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Cenozoic adakitic rocks in the Lhasa block (southern Tibet) have been widely used to trace the lateral extent of
crustal thickening. However, their petrogenesis remains controversial. Here, we report geochronological and geo-
chemical data for the Napuri intrusive rocks in the core area of the Quxu batholith, southern Lhasa. Zircon U-Pb
dating suggests that they were generated at approximately 48 Ma. The studied samples show significant geo-
chemical variations, manifested by the coexistence of three types of igneous rocks. Groups I and II rocks exhibit
variable and high SiO, (66.4-73.9 wt.%), high Al,05 (14.0-17.4 wt.%), K50 (3.9-5.3 wt.%), Sr (273-718 ppm)
and Sr/Y (18.3 to 81.3) values, and low Y (3.6 to 16 ppm), heavy rare earth element (REE) (e.g., Yb = 0.48 to
1.8 ppm), MgO (0.4-1.0 wt.%), Cr (2.9-7.4 ppm) and Ni (1.6-4.5 ppm) contents, which are similar to those
of thickened lower crust-derived adakitic rocks. The Group I rocks show higher Sr/Y (77.5-81.3) ratios and
lower total REE (55.5-63.2 ppm) contents with clearly positive Eu and Sr anomalies, whereas the Group II
rocks have relatively lower Sr/Y (18.3-65.7) ratios and higher total REE (115-375 ppm) contents with negligible
or slightly negative Eu and Sr anomalies. Group III rocks have the highest SiO, (74.5-76.0 wt.%), Y (17.0-23.7
ppm) and Yb (2.91-3.30 ppm) contents, and the lowest Al;03 (12.5-13.2 wt.%), Sr (81.3-141 ppm) and Sr/Y
(4.8-5.9) values with distinctly negative Eu and Sr anomalies. Compared with the Jurassic-Cretaceous granitoids
in southern Lhasa, the relative enrichment in Sr-Nd-Hf isotopic compositions ((3”Sr/%°Sr); = 0.7049-0.7055,
ena(t) = —0.3 + 0.7 and €u¢(t),ircon = + 3.6 & 11.4) for the Napuri intrusive rocks indicates that they likely
contained Indian continental components. The Group I and Group II rocks most probably originated from thick-
ened mafic lower crust (amphibolite eclogites or garnet amphibolites) with garnet + rutile 4 plagioclase as re-
sidual minerals in the source at >1.5 GPa, corresponding to depths of >50 km, and Group IIl rocks were probably
generated by fractional crystallization of plagioclase from the adakitic magmas. Taking into account the narrow
linear nature of the Eocene magmatic belt and reported synchronous asthenosphere-derived basaltic rocks in
southern Lhasa, we suggest that upwelling asthenosphere triggered by the break-off of subducted Neo-Tethyan
slab probably provided the required thermal conditions for lower crustal melting. The identification of Indian
continental components in the Napuri intrusive rocks probably indicates that the Asia-India collision had taken
place prior to their emplacement. The dramatic changes in the (La/Yb)y ratios and enq(t) and eyg(t) values of
magmatic rocks in the Gangdese area at ca. 51-46 Ma indicate that the Cenozoic crustal thickening associated
with the indentation of the Indian continent began in the Early Eocene (ca. 51-46 Ma) at the latest.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The Tibetan Plateau has the thickest continental crust on Earth.
Various models have been proposed in the past decades to account
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crustal/lithospheric thickening models (e.g., Tapponnier et al., 2001;
Wang et al., 2008; Yin and Harrison, 2000), convective removal or delam-
ination of the lower lithosphere models (e.g., Chung et al., 1998, 2009;
Turner et al,, 1996) and crustal flow models (e.g., Royden et al., 1997;
Wang et al., 2012). The timing and mechanism of the continental crustal
thickening are pivotal factors that all such models need to reconcile.

Cenozoic adakitic rocks are widely distributed in a 1500 km-long
E-W trending magmatic belt in southern Lhasa, the southern Tibetan
Plateau (e.g., Chung et al., 2003, 2005, 2009; Gao et al.,, 2010; Guo et al,,
2007; Hou et al., 2004, 2012 and references therein) and have been
widely used for tracing crustal thickening processes in the region (e.g.,
Chung et al., 2003, 2009; Guan et al., 2012; Hou et al., 2012; Ji et al.,
2012; Zeng et al,, 2011). Nonetheless, their petrogenesis remains a high-
ly controversial issue. Various magmatic sources have been proposed to
account for the generation of these adakitic rocks, including a thickened
mafic lower continental crust (e.g., Chung et al., 2003; Guan et al,, 2012;
Guo et al., 2007; Hou et al., 2004; Ji et al., 2012), subducted Indian
continental crust (e.g., Xu et al., 2010), upper mantle metasomatized
by slab-derived melts (e.g., Gao et al., 2007, 2010), and Jurassic-Eocene
Gangdese intermediate intrusive rocks and basement metasedimentary
rocks (e.g., King et al., 2007; Pan et al., 2012; Zhang et al,, 2010a).

The Cenozoic adakitic rocks in southern Lhasa were mainly emplaced
between the Late Oligocene and the Late Miocene (ca. 26-9 Ma;
Chung et al., 2003; Guo et al., 2007; Hou et al., 2004). More recently,
Eocene-Oligocene (ca. 51-30 Ma) adakitic rocks have also been report-
ed (e.g., Chung et al., 2009; Guan et al., 2012; Hou et al,, 2012; Ji et al,,
2012; Jiang et al,, 2011; Zeng et al,, 2011). In this study, we present de-
tailed petrology, geochronology, mineral composition, and major and
trace element and Sr-Nd-Hf isotopic data for the Napuri adakitic intru-
sive rocks at the hinterland of the Quxu batholith in southern Lhasa
(Fig. 1). New SHRIMP (Sensitive High Resolution lon Microprobe)
and LA-ICPMS (Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry) zircon U-Pb dating results indicate that they were generated
in the early Eocene (49-46 Ma). Owing to the wide occurrence of Early
Cenozoic adakitic rocks in southern Tibet, a better understanding of their
petrogenesis has importance for delineating the processes of Cenozoic
crustal thickening and plateau uplift in southern Tibetan.

2. Geological background and rock characteristics

From south to north, Tibet consists of the Himalaya, Lhasa, Qiangtang,
Songpan-Ganze, and Kunlun-Qaidam blocks (Yin and Harrison, 2000).
The Lhasa block is bounded by the Indus-Yarlung Tsangpo suture
(IYTS) to the south and the Bangong-Nujiang suture (BNS) to the
north (Fig. 1a) (Yin and Harrison, 2000). It is generally accepted that
the BNS developed during the Late Jurassic-Middle Cretaceous (Yin
and Harrison, 2000). The IYTS marks the closure of the Tethys, and lies
on the southern boundary of an east-west-trending Andean arc-type
calc-alkaline magmatic zone (including the Yeba, Sangri, Linzizong
volcanic successions and the Gangdese batholith) in the Lhasa block
(Fig. 1a) (e.g., Coulon et al., 1986; Mo et al., 2007; Zhu et al., 2008).

The Gangdese batholith, consisting of the Latest Triassic-Late Mio-
cene intermediate-felsic intrusive rocks, is one of the most important
geologic units of southern Lhasa (e.g., Chu et al., 2006; Chung et al.,
2003, 2009; Ji et al., 2009, 2012; Wen et al.,, 2008a,b). The adakitic intru-
sive rocks within the Gangdese batholith are considered to have been
generated in two main stages, the Jurassic-Cretaceous (160-77 Ma)
and Paleocene-Miocene (62-10 Ma): (1) Jurassic-Cretaceous adakitic
rocks generated in an arc setting were related to Neo-Tethyan subduc-
tion processes, by melting of either subducted oceanic slabs (e.g., Jiang
etal, 2012; Ma et al.,, 2013a; Wei et al., 2007; Zhang et al., 2010b; Zhu
et al., 2009) or thickened mafic continental lower crust (e.g., Guan
et al,, 2010; Wen et al., 2008b); (2) Cenozoic adakitic rocks occurring
as small-volume plugs or dikes/sills, which intrude or crosscut the
Gangdese batholith, the Linzizong volcanic successions and associated
sedimentary formations, and extend ~1300 km across nearly the entire

southern Lhasa (Fig. 1b) (e.g., Chung et al., 2003, 2005, 2009; Gao et al.,
2007, 2010; Guan et al., 2012; Guo et al., 2007; Hou et al., 2004, 2012; Ji
et al., 2012; Jiang et al., 2011, 2014; Pan et al.,, 2012; Xu et al., 2010;
Zhang et al., 2010a).

The Napuri area of Doilungdegen County (Fig. 1c) is difficult to ac-
cess due to the high altitudes (4800-5700 m). Large-scale granitic intru-
sive bodies, being parts of the Quxu batholith, are found in the area
(Fig. 1b, c). These intrusive rocks are composed mainly of porphyritic
granites, and minor quartz monzonites with a heterogeneous granular
texture. A total of 12 samples were collected for this study, including
10 granites and 2 quartz monzonites. The granite is composed of plagio-
clase (15-25 vol.%), alkali feldspar (25-35 vol.%), quartz (30-40 vol.%),
biotite (5-10 vol.%), and titanite (1-2 vol.%) with minor epidote, mag-
netite and titaniferous magnetite (Fig. 2a, b, e and f). The quartz monzo-
nite consists of plagioclase (35-45 vol.%), alkali feldspar (30-40 vol.%),
quartz (10-15 vol.%), biotite (5-10 vol.%), and titanite (1-2 vol.%) with
minor epidote, magnetite and titaniferous magnetite (Fig. 2c and d).

