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Abstract44

The early history of the Lhasa terrane remains poorly constrained due to the poor exposure of 45

the Proterozoic rocks. We report here U-Pb zircon ages, geochemical and Hf isotopic data for 46

granite gneisses and biotite gneisses from the Bomi Complex in the eastern part of the Lhasa terrane, 47

south Tibet. Petrological and geochemical data suggest that the protoliths of the granite gneisses and 48

the biotite gneisses could be granites and tonalites, respectively. LA-ICPMS U-Pb zircon analyses 49

yielded ages of 1343±27 Ma (MSWD=0.3) and 1276±22 Ma (MSWD=0.4) for two granite gneisses, 50

and a consistent age of ca. 1250 Ma for two biotite gneisses. These ages are interpreted as the 51

magma crystallization time of both the gneisses protoliths, and thus the Bomi Complex represents 52

the oldest rocks found in the Lhasa terrane. Our data indicate that the Mesoproterozoic detrital 53

zircons from the Paleozoic metasedimentary rocks in the Lhasa terrane could be derived from the 54

Lhasa terrane itself or the Tethyan Himalaya, rather than necessarily from the Albany-Fraser belt in 55

the Australia. Geochemical characteristics show that the granite gneisses have an aluminous A-type 56

granite affinity. The two granite gneisses dated in this study have zircon εHf(t) values between +4.0 57

and +1.8 and between +2.6 and +0.2, respectively. They have identical two-stage Hf model ages of 58

~2.0 Ga. We suggest that the protoliths of the granite gneisses were produced by protracted high 59

temperature partial melting of a felsic intracrustal source in an extensional setting. In contrast, the 60

biotite gneisses have similar geochemical characteristics to those of calc-alkaline granitoids that 61

probably formed in a subduction-related environment. Zircons from the two dated biotite gneisses 62

have relatively higher εHf(t) values of +8.1 to +3.6 and +10.5 to +5.7, respectively, indicating a 63

juvenile mantle contribution to their magma source. Earlier magmatism at ~1343-1276 Ma may64

formed in a continental rift setting related to the final breakup of supercontinent Columbia, while 65

subsequent magmatism of ~1250 Ma resulted from subduction of ocean slab during the assemblage 66
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of Rodinia. We thus infer that the Bomi Complex was related to the contact zone between the 67

Eastern Ghats Belt and the Archaean cratons in southeastern India during the Mesoproterozoic.68

69

Keywords: Mesoproterozoic; tectonic evolution; aluminous A-type granite; Bomi Complex; Lhasa 70

terrane71

72

1. Introduction73

It is widely assumed that the high elevation and thick crust of Tibet is largely a consequence of 74

the Cenozoic collision and continued convergence between the Indian and Eurasian plates (Beck et 75

al., 1995; de Sigoyer et al., 2000; Leech et al., 2005; Yin, 2006). The Lhasa terrane, the southern 76

margin of the Eurasian continent, has received much attention as it records the history of both the 77

pre-collision and the collision-related tectonism, magmatism and metamorphism (Zhu et al., 2011a; 78

Zhang et al., 2012a). The Lhasa terrane is dominantly composed of Meso-Cenozoic igneous rocks 79

and Paleozoic to Mesozoic sedimentary rocks with rare inliers of Precambrian basements (Yin and 80

Harrison, 2000). Numerous studies of the Lhasa terrane that have been carried out over recent 81

decades have focused largely on the Meso-Cenozoic igneous rocks, which have helped to develop 82

an understanding of the Andean-type arc, India-Eurasian collision and related Cenozoic tectonic 83

processes (Chung et al., 2005; Zhu et al., 2011b; and references therein). Although some of the 84

previous studies referred to the Precambrian evolution (Dong et al., 2011; Guynn et al., 2011; 85

Zhang et al., 2012a), the origin of the Lhasa terrane has remained enigmatic. 86

Understanding the origin of southern exposed edge of the Eurasian plate is crucial for 87

unraveling the deformation history attending collision of Eurasia with India, and hence for 88

reconstructing the position of the Lhasa terrane in the supercontinental assembly. Recently, Zhu et 89
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al. (2011a) published a set of U-Pb age and Hf isotope data on detrital zircons from Paleozoic 90

metasedimentary rocks in the Lhasa terrane. These data define a distinctive age population of 91

ca.1170 Ma with εHf(t) values similar to coeval detrital zircons from Western Australia. In the 92

absence of any recognised Mesoproterozoic rocks from the Lhasa terrane itself, the ca.1170 Ma 93

detrital zircons were presumed to have been derived from the Albany-Fraser belt in southwest 94

Australia (Zhu et al., 2011a). In the Paleozoic reconstruction, therefore, the Lhasa terrane was 95

positioned at the northwestern margin of Australia proximal to Mesoproterozoic source regions. 96

Thus the presence of Mesoproterozoic rocks in the Lhasa terrane has crucial implications for the 97

geochemical and tectonic evolution of this block.98

In the eastern Himalayan syntaxis, high-grade metamorphic rocks (Bomi Complex) are well 99

exposed from rapid uplift and erosion (Burg et al., 1997). The Bomi Complex consists of 100

orthogneisses, paragneisses, migmatites, and amphibolites. In this study, we carried out an 101

integrated study of zircon U-Pb age, major and trace element geochemistry, and Lu-Hf isotope 102

composition for the granite gneisses and biotite gneisses from the Bomi Complex. Our data show 103

three episodes of Mesoproterozoic magmatism that may formed from a rift-related tectonic setting 104

and a subduction-related process, respectively. The results can provide important insights into 105

understanding the Mesoproterozoic tectonic evolution of the Lhasa terrane. 106

107

2. Geological setting and sample description108

2.1. Regional geology109

The eastern Himalayan syntaxis (EHS) is the eastern termination of the Himalaya collisional 110

orogen (Fig.1). The EHS comprises three major tectono-stratigraphic units (Geng et al., 2006): (1) 111

the Namche Barwa Complex of the Himalayan unit; (2) the Indus-Yarlung unit (IYS); and (3) the 112
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Lhasa unit. The northwestern and southeastern contacts between the Namche Barwa Complex and 113

the Lhasa unit are marked by the sinistral Dongjiu-Miling fault and dextral Aniqiao fault, 114

respectively. The syntaxis is cut at its northeastern tip by the active dextral Jiali-Parlung fault (Burg 115

et al., 1997; Burg et al., 1998; Zhang et al., 2004). 116

The Namche Barwa Complex, the core of the EHS, includes layered quartz-feldspar-biotite 117

gneisses that are locally migmatised (Burg et al., 1998). According to recent geological mapping118

