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This paper reports new zircon LA-ICP-MS U–Pb age and Hf-isotope, whole-rock major and trace element, and
Sr–Nd isotope data from Cambrian metavolcanic rocks in the central Lhasa subterrane of southern Tibet.
These rocks form a bimodal volcanic suite consisting mainly of silicic metavolcanic rocks with subordinate
metabasalts. Five silicic metavolcanic samples dated at ca. 492 Ma and one metabasalt sample yielding a
near-concordant 206Pb/238U age of 492±4 Ma indicate that mafic and silicic eruptions were contemporane-
ous. The metabasalts are mostly high-K calc-alkaline, enriched in Th, U, and light rare earth elements (LREEs),
and depleted in Nb, Ta, Ti, Zr, and Hf, geochemically resembling the Andean arc basalts. The silicic metavol-
canic rocks are high-K calc-alkaline and low in Nb and Zr. The metabasaltic rocks have negative whole-rock
εNd(t) values (−4.7 to −3.5) and varying zircon εHf(t) values (−0.7 to +7.5), differing significantly from
those of the silicic metavolcanic rocks, which yield negative whole-rock εNd(t) values of −8.4 to −7.2 and
varying zircon εHf(t) values (−13.9 to−4.6). The metabasaltic rocks are interpreted as resulting from partial
melting of an enriched lithospheric mantle source that was metasomatized by subduction-related compo-
nents, whereas the silicic metavolcanic rocks were derived from basaltic melt-induced anatexis of the ancient
Lhasa basement with inherited mantle melt signatures. The Western Qiangtang–Amdo–Tethyan Himalaya
situated in the Indian proto-Tethyan margin and the Lhasa and other possible microcontinents or terranes
(e.g., Gongshan, Baoshan, Tengchong, Burma, and Sibumasu) paleographically located in the Australian
proto-Tethyan margin represent an early Paleozoic Andean-type magmatic arc facing the proto-Tethyan
Ocean. The emplacement of the bimodal volcanic rocks and the development of the Cambro–Ordovician an-
gular unconformity in the central Lhasa subterrane can be attributed to slab break-off of the proto-Tethyan
Ocean lithosphere following the collisional accretion of microcontinents or terranes located outboard of
the magmatic arc (possibly Eastern Qiangtang and South China).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The late Precambrian–early Paleozoic time windowwas an impor-
tant period in the geological evolution of Gondwana, as this was the
time of the assembly of various continental components within the
Gondwana supercontinent and the subduction initiation along the
Peri-Gondwana margin (cf. Meert, 2003; Collins and Pisarevsky,
2005; Cawood and Buchan, 2007; Cawood et al., 2007; Li et al.,
ological Processes and Mineral
n Road, Haidian District, Beijing
8232 2094.

rights reserved.
2008a, 2008b; Murphy et al., 2011). Previous studies have indicated
that the final assembly of the eastern Gondwana occurred between
ca. 570 and ca. 510 Ma (cf. Meert, 2003; Cawood and Buchan, 2007
for a synthesis), and the subduction along the Gondwanan proto-
Pacific margin initiated from 580 to 550 Ma (cf. Cawood and
Buchan, 2007). However, whether the Gondwanan proto-Tethyan
margin was an active continental margin or not is debated. For exam-
ple, the early Paleozoic granitoids (~530–470 Ma) widely emplaced
in the Indian proto-Tethyan margin have been interpreted as relating
to the final assembly of Gondwana (Baig et al., 1988; Gaetani and
Garzanti, 1991; Meert and Van der Voo, 1997), the supercontinental
breakup (Murphy and Nance, 1991), or crustal extension in a non-
arc environment (Miller et al., 2001). The Cambro–Ordovician
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angular unconformity identified along the length of the Himalayan
orogen has been generally interpreted as recording a regional orogen-
ic event in the northern Indian continent (Garzanti et al., 1986; Yin
and Harrison, 2000; Gehrels et al., 2003, 2006; Cawood et al., 2007;
Zhang et al., 2008a), but Myrow et al. (2006) argue against this inter-
pretation and point out that the nature of this unconformity remains
an enigma. Cawood et al. (2007) argued for the presence of the North
India Orogen during the Early Paleozoic (530–490 Ma) and inter-
preted the granitoids and angular unconformity as a result of an
Andean-type orogenic activity related to subduction of the proto-
Tethyan Ocean lithosphere beneath the Indian continent. Collectively,
these discrepancies seem to have resulted from (1) the strong over-
printing of the Cenozoic tectonothermal events on the Early Paleozoic
metamorphism and deformation, (2) the rare occurrence of coeval
mafic rocks that are sensitive to geodynamic processes, and (3) the
absence of a record of coeval Andean-type orogenic events in the
modern-day northern Australian margin.

The Lhasa Terrane in southern Tibetan Plateau (Fig. 1a) has gener-
ally been speculated to have been rifted from northern India in the
late Paleozoic (cf. Sengör, 1987; Yin and Harrison, 2000; Pan et al.,
to N
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Fig. 1. (a) Geographic map of parts of Asia (http://maps.nationalgeographic.com/maps) sho
2009), Central Iran (Ramezani and Tucker, 2003; Hassanzadeh et al., 2008), Gongshan (Song
outline of the Tibetan Plateau showing the subdivision of the Lhasa Terrane (Zhu et al., 2
sources: Western Qiangtang (Pullen et al., 2011), Amdo (Xie et al., 2010; Guynn et al., 2012
et al., 2001; Cawood et al., 2007; Lee and Whitehouse, 2007; Quigley et al., 2008; Shi et al., 2
ture Zone; BNSZ=Bangong–Nujiang Suture Zone; SNMZ=Shiquan River–Nam Tso Mélang
NL=Northern Lhasa subterrane; CL=Central Lhasa subterrane; SL=Southern Lhasa subte
(Lu et al., 2011), showing the location of the Banglei metavolcanic rocks investigated in thi
2004; Metcalfe, 2006, 2009). However, new geological and abundant
detrital zircon data indicate that the Lhasa Terrane came from north-
ern Australia and experienced late Precambrian–early Paleozoic evo-
lution in a different paleogeographical setting from that of the
Qiangtang–Greater India–Tethyan Himalaya system (Zhu et al.,
2011a, 2012). Recently, Cambrian volcanic rocks (~501 Ma; Ji et al.,
2009a; 492 Ma, this study) and Cambro–Ordovician angular uncon-
formity (Li et al., 2010), which are comparable to tectonomagmatic
events identified in the northern Indian margin, have also been docu-
mented in the central Lhasa subterrane (Fig. 1b). These new observa-
tions, together with a new understanding of the origin of the Lhasa
Terrane, allowed us to explore the nature of the tectonomagmatic
events in northern Australia during the early Paleozoic, which are
still poorly understood (Hocking and Mory, 2006). In this paper, we
report zircon U–Pb age and Hf isotope data, whole-rock major and
trace element analyses, and Sr–Nd isotope data of the metavolcanic
rocks from southeastern Nyima in the central Lhasa subterrane
(Fig. 1c). These data reveal the presence of the ~492 Ma bimodal vol-
canic rocks that predate the development of the Cambro–Ordovician
angular unconformity both in the central Lhasa subterrane and at
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the northern Indian margin. Our results, in combination with the
known coeval magmatism and metamorphism, provide new insights
into the petrogenesis and geodynamic processes responsible for the
Early Paleozoic tectonomagmatic events along the India–Australia
proto-Tethyan margin.

2. Geological background

From north to south, the Tibetan Plateau consists of the Songpan–
Ganzi flysch complex, Eastern Qiangtang, Western Qiangtang, Lhasa
Terrane, and the Himalayas (Fig. 1b). These terranes are separated
by a series of suture zones, namely the Jinsha, Longmu Tso–Shuanghu,
Bangong–Nujiang, and Indus–Yarlung Zangbo Suture Zones (Fig. 1b)
(see Zhu et al., 2012). The Lhasa Terrane in southern Tibetan Plateau
is divided into northern, central, and southern subterranes, separated
by the Shiquan River–Nam Tso Mélange Zone and Luobadui–Milashan
Fault (Fig. 1b).

The northern Lhasa subterrane has been interpreted to be underlain
by a Cambrian or Neoproterozoic crystalline basement reported from
the Amdo area (Amdo orthogneiss) (Xu et al., 1985; Dewey et al.,
1988; Guynn et al., 2006), but recent studies have shown that the
Amdo microcontinent is not an integral part of the Lhasa Terrane (Zhu
et al., 2012). This subterrane is instead composed of juvenile crust
(Zhu et al., 2011b) and is covered by Middle Triassic–Cretaceous sedi-
mentary rockswith abundant early Cretaceous volcanic rocks and asso-
ciated granitoids (cf. Pan et al., 2004; Zhu et al., 2012). The central Lhasa
subterrane represents a microcontinent with Archean and Proterozoic
basement rocks (Zhu et al., 2009a, 2011b, 2012). Recent studies have in-
dicated that part of the Nyainqêntanglha Group in this subterrane has
undergone multiple episodes of metamorphism during the Neoproter-
ozoic (~720 Ma, Zhang et al., 2010; ~690 Ma, Dong et al., 2011a), Late
Triassic (225–213 Ma, Dong et al., 2011b), and Cenozoic (Xu et al.,
KC0901-5
metabasalt

KC0905-1
metarhyodacite

100 100 μm

500 500 μm

plagioclase

biotite

K-feldspar

(a)

(c)

K-feldspar

K-feldspar

K-feldspar

K-feldspar

Fig. 2. Photomicrographs showing the porphyric texture of the Cambrian metavolcanic rock
altered and oriented due to post-magmatic events.
1985; Kapp et al., 2005a). This reworked crystalline basement is cov-
ered by Permo-Carboniferous metasedimentary and Upper Jurassic–
Lower Cretaceous sedimentary units with abundant volcanic rocks
(Zhu et al., 2009a, 2011b, 2012), as well as minor Ordovician, Silurian,
Devonian, and Triassic limestone occurrences (cf. Pan et al., 2004).
The southern Lhasa subterrane is characterized by the existence of juve-
nile crust (cf. Mo et al., 2008; Ji et al., 2009b; Zhu et al., 2011b) with a
Precambrian crystalline basement locally preserved (Zhu et al., 2012).
This subterrane is dominated by the Cretaceous–Tertiary Gangdese
Batholith and the Paleogene Linzizong volcanic succession (cf. Zhu et
al., 2011b, 2012), with minor Triassic–Cretaceous volcano-
sedimentary rocks that are largely restricted to its eastern part (cf. Pan
et al., 2004; Zhu et al., 2012).