3. Analytical methods

All silicate mineral analyses were carried out at the State Key Labora-
tory of Isotope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (SKLaBIG GIG CAS) using a JXA-8100 elec-
tron microprobe. An accelerating voltage of 15 kV, a specimen current of
2.0 x 1078 A, and a beam size of 1-2 um were employed. The analytical
errors are generally less than 2%. The analytical procedures were de-
scribed in detail in Huang et al. (2007).

Zircons were separated using standard density and magnetic
separation techniques. Zircon grains were handpicked and mounted
in an epoxy resin disc, and then polished and coated with gold.
Cathodoluminescence (CL) images were taken at SKLaBIG GIG CAS with
aJEOL JXA-8100 Superprobe for inspecting the internal morphology of in-
dividual zircons and for selecting positions for U-Pb and Lu-Hf isotope
analyses. U-Pb isotope compositions of zircon grains from two samples
(D175 and D182) were analyzed using the SHRIMP at the John de Laeter
Centre of Mass Spectrometry of Curtin University of Technology in Perth,
Western Australia. Both unknown zircon grains and zircon standards,
TEMORA (for calibrating the U-Th-Pb ratios; 2°°Pb/**8U =0.0668, corre-
sponding to 417 Ma; Black et al.,, 2003) and CZ3 (for calibrating absolute U
abundances; U = 551 ppm; Pidgeon et al., 1994) were analyzed under
the following conditions: cycles of 7 scans, primary O~ beam of ~2 nA,
spot size of ~25 pm with a mass resolution of about 5000. The data have
been reduced following the procedure described by Williams (1998)
using the software SQUID (Ludwig, 2001). U/Pb ratios and U concentra-
tions of the samples have been normalized to the TEMORA and CZ3
standards, respectively. Common Pb was determined using measured
204ph and by applying a composition after Stacey and Kramers (1975) ap-
propriate to the age of the zircon. LA-ICPMS zircon U-Pb dating for sample
PIII-02 were conducted at the MC-ICPMS laboratory of the Institute of Ge-
ology and Geophysics, Chinese Academy of Sciences (IGG CAS) in Peking,
China. Detailed operating conditions for the laser ablation system and the
ICP-MS instrument and data reduction were the same as described by Xie
et al. (2008). An Agilent 7500a quadruple (Q)-ICPMS and a Neptune
multi-collector (MC)-ICPMS with a 193 nm excimer ArF laser-ablation
system (GeoLas Plus) attached were used for simultaneous determination
of zircon U-Pb ages. In situ Hf isotope measurements were subsequently
done using LA-ICPMS with a beam size of 60 pm and laser pulse frequency
of 8 Hz with age determinations at the MC-ICPMS laboratory of IGG CAS.
Details of instrumental conditions and data acquisition were given in Wu
etal. (2006). The isobaric interference of '7®Lu on '"®Hf is negligible due to
the extremely low '7°Lu/!77Hf in zircon (normally <0.002).

Rock samples were examined by optical microscopy and selected
whole-rock samples were sawed into small chips and ultrasonically
cleaned in distilled water with <3% HNOs and then in distilled water
alone and subsequently dried and handpicked to remove visible alter-
ation. The rocks were powdered in a chrome ring mill, and the resulting
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Fig. 1. (a) Geological map of the Lhasa block (modified from Chung et al. (2009)), with numbers showing ages (Ma) of Cretaceous and Cenozoic adakitic and potassic magmatism (Chung
etal., 2003; Gao et al., 2007, 2010; Guan et al., 2010, 2012; Guo et al., 2006, 2007; Hou et al., 2004; Ji et al.,, 2012; Jiang et al., 2012; Ma et al.,, 2013a; Wen et al., 2008b; Xu et al., 2010; Zhang
etal, 2010a,b; Zhu et al., 2009). The age data of early Eocene igneous rocks in southern Lhasa are from Ji et al. (2009), Lee et al. (2009) and Wen et al. (2008b). BNSZ = the Bangong-

Nujiang suture; IYTS = the Indus-Yarlung Tsangpo Suture; MCT = the Main Central Thrust;
of previously reported Cenozoic adakitic rocks in the literature (modified from Ji et al. (201

STDS = the South Tibet Detachment System. (b) Map of the Quxu batholith showing locations
2)), and the study region. (c) Geological map of the Napuri area, southern Tibet, showing the

sampling locations. The rock type in Fig. 1c: E;d = the Paleocene Dianzhong Group; E;mmy = Eocene porphyritic quartz monzonite; E;1y = Eocene porphyritic granite.

powders were used for analyses of major and trace elements, and Sr-Nd
isotopes, at SKLaBIG GIG CAS. Major-element oxides were analyzed
using a Rigaku RIX 2000 X-ray fluorescence spectrometer at SKLaBIG
GIG-CAS on fused glass beads. Calibration lines used in quantification
were produced by bivariate regression of data from 36 reference mate-
rials encompassing a wide range of silica compositions (Li et al., 2005),
and analytical uncertainties are between 1% and 5%. Trace elements
were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS), using a Perkin-Elmer Sciex ELAN 6000 instrument at SKLaBIG
GIG CAS. Analytical procedures are the same as those described by Li
et al. (2002). Repeated runs give <3% RSD (relative standard deviation)
for most elements of reference materials analyzed by ICP-MS.

Srand Nd isotopic ratios of selected samples were determined using
a Micromass Isoprobe multi-collector mass spectrometer (MC-ICP-MS)

at SKLaBIG GIG-CAS. Analytical procedures are similar to those de-
scribed in Wei et al. (2002) and Li et al. (2004). The 87Sr/%5Sr ratio of
the NBS987 standard and #>Nd/'#*Nd ratio of the Shin Etsu Ndi-1 stan-
dard measured were 0.710285 + 15 (20 m) and 0.512085 + 10 (20 m),
respectively. All measured '**Nd/'**Nd and 85Sr/28Sr ratios are fraction-
ation corrected for mass fractionation using '“°Nd/**Nd = 0.7219 and
865r/88Sr = 0.1194, respectively.

4. Results
4.1. Zircon U-Pb geochronology

The zircon U-Pb isotopic data are given in Table 1. The zircons
from three Napuri intrusive rock samples have crystal lengths of
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Fig. 2. Petrography (plane-polarized light) of the Napuri intrusive rocks: (a-b) sample D0175; (c-d) sample PIII-8; (e-f) sample PIII-1. Abbreviations: P, plagioclase; Kf, potassium

feldspar; B, biotite; Tit, titanite; Qt, quartz.

~100-150 pm with length-to-width ratios of 2:1 to 3:1 (Fig. 3). The ana-
lyzed zircon grains from three samples have variable U (129-5039 ppm)
and Th (86-1686 ppm) contents, with Th/U ratios ranging from 0.41 to
2.00, indicating a magmatic origin (Hoskin and Black, 2000).

Except for one analyzed spot with an old inheritance age (83.0 Ma),
SHRIMP zircon U-Pb analyses of eighteen other spots of sample D0175
gave 2%Pb/238U ages of 43 to 48 Ma, with a weighted mean age of
46.1 £ 0.6 Ma (20 error, and the same for all other age data; Fig. 3a).
Sixteen zircon SHRIMP U-Pb analyses (one for each zircon) of sample
D0182 yielded 2°°Pb/238U ages of 47 to 51 Ma, with a weighted mean
age of 48.2 + 0.6 Ma (Fig. 3b). Ten LA-ICP-MS zircon U-Pb analyses of
zircons from sample PIII-2 gave 2°°Pb/28U ages of 45 to 49 Ma with a
weighted mean age of 47.4 + 0.9 Ma (Fig. 3¢). Thus, in-situ zircon

U-Pb dating of three samples suggests that these rocks were generated
in the Early Eocene (48-46 Ma) (Fig. 3, Table 1), broadly contemporane-
ous with the Early Eocene (52-49 Ma) adakitic rocks from other areas in
southern Lhasa (Ji et al., 2012; Zhang et al., 2010a).

4.2. Mineral geochemistry

Major oxide data for plagioclase, potassium feldspar, titanite, biotite
and magnetite are listed in Table 2. Plagioclase in the Napuri intrusive
rocks mainly consists of oligoclase (Anyg_16Ab7_g10r3_1) and minor al-
bite (Ang_1Abgy_gg01>_g) and andesine (AnssAbgsOr) (Table 2). Potas-
sium feldspar has composition of Abs_gOrg,_g7. Biotite has moderate
TiO, contents (2.2-2.3 wt.%, Table 2).
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Table 1
SHRIMP Il and LA-ICP-MS zircon U-Pb isotopic analyses for the Napuri granitoids.