(Geng et al., 2006), the Namche Barwa Complex can be subdivided into three subunits: Zhibai 119

Formation, Duoxiongla Complex and Paixiang Formation (Fig. 1), separated by ductile faults (Xu 120

et al., 2008). The Zhibai Formation comprises garnet-bearing gneisses containing sporadic boudins 121

of high-pressure granulite, with estimated peak metamorphic temperature-pressure conditions of122

~850 °C and 14-18 kbar (Zhong and Ding, 1996; Liu and Zhong, 1997; Ding and Zhong, 1999; 123

Booth et al., 2009). The age of peak metamorphism for the high-pressure granulites has been124

variably estimated from ~40 Ma to ~24 Ma (Ding et al., 2001; Liu et al., 2007; Xu et al., 2010;125

Zhang et al., 2010b; Su et al., 2012). The Duoxiongla Complex comprises migmatitic gneisses and 126

orthogneisses with protolith ages ranging from 1.6 Ga to 1.8 Ga, as determined by U-Pb zircon 127

dating (Guo et al., 2008; Zhang et al., 2012c). The Paixiang Formation is composed of felsic 128

gneisses with subordinate diopside and forsterite-bearing marbles (Geng et al., 2006). All units from 129

the Namche Barwa Complex are intruded by Neogene granitoids with ages of ~13-3 Ma (Burg et al., 130

1998; Ding et al., 2001; Booth et al., 2004).131

The IYS unit separates the Himalaya unit (Indian plate) to the south from the Lhasa unit (Asian 132

plate) to the north (Fig.1). It forms a continuous zone, 2-10 km wide, consisting of highly deformed 133

and metamorphosed sedimentary and ultramafic-mafic rocks, the latter representing a Neo-Tethyan 134

ophiolite (Geng et al., 2006). In the EHS, the geochemistry of the IYS mafic rocks indicate a 135
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back-arc basin affinity (Geng et al., 2006), comparable to mafic rocks that crop out to the west at 136

Xigaze and Zedang. Clinopyroxene 40Ar/39Ar dating for the IYS mafic rocks yielded a 137

crystallization age of 200±4 Ma (Geng et al., 2004).138

The Lhasa unit includes the Nyingchi Complex, the Bomi Complex, Paleozoic-Mesozoic cover 139

strata, and abundant Mesozoic-Cenozoic granites (Fig.1). The Nyingchi Complex comprises140

gneisses, mica schists, marbles and minor granulites. These rocks have experienced upper 141

amphibolite-facies metamorphism, locally rising to granulite grade (Zhang et al., 2010b; Zhang et 142

al., 2010c). Detrital zircon age data suggest that the maximum depositional age of the Nyingchi 143

Complex is no older than 490 Ma (Zhang et al., 2008; Dong et al., 2010). The Bomi Complex is 144

exposed over the northern and eastern margin of the EHS, and has been interpreted to represent the 145

Precambrian metamorphic basement of the Lhasa terrane (Dewey et al., 1988; Zheng et al., 2003). 146

According to geological mapping (Zheng et al., 2003), the Bomi Complex can be divided into three 147

subunits: (1) the lower Bomi Complex, consisting of gneisses, migmatites, mica schists, 148

amphibolites and minor marbles; (2) the middle Bomi Complex that is composed of granite149

gneisses, biotite gneisses, migmatites and amphibolites; and (3) the upper Bomi Complex that is 150

dominated by biotite gneisses. The metamorphic P-T conditions for the Bomi Complex were151

estimated at 3-8 kbar and 575-640 °C (Zheng et al., 2003) or at ~10.8 kbar and ~840 °C (Booth et 152

al., 2009). Recently, using U-Pb dating on zircons from metamorphosed sedimentary and igneous 153

rocks, Xu et al. (2013) established that the lower Bomi Complex is a quite young formation and 154

represents a residual forearc basin, sourced from denudation of the Gangdese magmatic arc during 155

the India-Asia continental collision. It was subducted during the Late Eocene and subjected to 156

amphibolite-facies metamorphism at ~37 Ma.157

The Lhasa unit granites were mostly emplaced during two intrusive episodes: ~133-110 Ma 158
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and ~66-57 Ma (Booth et al., 2004; Booth et al., 2009; Chiu et al., 2009; Zhang et al., 2010a; Guo et 159

al., 2011). Chiu et al. (2009) suggested that the early Cretaceous granites probably formed in a 160

post-collisional regime in response to the Late Jurassic-Early Cretaceous collision between the 161

Qiangtang and Lhasa terrane. The Late Cretaceous-Paleocene granites resulted from northward 162

Neo-Tethyan subduction during late Mesozoic time (Chiu et al., 2009; Guo et al., 2011). The 163

Cretaceous-Paleocene granites were intruded by the later muscovite granites, two-mica granites and 164

garnet-bearing granites, ranging from ~26-21 Ma in age (Ding et al., 2001; Chung et al., 2003; 165

Booth et al., 2004; Zhang et al., 2010a; Guo et al., 2011; Pan et al., 2012). These Late 166

Oligocene-Early Miocene granites resulted from partial melting of thickened lower crust (Chung et 167

al., 2003; Zhang et al., 2010a).168

169

2.2. Sample description and protolith discrimination170

Samples used in this study were collected near the road between Bomi and Motuo (Fig.1). The 171

granite gneisses in the Bomi Complex are generally light grey in color, whereas the biotite gneisses 172

are dark grey (Fig.2). The granite gneisses are intruded by the biotite gneisses. They are variably 173

migmatized and their leucosomes form concordant to nearly concordant veins. The leucosomes 174

were avoided during sampling. Four granite gneiss samples were collected from the Bomi Complex. 175

The granite gneisses are composed of K-feldspar (~30-40%), quartz (~25-30%), plagioclase 176

(~10-15%), biotite (~13-15%), and muscovite (~3-5%), with minor amounts of zircon and Fe-Ti 177

oxides (Fig.3a, b). The mineral composition of the gneisses suggests that their protolith is granite. 178

Three biotite gneiss samples were interbedded with granite gneisses. The biotite gneisses contain 179

quartz (~32-38 %), plagioclase (~30-35%), biotite (~20-25%), K-feldspar (~5-8%), muscovite 180