The Lhasa Terrane is widely considered an archetype of a Ceno-
zoic orogen as a result of the India–Asia continental collision
marked by the Indus–Yarlung Zangbo suture zone and a pre-
Cretaceous Andean-type active continental margin genetically as-
sociated with the northward subduction of the Neo-Tethyan litho-
sphere (Allègre et al., 1984; Sengör, 1987; Yin and Harrison,
2000; Chung et al., 2005). Recent studies have indicated that the
northward subduction of the Neo-Tethyan seafloor was likely initi-
ated in the Cretaceous and triggered by the Lhasa–Qiangtang colli-
sion and that much of the Mesozoic magmatism in the Lhasa
Terrane was associated with the southward subduction of the Ban-
gong–Nujiang Tethyan lithosphere beneath the Lhasa Terrane. This
south-directed subduction began in the late Middle Permian as a
result of the Lhasa–Australia collision and ceased in the late Early
Cretaceous (Zhu et al., 2009a, 2009b, 2010, 2011b, 2012). Tectoni-
cally, both the northern and southern Lhasa subterranes experi-
enced significant crustal shortening (>50% and >40%,
respectively) during the Late Cretaceous (cf. Kapp et al., 2003; He
et al., 2007).
KC0906-1
metarhyolite

KC0902-1
metabasalt

200 200 μm

500 500 μm

hornblende

K-feldspar

Quartz

(b)

(d)

s in the central Lhasa subterrane. Note that the groundmass minerals in all samples are



293D.-C. Zhu et al. / Chemical Geology 328 (2012) 290–308
3. Field and petrographic observations

The Cambrian metavolcanic rocks are exposed to the east of
Xainza and southeast of Nyima in the central Lhasa subterrane
(Fig. 1b). Metavolcanic rocks in Xainza are intercalated with quartzite
and slate with marble lenses (Ji et al., 2009a; Li et al., 2010), which
have previously been assigned to the Nyainqêntanglha Group (Pan
et al., 2004). They are composed of metarhyolite (~170 m thick in
total) and metarhyolitic volcaniclastic rocks (Ji et al., 2009a) and are
overlain unconformably by Ordovician clastic sequences with basal
conglomerates that contain metarhyolitic material from the underly-
ing strata (Li et al., 2010). Southeast of Nyima around Banglei village,
the metavolcanic rocks are faulted against Silurian–Permian clastic
rocks and are intruded by Cretaceous granitoids (Fig. 1c). The Banglei
metavolcanic rocks are dominated by metarhyolite and metarhyolitic
volcaniclastic rocks with subordinate metabasalts, forming a bimodal
suite with a total thickness of ~1000 m. The metavolcanic rocks from
both Xainza and Banglei experienced greenschist facies metamor-
phism, but some primary sedimentary structures (e.g., graded bed-
ding and cross-bedding) are locally well preserved (Ji et al., 2009a).

The Banglei metabasalts (Fig. 1c; 31°25.158′N, 87°32.804′E, 5289 m)
are extensively altered, but the original textures remain preserved. They
are porphyric with plagioclase (5–10%) and hornblende phenocrysts
(5–8%) (Fig. 2a and b) in a groundmass composed of oriented fine-
grained plagioclase, alteredminerals (e.g., chlorite, sericite), andmagne-
tite (Fig. 2a). The Banglei silicic metavolcanic rocks are strongly foliated
and show compositional banding composed of quartz and chlorite
(Fig. 2c and d). Rotated porphyroclasts of K-feldspar (15–20%) and
quartz (5–10%) are also present in these rocks (Fig. 2c and d).

4. Analytical methods

One metabasalt sample and five metarhyolite samples were selected
for in situ zirconU–Pb andHf isotope analysis. Zirconswere separated for
each sample by heavy-liquid andmagnetic methods in the Laboratory of
the Geological Team of Hebei Province, China. Cathodoluminescence
(CL) images were taken at the Institute of Geology, Chinese Academy
of Geological Sciences (Beijing) to inspect internal structures of individ-
ual zircons and to select positions for zircon isotope analyses. Zircon U–
Pb dating with a beam size of 32 μm was conducted by LA-ICP-MS at
the State Key Laboratory of Geological Processes andMineral Resources,
China University of Geosciences (Wuhan). The detailed operating condi-
tions for the laser ablation system, the ICP-MS instrument and data re-
duction are the same as those described by Liu et al. (2008, 2010a).
Off-line selection and the integration of background and analyses of sig-
nals, time-drift correction, U–Pb dating, and quantitative calibration for
trace element analyses were performed by ICPMSDataCal (Liu et al.,
2008, 2010a, 2010b). Trace element compositions of zircons were cali-
brated against multiple-reference materials (BCR-2G and BIR-1G) com-
bined with internal standardization (Liu et al., 2010a). Common lead
was corrected for by using the correction function (Andersen, 2002).
ISOPLOT (version 3.0) (Ludwig, 2003) was used to plot concordia dia-
grams and for age calculations. Uncertainties of individual analyses are
reported as 1σ (Table S1); mean ages for pooled 206Pb/238U results are
reported as 2σ (Fig. 3). The obtainedmean 206Pb/238U age for zircon stan-
dard GJ-1 with a beam size of 32 μm was 604.2±2.0 Ma (2σn, n=24),
consistent with the reported or recommended values (602.1±4.9 Ma,
Liu et al., 2010a; 599.8±1.7 Ma, Jackson et al., 2004).

Major element compositions of whole-rock samples were deter-
mined by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) at the China University of Geosciences (Beijing), with analyt-
ical uncertainties generally better than 5% (except P2O5) (Table S2).
Trace element analyses were conducted by LA-ICP-MS at the State Key
Laboratory of Geological Processes and Mineral Resources, China Uni-
versity of Geosciences (Wuhan). During analysis, data qualitywasmon-
itored by analyses of USGS rock reference materials (BHVO-2, BCR-2,
AGV-2, and RGM-1). The detailed operating conditions for the laser ab-
lation system, the ICP-MS instrument, and data reduction were the
same as those described by Liu et al. (2008). The accuracywas generally
better than 10%, with the exception of Sc, V, Cr, Ni, Y, and Dy in RGM-1
(rhyolite-USGS) and Cr in BCR-2 (basalt-USGS) rock standards, which
differed by 10–15% from the reference values (Table S2). Whole-rock
Sr–Nd isotopic compositions were determined using a Finnigan MAT-
261 mass spectrometer operated in static mode at China University of
Geosciences (Wuhan). Analytical details were given in Rudnick et al.
(2004) and Liu et al. (2004). Sr and Nd isotopic fractionation was nor-
malized to 86Sr/88Sr=0.1194 and 146Nd/144Nd=0.7219, respectively.
The average 143Nd/144Nd ratio of the La Jolla standardmeasured during
the sample runs was 0.511862±5 (2σ), and the average 87Sr/86Sr ratio
of theNBS987 standardwas 0.710236±16 (2σ). The total procedural Sr
and Nd blanks were b1 ng and b50 pg, respectively. The whole-rock
geochemical data are listed in Table 1.

In situ Hf isotope measurements were subsequently performed on
the same spots or the same age domains for age determinations of the
concordant grains, as guided by CL images. Zircons were performed
using a Nu Plasma HR MC-ICP-MS (Nu Instruments Ltd., UK), coupled
to a GeoLas 2005 excimer ArF laser ablation system with a beam size of
44 μm and a laser pulse frequency of 8 Hz at the State Key Laboratory
of Continental Dynamics, Northwest University (Xi'an). Details on the in-
strumental conditions and data acquisition were given in Yuan et al.
(2008). The measured values of well-characterized zircon standards
(91500, GJ-1, and Monastery) agreed with the recommended values
(cf. Yuan et al., 2008) to within 2σ. The obtained Hf isotopic composi-
tions were 0.282016±20 (2σn, n=84) for the GJ-1 standard and
0.282735±24 (2σn, n=84) for the Monastery standard, respectively,
in agreement with the recommended values (cf. Yuan et al., 2008) to
within 2σ. The initial 176Hf/177Hf ratios and εHf(t) values were calculated
in reference to the chondritic reservoir (CHUR) at the time of zircon
growth frommagmas. Depletedmantlemodel ages (TDM) used formeta-
basalt were calculated in reference to the depleted mantle at a present-
day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf of 0.0384 (Griffin et
al., 2000). The Hf isotope crustal model ages (TDMC ) used for zircons
from metarhyolites were calculated by assuming its parental magma to
have been derived from an average continental crust, with 176Lu/
177Hf=0.015, that originated from the depleted mantle source (Griffin
et al., 2002). Our conclusions would not be affected if other decay con-
stants were used. The zircon Lu–Hf isotopic data are given in Table 2.

5. Results

5.1. Zircon U–Pb age and trace element data

The zircon grains from five metarhyolite samples were mostly
euhedral to subhedral and showed short prismatic forms
(50–150 μm long) with an aspect ratio of 1:1–2:1. They were trans-
parent, colorless to pale brown, and exhibited clear oscillatory zoning
(Fig. 3). A few zircon grains displayed dark, rounded or oval shapes
and complex internal texture under CL. All of the analyzed zircons
from five metarhyolite samples, excluding inherited cores, had vary-
ing uranium (105–4351 ppm) and thorium (62–7132 ppm) contents,
with Th/U ratios ranging from 0.36 to 2.44 (Table S1), consistent with
a magmatic origin (Hoskin and Schaltegger, 2003). Zircon grains from
each metarhyolite sample yielded concordant or near-concordant
206Pb/238U ages, with a mean of ca. 492 Ma (Fig. 3). This age was
interpreted as representing the timing of zircon crystallization and
thus the timing of the formation of rhyolitic rocks. Seventeen analyses
(including one rim) with Th/U>0.1 from sample KC0906-1 yielded
an age cluster at ca. 538 Ma. A similar age was also documented by
zircon grains from sample KC0902-3 (Fig. 3). We interpreted this
older age as the timing of early magmatic activity in the region.

Most zircon grains from the metabasalt sample (KC0901-2) were
rounded or oval, with inherited cores and overgrown rims, but one



Table 1
Whole-rock major, trace element and Sr–Nd isotopic data of the Cambrian metavolcanic rocks in the central Lhasa subterrane, southern Tibet.

