.8 14.4±0.5 376±38
Granodioritic gneiss 194.0±3.5 15.3±0.4 282±35
Monzogranitic gneiss 205.3±3.0 14.8±0.6 340±34
Monzogranite 155.9±2.3 11.6±0.5 592±39
Hb-diorite 174.2±2.5 13.6±0.7 431±51
Syenogranitic dike 151.8±1.6 13.2±0.6 444±38
Bi-Hb-diorite 108.6±1.5 13.2±0.4 416±34



Fig. 2. Representative cathodoluminescence (CL) images of zircons from the Gangdese batholith with identified analytical number, U–Pb age and εHf(t) value (scale bar=100 μm).
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Fig. 4. Zircon U–Pb concordia diagrams of granites from the Gurong pluton in the Lhasa
section (3 samples).
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monzogranite. In some localities, amazonite-bearing alkali feldspar
granite is also identified. In this study,we analyzedfifty granitic samples
collected from the middle part of the Gangdese batholith, from Lhasa–
Gurong, Quxu, Nymo and Dazhuqu areas, respectively (Fig. 1b).

3. Analytical methods

Zircon crystals were obtained from crushed rock using a combined
method of heavy liquid and magnetic separation techniques. Individual
crystals were hand picked and mounted in epoxy resin. Experiments
were carried out at theMC-ICPMS laboratory of the Institute of Geology
and Geophysics, Chinese Academy of Sciences. An Agilent 7500a
quadruple (Q) -ICPMS and a Neptune multi-collector (MC)-ICPMS
were used for simultaneous determination of zircon U–Pb age, trace
elements and Lu–Hf isotopes with a 193 nm excimer ArF laser-ablation
system (GeoLas Plus) attached. The detailed analytical procedures can
be found in Xie et al. (2008), only an outline is given here.

Before analysis, the sample surface was cleaned with ethanol to
eliminate possible contamination. Every 5 sample analyses were
followed by analyzing of a suit of zircon standards, i.e., Harvard zircon
91500 (Wiedenbeck et al., 1995), Australian National University
standard zircon TEMORA (Black et al., 2003) and NIST SRM 610.
Each spot analysis consisted approximately of 30 s background
acquisition and 40 s sample data acquisition. During experiments,
the ablation material was sent to the Q-ICPMS and MC-ICPMS
simultaneously for U–Pb and Hf isotopic analyses. 207Pb/206Pb,
206Pb/238U, 207U/235U (235U=238U/137.88), 208Pb/232Th ratios were
corrected by using zircon 91500 as external standard. The fractionation
correction and results were calculated using GLITTER 4.0 (Macquarie
University) (Jackson et al., 2004). CommonPbwas corrected according
to the method proposed by Anderson (2002). The weighted mean
U–Pb ages and concordia plots were processed using ISOPLOT 3.0
(Ludwig, 2003). For Hf analyses, the isobaric interference of 176Lu on
176Hf is negligible due to the extremely low 176Lu/177Hf in zircon
(normally b0.002). The interference of 176Yb on 176Hfwas calculated by
measuring the mean 173Yb/171Yb ratio of the individual spot, and then
calculating the fractionation coefficient of Yb, andfinally deducting the
contribution of 176Yb to 176Hf. assuming 176Yb/172Yb=0.5887. During
Fig. 3. Zircon U–Pb concordia diagrams of granites from Lhasa pluton in the Lhasa
section (2 samples).
this study of analyses, TEMORA 1 as an unknown sample yielded a
weighted 206Pb/238U age of 416±2 Ma (2σm, MSWD=0.1, n=50) and
aweighted 176Hf/177Hf ratio of 0.282673±0.000005 (2σm,MSWD=4.0,
n=50), which is in good agreement with the recommended U–Pb age
and Hf isotopic ratio (Black et al., 2003; Wu et al., 2006). During data
acquisition of Hf isotopes, 176Hf/177Hf isotopic ratio of 0.282305 is
recommended as the standard value for 91500 (Wu et al., 2006).

The notations of εHf, fLu/Hf and THf in this study are defined as:
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where, (176Lu/177Hf)S and (176Hf/177Hf)S are the measured values of
samples, (176Lu/177Hf)CHUR=0.0332 and (176Hf/177Hf)CHUR,0=0.282772
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(Blichert-Toft and Albarede, 1997); (176Lu/177Hf)DM=0.0384 and (176Hf/
177Hf)DM=0.28325 (Griffin et al., 2000), t=crystallization time of zircon.

As for zircons crystallized from a crustal source, we also calculated
two-stage Hf model ages (THf2) using the same assumption as Keto
and Jacobson (1987) for Nd isotopes:

THf2 = THf1 − THf1 − tð Þ fLC − fsð Þ= fLC − fDMð Þð Þ

where, fLC, fs, fDM= fLu/Hf values of the crustal source, the sample and
the depleted mantle, respectively. In our calculation, fLC=−0.34
(176Lu/177Hf=0.22 lower continental crust, Amelin et al. (1999)) and
fDM=0.157 (176Lu/177Hf=0.0384), and t=the crystallization age of
zircon.
Fig. 5. U–Pb concordia diagrams of studied gr
4. Analytical results

The zircon U–Pb and Lu–Hf isotopic data are presented in
Supplementary Tables A1 and A2, respectively, and are summar-
ized in Table 1. Representative Cathoduluminescence (CL) images
are given in Supplementary B, and some of them are shown in
Fig. 2.

