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The Lhasa terrane has long been interpreted as a simple tectonic block rifted from Gondwana during the late
Paleozoic and then drifted northward before finally amalgamating with the Qiangtang terrane during the
Early Cretaceous. In this paper we document Permian peraluminous granites near Pikang in the southern
margin of the central Lhasa terrane, close to the recently documented Songdo eclogite of Permian age. Zircon
SHRIMP and LA-ICPMS U-Pb dating for a Pikang granite sample gives an identical crystallization age of about
263 Ma and a wide age range of inherited zircons (283-2141 Ma). In situ Hf isotopic analyses for 20 zircons of
263 Ma yielded ey values of —4.5 to + 1.9. The Pikang granites have high A/CNK values (>1.08) and high
normative corundum (1.3-2.0%), indicative of peraluminous S-type granite. They are characterized by
moderately negative Eu anomalies (Eu/Eu*=0.48-0.61), and strongly negative Ba, Nb, Sr, P and Ti
anomalies. The granites have high eq(r) values (—6.4 to —6.0) and low initial 87Sr/®6Sr ratios (0.7082-
0.7096) relative to melts derived from mature continental crust. These rocks are interpreted to have been
generated by mixing between mantle melts and their induced melting of mature crustal materials. We
interpret the Pikang peraluminous granite magmatism, the regional angular unconformity between the
Middle and the Upper Permian and the eclogite of the same metamorphic age (~262 Ma) from the same
geotectonic location to represent different products of a common event in time and space. We tentatively
term this common event as syncollisional orogeny, i.e., “the Permian Gangdese Orogeny”. We further
hypothesize that the orogeny may be genetically associated with the collision between the Lhasa terrane and
the northern margin of Australia, following the closure of the Paleo-Tethyan Ocean south of the Lhasa terrane.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction layas and Tibetan Plateau (e.g., England and Searle, 1986; Yin et al.,

1994; Murphy et al., 1997; Kapp et al., 2005, 2007; He et al., 2007;

The Lhasa terrane located on the southern Tibetan Plateau (Fig.1a)  wang et al.,, 2008). Although there has been a growing attention to the

is widely considered not only as an archetype of a Cenozoic orogen as a
result of India-Asia continental collision, but also as an Andean-type
active continental margin that developed during the northward
subduction of the Neo-Tethyan ocean lithosphere along the Indus-
Yarlung Zangbo suture zone (IYZSZ) before the onset of India-Asia
collision (Maluski et al., 1982; Xu et al., 1985; Coulon et al., 1986;
XBGMR, 1991; Copeland et al., 1995; Yin and Harrison, 2000; Chung
et al,, 2005; Chu et al,, 2006; Wen et al., 2008a; Zhu et al., 2008a,b,
2009). Numerous studies over the past decades on the Cenozoic
geology have led to our current understanding of the India-Asia
collision-related tectonic processes and the formation of the Hima-
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pre-Cenozoic history of the Lhasa terrane that led to the recognition of
Late Triassic, Early Jurassic, and Cretaceous Gangdese orogenic events
(Chu et al., 2006; Guynn et al., 2006; Liu et al., 2006a; Zhang et al.,
2007; Zhu et al., 2008a, 2009), our knowledge on the nature and pre-
Cenozoic history of the Lhasa terrane remains rather limited. For
example, the tectonic history and paleogeography of the Lhasa terrane
during the Permian remain unanswered and conflicting views exist
(Leier et al., 2007; Zhu et al., 2008b, submitted for publication-b).
Conventionally, the Lhasa terrane has been interpreted as a single
tectonic block that developed in a rifting/back-arc extensional setting
related to the separation of the Qiangtang terrane from Gondwana
during the late Paleozoic (Dewey et al., 1988; Pearce and Mei, 1988;
Leeder et al., 1988; Yin and Harrison, 2000; Metcalfe, 2002; Booth et al.,
2004; Kapp et al., 2005, 2007; Leier et al., 2007), whereas recent studies
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Fig. 1. (a) Tectonic outline of the Tibetan Plateau showing of the study area (Zhu et al., 2008a). (b) Tectonic framework of the Lhasa terrane showing the major tectonic subdivisions
(Zhu et al., submitted for publication-b), the localities of Permian igneous rocks (red stars) and angular unconformity between the Middle and the Upper Permian (pink circles with
letter, also shown in Fig. 7). JSSZ=Jinsha suture zone; BNSZ = Bangong-Nujiang suture zone; SNMZ = Shiquanhe-Nam Tso Mélange Zone; LMF =Luobadui-Milashan Fault;
1YZSZ = Indus-Yarlung Zangbo Suture Zone. B=Bahe; M = Menba; D = Leigingla; L= Liwo; N = Nixiong; ] =Jiangrang. (c) Simplified geological map of the NW Gongbo Gyamda
County (Yin et al., 2003) showing the location of the Pikang granites investigated in this study. 1 = Pre-Ordovician metasedimentary rocks; 2 = Upper Carboniferous-Lower Permian
metasedimentary rocks; 3 =Lower Jurassic Yeba Formation; 4 = Early Cretaceous granitoids; 5= Late Cretaceous granitoids. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

argue that the Lhasa terrane represents a volcanic arc system during the
Permian (Pan et al,, 2006; Zhu et al., submitted for publication-b).

The above contrasting views have resulted in variable paleogeo-
graphic reconstructions of the Lhasa terrane during the late Paleozoic,
including (1) the Lhasa terrane was positioned adjacent to Greater
India until the Late Permian (Golonka and Ford, 2000; Metcalfe, 2002;
Scotese, 2004) or even the Late Triassic (Golonka, 2007), (2) the Lhasa
terrane was located within the Paleo-Tethyan Ocean during the Late
Permian (Enkin et al.,, 1992; Ziegler et al., 1997; Scotese et al., 1999;
Stampfli and Borel, 2002), and (3) the Lhasa terrane may have been a
separate intra-Tethyan oceanic block during the Early to Middle
Permian (Zhu et al., submitted for publication-b). The most likely
reason for these contrasting views is the limited data that have been
accumulated from the Lhasa terrane in different stages. For example,
the first two scenarios cannot explain the presence of paleontologi-
cally age-constrained Permian arc volcanic rocks (Zhu et al., submitted
for publication-b) and the Songdo eclogite (Yang et al., 2009) recently
recognized in the Lhasa terrane. The third hypothesis has incorporated
these new observations. However, it remains unclear how the Early to
Middle Permian subduction system of the Lhasa terrane might have
evolved to Late Permian and how the location of the Lhasa terrane
may have changed with time.

In this paper we report U-Pb age and Hf isotope data from zircons
and whole-rock major and trace element, and Sr-Nd isotope data on
granitoid samples from Pikang village in northwestern Gongbo
Gyamda County of the Lhasa terrane (Fig. 1b). These data reveal the
presence of strongly peraluminous granitoids (i.e., molecular Al,03/
(Ca0 +Na0+K,0) or A/CNK>1.1) of Permian age, which, in
combination with the known arc-type volcanism, high-pressure
metamorphism and other geologic observations, provide solid lines
of evidence for the existence of a Permian Gangdese orogeny in the
Lhasa terrane and place new constraints on the paleogeography of the
Lhasa terrane throughout the Permian.

2. Geological background and samples

Geologically, the autonomous Tibet (the southern portion of the
Greater Tibetan Plateau) comprises, from north to south, the following
four blocks or terranes: the Songpan-Ganzi flysch complex, Qiangtang
terrane, Lhasa terrane, and the Himalaya. These blocks are separated
by the Jinsha (JSSZ), Bangong-Nujiang (BNSZ), and IYZSZ suture
zones, representing Paleo-, Meso-, and Neo-Tethyan oceanic relicts,
respectively (Fig. 1a) (Yin and Harrison, 2000).