Sample no. KC0901-1 KC0901-2 KC0901-4 KC0901-5 KC0901-6 KC0902-1 KC0902-2 KC0902-3 KC0903-1 KC0903-2 KC090 1 KC0904-2 KC0905-1 KC0906-1 KC0906-1R

ICP-AES — major element (wt.%)
SiO2 75.88 48.05 75.76 51.40 75.67 48.96 72.54 76.29 51.12 74.22 48.06 78.62 66.23 74.10
TiO2 0.34 2.42 0.38 1.37 0.45 1.32 0.56 0.32 1.58 0.46 1.92 0.31 0.69 0.43
Al2O3 12.13 13.53 12.26 13.77 10.69 13.38 12.87 12.03 14.52 12.75 13.96 10.49 16.07 12.38
Fe2O3 2.06 17.54 2.23 12.70 4.03 13.21 4.12 2.41 12.91 2.12 16.25 1.90 5.52 2.36
MnO 0.03 0.23 0.04 0.25 0.07 0.30 0.08 0.03 0.27 0.04 0.26 0.02 0.06 0.03
MgO 0.35 4.57 0.42 6.26 0.87 7.97 0.89 0.37 5.24 0.38 5.80 0.32 1.60 0.53
CaO 0.45 5.14 0.62 6.98 0.60 9.15 0.73 0.71 6.66 1.02 5.97 0.70 0.69 0.42
Na2O 5.49 0.81 4.37 3.55 3.99 2.04 4.86 4.45 3.85 5.47 2.43 3.73 2.92 3.24
K2O 1.99 5.56 3.67 1.22 1.97 1.81 2.39 3.05 1.23 2.31 4.35 2.77 4.01 4.85
P2O5 0.10 0.44 0.06 0.15 0.08 0.03 0.07 0.09 0.27 0.09 0.26 0.02 0.09 0.11
LOI 0.56 1.48 0.42 1.71 0.76 1.93 0.74 0.58 1.84 0.36 1.14 0.69 1.93 0.81
Total 99.37 99.77 100.22 99.35 99.18 100.09 99.86 100.32 99.47 99.21 100.39 99.58 99.82 99.26
Mg# 25 34 27 50 30 55 30 24 45 26 42 25 37 31

ICP-MS — trace element (ppm)
Sc 7.21 45.6 7.84 43.0 10.6 56.0 11.9 6.59 39.6 7.51 22.4 6.16 13.3 8.31 7.91
V 13.5 397 16.0 320 37.6 322 33.4 11.7 318 22.5 234 16.7 57.5 21.4 20.4
Cr 2.50 54.5 3.03 198 21.1 296 19.2 2.04 148 3.07 29.2 2.40 10.6 5.96 5.68
Co 2.62 46.2 2.56 43.7 5.76 49.5 5.08 2.31 39.4 2.74 24.3 2.03 5.32 2.06 1.96
Ni 1.68 35.5 1.62 78.4 10.3 83.8 8.30 1.59 62.2 2.18 22.6 1.46 5.48 3.06 2.92
Ga 13.7 24.6 12.8 22.2 14.1 19.8 15.3 13.8 25.5 12.6 13.0 10.9 21.7 14.0 13.4
Rb 66.5 593 129 94.6 101 112 108 99.6 76.7 70.0 193 86.3 319 214 200
Sr 32.7 93.4 31.6 169 50.9 166 62.0 65.1 173 37.0 55.5 40.1 45.0 42.9 44.1
Y 39.7 61.1 39.0 38.4 21.7 27.9 26.6 28.6 57.1 34.2 25.0 30.0 53.7 24.4 23.3
Zr 245 163 270 141 175 54.1 221 245 184 292 71.0 200 362 264 251
Nb 14.6 10.1 14.7 6.82 10.6 2.09 13.0 13.6 8.61 15.9 3.63 11.9 21.2 15.9 15.0
Cs 1.31 110 2.74 6.68 6.49 3.69 7.39 2.11 3.34 2.62 36.6 2.35 10.6 5.51 5.34
Ba 267 690 585 218 449 254 624 583 237 422 235 444 976 811 788
La 46.6 27.9 42.5 15.2 24.3 5.10 29.5 29.6 23.4 39.9 10.9 35.5 57.3 23.7 22.7
Ce 85.3 53.8 80.4 31.6 50.7 10.3 60.3 71.4 50.3 77.3 22.9 65.5 108 57.5 55.3
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Table 1 (continued)

Sample no. KC0901-1 KC0901-2 KC0901-4 KC0901-5 KC0901-6 KC0902-1 KC0902-2 KC0902-3 KC0903-1 KC0903-2 KC0904-1 KC0904-2 KC0905-1 KC0906-1 KC0906-1R

Pr 9.72 7.23 8.72 4.24 5.67 1.70 6.77 6.77 6.25 8.38 2.95 7.50 11.9 5.43 5.29
Nd 35.0 31.1 31.8 18.3 20.8 8.74 24.8 24.4 26.6 30.6 12.8 27.0 43.1 19.8 18.8
Sm 6.75 7.79 6.26 4.87 4.16 2.86 4.97 4.74 6.55 5.96 3.11 5.16 8.39 3.81 3.59
Eu 0.82 2.08 0.82 1.34 0.99 1.04 1.17 0.67 2.26 0.79 0.87 0.75 1.24 0.59 0.58
Gd 6.16 8.51 5.75 5.57 3.85 3.84 4.62 4.51 7.70 5.31 3.51 4.83 7.98 3.54 3.44
Tb 1.01 1.48 0.98 1.00 0.63 0.71 0.77 0.76 1.36 0.90 0.61 0.83 1.34 0.62 0.60
Dy 6.29 9.54 6.24 6.66 3.87 4.82 4.72 4.86 8.90 5.65 3.90 5.12 8.43 4.12 3.99
Ho 1.25 1.97 1.26 1.39 0.78 1.02 0.94 1.00 1.84 1.17 0.82 1.05 1.71 0.89 0.86
Er 3.64 5.63 3.76 3.98 2.28 2.99 2.83 3.09 5.34 3.60 2.35 3.05 5.20 2.85 2.73
Tm 0.57 0.83 0.58 0.60 0.33 0.44 0.43 0.50 0.79 0.57 0.36 0.46 0.79 0.48 0.46
Yb 3.65 5.49 3.91 4.01 2.29 2.87 2.87 3.41 5.18 3.85 2.31 3.11 5.17 3.26 3.15
Lu 0.56 0.81 0.58 0.62 0.35 0.43 0.44 0.52 0.79 0.59 0.35 0.48 0.79 0.54 0.55
Hf 6.59 4.32 7.16 3.66 4.40 1.68 5.76 6.65 4.93 7.89 1.88 5.51 9.63 7.11 6.99
Ta 1.38 0.75 1.39 0.51 0.85 0.15 1.11 1.32 0.68 1.50 0.27 1.13 1.85 1.44 1.38
Pb 29.0 20.6 26.8 16.2 34.0 34.9 32.7 27.4 23.5 46.0 27.2 27.4 24.8 15.9 15.3
Th 24.7 6.56 24.5 5.04 11.2 0.72 15.0 22.3 7.55 23.1 3.08 19.0 30.0 21.7 21.1
U 3.05 1.21 3.56 0.97 1.61 0.16 2.05 3.42 1.53 3.93 0.56 2.65 3.41 3.08 2.98

Sr–Nd isotope compositions
87Rb/86Sr 5.90 18.36 11.79 1.63 5.74 1.95 5.04 4.43 1.28 5.48 10.09 6.23 20.56 14.47
87Sr/86Sr 0.767474 0.771877 0.793058 0.738471 0.759913 0.731348 0.759107 0.751962 0.736381 0.755872 0.760993 0.765865 0.816313 0.796966
±2σ 0.000003 0.000003 0.000004 0.000004 0.000004 0.000004 0.000005 0.000003 0.000005 0.000004 0.000004 0.000004 0.000005 0.000004
147Sm/144Nd 0.1166 0.1516 0.1192 0.1607 0.1209 0.1976 0.1213 0.1177 0.1488 0.1178 0.1472 0.1157 0.1176 0.1162
143Nd/144Nd 0.512008 0.512252 0.512001 0.512328 0.511966 0.512657 0.511990 0.511997 0.512304 0.511992 0.512289 0.512004 0.512000 0.512008
±2σ 0.000003 0.000004 0.000003 0.000002 0.000003 0.000003 0.000004 0.000002 0.000004 0.000004 0.000005 0.000004 0.000002 0.000005
(87Sr/86Sr)i 0.7261 0.6432 0.7104 0.7271 0.7197 0.7177 0.7238 0.7209 0.7274 0.7175 0.6902 0.7222 0.6722 0.6955
(143Nd/144Nd)i 0.51163 0.51176 0.51162 0.51181 0.51158 0.51202 0.51160 0.51162 0.51182 0.51161 0.51181 0.51163 0.51162 0.51163
εNd(t) −7.3 −4.7 −7.6 −3.8 −8.4 0.3 −7.9 −7.5 −3.5 −7.7 −3.7 −7.3 −7.5 −7.2
TDM (Ma) 1792 1851 1943 1911 1830 1839 1782 1822 1785
TDM2 (Ma) 1810 1834 1899 1862 1833 1842 1812 1828 1808

LOI=loss on ignition. Mg#=100×Mg2+/(Mg2++TFe2+), TFeO*=0.9×TFe2O3. Corrected formulas are as follows: (87Sr/86Sr)i=(87Sr/86Sr)sample− 87Rb/86Sr (eλt−1), λ=1.42×10−11 a−1; (143Nd/144Nd)i=(143Nd/144Nd)sample−
(147Sm/144Nd)m×(eλt−1), εNd(t)=[(143Nd/144Nd)sample / (143Nd/144Nd)CHUR(t)−1]×104, (143Nd/144Nd)CHUR(t)=0.512638−0.1967×(eλt−1). TDM=1/λ×ln {1+[((143Nd/144Nd)Sample−0.51315)/((147Sm/144Nd)Sample−0.21317)]},
λSm–Nd=6.54×10−12 a−1; TDM2 is the two-stage Nd depleted-mantle model age calculated using the same assumption formulation as Keto and Jacobsen (1987).
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Table 2
Hf isotopic data of zircon grains from the Cambrian metavolcanic rocks in the central Lhasa subterrane, southern Tibet.