4.1. Zircon U–Pb isotopic results

The Gangdese zircons are mostly euhedral and reveal long to short
prismatic forms, with average crystal lengths being ~150–300 μm and
length-to-width ratios from 2:1 to 3:1 (Fig. 2, and Supplementary B).
anites in the Quxu section (24 samples).



Fig. 5 (continued).
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Most zircons are transparent, colorless to palely brown and show
oscillatory zoning indicative of magmatic growth (Fig. 2, and
Supplementary B). Thus, the interpretation of the zircon U–Pb isotopic
results (see below) is simple and the obtained ages are interpreted as
representing the crystallization timing of the zircons dated and thus
the emplacement timing of the host rocks.

4.1.1. Lhasa–Gurong section
Five samples were dated from the granites exposed around Lhasa.

Samples 06FW101 and 06FW104, from the Lhasa pluton, are both
monzogranite. U–Pb isotopic analyses yielded identical zircon 206Pb/238U
ages of 64.7±1.1 and 64.4±0.9Ma, respectively (Fig. 3a and b). Samples
06FW105, 06FW108 and 06FW110 were collected from the Gurong
pluton, which, ~30 km northwest of Lhasa, consists mainly of
porphyritic granodiorite and monzogranite. The three samples yielded
zircon 206Pb/238Uages of 55.2±1.5, 56.8±0.7 and54.3±0.9Ma(Fig. 4a,
b and c), slightly younger than those of the Lhasa pluton.

4.1.2. Quxu section
Granites around Quxu area show various rock types from gabbro,

diorite, granodiorite andmonzogranite (Schärer et al.,1984b;Donget al.,
2005; Mo et al., 2005b). Twenty-four samples were collected for zircon
U–Pb dating in this study. Samples 06FW111 and 06FW112, being
porphyriticmonzogranite and coarse-grainedgranodiorite, respectively,
from east of the Lhasa River, yielded zircon 206Pb/238U ages of 50.6±0.7
and 53.4±1.0 Ma (Fig. 5a and b). More specifically, the granites around



Fig. 6. U–Pb concordia diagrams of studied granites in the Nymo section (12 samples).
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are characterized by the common occurrence of gabbroic–dioritic
enclaves in granitic hosts. This study analyzed a medium- to coarse-
grained monzogranite (06FW118) that changes gradually to granodior-
ite (06FW119) when dioritic enclave (06FW120) is abundant. U–Pb
analyses give 206Pb/238U ages of 51.0±0.7, 51.2±0.7 and 50.3±0.6Ma,
respectively (Fig. 5c–e), identical to the SHRIMP zircon U–Pb results of
51.2±1.1 (granite), 47±1.0 (gabbro) and 51.1±1.1 Ma (enclave) from
the same locality (Mo et al., 2005b). In addition, both granodiorites and
enclaves in this localityare intrudedbya laterfine-grainedmonzogranitic
vein (06FW121), in which most zircon grains give an age of 51.1±
0.7 Ma (Fig. 5f) and six zircon grains with high U contents and black CL
images (see Fig. 2 and Supplementary B) give younger ages of 45.5±
0.8 Ma. The former could be interpreted as crystallization age of the
zircons, whereas the later reflects the effect of metamictization which
may lower the age of zircons. In another locality, coarse-grained
granodiorite (06FW126)with a 206Pb/238U age of 55.3±1.0Ma (Fig. 5g)
was cut by a composite felsic–mafic dyke (the mafic dyke outcrops
within the felsic dyke along the strike), in which the felsic (06FW127)
andmafic (06FW128) rocksgive 206Pb/238Uagesof 49.5±0.6 and49.9±
1.0Ma, respectively (Fig. 5h and i). All these data support the conclusion
obtained from field investigation that a significant magma mixing took
place during the emplacement of granitic and mafic magmas at ~50 Ma.

In northern part of the Quxu section, there are fine-grained
monzogranite (06FW123 and 06FW125) and porphyrite (06FW124)



Fig. 7. U–Pb concordia diagrams of studied granites in the Dazhuqu section (9 samples).
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near theDabu copperdeposit that showMiocene zircon 206Pb/238U ages
ranging from 15.3±0.4 to 17.7±0.6 Ma (Fig. 5j–l). Five samples from
southeast part of this pluton yielded zircon 206Pb/238U ages of 41.5±
0.7–52.9±0.7 Ma (Fig. 5m–q), among which samples 06FW134 and
06FW139, from both sides of the Quxu bridge across the Lhasa River,
show identical andyoungages of 41.9±0.6 and41.5±0.7Ma, consistent
with the conventional zircon U–Pb age of 41.7±0.4 Ma reported by
Schärer et al. (1984b).Moreover, in thefieldweobserved thepresenceof
amazonite-bearing pegmatite that occurs as veins cutting sample
06FW134, indicating a high degree of crystal fractionation in the
evolution of this stage of granitic magmatism.

