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The Lhasa Terrane in southern Tibet has long been accepted as the last geological block accreted to Eurasia
before its collision with the northward drifting Indian continent in the Cenozoic, but its lithospheric
architecture, drift and growth histories and the nature of its northern suture with Eurasia via the Qiangtang
Terrane remain enigmatic. Using zircon in situ U–Pb and Lu–Hf isotopic and bulk-rock geochemical data of
Mesozoic–Early Tertiary magmatic rocks sampled along four north–south traverses across the Lhasa Terrane,
we show that the Lhasa Terrane has ancient basement rocks of Proterozoic and Archean ages (up to 2870 Ma)
in its centre with younger and juvenile crust (Phanerozoic) accreted towards its both northern and southern
edges. This finding proves that the central Lhasa subterrane was once a microcontinent. This continent has
survived from its long journey across the Paleo-Tethyan Ocean basins and has grown at the edges through
magmatism resulting from oceanic lithosphere subduction towards beneath it during its journey and
subsequent collisions with the Qiangtang Terrane to the north and with the Indian continent to the south.
Zircon Hf isotope data indicate significant mantle source contributions to the generation of these granitoid
rocks (e.g., ~50–90%, 0–70%, and 30–100% to the Mesozoic magmatism in the southern, central, and northern
Lhasa subterranes, respectively). We suggest that much of the Mesozoic magmatism in the Lhasa Terrane may
be associated with the southward Bangong–Nujiang Tethyan seafloor subduction beneath the Lhasa Terrane,
which likely began in the Middle Permian (or earlier) and ceased in the late Early Cretaceous, and that the
significant changes of zircon εHf(t) at ~113 and ~52 Ma record tectonomagmatic activities as a result of slab
break-off and related mantle melting events following the Qiangtang–Lhasa amalgamation and India–Lhasa
amalgamation, respectively. These results manifest the efficacy of zircons as a chronometer (U–Pb dating) and
a geochemical tracer (Hf isotopes) in understanding the origin and histories of lithospheric plates and in
revealing the tectonic evolution of old orogenies in the context of plate tectonics.
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1. Introduction

The Tibetan Plateau is a geological amalgamation of several
continental collision events since the Early Paleozoic (cf. Dewey
et al., 1988; Kapp et al., 2007; Yin and Harrison, 2000; Zhu et al.,
2009a, 2010). The Lhasa Terrane is the southernmost Eurasian block
speculated as having rifted from Gondwana in the Triassic or the mid-
to late Jurassic and drifted northward across the Tethyan Ocean basins
before it collided with Eurasia along the Bangong–Nujiang suture
(BNSZ; Fig. 1a) in the Cretaceous (earlier in the east and later in the
west) (cf. Audley-Charles, 1983, 1984, 1988; Dewey et al., 1988; Kapp
et al., 2007; Matte et al., 1996; Metcalfe, 2010; Sengör, 1987; Yin and
Harrison, 2000; Zhang et al., 2004), and as having an Andean-type
active continental margin in the south prior to the collision with the
northward moving Indian continent in the Cenozoic marked by the
Indus–Yarlung–Zangbo suture (IYZSZ; Fig. 1a) (e.g., Aitchison et al.,
2007; Mo et al., 2008; Rowley, 1996; Yin and Harrison, 2000).
However, the lithospheric architecture of the Lhasa Terrane (e.g., the
age, composition and spatial distribution of crustal lithologies) and
the nature of its northern suture (BNSZ) with Eurasia via the
Qiangtang Terrane remain poorly understood. Geological studies in
this regard have been hampered by complex crustal deformation as a
result of continued convergence of the Indian lithosphere against the
Lhasa Terrene through underthrusting (e.g., Kosarev et al., 1999). For
example, despite much research on the Mesozoic geology of the Lhasa
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Fig. 1. Tectonic framework of the Tibetan Plateau and the Lhasa Terrane. (a) Showing the Lhasa Terrane in the context of the Tibetan Plateau. (b) The geology of the Lhasa Terrane
where four north–south sampling traverses of Mesozoic–early Tertiary magmatic rocks are indicated by sample locations aided by shaded bands with arrows. The ovals with
numerals give crystallization ages in Ma using in situ zircon U–Pb dating techniques (see supplementary online data for analytical details). Abbreviations: JSSZ=Jinsha suture zone;
BNSZ=Bangong–Nujiang suture zone; SNMZ=Shiquan River–Nam TsoMélange Zone; LMF=Luobadui–Milashan Fault; IYZSZ=Indus–Yarlung Zangbo Suture Zone. SL=southern
Lhasa subterrane, CL=central Lhasa subterrane, NL=northern Lhasa subterrane.
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Terrane, the basement rocks are only found in the Amdo and SW
Nyainqêntanglha Ranges (Dewey et al., 1988; Guynn et al., 2006; Hu
et al., 2005; Xu et al., 1985), and the origin of the extensive Mesozoic
magmatism continues in dispute (Chiu et al., 2009; Chu et al., 2006;
Coulon et al., 1986; Harris et al., 1990; Ji et al., 2009a; Kapp et al., 2005,
2007; Pearce and Mei, 1988; Zhang et al., 2010a; Zhu et al., 2009b, c).
Seismic tomography is useful, but it can only tell us the present-day
snapshot of the lithosphere architecture (Kosarev et al., 1999;
McKenzie and Priestley, 2008; Royden et al., 2008), providing no
information on material histories.

The recent analytical advances that combine in situ U–Pb dating
and Hf-isotope analysis on zircons (Kemp et al., 2006; Scherer et al.,
2007) from magmatic rocks make it possible to unravel the nature,
history, and lithosphere architecture of the Lhasa Terrane. Zircons,
which are abundant in the more felsic magmatic rocks, can provide
precise crystallization ages of the host magmas (i.e., U–Pb dating) and
can also tell whether the host magmas result from remelting of the
ancient mature crustal materials or involve newly-derived mantle
material for net crustal growth (i.e., Hf isotope tracer) (Griffin et al.,
2002; Kemp et al., 2006; Scherer et al., 2007). Importantly, their
physiochemical resistance allows zircons to survive from subsequent
geological events. As a result, zircons can record information on their
geological histories and have thus become a powerful tracer for
studying crustal evolution (Kemp et al., 2006; Scherer et al., 2007).

In this paper, we report a combined in situ U–Pb dating and Hf-
isotope analysis on zircons from Mesozoic–early Tertiary magmatic
rocks sampled along four north–south traverses across the Lhasa
Terrane (Fig. 1b). These new data, together with the data in the recent
literature (Ji et al., 2009a; Zhang et al., 2010a; Zhou et al., 2008; Zhu
et al., 2009b, c), enable us to offer unprecedented perspectives on the
lithospheric architecture of the Lhasa Terrane, its tectonomagmatic
evolution histories and crustal growth in the context of the plate
tectonics thanks to the efficacy of zircons in magmatic rocks as a
chronometer (U–Pb dating) and geodynamic tracer (Hf isotopes).
2. Mesozoic–Early Tertiary magmatism in the Lhasa Terrane and
samples

The Lhasa Terrane is one of the four huge W–E trending tectonic
belts (i.e., the Songpan–Ganzi belt, Qiangtang, Lhasa and the
Himalaya) of the Tibetan Plateau (Fig. 1a). According to different
sedimentary cover rocks, it can be divided into northern, central, and
southern subterranes, separated by the Shiquan River–Nam Tso
Mélange Zone (SNMZ) and Luobadui–Milashan Fault (LMF), respec-
tively (Figs. 1a–b). Apart from the widespread Cretaceous–early
Tertiary Gangdese batholiths and Linzizong volcanic succession that
have been known for decades in the southern Lhasa subterrane
(Coulon et al., 1986; Harris et al., 1990; Ji et al., 2009a; Lee et al., 2009;
Mo et al., 2007, 2008; Pearce and Mei, 1988; Wen et al., 2008),
abundant Mesozoic magmatic rocks (though poorly dated) are also
present in the central and northern Lhasa subterranes (Fig. 1b) (Chiu
et al., 2009; Chu et al., 2006; Coulon et al., 1986; Guynn et al., 2006;
Harris et al., 1990; Zhu et al., 2008a, 2009a).

In the southern Lhasa subterrane, the sedimentary cover is limited,
mainly of Late Triassic–Cretaceous age (Pan et al., 2006; Zhu et al.,
2008b). The known Mesozoic volcanic rocks in this subterrane include
mafic and silicic varieties of the Lower Jurassic Yeba Formation (190–
175 Ma) (Zhuet al., 2008b) andadakite-like andesitic rocksof theUpper
Jurassic–Lower Cretaceous Sangri Group (Zhu et al., 2009c) (Fig. 1b).
Recent zirconU–Pb age results indicate that theMesozoic plutonic rocks
in this subterrane were emplaced over a long time period from the Late
Triassic (ca. 205 Ma) to Late Cretaceous (ca. 72 Ma) (cf. Ji et al., 2009b).
The pre-Cretaceous rocks occur as small relics of varying sizewithin the
Cretaceous–early Tertiary Gangdese batholiths that locally intruded the
Jurassic–Cretaceous volcano-sedimentary formations (Ji et al., 2009a, b;
Mo et al., 2005a; Quidelleur et al., 1997; Wen et al., 2008; Zhang et al.,
2007a, 2010a;Zhuet al., 2008b). Thepre- andpost-Cretaceous suites are
lithologically indistinguishable in the field. The widespread and
volumetrically significant Tertiary granitoids are characterized by
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abundantmafic enclaves of the same/similar age (e.g., 50±3Ma;Mo et
al., 2005b).