No. Age 176Yb/
177Hf

176Lu/
177Hf

176Hf/
177Hf

2σ 176Hf/
177Hft

εHf(0) εHf(t) TDM TDMC fLu/Hf

(Ma) (Ma) (Ma)

Sample KC0901-1, metarhyolite
KC0901-1-02 489 0.027820 0.000930 0.282231 0.000036 0.282222 −19.1 −9.0 1438 1997 −0.97
KC0901-1-03 492 0.025052 0.000936 0.282067 0.000086 0.282059 −24.9 −14.7 1665 2355 −0.97
KC0901-1-04 489 0.023589 0.000814 0.282234 0.000038 0.282227 −19.0 −8.8 1428 1986 −0.98
KC0901-1-06 492 0.078287 0.002519 0.282183 0.000058 0.282160 −20.8 −11.1 1569 2131 −0.92
KC0901-1-08 491 0.030092 0.000989 0.282212 0.000046 0.282203 −19.8 −9.6 1466 2037 −0.97
KC0901-1-09 492 0.032042 0.001069 0.282200 0.000040 0.282190 −20.2 −10.1 1486 2066 −0.97
KC0901-1-10 491 0.033969 0.001104 0.282224 0.000044 0.282214 −19.4 −9.3 1453 2013 −0.97
KC0901-1-11 494 0.030049 0.000996 0.282209 0.000046 0.282200 −19.9 −9.7 1471 2043 −0.97
KC0901-1-13 531 0.120291 0.003623 0.282108 0.000035 0.282071 −23.5 −13.4 1731 2301 −0.89
KC0901-1-15 492 0.033508 0.001131 0.282239 0.000041 0.282229 −18.9 −8.7 1434 1981 −0.97
KC0901-1-16 551 0.151016 0.004570 0.282109 0.000049 0.282062 −23.4 −13.3 1776 2309 −0.86
KC0901-1-17 489 0.090453 0.002792 0.282179 0.000050 0.282153 −21.0 −11.5 1588 2149 −0.92
KC0901-1-18 494 0.020341 0.000676 0.282254 0.000044 0.282247 −18.3 −8.0 1396 1938 −0.98
KC0901-1-19 491 0.030611 0.001144 0.282272 0.000064 0.282262 −17.7 −7.6 1387 1907 −0.97
KC0901-1-20 491 0.042288 0.001326 0.282256 0.000038 0.282244 −18.2 −8.2 1417 1947 −0.96
KC0901-1-23 501 0.031397 0.000987 0.282243 0.000044 0.282234 −18.7 −8.3 1423 1964 −0.97
KC0901-1-24 491 0.026448 0.000826 0.282267 0.000032 0.282260 −17.8 −7.6 1383 1912 −0.98
KC0901-1-25 546 0.034899 0.001133 0.282181 0.000042 0.282170 −20.9 −9.6 1514 2077 −0.97
KC0901-1-28 492 0.050735 0.001609 0.282202 0.000053 0.282187 −20.2 −10.2 1504 2071 −0.95
KC0901-1-29 492 0.034856 0.001232 0.282168 0.000068 0.282157 −21.4 −11.3 1537 2139 −0.96
KC0901-1-31 490 0.029836 0.000967 0.282258 0.000045 0.282249 −18.2 −8.0 1401 1937 −0.97
KC0901-1-32 493 0.107121 0.003377 0.282224 0.000051 0.282193 −19.4 −10.0 1546 2058 −0.90
KC0901-1-34 489 0.036799 0.001194 0.282190 0.000043 0.282179 −20.6 −10.5 1504 2091 −0.96
KC0901-1-35 492 0.070721 0.002154 0.282129 0.000060 0.282109 −22.7 −13.0 1632 2244 −0.94
KC0901-1-36 541 0.029734 0.000920 0.282226 0.000044 0.282217 −19.3 −8.1 1444 1976 −0.97
KC0901-1-39 491 0.048962 0.001608 0.282209 0.000054 0.282194 −19.9 −10.0 1495 2058 −0.95
KC0901-1-42 490 0.045531 0.001546 0.282220 0.000107 0.282205 −19.5 −9.6 1477 2033 −0.95

Sample KC0901-2, metabasalt
KC0901-2-01 491 0.028228 0.000968 0.282555 0.000180 0.282546 −7.7 2.5 986 1276 −0.97
KC0901-2-02 492 0.050043 0.001623 0.282701 0.000060 0.282686 −2.5 7.5 793 962 −0.95
KC0901-2-03 491 0.038202 0.001262 0.282468 0.000060 0.282456 −10.7 −0.7 1116 1475 −0.96
KC0901-2-04 1261 0.023696 0.000861 0.282157 0.000073 0.282136 −21.8 5.4 1537 1701 −0.97
KC0901-2-05 493 0.051481 0.001738 0.282652 0.000079 0.282636 −4.2 5.7 866 1074 −0.95
KC0901-2-06 1759 0.032263 0.001182 0.281896 0.000198 0.281857 −31.0 6.9 1914 2003 −0.96

Sample KC0902-3, metarhyolite
KC0902-3-01 1021 0.005937 0.000211 0.282209 0.000030 0.282204 −19.9 2.3 1441 1701 −0.99
KC0902-3-04 491 0.200144 0.006480 0.282318 0.000050 0.282258 −16.1 −7.7 1542 1914 −0.80
KC0902-3-07 492 0.049209 0.001717 0.282290 0.000079 0.282275 −17.0 −7.1 1383 1878 −0.95
KC0902-3-08 492 0.024334 0.000860 0.282332 0.000053 0.282324 −15.5 −5.3 1294 1768 −0.97
KC0902-3-09 534 0.035717 0.001177 0.282331 0.000068 0.282319 −15.6 −4.6 1306 1753 −0.96
KC0902-3-10 492 0.054097 0.001894 0.282283 0.000045 0.282266 −17.3 −7.4 1400 1898 −0.94
KC0902-3-11 493 0.031454 0.001140 0.282246 0.000061 0.282236 −18.6 −8.4 1424 1964 −0.97
KC0902-3-12 530 0.144791 0.004775 0.282164 0.000041 0.282116 −21.5 −11.9 1703 2203 −0.86
KC0902-3-13 492 0.029038 0.001036 0.282335 0.000050 0.282325 −15.5 −5.3 1297 1767 −0.97
KC0902-3-14 538 0.125685 0.004074 0.282093 0.000039 0.282052 −24.0 −13.9 1776 2340 −0.88
KC0902-3-15 494 0.037306 0.001299 0.282234 0.000045 0.282222 −19.0 −8.9 1447 1994 −0.96
KC0902-3-16 493 0.077371 0.002581 0.282303 0.000038 0.282279 −16.6 −6.9 1398 1868 −0.92
KC0902-3-17 492 0.029357 0.001015 0.282292 0.000045 0.282282 −17.0 −6.8 1356 1861 −0.97
KC0902-3-18 492 0.024213 0.000866 0.282331 0.000036 0.282323 −15.6 −5.4 1295 1771 −0.97

Sample KC0905-1, metarhyolite
KC0905-1-01 741 0.054372 0.001869 0.282367 0.000038 0.282341 −14.3 0.8 1280 1576 −0.94
KC0905-1-02 510 0.073796 0.002468 0.282260 0.000040 0.282236 −18.1 −8.0 1456 1952 −0.93
KC0905-1-03 492 0.060975 0.002139 0.282338 0.000035 0.282318 −15.4 −5.6 1331 1782 −0.94
KC0905-1-04 493 0.042688 0.001558 0.282268 0.000053 0.282254 −17.8 −7.8 1409 1924 −0.95
KC0905-1-05 492 0.032911 0.001151 0.282310 0.000038 0.282299 −16.4 −6.2 1335 1824 −0.97
KC0905-1-06 492 0.060398 0.002099 0.282319 0.000059 0.282300 −16.0 −6.2 1356 1822 −0.94
KC0905-1-08 493 0.031924 0.001115 0.282282 0.000039 0.282272 −17.3 −7.2 1373 1884 −0.97
KC0905-1-09 492 0.018496 0.000681 0.282215 0.000054 0.282209 −19.7 −9.4 1449 2023 −0.98
KC0905-1-10 494 0.018947 0.000705 0.282344 0.000040 0.282338 −15.1 −4.8 1272 1738 −0.98
KC0905-1-12 493 0.028415 0.000973 0.282255 0.000035 0.282246 −18.3 −8.1 1405 1940 −0.97
KC0905-1-13 492 0.033632 0.001209 0.282284 0.000055 0.282273 −17.3 −7.2 1373 1882 −0.96
KC0905-1-14 492 0.021071 0.000752 0.282318 0.000037 0.282311 −16.1 −5.8 1310 1798 −0.98
KC0905−1-15 510 0.044309 0.001480 0.282310 0.000045 0.282296 −16.3 −5.9 1347 1821 −0.96
KC0905-1-16 493 0.033347 0.001190 0.282288 0.000048 0.282277 −17.1 −7.0 1368 1874 −0.96
KC0905-1-17 701 0.045179 0.001575 0.282075 0.000038 0.282054 −24.6 −10.2 1682 2234 −0.95
KC0905-1-18 491 0.025293 0.000872 0.282278 0.000045 0.282270 −17.5 −7.3 1370 1890 −0.97
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Table 2 (continued)

No. Age 176Yb/
177Hf

176Lu/
177Hf

176Hf/
177Hf

2σ 176Hf/
177Hft

εHf(0) εHf(t) TDM TDMC fLu/Hf

(Ma) (Ma) (Ma)

Sample KC0906-1, metarhyolite
KC0906-1-01 495 0.058729 0.002003 0.282324 0.000043 0.282305 −15.8 −5.9 1346 1808 −0.94
KC0906-1-02 528 0.034815 0.001277 0.282277 0.000044 0.282264 −17.5 −6.7 1386 1879 −0.96
KC0906-1-03 495 0.048533 0.001703 0.282241 0.000064 0.282225 −18.8 −8.8 1453 1986 −0.95
KC0906-1-04 488 0.063824 0.002140 0.282326 0.000040 0.282307 −15.8 −6.0 1347 1809 −0.94
KC0906-1-05 490 0.081503 0.002935 0.282294 0.000053 0.282267 −16.9 −7.4 1425 1896 −0.91
KC0906-1-06 491 0.024986 0.000846 0.282243 0.000030 0.282236 −18.7 −8.5 1417 1966 −0.97
KC0906-1-07 494 0.020406 0.000708 0.282210 0.000039 0.282204 −19.9 −9.6 1458 2034 −0.98
KC0906-1-09 496 0.016603 0.000589 0.282198 0.000034 0.282192 −20.3 −9.9 1470 2058 −0.98
KC0906-1-10 541 0.042058 0.001401 0.282257 0.000040 0.282243 −18.2 −7.1 1418 1917 −0.96
KC0906-1-12 489 0.046421 0.001598 0.282281 0.000046 0.282267 −17.4 −7.4 1392 1898 −0.95
KC0906-1-13 540 0.017566 0.000609 0.282278 0.000039 0.282272 −17.5 −6.1 1360 1855 −0.98
KC0906-1-14 489 0.030757 0.001047 0.282256 0.000047 0.282246 −18.3 −8.2 1407 1943 −0.97
KC0906-1-16 492 0.041402 0.001335 0.282316 0.000040 0.282304 −16.1 −6.1 1333 1813 −0.96
KC0906-1-19 535 0.032160 0.001073 0.282175 0.000045 0.282164 −21.1 −10.0 1521 2096 −0.97
KC0906-1-20 534 0.036453 0.001290 0.282194 0.000048 0.282182 −20.4 −9.4 1502 2058 −0.96
KC0906-1-21 532 0.043566 0.001450 0.282308 0.000037 0.282294 −16.4 −5.5 1348 1811 −0.96
KC0906-1-22 530 0.017758 0.000599 0.282300 0.000032 0.282294 −16.7 −5.5 1329 1811 −0.98
KC0906-1-24 493 0.024238 0.000820 0.282198 0.000040 0.282190 −20.3 −10.1 1479 2065 −0.98
KC0906-1-25 530 0.024034 0.000828 0.282294 0.000038 0.282286 −16.9 −5.8 1346 1830 −0.98
KC0906-1-26 492 0.093684 0.003065 0.282326 0.000042 0.282298 −15.8 −6.3 1382 1826 −0.91
KC0906-1-27 489 0.022168 0.000794 0.282292 0.000044 0.282285 −17.0 −6.8 1348 1859 −0.98
KC0906-1-28 492 0.022093 0.000775 0.282263 0.000039 0.282256 −18.0 −7.7 1386 1919 −0.98
KC0906-1-29 496 0.017762 0.000642 0.282262 0.000036 0.282256 −18.0 −7.7 1383 1917 −0.98
KC0906-1-31 493 0.022962 0.000755 0.282210 0.000049 0.282203 −19.9 −9.6 1460 2037 −0.98
KC0906-1-32 491 0.026426 0.000926 0.282215 0.000036 0.282206 −19.7 −9.5 1460 2030 −0.97
KC0906-1-33 539 0.029213 0.001030 0.282249 0.000038 0.282239 −18.5 −7.3 1415 1928 −0.97
KC0906-1-40 536 0.027616 0.001066 0.282280 0.000036 0.282270 −17.4 −6.3 1373 1862 −0.97
KC0906-1-60 531 0.037364 0.001372 0.282274 0.000046 0.282260 −17.6 −6.7 1394 1886 −0.96