(~1-2%), and accessory xenotime and zircon (Fig.3c, d). The mineral composition indicates that the 181
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protoliths of the biotite gneisses are probably the intrusive rocks. Together with zircon morphology 182

and geochemical data (see below) indicate that the biotite gneiss is a meta-tonalite. 183

184

3. Analytical methods185

3.1. Zircon U-Pb dating186

Zircons were separated by heavy-liquid and magnetic methods and then purified by hand 187

picking under a binocular microscope. Zircon crystals were mounted in an epoxy disc and then were 188

polished. Cathodoluminescence (CL) imaging was carried out using a Quanta 400FEG 189

environmental scanning electron microscope equipped with an Oxford energy dispersive 190

spectroscopy system and a Gatan CL3+ detector at the State Key Laboratory of Continental 191

Dynamics, Northwest University, Xi’an, China. The operating conditions for the CL imaging were 192

at 15 kV and 20 nA. Typical CL images were obtained to characterize each grain in terms of size, 193

growth morphology, and internal structure, and were used to guide analytical spot selection for 194

U-Pb dating and Lu-Hf analysis.195

Zircon U-Pb dating and trace element analyses were conducted synchronously by LA-ICP-MS 196

at the State Key Laboratory of Geological Processes and Mineral Resources (GPMR), China 197

University of Geosciences, Wuhan, China. Detailed operating conditions for the laser ablation 198

system and the ICP-MS instrument and data reduction are the same as description by Liu et al. 199

(2008a; 2010a; 2010b). Laser sampling was performed using a GeoLas 2005. An Agilent 7500a 200

ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. 201

Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before 202

entering the ICP. Nitrogen was added into the central gas flow (Ar+He) of the Ar plasma to 203

decrease the detection limit and improve precision (Hu et al., 2008). The laser spot is 32 μm in 204
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diameter. Zircon 91500 was used as an external standard to normalize isotopic discrimination205

during analysis. NIST610 glass was used as an external standard to normalize U, Th, Pb and trace 206

element concentrations of unknowns. The Agilent Chemstation was utilized for the acquisition of 207

each individual analysis. Off-line selection and integration of background and analyte signals, and 208

time-drift correction and quantitative calibration for trace element analyses and U-Pb dating were 209

performed by ICPMSDataCal (Liu et al., 2010a). Uncertainties of individual analyses are reported 210

at 1σ; weighted mean ages are calculated at 2σ level. Concordia diagrams and weighted mean 211

calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003).212

213

3.2. Zircon Lu-Hf isotope analysis214

In situ zircon Lu-Hf isotope measurements were undertaken using a Neptune Plus 215

MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a GeoLas 2005 excimer 216

ArF laser ablation system (Lambda Physik, Göttingen, Germany) at the state Key Laboratory of 217

GPMR. The energy density of laser ablation that was used in this study was 5.3 J cm-2. Helium was 218

used as the carrier gas within the ablation cell and was merged with argon (makeup gas) after the 219

ablation cell. A simple Y junction downstream from the sample cell allowed the addition of small 220

amounts of nitrogen (4 ml min-1) to the argon makeup gas flow (Hu et al., 2008). Compared to the 221

standard arrangement, the addition of nitrogen in combination with the use of the newly designed X 222

skimmer cone and Jet sample cone in the Neptune Plus improved the signal intensity of Hf, Yb and 223

Lu by a factor of 5.3, 4.0 and 2.4, respectively. The laser spot is 44 μm in diameter. Analytical spots 224

were located close to or on the top of LA-ICP-MS spots or in the same growth domain as inferred 225

from CL images. Zircons 91500, GJ-1, Mud Tank and Temora were analyzed as the reference 226

standard. Detailed operating conditions for the laser ablation system and the MC-ICP-MS 227
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instrument and analytical method are the same as description by Hu et al. (2012).228

The major limitation to accurate in situ zircon Hf isotope determination by LA-MC-ICP-MS is 229

the large isobaric interference from 176Yb and, to a much lesser extent, from 176Lu on 176Hf230

(Woodhead et al., 2004). It has been shown that the mass fractionation of Yb (βYb) is not constant 231

over time and that the βYb that is obtained from the introduction of solutions is unsuitable for in situ232

zircon measurements (Woodhead et al., 2004). The under- or over-estimation of the βYb value would 233

undoubtedly affect the accurate correction of 176Yb and thus the determined 176Hf/177Hf ratio. We 234

applied the directly obtained βYb value in real-time from the zircon sample itself. The 179Hf/177Hf 235

and 173Yb/171Yb ratios were used to calculate the mass bias of Hf (βHf) and Yb (βYb), that were 236

normalised to 179Hf/177Hf =0.7325 and 173Yb/171Yb=1.1248 (Blichert-Toft et al., 1997) using an 237

exponential correction for mass bias. Interference of 176Yb on 176Hf was corrected by measuring the 238

interference-free 173Yb isotope and using 176Yb/173Yb =0.7876 (McCulloch et al., 1977) to calculate 239

176Yb/177Hf. Similarly, the relatively minor interference of 176Lu on 176Hf was corrected by 240

measuring the intensity of the interference-free 175Lu isotope and using the recommended 241

176Lu/175Lu =0.02656 (Blichert-Toft et al., 1997) to calculate 176Lu/177Hf. We used the mass bias of 242

Yb (βYb) to calculate the mass fractionation of Lu because of their similar physicochemical 243

properties. Off-line selection and integration of analyte signals, and mass bias calibrations were 244

performed using ICPMSDataCal (Liu et al., 2010a). The decay constant for 176Lu of 1.865×10-11245

year-1 was adopted (Scherer et al., 2001). Initial 176Hf/177Hf ratio, denoted as εHf(t), is calculated 246

relative to the chondritic reservoir with a 176Hf/177Hf ratio of 0.282772 and 176Lu/177Hf of 0.0332 247

(Blichert-Toft et al., 1997). Single-stage Hf model ages (TDM1) are calculated relative to the 248

depleted mantle, which is assumed to have a linear isotopic growth from 176Hf/177Hf=0.279718 at 249

4.55 Ga to 0.283250 at present, with 176Lu/177Hf ratio of 0.0384 (Vervoort and Blichert-Toft, 1999), 250
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and two-stage Hf model ages (TDM2) are calculated by assuming a mean 176Lu/177Hf value of 0.015 251

for the average continental crust (Griffin et al., 2002). 252

253

3.3. Whole-rock major and trace element analyses254

Major elements were measured by XRF at the State Key Laboratory of GPMR. The analytical 255

uncertainty is <5 %. Trace elements and rare earth elements (REE) were measured at the GPMR. 256