The central Lhasa subterrane is covered with the widespread
Permo-Carboniferous metasedimentary rocks and Late Jurassic–Early
Cretaceous volcano-sedimentary rocks, plus minor Ordovician, Silu-
rian, and Triassic limestone (cf. Pan et al., 2004; Zhu et al., 2010 and
references therein). TheMesozoic volcanic rocks in this subterrane are
mainly Early Cretaceous in age, occurring within the Zenong Group
volcano–sedimentary sequence that covers an area of ~2.0×104 km2

from Nam Tso in the east to Gar to the west (Fig. 1b) with an average
thickness of up to 1000 m (Zhu et al., 2006). These rocks are
predominantly silicic lavas and volcaniclastic rocks with minor
andesites and rare basalts (Zhu et al., 2006). Recent zircon U–Pb age
results suggest that these rocks were emplaced between 143 and
102 Ma (cf. Zhu et al., 2009b). The Mesozoic plutonic rocks in this
subterrane occur as batholiths of varying size, intrude the pre-
Ordovician, Carboniferous–Permian metasedimentary successions
and Lower Cretaceous volcano-sedimentary succession, and extend
discretely for ~1500 km along strike of the subterrane (Fig. 1b). These
plutonic rocks have previously been dated to be 215–95 Ma bywhole-
rock K–Ar and zircon U–Pb methods (He et al., 2006; Zhu et al.,
2008a). An important feature of this subterrane is the abundant
dioritic enclaves within the Early Cretaceous granitoids (cf. Zhu et al.,
2009b).

The sedimentary cover in the northern Lhasa subterrane is mainly
Jurassic–Cretaceous with minor Triassic in age (cf. Pan et al., 2004).
Voluminous Mesozoic volcanic rocks in this subterrane are exposed
within the Lower Cretaceous volcano–sedimentary sequence that
extends ~1200 km from Rutong (E80°) to Nagqu (E92°) (Fig. 1b).
These rocks consist of andesite, dacite, rhyolite, and associated
volcaniclastic rocks. Existing radiometric age data, obtained by Ar–
Ar and zircon U–Pb methods (Kapp et al., 2005, 2007; Zhu et al.,
2009b), indicate that these rocks were emplaced between ca. 124 and
107 Ma. The Mesozoic plutonic rocks are mainly confined to the
western and eastern parts of this subterrane and occur generally as
huge batholiths intruding the Jurassic–Lower Cretaceous sedimentary
sequences (e.g., Aweng Tso–Yanhu batholiths in the west, Baingoin–
Sangba batholiths in the east) (Fig. 1b). These plutonic rocks have
previously been dated to be 130–80 Ma mainly by K–Ar, Ar–Ar, and
zircon U–Pb methods in the east (Harris et al., 1990; Xu et al., 1985)
and ~80 Ma in the west (Zhao et al., 2008). The striking exception is
the undeformed Amdo granitoids (Fig. 1b), which intruded the Amdo
basement and were previously considered to be emplaced at ~140–
120 Ma (Xu et al., 1985), but recent zircon U–Pb dating gives an
emplacement age of 185–170 Ma (Guynn et al., 2006).

To obtain a comprehensive dataset of bulk-rock geochemical and
zircon isotope data on the Mesozoic–early Tertiary magmatic rocks in
the Lhasa Terrane, we collected a total of 400 samples along the
Yanhu–Hor, Coqen–Saga, Xainza–Xigaze, and Nyainrong–Nang tra-
verses with a spatial coverage of ~1100 km×300 km (from E82° to
E93° and from N29° to N32°) across the Lhasa Terrane (Fig. 1b). These
samples have been analyzed for bulk-rock major and trace element
compositions; and 120 of the samples have been selected for in situ
zircon U–Pb and Hf isotope analysis. Analytical procedures are
detailed elsewhere (Hu et al., 2008; Liu et al., 2008, 2010; Wu et al.,
2006) and are given in the online supplementary material.

3. Bulk-rock geochemical and zircon isotope data

Bulk-rock major and trace element compositions of 53 samples
representative of main rock types with adequate spatial coverage (i.e.,
along the four traverses across the Lhasa Terrane; Fig. 1b) selected
from the 120 samples are given in supplementary Table S1. The zircon
isotope data (including a total of 992 U–Pb and 836 Lu–Hf isotopic
analyses) for the 53 samples are given in supplementary Tables S2–S3.
Cathodoluminescence images of representative zircons and concordia
plots are shown in supplementary Fig. S1. Sample details (including
GPS position, brief petrography, bulk-rock compositional data, zircon
U–Pb isotopic and Hf isotopic data) are summarized in Table 1. Of the
992 U–Pb analyses, 99% have Th/U ratiosN0.1 (Fig. S1; Table S2),
consistent with their being of magmatic origin (Hoskin and
Schaltegger, 2003). Thus, the interpretation of the zircon U–Pb
isotopic data is straightforward and the obtained youngest age
group is interpreted as representing the timing of the host rock
emplacement. Considering the magmatic phases revealed by recently
published age data (cf. Chung et al., 2009; Guynn et al., 2006; Ji et al.,
2009a; Lee et al., 2009; Mo et al., 2007, 2008; Wen et al., 2008; Zhang
et al., 2010a; Zhou et al., 2008; Zhu et al., 2008b, 2009b, c), the 53
samples reported here are divided into six groups. The bulk-rock
compositional and zircon isotope data for each group are shown in
Figs. 2–3, and briefly described below. Details for each group are given
in online supplementary Appendix A.

3.1. Late Triassic–Early Jurassic (210–175 Ma)

The Late Triassic–Early Jurassic magmatic rocks in the Lhasa
Terrane include a variety of rock types with a wide compositional
spectrum (60–82 wt.% SiO2; Fig. 2a). High-K calc-alkalic and shosho-
nitic series are predominant, but medium-K calc-alkalic rocks are also
present (Fig. 2b). In term of aluminum saturation (A/CNK=molar
Al2O3/CaO+Na2O+K2O), they are metaluminous to peraluminous
(0.87–1.23) (Fig. 2c). Samples dated in this study (Table 1) and
granitoids dated in the literature indicate that they were emplaced at
205–178 Ma in the southern Lhasa subterrane (Chu et al., 2006; Ji
et al., 2009a; Yang et al., 2008; Zhang et al., 2007a), 210–183 Ma in the
central Lhasa subterrane (Liu et al., 2006; Zhang et al., 2007b), and
186–175 Ma in the Nyainrong–Amdo region (Guynn et al., 2006)
(Fig. 1b).

Zircons from the Late Triassic samples in the southern Lhasa
subterrane display small negative to large positive εHf(t) (−5.0 to
+16.2), which contrast the central Lhasa subterrane where the
contemporaneous samples exhibit exclusively negative εHf(t) (−17.3
to −2.5) (Fig. 3; Table 1). Zircons from the Early Jurassic samples are
dominated by positive εHf(t) (−4.7 to +16.7) in the southern Lhasa
subterrane and by negative εHf(t) (−22.0 to +2.0) in the central Lhasa
subterrane, respectively (Fig. 3; Table 1). The Late Triassic–Early Jurassic
samples from or near the central Lhasa subterrane contain abundant
inherited zircons with varying ages (from 2877 to 465 Ma) and εHf(t)
(from−18.5 to+9.6) (Fig. 3; Tables S2–S3). The Early Jurassic samples
from Nyainrong show exclusively negative εHf(t) (−11.1 to −3.6)
(Fig. 3; Table 1).

3.2. Late Jurassic (160–145 Ma)

The Late Jurassic magmatic rocks in the central Lhasa subterrane
are silicic (63–76 wt.% SiO2), high-K calc-alkalic to shoshonitic, and
metaluminous to peraluminous (A/CNK=0.89–1.43) (Fig. 2). Four
samples from this subterrane were dated to be 160–146 Ma (Fig. 1b)
and exhibit predominantly negative zircon εHf(t) (−16.7 to +1.4)
(Fig. 3; Table 1), differing from the contemporaneous granitoids (156–
152 Ma) that exhibit εHf(t)N0 in the southern Lhasa subterrane (Ji
et al., 2009a).

3.3. Early Cretaceous I (145–118 Ma)

Magmatic rocks of very Early Cretaceous age were identified both
in the central and northern Lhasa subterranes. The rocks in the central
Lhasa subterrane are silicic (64–78 wt.% SiO2), medium- to high-K
calc-alkalic, and metaluminous to peraluminous (Fig. 2). Five samples
from different sites of the central Lhasa subterrane yield U–Pb ages of
143–123 Ma (Fig. 1b) and display exclusively negative zircon εHf(t)
(−20.6 to −1.6). By contrast, the rocks of 131–118 Ma in the



Table 1
Summary of bulk-rock geochemical data, zircon U–Pb isotopic ages and Hf isotopic compositions of the Mesozoic–early Tertiary magmatic rocks sampled along the four north–south traverses across the Lhasa Terrane.