εHf(t)=10,000×{[(176Hf/177Hf)S−(176Lu/177Hf)S×(eλt−1)] / [(176Hf/177Hf)CHUR,0−(176Lu/177Hf)CHUR×(eλt−1)]−1}.
TDM=1/λ×ln {1+[(176Hf/177Hf)S−(176Hf/177Hf)DM] / [(176Lu/177Hf)S−(176Lu/177Hf)DM]}.
TDMC =TDM−(TDM− t)×[(fcc− fs) /(fcc− fDM)].
fLu/Hf=(176Lu/177Hf)S /(176Lu/177Hf)CHUR−1,
where, λ=1.867×10−11 year−1 (Soderlund et al., 2004); (176Lu/177Hf)S and (176Hf/177Hf)S are the measured values of the samples; (176Lu/177Hf)CHUR=0.0336 and (176Hf/
177Hf)CHUR,0=0.282785 (Bouvier et al., 2008); (176Lu/177Hf)DM=0.0384 and (176Hf/177Hf)DM=0.28325 (Griffin et al., 2000); (176Lu/177Hf)mean crust=0.015; fcc=[(176Lu/
177vHf)mean crust / (176Lu/177Hf)CHUR]−1; fs=fLu/Hf; fDM=[(176Lu/177Hf)DM/(176Lu/177Hf)CHUR]−1; t=crystallization time of zircon.

297D.-C. Zhu et al. / Chemical Geology 328 (2012) 290–308
zircon grain displayed a long-prismatic crystal form with rhythmic
zoning (Fig. 3), which is a typical internal feature of zircons crystal-
lized from mafic magmas. This zircon yielded a near-concordant
206Pb/238U age of 492±4 Ma, identical to the 206Pb/238U ages of
493–491 Ma obtained from the other three zircon grains from this
sample (Fig. 3; Table S1). Thus, we interpreted the age of ca. 492 Ma
to represent the timing of basaltic eruption, which is coeval with
the formation of the rhyolitic rocks.

Zircon grains from metarhyolites displayed fractionated rare-
earth element (REE) patterns of heavy REE (HREE) enrichment and
light REE (LREE) depletion, with clear negative Eu and positive Ce
anomalies (Fig. 4a), as observed in magmatic zircons (Hoskin and
Schaltegger, 2003). The ca. 492 Ma and ca. 538 Ma zircon grains had
relatively low (Nb/Pb)N ratios (hereafter, N denotes normalized to
the chondrite values of Sun and McDonough (1989)) and Eu/Eu*
values that were comparable with those of S-type granites but
lower than those of I-type granites (Fig. 4b; Wang et al., 2012).

5.2. Whole-rock major and trace element data

Field and petrographical observations indicated that the Cambrian
metavolcanic rocks in the central Lhasa subterrane were metamor-
phosed under greenschist facies conditions and were variably altered
(Fig. 2), resulting in modification of the concentrations of fluid-
mobile elements (e.g., Na, K, Ca, Cs, Rb, Ba, and Sr). Therefore, in
this study, we used only the immobile elements [e.g., high field
strength elements (HFSEs) and REEs], transitional elements, and Nd
isotopic compositions for rock classification and further discussion
of tectonic setting and petrogenesis of the analyzed rocks.

The Cambrianmetavolcanic samples showed a bimodal distribution
in SiO2 values between 48.42–52.64 wt.% and 67.66–79.51 wt.%
(normalized to an anhydrous basis), with a compositional gap of ca.
15 wt.%, and plot in the basalt and rhyodacite–rhyolite fields on the
SiO2–Zr/TiO2 classification diagram (Winchester and Floyd, 1977)
(Fig. 5a). Metabasaltic rocks had varying MgO (4.65–8.12 wt.%) and
Mg# (34–55), low Al2O3 (13.63–14.87 wt.%) (Fig. 5b), and low Cr
(29–296 ppm) and Ni (22.6–83.8 ppm) values (Fig. 5c; Table 1). On
the Th–Co plot (Hastie et al., 2007), which is especially effective for al-
tered volcanic rocks, the metabasaltic and silicic metavolcanic rocks
mostly plot in the high-K calc-alkaline and shoshonite fields (Fig. 5d).

Themetabasaltic rocks, except for sample KC0902-1, showed similar
chondrite-normalized REE patterns,with varying LREE enrichment ([La/
Yb]N=2.7–3.7) and discernible negative Eu anomalies (Eu/Eu*=0.78–
0.97) (Fig. 6a). Sample KC0902-1 displayed a flat REE pattern with sim-
ilar abundances of HREE to those of N-MORB (Sun and McDonough,
1989). In the primitive mantle-normalized variation diagrams, the
metabasalt samples showed enrichment in Th and LREE and depletion
in Nb, Ta, P, and Ti (Fig. 6b), with low (Nb/La)PM ratios (0.32–0.43)
that resemble Andean arc basalts ([Nb/La]PM=0.17–0.35; Hickey et al.,
1986). The silicic metavolcanic rocks were generally enriched in LREEs
([La/Yb]N=5.18–9.16), with moderate negative Eu anomalies (Eu/
Eu*=0.39–0.75) (Fig. 6c). Their primitive mantle-normalized variation
diagrams show remarkable enrichments in Th and U and depletions in
Nb, P and Ti relative to neighboring elements (Fig. 6d).

5.3. Whole-rock Sr and Nd isotopic data

The Cambrian metavolcanic rocks exhibited abnormally low initial
Sr isotopic ratios (as low as 0.6432 for metabasalts and 0.6722 for si-
licic metavolcanic rocks; Table 1). Such unusual isotopic ratios have
no petrogenetic significance because of the mobility of Rb and the
timing of its addition to the rock systems, which led to the excessive
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subtraction of 87Rb/86Sr ratios (Table 1). One metabasalt sample
(KC0902-1) exhibited a significantly higher εNd(t) value (+0.3)
than the other four metabasalt samples, which displayed moderate
negative εNd(t) values of−4.7 to−3.5 (corrected to 492 Ma). By con-
trast, the silicic metavolcanic samples had a restricted range of εNd(t)
values ranging from−8.4 to−7.2 (Table 1), close to the εNd(t) values
of the coeval granitoids from the Baoshan Terrane (ca. 500–493 Ma;
εNd(t)=−9.7 to −9.4; Liu et al., 2009) and northern Burma (ca.
491 Ma; εNd(t)=−10.8; Mitchell et al., in press).

5.4. Zircon Lu–Hf isotopic data

Four zircon grains with 206Pb/238U ages of ca. 492 Ma from the
metabasaltic rock sample (KC0901-2) yielded a relatively wide range
of εHf(t) from −0.7 to +7.5 (Table 2). The youngest cluster with
206Pb/238U ages of ca. 492 Ma from four silicic metavolcanic samples
(62 analyses) showed exclusively negative zircon εHf(t) values from
−14.7 to −4.8 (inset in Fig. 7b), yielding Paleoproterozoic Hf crustal
model ages (TDMC ) of 1.7–2.4 Ga (Fig. 7b; Table 2), similar to the two-
stage Nd model ages (TDM2) of 1.8–1.9 Ga (Table 1). The older cluster
with 206Pb/238U ages of ca. 538 Ma (13 analyses) from three silicic
metavolcanic samples (KC0901-1, KC0902-3, and KC0906-1) displayed
zircon εHf(t) values of−13.9 to−4.6, which were identical to those of
the youngest cluster of ca. 492 Ma (Fig. 7b; Table 2). The zircon Hf iso-
topic compositions of the silicic metavolcanic rocks from the central
Lhasa subterrane were comparable to those of the coeval granitoids
from the Amdo [ca. 492 Ma; εHf(t)=−13.2 to +4.3; our unpublished
data], Gyirong in the High Himalaya [ca. 499 Ma; εHf(t)=−13.9 to
−5.0; Wang et al., 2011], and the Baoshan Terrane [εHf(t)=−13.6 to
−10.2; Liu et al., 2009] (Fig. 7b).

6. Discussion

6.1. Early Paleozoic magmatism along the proto-Tethyan margin of
Gondwana

The geochronological data reported here indicate that the metaba-
salts and silicic metavolcanic rocks from the southeast of Nyima were
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formed synchronously at ca. 492 Ma, slightly postdating the Cambrian
volcanism identified in eastern Xainza (ca. 501 Ma; Ji et al., 2009a) in
the central Lhasa subterrane. Our data also reveal a probable magma-
tism of ca. 538 Ma in the study area. To the north of the Lhasa Terrane,
coeval magmatic rocks have been identified by zircon U–Pb dating
from the Amdo (ca. 531 Ma, Xu et al., 1985; ca. 488 Ma; Xie et al.,
2010; ca. 532–470 Ma, Guynn et al., 2012; ca. 492 Ma, our unpub-
lished data) and Western Qiangtang (476–471 Ma, Pullen et al.,
2011) (Fig. 1b). To the south of the Lhasa Terrane, recent geochrono-
logical studies have reported the presence of coeval gneissic-granites
from Gyirong (ca. 499 Ma; Wang et al., 2011) and Yadong (Shi et al.,
2010) in the High Himalaya (Fig. 1b). These new age data, together
with previously published zircon U–Pb age data (ca. 530–470 Ma)
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from Tethyan, High, and Lesser Himalayas (cf. Miller et al., 2001;
Cawood et al., 2007; Lee and Whitehouse, 2007; Quigley et al.,
2008), suggest that the contemporaneous magmatism in the early
Paleozoic was rather extensive in the present-day Tibetan Plateau
and the Himalayas (Fig. 1b).