Seven samples from the western part of the Quxu section display
diverse U–Pb age results. A coarse-grained monzogranites with weak
foliation has a 206Pb/238U age of 43.7±0.9 Ma (Fig. 5r), whereas an
unfoliated monzogranite from nearby area show a 206Pb/238U age of
21.3±0.6 (Fig. 5s). A monzodiorite collected from a norite–gabbro
pluton north of Quxu gives a 206Pb/238U age of 56.9±1.4 Ma (Fig. 5t),
and the other three samples, ranging from diorite to syenogranite,
show zircon ages from 51.3±0.6 to 55.5±1.2 Ma (Fig. 5u–w).
However, sample 06FW114, a medium-grained granodiorite that has
weak foliations andwas collected from the northeasternmost, yielded
a Cretaceous 206Pb/238U age of 86.4±1.6 Ma (Fig. 5x), much older
than the Cenozoic zircon ages in all other samples.
4.1.3. Nymo section
The Nymo section is characterized by a large dioritic outcrop in

its southern part (Fig. 1b). Four samples (06FW152-2, 06FW176,
FW175 and 06FW174) collected from this diorite body yielded zircon
206Pb/238U ages of 57.3±0.9 (Fig. 6a), 53.6±1.0 (Fig. 6b), 52.6±1.2
(Fig. 6c) and 50.2±1.5 Ma (Fig. 6d), respectively, identical to those of
dioritic rocks exposed in the Quxu pluton. Three samples (06FW154,
06FW155 and 06FW156) collected from the northeastern part are
coarse-grained porphyritic monzogranite that give 206Pb/238U ages of
51.3±0.7 (Fig. 6e), 61.1±1.2 (Fig. 6f) and 55.4±0.8 Ma (Fig. 6g),
similar to the dioritic rocks. Unexpectedly, another porphyritic
monozogranite (06FW157) collected from southeast of Nymo yielded
Oligocene age of 32.5±0.5 Ma (Fig. 6h). However, in western part of
the Nymo plutonwhere the Chongjiang copper deposit is located, two
porphyritic monzogranites (06FW158 and 06FW159) have Miocene
zircon ages of 14.9±0.3 (Fig. 6i) and 15.3±0.2 Ma (Fig. 6j). Besides, a
granitic porphyry (06FW160) and a porphyritic diorite (06FW161)
give slightly younger ages of 13.7±0.3 (Fig. 6k) and 13.5±0.4 (Fig. 6l)
than the hosted porphyritic monzogranite.

4.1.4. Dazhuqu section
Nine samples were collected from the Dazhuqu section along the

roadcut north of the Dazhuqu township. Sample 06FW162 is a weakly



Fig. 8. Zircon Lu–Hf isotopic compositions of studied granites in the Gangdese batholith. All these zircons are characterized by high 176Hf/177Hf isotopic ratios, hence positive εHf(t)
values and young Hf model ages. (a) 176Lu/177Hf–176Hf/177Hf variations; (b) 206Pb/238U age–εHf(t) variations; and (c) histograms of the two-stage Hf model ages.
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foliated granodiorite from the northernmost and is cut by a
monzogranite vein (sample 06FW163). Their zircon 206Pb/238U ages
are 50.9±0.8 (Fig. 7a) and 48.2±0.7 (Fig. 7b), respectively. By
contrast, other samples show totally different zircon ages. A fine-
grained monzogranite has a 206Pb/238U age 184.9±3.8 (Fig. 7c),
which is identical to the 206Pb/238U age of 188.1±1.4 Ma obtained by
Chu et al. (2006) using SHRIMP technique. Further south of the above
locality, two highly foliated samples, i.e., a granodiorite (06FW165)
and a monzogranite (06FW166), yield 206Pb/238U ages of 194.0±3.5
(Fig. 7d) and 205.3±3.0 (Fig. 7e), respectively. The latter is the oldest
zircon U–Pb age so far obtained for the granites within the Gangdese
batholith. To further south, a monzogranite and a syenogranite give
Jurassic zircon ages of 155.9±2.3 (Fig. 7f) and 151.8±1.6 (Fig. 7h)Ma,
and a dioritic enclave gives a slightly older age of 174.2±2.5 Ma
(Fig. 7g). Near the Dazhuqu township, a diorite sample (06FW170)
gives a Cretaceous 206Pb/238U age of 108.6±1.5 Ma (Fig. 7i).
4.2. Zircon Lu–Hf isotopic results

In Table 1, the εHf(t) value, i.e., parts in 104 deviation of initial
176Hf/177Hf isotopic ratios between the sample and the chondritic
uniform reservoir, and TDM2, the two-stage zircon Hf isotope model
age based on a depleted-mantle source and an assumption that the
protolith of the zircon's host magma has the average continental
crustal 176Lu/177Hf ratio of 0.015, were calculated after Griffin et al.
(2002) by utilizing the 176Lu–176Hf decay constant adopted in
Scherer et al. (2001). Our conclusions would not be significantly
affected if the alternative decay constants proposed by other
studies were used.

4.2.1. Lhasa–Gurong section
Zircons from this section are mostly low 176Lu/177Hf (b0.002)

zircons with 176Hf/177Hf isotopic ratios ranging from 0.282825 to



Fig. 9. Histogram of zircon U–Pb ages for granites in the Gangdese batholith. Four
individual mgmatic stages can be recognizedwith the early Cenozoic (65–41Ma) as the
dominant. Literature data include Schärer et al. (1984b), Harrison et al. (2000),
McDermid et al. (2002), Chung et al. (2003); Hou et al. (2004); Rui et al. (2003), Lin et al.
(2004), Dong et al. (2005), Mo et al. (2005b), Chu et al. (2006), Mo et al., 2006;Wang et
al. (2006), Zhang et al. (2007a), Wen et al. (2008) and Yang et al. (2008b). The inserted
show the detailed age spectrumof the early Cenozoic granites in the Gangdese batholith.
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0.283034 (Fig. 8a-1 and a-2). The calculated averages of εHf(t) values
for the 5 Paleocene–Eocene samples range from 7.9±0.3 to 6.0±0.4,
yielding two-stage Hf model ages of ~631–1305 Ma (Fig. 8a-3).