Analysis  Content [sotopic ratios Isotopic ages (Ma)

(ppm)

Th U Th/U  2Pbf%Pb  +1o0  2Pb/*U  +1o  2°Pb/2%U 410 2Pb%Pb +1o0  27Pb/PU  +1o  PPb/P8U tlo
DO0182 (SHRIMP II)
1 86 160 054  0.0342 0.0040 0.0344 0.0044 0.0073 0.0004 —107 154 340 40 470 20
2 255 270 094  0.0332 0.0076  0.0335 0.0077  0.0073 0.0001 —150 267 33.0 80 471 0.7
3 360 877 041 0.0460 0.0019  0.0469 0.0022  0.0074 0.0002 -3 60 47.0 20 480 1.0
4 311 353  0.88  0.0465 0.0039  0.0505 0.0058  0.0079 0.0006 26 121 50.0 60 510 4.0
5 405 451 090  0.0459 0.0027  0.0495 0.0029  0.0078 0.0001 -7 107 49.0 3.0 502 05
6 1559 1042 150  0.0471 0.0024  0.0470 0.0027  0.0072 0.0002 52 77 47.0 30 470 1.0
7 167 265 063  0.0151 0.0089  0.0151 0.0090 0.0073 0.0003 —1029 493 15.0 90 470 2.0
8 506 634 080 0.0438 0.0110 0.0453 0.0114  0.0075 0.0002 —83 356 45.0 11.0 480 1.0
9 422 393 107 0.0340 0.0106  0.0348 0.0109 0.0074 0.0001 —115 388 35.0 110 477 0.6
10 239 279 086  0.0361 0.0044 0.0371 0.0049 0.0074 0.0004 —29 242 37.0 50 480 2.0
11 293 429 068  0.0450 0.0029  0.0466 0.0035 0.0075 0.0003 —22 91 46.0 3.0 480 2.0
12 405 464 087 0.0524 0.0031  0.0545 0.0033  0.0075 0.0001 305 120 54.0 30 484 05
13 200 207 097  0.0385 0.0125 0.0403 0.0132  0.0076 0.0003 —377 433 40.0 130 490 2.0
14 370 437 085  0.0452 0.0036  0.0460 0.0037  0.0074 0.0001 —12 154 46.0 40 475 0.5
15 319 357 090  0.0402 0.0053  0.0421 0.0055 0.0076 0.0001 —279 206 42.0 50 488 0.6
16 293 264 1.11 0.0404 0.0039  0.0411 0.0042  0.0074 0.0003 —265 148 41.0 40 470 2.0
D0175 (SHRIMP II)
1 1210 1673 0.72  0.0450 0.0034  0.0457 0.0035 0.0074 0.0001 —21 147 45.0 3.0 473 05
2 304 223 136  0.0308 0.0121  0.0304 0.0120 0.0072 0.0001 —251 469 30.0 120 460 0.8
3 724 822 088  0.0473 0.0073  0.0481 0.0075 0.0074 0.0001 65 269 48.0 70 473 0.7
4 186 189 098  0.0119 00111 0.0115 0.0108  0.0070 0.0001 —1216 663 12.0 11.0 452 0.8
5 398 244 163  0.0452 0.0118  0.0452 0.0118  0.0073 0.0001 —11 390 45.0 110 467 0.8
6 196 129 151 0.0355 0.0074  0.0332 0.0071  0.0068 0.0002 —55 265 33.0 70 440 1.0
7 434 528 082  0.0387 0.0045 0.0338 0.0040  0.0063 0.0001 —365 221 340 40 407 0.6
8 134 140 096  0.0120 0.0117  0.0215 0.0210 0.0130 0.0002 —1209 671 22.0 210 830 1.0
9 190 231 082  0.0235 0.0067 0.0224 0.0065  0.0069 0.0001 —587 311 23.0 60 446 0.7
10 440 221 200 0.0476 0.0091  0.0466 0.0089  0.0071 0.0001 80 320 46.0 90 456 0.6
11 192 164 117  0.0442 0.0346  0.0444 0.0347  0.0073 0.0003 —60 1072 44.0 340 470 2.0
12 154 186 083  0.0392 0.0069  0.0377 0.0066  0.0070 0.0001 —336 263 38.0 60 4438 05
13 149 207 072  0.0319 0.0126  0.0321 0.0126  0.0073 0.0001 —201 482 32.0 120 4638 0.8
14 106 130 082 00187 0.0123  0.0171 0.0113  0.0066 0.0002 —829 630 17.0 11.0 430 1.0
15 276 424 065 0.0336 0.0050  0.0332 0.0049  0.0072 0.0001 —130 187 33.0 50 460 05
16 406 312 130  0.0070 0.0124  0.0068 0.0121  0.0071 0.0001 —1523 762 7.0 120 454 0.8
19 373 282 132 0.0121 00131 0.0119 0.0128  0.0071 0.0001  —1200 718 12.0 130 457 0.8
20 234 164 143  0.0563 0.0059  0.0578 0.0061  0.0074 0.0001 463 219 57.0 6.0 478 05
21 377 452 083  0.0391 0.0244  0.0378 0.0236  0.0070 0.0002 —342 921 38.0 230 450 1.0
22 106 145 073  0.0218 0.0133  0.0216 0.0132  0.0072 0.0002 —668 644 22.0 130 461 1.0
PIII-02 (LA-ICPMS)
1 847 1600 053  0.0563 0.0062 0.0574 0.0061  0.0074 0.0002 465 251 57.0 60 470 1.0
2 847 761 1.11 0.1315 0.0134  0.1608 0.0156  0.0089 0.0003 2119 185 151.0 140 570 1.0
3 1454 5036 029 0.1132 0.0640  0.1847 0.1032 0.0118 0.0010 1851 1271 1720 880 760 3.0
4 445 757 059  0.0612 0.0096  0.0635 0.0097  0.0075 0.0003 645 353 62.0 90 480 2.0
5 1167 1096 1.06  0.1675 0.0695 0.2286 0.0927  0.0099 0.0009 2533 1018  209.0 770  63.0 2.0
6 1194 1460 082  0.0740 00116 0.0767 0.0115 0.0075 0.0003 1041 338 75.0 11.0 480 20
7 754 784 096  0.0855 0.0057 0.1021 0.0066  0.0088 0.0002 1327 84 99.0 60  56.0 20
8 782 1117 070  0.0579 0.0100  0.0567 0.0096 0.0071 0.0003 525 372 56.0 90 460 2.0
9 799 750 106  0.1399 0.0259 0.1543 0.0277  0.0080 0.0004 2227 347 1460 240 510 1.0
10 315 595 053  0.0461 0.0082  0.0448 0.0078  0.0071 0.0003 308 45.0 80 450 1.0
11 493 1272 039  0.0490 0.0053  0.0493 0.0052  0.0073 0.0002 146 242 49.0 50 470 1.0
12 588 788 0.75  0.0828 0.0091  0.0843 0.0089  0.0074 0.0003 1265 139 82.0 80 480 2.0
13 1686 1559 1.08  0.1013 0.0228 0.1148 0.0256  0.0082 0.0003 1648 473 1100 230 530 0.7
14 828 849 097 0.0624 0.0080  0.0625 0.0083  0.0073 0.0003 689 222 62.0 80 470 2.0
15 1299 1169 1.11 0.0682 0.0225 0.0656 0.0213  0.0070 0.0004 875 676 64.0 200 450 2.0
16 1572 1767 089  0.0915 0.0117  0.0965 0.0120  0.0077 0.0002 1458 256 94.0 110 490 1.0

4.3. Major and trace element geochemistry

Chemical composition data of eleven Napuri samples are listed
in Table 3. The samples mainly plot in the granite field, except for
two in the quartz monzonite field (Fig. 4a). They have variable
SiO, (66.4-76.0 wt.%) and Al,05; (12.5-17.4 wt.%) and high K,0
(3.6-5.3 wt.%) and Na,O (3.5-4.8 wt.%) contents with K;0/Na,0 =
0.80-1.56 (Table 3), and are high-K calc-alkaline and low-Fe
(Fig. 4b-c). Apart from sample PIlI-4 with peraluminous characteristics
([A/CNK = AP*/Ca?* + Na?* + K?*)] = 1.12), the samples are
metaluminous to slightly peraluminous (A/CNK = 0.97-1.03) (Fig. 4d).

All of the samples are characterized by low MgO (0.3-1.0 wt.%),
Cr (1.1-7.4 ppm) and Ni (0.9-4.5 ppm) contents (Table 3; Fig. 3e-f).

On chondrite-normalized REE diagrams, the Napuri rocks show var-
iable patterns with slightly enriched light REEs (LREEs) ([La/Yb]y =
5-100) and slightly depleted heavy REEs (HREEs) ([Gd/Yb]y =
0.5-2.8) (Fig. 5a). Their primitive mantle-normalized trace-element
distribution patterns are characterized by the enrichment of large ion
lithophile elements (LILEs) and the depletion of high field strength
elements (HFSEs) (Fig. 5b). All the samples exhibit strong negative
Ta-Nb-Ti anomalies (e.g., [Nb/La]y = 0.06-0.60) and negative to slight-
ly positive Sr anomalies (Fig. 5b).
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Fig. 3. (a-b) SHRIMP and (c) LA-ICP-MS zircon U-Pb concordia diagrams for the Napuri
intrusive rocks in southern Tibet. Dashed and solid line ellipses show the age data with
1o errors of inherited and magmatic zircon, respectively.

Based on their REE, Sr and Y contents, the Napuri samples can be
divided into three compositional groups. Group I samples (PIII-17
and D0175) show the lowest total REE (55.5-63.2 ppm), especially
in HREE (Yb = 0.46-0.48 ppm and Y = 3.56-3.73 ppm), and the
highest Sr/Y (77.5-81.3) ratios with obvious positive Eu (Eu/Eu* (EuN/
VSmN x GdN = 1.40-1.43)) and Sr anomalies (Fig. 5a and b). In
addition, they show obvious negative Nb anomalies ((Nb/La)y =
0.22-0.25) (Fig. 5b), and relatively high SiO, (70.3-73.9 wt.%) contents

and intermediate Sr (~289 ppm) and Mg* (Mg?*/(Fe? " +Mg? ") x
100] = 44.5-45.4) values (Table 3). Group Il samples have higher Sr
(273-718 ppm) contents and total REE (115-375 ppm) contents with
negligible to slightly negative Eu (Eu/Eu* = 0.62-0.88) and Sr anoma-
lies, and intermediate Y (8.8-16.2 ppm), Yb (0.93-1.77 ppm) and Sr/Y
(18.3-65.7) values (Fig. 5). Group III samples (PIII-1 and PIII-2) are
characterized by the highest SiO, (74.5-76.0 wt.%), Y (17.0-23.7 ppm)
and Yb (2.9-3.3 ppm) and lowest Al,03 (12.5-13.2 wt.%) and Sr
(81-141 ppm) contents, the lowest Sr/Y (4.8-5.9) ratios, and negative
Eu (Eu/Eu* = 0.40-0.43) and Sr anomalies (Fig. 5) (Table 3). Their
variable Mg* (36.4-62.8) values result from low and variable MgO
(0.29-0.69 wt.%) and FeO (0.95-1.18 wt.%) contents (Table 3).