The early Paleozoic magmatism has also been recognized in other
microcontinents along the proto-Tethyan margin of Gondwana. In
central Iran (Fig. 1a), granitoids (including quartz diorite, granodio-
rite, and leucogranite) and volcanic rocks (including dacite and
rhyodacite) have been dated using the zircon U–Pb method to be
547–522 Ma (Ramezani and Tucker, 2003; Hassanzadeh et al.,
2008). Farther to the west, Ustaömer et al. (2009) reported two zir-
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Turkey (Fig. 1a). To the east of the present-day Lhasa Terrane, con-
temporaneous early Paleozoic granitoids have been found in the
Gongshan (ca. 487 Ma; Song et al., 2007), Tengchong (495–466 Ma;
Chen et al., 2007), Baoshan (500–493 Ma; Liu et al., 2009) (Fig. 1a),
northern Burma (ca. 491 Ma; Mitchell et al., in press), and Sibumasu
(ca. 486 Ma; Metcalfe, 1998) terranes that are derived directly or in-
directly from the Australian margin of eastern Gondwana (Metcalfe,
2009). Coeval early Paleozoic magmatism has not been documented
in present-day NW Australia, possibly due to its poorly known late
Cambrian to early Ordovician geology (Mory et al., 2003). Much far-
ther east in present-day NE Australia, the available 40Ar/39Ar geo-
chronological dates from basaltic rocks and zircon U–Pb dates from
the associated dolerites indicate the occurrence of extensive mafic
magmatism at ca. 513–505 Ma (Hanley and Wingate, 2000;
Macdonald et al., 2005; Glass and Phillips, 2006; Evins et al., 2009).
This mafic magmatism is known as the Kalkarindji continental flood
basalt province (LIP) (cf. Glass and Phillips, 2006). Collectively, the
currently available high-quality geochronological data reveal the
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presence of coeval early Paleozoic magmatism along the proto-
Tethyan margin of Gondwana, extending from Turkey and Iran to
the present-day Tibetan Plateau, Himalayas, Tengchong, Baoshan
(Fig. 1a), Burma, Sibumasu, and to NE Australia.

6.2. Tectonic setting of the Cambrian bimodal metavolcanic suite in the
Lhasa Terrane

Field relationships, geochronological and geochemical data indi-
cate that the Cambrian metavolcanic rocks in the central Lhasa sub-
terrane are bimodal in character. As summarized by Pin and
Paquette (1997), bimodal magmatic suites can occur in different geo-
dynamic settings that can be identified by field occurrences and geo-
chemical signatures of the mafic and silicic varieties. For example,
bimodal magmatic suites from oceanic island arcs generally contain
voluminous low-K tholeiitic mafic rocks and subordinate silicic
rocks and display diagnostic geochemical signatures such as high
εNd(t) values and strong Nb depletion (e.g., Ikeda and Yuasa, 1989).
1100 2100
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Conversely, those from post-collisional to within-plate settings con-
sist of mafic rocks that are generally tholeiitic and silicic rocks that
generally display A-type signatures with high HFSE abundances
(e.g., Hildreth et al., 1991; Pin and Paquette, 1997; Bonin, 2004;
Shellnutt and Zhou, 2007; Zhu et al., 2007; Li et al., 2008a, 2008b;
Zhang et al., 2008b). In contrast, bimodal magmatism linked to de-
structive plate margins is dominated by silicic rocks with the absence
of alkaline affinities, which are generally associated with subordinate
mafic rocks with high LILE/HFSE ratios (cf. Pin and Paquette, 1997).

In the case of the central Lhasa subterrane, sample KC0902-1 exhib-
ited both MORB- (e.g., flat HFSE and HREE pattern) and arc-like (e.g.,
10 100 1000
1

Zr (ppm)

MORB

(a) Within-plate
basalts

Volcanic arc
basalts

Back-arc basin basalts
(BABBs)

10

Z
r/

Y

KC0902-1

Carbonatite
metasomatism

Volcanic arc basalts
from a mantle source
metasomatized by
silicated fluids

Volcanic arc basalts from
a hydrated mantle source

0.1

1.0

0.1 1.0 3.0

3.0

N-MORB OIB

(H
f/S

m
)P

M

(Ta/La)PM

Lhasa metabasalts (ca. 492 Ma) Mandi basalts in NW H

Middle Okinawa TrougKalkarindji basalts (ca. 506 Ma)

(c)

IAB CRB + OIB

MORB

-6

-4

-2

0

2

4

6

-6 -4 -2 0 2 4

Andean arc
basalts

Crust-contaminated
flood basalts

DF1

D
F

2 KC0902-1

Back-arc basin basalts
(BABBs)

(e)

Fig. 8. Selected discrimination diagrams of the metabasalts in the Lhasa Terrane. (a) Zr/Y–Zr
al. (1991); (b) Th/Yb–Nb/Yb (Pearce and Peate, 1995) diagrams showing the tectonic setting
wal et al., 2008); (e) (Hf/Sm)PM–(Ta/La)PM diagram (La Flèche et al., 1998), where PM denot
Th/Ta–Yb discriminant diagram for silicic to intermediate volcanic rocks (Gorton and Schand
and ocean-island (OIB) are from Agrawal et al. (2008).
Data sources: Mandi basalts in the NWHigh Himalaya (Miller et al., 2001), Kalkarindji basalt
2005), Middle Okinawa Trough BABBs (Shinjo et al., 1999), Andean arc basalts (Hickey et al
mpch-mainz.gwdg.de/georoc/Entry.html).
significant Th–U–La–Ce enrichment and Nb–Ta depletion) geochemical
affinities (Figs. 6b and 8a) with a moderate Nb/Yb ratio. These features
appear to suggest its formation in a back-arc basin or an oceanic island
arc (Fig. 8b). However, we consider this interpretation unlikely because
the other four metabasalt samples (1) were calc-alkaline (Fig. 5d) and
displayed primitive mantle-normalized multi-element patterns signifi-
cantly different from those of the back-arc basin basalts (BABBs) from
the Middle Okinawa Trough (Fig. 6b) that developed on a continental
basement (Shinjo et al., 1999), (2) plot in the volcanic arc basalt field
(Fig. 8b, c and d) rather than straddle the volcanic arc basalt and
MORB fields, as do the BABBs from the Middle Okinawa Trough
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(Shinjo et al., 1999) and SW Turkey (Gürsu and Göncüoglu, 2005) on
the immobile trace element discrimination diagrams of Agrawal et al.
(2008), and (3) exhibited negative εNd(t) values (−4.7 to −3.5;
Table 1) that are inconsistent with oceanic island arc basalts with high
εNd(t) (Ikeda and Yuasa, 1989).

The metabasalt samples were characterized by significant negative
Nb, Ta, Ti, Zr, and Hf anomalies relative to Th, U, and REEs in the primi-
tive mantle-normalized multi-element patterns (Fig. 6b), similar to
those of arc basalts (cf. Hickey et al., 1986). One possibility is that
these rocks were emplaced at an active continental rift or a within-
plate setting. This is because mafic rocks with arc signatures can also
be observed in crust-contaminated continental flood basalts (CFBs) in
continental rift or break-up settings, as exemplified by the Emeishan
low-Ti basalts (Xiao et al., 2004) and Siberian Traps (Reichow et al.,
2005). However, we consider that an active continental rift setting
may not be suitable for their emplacement because (1) the metabasalt
samples fall within the volcanic arc basalt field that closely resembles
the Andean arc basalts erupted on a thick crust (cf. Hickey et al.,
1986) rather than a within-plate (including continental rift and
ocean-island) basalt field, as exemplified by the crust-contaminated
Emeishan and Siberian CFBs (cf. Xiao et al., 2004; http://georoc.mpch-
mainz.gwdg.de/georoc/Entry.html) on the immobile trace element dis-
crimination diagrams (Fig. 8b, c, and d) (Pearce and Norry, 1979;
Agrawal et al., 2008), and (2) the silicic metavolcanic rocks were low
in HFSE abundances (e.g., Nb=10.6–21.2 ppm; Zr=175–362 ppm)
and had low 10,000×Ga/Al ratios (1.41–2.49), significantly distinctive
from the silicic rocks with high HFSE abundances in continental rift or
within-plate settings (cf. Whalen et al., 1987; Pin and Paquette, 1997;
Zhu et al., 2007; Li et al., 2008a, 2008b; Zhang et al., 2008b).

Another possibility, which we prefer, is that the arc signatures of
the metabasalts were associated with subduction-related processes.
Several lines of evidence support this possibility. First, the metaba-
salts were geochemically similar to the volcanic arc basalts in terms
of the immobile trace element discrimination diagrams of Pearce
and Norry (1979) (Fig. 8a and b) and Agrawal et al. (2008) (Fig. 8c
and d). Second, the metabasalt samples plot along the trajectory be-
tween N-MORB and volcanic arc basalts from a hydrated mantle
source in the (Hf/Sm)PM vs. (Th/Ta)PM diagram (Fig. 8e; La Flèche et
al., 1998), indicating that the source region of the metabasalts has
been metasomatized by subduction-related fluids (La Flèche et al.,
1998; Li et al., 2009). Third, the silicic metavolcanic samples had Th/
Ta ratios of 13.2–17.9 and plot in the active continental margin field
on the Th/Ta vs. Yb diagram (Gorton and Schandl, 2000; Fig. 8f).

Given the poor understanding of Cambrian geology of the central
Lhasa subterrane, the geochemical signatures and the discussions
above, in combination with the predominance of silicic metavolcanic
rocks and the presence of shallow-water sedimentary records (e.g.,
quartzite interlayers with graded and cross-beddings, Ji et al., 2009a; Li
et al., 2010), enable us to propose that the Cambrian bimodalmetavolca-
nic suite in the central Lhasa subterrane was developed in an Andean-
type active continental margin rather than a continental rift (or within-
plate), back-arc, or oceanic arc setting. Bimodal magmatic rocks formed
in active or recently active subduction zone environments analogous to
the proposed setting for the Cambrian bimodal metavolcanic rocks in
the central Lhasa subterrane are also known from the Paleoproterozoic
Green Mountain arc in Colorado (Jones et al., 2011), Jurassic Mudurnu
arc in northern Turkey (Genç and Tüysüz, 2010), early Cretaceous mag-
matic arc in the northern Lhasa subterrane (Sui et al., 2010), Cretaceous
Greater Antilles arc in Puerto Rico (Jolly et al., 2008), andmodern Tonga–
Kermadec arc in the southwest Pacific (e.g., Smith et al., 2006).