About 50 mg of sample powders were digested by HF+HNO3 in Teflon bombs and analyzed with 257

an Agilent 7500a ICP-MS. The analytical precision is better than 5% for elements with 258

concentrations >10 ppm, and less than 10% for those <10 ppm. The detailed analytical procedures 259

are described in Liu et al. (2008b).260

261

4. Results262

4.1. Zircon U-Pb geochronology263

Representative zircon CL images and U-Pb Concordia plots for zircons are shown in figures 4 264

and 5, respectively. LA-ICP-MS zircon U-Pb data are listed in the supplemental electronic data 265

tables (Tables A).266

267

4.1.1. Granite gneiss sample T844268

Zircon crystals from the granite gneiss sample T844 are subhedral and transparent. They are269

100-200 μm in length, with ratio of length to width ranging from 1.5:1 to 2:1. In CL images, zircon 270

crystals commonly have oscillatory zoning (Fig. 4a), implying a magmatic genesis (Corfu et al., 271

2003). Many zircons exhibit an extremely narrow (<5 μm) outer rim with high CL intensity. The 272

boundaries between the grey cores and the bright rims are often blurred. Twenty-one analyses were 273
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performed on twenty-one zircon grains. All of the analyses have moderate Th (45-211 ppm) and U 274

(56-541 ppm) contents, with relatively high Th/U ratios of 0.28-0.82, consistent with their 275

magmatic origin. Most zircons in this sample are concordant and few exhibit significant lead loss on276

the Concordia diagram (Fig. 5a). The resulting upper intercept age is 1347±27 Ma (MSWD=0.6). 277

These zircons yielded 207Pb/206Pb ages between 1220±91 Ma and 1391±63 Ma, with a weighted 278

mean of 1343±27 Ma (MSWD=0.3), identical to the upper intercept age within analytical error. 279

Thus we interpret the weighted mean age of 1343±27 Ma to represent magma crystallization age of 280

the protolith of the granite gneiss.281

282

4.1.2. Granite gneiss sample T1063283

Most zircons from the granite gneiss sample T1063 show prismatic crystals of variable length, 284

but generally with rounded terminations. They have grain sizes of 150-250 μm in length, with ratios 285

of length to width ranging from 2:1 to 3:1. In CL images, these zircon crystals commonly have 286

oscillatory zoning (Fig. 4b), implying their magmatic origin (Corfu et al., 2003). Discontinuous 287

narrow metamorphic rims can also be observed around some grains (Fig. 4b). Twenty-five analyses 288

were obtained on twenty-five zircon grains. All of the analyses have moderate Th (45-344 ppm) and 289

U (53-534 ppm) contents, with relatively high Th/U ratios of 0.29-1.15, consistent with their 290

magmatic origin. Most zircons in this sample are concordant and some exhibit weak lead loss on the291

Concordia diagram (Fig. 5b). The resulting upper intercept age is 1281±20 Ma (MSWD=0.5). These 292

zircons yielded 207Pb/206Pb ages between 1231±45 Ma and 1377±67 Ma, with a weighted mean of 293

1276±22 Ma (MSWD=0.4), identical to the upper intercept age within analytical error. Thus we 294

interpreted the weighted mean age of 1276±22 Ma to represent the magma crystallization age of the 295

protolith of the granite gneiss.296
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297

4.1.3. Biotite gneiss sample T843298

Zircon crystals from the biotite gneiss sample T843 are subhedral, transparent and light yellow299

in colour. They are 100-150 μm in length, with ratio of length to width ranging from 2:1 to 3:1. In 300

CL images, these zircon crystals commonly have planar zoning (Fig. 4c), implying crystallization 301

from an intermediate magma (Corfu et al., 2003). Discontinuous narrow light rims can be observed 302

around some grains (Fig. 4c). Eighteen analyses were performed on eighteen zircon grains. The 303

zircons have Th abundances of 367-2480 ppm, U abundances of 607-2520 ppm, and Th/U ratios of 304

0.60-1.10, consistent with their magmatic origin. Some zircons in this sample exhibit significant 305

lead loss and are discordant on the Concordia diagram (Fig. 5c). The resulting upper intercept age is 306

1267±15 Ma (MSWD=0.4). These zircons yielded 207Pb/206Pb ages between 1187±43 Ma and 307

1277±40 Ma, with a weighted mean of 1251±16 Ma (MSWD=0.3), identical to the upper intercept 308

age within analytical error. We interpreted the age of 1251±16 Ma to represent the magma 309

crystallization age of the protolith of the biotite gneiss. 310

311

4.1.4. Biotite gneiss sample T1062312

Zircon crystals from the biotite gneiss sample T1062 show short to long prismatic crystals, but 313

generally have rounded terminations. They have grain sizes of 200-350 μm in length, with ratios of 314

length to width ranging from 2.5:1 to 4:1. In CL images, these zircon crystals commonly have weak 315

planar zoning (Fig. 4d), implying crystallization from an intermediate magma (Corfu et al., 2003). 316

Twenty-five analyses were done on twenty-five zircon grains. The zircons have Th of 84-2024 ppm,317

U of 225-1387 ppm, and Th/U ratios of 0.29-1.46. Most zircons in this sample exhibit significant 318

lead loss and most analyses are discordant on the Concordia diagram (Fig. 5d). The resulting upper 319
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intercept age is 1275±25 Ma (MSWD=1.1). These zircons yielded 207Pb/206Pb ages between 320

1181±39 Ma and 1367±50 Ma, with a weighted mean of 1250±18 Ma (MSWD=1.0), identical to 321

the upper intercept age within analytical error. The age of 1250±18 Ma represents the magma 322

crystallization age of the protolith of the biotite gneiss. 323

324

4.2. Whole-rock major and trace element compositions325

Whole-rock major and trace element data for both the gneiss samples are given in the 326

supplemental electronic data tables (Table B). The granite gneisses are highly siliceous, with SiO2327

ranging from 71.71% to 73.08%. They have high contents of alkalis, with K2O=3.27-6.0% and 328

Na2O=3.12-4.91%, and total K2O+Na2O varies from 8.18% to 9.12%, with K2O/Na2O=0.67-1.92. 329