The Lhasa terrane, which is bounded to the north by the BNSZ and
to the south by the IYZSZ (Fig. 1a), can be divided into northern,
central, and southern subterranes, separated by the Shiquan River-
Nam Tso Mélange Zone (SNMZ) and Luobadui-Milashan Fault (LMF),
respectively (Fig. 1b). The northern Lhasa terrane is inferred to be
underlain by Cambrian crystalline basement, which has been reported
only from the Amdo area (Amdo orthogneiss; Fig. 1b) (Xu et al., 1985;
Dewey et al., 1988; Guynn et al., 2006). The main rock units exposed in
this terrane are Jurassic-Cretaceous sedimentary and igneous rocks
(Leeder et al., 1988; Yin et al., 1988; Pan and Ding, 2004; Zhang et al.,
2004; Leier et al., 2007; Zhu et al., 2008a). The central Lhasa terrane
consists predominantly of a Carboniferous-Permian metasedimentary
sequence and a Late Jurassic-Early Cretaceous volcano-sedimentary
sequence, with minor Ordovician, Silurian, and Triassic limestones
(Leeder et al., 1988; Yin et al., 1988; Pan and Ding, 2004; Kapp et al.,
2005; Ji et al., 2007; Leier et al., 2007; Zhu et al., 2008a) and rare
Precambrian strata (Hu et al., 2005). The southern Lhasa terrane is
dominated by the Cretaceous to early Tertiary Gangdese batholiths
and Linzizong volcanic succession with minor Triassic-Cretaceous
volcano-sedimentary rocks (Leeder et al., 1988; Pearce and Mei, 1988;
Pan and Ding, 2004; He et al., 2007; Leier et al., 2007; Mo et al., 2007
Wen et al., 2008a; Zhu et al., 2008a). The Permian volcanic rocks are
exposed discretely along the southern margin of the central Lhasa
terrane from western Cogen County to central Leigingla area (Fig. 1b) and
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eastern Ranwu Town (Fig. 1a) (Zhu et al., submitted for publication-b).
Mesozoic and Cenozoic igneous rocks are widespread in the Lhasa
terrane. These rocks define five magmatic episodes that took place at
190-175, 120-110, 100-80, 65-45, and 25-10 Ma, with two magmatic
flare-ups at ca. 110 and 50 Ma (Wen et al., 2008a; Zhu et al., 2008b).
The Lhasa terrane is traditionally thought to have rifted from
Gondwana during the Late Triassic and then drifted northward before
finally amalgamating with the Qiangtang terrane during the Early
Cretaceous (Yin and Harrison, 2000; Metcalfe, 2002; Kapp et al., 2005;
Leier et al., 2007). However, the Early to Middle Permian arc-type
magmatism (Zhu et al., submitted for publication-b), and the Songdo
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eclogite of Permian age (Yang et al., 2009) recently identified in the
southern margin of the central Lhasa terrane (Fig. 1b), along with
Permian extension-type magmatism in the Tethyan Himalaya suggest
that the Lhasa terrane may have been an entirely separate intra-
Tethyan oceanic block during the Early to Middle Permian (Zhu et al.,
submitted for publication-b).

Samples investigated in this study were collected near Pikang
village, ~20 km northwest of Gongbo Gyamda County (Fig. 1b and c)
in the central Lhasa terrane (N29°58.381’, E93°06.447’). The Pikang
granite occurs as relicts (of variable size) (Fig. 2a) or apophysis (about
80 m-wide) within the Early Cretaceous granite that intruded the pre-
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Fig. 2. (a) Field photograph showing the Permian Pikang granites occur as relicts of variable size within Early Cretaceous granitoids near Pikang village. (b) Cathodoluminescence
(CL) images of representative zircon. Solid and dashed circles indicate the locations of SHRIMP U-Pb dating and LA-ICPMS U-Pb dating and Hf analyses, respectively. The U-Pb age
dates and &y values are given for each spot. (c) U-Pb concordia diagram of zircons from sample PKO1-1. (d) Age-probability plot of zircons from sample PK01-1. (e) Concordia plot
for single zircon analyzed by SHRIMP U-Pb. (f) Concordia plot for single zircon analyzed by LA-ICPMS U-Pb.



D.-C. Zhu et al. / Tectonophysics 469 (2009) 48-60 51

Table 1
Zircon SHRIMP U-Pb data of a Pikang granite sample (PK01-1), Lhasa terrane.
Analysis 2°°Pb. Th U  Th/U 2°Pb* Isotopic ratios (< 10) Isotopic ages (+10)

% pp_rn pp_m ppm 207pjy* /206y 207ppyx /235 206pp* /238 238 /206ppy* 207pp, /206pp, 206ppy* /238y 208pp, /232
11 0.64 65 214 031 7.61 0.0509 0.0025 0.289 0.015 0.04117 0.00040 24.29 0.24 238 120 260 3 215 15
21 1.00 75 216 035 7.79 0.0476 0.0035 0.273 0.020 0.04154 0.00042 24.08 0.24 81 180 262 3 259 20
31 1.70 81 195 0.42 719 0.0539 0.0059 0.314 0.035 0.04225 0.00051 23.67 0.28 367 250 267 3 259 26
41 1.75 56 168 0.34 6.13  0.0489 0.0054 0.282 0.031 0.04178 0.00058 23.94 0.34 144 250 264 4 243 31
5.1 0.42 65 279 0.23 9.97 0.0571 0.0034 0.327 0.020 0.04148 0.00050 2411 0.29 495 130 262 3 311 27
6.1 0.54 45 324 014 1140 0.0529 0.0024 0.297 0.014 0.04067 0.00037 24.59 0.22 324 100 257 2 272 31
7.1 1.36 79 90 0.88 748 0.0634 0.0042 0.834 0.057 0.09540 0.00134 10.48 0.15 721 140 588 8 640 29
8.1 0.63 40 408 0.0 1440 0.0543 0.0023 0.306 0.013 0.04083 0.00034 24.49 0.21 385 95 258 2 293 40
9.1 1.55 99 160 0.62 5.77 0.0550 0.0050 0.313 0.029 0.04130 0.00054 24.21 0.31 413 200 261 3 241 17
10.1 115 71 165 043 6.11 0.0543 0.0034 0.319 0.020 0.04267 0.00051 23.44 0.28 383 140 269 3 272 16
111 017 272 403 0.68 28.00 0.0584 0.0010 0.650 0.012 0.08065 0.00050 12.40 0.08 546 37 500 3 533 7
121 0.07 152 284 0.54 93.50 0.1332 0.0008 7.045 0.061 0.38350 0.00238 2.61 0.02 2141 11 2093 11 2126 22
13.1 0.72 93 200 047 7.34 0.0540 0.0024 0.316 0.014 0.04240 0.00042 23.59 0.24 371 98 268 3 268 10
14.1 0.73 81 285 028 1020 0.0541 0.0026 0.308 0.015 0.04125 0.00037 24.24 0.22 375 110 261 2 256 16
15.1 1.08 53 149 0.36 523 0.0541 0.0043 0.302 0.025 0.04050 0.00077 24.69 0.47 376 180 256 5 275 23
16.1 0.67 55 626 0.09 22.60 0.0526 0.0022 0.302 0.013 0.04169 0.00028 23.99 0.16 312 93 263 2 241 46
17.1 0.94 46 327 014 11.80 0.0542 0.0025 0.310 0.015 0.04154 0.00037 24.07 0.21 379 100 262 2 276 27
18.1 0.48 53 335 0.16 12.20 0.0580 0.0024 0.338 0.014 0.04226 0.00038 23.67 0.21 529 91 267 2 306 28
19.1 114 346 172 2.01 12,60 0.0521 0.0026 0.607 0.030 0.08450 0.00093 11.83 0.13 291 110 523 5 498 9
20.1 0.48 60 93 0.64 1030 0.0715 0.0037 1.258 0.072 0.12760 0.00268 7.84 0.16 972 110 774 16 732 38
211 030 122 572 021 49.80 0.0663 0.0018 0.923 0.026 0.10096 0.00046 9.91 0.05 815 57 620 3 661 42
221 021 106 389 027 26.10 0.0576 0.0014 0.620 0.016 0.07804 0.00062 12.81 0.10 515 54 484 4 470 19
231 018 107 185 0.58 48.80 0.0998 0.0022 4210 0.097 0.30600 0.00211 3.27 0.02 1620 41 1721 10 1632 140
241 020 738 898 0.82 208 0.0973 0.0006 3.613 0.025 0.26936 0.00084 3.71 0.01 1573 12 1538 4 1480 13
251 010 105 296 036 70.40 0.1029 0.0008 3.931 0.098 0.27700 0.00665 3.61 0.09 1678 14 1576 33 1546 45
26.1 006 850 951 0.89 149 0.0749 0.0004 1.878 0.013 0.18179 0.00056 5.50 0.02 1067 12 1077 3 1048 6
271 1.08 88 308 0.29 1130 0.0504 0.0041 0.294 0.024 0.04238 0.00030 23.60 0.17 212 190 268 2 231 25
281 013 552 956 0.58 68.40 0.0569 0.0009 0.653 0.010 0.08322 0.00027 12.02 0.04 487 33 515 2 502 5
291 0.80 96 416 023 18.70 0.0504 0.0024 0.360 0.017 0.05189 0.00032 19.27 0.12 211 110 326 2 310 27
30.1 118 106 243 044 1130 0.0504 0.0029 0.372 0.022 0.05352 0.00037 18.68 0.13 211 130 336 2 306 17
311 019 159 229 0.69 39.20 0.0815 0.0011 2.234 0.034 0.19880 0.00111 5.03 0.03 1234 27 1169 6 1157 16
321 0.15 59 122 048 2250 0.0911 0.0013 2.694 0.065 0.21450 0.00408 4.66 0.09 1449 27 1253 22 1633 40
331 0.99 57 346 0.16 14.00 0.0596 0.0034 0.384 0.022 0.04669 0.00031 21.42 0.14 590 120 294 2 308 49
341 058 123 239 0.51 8.50 0.0515 0.0038 0.292 0.022 0.04114 0.00030 2431 0.18 262 170 260 2 262 13