Group I and Il rocks display adakitic affinities as defined by Defant
and Drummond (1990) (Fig. 6; Table 3), such as low concentrations of
HREEs and Y, and high Sr contents and Sr/Y and La/Yb ratios (Figs. 5
and 6). In addition, these samples also show low Mg* values ranging
from 36.4 to 49.6, similar to those (Mg* < 50) of adakitic rocks derived
by partial melting of the mafic lower crust (e.g., Atherton and Petford,
1993; Wang et al., 2007).

4.4. Sr-Nd-Hf isotope geochemistry

Initial isotopic ratios of the Napuri rocks were calculated based on
the mean formation age of 48 Ma, and the whole rock Sr-Nd and zircon
Hf isotopic composition data are given in Tables 4 and 5, respectively.
The three groups of samples exhibit slightly high and variable initial
875r/86Sr isotopic ratios (0.7050-0.7058) and uniform eyqg(t) values
(—0.26 to +0.71, average + 0.22) with Nd-isotope model ages (Tpy)
ranging from 0.66 to 0.78 Ga (Table 4). Their Nd-Sr isotope composi-
tions are relatively more enriched than those of the Late Cretaceous
Gangdese adakitic rocks derived from the melting of the thickened
lower crust (e.g., Guan et al., 2010; Wen et al., 2008b) (Fig. 6a). How-
ever, their enqg(t) values are relatively high compared to those of the
Oligocene-Miocene adakitic rocks in southern Tibet (e.g., Chung et al.,
2003; Guo et al., 2007; Hou et al., 2004).

The Napuri rocks have relatively low and variable €y¢(t)ircon Values
(+3.6 £ 11.4) and positive Agye(t) values (+1.5 to +9.1) [where
Aeye(t) = epys(t) — (1.59¢enq(t) + 1.28)], and plot close to or above
the mantle array [eyg(t) = 1.59enq(t) + 1.28] of Chauvel et al. (2008)
on the eyg(t) versus enq(t) diagram (Fig. 7b). They have Nd-Hf isotopic
compositions transitional between the Late Cretaceous slab-derived
adakites and the Oligocene-Miocene adakitic rocks in southern Tibet
(Fig. 7; Ma et al., 2013a). In addition, the Napuri adakitic rocks also
show relatively low &y¢(t)ircon (+3.6 + 11.4) compared to those
(4+9.7 £ 15.1) of the Late Cretaceous, thickened crust-derived, adakitic
rocks (Guan et al., 2010). The three groups of samples display similar
Sr-Nd-Hf isotopic composition, indicating that they were possibly
derived from a common magmatic source (Fig. 7).

5. Discussion
5.1. Petrogenesis

5.1.1. Adakitic (Groups I and II) rocks

As mentioned above, Group I and Group II rocks of the Napuri
rocks have adakitic affinities. They were emplaced in the Early Eocene
(ca. 48 Ma), and approximately contemporaneous with the reported
Early Eocene (ca. 51 Ma) adakitic rocks in the Quxu and Nyingchi
areas (Ji et al,, 2012; Zhang et al., 2010a). Adakitic rocks may be gener-
ated by a variety of mechanisms (Castillo, 2012), such as melting of
subducted young and hot oceanic crust (Defant and Drummond,
1990), partial melting of thickened basaltic lower crust (Atherton and
Petford, 1993; Chung et al., 2003; Wang et al., 2005), partial melting
of subducted continental crust (Wang et al., 2008), crustal assimilation
and low-pressure fractional crystallization from parental basaltic
magmas (Castillo et al., 1999), high-pressure crystallization (involving
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Table 2
Chemical compositions of representative minerals of the Napuri granitoids.
Mineral Spot number  SiO, TiO, Al,03 Cry03 FeO MnO MgO Ca0 Na,0 K>0 NiO Total An Ab Or
Plagioclase 08@PIIl-16 6226 - 2280 - 0.17 - - 4.58 9.57 0.20 - 99.57 207 783 107
09@PIII-16 6117  0.07 2312 0.02 0.18 - - 5.25 9.21 0.30 - 99.30 236 749 159
10@PIII-01 6453  0.02 2149 - 0.16 0.01 - 3.88 1034 035 - 10077 169 813  1.80
09@PII-01 61.18 - 23.21 - 0.21 0.03 0.01 5.71 8.74 0.57 - 99.64 257 713 3.05
08@PII-01 5920 - 2498 - 0.23 0.02 - 7.63 7.57 0.37 - 99.99 35.1 629 201
02@PIII-01 6639  0.01 2024 - 0.04 - - 134 1149 030 - 99.81 595 925 158
05@PIII-01 6831 0.04 20.03 0.07 0.01 0.01 0.01 0.29 1209  0.08 003 10097 132 983 041
Potassium feldspar ~ 05@D0175 66.12  0.02 1700 - 0.04 - 0.01 0.00 0.31 1701 003 10052 000 267 973
06@D0175 6337 013 1801 0.04 0.09 - - 0.03 0.95 1717 004 99.82 013 774 921
Sphene 01@PII-01 2978 3675 131 - 128 0.17 0.01 30.11 - 0.00 0.01 9941 - - -
01@PIII-16 2791 3533 125 - 2.18 0.16 0.02 28.18  0.01 0.01 0.01  95.05 - - -
10@PIII-16 2873  37.01 0.83 0.00 144 0.14 - 2842  0.01 0.01 0.02  96.60 - - -
Biotite 08@D0175 3750 233 1383 004 1953 054 1130  0.05 0.12 1060 - 95.82 - - -
09@D0175 3691 217 1425 001 1953 051 11.08  0.03 0.17 1008 0.04 94.77 - - -
Magnetite 10@D0175 013 - 0.04 0.05 9472 0.05 - - 0.09 - - 95.07 - - -

garnet) of mafic magmas derived from mantle wedge peridotites
(Macpherson et al., 2006), magma mixing between felsic and basaltic
magmas (Streck et al., 2007), and partial melting of tonalitic to granodi-
oritic crust (Kamei et al., 2009). We evaluate these alternative processes

in the following sections with specific reference to the Napuri adakitic
rocks.

First, the Sr and Nd isotopic compositions of the Napuri adakitic
rocks differ markedly from those of the Neo-Tethyan ophiolites from

Table 3
Major (wt.%) and trace element (ppm) data for the Napuri granitoids.
(Watson and Harrison, 1983).

Sample PIII-17 D0175 PII-03 PIII-04 PIII-05 PIII-06 PIII-07 PIII-08 PIlI-16 D0182 PIII-01 PIII-02
Group Group | Group II Group III

Sio, 70.29 73.87 72.40 70.69 71.26 71.80 72.32 69.95 68.58 66.37 75.95 74.51
TiO, 041 0.17 0.38 0.29 0.30 0.35 0.26 047 042 0.43 0.17 0.34
AlLO3 15.29 14.01 1417 15.99 14.93 14.57 14.45 14.70 15.64 17.39 12.47 13.22
Fe,03* 194 1.12 1.89 144 1.66 1.77 1.66 2.68 2.60 2.59 1.18 0.95
MnO 0.05 0.02 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.04 0.04
MgO 0.67 0.40 0.66 0.61 0.60 0.64 0.54 1.03 1.03 0.94 0.29 0.69
Ca0o 1.61 1.16 1.55 1.42 145 1.56 1.36 2.39 252 291 0.82 1.36
Na,0 4.16 3.52 3.80 3.77 3.89 3.95 3.89 3.80 391 4.82 3.22 421
K0 4.90 5.26 4.40 5.07 5.20 4.58 4.77 4.28 4.66 3.86 5.01 3.58
P,05 0.05 0.03 0.04 0.05 0.04 0.05 0.04 0.11 0.06 0.06 0.03 0.06
LOI 0.27 0.14 031 0.30 0.27 0.34 032 0.24 022 0.23 0.52 0.68
Total 99.65 99.70 99.67 99.67 99.65 99.66 99.66 99.70 99.70 99.66 99.69 99.65
Mg* 44.51 45.42 45.01 49.57 45.94 45.64 43.39 47.25 48.00 45.80 36.42 62.80
Cr 3.16 294 2.89 4.50 3.57 3.19 332 6.50 433 7.41 1.13 2.69
Ni 2.16 2.14 2.40 2.26 1.84 1.84 1.58 3.59 3.02 447 0.880 2.20
Rb 77.9 785 102 114 109 101 109 99.0 81.7 95.8 192 155

Sr 289 289 307 346 292 296 273 528 718 498 81.3 141

Y 3.73 3.56 15.2 14.0 11.2 16.2 9.61 8.81 109 153 17.0 23.7
Zr 81.8 84.5 84.8 98.1 119 94.9 83.2 118 59.7 103 106 150

Nb 3.26 3.20 10.8 103 8.64 11.6 9.58 10.5 10.0 9.10 13.6 144
Ba 812 776 702 903 902 726 599 649 1209 1348 141 248