4.2.2. Quxu section
Zircons from this section show a large variation in Hf isotopic

compositions, with εHf(t) values varying from 13.4±0.3 to 0.6±0.5
(Fig. 8b-1 and 4b-2), which result in awide range of the Hfmodel ages
(~253–1893 Ma; Fig. 8b-3). Different from the Lhasa–Gurong section,
a few samples from this section show much lower 176Lu/177Hf
(b0.0001) coupled with 176Hf/177Hf ratios (b0.282650), which will
be discussed in the next section.

4.2.3. Nymo section
The zircon Hf isotopic ratios of this section are similar to those of

the Lhasa–Gurong samples. The 176Lu/177Hf ratios are mostly less
than 0.002 and the 176Hf/177Hf ratios range from 0.282846 to
0.283142 (Fig. 8c-1 and c-2). The calculated average εHf(t) values of
the 12 samples range from 12.9±0.4 to 4.6±0.5. The Paleocene–
Eocene samples (n=7) have εHf(t) values of 12.9±0.4 to 7.7±0.7,
slightly higher than those (6.4±0.6 to 4.6±0.5) of the Oligocene–
Miocene samples (n=5).

4.2.4. Dazhuqu section
Zircons from the Dazhuqu area show the highest 176Lu/177Hf and

176Hf/177Hf ratios (Fig. 8d-1 and d-2) among the four sections. The
calculated averages of εHf(t) values range from 15.3±0.4 to 11.0±0.4,
yielding the youngest two-stage Hf model ages of 92–746 Ma,
indicating that the magma source of the granites in this area is
relatively more juvenile than that of the other three sections.

5. Discussion

5.1. Geochronological framework of the Gangdese batholith

Since the early 1980s (Schärer et al., 1984b), the Gangdese batholith
has been served as a focus of the geochronological and petrogenetic
studies in Tibet (e.g., Maluski et al., 1982; Copeland et al., 1987, 1995;
Richter et al.,1991; Chung et al., 2005;Wen et al., 2008). The pioneering
data indicate that the granites were mostly emplaced during the
Paleocene–Eocene with minor emplacement taking place during the
Cretaceous (Schärer et al., 1984b; Dong et al., 2005; Mo et al., 2005b,
2007). However, recent isotopic studies indicate that Miocene and
Jurassic granitic intrusions were also developed within this large and
composite batholith (Chung et al., 2003; Hou et al., 2004; Chu et al.,
2006; Zhang et al., 2007a). Even so, the age distribution of the entire
batholith remains unclear due to the limitation of sampling. Recently,
Wen et al. (2008) reported amore detailed geochronological study that,
in combination with published age data, led these authors to conclude
that the modern Gangdese outcrop consists of two main stages of
plutonism during the Late Cretaceous and early Paleogene, with minor
Jurassic granites in localities.

Together with the published zircon U–Pb age data (n=59), this
study (n=50) results in a larger dataset (n=109) that identifies four
stages of granitic activities in the Gangdese batholith during 205–152,
109–80, 65–41 and 33–13 Ma, respectively (Fig. 9). The Triassic–
Jurassic granites aremostly located in the Dazhuqu section, whichwas
identified first by Chu et al. (2006). Additional Jurassic granites were
later documented by Zhang et al. (2007a) in the Nymo section and by
Yang et al. (2008b) to a locality east of Lhasa city. In this study, six out
of the nine samples from the Dazhuqu section yielded ages of 205–
152 Ma, indicating that the amount of the Triassic–Jurassic granites
might be more abundant than previously thought (cf. Chung et al.,
2005).

The Cretaceous granites were recognized first by Schärer et al.
(1984b) in the Dazhuqu section, and recently reported by McDermid
et al. (2002) and Wen et al. (2008) in other areas. There are only two
samples in this study showing Cretaceous ages, i.e., 86.4±1.6 Ma for
sample 06FW114 and 108.6±1.5Ma for sample 06FW170. The former is
amedium-grainedgranodiorite from theQuxusection, and the latter is a
diorite from the northern Dazhuqu section. By contrast, ten out of 25
samples reported by Wen et al. (2008), which deals with a full areal
coverage of the Gangdese batholith, show zircon U–Pb ages of 103–
80 Ma. A direct inference is hence that Cretaceous granites were more
extensively developed in other parts of the Gangdese batholith than its
middle part investigated by this study.

The third and most prominent period of granitic magmatism for
the Gangdese batholith is during the Paleocene–Eocene. Thirty-three
out of 50 dated samples in this study have zircon U–Pb ages of 64–
42 Ma. Among the 59 ages available from literature, 29 samples have
zircon U–Pb ages of 65–41 Ma. Therefore, we conclude that the
duration of 65–41 Ma is the most important period of the Gangdese
magmatism. This granitic magmatism is also matched by coeval
volcanism of the Linzizong successions (Mo et al., 2003, 2007, 2008;
Zhou et al., 2004).

In addition, Miocene granites represent another important stage of
magmatism in the Gangdese batholith. Chung et al. (2003) reported
this stage of granites first from Linzhi and Jiama although a 30-Ma
Oligocene granite had been previously reported by Harrison et al.
(2000). Later study suggested that the copper deposits in the
Gangdese batholith are mostly concentrated in this stage of granites
(Hou et al., 2004). In the present study, samples from Nanmu (Dabu)
and Chongjiang show zircon U–Pb ages of 13.5–17.7 Ma, with another
sample (06FW142) from northwest of Quxu having zircon U–Pb age of
21 Ma. An unexpected age of 32.5 Ma obtained from 06FW157 in
southeast of Nymo is coeval to the Yaja granodiorite (30.4 Ma) from
Zedong area (Harrison et al., 2000). It should be noted that the
Miocene granites show the same geological and petrological char-
acteristics as those of the Paleocene–Eocene granites, which means
that more field investigation is needed to distinguish the different
stages of granites in this batholith since almost all these granites were
classified as being Paleocene–Eocene in the previous geological maps.