206pp_ denotes the proportion of common 2°°Pb in total measured 2°°Pb. *Denotes radiogenic lead.

Ordovician, Upper Carboniferous to Lower Permian, and Lower typically contain alkali-feldspar (30-40%), quartz (30-45%), plagio-
Jurassic metasedimentary successions as batholiths (Fig. 1c). The clase (5-15%), biotite (5-10%) and accessory minerals (<1%) including
Pikang granites are coarse- to medium-grained, undeformed and zircon and Fe-Ti oxides. Alkali-feldspar shows distinct K- and Na-

Table 2

Zircon LA-ICPMS U-Pb data of a Pikang granite sample (PK01-1), Lhasa terrane.

Analysis §) Th Pb* Th/U Common-Pb corrected isotopic ratios (£ 10) Common-Pb corrected isotopic ages (& 10)

(ppm) (ppm) (ppm) 207ppy*/206ppy 207pp*/ 235y 206D}y 238 207D}, 295p}, 206pp,/238) 207pp,/235()

-01 188 81 9 043 0.05164 0.00113 0.303 0.006 0.04251 0.00048 270 28 268 3 268 5
-02 283 47 12 0.16 0.04906 0.00128 0.282 0.007 0.04169 0.00051 151 35 263 3 252 6
-03 204 164 52 0.80 0.07802 0.00090 2143 0.023 0.19933 0.00202 1147 10 1172 11 1163 8
-04 303 129 14 043 0.05171 0.00103 0.291 0.006 0.04090 0.00045 273 24 258 3 260 4
-05 191 50 g 0.26 0.05180 0.00124 0.324 0.007 0.04544 0.00054 277 31 286 3 285 6
-06 591 255 31 043 0.05144 0.00056 0.294 0.003 0.04154 0.00040 261 10 262 2 262 2
-07 223 58 10 0.26 0.05092 0.00136 0.298 0.008 0.04252 0.00052 237 36 268 3 265 6
-08 185 132 9 0.71 0.05234 0.00139 0.296 0.007 0.04102 0.00050 300 35 259 3 263 6
-09 394 64 17 0.16 0.04802 0.00108 0.280 0.006 0.04230 0.00048 100 30 267 3 251 5
-10 208 64 10 0.31 0.05521 0.00238 0.311 0.013 0.04088 0.00069 421 61 258 4 275 10
=il 262 122 26 0.47 0.05784 0.00084 0.722 0.010 0.09055 0.00093 524 14 559 5 552 6
-12 232 54 10 023 0.04856 0.00130 0.273 0.007 0.04084 0.00050 127 37 258 3 245 6
-13 298 56 13 0.19 0.05036 0.00116 0.289 0.006 0.04161 0.00048 212 30 263 3 258 5
-14 687 55 59 0.08 0.05481 0.00057 0.622 0.006 0.08234 0.00079 404 10 510 5 491 4
-15 298 72 13 0.24 0.05110 0.00127 0.293 0.007 0.04162 0.00050 245 33 263 3 261 5
-16 232 43 38 0.19 0.05293 0.00077 0.374 0.005 0.05132 0.00052 326 15 323 3 323 4
-17 191 63 10 0.33 0.05195 0.00187 0.322 0.011 0.04493 0.00066 283 52 283 4 283 8
-18 146 83 27 0.57 0.07002 0.00199 1.478 0.038 0.15309 0.00174 929 60 918 10 921 16
-19 183 70 25 039 0.06786 0.00155 1124 0.023 0.12013 0.00127 864 49 731 7 765 11
-20 428 58 19 0.14 0.04907 0.00083 0.286 0.005 0.04226 0.00044 151 19 267 3 255 4
-21 388 407 21 1.05 0.04821 0.00089 0.274 0.005 0.04122 0.00044 110 22 260 3 246 4
-22 178 72 9 040 0.05282 0.00164 0.306 0.009 0.04210 0.00056 321 43 266 3 271 7
-23 313 142 16 0.45 0.05309 0.00098 0.303 0.005 0.04145 0.00045 333 21 262 3 269 4
-24 379 176 17 0.46 0.05020 0.00159 0.282 0.008 0.04071 0.00055 204 45 257 3 252 7
-25 192 110 9 0.57 0.05159 0.00163 0.294 0.009 0.04133 0.00055 267 45 261 3 262 7

*Radiogenic lead. Isotopic ratios and ages were corrected by common lead, following the methods reported by Andersen (2002).
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feldspar perthitic texture and microcline twinning. Some alkali-
feldspar occurs as megacrysts. Quartz occurs as interstitial grains and
quartz-feldspar intergrowths are common. Plagioclase occurs as
euhedral laths and biotite as independent grains with rare muscovite.

3. Analytical methods

Zircons were separated from the Pikang granite (sample PK01-1)
by heavy-liquid and magnetic methods in the Laboratory of the
Geological Team of Hebei Province, China. Cathodoluminescence
images were used to check the internal structures of individual zircon
grains and to select positions for analyses. In situ zircon U-Pb dating
was performed using the sensitive high-resolution ion microprobe
(SHRIMP) at the Beijing SHRIMP Center following the procedure by
Liu et al. (2006b) and laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences in Beijing following the procedure by Xie
et al. (2008). 2°6pb/238U ages were used for <1000 Ma, and 2°’Pb/
206pp ages were used for >1000 Ma. The zircon U-Pb dating results are
presented in Tables 1 and 2.

In situ Hf isotope analysis was done on zircon grains using LA-
ICPMS with a beam size of 60 pm and laser pulse frequency of 8 Hz.

Details of instrumental conditions and data acquisition were given in
Wu et al. (2006) and Xie et al. (2008). During the analysis, 7SHf/77Hf
ratios of the zircon standard (91500) were 0.282286+12 (20,
n=21). The zircon Hf isotope data are given in Table 3. The &y
values (parts in 10* deviation of initial Hf isotope ratios between the
zircon sample and the chondritic reservoir) and TSy (zircon Hf
isotope crustal model ages based on a depleted-mantle source and an
assumption that the protolith of the zircon's host magma has the
average conti nental crustal '”Lu/"7Hf ratio of 0.015) were calculated
following Griffin et al. (2002) using the 7°Lu decay constant given in
Blichert-Toft and Albarede (1997). Our conclusions would not be
affected if other decay constants were used.

Whole-rock compositions were analyzed in the State Key Labora-
tory of Continental Dynamics, Northwest University (Xi'an, China) by
XRF for major element oxides with analytical uncertainty usually
better than 5%, and by ICP-MS for trace elements with analytical
uncertainty better than 5-10%. An internal standard was used to
monitor mass drift during analysis (see Gao et al., 2002 for analytical
details). Whole-rock Nd and Sr isotopic compositions were deter-
mined using a multicollector Finnigan MAT-261 mass spectrometer
operated in static multicollector mode at the same laboratory. Sr
and Nd isotopic fractionation was corrected to 86Sr/88Sr=0.1194 and

Table 3

Hf isotopic data for zircons from a Pikang granite sample (PKO1-1), Lhasa terrane.