La 144 123 31.2 51.9 22.7 305 157 36.4 319 46.7 254 23.0
Ce 283 24.6 68.0 86.0 49.6 67.7 168 703 68.3 85.8 42.0 51.9
Pr 33 2.87 8.92 8.89 6.51 9.05 111 7.78 8.83 9.71 4.19 7.05
Nd 11.7 104 321 294 23.0 324 275 271 32.1 345 125 26.1
Sm 1.71 1.61 5.27 4.53 3.74 5.19 327 4.14 498 5.70 1.93 494
Eu 0.630 0.600 0.910 0.890 0.780 0910 0.700 1.00 1.13 1.24 0.270 0.580
Gd 1.08 1.07 3.69 3.42 2.76 3.93 2.68 2.90 347 4.14 1.88 3.99
Tb 0.150 0.140 0.560 0.500 0.420 0.580 0.330 0.360 0.430 0.590 0.370 0.690
Dy 0.790 0.750 3.05 2.76 225 321 1.75 1.86 225 3.30 245 421
Ho 0.150 0.140 0.590 0.550 0.440 0.640 0370 0.350 0.400 0.630 0.610 0.900
Er 0.400 0.410 1.63 1.55 1.27 1.74 1.04 0.920 1.09 1.71 1.97 2.73
Tm 0.0700 0.0700 0.250 0.240 0.190 0.270 0.160 0.130 0.160 0.250 0.370 0470
Yb 0.480 0.460 1.67 1.53 131 1.77 1.13 0.930 1.04 1.63 291 3.30
Lu 0.0800 0.0800 0.250 0.240 0.200 0.270 0.180 0.160 0.160 0.250 0.520 0.550
Hf 233 2.42 2.81 3.03 3.51 297 293 3.63 1.77 3.00 4.10 5.16
Ta 0410 0.390 1.11 1.05 0.850 1.13 0.960 0.900 0.890 0.960 1.76 2.02
Pb 15.0 144 16.2 16.6 15.7 15.2 16.8 214 23.8 133 15.5 124
Th 4.14 4.02 8.18 13.7 24.6 9.93 58.5 16.9 6.93 124 359 343
U 0.800 0.910 1.97 1.97 3.06 1.73 6.65 447 1.52 2.63 6.41 497
La/Yb 299 27.0 18.7 339 17.3 17.3 140 392 30.6 28.6 8.73 6.96
Sr/Y 77.5 813 20.2 24.7 26.1 183 284 60.0 65.7 325 4.79 5.92
(La/Yb)n 214 193 134 243 124 124 100 28.1 220 20.5 6.26 5.00
Tz 724 733 731 748 755 739 730 748 694 734 754 778

Fe,05*: Total Fe,05; LOI: Loss on Ignition; Mg*: Mg?*/(Fe?™ + Mg?*) x 100; Ty;: Zircon saturation temperature.
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the Oligo-Miocene adakitic rocks are from Chung et al. (2003), Gao et al. (2007), Guan et al. (2012), Guo et al. (2007), Hou et al. (2004), Jiang et al. (2011), Xu et al. (2010) and Zhang et al.
(2010a). The fields of subducted oceanic crust-, delaminated lower crust-, and thickened lower crust-derived adakites are after Wang et al. (2006).

the IYTS (Fig. 7a; Xu and Castillo, 2004), thus precluding the possibility
that they were derived from the subducted Neo-Tethyan oceanic
crust (Fig. 7a). Moreover, their low Mg* (36.4-49.6) values and Ni
(0.8-4.5 ppm) and Cr (<7.4 ppm) contents are distinct from those
(Mg* > 47; Ni = 20-40 ppm and Cr = 30-50 ppm) of the subducted
oceanic slab-derived adakites (Martin, 1999).

Second, they could not have been generated by melting of an upper
mantle source metasomatized by slab-released melts in the Neo-

Tethyan subduction as proposed by Gao et al. (2007, 2010) for the
Oligo—Miocene adakitic rocks in southern Lhasa. Chung et al. (2009)
suggested that mantle sources were unlikely, given that there are no
mantle-derived mafic rocks associated with the Oligo-Miocene adakitic
rocks. Although the Napuri adakitic magmas are contemporary with
the Gangdese peak activities at ca. 50 Ma (e.g., Ji et al., 2009; Lee et al.,
2009, 2012; Wen et al., 2008a), their higher SiO, (66.4-73.9 wt.%) and
lower MgO (0.4-1.0 wt.%) and compatible element (Cr = 2.9-7.4 ppm;
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Fig. 5. (a) Chondrite-normalized rare earth element (REE) patterns and (b) primitive
mantle-normalized multi-element patterns of the Napuri granitoids.

Data for the Linzizong volcanic rocks are from Lee et al. (2012) and Mo et al. (2007). The
Oligo-Miocene adakites data are from Chung et al. (2003 ), Guo et al. (2007) and Hou et al.
(2004). The chondrite and primitive mantle normalization values are from Sun and
McDonough (1989).

Ni = 1.6-4.5 ppm) contents also do not accord with a mantle origin
(Martin et al., 2005). Their relatively enriched Sr-Nd isotopic composi-
tions also argue against such a source (Fig. 7a).

Third, the relatively high enq(t) and positive zircon eye(t) values
(ena(t) = +0.27 to 4+ 0.71; ege(t) zircon = + 3.6 to + 11.4) of the Napuri
adakitic rocks do not match the geochemical features (eng(t) < 3) of
adakitic rocks derived from subducted continental crust (Wang et al.,
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2008). The Napuri samples are also characterized by higher SiO, and
lower MgO and compatible element contents (Table 3) than subducted
continental crust-derived adakitic magmas (SiO,: 55-69 wt.%; MgO:
1.4-6.3 wt.%) that generally undergo interaction with the mantle
wedge peridotite during magma ascent (Wang et al., 2008).

Fourth, Group I and Group II adakitic rocks could not have been gen-
erated by high- or low-pressure crystallization from basaltic parental
magmas. Given that high-pressure crystallization involving garnet will
cause a decrease in HREE and Y contents, the Sr/Y and Dy/Yb ratios of re-
sidual magmas will increase with increasing SiO, contents (Macpherson
etal,, 2006). However, the Napuri adakitic rocks do not show such trends
in their chondrite-normalized rare earth element patterns (Fig. 6a) or on
Dy/Yb, (La/Yb)y and Sr/Y versus SiO, diagrams (Fig. 8d-f). The Group I
samples display obvious positive Eu and Sr anomalies (Fig. 5), indicating
that fractional crystallization of plagioclase did not play an important
role in their formation. In contrast, the Group Il samples show negligible
or slightly negative Eu and Sr anomalies (Fig. 5a), which may possibly be
produced by fractional crystallization of a substantial amount of plagio-
clase (e.g., Bédard, 2006; Bindeman and Davis, 2000) or the occurrence
of some residual plagioclase in the magmatic source. However, the
similar or higher Al,03 and Sr contents of Group II rocks suggest that
they could not have been generated by fractional crystallization of
plagioclase from magmas compositionally similar to Group I rocks. On
the other hand, amphibole generally favors middle and to a lesser extent
HREE relative to LREE (e.g., Brenan et al., 1995). However, as indicated by
the preservation of a strong positive correlation between (Dy/Yb)y and
(La/Yb)y (Fig. 9a), fractional crystallization of amphibole was not a sig-
nificant process for most Napuri samples. The amount of amphibole
that can be formed is limited by the Fe and Mg budget to a small mass
fraction (in the region of 20%), strongly reducing its potential effect
(Moyen, 2009). The low Fe,03* (total Fe,03) and MgO contents of the
Napuri rocks do not support significant fractional crystallization of
amphibole. In summary, fractional crystallization of amphibole and pla-
gioclase was not responsible for the adakitic affinities of the Napuri
Group I and Group Il samples.

Fifth, it is unlikely that magma mixing between felsic and basaltic
magmas can account for the Napuri adakitic rocks. Magma mixing gen-
erally requires mantle-derived basaltic and crust-derived felsic end-
members (e.g., Streck et al., 2007). In southern Lhasa, the candidates
for mantle-derived basaltic and crust-derived felsic end-members are
most plausibly represented by the 65-40 Ma Linzizong mafic magmas
(e.g., Lee et al,, 2012; Mo et al., 2007) and the synchronous (45-53 Ma)
Gangdese granites (e.g., Ji et al., 2009, 2012; Wen et al,, 2008a), respec-
tively. However, the eng(t) and eyg(t) values of the Napuri adakitic
rocks are lower than those of both the felsic and basaltic end-members,
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Fig. 6. (a) Y versus Sr/Y diagram and (b) Yby versus (La/Yb)y diagram for the Napuri intrusive rocks. Fields of adakite and arc magmatic rocks are from Defant and Drummond (1990) and
Petford and Atherton (1996). Crystal fractionation paths of the primary minerals are from Castillo et al. (1999). N denotes normalized to chondrite composition (Sun and McDonough,

1989). Data sources and symbols are the same as for Fig. 4.
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Table 4

Sr and Nd isotope data for the Napuri granitoids.
Sample Group 87Rb/%%sr 875135t + 20 (¥7Sr/%sr)i 147Sm/'*4Nd 1SNd/"Nd + 20 (">Nd/"4Nd)i ena(t) Tom (Ma)
PII-17 I 0.7794 0.706023 + 8 0.7055 0.0885 0.512605 + 7 0.5126 0.01 667
D0175 I 0.7840 0.705591 + 6 0.7051 0.0940 0.512629 + 7 0.5126 044 668
PIIl-04 Il 0.9565 0.705653 + 9 0.7050 0.0933 0.512593 + 7 0.5126 —0.27 710
PIII-05 I 1.079 0.765645 + 8 0.7649 0.0980 0512614 + 9 0.5126 0.11 711
PIII-08 Il 0.5419 0.705848 + 7 0.7055 0.0921 0.512600 + 8 0.5126 —0.11 693
PllI-16 Il 0.3287 0.705421 £ 9 0.7052 0.0937 0.512633 + 6 0.5126 0.52 661
D0182 Il 0.5563 0.705473 £ 11 0.7051 0.0999 0.512607 & 7 0.5126 —0.02 732
PIII-01 11 6.830 0.709819 + 7 0.7053 0.0931 0.512636 + 9 0.5126 0.58 654
PIII-02 I 3.196 0.707380 + 9 0.7053 0.1143 0512649 + 7 0.5126 0.71 775

87Rb/er and "¥7Sm/'*“Nd are calculated using whole-rock Rb, Sr, Sm and Nd contents in Table 3.

ena(t) = [(“BNd/"**Nd)gampie/(“**Nd/“*Nd)cur — 1] x 10,000. Toy =

11’1[ ( 143Nd/l 44Nd )sample

(]43Nd/144Nd )DM]/[ (143Sm/144Nd )samp]e -

(147SmM/144Nd)pm]/N (DePaolo, 1988).