They have low abundances of Fe2O3
tot (1.87-2.64%), MgO (0.48-0.82%), CaO (0.59-1.23%) and 330

TiO2 (0.21-0.26%). Al2O3 contents range from 14.02% to 15.05%. Mg numbers range from 37.0 to 331

43.7. The granite gneisses are weakly-strongly peraluminous with A/CNK values of 1.07-1.13. In 332

Ab-An-Or ternary diagram (Fig.6), these gneisses plot in granite field. The major element 333

composition of the granite gneisses is similar to that of aluminous A-type granite, as defined by 334

King et al. (1997). The granite gneisses also share the features common to aluminous A-type 335

granites in terms of trace element geochemistry. They are characterized by high 10,000×Ga/Al 336

ratios ranging from 2.74 to 2.85, and all samples fall in field of A-type granites in discrimination 337

diagrams (Fig.7). The sum of the Zr, Nb, Ce, and Y contents is greater than 370 ppm, of which the 338

Zr contents are between ~205 ppm and ~373 ppm. The granite gneisses are also enriched in REE 339

with total concentrations of 250-399 ppm. Chondrite-normalized REE patterns (Fig.8a) of these340

granite gneisses invariably show relative enrichment of light rare earth elements (LREE) with high 341

(La/Yb)N ratios of 11.3-30.0 and moderate negative Eu anomalies (Eu/Eu*=0.44-0.57). On the 342
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primitive mantle-normalized spider diagram (Fig. 8b), they show negative anomalies of Ba, Nb, Ta, 343

Sr, P and Ti, consistent with the patters of A-type granites (Wu et al., 2002). Overall, these 344

geochemical characteristics show that the protoliths of the granite gneisses are probably aluminous 345

A-type granites.346

In contrast to the granite gneisses, the biotite gneisses have lower SiO2 (63.87-67.69%), K2O 347

(1.78-2.70%), total alkalis contents (K2O+Na2O=6.29-7.40%), and K2O/Na2O ratios (0.39-0.57). 348

But they display higher Al2O3 (15.99-16.17%), Fe2O3
tot (3.77-5.40%), MgO (1.72-3.19%), CaO 349

(2.05-3.31%) and TiO2 (0.43-0.56%). The biotite gneisses are weakly-strongly peraluminous with 350

A/CNK values of 1.05-1.11. In Ab-An-Or ternary diagram (Fig.6), these biotite gneisses straddle 351

the tonalite and the trondhjemite fields. The biotite gneisses have lower REE contents relative to the 352

granite gneisses (Fig. 8a), but also display enrichment of LREE relative to heavy rare elements 353

(HREE) with (La/Yb)N ratios of 10.1-28.3 and weakly negative Eu anomalies (Eu*/Eu=0.78-0.83). 354

On the primitive mantle-normalized spider diagram (Fig. 8b), they also show negative anomalies of 355

Ba, Nb, Ta, Sr, P and Ti, but with higher Sr, P, Ti and lower Ba, Nb abundances compared with the 356

granite gneisses.357

358

4.3. Zircon Lu-Hf isotope compositions359

Lu-Hf isotopic data for zircons from both the granite gneiss samples (T844, T1063) and the 360

biotite gneiss samples (T843 and T1062) are given in the supplemental electronic data tables (Table 361

C). Variations in Hf isotope ratios εHf(t) with their U-Pb ages (t) are plotted in Fig. 9.362

Twelve Lu-Hf analyses were obtained on twelve dated zircon grains from the granite gneiss 363

sample T844. 176Hf/177Hf ratios range from 0.282009 to 0.282086 (Table C). Assuming t=1340 Ma, 364

the calculated εHf(t) values range from +1.8 to +4.0, with a weighted mean of +2.4±0.4 365
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(MSWD=3.1). Their two-stage Hf model ages (TDM2) range from 1858±49 Ma to 1993±59 Ma, with 366

a weighted mean of 1960±24 Ma (MSWD=0.8) (Fig. 10a).367

Twelve Lu-Hf analyses were obtained on twelve dated zircon grains from the granite gneiss 368

sample T1063. They have 176Hf/177Hf ratios of 0.281995 to 0.282076 (Table C). Assuming t=1280 369

Ma, the calculated εHf(t) values range from +0.5 to +2.6, with a weighted mean of +1.2±0.5 370

(MSWD=4.5). Their TDM2 ages range from 1902±45 Ma to 2049±47 Ma, with a weighted mean of 371

1985±26 Ma (MSWD=1.1) (Fig. 10b).372

Fourteen Lu-Hf analyses were undertaken on fourteen dated zircon grains from the biotite 373

gneiss sample T843. 176Hf/177Hf ratios range from 0.282169 to 0.282261 (Table C). Assuming 374

t=1250 Ma, the calculated εHf(t) values range from +3.5 to +8.4, with a weighted mean of +5.8±0.6 375

(MSWD=13). Their TDM2 ages range from 1511±43 Ma to 1763±29 Ma, with a weighted mean of 376

1675±37 Ma (MSWD=3.3) (Fig. 10c).377

Twelve Lu-Hf analyses were undertaken on twelve dated zircon grains from the biotite gneiss378

sample T1062, of which one analysis has relatively higher 176Hf/177Hf ratio of 0.282359, 379

corresponding to εHf(1250 Ma) value of +10.5±0.3 and TDM2 age of 1383±38 Ma. The remaining 380

analyses yielded 176Hf/177Hf ratios of 0.282176 to 0.282303 (Table C). Assuming t=1250 Ma, the 381

calculated εHf(t) values range from +5.7 to +8.5, with a weighted mean of +6.7±0.6 (MSWD=6.8). 382

Their TDM2 ages range from 1506±62 Ma to 1683±44 Ma, with a weighted mean of 1621±25 Ma 383

(MSWD=1.7) (Fig. 10d).384

385

5. Discussion386

5.1. The oldest magmatism in the Lhasa terrane387

The oldest published ages from basement rocks of the Lhasa terrane are from Neoproterozoic 388
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gneisses (920-800 Ma) from the Amdo basement in northern Lhasa subterrane (Guynn et al., 2006; 389

Guynn et al., 2011; Zhang et al., 2012b). In the central Lhasa subterrane, the reported oldest rocks 390

are the ~787-748 Ma granitoids and gabbros from the just west of Nam Tso Lake (Hu et al., 2005);391

these have experienced an amphibolite-facies to granulite-facies metamorphism during the Late 392