No.a Sample GPS position Rock type Mineral assemblageb MMEc SiO2 (wt.%) A/CNKd Agee (Ma) Zircon εHf (t)f Ref.g

Late Triassic–Early Jurassic
1. NR NR04-1 N32°06.510′, E92°17.493′ Granodiorite Pl (50%)+Kfs (15%)+Q (25%)+Bi (8%) ++ 71.90 1.05 185.7±1.1 −5.9 to −3.6 [1]
2. NR NR13-3 N32°04.122′, E92°12.816′ Granodiorite Pl (40%)+Kfs (30%)+Q (20%)+Bi (8%) ++ 64.07 1.06 174.9±1.3 −10.3 to −4.1 [1]
3. NR NR15-1 N32°00.683′, E92°11.424′ Granodiorite Pl (40%)+Kfs (30%)+Q (18%)+Bi (10%) + 69.54 0.95 184.5±1.3 −11.1 to −6.2 [1]
4. NR 08DX17 N30°45.362′, E91°34.967′ Monzogranite Pl (35%)+Kfs (40%)+Q (18%)+Bi (5%) − 69.85 1.21 193.6±0.8 −20.5 to −16.0 [1]
5. CL NML05-1 N30°05.080′, E89°07.000′ Two-mica granite Kfs (35%)+Pl (15%)+Q (25%)+Bi (15%)+Mus (8%) − 73.17 1.23 206.0±0.9 −17.3 to −3.7 [1]
6. CL NML06-1 N30°06.540′, E89°09.460′ Two-mica granite Kfs (35%)+Pl (20%)+Q (20%)+Bi (10%)+Mus (12%) − 74.58 1.22 206.5±2.8 −4.2 to −2.5 [1]
7. CL MB09-1 N30°06.043′, E92°13.768′ Granodiorite Pl (50%)+Kfs (20%)+Q (20%)+Bi (5%) ++ 66.84 0.97 210.2±1.8 −17.1 to −6.4 [1]
8. CL MB22-1 N29°59.083′, E91°54.358′ Syenogranite Pl (10%)+Kfs (55%)+Q (25%)+Bi (5%) ++ 77.00 1.19 194.9±1.1 (−22.0)−2.9 to +1.5 [1]
9. CL JD12-1 N30°01.247′, E92°57.690′ Granodiorite Pl (45%)+Kfs (15%)+Q (25%)+Bi (10%) + 69.21 0.99 193.2±1.3 −4.7 to −3.2 [1]
10. CL JD08-1 N29°59.940′, E93°04.652′ Monzogranite Pl (30%)+Kfs (40%)+Q (20%)+Bi (8%) + 73.52 1.04 182.9±1.1 −1.2 to +2.0 [1]
11. SL ML45-1 N29°40.940′, E93°18.733′ Granodiorite Pl (50%)+Kfs (20%)+Q (20%)+Bi (8%) + 66.46 0.97 201.3±1.2 −5.0 to −3.5 [1]
12. SL ML38-5 N29°37.467′, E93°18.417′ Syenogranite Pl (10%)+Kfs (65%)+Q (20%)+Bi (3%) + 74.73 1.08 203.2±1.3 −4.9 to +2.7 [1]
13. SL ML31-1 N29°36.368′, E93°19.277′ Monzogranite Pl (40%)+Kfs (35%)+Q (25%)+Bi (5%) 74.26 1.03 191.9±1.3 (−4.7) +4.9 to +8.3 [1]
14. SL ST134A* N29°31.200′, E89°37.200′ Granodiorite 72.37 1.13 188.1±1.4 +10.0 to +16.2 [2]
15. SL 06FW165 N29°30.200′, E89°37.870′ Granodiorite 194.0±3.5 +13.4 to +15.8 [3]
16. SL 06FW166 N29°30.200′, E89°37.870′ Monzogranite 205.3±3.0 +11.9 to +15.8 [3]

Late Jurassic
1. CL 08YR07 N31°48.182′, E82°08.403′ Rhyolite Q (20%) 75.99 1.43 146.1±0.8 −10.9 to −8.5 [1]
2. CL 08YR09 N31°47.398′, E82°08.426′ Dacite Pl (15%)+Bi (10%) 66.67 0.98 159.8±0.7 −16.7 to −14.1 [1]
3. CL MD01-1 N30°38.753′, E85°07.825′ Syenogranite Kfs (35%)+Pl (20%)+Q (35%)+Bi (8%) − 74.02 1.12 152.9±1.1 −4.9 to +1.4 [1]
4. CL MB01-1 N30°09.218′, E92°19.407′ Tonalite Pl (60%)+Kfs (5%)+Q (20%)+Bi (8%)+Amp (5%) − 62.83 0.89 154.0±0.8 −14.2 to −11.6 [1]

Early Cretaceous I
1. NL YH06-3 N32°17.970′, E82°33.165′ Andesite Pl (20%)+Bi (5%)+Cpx (5%) 55.52 0.78 131.2±1.4 +12.3 to +18.8 [1]
2. NL SB01-2 N30°59.600′, E92°33.340′ Monzogranite Pl (40%)+Kfs (35%)+Q (20%)+Bi (3%) − 71.65 1.11 118.4±0.5 −6.0 to +5.7 [1]
3. CL GJ0611 N32°02.420′, E82°12.040′ Rhyolite 74.39 1.08 143±2 −11.5 to −4.9 [4]
4. CL GJ0612 N32°02.420′, E82°12.040′ Rhyolite 77.91 1.19 129±1 −7.7 to −5.2 [4]
5. CL 08YR11 N31°43.812′, E82°09.182′ Tonalite Pl (60%)+Kfs (5%)+Q (15%)+Amp (12%)+Bi (5%) + 63.59 0.93 134.3±1.7 −9.9 to −7.7 [1]
6. CL 08YR14 N31°41.533′, E82°09.996′ Rhyolitic breccia Q (10%)+Pl (5%) 133.8±1.1 −11.5 to −4.3 [1]
7. CL 08YR16 N31°40.816′, E82°10.550′ Rhyolite Pl (10%)+Q (5%) 73.35 1.19 142.9±1.0 −7.1 to −1.6 [1]
8. CL 08CQ35 N30°56.343′, E84°34.281′ Monzogranite Pl (30%)+Kfs (40%)+Q (20%)+Bi (8%) + 74.33 1.05 122.6±0.8 −13.8 to −12.6 [1]
9. CL DX13-1 N31°30.080′, E85°10.720′ Dacite Pl (15%)+Kfs (5%)+Q (10%)+Bi (3%) 68.05 1.04 121±1 −10.2 to −6.6 [4]
10. CL DX2-1 N31°27.510′, E84°56.080′ Dacite Pl (20%)+Kfs (5%)+Q (5%)+Bi (5%) 66.48 1.03 130±1 −10.7 to −5.2 [4]
11. CL MB05-7 N30°06.067′, E92°19.557′ Monzogranite Pl (35%)+Kfs (40%)+Q (20%)+Bi (3%) + 71.64 1.06 129.9±1.0 (−20.6)−7.0 to −5.6 [1]
12. SL MM02-3 N29°15.210′, E91°58.530′ Adakitic andesite Pl (15%)+Amp (5%) 54.88 0.90 136.5±1.7 +10.6 to +12.4 [5]

Early Cretaceous II
1. NR NR18-1 N31°56.751′, E92°09.328′ Granodiorite porphyry Pl (15%)+Bi (10%)+Q (5%) 66.40 0.95 110.4±0.7 −3.5 to +0.6 [1]
2. NR NQ16-1 N31°47.360′, E92°04.097′ Monzogranite 71.64 1.05 117.5±0.7 −10.2 to −5.0 [1]
3. NL YH15-1 N32°30.058′, E82°26.722′ Monzogranite Pl (35%)+Kfs (40%)+Q (15%)+Bi (8%) − 110.1±0.7 +5.0 to +8.9 [1]
4. NL YH22-4 N32°21.175′, E82°26.862′ Rhyolite Pl (15%)+Kfs (10%)+Q (5%)+Bi (5%) 75.54 1.03 110.6±0.6 +4.7 to +9.2 [1]
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Table 1 (continued)

No.a Sample GPS position Rock type Mineral assemblageb MMEc SiO2 (wt.%) A/CNKd Agee (Ma) Zircon εHf (t)f Ref.g