Analysis  Age 176yp/Y77Hf  +20 761u/Y77Hf  +20 6Hf/77Hf  +20 T6HE/77Hf,  eyg(0) eurn(t)  Tom (Ma)  Tom (Ma)  fru/mr
1 263 0.031418 0.000944  0.001022 0.000031  0.282550 0.000016  0.282545 —78 —22 993 1430 —0.97
2 261  0.037953 0.001197 0.001228 0.000038  0.282606 0.000017  0.282600 —-59 —04 920 1308 —0.96
3 266  0.043845 0.001003  0.001412 0.000028  0.282491 0.000016  0.282484 —-99 —43 1088 1565 —0.96
4 1620  0.035238 0.000185  0.001205 0.000006  0.281917 0.000013  0.281880 —30.2 4.5 1886 2043 —0.96
5 1573 0.042363 0.000143  0.002174 0.000020  0.281757 0.000012  0.281693 —359 —32 2163 2486 —093
6 1678  0.029306 0.000596  0.000970 0.000016  0.281565 0.000013  0.281535 —42.7 —64 2358 2766 —0.97
7 263 0.024780 0.000147  0.000815 0.000004  0.282553 0.000016  0.282549 —77 —21 984 1421 —0.98
8 262 0.021013 0.000503  0.000681 0.000017  0.282595 0.000015  0.282591 —6.3 —0.6 923 1327 —0.98
9 260  0.028390 0.000323  0.000903 0.000011 0.282604 0.000014  0.282599 —6.0 —04 915 1311 —0.97
10 258  0.054444 0.001056  0.001754 0.000032  0.282500 0.000015  0.282492 —9.6 —43 1085 1553 —0.95
11 262 0.038460 0.000744  0.001243 0.000023  0.282543 0.000017  0.282537 —81 —25 1009 1448 —0.96
12 265  0.030540 0.000366  0.000983 0.000012  0.282542 0.000015  0.282537 —81 —-25 1004 1446 —0.97
13 267  0.041607 0.000785  0.001424 0.000028  0.282485 0.000014  0.282478 —10.1 —45 1097 1578 —0.96
14 500 0.014224 0.000074  0.000456 0.000002  0.282146 0.000013  0.282142 —221 —11.3 1536 2180 —0.99
15 2141  0.014187 0.000130  0.000451 0.000005  0.281334 0.000014  0.281316 —50.8 —4.7 2638 2976 —0.99
16 326  0.031644 0.000432  0.000976 0.000013  0.282540 0.000014  0.282534 —8.2 —-12 1006 1414 —0.97
17 268  0.035368 0.000109  0.001117 0.000002  0.282555 0.000015  0.282549 —77 —-2.0 990 1418 —0.97
18 261  0.045068 0.000196  0.001409 0.000006  0.282529 0.000014  0.282522 —8.6 —31 1034 1483 —0.96
19 515  0.044539 0.000962  0.001378 0.000030  0.282012 0.000013  0.281999 —269 —16.0 1762 2488 —0.96
20 336  0.034163 0.001396  0.001167 0.000044  0.282703 0.000018  0.282696 —24 4.7 781 1044 —0.96
21 1234  0.016695 0.000155  0.000542 0.000005  0.281646 0.000015  0.281633 —398 —129 2223 2834 —0.98
22 1449  0.028337 0.000344  0.000906 0.000013  0.282271 0.000019  0.282246 —17.7 13.6 1381 1339 —0.97
23 257  0.026568 0.000362  0.000863 0.000011 0.282539 0.000014  0.282535 —82 —27 1005 1457 —0.97
24 263 0.039741 0.000911 0.001265 0.000029  0.282540 0.000015  0.282533 —82 —2.7 1015 1456 —0.96
25 263 0.031025 0.000541 0.000997 0.000018  0.282530 0.000014  0.282525 —8.6 —-3.0 1021 1476 —0.97
26 267  0.023229 0.000129  0.000764 0.000005  0.282567 0.000015  0.282563 —73 —15 964 1388 —0.98
27 264  0.033369 0.000969  0.001108 0.000032  0.282539 0.000014  0.282534 —82 —2.6 1011 1455 —0.97
28 294  0.022072 0.000333  0.000761 0.000011 0.282140 0.000014  0.282136 —223 —160 1556 2324 —0.98
29 542 0.024023 0.000131 0.000759 0.000004  0.282391 0.000013  0.282384 —135 —18 1208 1613 —0.98
30 258  0.043476 0.000477  0.001413 0.000013  0.282499 0.000016  0.282492 —-9.7 —42 1077 1552 —0.96
31 774 0.038139 0.000592  0.001292 0.000019  0.282138 0.000018  0.282120 —224 —6.0 1581 2054 —0.96
32 620  0.019993 0.000393  0.000697 0.000014  0.282078 0.000016  0.282069 —246 —112 1640 2264 —0.98
33 484  0.019776 0.000075  0.000715 0.000003  0.282227 0.000016  0.282221 —193 -89 1435 2015 —0.98
34 1147  0.026752 0.000566  0.001008 0.000021 0.282110 0.000015  0.282088 —234 1.2 1609 1885 —0.97
35 258  0.039209 0.001611 0.001311 0.000052  0.282494 0.000014  0.282488 —9.8 —44 1081 1562 —0.96
36 262 0.046157 0.001036  0.001491 0.000030  0.282671 0.000014  0.282664 —3.6 1.9 833 1163 —0.96
37 510  0.017952 0.000266  0.000682 0.000011 0.282077 0.000014  0.282070 —246 —136 1641 2333 —0.98
38 323 0.022538 0.000972  0.000927 0.000035  0.282299 0.000015  0.282294 —16.7 —9.38 1342 1955 —0.97
39 918  0.032593 0.000504  0.001159 0.000017  0.282173 0.000015  0.282153 —212 —-16 1528 1888 —0.97
40 731 0.021582 0.000061  0.000771 0.000002  0.282256 0.000016  0.282245 —183 —25 1397 1802 —0.98

*:ng(t) =10,000x {[(176Hf/177Hf)s - (176[11/ 177]‘”)5 X (EM —-1)]/ [(176Hf/177HDCHUR,O - (176Lu/177Hf)CHUR X (EM —1)]—1}

Tom=1/AxIn{1 +[("7°Hf/ "7Hf)s — ("7°Hf/ ""H) ol / [(7°Lu/ 77HE)s — (7°Lu/ 7" Hf)pu).

Tm = Tom — (Tom — ) X [ (fee = f6)/ (fee —fom) |-
frume= (17GLU/177Hf)5/ (]76Lu/177Hf)CHUR -1