The identification of above four stages of granitic magmatism for
the Gangdese batholith is also supported by radiometric dating of
associated volcanic rocks. Along with the Miocene and Paleocene–
Eocene (Linzizong) volcanic rocks (Coulon et al., 1986; Turner et al.,
1993, 1996; Williams et al., 2001, 2004; Zhou et al., 2004; He et al.,



Fig. 10. Comparisons of zircon Hf isotopic compositions from different batholiths in the
Transhimalayan belt and the northern Lhasa terrane. It is indicated that zircons from the
Gangdese and Ladakh batholiths show characterized positive εHf(t) values, whereas
those from the Chayu–Burma batholith and the North Lhasa terrane show negative εHf
(t) values; suggesting that they derived from the juvenile and ancient crusts,
respectively. Data source: Gangdese batholith: Chu et al. (2006), Zhang et al. (2007a)
and this study; Ladakh: Schaltegger et al. (2002) and Heuberger et al. (2007); Dianxi–
Burma: Liang et al. (2008); Northern Lhasa: Chu et al. (2006), Zhang et al. (2007a) and
unpublished data of authors. The grey shaded area represents the Hf isotopic
evolutional trend of the analyzed zircons.
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2007; Lee et al., 2007; Mo et al., 2003, 2007, 2008), recent mapping
projects involving detailed field investigations indicated that Jurassic
(182–174 Ma) and Cretaceous (120–110 Ma) volcanic rocks are
widespread within the Gangdese batholith (Dong et al., 2006; Geng
et al., 2006; Zhu et al., 2008). Additionally, U–Pb isotopic dating for the
detrital zircons from the Cretaceous Xigaze fore-arc basins, which
accumulated the eroded sediments from the Gangdese arc (Einsele et
al., 1994; Dűrr, 1996), revealed that the Gangdese batholith was
dominated by igneous rocks formed at ca. 130–80 Ma, associated with
smaller amounts formed at ca. 190–150 Ma, recording two important
stages of the arc magmatism during the Mesozoic (Wu et al., 2009).

5.2. Hf isotopes and juvenile nature of the Gangdese batholith

The Lu–Hf isotope, as many other isotopic systems, is an important
geochemical tracer to decipher the evolutionary history of the crust
and mantle. During partial melting, the once uniform mantle would
generate Lu/Hf fractionation with formation of basaltic magma (low
Lu/Hf) and mantle residue (high Lu/Hf) (Kinny and Maas, 2003).
Consequently, the residual and depleted mantle, which has Lu/Hf N
chondrites, will be progressively radiogenic with positive εHf value. In
contrast, the enriched, especially the ancient crust, with Lu/Hf b

chondrites, will be unradiogenic with negative εHf value. If the magma
derives from the juvenile crust, it still has positive εHf value since there
is no enough time for it to deviate from the mantle value. However,
mixing between the depleted and enriched source derived magmas
will have variable εHf values depending on the mixing proportions.

Zircon is a common accessory mineral in granites. Its high
concentration of Hf element, usually 0.5–2%, makes precise measure-
ment of Hf isotopic ratios (176Hf/177Hf) feasible using laser ablation
technique. Moreover, the extremely low Lu concentration relative to
Hf means that the 176Hf/177Hf ratio of zircon can represent the initial
Hf isotopic composition of the magma from which the zircon
crystallized because subsequent radiogenic growth is negligible
(Kinny and Maas, 2003). Combined with its high resistance to
weathering and/or alteration, zircon Hf isotope has been proven as
an excellent geochemical tracer to decipher magma source and
petrogenetic processes (Kemp et al., 2006; Yang et al., 2007).
Considering that the granites are mostly crustal derived, the positive
and negative εHf values of their zircons would indicate that they come
from partial melting of juvenile and ancient crusts, respectively
(Kinny and Maas, 2003).

According to published data (Chu et al., 2006; Zhang et al., 2007a),
the Jurassic granites in the Gangdese batholith is characterized by high
and positive εHf(t) values. As for younger granites of the other three
stages, noHf isotopic data has been reported although itwas quoted that
they show the same positive εHf(t) values (Chu et al., 2006; Liang et al.,
2008). In this study, Hf isotopic ratios have been measured simulta-
neously with the U–Pb ages. As shown in Fig. 8, all granites from the
Gangdese batholith display positive zircon εHf(t) values. It has been
generally suggested that granites in the world are mostly derived from
partial melting of pre-existed crust, manifest by their negative εNd(t) or
εHf(t) values (Allègre and Ben Othman, 1980). However, Hf isotopic
compositions of granites from the Gangdese batholith reflect a
remarkable difference from most granites worldwide and the positive
εHf(t) values indicate a very juvenile magma source of this batholith.