5. NL YH04-2 N32°17.084′, E82°32.858′ Andesite Pl (30%) 55.61 0.81 116.7±1.2 +13.5 to +18.4 [1]
6. NL YH01-2 N32°16.318′, E82°31.392′ Rhyolite Pl (10%)+Q (15%) 73.98 1.15 109.0±1.0 +6.8 to +11.9 [1]
7. NL NM01-1 N31°50.630′, E87°05.250′ Dacite Pl (25%) 62.88 1.02 111.9±0.9 +7.7 to +10.1 [1]
8. NL DG05-1 N31°19.700′, E88°54.890′ Dacite Pl (25%)+Bi (5%)+Q (3%) 67.06 1.04 114.3±0.6 −0.9 to +1.9 [1]
9. NL DG01-1* N31°21.270′, E88°55.800′ Rhyolite Kfs (20%)+Pl (15%)+Q (3%) 74.36 1.20 115.7±0.6 −1.5 to +4.2 [6]
10. NL NQ12-10 N31°28.803′, E92°06.433′ Andesite Pl (20%)+Bi (10%) 59.51 0.90 110.8±0.6 −10.0 to −7.7 [1]
11. NL NQ09-1 N31°45.971′, E92°37.403′ Monzogranite Pl (40%)+Kfs (35%)+Q (15%)+Bi (8%) 69.29 0.98 110.7±0.8 −6.8 to +0.9 [1]
12. NL 08DX21 N31°02.859′, E91°41.445′ Syenogranite Pl (20%)+Kfs (50%)+Q (20%)+Bi (8%) 75.64 1.07 110.7±0.6 −5.8 to −4.5 [1]
13. CL DXL1-3 N31°39.310′, E85°11.700′ Rhyolitic tuff 73.95 0.90 112±1 −0.6 to +2.9 [4]
14. CL DX19-1 N31°16.910′, E85°07.570′ Granodiorite Pl (50%)+Q (25%)+Kfs (10%)+Bi (8%)+Amp (3%) 71.10 1.01 107±1 −1.4 to +2.6 [4]
15. CL DX21-1 N31°00.000′, E85°07.020′ Rhyolite Q (25%)+Pl (12%)+Kfs (8%) 75.30 1.16 111±1 −5.8 to −0.2 [4]
16. CL NX5-2 N30°45.660′, E85°31.850′ Granodiorite Pl (45%)+Kfs (28%)+Q (20%)+Amp (5%) ++ 67.52 1.00 109±1 −6.7 to −2.6 [4]
17. CL NX5-3 N30°45.660′, E85°31.850′ Diorite Pl (50%)+Q (20%)+Amp (18%)+Bi (10%) 57.41 0.82 108±1 −7.2 to −0.7 [4]
18. CL GB-8 N30°45.560′, E85°32.250′ Granodiorite Pl (40%)+Kfs (30%)+Q (20%)+Bi (5%) + 68.43 0.95 116±1 −7.5 to −3.5 [4]
19. CL GRC02-1 N31°03.980′, E88°12.410′ Dacite Pl (30%)+Q (10%)+Bi (3%) 64.61 1.13 114.0±0.7 −14.4 to −4.1 [1]
20. CL GRC03-2 N31°13.570′, E88°07.610′ Dacite Pl (25%)+Q (10%) 65.28 1.03 113.8±0.5 −11.8 to −4.5 [1]
21. CL SZ10-1 N30°53.400′, E88°39.740′ Dacite Q (25%)+Pl (20%)+Bi (10%) 64.45 1.35 112.1±0.4 −7.8 to −4.7 [1]
22. CL SZ01-1* N30°45.380′, E88°55.340′ Dacite Pl (30%)+Q (20%)+Bi (5%) 64.81 0.82 116.7±0.6 −8.6 to −4.7 [6]
23. CL SZ07-1 N30°45.960′, E88°54.080′ Dacite Pl (20%)+Bi (15%) 63.51 1.04 110.9±0.5 −9.0 to −4.6 [1]
24. SL 06FW170 N29°23.570′, E89°37.700′ Diorite 108.6±1.5 +11.2 to +13.9 [3]

Late Cretaceous
1. NL ZGP06-1* N31°32.290′, E87°29.970′ Dacite Pl (40%)+Cpx (10%) 65.77 1.02 91.0±0.8 +5.2 to +8.2 [7]
2. CL MB12-1 N30°04.515′, E92°09.248′ Granodiorite Pl (50%)+Kfs (20%)+Q (25%)+Bi (3%) − 68.48 0.90 88.3±0.5 −3.8 to −1.7 [8]
3. SL 08YR27 N31°03.615′, E82°11.630′ Rhyolite Q (20%)+Pl (5%) 78.19 1.32 80.6±0.6 −4.0 to +0.5 [1]
4. SL RGZ01-1 N29°15.920′, E90°24.700′ Diorite Pl (60%)+Q (15%)+Bi (15%)+Cpx (8%) 56.96 0.91 87.4±1.0 +12.0 to +14.9 [1]
5. SL NML01-1 N29°26.450′, E89°05.670′ Diorite Pl (60%)+Q (10%)+Kfs (5%)+Bi (12%)+Amp (8%)+Cpx (3%) 57.46 0.85 87.7±1.2 +10.8 to +12.8 [1]
6. SL ML11-1 N29°06.792′, E93°27.117′ Monzogranite Pl (30%)+Kfs (40%)+Q (25%)+Bi (3%) − 82.2±0.7 +10.2 to +14.5 [1]
7. SL ML06-1 N29°03.433′, E93°22.813′ Granodiorite Pl (45%)+Kfs (20%)+Q (20%)+Bi (10%)+Cpx (3%) − 70.58 1.00 79.3±0.4 +10.4 to +12.3 [1]
8. SL ML01-1 N29°00.365′, E93°18.907′ Tonalite Pl (55%)+Kfs (5%)+Q (25%)+Bi (10%)+Amp (3%) − 66.19 0.95 84.2±1.1 +9.6 to +14.6 [1]

Early Tertiary
1. SL 08YR28 N31°00.524′, E82°09.565′ Andesite Pl (20%)+Kfs (5%)+Q (5%) 59.81 0.84 50.8±0.4 −1.9 to −0.2 [1]
2. SL 08YR29 N30°58.128′, E82°10.980′ Dacite Pl (10%)+Q (5%) 61.2±1.5 −1.6 to +0.4 [1]
3. SL 08YR30 N30°53.926′, E82°09.145′ Monzogranite − 72.94 1.01 54.2±0.5 +7.2 to +10.5 [1]
4. SL 08CQ13 N30°08.213′, E85°24.528′ Diorite Pl (60%)+Kfs (10%)+Q (5%)+Bi (15%)+Amp (8%) 54.04 0.81 51.5±0.4 −2.4 to 2.6 [1]
5. SL 08CQ09 N29°53.717′, E85°44.454′ Granodiorite porphyry Pl (15%)+Bi (10%) ++ 68.52 0.96 50.0±0.4 −2.2 to +3.0 [1]
6. SL 08CQ03 N29°46.881′, E85°45.484′ Monzogranite Pl (35%)+Kfs (30%)+Q (20%)+Bi (10%)+Amp (3%) ++ 67.92 0.95 51.9±0.4 −2.1 to +3.5 [1]
7. SL 08CQ02 N29°37.504′, E85°44.605′ Syenogranite Pl (15%)+Kfs (60%)+Q (20%)+Bi (3%) − 78.07 1.06 43.9±0.3 −2.0 to +4.2 [1]
8. SL NML03-1 N29°37.348′, E89°03.641′ Diorite Pl (50%)+Q (10%)+Amp (25%)+Bi (18%) 58.03 0.92 62.4±0.3 +5.5 to +7.2 [1]

a NR=Nyainrong, NL=Northern Lhasa subterrane, CL=Central Lhasa subterrane, SL=Southern Lhasa subterrane.
b Pl=plagioclase; Kfs=K-feldspar; Amp=amphibole; Cpx=clinopyroxene; Bi=biotite; Mus=Muscovite. Only phenocryst minerals are listed for volcanic rocks and porphyries.
c “+ +”=abundant, “+” = occurred, “−”=rare or absent.
d A/CNK=molecular Al2O3/(CaO+Na2O+K2O).
e *Dated by SHRIMP with 1σ uncertainty; others are dated by LA-ICPMS with 2σ uncertainty.
f Data in bracket are “outlier” zircon grains.
g [1]=this study; [2] = Chu et al. (2006); [3] = Ji et al. (2009a); [4] = Zhu et al. (2009b); [5] = Zhu et al. (2009c); [6] = Zhu et al. (submitted for publication-a); [7]=Wang et al. (unpublished); [8] = Meng et al. (2010).

245
D
.-C.Zhu

et
al./

Earth
and

Planetary
Science

Letters
301

(2011)
241

–255



52 ± 2 Ma 113 ± 5 Ma

0

5

10

15

20

25

30

35

40

0 50 100 150 200 250

U-Pb age (Ma)

N
um

be
r
NL (n = 46)

Nyainrong
(n = 9)

CL (n = 67)
SL (n = 101)

(d)

0

1

2

3

4

5

6

7

8

Low-K

Medium-K
High-K

Shoshonitic

45 55 60 65 70 75 80

SiO2 (wt.%)

(b)

K
2O

 (
w

t.%
)

50

Andesite
/diorite

Dacite
/grano-
diorite

Rhyolite
/granite

Basaltic
andesite
/gabbro-
diorite

(c)

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

0 50 100 150 200 250

U-Pb age (Ma)

Peraluminous

Metaluminous

08YR27

113 ± 5 Ma

A
/C

N
K

ANOR = 100*An/(An+Or)

0

5

10

15

20

25

30

35

40

45

50

0 20 40 60 80 100

Granodiorite

Monzogranite

Syeno-
granite

Alkali-
feldspar
granite

Nyainrong
Central Lhasa
Southern Lhasa

Northern Lhasa
Central Lhasa

Nyainrong

Late Triassic-Early Jurassic
(210-175 Ma)

Late Jurassic
(160-146 Ma)

Central Lhasa

Early Cretaceous I
(143-118 Ma)

Northern Lhasa
Central Lhasa
Southern Lhasa

Late Cretaceous
(91-79 Ma)

Southern Lhasa

Early Cenozoic
(62-44 Ma)

Early Cretaceous II
(113 ± 5 Ma)

Central Lhasa

Q
` 

=
 1

00
*Q

/(
Q

+
O

r+
A

b+
A

n)

(a)

Tonalite
Calcic
tonalite

Quartz
monzonite

Quartz
monzodiorite

Quartz
diorite

Quartz
gabbro

Monzo-
gabbro

08YR29

Northern Lhasa

Fig. 2. (a) Normative classification of granitoid rocks (Streckeisen and Le Maitre, 1979); (b) SiO2–K2O (Peccerillo and Taylor1976) showing sample compositional variation; (c) Plot
of aluminum saturation index [i.e. A/CNK=molecular Al2O3/(CaO+Na2O+K2O)] vs. U–Pb age of the Mesozoic–early Tertiary magmatic rocks in the Lhasa Terrane (Yang et al.,
2008; this study; our unpublished data); (d) Histogram of age dates for the Mesozoic–early Tertiary magmatic rocks in the Lhasa Terrane (Ji et al., 2009a; Zhu et al., 2009a, b; this
study; our unpublished data; Zhang et al., 2010a). The filled and unfilled symbols represent granitoids and volcanic rocks, respectively.