6.3. Petrogenesis of the Cambrian metavolcanic rocks in the Lhasa Terrane

6.3.1. Metabasaltic rocks
The Cambrian metabasaltic rocks were characterized by low Mg#

(34–55) and low Cr and Ni abundances, suggesting that the mantle-
derived melts parental to these rocks must have experienced signifi-
cant fractional crystallization of olivine and clinopyroxene (Fig. 5c).
The absence of a negative correlation between Al2O3 and SiO2

(Fig. 5b) and the slightly negative Eu anomalies of the metabasalts
(Fig. 6a) indicate a limited fractionation of plagioclase.

Generally, the arc signatures and negative εNd(t) values observed
in the metabasaltic rocks can be accounted for by either the involve-
ment of an enriched mantle source component or significant crustal
contamination of an asthenospheric melt. It is noteworthy that the
four metabasalt samples (except sample KC0902-1) were character-
ized by subparallel incompatible trace element patterns (Fig. 6a and
b) and a restricted εNd(t) range (−4.7 to −3.5; Table 1), although
they displayed relatively large variations in trace element composi-
tions. These features, together with the lack of correlation between
εNd(t) values and SiO2 contents (Fig. 7a), indicate that crustal assim-
ilation was insignificant in the genesis of the metabasalts. In this
case, the arc signatures, high-K calc-alkaline character (Fig. 5d), neg-
ative εNd(t), and low zircon εHf(t) (−0.7 to +7.5; Table 2) for these
rocks can best be interpreted as a result of varying degrees of partial
melting of an enriched lithospheric mantle that was metasomatized
by subduction-derived components (including hydrous fluids and
melts of subducted continental material) (Bonin, 2004; Clift et al.,
2009). This interpretation is analogous to the origin proposed for
the high-K calc-alkaline suites with similar isotopic compositions
worldwide (cf. Bonin, 2004; Zhang et al., 2011).

In contrast, sample KC0902-1 was calc-alkaline in nature (Fig. 5d)
and showed distinct elemental (Fig. 6a and b) and isotopic composi-
tions (Fig. 7a), e.g., high MgO (8.12%) and Cr (296 ppm), a flat REE
pattern, and elevated εNd(t) (+0.3) values relative to the other four
metabasalt samples. Such geochemical variations, observed in a sin-
gle locality, cannot be attributed to an origin from a common parental
magma shared by the other four samples. Instead, the compositional
variations documented by the metabasaltic rocks in the central
Lhasa subterrane are most likely associated with a heterogeneous
mantle source (with large contributions from asthenospheric mantle
for the origin of sample KC0902-1) that was modified by subduction-
related components. Similar geochemical variations have also been
observed in basalts from the Southern Okinawa Trough by Shinjo et
al. (1999), who suggested that the compositional variation is more
likely to have been inherited from a heterogeneous mantle source
caused by subduction processes.

6.3.2. Silicic metavolcanic rocks
Two types of processes have been proposed for the origin of the si-

licic end-member in the bimodal magmatic suite, including (1) exten-
sive fractional crystallization from a common mantle-derived magma
parental to the mafic end-member, coupled with crustal contamina-
tion (cf. Pin and Paquette, 1997; Bonin, 2004; Genç and Tüysüz,
2010, and the references therein), and (2) crustal anatexis caused
by mantle-derived mafic magma with distinct isotopic compositions
(cf. Shellnutt and Zhou, 2007; Zhu et al., 2007; Jones, et al., 2011).
In the case of the silicic metavolcanic rocks from the central Lhasa
subterrane, the lack of a negative correlation defined by Al2O3 vs.
SiO2 (Fig. 5b) and the distinct differences documented by the
whole-rock εNd(t) and zircon εHf(t) values between the metabasalts
and silicic rocks (Fig. 7a and b) indicate that the silicic rocks could
not have been produced by fractional crystallization (or plus assimila-
tion) of the coeval metabasalts.

The silicic metavolcanic rocks in the central Lhasa subterrane had
high SiO2 (68–80 wt.%) and negative εNd(t) values (−8.4 to −7.2)
that were significantly different from those of the metabasalts
(Table 1). These features, together with the negative zircon εHf(t)
values (−14.7 to −4.8), indicate that the silicic metavolcanic rocks
were derived from anatexis of the ancient basement of the Lhasa
microcontinent. Taking into account their exclusively negative
εNd(t) (Table 1), zircon εHf(t) (Table 2), and zircon trace element

http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html
http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html
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compositions (Fig. 4b), these silicic metavolcanic rocks are considered
to be equivalents of S-type granites (rather than A-type granites)
with mature crustal protoliths.

It is noteworthy that the silicic metavolcanic rocks had significant-
ly higher whole-rock εNd(t) and zircon εHf(t) values than those of the
strongly peraluminous early Jurassic granites [εNd(t)=−14.1 to
−11.1, Liu et al., 2006; εHf(t)=−20.5 to −16.0, Zhu et al., 2011b]
in the central Lhasa subterrane (Fig. 7a and b). It follows that the silic-
ic metavolcanic rocks are not pure crustal melts but are rather hybrid
melts with contributions frommantle-derived components. The large
εHf(t) variation of the 492 Ma zircons, which mostly range from −10
to −5 with some “outlier” analyses that exhibit strongly negative
εHf(t) values as low as −14.7 (see inset in Fig. 7b), further corrobo-
rate that mantle-derived components have been introduced into the
parental magmas of the silicic metavolcanic rocks (cf. Kemp and
Hawkesworth, 2006; Kemp et al., 2007; Yang et al., 2007; Zhu et al.,
2011b). Therefore, the Cambrian silicic metavolcanic rocks in the cen-
tral Lhasa subterrane can be interpreted as resulting from the mixing
of Lhasa basement-derived melts with minor mantle-derived basaltic
melts.

6.4. Tectonic implications

6.4.1. An early Paleozoic Andean-type magmatic arc along the Australian
proto-Tethyan margin

The Tethyan, High, and Lesser Himalayas were previously consid-
ered to be parts of the passive margin of the northern Indian
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references therein). (b–c) Schematic illustrations showing the geodynamic evolution of the
Ocean lithosphere at ca. 510 Ma and subsequent slab break-off at ca. 492 Ma may have led t
eration of the bimodal volcanism within the magmatic arc, respectively.
continent from the Precambrian to Cretaceous times (Brookfield,
1993). However, this inferred Precambrian to early Paleozoic passive
margin scenario is inconsistent with the emplacement of numerous
Early Paleozoic granites in the Himalayas (Fig. 1b) (see above).
Miller et al. (2001) argued in support of Debon et al. (1986) and Le
Fort et al. (1986) that the extensive magmatism was emplaced in an
extensional setting rather than a subduction- to collision-related set-
ting by mainly considering (1) the absence of distinctive spikes of Sr
and Ba (that are more or less mobilized during metamorphism and al-
teration) observed in the Mandi basalts (ca. 496 Ma) from the NW
High Himalaya (Fig. 1b), (2) the short-lasting magmatism from 550
to 470 Ma, and (3) the absence of the Cambro–Ordovician metamor-
phic and deformation records in the Himalayas. However, subsequent
field and geochronological data indicated that at least the Kathmandu
region in the High Himalaya underwent deformation during the 500–
475 Ma (Gehrels et al., 2006; Cawood et al., 2007), although the Indi-
an proto-Tethyan margin has been strongly affected by the Cenozoic
Himalayan tectonothermal events. Cawood and Buchan (2007) and
Cawood et al. (2007) argued that the termination of subduction
zones within the assembling Gondwana supercontinent that occurred
between 570 and 510 Ma had to be compensated for by the initiation
of subduction zones along the Gondwana Pacific and proto-Tethyan
margins. From this global geodynamic perspective, Cawood et al.
(2007) interpreted the extensive early Paleozoic magmatism and co-
eval metamorphism and deformation in the Himalayas as being relat-
ed to either ongoing subduction of the proto-Tethyan Ocean
lithosphere beneath the northern Indian continent or the accretion
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of microcontinental slivers represented by the central Lhasa subter-
rane and Qiangtang Terrane. Similar Andean-type orogenic activity
has also been proposed for the Precambrian–early Paleozoic magma-
tism along the margins of Arabia, central Iran, and SW Turkey
(Fig. 9a) (Ramezani and Tucker, 2003; Hassanzadeh et al., 2008;
Horton et al., 2008; Saki, 2010; Mahmoud et al., 2011).

If the Indian proto-Tethyan margin underwent an Andean-type
subduction and associated orogenic event (Cawood et al., 2007), the
adjoining Australian proto-Tethyan margin must have experienced
comparable tectonomagmatic events, as did the adjoining Iranian,
Arabian, and Turkey margins (Fig. 9a) (Ramezani and Tucker, 2003;
Hassanzadeh et al., 2008; Horton et al., 2008; Saki, 2010; Mahmoud
et al., 2011). However, a record of such tectonomagmatic events is
lacking in the present-day NW Australian continent (cf. Mory et al.,
2003; Cawood et al., 2007). An integrated study on detrital zircon
U–Pb chronology, Hf isotope geochemistry, and provenance discrimi-
nation for Paleozoic metasedimentary rocks in the Lhasa, Qiangtang,
and Tethyan Himalayan terranes has shown that the Lhasa Terrane
may have originated from the Australian Gondwana (Zhu et al.,
2011a, 2012) as originally proposed by Audley-Charles (1983, 1984,
1988) rather than the Indian Gondwana as traditionally thought (cf.
Sengör, 1987; Yin and Harrison, 2000; Pan et al., 2004; Metcalfe,
2006, 2009). The coeval Precambrian metamorphism recently recog-
nized in both the central Lhasa subterrane (ca. 720 Ma; Zhang et al.,
2010) and northern Australia (i.e. the ~750–720 Ma Miles Orogeny;
Bagas, 2004) further corroborates the paleogeographical connection
between them because the coeval metamorphic record is lacking in
the Himalayas and the interior Indian continent (cf. Zhu et al.,
2012). In this case, the Andean-type magmatism documented by the
Cambrian bimodal metavolcanic rocks in SE Nyima (this study) and
the metarhyolites in Xainza (Ji et al., 2009a) in the central Lhasa sub-
terrane (Fig. 1b) can best be interpreted as recording an Andean-
type magmatic arc along the Australian proto-Tethyan margin
(Fig. 9a).