where, A=1.867x10""" year~! (Soderlund et al, 2004); (”°Lu/"’Hf)s and ('7°Hf/""’Hf)s are the measured values of the samples; ("7®Lu/"’Hf)cur=0.0332 and ('7°Hf/
THf) cyuro = 0.282772 (Blichert—Toft and Albaréde, 1997); (®Lu/"’Hf)pn=0.0384 and (Hf/""’Hf)py=0.28325 (Griffin et al, 2000); ("*Lu/""Hf)mean crust=0.015; fre=[(""Lu/
"Hf ) mean crust/ (7°Lu/77Hf)crurl — 1 f = frwmss fom= [("7eLu/ " Hf)om / (7°Lu/ 7 7HE)cur] — 1; £ = crystallization time of zircon.
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Table 4
Whole-rock major, trace element and Sr-Nd isotopic data of the Pikang granites, Lhasa terrane.
Sample PKO1-1 PKO1-2 PKO1-3 PKO1-4 PKO1-5 PKO1-6 GBJD-1* GBJD-2* GBJD-3*
XRF — major element (wt.%)
Si0, 7337 72.84 73.02 71.61 73.00 73.64 70.47 72.47 71.80
TiO, 0.31 0.33 0.33 0.31 0.29 0.29 0.34 0.35 0.35
Al O3 13.67 13.56 13.63 14.31 13.78 13.39 14.76 13.73 14.03
TFe,03 2.55 2.60 2.58 2.58 2.35 234 2.46 2.72 2.70
MnO 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05
MgO 0.66 0.69 0.67 0.68 0.56 0.61 0.59 0.64 0.62
Ca0 133 1.29 1.27 1.30 1.40 1.20 1.34 1.36 135
Na,0 2.74 2.73 271 2.83 291 2.57 3.30 291 2.98
K>0 5.10 5.25 5.25 5.51 4.69 5.24 4.99 4.48 4.82
P,05 0.15 0.13 0.13 0.14 0.12 0.13 0.16 0.15 0.16
LOI 0.41 0.50 0.50 0.33 0.42 0.50 0.75 0.67 0.67
Total 100.33 99.96 100.13 99.64 99.56 99.95 99.19 99.52 99.52
A/CNK 1.10 1.08 1.10 1.10 111 1.11 111 114 112
Normative CIPW (%)
Quartz 34.0 331 334 303 344 35.2 282 343 319
Anorthite 5.77 5.72 5.61 5.75 6.33 5.29 5.79 5.91 5.82
Albite 232 233 231 241 24.9 219 284 25.0 25.6
Orthoclase 30.2 312 312 32.8 28.0 31.2 30.0 26.8 289
Corundum 1.54 1.31 1.45 1.61 1.64 1.57 1.88 1.99 1.83
Hypersthene 2.75 2.82 2.75 2.77 247 2.55 3.92 3.86 4.09
IImenite 0.59 0.63 0.63 0.59 0.56 0.55 0.66 0.67 0.67
Magnetite 1.57 1.62 1.60 1.64 143 1.44 0.72 1.07 0.90
Apatite 0.35 0.30 0.30 0.33 0.28 0.30 0.39 0.36 0.38
Zircon 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.05
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
ICP-MS — trace element (ppm)
Sc 3.95 419 4.24 4.29 3.96 3.82 4.01 412 4.15
\Y 229 234 23.5 23.5 20.2 216 253 254 249
Cr 15.0 13.8 16.6 15.7 13.2 12.3 114 129 133
Co 331 4.36 4.89 3.93 344 3.59
Ni 732 7.49 8.51 737 6.26 6.85
Ga 19.1 19.5 19.8 20.5 19.7 18.6
Ge 1.51 1.58 1.54 1.59 1.62 1.48
Rb 143 197 197 227 207 209 195 200 204
Sr 168 173 171 186 155 174 170 157 172
Y 30.2 276 275 26.7 315 264 26.3 283 276
Zr 178 192 185 184 177 150 188 209 224
Nb 29.3 29.5 304 30.2 26.4 271 272 29.6 28.8
Cs 428 8.81 8.71 11.6 10.8 9.45 119 12.2 11.8
Ba 408 403 395 540 266 491 302 340 352
La 45.8 440 44.2 46.5 43.8 421 49.5 50.9 51.7
Ce 874 84.2 83.8 876 84.7 78.6 921 95.1 96.2
Pr 9.28 8.91 8.77 9.19 8.87 8.34 10.1 10.6 10.5
Nd 33.8 322 31.6 32.7 313 29.5 35.2 36.4 36.9
Sm 6.36 5.99 5.97 6.11 5.91 5.54 6.08 6.51 6.32
Eu 0.95 1.00 1.00 111 0.88 1.03 1.15 1.00 1.10
Gd 5.53 5.27 5.17 5.28 5.24 4.83 5.84 6.10 6.05
Tb 0.90 0.85 0.84 0.83 0.88 0.79 0.88 0.91 0.89
Dy 5.29 4.96 4.94 491 5.33 4.65 4.86 5.03 4.98
Ho 1.08 0.99 0.99 0.98 111 0.95 0.91 0.99 0.98
Er 2.83 2.63 2.60 2.55 3.04 2.51 2.60 2.80 2.74
Tm 0.41 0.38 038 0.37 0.46 037 0.36 0.39 0.38
Yb 2.60 247 247 2.40 2.98 2.36 2.28 248 244
Lu 0.37 0.35 0.35 0.33 0.42 0.33 0.33 0.35 0.35
Hf 4.75 511 5.02 5.03 5.02 4.07 4.59 5.21 5.53
Ta 2.36 2.76 2.83 3.27 2.65 2.40 2.83 291 2.71
Pb 225 273 274 29.8 315 28.2 22.0 27.0 245
Th 203 222 227 22.5 25.5 20.2 17.7 19.7 204
0] 3.39 2.26 232 2.80 3.03 214 1.67 1.94 1.99
(La/Yb)n 12.7 12.8 12.8 13.9 10.5 12.8 15.6 14.7 15.2
Eu/Eu* 0.49 0.54 0.55 0.60 0.48 0.61 0.59 0.49 0.54
Sr-Nd isotope compositions
87Rb/®5Sr 2.46 3.30 333 3.53 3.86 347
87Sr/85sr 0.71875 0.72142 0.72177 0.72193 0.72266 0.72175
+20 0.000003 0.000003 0.000003 0.000004 0.000004 0.000004
1475 m/144Nd 0.1137 0.1124 0.1141 0.1129 0.1141 0.1138
143Nd/4Nd 0.512187 0.512176 0.512182 0.512182 0.512186 0.512169
+20 0.000008 0.000008 0.000010 0.000008 0.000006 0.000010
(®7Sr/®5sr), 0.7096 0.7091 0.7093 0.7088 0.7082 0.7088
ENd(p) —6.0 —6.2 —6.1 —6.1 —6.1 —64
Tom 1469 1465 1482 1463 1476 1496

(continued on next page)
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Table 4 (continued)

Sr-Nd isotope compositions

B 1523 1536 1532 1527
(143Nd/#4Nd), 0.51199 0.51198 0.51199

0.51199

1525 1551
0.51199 0.51197

LOI=loss on ignition. A/CNK = molecular Al,05/(Ca0 + Na,0 + K,0). Eu/Eu* = Euy/(Smyx Gdy)'/?, the subscript N denotes chondrite-normalized (Sun and McDonough, 1989)
values. Corrected formula as follows: (57Sr/®Sr),= (87Sr/%°Sr)sample + & "Rb/%°Sr (€M — 1), A=142x 10" " a~'; ("3Nd/™*Nd),= ("**Nd/"**Nd ) sample + ('*’Sm/*Nd ) x (€M — 1),
Enate = [(3Nd/ ™INd)sampte / (42Nd/ “INd ) ey — 11x 10, (43Nd/INd)cpur(ey = 0.512638 — 0.1967 x (€N —1). Tom=1/AxIn {1+ [(("**Nd/"**Nd)sampic — 0.51315) /
((*7Sm/™*Nd)sampte — 0.21317)1}, Asm_na = 6.54x 10~ 2 a~!; Topy is calculated using the same assumption formulation as Keto and Jacobsen (1987). Data marked by * are

from Liao et al. (to be submitted).

146Nd/144Nd = 0.7219, respectively. The average *>Nd/'*Nd ratio of
the La Jolla standard measured during the sample runs is 0.511862 45
(2-sigma), and the average &7Sr/8Sr ratio of the NBS987 standard is
0.710236 £ 16 (2-sigma). Total procedural Sr and Nd blanks are <1 ng
and <50 pg, respectively. Analytical details were given in Zhang et al.
(2002). Table 4 gives the analytical data.