246 D.-C. Zhu et al. / Earth and Planetary Science Letters 301 (2011) 241–255
northern Lhasa subterrane (Fig. 1b) aremoremafic (56–72 wt.% SiO2),
medium-K calc-alkalic to shoshonitic, metaluminous to peraluminous
(Fig. 2), and are dominated by positive zircons εHf(t) (−6.0 to +18.8)
(Fig. 3; Table 1).

3.4. Early Cretaceous II (113±5 Ma)

Magmatic rocks of late Early Cretaceous age are widespread in the
central and northern Lhasa subterranes, while the contemporaneous
rocks from the Gangdese batholiths in the southern Lhasa subterrane
may have been eroded owing to orogenic uplift and erosion (Wu et al.,
2010). The rocks from the central Lhasa subterrane are mostly silicic
(57 to 75 wt.% SiO2) and high-K calc-alkalic. They are metaluminous
to peraluminous (A/CNK=0.82–1.35) (Fig. 2). Four samples from
Xainza in this subterrane were dated to be 114–111 Ma (Fig. 1b) and
exhibit exclusively negative zircon εHf(t) (−14.4 to −4.1) (Fig. 3;
Table 1). No inherited zircons older than 140 Ma are present in these
samples (Table S2).

The rocks in the northern Lhasa subterrane span a wide
compositional spectrum (56–76 wt.% SiO2) (Fig. 2a). High-K calc-
alkalic series are dominant, but low- to medium-K calc-alkalic
varieties are also present (Fig. 2b). They are metaluminous to
peraluminous (A/CNK=0.81–1.20) (Fig. 2c). Eleven samples includ-
ing a variety of rock types give zircon crystallization ages of 118–
109 Ma (Fig. 1b), and exhibit a general decrease in zircon εHf(t) from
west (+4.7 to +18.4) via central (−1.5 to +10.1) to east (−10.0 to
+0.9) (Fig. 3; Table 1) in this subterrane.

3.5. Late Cretaceous (90–80 Ma)

Late Cretaceous rocks in the southern Lhasa subterrane are
dominated by diorite and granodiorite (57–71 wt.% SiO2) (Fig. 2a)
with medium- to high-K calc-alkalic and metaluminous character-
istics (A/CNK=0.85–1.00) (Fig. 2c). Five samples yield U–Pb ages of
88–79 Ma (Fig. 1b) with positive zircon εHf(t) of +9.6 to +14.9,
which are identical to those of the coeval granodiorites near Quxu (Ji
et al., 2009a). An exception is the occurrence of the strongly
peraluminous rhyolite (A/CNK=1.32) of ~81 Ma from northeast of
Hor in the southern Lhasa subterrane (Fig. 1b), which yields εHf(t)
(−4.0 to +0.5) similar to the contemporaneous granitoids (−3.8 to
−1.7) in the central Lhasa subterrane (Meng et al., 2010; Table 1).

3.6. Early Tertiary (65–44 Ma)

The magmatic rocks of early Tertiary age are limited to the
southern Lhasa subterrane. They are compositionally diverse (54–
78 wt.% SiO2), varying from high-K calc-alkalic to shoshonitic, and
from metaluminous to peraluminous (A/CNK=0.81–1.38) (Fig. 2).
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Eight samples from thewestern part give zircon U–Pb ages of 62–44 Ma
(Fig. 1b), coeval with rocks from the eastern part of this subterrane (Ji
et al., 2009a; Lee et al., 2009; Mo et al., 2008; Wen et al., 2008). Zircons
from these samples exhibit small negative to large positive εHf(t) (−2.4
to +10.5) (Fig. 3; Table 1). A diorite sample from south of Namling
(Fig. 1b) contains abundant inherited zircons with a large age range
(1632–108 Ma; Table S2), and those of N460 Ma show varying εHf(t)
(−10.3 to +4.4), comparable to εHf(t) of inherited zircons from the
central Lhasa subterrane (Fig. 3; Table S3).

3.7. Summary

The new zircon U–Pb age data from the four traverses reported
here, in combination with the data on magmatic rocks of Mesozoic–
early Tertiary age reported in the recent literature from other sites of
the Lhasa Terrane (cf. Guynn et al., 2006; Ji et al., 2009a; Wen et al.,
2008; Zhang et al., 2010a; Zhu et al., 2009b, c, unpublished data), are
illustrated in the form of histogram (Fig. 2d). This, together with the
bulk-rock geochemical and zircon Hf isotopic data (Fig. 3) presented
above, shows that: (i) the rocks appear to be emplaced continuously
from the Late Triassic to Early Tertiary (220–40 Ma) in the Lhasa
Terrane; (ii) the rocks were emplaced mostly in two intense episodes
with peaks at about 113 and 52 Ma, which geographically correspond
to the present-day outcrop areas in the central/northern Lhasa
subterranes and southern Lhasa subterrane, respectively; (iii) the
rocks emplaced during each of the two episodes are all composition-
ally diverse, ranging from metaluminous (A/CNKb1.1, corresponding
to I-type granite) to peraluminous (A/CNKN1.1, corresponding to S-
type granite) varieties; (iv) the northern Lhasa subterrane exposes
varying rock types (andesite, dacite, rhyolite, and granitoids) with
predominantly positive zircon εHf(t), which contrast the central Lhasa
subterrane where silicic rocks are dominated by zircons with εHf(t)b
0; and (v) there is significant zircon εHf(t) change from the older rocks
to the 113± 5 Ma rocks, i.e., in the central Lhasa subterrane the zircon
εHf(t) tends to increase with time, while in the northern Lhasa
subterrane it tends to decrease.

4. Discussion

4.1. Lithospheric architecture of the Lhasa Terrane

In the vast Lhasa Terrane, the gneissic basement rocks are only found
in Amdo and its vicinity (Fig. 1b) (Guynn et al., 2006; Xu et al., 1985).
Hence, the spatial extent andnature of the crystalline basementbeneath
the entire terrane has been speculative and relying on geophysical
interpretations (e.g., Kosarev et al., 1999;McKenzie and Priestley, 2008;
Tilmannet al., 2003) or interpretationsofwhole-rockNd isotopedata on
clastic sedimentary rocks (Zhang et al., 2007c). Although surface wave
tomography records an increase in lithospheric thickness beneath north
of ~30°N in the Lhasa Terrane where lithospheric structure similar to
that of Archaean and Proterozoic cratons is inferred to exist (McKenzie
and Priestley, 2008), the nature and history of the lithospheric mantle
and crustal basement remains unknown because seismic tomography
provides no age information.

Zircon Hf isotopes offer a powerful tool in this regard (Flowerdew
et al., 2009; Griffin et al., 2002; Kemp et al., 2006). Fig. 4 plots Hf
isotope data of zircons from the four traverses against latitude of
sample locations. Along each of the traverses, zircon εHf(t) values all
decrease from the northern and southern subterranes with small
negative to large positive εHf(t) values towards the central Lhasa
subterrane with large negative to small positive εHf(t) values. It is also
important to note (i) that the inherited zircons of Archean age (up to
~2877 Ma with a “crustal” model age as old as 3.85 Ga) and the very
large negative εHf(t) values of zircons representing the timing of the
host rock emplacement (up to −22.0 with Paleoproterozoic to
Archean “crustal” model ages) (e.g., samples 08YR09, 08CQ35,
08DX17, MB05-7, and MB22-1) in the central Lhasa subterrane
(Fig. 3; Table S3) actually require the presence of Paleoproterozoic to



Fig. 4. The range and spatial distribution of εHf(t) values, and the histogram of Hf “crustal”model ages (TDMC) of zircons from theMesozoic–early Tertiarymagmatic rocks in the Lhasa
Terrane. Zircon εHf(t) values plotted against sample latitude, showing to a first-order consistent profiles indicating the presence of ancient crustal materials in the central Lhasa
subterrane and juvenile crustal materials in the northern and southern accreted subterranes. The color bands indicate the ranges of εHf(t) values of zircons at the time (t) of
crystallization. The histograms of Hf “crustal” model ages (TDMC) using individual analyses indicate the presence of an older “hidden crust” beneath the central Lhasa subterrane
(Mesoproterozoic to Archean) than the northern (Phanerozoic toMesoproterozoic) and southern (Phanerozoic) Lhasa subterranes and of aMeso- to Paleoproterozoic “hidden crust”
beneath the Nyainrong region. Abbreviations are the same as in Fig. 1.
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Achaean basement although it has not been directly sampled, and (ii)
that the dominantly positive εHf(t) values (−1.9 to +8.3 with an
average of +3.9) in zircons of the 134–125 Ma granitoids from the
Baingoin batholith (Fig. 1b) (Zhu et al., submitted for publication-a)
resemble εHf(t) values in zircons of granitoid rocks west of the
Baingoin in the northern Lhasa subterrane, all indicating the presence
of a juvenile crust and a host magma source in the mafic lower crust
derived from the mantle in no distant past.