In the calculation, (*3Nd/*Nd)cur = 0.512638, (*4Sm/"“Nd)crur = 0.1967, (*43Nd/™Nd)py = 0 - 51,315, (*47Sm/™*Nd)py = 0 - 2136 and t = 48 Ma.

and the lack of corresponding changes in exq(t) and (87Sr/2Sr); values
with increasing SiO, and '4’Sm/'*Nd values (Fig. 8g-i), are inconsistent
with the magma mixing model (e.g., Streck et al.,, 2007).

Finally, the Napuri adakitic rocks are also unlikely to have been pro-
duced by melting of the Gangdese Jurassic-Eocene granitoids as pro-
posed by Pan et al. (2012) and Zhang et al. (2010a). Adakitic rocks

derived from partial melting of granodioritic crust, as reported by
Kamei et al. (2009), should be peraluminous, which is inconsistent
with the features of the Napuri adakitic rocks (Fig. 4d). In addition, the
relatively low eng(t) and ey¢(t) isotopic values of the Napuri adakitic
rocks compared to Gangdese Jurassic-Eocene granitoids (e.g., Ji et al.,
2009, 2012; Wen et al., 2008a) further rules out this possibility. The

Table 5
Zircon Hf isotope data for the Napuri granitoids.
Spot number 176yh /1 T7HE 20 17610/ 7THE 20 T76Hf/ 1 TTHE 20 enr(t) 20 Tpm (Ma)
PIII-2 (1) 0.043615 0.000737 0.001819 0.000020 0.282963 0.000025 7.7 0.9 418
PIlI-2 (2) 0.043063 0.000880 0.001810 0.000036 0.283011 0.000028 9.7 1.0 348
PIII-2 (3) 0.097662 0.003056 0.004119 0.000125 0.282981 0.000024 8.9 0.9 419
PIII-2 (4) 0.071793 0.003759 0.002823 0.000136 0.283016 0.000031 9.6 11 351
PIII-2 (5) 0.043170 0.000569 0.001972 0.000041 0.282946 0.000030 75 11 445
PIII-2 (6) 0.054974 0.002284 0.002261 0.000081 0.282937 0.000032 6.8 11 462
PllI-2 (7) 0.043352 0.000212 0.001798 0.000009 0.282968 0.000023 8.1 0.8 411
PIII-2 (8) 0.058069 0.000673 0.002315 0.000023 0.282909 0.000019 58 0.7 504
PIII-2 (9) 0.046506 0.001309 0.001992 0.000038 0.282853 0.000052 39 1.8 581
PIlI-2 (10) 0.038997 0.000600 0.001596 0.000022 0.282935 0.000029 6.7 1.0 456
PIII-2 (11) 0.050217 0.000834 0.002049 0.000031 0.283031 0.000032 10.1 11 322
PIII-2 (12) 0.045445 0.001610 0.001886 0.000057 0.282981 0.000031 84 1.1 393
PIII-2 (13) 0.049949 0.001956 0.002028 0.000066 0.28291 0.000028 6.0 1.0 498
PIlI-2 (14) 0.076458 0.001864 0.002991 0.000072 0.282991 0.000027 8.7 1.0 390
PIII-2 (15) 0.050989 0.001301 0.002104 0.000048 0.28299 0.000025 8.6 0.9 382
PIII-2 (16) 0.046798 0.000409 0.001872 0.000025 0.282983 0.000025 85 0.9 390
D0182 (12) 0.061874 0.002650 0.002396 0.000105 0.283057 0.000028 111 1.0 287
D0182 (11) 0.053181 0.000735 0.001908 0.000020 0.282937 0.000026 6.8 0.9 458
DO0182 (10) 0.039730 0.000218 0.001595 0.000006 0.282974 0.000021 8.1 0.7 401
D0182 (9) 0.029830 0.000475 0.001209 0.000019 0.282886 0.000025 5.1 0.9 521
D0182 (8) 0.075670 0.000691 0.002928 0.000026 0.282979 0.000023 83 0.8 408
DO0182 (7) 0.042775 0.000649 0.001763 0.000019 0.283022 0.000026 9.9 0.9 332
D0182 (6) 0.041469 0.000289 0.001555 0.000009 0.282965 0.000026 78 0.9 413
D0182 (5) 0.056032 0.001628 0.002388 0.000056 0.282966 0.000025 7.8 0.9 421
DO0182 (4) 0.028257 0.000309 0.001065 0.000012 0.282961 0.000021 7.7 0.8 413
D0182 (3) 0.058881 0.000767 0.002304 0.000026 0.283003 0.000030 9.2 1.1 365
D0182 (2) 0.037526 0.000800 0.001464 0.000033 0.282941 0.000029 7.0 1.0 446
D0182 (1) 0.075988 0.000693 0.002585 0.000020 0.282964 0.000030 78 11 426
DO0175 (12) 0.051298 0.000627 0.001856 0.000021 0.282876 0.000027 4.6 1.0 545
D0175 (11) 0.048167 0.000631 0.001870 0.000021 0.282938 0.000029 6.8 1.0 456
D0175 (10) 0.040364 0.000202 0.001590 0.000007 0.282939 0.000024 6.9 0.9 451
DO0175 (9) 0.050422 0.000145 0.001973 0.000004 0.282953 0.000020 74 0.7 435
D0175 (8) 0.023672 0.000197 0.000861 0.000009 0.283067 0.000024 114 0.8 261
D0175 (7) 0.056459 0.000357 0.002124 0.000014 0.282933 0.000020 6.6 0.7 467
D0175 (6) 0.040760 0.000299 0.001494 0.000010 0.282858 0.000023 4.0 0.8 565
DO0175 (5) 0.048807 0.000767 0.001811 0.000027 0.282847 0.000024 36 0.9 587
D0175 (4) 0.056787 0.000519 0.002135 0.000018 0.282963 0.000020 7.7 0.7 422
D0175 (3) 0.026097 0.000432 0.001104 0.000017 0.282933 0.000023 6.7 0.8 453
D0175 (2) 0.039195 0.000262 0.001431 0.000009 0.282878 0.000021 4.7 0.8 536
D0175 (1) 0.054009 0.001185 0.001938 0.000041 0.283008 0.000020 93 0.7 355

enr(t) = [V7OHE/ 77HE,/ THE/ T He cun(t)
77HE,) /(V7SLu/V T Hepy —

(Soderlund et al., 2004); "75Hf/'7"Hfppp = 0.28325; '75Lu/!""Hfppy = 0.0384; present-day '7SHf/!7"Hf yur(0) = 0.282772; 7SHf/'"Hf yur = 0.0332; V7SHf/'77HIE = 0.015.

— 1] x 10,000; "7°Hf/""Hfcyyur(t) =

T78HE/" " Hecur(0) —

7800/ g x (€N —

1). Tom = (1/N)

x In[1 + ("SHf/ " Hfpy —

176Hf/

176Lu/"7"Hf,)]; where £, fzircon and oy are the fi, ¢ values of the continental crust, zircon sample and the depleted mantle; subscript Z = analyzed zircon
sample, CHUR = chondritic uniform reservoir; DM = depleted mantle; T = 48 Ma, mean age of the Napuri granitoids; N\ = 1.867 x 10~'! year™!, decay constant of '”°Lu
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Cenozoic (Oligo-Miocene) adakitic rocks (Gao et al., 2010; Guan et al.,, 2012; Guo et al.,
2007; Hou et al., 2004; Ji et al.,, 2012; Jiang et al.,, 2012; Xu et al., 2010; Zhang et al.,
2010a); the Amdo orthogneiss (Harris et al, 1988); sample NL-07 (leucogranite,
representing the Himalayan sediments (Nd = 11.1 ppm, eng(t = 47 Ma) = —15.9, Sr =
89.0 ppm, (37Sr/%5Sr); = 0.7372) (Guo and Wilson, 2012). Data sources for (b): Hf isotopic
results of Late Cretaceous adakites (Ma et al., 2013a); fields of Hf-Nd isotopic data for Indian
Ocean MORB, OIB and mantle array (Chauvel and Blichert-Toft, 2001; Ingle et al., 2003).

Group I samples are also characterized by positive Eu and Sr anomalies,
which contradicts a model of partial melting of arc-type tonalites with
amphibole and plagioclase as residual phases (Kamei et al., 2009).

In view of the above discussion, and the observation that the high K,0
contents, low MgO, Cr, Ni contents and Mg* values of the Napuri adakitic
rocks are similar to those of thickened lower crust-derived adakitic melts
(Fig. 4; Atherton and Petford, 1993; Chung et al., 2003; Wang et al.,
2007), we suggest that the Napuri adakitic rocks were most probably
generated by partial melting of the continental mafic lower crust.