Across the southern margin of the Lhasa terrane, the Transhima-
layan batholith can be divided into the Kohistan–Ladakh batholith in
the west, the Gangdese batholith in the middle and the Chayu–
Dianxi–Burma batholith in the east (Allègre et al., 1984; Le Fort, 1988;
Barley et al., 2003) (Fig. 1a). As discussed above, the Gangdese
batholith is characterized by four distinct stages of granitic magma-
tism showing positive εHf(t) values (Fig. 10). Zircon U–Pb age dating of
granites in the Kohistan–Ladakh batholith indicated that this
composite batholith was also mostly emplaced during 103–50 Ma,
with a magmatic gap around 80–70 Ma (Honegger et al., 1982;
Schärer et al., 1984a; Weinberg and Dunlap, 2000; Pedersen et al.,
2001; Dunlap and Wysoczanski, 2002; Schaltegger et al., 2002; Jain
and Singh, 2008). This batholith show also positive zircon εHf(t)
values between +6 and +15 (Schaltegger et al., 2002; Heuberger et
al., 2007; Ravikant et al., in press, Fig. 10). To the east, however, the
Chayu–Dianxi–Burma batholith is characterized by negative εHf(t)
values (Liang et al., 2008; Chiu et al., 2009) (Fig. 10). In this regard,
the geochronological framework and positive εHf(t) values of the
Kohistan–Ladakh–Gangdese batholith have broad implications to
decipher the erosion history of the Himalaya–Tibet orogen, since
according to our knowledge, there is no other area in the Himalaya–
Tibet region fromwhich rocks show the similar geochronological and
isotopic features. For example, zircons from the granites in the
Himalaya and northern Lhasa terrane show only negative εHf(t)
values (Chu et al., 2006; Zhang et al., 2007b) (Fig. 10), markedly
different from those of the Kohistan–Ladakh–Gangdese batholith.
Therefore, the unique zircon Hf isotopic compositions, marked with
high, positive εHf(t) values, observed in the Kohistan–Ladakh–
Gangdese granites can be used as an effective geochemical tracer to
study the source-to-sink relationship of the sediments eroded from
the southern Tibetan Plateau (Wu et al., 2007, 2009; Liang et al.,
2008).

5.3. Petrogenesis and geodynamic implications

Before discussing the petrogenesis of the studied granites and their
geodynamic implications, it is necessary to make clear the collision
time between India and Asia since this issue is quiet debatable
recently. According to the available literature, the proposed initial
time of India–Asia collision varies from ~70 to 34 Ma (Najman, 2006,
and references therein), including constraints from paleomagnetism
(Patriat and Achache,1984; Besse and Courtillot,1988; Klootwijk et al.,
1992; Patzelt et al., 1996; Aitchison et al., 2007), floral to faunal
distribution (Jaeger et al., 1989; Prasad et al., 1994; Upadhyay et al.,
2004), cessation of marine facies and change of sedimentation
patterns (Garzanti et al., 1987, 1996;Willems et al., 1996; Searle et al.,
1997; Rowley,1998; Zhu et al., 2005), development of flexure-related
unconformities in the suture zone and both continental margin (Beck
et al., 1995; Yin and Harrison, 2000; Ding et al., 2005; Mo et al., 2007,
2008), metamorphic time of eclogites by continental subduction
(Tonarini et al., 1993; de Sigoyer et al., 2000; Kaneko et al., 2003;



Fig. 11. Stages of Tibetan plateau evolution constrained from granites. (a) ~205–80 Ma:
subduction of Neotethyan ocean beneath Lhasa terrane; and (b) ~65–41 Ma: the
magmatic flare-up in southern Lhasa terrane (Gangdese batholith and Linzizong
volcanic rocks); (c) ~33–13 Ma: Convective removal of the thickened Himalaya–Tibet
mantle lithosphere. See text for details.
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Leech et al., 2005) and the end of Gangdese I-type granitoid injection
(Searle et al., 1987). Considering a large pile of data and discussion,
only a brief introduction about the collisional time in Tibet is
concerned here.

Based on the paleomagnetic data for the Cretaceous–Paleocene
rocks on both sides of the Yarlung-Tsangpo, it was proposed that the
initial contact between India and Asia might take place at ~65–60 Ma
with complete suturing at ~55–50 Ma in Tibet (Patzelt et al., 1996). In
terms of variations of sedimentation facies and depositional patterns
of the Cretaceous–Paleocene rocks in Tibet, Willems et al. (1996)
proposed that the collision initiated at ~70–64 Ma. However, this
conclusion was challenged by Rowley (1996, 1998) who suggested
that collision occurred after 46 Ma. Recently, Zhu et al. (2005)
suggested that the onset of the India–Asia collision occurred at 50.6±
0.2 Ma based on source changes of the sedimentary rocks in southern
Tibet. With respect to the deformation, Ding et al (2005) advocated
that the obduction of the oceanic rocks onto the northern margin of
the India at ~65 Ma marks the India–Asia collision at that time. This
conclusion is also supported by Mo et al. (2005a, 2007) who
suggested that the unconformity between the Linzizong volcanic
sequence and the underlying Cretaceous rocks at ~65 Ma represents
the India–Asia collision.

Although it seems widely accepted that the initial collision
between India and Asia took place before 50 Ma, even older than
70 Ma, Aitchison et al. (2000, 2007) proposed that the above collision
did not take place until ~34 Ma. They suggested that an intraoceanic
arc (Zedong terrane) collided with India firstly at ~55 Ma, and then
the composite Indian continent eventually collided with Asia at
~34 Ma when the marine environment ended. It is beyond this paper
to review all lines of evidence they based on, our argument is that the
Zedong terrane might be the slice of the Gangdese batholith (Chung,
unpublished data), let alone the small size of the Zedong terrane
compared with the huge Neo-Tethysan ocean. Therefore, we suggest
that the previous conclusion based on multidisciplinary lines of direct
and indirect evidence is solid as proposed by comment of Garzanti
(2008). It is still unclear, however, that the collision took place at ~70–
65 or ~55 Ma. We will discuss this issue below based on our new age
data since it is the key for us to give a reasonable explanation for the
petrogenesis of the Gangdese batholith.