Because crust–mantle interaction is inevitable during mantle
melting (e.g., melting of subducted sediments) and melt emplace-
ment (e.g., crustal assimilation), the measured εHf(t) values represent
mixing between the mantle (i.e., large + εHf(t)) and mature crust
(large − εHf(t)) end-members. Hence, the positive εHf(t) for the
juvenile crust in the northern and southern subterranes is likely
underestimated, and should be more positive and the “crustal”model
age should be even younger, which can result from juvenile crust-
derived melts that have mixed with varying contributions from
anatexis of ancient crustal materials or subducted terrigeneous
sediments. Conversely, the negative εHf(t) for the reworked crust
toward the central Lhasa subterrane is likely overestimated, and
should be more negative and the “crustal” model age should be even
older, which can be accounted for by mixing between melts largely
derived from anatexis of ancient continental crustal materials and
minor basalt-derived melts. Therefore, the profiles of zircon εHf(t)
distribution with latitude in Fig. 4 should be more extreme, i.e., even
more negative εHf(t) (more ancient than Paleoproterozoic) in the
central Lhasa subterrane, and even more positive εHf(t) (more
juvenile and younger than Mesoproterozoic) in the southern and
northern Lhasa subterranes. This finding offers smoking-gun evidence
for the presence of Paleoproterozoic and Archean basement (up to
2877 Ma) beneath the central Lhasa subterrane. It follows that the
central Lhasa subterrane once must be a microcontinent. This
continent had acted as a nucleus to which juvenile crust has been
accreted in the northern and southern subterranes in the Phanerozoic
during its journey of drift across the Tethyan Ocean basins and
ultimate continental collisions.

It is noteworthy that the zircon εHf(t) distinction between the
central Lhasa subterrane and the northern and southern subterranes
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is also reflected in sedimentary cover rocks (see above) and
corresponds well to the northern, central and southern subterranes
(cf. Zhu et al., 2009a, b, 2010). These subterranes are separated (i) by
the Shiquan River–Nam Tso Mélange Zone (SNMZ) (Pan et al., 2004)
that may document the evolution of a back-arc basin likely developed
in the Early Cretaceous (Baxter et al., 2009; Zhang et al., 2004) and
(ii) by the Luobadui–Milashan Fault (LMF) (Pan et al., 2004) that
correlates in space with a newly recognized Carboniferous–Permian
suture zone (Yang et al., 2009) (Fig. 1b). Furthermore, the transition
from the southern Lhasa juvenile crust to central Lhasa mature crust
along the LMF coincides well with the present-day change in
lithospheric thickness (Fig. 4a of McKenzie and Priestley, 2008),
whichmay suggest that the thick lithosphere beneath the present-day
Lhasa Terrane is inherited, at least partly, from its Mesozoic precursor.
By contrast, the northern transition from the central Lhasa reworked
crust to northern Lhasa juvenile crust along the SNMZ has not been
detected by the present-day geophysical methods (e.g., McKenzie and
Priestley, 2008), which could be due to crustal shortening and
lithosphere thickening in response to the Qiangtang–Lhasa collision
and subsequent intracontinental convergence (cf. Kapp et al., 2007).

4.2. Geodynamic setting and tectonomagmatic evolution of the Lhasa
Terrane in the Mesozoic

4.2.1. Generation of the Late Triassic–Early Jurassic magmatic rocks
The Late Triassic–Early Jurassic (~205–174 Ma) magmatic rocks in

the southern Lhasa subterrane have been interpreted as a result of
northward subduction of the Neo-Tethyan Ocean seafloor (Chu et al.,
2006; Ji et al., 2009a; Yang et al., 2008; Zhang et al., 2007a; Zhu et al.,
2008b) whereas the coeval peraluminous granitoids (~206–190 Ma;
~50 km north of the southern subterrane) in the central Lhasa
subterrane are consistent with an origin within a late- to post-
collisional setting (Liu et al., 2006; Zhang et al., 2007b). These rocks
are only slightly younger than the earliest radiolarian assemblages of
Ladinian–Carnian age (237–217 Ma) from chert sequences within the
Indus–Yarlung–Zangbo suture (IYZSZ), which likely indicate a rifting
marginal basin (Zhu et al., 2005) (evolved to what is known as the
Neo-Tethyan Ocean). This means that the southern edge of the central
Lhasa subterrane had only just formed as a passive margin rather than
a mature active continental margin with a subduction zone. Hence,
the above tectonomagmatic interpretation needs revision. Although
more work is needed, the current data allow two general statements
on the generation of these rocks.

First, the zircon εHf(t) (mostlyb0; Fig. 3) data indicate that the Late
Triassic–Early Jurassic granitoids from the central Lhasa subterrane
and Nyainrong region are dominated by melts derived from ancient,
pre-existing, mature continental crust material, giving bulk composi-
tions similar to S-type granitoids. In contrast, the zircon εHf(t)
(mostlyN0; Fig. 3) data of the contemporaneous granitoids from the
southern Lhasa subterrane indicate that the granitoids are isotopically
dominated by melts derived from mafic source material of mantle
origin with limited contributions from the mature continental crust,
giving bulk compositions similar to I-type granitoids and representing
net juvenile crust accretion. The latter is best explained by remelting
of pre-existing underplated and metasomatised mafic crust resulting
from the northward subduction of the Paleo-Tethyan Ocean seafloor
represented by the Songdo eclogite during the Late Paleozoic (Yang
et al., 2009; Zhu et al., 2009a, 2010) under hydrous amphibolite facies
conditions (Niu, 2005).

Second, geochronological data indicate that the Amdo basement
experienced amphibolite facies metamorphism at 185–170 Ma
(Guynn et al., 2006; Xu et al., 1985) and granulite facies metamor-
phism at about 169 Ma (Zhang et al., 2010b) that is coeval with the
late phase of the Amdo–Nyainrong granitoid magmatism (Guynn et
al., 2006; this study). We interpret the late metamorphism and
magmatism as resulting from a single event, most likely a collision
event related to the Amdo–Qiangtang collision (Guynn et al., 2006)
rather than the Lhasa–Qiangtang collision (Xu et al., 1985). This is
because paleomagnetic (Li et al., 2004), stratigraphic and paleonto-
logical data (Leeder et al., 1988; Metcalfe, 2010; Yin et al., 1988;, and
references therein) indicate that a wide ocean was still present
between the Lhasa and Qiangtang Terranes during the Early Jurassic.

4.2.2. Southward subduction of the Bangong–Nujiang Ocean seafloor
The northward subduction of the Neo-Tethyan Ocean seafloor

beneath the southern Lhasa subterrane has been well established and
continued until the India–Asia collision in the Early Cenozoic.
However, the subduction direction of the seafloor of the Bangong–
Nujiang Ocean north of the Lhasa Terrane has been in debate for
sometime (e.g., Allègre et al., 1984; Dewey et al., 1988; Kapp et al.,
2007; Xu et al., 1985; Zhang et al., 2004). The presence of low-K to
high-K calc-alkaline andesite–dacite–rhyolite suite of 131–110 Ma
(Fig. 2b) with positive zircon εHf(t) west of Baingoin (this study) and
granitoids of 134–125 Ma with positive zircon εHf(t) from Baingoin
batholiths (Zhu et al., submitted for publication-a) in the northern
Lhasa subterrane is consistent with southward subduction of the
Bangong–Nujiang seafloor beneath the Lhasa Terrane. More impor-
tantly, zircon Hf isotopic data of the Mesozoic–early Tertiary rocks
from the four north–south traverses (Fig. 1b) clearly reveal an
apparent southward (i.e., continentward) decrease in εHf(t) across the
northern and central Lhasa subterranes (Fig. 4). Such feature is similar
to the variation of bulk-rock εNd(t) in the southern Lhasa subterrane
(Zhu et al., 2008b) and other continental margin batholiths (e.g. Sierra
Nevada and Peninsular Ranges in California) (DePaolo et al., 2008)
where continentward subduction occurred, confirming southward
subduction of the Bangong–Nujiang seafloor beneath the northern
Lhasa subterrane.

It remains unknown, however, when and how the subduction was
initiated at the northern edge of the central Lhasa subterrane. The
continental nature of the central Lhasa subterrane lithosphere
architecture ascertains that regardless of its actual size, an ancient
compositionally depleted and thus physically buoyant lithospheric
root is required (i) to maintain its integrity (Abbott et al., 1997;
Jordan, 1988; Niu et al., 2003) in the course of its drift in an otherwise
vast ocean basin setting (e.g., the Lhasa microcontinent drifting across
the Tethys), (ii) to develop subduction zones at its edges (Niu et al.,
2003) allowing the dense oceanic lithosphere to subduct towards
beneath it, and (iii) to induce subduction/convergence-related
magmatism for net crustal growth. These mean that the rift ocean
basin (evolved to what is known as the Neo-Tethys south of the Lhasa
Terrane) must have a passive margin at the southern edge of the
central Lhasa subterrane in its early history, making its northward
drift possible. The latter also requires that the ocean basin (known as
the Bangong–Nujiang Tethys) north of the northward drifting central
Lhasa subterrane shrink by means of seafloor subduction. A
subduction zone may be present at the northern rim of the
Bangong–Nujiang Tethyan Ocean (e.g., represented by the Jinsha
suture zone; Pan et al., 2004), but the progressive decrease in εHf(t)
values of zircons from the northern to central Lhasa subterranes
(Fig. 4) indicate that a subduction zone may have already existed at
the northern edge of the central Lhasa subterrane for some time,
perhaps, prior to the separation of the central Lhasa subterrane from
Gondwana. Such a southward subduction may have been triggered by
the central Lhasa–Australia collision at the end of the Middle Permian
(ca. 263 Ma; Zhu et al., 2009a) that led to the closure of the Paleo-
Tethyan Ocean Basin south of the central Lhasa subterrane (Yang
et al., 2009), and played a critical role in the separation of the central
Lhasa subterrane fromGondwana (Australian?) by creating a back-arc
basin that would have developed and evolved into the Neo-Tethyan
Ocean (Ferrari et al., 2008; Niu et al., 2003; Sengör, 1979;).