Neoproterozoic at ~680-650 Ma (Dong et al., 2011; Zhang et al., 2012a). In the present study, the 393

zircons from both the granite gneiss samples (T844 and T1063) show oscillatory zoning, and high 394

Th/U ratios, which are typical for magmatic zircons (Corfu et al., 2003). Furthermore, these zircons 395

have relatively high REE contents and distinctly fractionated REE patterns, with enrichment in 396

HREE and depletion of LREE (Fig. S1 in supplementary materials), typical of magmatic zircons  397

(Hoskin and Schaltegger, 2003). The zircons in the two granite gneiss samples yielded weighted 398

mean 207Pb/206Pb ages of 1343±27 Ma (2σ; MSWD=0.3) and 1276±22 Ma (2σ; MSWD=0.4), 399

respectively, which are interpreted as the formation ages of the granite gneiss protoliths from the 400

Bomi Complex. In addition, the zircons from two biotite gneiss samples (T843 and T1062) show 401

planar zoning, high Th/U ratios, relatively high REE contents and distinctly fractionated REE 402

patterns, with enrichment in HREE and depletion of LREE (Fig. S1 in supplementary materials), 403

which are also typical for magmatic zircons (Corfu et al., 2003; Hoskin and Schaltegger, 2003). 404

These zircons in the two biotite gneiss samples gave an identical weighted mean 207Pb/206Pb age of 405

~1250 Ma, interpreted as a third magmatic event in the Bomi Complex. Thus the Lhasa terrane has 406

experienced at least three intrusive phases during the Mesoproterozoic. To our knowledge, both the 407

granite gneisses and the biotite gneisses are the oldest rocks identified from the Lhasa terrane. 408

A great many detrital zircons with Mesoproterozoic ages have been reported from the 409

Paleozoic metasedimentary rocks in the Lhasa terrane (Zhu et al., 2011a). These detrital zircons 410

show a distinctive age population of ~1170 Ma. In the apparent absence of igneous zircons of 411
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Mesoproterozoic age prior to this study these grains were assumed to be exotic, and specifically to 412

have been derived from the Albany-Fraser belt in southwest Australia (Zhu et al., 2011a). In the 413

light of the results of the present study, the Mesoproterozoic magmatism had happened in the Lhasa 414

terrane. Though the magmatic zircon ages obtained in this study are older than the distinctive age 415

population of ~1170 Ma, we suggest that these Mesoproterozoic detrital zircons could be derived (at 416

least partly) from the Lhasa terrane itself. Recently, Gehrels et al. (2011) also published large 417

numbers of detrital zircon ages from different portions of the Tibet-Himalayan orogen. Their results 418

show that both the Lhasa terrane and Tethyan Himalaya have similar age distributions. Hence, the 419

Lhasa terrane is interpreted to have originated along the northern margin of the India during 420

Paleozoic time (Gehrels et al., 2011). This simplifies the paleographic reconstruction of the region 421

because it obviates the necessity to displace the Lhasa terrane to the northwestern margin of 422

Australia during the Paleozoic as proposed by Zhu et al. (2011a).423

The Bomi Complex in the EHS could be comparable to the basement beneath the central Lhasa 424

subterrane as has been previously assumed (Zhang et al., 2007b; Zhu et al., 2009; Zhu et al., 2011b). 425

The central Lhasa subterrane, which is separated from the Gangdese subterrane by the 426

Luobadui-Milashan Fault to the south and the northern Lhasa subterrane by the Shiquanhe-Nam Tso 427

Mélange Zone to the north (Fig.12), is composed of a Carboniferous-Permian metasedimentary 428

sequence, a lower Cretaceous volcano-sedimentary sequence and associated granitoids with minor 429

Ordovician, Silurian, and Triassic limestones (Pan et al., 2004; Zhu et al., 2009; Zhu et al., 2011b)430

and rare Neoproterozoic basement (Hu et al., 2005; Dong et al., 2011; Zhang et al., 2012a). While 431

the Gangdese and northern Lhasa subterrane is characterized by juvenile crust, the central Lhasa 432

subterrane is assumed to represent a microcontinent underlain by Archean and Proterozoic basement 433

(Zhu et al., 2009; Zhu et al., 2011b). This hypothesis is supported by the following four lines of 434
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evidence. These are: (1) the whole-rock Nd model ages of 0.9-3.2 Ga for Meso-Cenozoic 435

siliciclastic and igneous rocks (Kapp et al., 2005; Chu et al., 2006; Zhang et al., 2007b; Zhu et al., 436

2009); (2) the zircon Hf crustal model ages of 1.0-2.6 Ga for the Meso-Cenozoic igneous rocks437

(Zhu et al., 2009; Zhu et al., 2011b) ; (3) the inherited zircon U-Pb ages of 1032-2877 Ma from the 438

Permian-Jurassic granites (Chu et al., 2006; Zhu et al., 2011b); and (4) the detrital zircon ages of 439

980-3323 Ma from the Paleozoic metasedimentary rocks (Leier et al., 2007; Zhu et al., 2011a) that 440

could be soured from denudation of the Lhasa basement exposed previously. Although with 441

Archean material information, the central Lhasa subterrane is characterized by an important Late 442

Paleoproterozoic-Mesoproterozoic period of crustal growth, consistent with the evolution of the 443

Bomi Complex. Thus the Bomi Complex and its equivalent beneath the central Lhasa subterrane 444

constitute the basement of Lhasa that extend in an east-west direction for >1000 km.445

446

5.2. Petrogenesis447

The origin of A-type granites is still a subject of active discussion, mainly because so many 448

compositional variants have been found (Bonin, 2007). Although several processes may be involved 449

in their generation , the major debate concerns their source regions and the role of the mantle during 450

their formation (Wu et al., 2002). A number of petrogenetic schemes have been proposed for the 451

magma sources of A-type granites, which fall into two categories, involving crust and mantle 452

sources, while a few advocate mixing between crust and mantle sources (Schmitt et al., 2000; Kemp 453

and Hawkesworth, 2003; Bonin, 2007; Zhang et al., 2007a). According to the above discussion, the 454

protoliths of the granite gneisses in the Bomi Complex are aluminous A-type granites. Based on the 455

mineralogical and geochemical similarities between the aluminous A-type granites and the felsic 456