Previously, it was thought that the Gangdese batholith was formed
by partial melting of mantle wedge above subduction zone of the
Neotethyan ocean beneath the southern Asian continent (Searle et al.,
1987;Rowley,1996), or resulted from India–Asian collision (Debonet al.,
1986). The identification of multiple stages of granites challenges these
interpretations. Before dealing with the petrogenesis of these stages of
magmatism, however, we firstly discuss the source characteristics of
these granitic rocks. As stated above, no significantHf isotopic difference
has been documented between the mantle-derived gabbro and diorite
and crustal-derived granites (including granodiorite, monzogranite and
syenogranite), whichmeans that either the crustal- andmantle-derived
magmas had become isotopically homogeneous duringmagmamixing,
or they share a common isotopic source. Taking an example of a suite of
samples 06FW118, 06FW119, 06FW120 and 06FW121 from the Quxu
section, all of which were emplaced synchronically at ~51 Ma but
represent product of different degree of magma mixing. The zircons
from the above samples show different internal structures. Zircons from
06FW118 (monzogranite) and 06FW119 (granodiorite) show typical
oscillatory growth zoning with fine bands (Fig. 2), and the zircons from
sample 06FW120 display simple growth zonewith broad bands (Fig. 2).
In the later dyke of 06FW121, the zircons are mostly small with fine
growth zoning (Fig. 2). All of these indicate that these zircons
crystallized from different kinds of host magmas. Considering that
zircon is generally crystallized during early evolution of granitic magma
and records the initial Hf isotopic compositions of magma, we therefore
propose that the crustal andmantle sources of theGangdesegranites are
similar isotopically. This conclusion is supported by the temporal Hf
isotopic variations in the granites, which follow an evolutional trend
intersecting the depletedmantle at ~200–300Ma (Fig.10). Therefore, it
is reasonable to conclude that all these granites, including associated
gabbro and diorite, have a common source despite the overall magma
evolution might be complex.

Both the subducted Neotethyan oceanic lithosphere and its
resultant young mantle wedge can be the possible candidates of this
common source and discrimination of these possibilities is not easy at
this point. Generally, partial melting of subducted oceanic crust would
result in formation of adakite (Defant and Drummond, 1990), which,
however, is not identified for most of the Gangdese granites. Most
recently, Yang et al. (2008a) reported the existence of eclogites with
oceanic crustal affinity at Songduo, east of Lhasa (Fig. 1b), which led
the authors to divide the Lhasa terrane into southern and northern
portions. SHRIMP U–Pb dating of zircons from the eclogites yield a
metamorphic age of 262±5 Ma (Yang et al., 2008a). In addition, Late
Permian arc-related granites and volcanic rocks were reported north
of that boundary (Booth et al., 2004; Yang et al. 2008a). Given that the
southern Lhasa terrane, occupied by the Gangdese batholith and
associated volcanic rocks, extends in the west–east direction with a
length of N1000 km and a width of ~100 km (Fig. 1a), we, therefore,
propose an oceanic arc terrane that has positive εHf(t) values was
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accreted to the southern Asian continental margin during the late
Permian. This terrane then served as the magmatic source of the
igneous rocks in the Gangdese batholith.

Although it was generally thought that the Neotethyan subduction
started during the Cretaceous (Honegger et al., 1982; Schärer et al.,
1984b), or middle Jurassic (Searle et al., 1999, 2007; Barley et al.,
2003), Chu et al. (2006) argued that the subduction has begun since
the early Jurassic. Our identification of granites aged 205–185 Ma in
the Dazhuqu section raises the possibility of an even earlier start of the
Neotethyan subduction. These rocks are foliated hornblende-bearing
granodiorite–monzogranite, similar to the “typical” rock association
formed in the convergent margin. The presence of Triassic–Jurassic
granites in the northern Lhasa terrane (Li et al., 2003; He et al., 2005,
2006) led some authors to propose that there was a southward
subduction of the Bangong ocean slab responsible for the petrogenesis
of those granites (Geng et al., 2006; Pan et al., 2006). However, the
Late Triassic–Jurassic granites we identified in Dazhuqu area locate
very close to the Yarlung–Tsangpo suture. This, together with other
Jurassic granites in the Gangdese batholith (Chu et al., 2006; Zhang
et al., 2007b; Yang et al., 2008b), allow us to signify the importance of
the northward Neotethyan subduction that began in the Late Triassic,
at least since ~205 Ma, and lasted until the Late Cretaceous thus
resulting in the Gangdese granites of 109–80 Ma (Fig. 11a).