4. Results
4.1. Zircon U-Pb age

Zircons from sample PKO1-1 are light pink or colorless and
prismatic (~100-300 pum long), and show clear oscillatory zoning
and inherited cores (Fig. 2b). Of the 34 zircon grains dated by SHRIMP
system in this sample, 17 grains with clear oscillatory zoning have Th/U
ratios varying from 0.1 to 0.6 and yield concordant 2°6Pb /238U ages of
256 to 269 Ma (Table 1; Fig. 2c and d) with a mean of 263 +£2 Ma
(MSWD =2.4) (Fig. 2e). Twenty-five zircon grains from this same
sample were analyzed using LA-ICPMS (Table 2). These latter
analyses yield Th/U ratios of 0.1-1.0 and concordant or slightly
discordant ages. The 16 analyses on zircon grains with magmatic
oscillatory zoning yield concordant or near-concordant 2°6pb/238y
ages between 257 and 268 Ma (Table 2; Fig. 2c and d) with a mean of
263 +£1 Ma (MSWD = 1.5) (Fig. 2f), which is identical to the SHRIMP
result within error. Both the SHRIMP and LA-ICPMS results are
consistent with the magmatic crystallization age of the Pikang
granite being about 263 Ma, slightly postdating the paleontologically
age-constrained Middle Permian Leigingla high-alumina basalts in
the same belt (Fig. 1b; Zhu et al., submitted for publication-b). The
remaining 20 analyses on inherited cores plot along or close to the
concordia line (Fig. 2c) and yield a large age range from 283 to
2141 Ma (Fig. 2d). These inherited zircon cores are interpreted as
reflecting the tectonomagmatic history of the terrane.

4.2. Zircon Hf isotope

Of the 59 dated zircon grains from sample PK01-1, 40 were analyzed
for Hf isotope ratios (Table 3). The youngest cluster with 2°Pb /238U age
of ~263 Ma (20 analyses) yielded &g values from —4.5 to+1.9
(average = —2.4; Fig. 3a), and a narrow range of Hf isotope crustal
model ages (Tf5y) from 1.2 to 1.6 Ga (Fig. 3b). This differs from the crustal
type Hf isotope composition (— 16.8 to —3.3; Zhu et al., submitted for
publication-a) (Fig. 3a) of zircons from the Late Triassic peraluminous
granites in Luoza area of the central Lhasa terrane (Fig. 1b). Of the
remaining inherited zircons (i.e., those with U-Pb ages between ca. 283
and 2141 Ma), 19 show varying &g values from —16.0 to +4.6 (Fig.
3a), yielding dispersed TSy model ages from 1.0 to 3.0 Ga (Table 3; Fig.
3b). The inherited zircon grain of 1449 Ma in this sample has &g value
of +13.6 that is close to the mean value of the depleted mantle at that
time (Fig. 3b), suggesting an origin from a mantle-derived magma.

4.3. Whole-rock major and trace element data
The Pikang granite samples show uniform major element composi-

tions, with Si0, =70.5-73.6 wt.%, Ca0 = 1.2-1.4% and CaO/Na,0 =0.41-
0.49 (Table 4). In comparison with the Miocene peraluminous

granites in North Himalaya (K,0/Na;O=0.9-1.4; Zhang et al,,
2004), they are more enriched in K;0 (K;0/Na,0=1.51-2.03). The
high A/CNK values (1.08-1.14), presence of normative corundum
(1.3-2.0%) and absence of normative diopside of these rocks are
consistent with them being strongly peraluminous S-type granites
with mature crustal protoliths.

The Pikang granite samples display moderately negative Eu
anomalies (Eu/Eu*=0.48-0.61) and fractionated REE patterns
characterized by (La/Yb)y ratios of 10.5-15.6 (Table 4) that differ
distinctly from the Late Triassic peraluminous granites in Luoza area of
the central Lhasa terrane (Fig. 4a; Zhang et al., 2007) and the Miocene
peraluminous granites in the North Himalaya (Fig. 4a; Zhang et al.,
2004). In primitive mantle-normalized spidergram (Fig. 4b), the
Pikang granite samples show weak but significant negative Ba, Nb, Sr,
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Fig. 3. (a) Plots of &g (the parts in 10* deviation of initial Hf isotope ratios between
the zircon sample and the chondritic reservoir) vs. U-Pb ages. (b) Histogram of TSy, (zircon
Hf isotope crustal model age) for zircons from sample PKO1-1. For comparison, also plotted
are Early Jurassic granitoid from Wuyu basin (Chu et al.,, 2006) and Late Triassic Luoza
strongly peraluminous granite from the central Lhasa terrane (Zhu et al,, submitted for
publication-a).
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Fig. 4. Chondrite-normalized REE and primitive-mantle-normalized trace element patterns
for the Pikang granites, Luoza strongly peraluminous granite in Lhasa terrane (205 Ma;
Zhang et al., 2007), and North Himalayan strongly peraluminous granite (15-10 Ma; Zhang
etal,, 2004). Data for normalization and plotting are from Sun and McDonough (1989). Note
that the Pikang granites show distinct patterns from other rock suites.

P and Ti anomalies relative to the Luoza strongly peraluminous
granites in the Lhasa terrane and the Miocene peraluminous granites
in the North Himalaya.
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Fig. 5. &naq Vs. (3Sr/%%Sr), diagram comparing the Pikang granites and other rock suites
form the Lhasa terrene. Data sources are Paleo-Tethyan oceanic rocks (Li et al., 2008),
Gangdese calc-alkaline rocks (103-85 Ma) (Wen et al,, 2008b), Leigingla high-alumina basalt
(average values for modeling: Nd=20 ppm, &ngy=2.0, St=687.2 ppm, (*’Sr/
865r),=0.7056; Zhu et al., submitted for publication-b), Ningzhong strongly peraluminous
granites (gray field) as a proxy for crustal melt (average values for modeling: Nd = 11.8 ppm,
endy = — 13.1,5r=26.7 ppm, (¥’Sr/*°Sr),= 0.73586; Liu et al., 2006a), and Amdo orthogneiss
(Xu et al,, 1985). Note that the Sr and Nd isotopic compositions of the Pikang granites can be
explained by crustal melts mixed with ~30% Leiqingla high-alumina basaltic melts.

4.4. Whole-rock Sr and Nd isotopic data

As a whole, the Pikang granite samples have significantly higher
énaery values (—6.4 to —6.0) and lower initial 37Sr/®®Sr ratios
(0.7082-0.7096) than the Early Jurassic strongly peraluminous
granites in Ningzhong area of the central Lhasa terrane (Fig. 5; Liu
et al., 2006a) and the Miocene strongly peraluminous granites in the
North Himalaya (not shown in Fig. 5) (Zhang et al., 2004), where the
rocks have ancient crustal isotopic signatures. This implies some
significant mantle contributions towards the Pikang granite petrogen-
esis (see below). The Pikang granite samples have a narrow two-stage
Nd model age of 1523 to 1551 Ma, similar to the TSy model ages of
~263 Ma zircons (see Fig. 3 and discussion above).

5. Discussion
5.1. Origin of the Pikang granite

As presented above, the Pikang granites are geochemically distinct
from the Late Triassic peraluminous granites in Luoza area of the
central Lhasa terrane and the Miocene peraluminous granites in the
North Himalaya in having higher HREE abundances, moderately
fractionated REE patterns (Fig. 4), and lower initial 3”Sr/%Sr ratios
and higher enq(p values (Fig. 5; Zhang et al., 2004). These geochemical
differences suggest that the origin of the Pikang granites differs from
that of the Late Triassic Luoza peraluminous granites in the central
Lhasa terrane and the Miocene peraluminous granites in the North
Himalaya, which have been attributed to mica dehydration melting of
argillaceous source rocks in the crust (Zhang et al., 2004, 2007).

All the analyzed Pikang granite samples are peraluminous, placing
a first-order constraint that their sources most likely include melts of
supracrustal rocks. Previous studies suggest that peraluminous rocks
could be produced by (i) melting of metapelite and metagreywacke,
including cases of basalt magma admixture (White and Chappell,
1988; Patino Douce, 1995; Sylvester, 1998; Eyal et al., 2004); (ii) partial
melting of tonalite and granodiorite at pressures >8 kbar with
clinopyroxene in restite (Patino Douce, 1997, 1999); and (iii)
amphibole fractionation from relatively primitive low-Ca metalumi-
nous granitic melts (Bonin, 1998). While these processes are all
possible for the Pikang granite petrogenesis, several lines of evidence
suggest that melts parental to the Pikang granites are best explained by
mixing between melts derived from Al,Os-rich rocks (e.g., metapelite,
including terrigenous sediments or upper crustal materials) and minor
basalt-derived melts.
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Fig. 6. Rb/Ba vs. Rb/Sr plot of Sylvester (1998) for the Pikang granites in the Lhasa
terrane. Other data are the same in Fig. 4.
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(1) Major and trace element data for the Pikang granites are more
consistent with a hybrid origin. The high CaO/Na,0 (>0.3), low
Rb/Sr and Rb/Ba ratios of the Pikang granites indicate an origin
of melts derived from plagioclase-rich and clay-poor sources
(Fig. 6), which can be interpreted compositionally as resulting
from pelite-derived melts that have mixed with mafic magmas
(Sylvester, 1998).