It should be pointed out that the above geodynamic consideration
requires the presence of a mélange zone (i.e., Permian–Triassic
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mélange zone) along the northern edge of the Lhasa Terrane. Further
work is underway, and several recent studies have indeed indicated
its presence: (1) the identification of angular unconformity between
the Upper Triassic flysch with basal conglomerate that contains
ophiolitic elements and the underlying ophiolites in Baila (Chen et al.,
2005; Pan et al., 2006), and (2) the possible existence of the late
Paleozoic ophiolites southwest of Nagqu, where the cumulate gabbro
has been dated to be ~242 and 259 Ma (Nimaciren et al., 2005).

4.2.3. Tectonomagmatic evolution during the Mesozoic
The Amdo basement located between the present-day Lhasa and

Qiangtang Terranes (Fig. 1b) has traditionally been considered as part of
the Lhasa Terrane (cf. Dewey et al., 1988; Xu et al., 1985; Yin and
Harrison, 2000). However, we note that there is a distinct difference of
age-probability distributions of detrital zircons of pre-Permian metase-
dimentary rocks from the Amdo basement (strong peaks at ~550 Ma
and ~950 Ma; Guynn, 2006) and the Lhasa Terrane (strong peaks at
~540 Ma and ~1170 Ma; Zhu et al., submitted for publication-b), which
likely indicate a different origin and therefore a different drift history
between them. This, together with the presence of ophiolitic mélanges
both south and north of the Amdo basement (Fig. 1b; Pan et al., 2004),
results in an uncertainty in exploring the evolution history of the Amdo
basement because the above difference requires further verification.
Therefore, the Amdo basement is not involved in the following
discussion. As discussed above, a back-arc basin (evolved to what is
known as the Neo-Tethys south of the Lhasa Terrane)may have existed
south of the central Lhasa subterrane microcontinent during the early
Mesozoic in response to the southward subduction of the Bangong–
Nujiang TethyanOcean seafloor (Fig. 5a).With this initial condition, the
tectonomagmatic evolution of the Lhasa Terrane during theMesozoic is
best described as follows (Fig. 5):

(1) Crustal melting accompanying back-arc basin development
(Fig. 5b–c): continued southward subduction of the Bangong–
Nujiang Tethyan Ocean seafloor was accompanied by continued
development of the back-arc basin towards the further develop-
ment of the Neo-Tethyan Ocean. Emplacement (e.g., intrusion
and/or underplating) of the subduction-related basaltic magmas
contributed to the juvenile crust at the southern edge of central
Lhasa subterrane (Fig. 5b–c). The basaltic magmas caused the
crustal melting, producing hybrid melts with compositional
diversity with varyingmantle contributions in terms of zircon Hf
isotopes as exemplified by the Late Triassic–Early Jurassic
magmatic rocks in the southern and central Lhasa subterranes
(Chu et al., 2006; Ji et al., 2009a; Liu et al., 2006; Yang et al., 2008;
Zhang et al., 2007a, 2007b) (Figs. 5b, 6). This interpretation is
geologically reasonable because (i) the central Lhasa micro-
continent is narrowandwas probably b300 kmwide at that time
(Burg et al., 1983; Kapp et al., 2007); (ii) mantle contribution is
also manifested by mafic enclaves (Table 1) in host granitoids
from the central Lhasa subterrane. Continued southward
subduction of the Bangong–Nujiang Ocean seafloor led to slab
rollback at some time (Fig. 5c). This rollback then led to
northward migration of magmatism to the northern Lhasa
subterrane, as evidenced by the progressively younger magma-
tism from the central and southern Lhasa subterranes (started
since as early as ~210 Ma) to the northern Lhasa subterrane
(began as late as ca. 134 Ma) (Fig. 6).

(2) Initiation of northward subduction of the Neo-Tethyan Ocean
seafloor as a response to the Lhasa–Qiangtang continental
collision (Fig. 5d): Stratigraphy and sedimentology studies
along the Bangong–Nujiang suture zone indicate that the Lhasa
Terrane may have diachronously collided with the Qiangtang
Terrane during the Cretaceous (earlier in the east and later in
the west) (cf. Kapp et al., 2007; Yin and Harrison, 2000; Zhang
et al., 2004). This continental collision may have triggered the
northward subduction initiation (Niu et al., 2003) of the Neo-
Tethyan Ocean seafloor towards beneath the southern Lhasa
subterrane at its southern edge, subsequently generating
subduction-related adakite-like rocks (~137 Ma; Zhu et al.,
2009c) in the southern Lhasa subterrane (Fig. 5d). The absence
of 150–140 Ma magmatism in the southern Lhasa subterrane
(Ji et al., 2009a; Wu et al., 2010; this study), together with the
decreasing mantle contribution (or increasing ancient crustal
contribution) with time from ~145 to 120 Ma in the central
Lhasa subterrane (Fig. 6) is consistent with the continued
rollback of the Bangong–Nujiang Ocean seafloor subduction,
which resulted in the northward migration of mantle magma-
tism and thus the emplacement of hybrid melts of more crustal
(less mantle) contributions in the central Lhasa subterrane.

(3) Final Lhasa–Qiangtang amalgamation followed by the slab
breakoff of the Bangong–Nujiang Tethyan Ocean floor subduc-
tion (Fig. 5e): Geochronological data show that themagmatism
intensified at ~113 Ma (Fig. 2d) forming an along-strike linear
zone in the central and northern Lhasa subterranes (Table 1;
Zhu et al., 2009b, submitted for publication-a). Following our
recent study on the Early Cretaceous magmatic rocks in the
central Lhasa subterrane (Zhu et al., 2009b), we argue that the
magmatic intensification with compositional diversity (Fig. 2a,
b, c) may be caused by slab breakoff of the Bangong–Nujiang
Tethyan Ocean floor subduction/underthrusting at that time
(Fig. 5e). This is because contrasting behavior of oceanic
(negatively buoyant) and continental (positively buoyant)
portions of the same lithosphere will lead to slab breakoff
after collision (von Blanckenburg and Davis, 1995; Wong et al.,
1997). As a result, the slab breakoff would have caused
localized asthenospheric upwelling and decompression melt-
ing. Such mantle-derived melt with mantle isotopic signatures
will rise, intrude/underplate the overlying crust, as exemplified
by the coeval mafic rocks (Kang et al., 2008; Liu et al., 2003;
Zhang et al., 2004) and abundant dioritic enclaves (Zhu et al.,
2009b) in Coqen and Xainza areas. In addition, the mantle-
derived magmas may have also provided the heat and material
for deep crustal anatexis, thus producing granitoid melts of
isotopically hybrid compositions (Fig. 5e). Consequently, the
mature crust-derived granitoid melts emplaced in the central
Lhasa subterrane will have been assimilated by increased
mantle-derived materials and thus have greater mantle
isotopic signals at that time relative to the early granitoids in
this subterrane, whereas the coeval juvenile crust-derived
granitoid melts emplaced at the northern subterrane would
have greater ancient crustal isotopic signals relative to the early
granitoids in this terrane as observed (Fig. 6). The northern
margin of the northern Lhasa subterranemay have shifted from
an active continental margin into an intracontinental setting
because of the absence of oceanic floor pull since ~113 Ma and
subsequently experienced a southward obduction of elements
from the Bangong–Nujiang suture zone and significant litho-
spheric/crustal thickening (Fig. 5f) during the Late Cretaceous
to Paleocene (cf. Kapp et al., 2003, 2007; Murphy et al., 1997;
Volkmer et al., 2007) driven by the ongoing northward
subduction of the Neo-Tethyan Ocean floor beneath the
southern Lhasa subterrane (Fig. 5f). Such a slab breakoff
event marks a major change in the tectonic setting of the
Lhasa Terrane, which is most likely controlled only by the
northward subduction of the Neo-Tethyan Ocean floor since
~113 Ma and subsequent ridge subduction during the 100 to
80 Ma and normal steady subduction after 80 Ma beneath the
southern Lhasa subterrane prior to the India–Asia collision in
the early Cenozoic (Zhang et al., 2010a).