Given that garnet is the only rock-forming mineral that can substan-
tially fractionate middle REE from heavy REE, Huang and He (2010) sug-
gested that high (Dy/Yb)y ratios best reveal the involvement of garnet.
Moreover, as Dggg values increase with atomic numbers, garnet is
the only rock-forming mineral that can substantially enhance both
(La/Yb)n and (Dy/Yb)yn (or (Gd/Yb)y) of magmas (e.g., Klein et al.,
2000). Thus, the positively correlated high (Dy/Yb)y and (La/Yb)y ratios
(Fig. 9a) suggest a dominant role of garnet in the REE fractionation of the

Napuri samples during partial melting. Experimental studies (e.g., Rapp
et al., 2003 and references therein) have also shown that mafic crustal
rocks can melt to produce adakitic liquids at sufficient depths (>40 km,
i.e., ~1.2 GPa) for garnet to be stable within the residual assemblage
(e.g., garnet-amphibolite, amphibole-bearing eclogite and/or eclogite).

Therefore, the Napuri adakitic rocks (Groups I and II) were most
likely generated by partial melting of mafic lower crust in the garnet sta-
bility field. The Group Il samples, however, show higher REE (especially
HREEs) and Y contents than Group I and slightly negative Eu anomalies
(Fig. 5a). As mentioned above, Group Il rocks display similar or higher
Al,05 and Sr contents than the Group I rocks and could not have been
generated by fractional crystallization of plagioclase from magmas com-
positionally similar to Group I rocks. Thus, we suggest that the Group I
rocks were generated from a magmatic source with residual garnet
but no plagioclase (i.e., an eclogitic source), whereas Group II rocks
were most probably derived from a magmatic source with residual pla-
gioclase and garnet (i.e., a garnet-amphibolitic source). This implies that
the two groups of rocks were derived from crustal source rocks at differ-
ent depths. The Napuri Group I adakitic rocks were probably derived
from lower degree melting of a deeper lower crustal source (an amphi-
bole eclogite), whereas the Group Il rocks may have originated from a
garnet-amphibolite with higher degrees of melting, consistent with
their insignificant negative Eu and Sr anomalies (Fig. 5a; Table 3). In
addition, the Napuri Group I rocks have REE and multi-elemental pat-
terns and positive Eu anomalies similar to those of the Oligo-Miocene
adakitic rocks in southern Lhasa (Fig. 5), indicating that they may
have been derived from similar crustal sources at similar depths.

5.1.2. Group IIl rocks

The Group III rocks are characterized by the highest SiO,
(74.5-76.0 wt.%) and HREE contents and the lowest (La/Yb)y (5.0-6.3)
and Sr/Y (4.8-5.9) ratios with significant negative Eu and Sr anomalies
(Fig. 5), which are obviously different from the Group I and Group II
adakites (Figs. 5 and 6). Although the Group III rocks have geochemical
compositions in common with widespread non-adakitic Gangdese gran-
itoids, their association with adakitic rocks, and similar petrographic and
outcrop characteristics, suggests that the genesis of Group IIl rocks prob-
ably differed from that of common Eocene Gangdese granitoids. Group
Il rocks were sampled from the central part of the Napuri intrusion
(Fig. 1c). In addition, they display Sr-Nd-Hf isotopic compositions
similar to the Group I and Group II rocks (Fig. 7), which also suggests a
shared magmatic source. Here, we propose that they were produced
by substantial amounts of fractional crystallization of plagioclase from
a parental magma similar that of Group I rocks, owing to their higher
SiO, contents and obvious Eu and Sr anomalies (Fig. 5). A simple frac-
tional crystallization model indicates that melts of Group I rocks could,
via ca. 10% plagioclase fractional crystallization, generate the distinctive
geochemical characteristics (e.g., low Sr/Y values, negative Eu anomalies
and REE pattern) of the Group III rocks (Fig. 9b and c). Moreover, plagio-
clase crystals with diameters greater than 1 cm in the Napuri rocks
also support the possibility of fractional crystallization. Nonetheless,
we do not suggest that the common Eocene Gangdese granitoids were
generated by such a mechanism.

In summary, the Group I and Group II Napuri adakitic rocks were
generated by partial melting of amphibolite eclogites or garnet amphib-
olites in the garnet stability field (i.e. thickened juvenile continental
mafic lower crust), and the Napuri Group Il rocks were probably gener-
ated by fractional crystallization of plagioclase from amphibolite
eclogite- or garnet amphibolite-derived adakitic magmas.

5.2. Slab breakoff and crustal thickening

5.2.1. Early Eocene Neo-Tethyan slab break-off

The Napuri adakitic rocks were emplaced in the Early Eocene
(ca. 48 Ma), coinciding with the peak Gangdese magmatic activities
at ca. 50 Ma (Chung et al., 2005; Ji et al., 2009, 2012; Lee et al., 2009,
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(2012). Data sources and symbols are the same as for Fig. 4.

2012; Wen et al., 2008a). Here we use the slab break-off model to ac-
count for both the formation of the Napuri adakitic rocks and the asso-
ciated magmatic “flare-up” event (e.g., Chung et al., 2005; Ji et al.,
2009, 2012; Lee et al., 2009, 2012; Wen et al.,, 2008a; Zhu et al., 2011).

When two continents collide, the tensile stresses between the buoy-
ant continental lithosphere and previously subducted oceanic litho-
sphere lead to the separation of the oceanic slab from the continental
lithosphere (e.g., Davies and von Blanckenburg, 1995; van Hunen and
Allen, 2011; von Blanckenburg and Davis, 1995). Slab break-off typically
occurs in the early stages of continental collisions (von Blanckenburg
and Davis, 1995), and can place important constraints on associated col-
lision dynamics (van Hunen and Allen, 2011). Timing and other details
of the Neo-Tethyan slab break-off in the India-Asia collision belt have
long been an issue of hot debate (e.g., Chung et al.,, 2005; Ji et al.,
2009, 2012; Lee et al.,, 2009, 2012; Wen et al., 2008a; Xu et al., 2008;
Zhu et al,, 2013). The following lines of evidence support the argument
that the Neo-Tethyan slab break-off probably took place in the Early
Eocene (ca. 51-46 Ma).

First, slab break-off has an intrinsic preference to start with a narrow
slab window between the continent and the subducted oceanic
slab, which would result in a linear magmatic belt (Davies and von
Blanckenburg, 1995). Previous geochronological investigations indicate
that the Paleocene-Eocene Gangdese magmatic intrusive rocks and
Linzizong Formation volcanism were synchronous and represent an
episode of intense magmatism confined to a narrow zone on the south-
ern margin of the Lhasa block (Fig. 1a; e.g., Ji et al,, 2009, 2012; Lee et al.,
2009, 2012; Mo et al,, 2007; Wen et al., 2008a).

Second, the upwelling of asthenosphere during slab break-off can
trigger the formation of a variety of magmas, especially tholeiitic basal-
tic magma (e.g., von Blanckenburg and Davis, 1995; Xu et al., 2008),
which would contribute to the Cenozoic “flare-up” of mafic to felsic
arc magmatic rocks in southern Tibet (e.g., Chung et al., 2005; Lee
et al., 2009; Mo et al., 2007). For example, low-K tholeiitic basalts, gen-
erated by decompression melting of the asthenosphere, have been iden-
tified in the Pana Group (the upper Linzizong Formation, ca. 50-43 Ma)
(Lee et al.,, 2012), which is consistent with the slab break-off model. The



L. Ma et al. / Lithos 196-197 (2014) 321-338 333

Eu/Eu*
1000
—@®— 10% plagioclase fractional crystallization
sample PIII-2 (GrouplIl)

100 H

Sample/chondrite

C
Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

G .
La Ce Pr Nd
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detachment of the Neo-Tethyan slab and asthenosphere upwelling
through the slab window would also provide a large amount of heat
for the partial melting of thickened mafic lower crust to generate the
Napuri adakitic rocks.

Third, dynamic modeling of slab detachment predicts that delay
times between the first continental collision and the occurrence of
slab break-off range from 10 to 20 m.y. (van Hunen and Allen, 2011).
Thus, if break-off of the Neo-Tethyan slab occurred at ca. 51-46 Ma
in southern Lhasa, the time at which the Indian continent arrived at
the trench (i.e., closure of the Neo-Tethys Ocean) can be estimated at
65-55 Ma. This is consistent with a number of observations. Detailed in-
vestigation of upper Cretaceous strata in the Tethys Himalaya also indi-
cated that the initial contact between India and Asia occurred during the
Maastrichtian (~70-65 Ma) (Cai et al., 2011). The magnetic anomalies
on the Central Indian Ridge and Southeast Indian Ridge (Sclater and
Fisher, 1974) and palaeomagnetic data (e.g., Lee and Lawver, 1995;
White and Lister, 2012) both indicate an India-Eurasia collision in the
Paleocene epoch (65-55 Ma). In addition, slab detachment commonly

causes a decrease in convergence rates (e.g., Chung et al., 2005; Lee
and Lawver, 1995). The deceleration of the Indian continent relative to
Eurasia occurred approximately 50 Ma (e.g., Molnar and Stock, 2009;
White and Lister, 2012), broadly coeval with a break-off of the
Neo-Tethyan slab at ca. 51-46 Ma.

Fourth, the slab break-off would have led to the cessation of
Gangdese arc magmatism and a substantial amount of topographic
uplift, similar to that of modern Central America (Rogers et al., 2002).
The magmatic quiescence at ca. 45-30 Ma following the Gangdese
magmatic peak at ca. 50 Ma probably marked the termination of the
Neo-Tethyan oceanic slab subduction (e.g., Chung et al., 2005; Wen
etal., 2008a). In addition, an Early Eocene Neo-Tethyan slab breakoff, in-
volving concomitant topographic uplift in southern Tibet (Chung et al.,
2005; Kohn and Parkinson, 2002), is consistent with voluminous Early
Eocene sediments eroded from the uplifted orogeny in the Bengal
basin (Alam et al., 2003).