(2) Srand Nd isotopic ratios of the Pikang granites (Fig. 5) preclude
them from being simple melts of typical crustal materials. The
Pikang granites have lower initial #’Sr/®Sr ratios and higher enay
values than the middle-upper crustal materials in the Lhasa terrane
represented by the Amdo orthogneiss (8Sr/%6Sr 263 ma) = 0.7237
to 0.7349; enda2e3 mMa)=—6.6 to —8.8; Xu et al, 1985), Late

Paleozoic siltstone (&na(z63 may= —17.0 to —13.0, Harris et al,
1988), and Early Jurassic strongly peraluminous granites in
Ningzhong area (&ndaci90 ma)= —14.1 to —11.6, Liu et al,

2006a). These observations suggest the involvement of a
mantle component in the petrogenesis of the Pikang granites.
As illustrated in Fig. 5, by assuming (i) the Early Jurassic
peraluminous granites in Ningzhong area represent isotopi-
cally the composition of Lhasa terrane crustal melts (see Liu et
al., 2006a) and (ii) the depleted component is represented by
the Middle Permian Leigingla high-alumina basalts in the
same belt (Fig. 1b; Zhu et al., submitted for publication-b), it is
suggested that melting of the crustal materials alone cannot
explain the isotopic composition of the Pikang granites, but
require ~30% contributions of basaltic melt (Fig. 5).

(3) Zircon Hf isotopic compositions also support a hybrid origin for
the Pikang granites. The ey, values (—4.5 to + 1.9, Table 3) of
~263 Ma zircons from sample PKO1-1 are close to those of
chondritic uniform reservoir (CHUR) and near the upper limit
of crust-derived melts (Fig. 3a) represented by the Late Triassic
peraluminous granites in Luoza area of the central Lhasa
terrane (—16.8 to —3.3; Zhu et al., submitted for publication-
a). On the other hand, the Hf isotope crustal model ages of
~263 Ma zircons (TSy = 1.2-1.6 Ga) are younger than those of
the majority of inherited zircons in the same sample and older
than those of the Early Jurassic Wuyu granitoids that were
interpreted to be derived from a juvenile mantle source region
(Chu et al.,, 2006) (Fig. 3b). These observations and inference
also require the involvement of a mantle component (i.e.,
basalts) in the petrogenesis of the Pikang granites.

We found mixing of ~30% of mantle-derived melt and ~70% upper
crustal-derived melt is needed to explain the isotopic compositions of
the Pikang granites (Fig. 5). Petrological, geochemical and experi-
mental studies for strongly peraluminous granites have shown that
the heat for crustal melting is primarily provided by mantle-derived
magmas that are then mixed with induced crustal melts (e.g., Patino
Douce, 1995; Muir et al., 1996; Keay et al., 1997; Healy et al., 2004).
Recent studies have suggested that the Early to Middle Permian high-
alumina basalts in the central Lhasa terrane (e.g., Leigingla basalt)
were generated by partial melting of metasomatized peridotitic
mantle wedge in an island-arc setting (Zhu et al., submitted for
publication-b). In such a tectonic setting, mantle-derived magmas will
remain in the crust (Bergantz, 1989) and will provide heat for crustal
melting to produce granitoid magmas. Such a process appears to be
the probable mechanism for the generation of the Pikang granites,
which were emplaced soon after the Middle Permian Leigingla arc
volcanism as indicated by the SHRIMP zircon U-Pb age data (Zhu et al.,
submitted for publication-b; this study).

5.2. Permian collisional orogeny in the Lhasa terrane

Geochemical data suggest that the Pikang granites are strongly
peraluminous S-type granite, reflecting both source material control

and controls of tectonic settings (e.g., syn- vs. post-collisional) in
which the magmas form (e.g., Pearce et al., 1984; Liegeois et al., 1998;
Sylvester, 1998; Barbarin, 1999; Patino Douce, 1999). Our calculation
(see Fig. 5) suggests that isotopically the Pikang granites require ~30%
mantle derived material (e.g., basaltic melt) and ~70% upper
continental crustal material. The latter can either be terrigeneous
sediments (i.e., the mature upper continental crustal materials) or
mature upper crust itself. The “coexistence” of mature continental
crust and mantle derived melt (e.g., Leigingla basaltic melt) in space
and time requires a tectonic setting that resembles active continental
margins. That is, subduction of oceanic lithosphere beneath mature
continental lithosphere leads to mantle wedge melting that produces
basaltic melt. This mantle melt will underplate or intrude the over-
laying mature continental crust, causing crustal melting and forming
hybrid melts parental to granitoids like the highly evolved Pikang
granites. This recorded (mantle and crustal) magmatism may have
taken place at the stage towards an ocean closing and terrane collision.
These interpretations are consistent with observations (see Fig. 5) as
elaborated below.

The paleontologically age-constrained Early Permian high-alumina
basalts in Jiangrang, Nixiong areas and andesites in Ranwu area, along
with the Middle Permian volcanic rocks in Leigingla area along the
southern margin of the central Lhasa terrane (Fig. 1a and b), which are
most consistent with being genetically associated with a continental
arc setting (Pan et al., 2006; Zhu et al., submitted for publication-b),
precede the emplacement of the Pikang granites. Recent studies have
also shown that the Middle Permian limestones were overlain by the
Upper Permian clastic rocks with angular unconformity (Fig. 7)
observed in western Jiangrang (Zhou et al., 2002), Nixiong (Xie et al.,
2003), central Liwo (Lu et al., 2002; Wang et al., 2004) and Leiqgingla
(Wu et al., 2003) of the central Lhasa terrane (Fig. 1b). The timing of
the tectonic event recorded by the regional angular unconformity is
effectively synchronous with the emplacement of the Pikang granites
and the very high-pressure metamorphism (occurred at ~262 Ma)
revealed by the Songdo eclogite (Fig. 1b) interpreted as remnant of
Paleo-Tethyan oceanic lithosphere (Yang et al., 2009). Note that the
eclogite that can be exhumed to the surface approximates the last bit
of subducting/subducted oceanic lithosphere before collision and
exhumation. Hence, the metamorphic age of the eclogite represents
onset of the collision. All these data and reasoning together with the
sedimentary and tectonic record point to an orogenic event extending
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E-W for ~1000 km from western Cogen to eastern Gongbo Gyamda
(Fig. 7) in the central Lhasa terrane. We thus propose that the Pikang
peraluminous granite magmatism, the regional angular unconformity
between the Middle and the Upper Permian, and the Songdo eclogite
of the same metamorphic age (~262 Ma) to represent different
products of a common event in time and space soon after the eruption
of the Middle Permian Leigingla arc lavas. We refer this newly
recognized event as “the Permian Gangdese Orogeny” (vs. Late
Triassic, Early Jurassic and Cretaceous orogenic events already
recognized in the Lhasa terrane).

5.3. Implications

The Lhasa terrane has long been considered as part of Gondwana
and traditionally placed adjacent to Greater India in popular Paleozoic
reconstructions, depicting a vast shallow marine sea from Qiangtang
terrane via Lhasa terrane to the Greater India and Himalaya (Dewey
et al., 1988; Leeder et al., 1988; Golonka and Ford, 2000; Metcalfe,
2002). The Pikang granite of ~263 Ma identified in this study, the
regional angular unconformity recently recognized between the
Middle Permian and the Upper Permian (Fig. 7), and the contempora-
neous high-pressure metamorphism (Yang et al., 2009), provide
strong evidence for the event of the Permian Gangdese Orogeny in the
Lhasa terrane (Fig. 1b). These observations combined with the Early to
Middle Permian arc-type magmatism (Zhu et al., submitted for
publication-b) suggest a compressional regime from subduction to
syn-collision in the Lhasa terrane rather than an extensional tectonic
regime related to the separation of the Qiangtang terrane from
Gondwana during the Permian as previously thought (Dewey et al.,
1988; Leeder et al., 1988; Yin and Harrison, 2000; Booth et al., 2004;
Kapp etal., 2005; Leier et al., 2007). The compressional tectonic regime
in the Lhasa terrane differs distinctly from the Tethyan Himalaya to the

south and the Qiangtang terrane to the north in having extensional
tectonic regime during the Permian (Deng et al., 1996; Garzanti et al.,
1999; Yin and Harrison, 2000; Zhu et al., submitted for publication-b).
Such a difference results in two new hypotheses regarding tectonic
reconstructions of the Lhasa terrane during the Permian.