I-type granites in the Lachlan Fold Belt, King et al. (1997) point to that aluminous A-type granites 457
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are generally produced by partial melting of felsic intercrustal sources as the I-type granites. The 458

major difference between petrogenetic schemes for the aluminous A-type magmas and the I-type 459

magmas is that different physical conditions prevailed (King et al., 1997). The higher temperature is 460

required to produce aluminous A-type granites relative to the I-type granites (King et al., 1997). Zr 461

saturation temperatures were calculated after Watson & Harrison (1983) for these granite gneiss 462

samples in the Bomi Complex. The resulted temperatures are between 815 � and 867 �. Because 463

these gneisses are poor in inherited zircons, the calculated zircon saturation temperatures are 464

underestimations of their initial temperature. The magma temperatures therefore are higher than the 465

general I-type granite magmas. We therefore favor that the magmas of the gneiss protoliths had 466

derived by direct partial melting of middle to lower crustal felsic igneous rocks. Because the Hf 467

model ages record crustal residence time since its extraction from the depleted mantle, the TDM2 can 468

be used as proxies for the minimum source ages of host magma from which the zircon crystallized 469

(Zheng et al., 2006). Although the two granitic magmas show different emplace times, they have 470

identical TDM2 ages of ~2.0 Ga (Fig. 10a, b), indicating both the two magmas derived from a 471

common source. The TDM2 age of ~2.0 Ga suggests that the Lhasa terrane may be underlain by 472

Lower Proterozoic basement. In binary Nb versus Y diagram (Fig. 11), the gneiss samples plot 473

dominantly in the field of ‘Within-Plate’ granitoids and straddle into the arc granitoids (Pearce et al., 474

1984). Moreover, A-type granitic magma is generally accepted to reflected lithospheric extension 475

(Whalen et al., 1987). Thus the high temperatures required to produce the protracted magmatism in 476

the Lhasa terrane may have been initiated by mantle upwelling or mafic magma influx into a 477

localized area in a continuous extensional setting. 478

The analyzed samples for the biotite gneisses fall in the field of the sub-alkaline series. In 479

Ab-An-Or ternary diagram (Fig.6), these biotite gneisses straddle the tonalite and the trondhjemite 480
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fields. Together the petrologic features, we consider that the biotite gneiss protoliths were probably 481

tonalites. These biotite gneiss samples have variable REE contents but similar chondrite-normalized 482

REE patterns with moderately enriched light REE, relatively unfractionated heavy REE. They have 483

weak negative Eu anomalies (Fig. 8a). Such REE characteristics are similar to arc-related magmas 484

of intermediate compositions. The primitive mantle normalized trace element patterns show 485

generally similar shapes for all samples (Fig. 8b). They are characteristized by a relative enrichment 486

in LILEs (Rb, Th and U) and LREEs (La, Ce, and Pr), but a depletion in Nb, Ta, Sr, and Ti, which 487

are similar to those of arc granitoids (Zhou et al., 2002). The biotite gneiss samples plot into the 488

‘Volcanic Arc’ granitoid field in the Y versus Nb tectonic discriminant diagram (Fig. 11), compared 489

to the granite gneisses in the Bomi Complex that plots within the ‘Within Plate’ field. Calculated 490

zircon saturation temperatures (741-777 �) for the biotite gneiss samples are lower than those of 491

the granite gneisses, consistent with those of the ‘wet’ granitoids formed in a subduction setting. 492

The two dated biotite gneiss samples have zircon εHf(t) values of +8.1 to +3.6 and +10.5 to +5.7, 493

respectively, indicating magmatism with a dominantly juvenile mantle contribution. The Hf isotope 494

features are similar to those of the Late Cretaceous granitoids in the Lhasa terrane that formed in 495

continental arc setting (Ji et al., 2009). Our evidence suggests that the protoliths of the biotite 496

gneisses are typical calc-alkaline granitoids, and their formation would be related to a subduction 497

process.498

499

5.3. Geodynamic processes500

In the Lhasa terrane, the magma crystallization ages (~1340-1280 Ma) of the aluminous A-type 501

granites are older than those (~1250 Ma) of the tonalites. There are two possible interpretations for 502

the obtained data. Firstly, although the former had formed in a ‘Within Plate’ setting while the latter 503
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in an arc setting, both of them could be formed in an active continental margin. Considering the 504

petrological, geochemical and geochronological studies presented above, we invoke a model of a 505

continuous arc through this period to explain the magma evolution of the Lhasa terrane during the 506

Mesoproterozoic. When earlier extension developing in a back-arc setting, direct mantle-derived 507

heat or basaltic magmas produced from decompressed asthenosphere advect into the extending 508

region, causing partial melting of preexisting arc crust and forming the aluminous A-type granites. 509

The earlier development of crustal extension (thinning) was replaced by convergence and 510

subduction as the regional stress field evolved into compression. The fluids from the dehydrating 511

slab had infiltrated into the overlying mantle wedge and juvenile lower crust (the underplating 512

mafic rocks), causing initiation of arc magmatism. The resulted magmas had intruded into the 513

previous aluminous A-type granites.514

The second interpretation is that the aluminous A-type granites mark an earlier 515

Mesoproterozoic rift. The rift can be correlated to the final breakup of the supercontinent Columbia 516

and have opened an ocean. The subsequent subduction of ocean slab had led to initiation of arc 517

magmatism at ~1250 Ma. The Grenvillian (1.3-1.0 Ga) orogenic and subduction related events have 518

been regarded as a critical linkage in Rodinia reconstruction (Dalziel, 1991; Hoffman, 1991; 519

Moores, 1991). The newly recognized Mesoproterozoic arc-related magmatism in the Lhasa could 520

represent the accretion at convergent margin before the continental collision. Both of the accretion 521

and collision constitute the Grenvillian orogeny, causing the assembly of the Rodina supercontinent.522

We prefer the latter interpretation given that the Lhasa terrane have originated the northern 523

margin of India (Yin and Harrison, 2000). The geological record in the Lhasa terrane during the 524

Mesoproterozoic is comparable with the southeastern India, although more geological constraints 525

are needed. In southeastern Peninsular India, there are several deformed alkaline complexes outcrop 526
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near the contact zone between the Eastern Ghats Belt and the Archaean cratons. U-Th-Pb zircon 527

dating constrains the intrusion of the alkaline magmas to a narrow period between ~1262 and ~1480 528

Ma (Upadhyay, 2008; and references therein). Upadhyay (2008) interpreted the alkaline complexes 529

to record a Mesoproterozoic rift correlated to the breakup of the supercontinent Columbia. The530

rifting along the eastern proto-Indian margin and the opening of an ocean may be related to the 531

separation of India from east Antarctica. Finally, the rift basin or ocean basin had closed at the late 532