The Gangdese magmatism is marked with a peak activity in the
Paleocene–Eocene (65–41 Ma) (Fig. 9), forming a variety of rocks
including gabbro, diorite, granodiorite, monzogranites and minor
syenogranite. Petrological similarities between these rocks and those
formed in the convergent settings led some authors to attribute their
petrogenesis to the continued Neotethyan subduction (e.g., Schärer
et al., 1984b). Other researchers, however, proposed that these rocks
were formed in a syn-collisional setting related to the India–Asia
collision starting ~70–65Ma (Ding et al., 2005;Mo et al., 2007, 2008).
Besides, it was suggested that the magmatism was initiated by
rollback of the subducting Neotethyan oceanic slab and then
culminated by the slab break-off that occurred around 50–45 Ma
(Chung et al., 2005; Lee et al., 2007;Wen et al., 2008). Despite it is not
easy to constrain the exact geodynamic settings solely by igneous
records, the following lines of evidence lends supports to a model of
rollback followed by slab break-off (Fig. 11b). Firstly, Based on the
new 40Ar/39Ar age results for the volcanic rocks recovered from a
large area in Tibet (29°N to 32°N and 85°E to 93°E), together with
available literature data, Lee et al. (2009) delineated two discrete
stages of volcanism, namely, a widespread Cretaceous stage and an
intense, but spatially confined, Paleogene stage. The latter, occurring
only in the southern part of the Lhasa terrane, resulted in the
Linzizong volcanic successions (aged between ca. 65 and 41 Ma). Lee
et al. (2009), furthermore, identify southward migration and
intensification of the volcanism in the Lhasa terrane with magmatic
“flare-up” at ca. 50 Ma. While the volcanic successions consist
dominantly of calc-alkaline rocks typical of arc lava geochemistry,
those formed during the flare-up period show significant composi-
tional variations from low-K tholeiitic through calc-alkaline to
shoshonitic magma suites. These observations led the authors to
interpret the volcanic southward migration and following flare-ups
as the consequences of rollback (65–50 Ma) and break-off (stated
~50 Ma) of the subducted Neotethyan slab that occurred ahead and
in the early stage, respectively, of the India–Asia collision. Secondly,
although it seems that there is no magmatic gap during 65–41 Ma
(Fig. 9), the age statistics from granites show a flare-up around
50 Ma, implying that these rocks might not be formed in a single
geological setting. Thirdly, overall speaking, the Paleocene–Eocene
granites, especially those formed during 50–41 Ma, show more
heterogeneous and lower εHf(t) values (Fig. 10), with some (samples
of 06FW131, 06FW133 and 06FW139) showing negative εHf(t)
values, than other stages of granites. Among them, the oldest
granites showing low to negative εHf(t) values is 06FW133 which
has a weighted 206Pb/238U age of 47.1±1.0 Ma (Table 1). In sample
06FW133, two individual spots (04 and 05) yield 206Pb/238U ages of
50±1 and 49±2Mawith εHf(t) values of−3.50±0.92 and−2.70±
0.88. This phenomena was also observed in zircons from the Ladakh
batholith in the west (Wu et al., 2007; Heuberger et al., 2007). Here
we ascribe this feature of decreasing of εHf(t) values to the
involvement of old crustal material, e.g., the Indian continental
crust, which leads us to further infer the collision between India and
Asia to have started before 50 Ma. Obviously, the geodynamic
significance of the 65–41 Ma granites needs more work since this
issue is closely related to the collisional time between India and Asia.

As for the Miocene granites, numerous studies have indicated that
they are geochemically distinct from the granites of previous stages
(Turner et al., 1993, 1996; Williams et al., 2001, 2004; Chung et al.,
2003; Ding et al., 2003; Hou et al., 2004; Guo et al., 2007). These rocks
are so called “collision-related” adakites, which resulted most likely
from partial melting of a thickenedmafic crust postdating the onset of
the India–Asia collision (Chung et al., 2003, 2005; Guo et al., 2007).
There are several possible mechanisms proposed for this stage of
magmatism, i.e., break-off of the Neotethyan slab (Kohn and
Parkinson, 2002), delamination or convective removal of the
thickened lithospheric (Miller et al., 1999; Williams et al., 2001;
Chung et al., 2003, 2005). Considering that this Oligocene–Miocene
magmatism is at least 20–30 Ma later than the India–Asia collision as
discussed above, the slab-breakoff model is not favored in this study.
In contrast, lithospheric delamination or convective removal was
proposed to interpreter the widespread occurrence of this post-
collisional magmatism although distinguishing the two models is
difficult (Fig. 11c).

In summary, Mesozoic granites in the Gangdese batholith were
formed by the Neotethyan subduction but Cenozoic granites were
formed in different geodynamic settings, i.e., the Paleocene–Eocene
ones related to the slab break-off (Chung et al., 2005; Lee et al., 2007;
Wen et al., 2008) and the Miocene ones to convective removal of the
thickened lithosphere (Williams et al., 2001; Chung et al., 2003,
2005). Thus, the Gangdese magmatic evolution is more complicated
than previously thought.

6. Conclusions

A comprehensive zircon U–Pb and Hf isotopic study of granites in
the Gangdese batholith leads to the following conclusions:

1) The granites in the Gangdese batholith developed in four discrete
stages, during 205–152,109–80, 65–41 and 33–13Ma, respectively,
with the period of 65–41Ma being themost prominent stage of the
granitic magmatism.

2) The Gangdese batholith is characterized by positive εHf(t) values,
yielding young Hf model ages, which suggests their derivation
from juvenile crust and hence continental crustal growth during
the Phanerozoic in this region.

3) Triassic-Cretaceous granites in the Gangdese batholith were formed
by northwardNeotethyan subduction beneath the Lhasa terrane, but
the Paleocene-Eocene granites are unrelated to subduction andwere
probably triggered by slab break-off. The Miocene granites likely
resulted from convective removal of lithosphere.

4) This study establishes a Gangdese zircon U–Pb and Hf isotope
dataset that may serve as geochronological and isotopic finger-
prints to effectively trace the erosion–deposition history around
the Tibetan Plateau.
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