Some authors proposed that the Lhasa terrane should be taken out
from the continuous Paleozoic Qiangtang-Lhasa-Himalaya recon-
structions (Golonka and Ford, 2000; Metcalfe, 2002), and be placed
adjacent to the northern margin of Australia (Ferrari et al., 2008).
Argument for this model is based on the presence of late Carbonifer-
ous/early Permian Dagze arc magmatism re-interpreted from the
documentation by Pearce and Mei (1988) in the Lhasa terrane. The arc
magmatism was attributed to southward subduction of the Paleo-
Tethyan oceanic lithosphere with the consequent back-arc opening of
the Eastern Neo-Tethys (Ferrari et al., 2008). Such a geodynamic
regime, however, does not account for the Songdo eclogite that is
exposed in the southern margin of the central Lhasa terrane (Fig. 1b).
An alternative model for the Lhasa terrane was recently proposed by
Zhu et al. (submitted for publication-b), who suggested that the Lhasa
terrane could be considered as a separate intra-oceanic tectonic block
(or a micro-continent) in the Paleo-Tethyan Ocean during Carbonifer-
ous-Permian times, and was subjected to the northward subduction
of the Paleo-Tethyan oceanic lithosphere along its southern margin
during the Early to Middle Permian (Fig. 8a and b). This suggestion is
inferred from the coexistence of the Early to Middle Permian arc-type
magmatism in the Lhasa terrane and the extension-type magmatism
in the Tethyan Himalaya. Likewise, such an alternative model can now
be updated to account for the Permian Pikang peraluminous granite.

The Pikang granite magmatism is interpreted to record a syncolli-
sional orogenic event in the Lhasa terrane at ~263 Ma. Indeed, the
Songdo eclogite may record the subduction and closing of the
Carboniferous-Permian Paleo-Tethyan Ocean south of the Lhasa

(a). Early to Middle Permian

Arc volcanism

Lhasa terrane

etasomatized arc crust - |

Paleo-Tethyan
ocean

-~ Metasomatized
mantle wedge

(c). at ~ 263 Ma

Pikang granite
o Lhasa terrane

Suture

Q"—/ Final episode of subduction
', -related basaltic magma

il

Australian 3
continental crust "’

’ Deep subduction &

Paleo-Tethyan high-pressure metamorphism

oceanic lithosphere

Paleo-Tethyan Cicean

Song}e_éo Pikang
ecfogrte granite

]

/ Australia

| )Q\ Extension-type magmatism ,é( Arc-type magmatism @ Very high-pressure metamorphism © Syn-collisional magmatism .~ Subduction zone

Fig. 8. (a) Schematic section for the generation of Early to Middle Permian volcanic rocks in the Lhasa terrane. (b) Tectonic reconstruction illustrating the Lhasa terrane located within
the Paleo-Tethyan Ocean as a micro-continent during the Early to Middle Permian (Zhu et al., submitted for publication-b). (c) Schematic representation for the generation of the
Pikang granites in a thickened crust of the Lhasa terrane at ~263 Ma. Not drawn to scale. (d) An integrated reconstruction model for the Lhasa terrane at ~263 Ma that accounts for all
published data and observations (Zhu et al., submitted for publication-b; Yang et al., 2009; this study).



58 D.-C. Zhu et al. / Tectonophysics 469 (2009) 48-60

terrane (Yang et al.,, 2007, 2009). An important issue for the Permian
collision event is with which continental block the Lhasa terrane may
have collided with at this time. Although shortening structures
potentially related to the Permian Gangdese Orogeny in the Lhasa
terrane requires further investigations, collision-induced crustal thick-
ening would be expected (Sylvester, 1998). This requires that the
unknown continental block should have ancient lithospheric root to
support its overlying crust (e.g., Jordan, 1988; Niu et al., 2003) when
collided with the Lhasa terrane. Furthermore, the unknown block should
have been located to the south of the Lhasa terrane, because the Pikang
granites are exposed in the southern margin of the terrane. According to
palinspastic reconstruction for the northern margin of eastern Gond-
wana (Enkin et al., 1992; Ziegler et al., 1997; Scotese et al., 1999; Ferrari
etal, 2008; Zhu et al., submitted for publication-b), the likely candidate
block is the Australian continent, rather than the Tethyan Himalaya that
was under extension at the time of Permian Lhasa terrane collision
(Garzanti et al.,, 1999; Zhu et al., submitted for publication-b).

On the basis of the latest data on the magmatic history (including
data reported here), the regional angular unconformity (Fig. 7), and
the subduction-zone metamorphism (Yang et al., 2009), we tenta-
tively propose an updated reconstruction model for the Lhasa terrane
during the Permian (Fig. 8): (1) The Lhasa terrane may represent a
micro-continent situated within the Paleo-Tethyan Ocean during the
Carboniferous-Middle Permian time. The Paleo-Tethyan Oceanic
lithosphere was subducted northward beneath the Lhasa terrane
during the Early to Middle Permian and led to the production of the
arc-like volcanic rocks recorded in Jiangrang, Nixiong, Leigingla, and
Ranwu areas along the southern margin of the central Lhasa terrane
(Zhu et al., submitted for publication-b) (Fig. 8a and b). (2) The Lhasa
terrane with arc affinity probably collided with the northern margin of
Australia at ~263 Ma and led to the closure of the Paleo-Tethyan
Ocean as also recorded by the Songdo eclogite (Yang et al., 2009).
During the collision, the final episode of subduction-related basaltic
magmatism provided heat for thickened upper crustal melting and
mixed with crust-derived melts to form hybrid melts parental to the
evolved Pikang peraluminous granites (Fig. 8c and d). Our model
suggests that the Lhasa terrane moved significantly southward from
the Early to the latest Middle Permian, which is supported by recent
paleomagnetic data for the sedimentary sequences of the Lower
Permian Angjie and Middle Permian Xiala Formations in the Lhasa
terrane (Wang and Ran, personal communication, 2008).

6. Conclusions

(1) Zircon U-Pb isotopic data reveal that the Pikang granite in the
Lhasa terrane was emplaced at about 263 Ma, coeval with the
eclogite metamorphism and regional angular unconformity
recently identified in the terrane.

Zircons from the Pikang granites show narrow variation in Hf
isotopic compositions (eugy=—4.5 to +1.9), significantly
higher than melts derived from mature continental crustal
materials, suggesting mantle input to the granitoid magmatism.
The Pikang granites are strongly peraluminous (i.e., typical S-type
granites) characterized by high A/CNK values (>1.08), high
normative corundum (1.3-2.0%), moderately negative Eu anoma-
lies (Eu/Eu* = 0.48-0.61), and strongly negative Ba, Nb, Sr, P and
Ti anomalies. They have high &g values (—6.4 to —6.0) and
low initial 87Sr/%6Sr ratios (0.7082-0.7096) relative to melts
derived from mature continental crust materials.

Hf isotopic and trace element data of zircons coupled with
whole-rock geochemical data indicate that melts parental to
the Pikang granites can be generated by mixing between
predominantly Al,Os-rich lithologies (e.g., terrigenous sedi-
ments or in situ upper crustal materials) and minor mantle-
derived basaltic melts.
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(5) The Pikang granite magmatism and regional angular unconfor-
mity between the Middle Permian and the Upper Permian are
consistent with a syncollisional orogeny that is referred to here
as “the Permian Gangdese Orogeny” in the Lhasa terrane at
~263 Ma.

(6) The Permian Gangdese Orogeny is interpreted as resulting from
the collision between the Lhasa terrane and the northern
margin of Australia in response to the closure of Paleo-Tethyan
Ocean south of the Lhasa terrane.
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