Mesoproterozoic during Rodinia assembly (Upadhyay, 2008).533

534

6. Conclusions535

The protoliths of the granite gneisses and biotite gneisses from the Bomi Complex in the Lhasa 536

terrane were possibly granites and tonalites, respectively. The protoliths of the granite gneisses were 537

emplaced at ~1343 Ma and ~1276 Ma, while the protoliths of the biotite gneisses at ~1250 Ma. 538

Thus the basement of the Lhasa terrane is Mesoproterozoic, which could provide source materials 539

for the Paleozoic metasedimentary rocks in the Lhasa terrane. Geochemical characteristics show 540

that the granite gneisses have an aluminous A-type granite affinity. These granite gneiss protoliths 541

were produced by protracted high temperature partial melting of a common felsic intercrustal 542

source in a possible rift setting related to the breakup of supercontinent Columbia. In contrast, the 543

biotite gneiss protoliths have similar geochemical characteristics to those of arc granitoids that 544

formed in a subduction-related process during Rodinia assembly. The Bomi Complex thus may be545

related to the contact zone between the Eastern Ghats Belt and the Archaean cratons in southeastern 546

India during Mesoproterozoic.547

548

549
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Figure Captions799

800

Fig.1. Sketch map of the eastern Himalayan syntaxis, showing sample location (modified after 801

Zheng et al. (2003)). Inset shows the study area. Abbreviations: A=lower Bomi Complex; B=middle 802

Bomi Complex; C=upper Bomi Complex.803

804

Fig.2. Photographs showing the contact relationship between the granite gneiss (T1062) and the 805

biotite gneiss (T1063).806

807

Fig.3. Microstructures of (a) the granite gneiss T844, (b) the granite gneiss T1063, (c) the biotite 808

gneiss T843 and (d) the biotite gneiss T1062. Bi=biotite, Kfs=K-feldspar, Ms=muscovite, 809

Pl=plagioclase, Qz=quartz. 810

811

Fig.4. Representative cathodoluminescence images of zircons from (a) the granite gneiss T844, (b) 812

the granite gneiss T1063, (c) the biotite gneiss T843, and (d) the biotite gneiss T1062. The smaller813

circles show LA-ICP-MS dating spots and corresponding apparent ages, and the larger circles show 814

the locations of Lu-Hf isotope analysis and corresponding epsilon Hf values. 815

816

Fig.5. Concordia diagrams of LA-ICP-MS U-Pb dating for zircons from (a) the granite gneiss T844, 817

(b) the granite gneiss T1063, (c) the biotite gneiss T843 and (d) the biotite gneiss T1062. 818

819

Fig.6. Normative albite (Ab)-anorthite (An)-orthoclase (Or) contents of both the granite gneisses 820

(diamond) and the biotite gneisses (circle) from the Bomi Complex in the eastern Himalayan 821
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syntaxis. The Ab-An-Or classification for silicic rocks is after Barker (1979).822

823

Fig.7. A-type granite discrimination diagram (after Whalen et al., 1987). Diamonds are the granite 824

gneisses; circles represent the biotite gneisses. 825

826

Fig.8. (a) Chondrite-normalized REE patterns; (b) primitive mantle-normalized element spider 827

diagram. Normalizing values are from Sun and McDonough (1989).828

829

Fig.9. Plots of εHf(t) versus U-Pb age for studied samples from the Bomi Complex in the eastern 830

Himalayan syntaxis.831

832

Fig.10. Histogram of two-stage Hf modal ages for (a) the granite gneiss T844, (b) the granite gneiss 833

T1063, (c) the biotite gneiss T843 and (d) the biotite gneiss T1062.834

835

Fig.11. Nb versus Y tectonic discrimination diagram for the granite gneiss (diamond) and the biotite 836

gneiss (circle) samples. Discriminations boundaries follow Pearce et al. (1984). ORG=oceanic ridge 837

granite; Syn-COLG=syn-collision granite; VAG=volcanic-arc granite; WPG=within-plate granite.838

839

Fig.12. Sketch tectonic map of the south Tibet (modified after Pan et al., 2011 and Zhu et al., 840

2011a), showing the tectonic subdivision of Lhasa terrane. Abbreviation: BNS=Bangong-Nujiang 841

suture zone; IYS=Indus-Yarlung suture zone; SNMZ=Shiquan River-Nam Tso Mélange Zone; 842

LMF=Luobadui-Milashan Fault.843

844
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Research Highlights 1 

 2 

◆ Zircon U-Pb dating, geochemistry and Hf isotope composition for the Bomi Complex. 3 

◆ The basement of the Lhasa terrane is Mesoproterozoic. 4 

◆ The protoliths of the granite gneisses are aluminous A-type granites 5 

◆ The protoliths of the biotite gneisses were related to a subduction process. 6 

◆ The Lhasa terrane may be related to the southeastern India during Mesoproterozoic. 7 

*Highlights (for review)
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http://ees.elsevier.com/precam/download.aspx?id=203393&guid=dbccbf8c-f9e6-48d1-a5a3-995f7a07cf0a&scheme=1
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http://ees.elsevier.com/precam/download.aspx?id=203394&guid=4dd50d79-3f57-49cd-8e63-7df39349caf5&scheme=1
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Figure 3

http://ees.elsevier.com/precam/download.aspx?id=203395&guid=057f896c-9004-49bd-83bc-896236717b0f&scheme=1
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Figure 4

http://ees.elsevier.com/precam/download.aspx?id=203396&guid=00e9ba2b-8eba-4b1a-99fb-f4302e43e229&scheme=1
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9

http://ees.elsevier.com/precam/download.aspx?id=203401&guid=67477b98-4bd2-4954-96ed-7dee4510ddb9&scheme=1


Page 45 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 10

http://ees.elsevier.com/precam/download.aspx?id=203402&guid=8f873546-0273-4ae9-9d9b-29ac021e1d8c&scheme=1


Page 46 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 11

http://ees.elsevier.com/precam/download.aspx?id=203403&guid=7af75785-4f8f-4ac5-b22a-1aa4ee4fd497&scheme=1


Page 47 of 47

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 12

http://ees.elsevier.com/precam/download.aspx?id=203404&guid=05638160-2a57-4377-b84e-5462d9d1b191&scheme=1