(4) Final India–Asia amalgamation followed by the slab breakoff of
the Neo-Tethyan Ocean floor subduction: the intensified



Fig. 5. Schematic illustrations of the nature and evolution of the Lhasa Terrane during the Mesozoic in terms of a series of north–south cross sections through time. This preferred
model emphasizes that (i) the Neo-Tethyan Ocean opened as a back-arc basin (a, b, c), (ii) the northward subduction of the Neo-Tethyan Ocean seafloor may have initialized at the
very Early Cretaceous (d), (iii) much of the Mesozoic magmatism in the Lhasa Terrane may be associated with the southward Bangong–Nujiang Tethyan Ocean seafloor subduction
(b–e), and (iv) the northern margin of the Lhasa Terrane experienced a southward obduction of elements from the Bangong–Nujiang suture zone and significant lithospheric/crustal
thickening since ~ 113 Ma (f). Note that the latitude scale range in a–c does not correspond to that in d–f. The Permianmetasomatized arc crust is shown following Zhu et al. (2009a).
See text for explanation.
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magmatism with compositional diversity at ~52 Ma documen-
ted in the central part of the southern Lhasa subterrane have
been attributed to the breakoff of the Neo-Tethyan Ocean floor
(cf. Chung et al., 2009; Lee et al., 2009). We contend that the
slab breakoff is a probable mechanism to account for (i) the
narrow, linear zone of magmatism at ~52 Ma extended to the
west near Hor (N1000 km long, E82° to E93° and b100 km
wide) along the strike (Fig. 1b), and (ii) the increased input of
ancient continental crust materials from the older rocks to the
~52 Ma rocks in the southern Lhasa subterrane (Fig. 6) because
the rising asthenosphere followed by the slab breakoff is
capable of causing anatexis of the adhering edge of the Indian
continental lithosphere. Given the thermo-mechanical model-
ing suggestion that the most favorable time interval for slab
breakoff is ~10–15 Myrs since the arrival of continental
material at the trench (Macera et al., 2008), the slab breakoff
at ~52 Ma would suggest the initial collisional contact between
India and Asia at ~70–60 Ma. This reasoning and estimation is
consistent with the general notion that the India–Asia collision
took place in the timeframe of ~65–55 Ma (e.g., Chen et al.,
2010; Chung et al., 2009; Ding et al., 2005; Lee and Lawver,
1995; Mo et al., 2003, 2007, 2008; Searle et al., 1987; Yin and
Harrison, 2000;), but differs from other hypotheses that the
collision began as late as early Oligocene (Aitchison et al., 2007)
or ~43 Ma (Tan et al., 2010).

4.3. Crustal growth of the Lhasa Terrane

Previous studies highlight the importance of mantle contributions
to the crust growth of the southern Lhasa subterrane since the
Mesozoic in association with the Neo-Tethyan Ocean subduction and
the India–Asia continental collision (e.g., Chung et al., 2009; Ji et al.,
2009a; Mo et al., 2005b, 2007, 2008; Wu et al., 2010). New data
reported here further signify such an important role of intrusion or
underpalting of basaltic magmas in producing the juvenile crust of the
southern Lhasa subterrane, as evidenced by the presence of mafic
components, whether as microgranular enclaves, discrete plutons or
andesites (Table 1), and the zircon Hf isotope data (Fig. 3). Obviously,
in terms of zircon Hf isotopic compositions, the granitoids from the
southern Lhasa subterrane are dominated bymantle contributions, up
to 50–90% (Fig. 6). The “mantle” here and below refers to juvenile
crust associated with recently subducted Tethyan ocean crust.
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Fig. 6. Illustration of mantle contributions to the Mesozoic–early Tertiary magmatic rocks (Ji et al., 2009a; Zhu et al., 2009b, 2009c; this study) in terms of zircon Hf isotopes that
changed with time and tectonomagmatic evolution of the Lhasa Terrane. The percentage of mantle contribution in the melt (assumed to be objectively recorded in the crystallized/
crystallizing zircons) was calculated following Mišković and Schaltegger (2009). Note that one zircon with the most depleted Hf isotopic composition from a local basaltic andesite
sample (sample YH06-3) is assumed to represent isotopically the pure composition of mantle-derived magma [εHf(t)=+18.8, Hf=8811 ppm], and one zircon with the most
enriched Hf isotopic composition from a local strongly peraluminous granite (sample 08DX17) is considered as representing melts derived from mature continental crust of the
Lhasa Terrane itself [εHf(t)=−20.5, Hf=12761 ppm]. The assumed end-members of binary mixing modeling are given in online supplementary material in Appendix A.
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Similar juvenile crust formation and accretionary processes should
have taken place in the northern Lhasa subterrane, where the
Cretaceous volcanic rocks (andesite to rhyolite varieties) and
granitoids that locally contain mafic microgranular enclaves show
positive zircon εHf(t) (Table 1; Zhu et al., submitted for publication-a).
This points to a mantle-derived mafic magma contribution in the
genesis of these rocks which can be explained in terms of mafic
magma underplating as the result of the Bangong–Nujiang Tethyan
Ocean seafloor subduction. As estimated by the zircon Hf isotopic
compositions, the input of mantle material has contributed 30–100%
to the formation of the magmatic rocks from the northern Lhasa
subterrane (Fig. 6). The decreasing zircon εHf(t) towards the eastern
part of the northern Lhasa subterrane reflects more ancient crustal
(lessmantle) contributions from the Lhasamicrocontinent itself (and/
or exotic Amdo basement and/or Qiangtang) in the generation of the
granitoids (e.g., SB01-2).

The granitoids from the central Lhasa subterrane exhibit negative
zircon εHf(t), ancient Hf isotope “crustal” model ages, and abundant
inherited zircons (Fig. 3). These features, together with the contempo-
raneous presence of S-type and I-typemelts (Fig. 2c), indicate that these
rocks were largely derived from anatexis of mature continental crust
materials. Nevertheless, the presence of mafic enclaves (Table 1), and
wide spectrum of zircon εHf(t) of N10-ε units within a single sample
(e.g., NML05-1, MB09-1, GRC02-1; Table 1) indicate that contributions
from the mantle-derived magmas possibly related to magmatic under-
plating were involved in their generation (cf. Hawkesworth et al., 2010;
Kemp et al., 2006; Niu, 2005). It is estimated that the mantle material
input contributed 0–70% to the formation of the granitoids in terms of
zircon Hf isotopic compositions (Fig. 6).

An accurate assessment of volume of magmatic addition to the
crust of the Lhasa Terrane with time is not straightforward. This is
because mantle-derived magmas may be arrested at major density
interfaces, e.g., mantle/crust interface (Petford and Atherton, 1996),
and because of erosion of magmatic rocks. However, if the surface
outcrop area relates to magmatic productivity (cf. Kemp et al., 2009),
then the widespread distributions of Early Cretaceous (Fig. 1b) and
early Tertiary (cf. Lee et al., 2009; Mo et al., 2003, 2007, 2008)
magmatic rocks with significant mantle input (Fig. 6) would indicate
two significant periods of juvenile crust formation, represented,
respectively, by Early Cretaceous magmatism associated with the
Qiangtang–Lhasa collision in the northern Lhasa subterrane and by
Early Tertiary magmatism associated with the India–Asia collision in
the southern Lhasa subterrane. This emphasizes that processes
associated with continental collision produce and preserve the
juvenile crust, hence maintain the net continental crust growth
(Hawkesworth et al., 2010; Mo et al., 2008; Niu and O'Hara, 2009).

5. Concluding remarks

A comprehensive dataset of bulk-rock geochemistry, zircon U–Pb
geochronology and zircon Hf isotope geochemistry of the Mesozoic–
early Tertiary magmatic rocks sampled along four north–south
traverses across the Lhasa Terrane offers us an unprecedented
understanding of the lithosphere architecture, the tectonic histories
and crustal growth of the Lhasa Terrane in southern Tibet. These
results represent added knowledge on the workings of the plate
tectonics and have global geodynamic significance. Some key findings
are summarized as follows:

1) The central Lhasa subterrane was once a microcontinent with
Archean basement whereas the southern and northern portions
are more recently accreted subterranes during its journey of drift
across the Tethyan Ocean basins.

2) The Lhasa Terrane experienced continuous magmatism from the
Late Triassic to early Tertiary (220–40 Ma) with two intense
magmatic episodes culminated at ~113, and ~52 Ma that corre-
spond to the present-day surface outcrop areas. The rocks
emplaced during each of the two intense episodes are both
compositionally diverse, ranging from metaluminous (I-type) to
peraluminous (S-type) varieties.

3) The Bangong–Nujiang Ocean seafloor must have subducted
southward beneath the northern Lhasa subterrane that likely
began in the late Middle Permian (~263 Ma) and ceased in the
late Early Cretaceous (~113 Ma), while the Neo-Tethyan Ocean
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seafloor must have subducted northward beneath the southern
Lhasa subterrane that likely initialized in the very Early Creta-
ceous. The former can account for much of the Mesozoic
magmatism in the Lhasa Terrane.

4) The significant changes of zircon εHf(t) at ~113 and ~52 Ma record
tectonomagmatic activities as a result of slab breakoff and related
mantle melting events following the Qiangtang–Lhasa amalgam-
ation and India–Lhasa amalgamation, respectively.

5) Significant mantle contribution to the crust formation in the Lhasa
Terrane is represented, respectively, by Early Cretaceous magma-
tism associatedwith the Qiangtang–Lhasa collision in the northern
Lhasa subterrane and by Early Tertiarymagmatism associatedwith
the India–Asia collision in the southern Lhasa subterrane. This
ascertains the concept that processes associated with continental
collision produce and preserve juvenile crust and hence maintains
the net growth of continental crust.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.epsl.2010.11.005.
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