The presence of extensive mafic magmatism at ca. 513–505 Ma
(i.e., the Kalkarindji LIP) (Hanley and Wingate, 2000; Macdonald et
al., 2005; Glass and Phillips, 2006; Evins et al., 2009) in present-day
NE Australia (Fig. 9a) seems to be at odds with the proposed
Andean-type magmatic arc along the Australian proto-Tethyan mar-
gin. However, it should be noted that the proposed Andean-type
magmatic arc is located outboard of present-day NE Australia, as indi-
cated by the presence of coeval early Paleozoic granitoids with similar
isotopic compositions to the High Himalaya (Wang et al., 2011) and
central Lhasa subterrane (this study) (Fig. 7a and b) observed in the
Tengchong (Chen et al., 2007), Baoshan (Liu et al., 2009), and
Burma (Mitchell et al., in press) terranes, all of which were derived
from the Australian margin, as inferred from stratigraphical and bio-
geographical data (Wang et al., 2001; Ueno, 2003; Metcalfe, 2009).
A recent study on magmatism and detrital zircon ages indicated
that the Gongshan Terrane (Fig. 9a) may have been an eastern exten-
sion of the Lhasa Terrane (Song et al., 2010). In such cases, the exten-
sive Kalkarindji mafic magmatism can be interpreted as having been
emplaced in a broad back-arc region, similar to the Himalayas
(Cawood et al., 2007). This is supported by (1) its subduction-
related geochemical (e.g., strong negative Nb–Ti–P anomalies seen
in Fig. 6b of this study and Fig. 2 of Glass and Phillips, 2006) and is-
land–arc basalt affinities (Fig. 8c and d) coupled with relatively high
Zr/Y ratios (Fig. 8b), (2) its across-strike width (ca. 700 km; Glass
and Phillips, 2006) comparable to the pre-Cenozoic across-strike
width of the Himalayan granite belts (ca. 700 km; Cawood et al.,
2007) (Fig. 9a), and (3) the onset of subsidence of associated intracra-
tonic basins (e.g., Ord, Daly, and Wiso basins) located in present-day
NE Australia (Fig. 9a) in the early Paleozoic (Lindsay et al., 2005). Our
re-interpretation for the generation of the Kalkarindji mafic magma-
tism is analogous to the origin of the Neoproterozoic magmatism in
South China (Zhao et al., 2011), where the rifting and related
magmatism have been re-interpreted to be associated with
subduction-related back-arc spreading.

Considering the fact that the ~492 Ma gneissic granite from Amdo
showed negative to positive zircon εHf(t) values (−13.2 to +4.3)
(our unpublished data), which indicate larger contributions of
mantle-derived components relative to the coeval S-type granitic
gneiss with mature crustal protoliths [εHf(t)=−13.9 to −5.0;
Wang et al., 2011] in the High Himalaya (Fig. 7b), and that the Kang-
mar granites in the Tethyan Himalaya (Fig. 1b) are intruded by the
gabbroic dykes (ca. 480 Ma; Zhao, personal communication, 2011),
which can be considered as mafic end-member equivalents to the
metabasalts in the central Lhasa subterrane, we propose that the
Western Qiangtang–Amdo–Tethyan Himalaya situated in the Indian
proto-Tethyan margin and the Lhasa Terrane and other possible
microcontinents or terranes with coeval magmatism (e.g., Gongshan,
Baoshan, Tengchong, Burma, and Sibumasu) located in the Australian
proto-Tethyan margin (Fig. 9a) represent an early Paleozoic Andean-
type magmatic arc facing the proto-Tethyan Ocean.

6.4.2. A favored subduction–back arc extension and slab break-off model
for the early Paleozoic tectonomagmatism along the India–Australia
proto-Tethyan margin

Our interpretation and the supporting new data confirm the previ-
ous recognition that the early Paleozoic magmatic arc was situated in,
or north of, the Tethyan Himalaya (cf. Cawood et al., 2007). The Cam-
bro–Ordovician angular unconformity has been observed not only in
the Tethyan Himalaya in the northern Indian continent (cf. Garzanti et
al., 1986; Baig et al., 1988; Pan et al., 2004; Myrow et al., 2006) but
also in the Lhasa (Li et al., 2010), Baoshan (Huang et al., 2009), and pos-
sibly in Burma (cf. Mitchell et al., in press) terranes in the northern Aus-
tralian continent (Fig. 9a). Considering the presence of the Cambrian
continental-arc magmatic products recognized in both the Lhasa (Ji et
al., 2009a; this study), Baoshan (Liu et al., 2009), and Burma (cf.
Mitchell et al., in press) terranes, it is evident that both the
continental-arc magmatism and the angular unconformity were devel-
oped in the same geotectonic location. In addition, field relationships
and geochronological data indicate that the bimodal magmatism pre-
dated the development of the Cambro–Ordovician angular unconformi-
ty in the central Lhasa subterrane (Li et al., 2010; this study). These
observations are highly analogous to the Cretaceous tectonomagmatic
events in the northern Lhasa subterrane, where the early Cretaceous
arc magmatism (131–115 Ma), bimodal magmatism (ca. 110 Ma; Sui
et al., 2010), and angular unconformity between the Upper Cretaceous
and underlying strata (cf. Kapp et al., 2005b, 2007; Pan et al., 2006)
have been associated with subduction, slab break-off of the Bangong–
Nujiang Ocean lithosphere, and final Lhasa–Qiangtang amalgamation
(cf. Zhu et al., 2009a, 2011b). Although it remains difficult to explore
the geodynamicmechanism responsible for generation of the Cambrian
bimodal volcanic rocks in the central Lhasa subterrane because of the
poorly-preserved Cambro–Ordovician geological records, these compa-
rable tectonomagmatic events lead us to argue that the slab break-off
was a plausible mechanism (Cawood et al., 2007) that triggered em-
placement of themagmatism at ~492 Ma following collisional accretion
of terranes or microcontinents (possibly Eastern Qiangtang and South
China). This is also because the slab break-off in subduction–collision
systemsmay cause a short-lived extensional settingwithin the overrid-
ing plate due to the asthenospheric upwelling (cf. Davies and von
Blanckenburg, 1995; Duretz et al., 2011) required for generation of
the bimodalmagmatism thatwas likely emplaced in an extensional set-
ting. In this case, the early Paleozoic tectonomagmatic evolution along
the India–Australia proto-Tethyan margin can be described by a sub-
duction–back arc extension–slab break-off model as follows (Fig. 9b
and c).

The Andean-type magmatism was likely active by ca. 530 Ma along
the Australian proto-Tethyan margin, as indicated by the presence of
ca. 538 Ma inherited zircon grains in silicic metavolcanic rocks in the
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central Lhasa subterrane (Fig. 3). With continued subduction of the
proto-Tethyan Ocean lithosphere, gravitational sinking led to slab re-
treat at ca. 510 Ma (Fig. 9b). This rollback would have then led to
back-arc extension and asthenospheric upwelling. As a result, the
subduction-induced decompression mantle melting would lead to the
generation of widespread basaltic volcanism with arc- and within-
plate-like geochemical signatures (Saunders and Tarney, 1984) in a
broad back-arc region. This volcanism is represented by the extensive
Kalkarindji volcanic field in present-day NE Australia and theMandi ba-
salts in the NW High Himalaya (Fig. 8). The decompression mantle
melting may have also triggered crustal anatexis to produce volumi-
nous granites, as observed in the High and Lesser Himalayas (cf.
Cawood et al., 2007). Subsequently, the slab break-off of the subducting
proto-Tethyan Ocean lithosphere may have occurred at ca. 492 Ma
(Fig. 9c), following collisional accretion of microcontinents or terranes
(Cawood et al., 2007) located outboard of the magmatic arc (e.g., East-
ern Qiangtang and South China), ultimately creating the Cambro–Ordo-
vician orogeny in the Tethyan Himalaya (Gehrels et al., 2003), Lhasa,
Burma, and Baoshan terranes. This inferred slab break-off resulted in
partial melting of the metasomatized lithosphere mantle, producing
the high-K calc-alkaline basaltic melts parental to the metabasalts in
the central Lhasa subterrane. Such mantle-derived magmas may have
also provided the heat and material for deep crustal anatexis, leading
to the production of silicic melts of isotopically hybrid compositions,
as seen in the silicic metavolcanic rocks in the central Lhasa subterrane
and the granitoids in the Amdo region.

Alternatively, lithospheric delamination can be considered as an-
other possible mechanism to explain the generation of the 492-Ma bi-
modal suite in the central Lhasa subterrane. However, we tentatively
discard this possibility because the Cambro–Ordovician angular un-
conformity along the India–Australia proto-Tethyan margin (Fig. 9a)
and associated field and geochronological data indicate that the pos-
sible lithospheric stacking or crustal thickening along this margin oc-
curred ca. 500–475 Ma (cf. Gehrels et al., 2006; Cawood et al., 2007),
which is coeval with or postdates the Cambrian bimodal magmatism
identified in the central Lhasa subterrane. This is not the case for lith-
ospheric delamination that requires preexisting lithospheric stacking
or crustal thickening (cf. Kay and Kay, 1993; Bonin, 2004; Chung et al.,
2005, 2009). Nevertheless, we note that our favored model is pro-
posed largely based on the limited data currently available for the
Cambrian geology in the Lhasa Terrane and northern Australia. Fur-
ther investigations and more data on the Cambrian geological records
are required for further testing of our explanations pertaining to the
geodynamic mechanism involved in the generation of the Cambrian
bimodal magmatism identified in the central Lhasa subterrane.

7. Conclusions

1) The metabasalts and silicic metavolcanic rocks in the central Lhasa
subterrane were synchronously emplaced approximately 492 Ma,
forming a bimodal volcanic suite.

2) Metabasaltic rocks were derived from partial melting of an enriched
lithospheric mantle source that was metasomatized by subduction
events. Magmas derived from this source underwent significant
fractional crystallization of olivine and clinopyroxene. Silicic meta-
volcanic rocks were the products of partial melting of the ancient
Lhasa basement with minor mafic magma contributions.

3) The Cambrian bimodal metavolcanic rocks in the central Lhasa sub-
terraneweremost likely emplaced at an Andean-type active margin
and represent an early Paleozoic Andean-type magmatic arc paleo-
graphically located in the Australian proto-Tethyan margin.

4) The generation of these bimodal metavolcanic rocks may be a result
of slab break-off related heat and asthenospheric material flux fol-
lowing the accretion of microcontinents or terranes (e.g., Eastern
Qiangtang and South China) located outboard of the Andean conti-
nental margin.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.chemgeo.2011.12.024.
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