In summary, the Napuri intrusive rocks were likely produced by
partial melting of the mafic lower crust, which was triggered by the
upwelling of asthenosphere through the slab window during the
break-off of the Neo-Tethyan slab (Fig. 10). In addition, the slab de-
tachment marked the end of the Neo-Tethyan oceanic subduction
(e.g., Xu et al,, 2008).

5.2.2. Implications for crustal thickening

The adakites defined by Defant and Drummond (1990) are character-
ized by andesitic—felsic igneous rocks with high Sr and LREEs and low Y
and HREEs and high Sr/Y and La/YDb ratios (Castillo, 2012; Martin et al.,
2005). These distinctive geochemical features are considered to result
from hydrous partial melting of subducted oceanic crust with residual
garnet but no plagioclase in the source (Defant and Drummond, 1990).

Recent studies have shown that adakitic rocks can alternatively
be generated by partial melting of mafic lower crust (Atherton and
Petford, 1993; Chung et al., 2003, 2009; Wang et al., 2007) but the de-
pletion in Y and Yb requires deep crustal melting with garnet as a stable
residual phase in their sources (e.g., Atherton and Petford, 1993; Chung
et al., 2003, 2009; Wang et al., 2007). Thus, such lower crust-derived
adakitic rocks have the potential of tracing the presence of anomalously
thick continental crust under the Tibetan plateau (e.g., Chung et al.,
2003, 2005, 2009; Guan et al,, 2012; Guo et al., 2007; Hou et al., 2004,
2012; Ji et al., 2012 and references therein), and even Cretaceous pla-
teau formation in eastern China (e.g., Zhang et al., 2001). However,
some researchers have debated whether an overthickened crust and
eclogite residue are necessary for producing adakitic magmas in such
a tectonic setting (Ma et al., 2012; Moyen, 2009; Qian and Hermann,
2010). Although numerous melting experiments have demonstrated
that partial melting of mafic rocks at 10-38 kbar will generate adakitic
melts (e.g., Rapp and Watson, 1995; Rapp et al., 1999, 2003; Xiong,
2006; Xiong et al., 2005, 2009), batch melting modeling indicates
that high Sr/Y sources (e.g., the lower crust) could also yield melts
with similar high Sr/Y ratios at pressures as low as 5-10 kbar (Ma
et al., 2012; Moyen, 2009). Therefore, the significance of the Cenozoic
adakitic rocks for crustal thickening in southern Tibet must be carefully
evaluated.

Moyen (2009) suggested that high Sr/Y sources could theoretically
produce high Sr/Y melts at low pressures (5-10 kbar). Although the
presence of residual plagioclase was discussed, effects such as fractional
crystallization of plagioclase were not considered in the Moyen (2009)
paper. Since plagioclase has high (>2) Kds for Sr (e.g., Blundy et al.,
1998; Mckenzie and O'nions, 1991), its fractional crystallization would
effectively lower the Sr contents and thus the Sr/Y ratios of the melts.
Therefore, partial melting of a high Sr/Y source will often not result
in volcanic or plutonic rocks with high Sr/Y ratios. In addition, a high
Sr/Y source must also have high La/YD ratios to generate adakite-like
melts with high La/Yb ratios. Moyen's (2009) model has not yet been
corroborated by any experimental work. Qian and Hermann (2013)
suggested that partial melting of lower crust at 10-15 kbar could
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Fig. 10. A suggested model for the formation of the Early Eocene igneous rocks in the southern Lhasa area.

generate adakitic melts but that pressure range corresponds to depths
of 30-50 km, thicker than normal continental crust (ca. 30 km,
Christensen and Mooney, 1995).

A full accounting of the abundance and inter-element characteristics
of trace elements in metabasalt partial melts depends on trace element
partitioning between several residual minerals and the melts. As a re-
sult, the trace element characteristics of adakitic rocks provide the
best constraint on their source mineralogy (Xiong, 2006; Xiong et al.,
2005, 2009). HREE are depleted in adakitic magmas derived from
subducted slabs because of the presence of residual garnet, which is
rich in HREEs, whereas high Sr contents and positive Eu and Sr anoma-
lies indicate no or only minor plagioclase in the residual source (Moyen,
2009; Rapp and Watson, 1995). Garnet is thus a necessary residual
mineral for the low HREE and Y contents of adakitic magmas (Defant
and Drummond, 1990; Martin, 1999).

Experimental results also have demonstrated that only the presence
of residual rutile explains the negative Nb-Ta anomalies in adakitic
rocks. Therefore, in addition to garnet, rutile is another key residual
mineral (Nair and Chacko, 2008; Xiong, 2006; Xiong et al., 2005). Exper-
imental work indicates that garnet is stable at pressures higher
than ~1.0 GPa (Green, 1982), and rutile is stable at pressures higher
than ~1.5 GPa (Xiong et al., 2005). Thus, the depth requirement for
the presence of both residual garnet and residual rutile is over 50 km
(Xiong et al., 2005) (Fig. 11).

Generally, the lower crust has higher Sr/Y ratios and more depleted
Nb and Ta contents than mid-ocean ridge basalts (MORB) (Moyen,
2009; Qian and Hermann, 2013; Rudnick and Gao, 2003), which make
it difficult to constrain the formation conditions of adakitic magmas
(Xiong et al., 2011). In addition, the stability of plagioclase is very sensi-
tive to H,O content and the breakdown of plagioclase with increasing
pressure is a progressive process. Its stability pressure is lower than
1.0 GPa (corresponding to a depth of ~33 km) in the presence of a
hydrous fluid, but is up to 1.5-1.8 GPa (corresponding to depths of
~50-60 km) in the case of dehydration melting (e.g., Green, 1982;
Rapp and Watson, 1995; Rapp et al., 1999, 2003; Xiong et al., 2011).
Therefore, whether residual rutile, garnet and plagioclase occur in the
source is the critical factor for constraining the pressure and depth of
adakitic melt generation.

The Cenozoic adakitic rocks in southern Lhasa have intermediate to
silicic compositions (SiO, = 56-75 wt.%) (e.g., Chung et al., 2003; Hou
et al,, 2004; Gao et al., 2007; Guo et al., 2007 and this study). Experi-
ments from 0.3 to 3.2 GPa and 700 to 1150 °C show that the partial

melts of intermediate-felsic rocks are characterized by consistently
high SiO, contents (>70 wt.%, Xiong et al., 2011). Thus, to account for
the full compositional range of the Cenozoic adakitic rocks in southern
Lhasa it is necessary that the partial melts were derived from the
mafic lower crust. In addition, both Group I Napuri adakitic rocks and
some Cenozoic adakitic rocks in southern Lhasa are characterized by
positive Eu and Sr anomalies (Fig. 5) (Chung et al., 2003, 2009; Guo
et al,, 2007; Hou et al., 2004, 2012), indicating that plagioclase was not
a residual phase in the source regions of these adakitic rocks.

Xiong et al. (2011) used the SiO, versus TiO, plot to determine
whether these adakitic magmas were saturated with TiO, based on
experimental data (Rapp and Watson, 1995; Xiong et al., 2005, 2011).
Almost all Napuri adakitic rocks plot within the experimental TiO,
saturation field (Fig. 12), which suggests that the adakitic magmas
were saturated in TiO,. Nb and Ta fractionation is governed by Ti-
enriched minerals (Prowatke and Klemme, 2005). REEs are incompati-
ble in rutile, ilmenite and Ti-magnetite (Prowatke and Klemme, 2005;
Xiong et al., 2005). However, these elements are compatible in titanite
(Prowatke and Klemme, 2005). Therefore, among Ti-enriched phases,
only rutile has the ability to cause a significant decrease in Nb/La in
the melt. Garnet is a mineral rich in HREE or Yb, but depleted in light
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Fig. 11. Phase diagram for continental lower crust with hydrous metabasalt systems.
Data sources: Xiong et al. (2005, 2011), Rapp and Watson (1995) and Nair and Chacko
(2008).
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REE or La. Its ability to fractionate La/Yb greatly exceeds that of
clinopyroxene and amphibole, and thus an increase in the amount of
residual garnet would lead to an increase in La/Yb in the melt. The
Napuri adakitic rocks show higher La/Yb (17.3-140, mean = 38.3)
and lower Nb/La (0.06-0.38, mean = 0.26) ratios than those (La/Yb =
0.85-8.36, mean = 4.19; Nb/La = 0.20-0.89, mean = 0.37) of the
Cretaceous mafic intrusive rocks, which were suggested to represent
the mafic lower crust beneath southern Lhasa (Ma et al., 2013b,c). Col-
lectively, these observations suggest that the Early Eocene Napuri
adakitic rocks were derived from source regions with rutile and garnet
as the residual minerals, and thus the Early Eocene crustal thickness in
southern Lhasa was greater than 50 km (Fig. 11).

Although Early Eocene (Ji et al., 2012 and this study) and Late Creta-
ceous (Wen et al.,, 2008b) thickened crust-derived adakitic rocks have
previously been recognized in southern Lhasa, different mechanisms
were likely involved for the Mesozoic and Cenozoic crustal thickening
events. The Mesozoic thickened continental lower crust was mainly
formed by the underplating of basaltic magmas related to Neo-
Tethyan subduction (e.g., Chung et al., 2009; Dong et al., 2008; Ma
et al., 2013b,c; Mo et al., 2007; Wen et al., 2008b). Compared with
these Mesozoic crust-derived adakitic rocks (Wen et al., 2008b), the
Cenozoic crust-derived adakitic rocks show more enriched Nd-Hf
isotopic compositions (Fig. 13a, b) similar to the central Lhasa and the
Himalayan basement (e.g., Zhu et al., 2011). The Napuri granitoids,
however, are located in the southern Lhasa (Fig. 1), where the
Jurassic-Cretaceous (ca. 180-70 Ma) igneous rocks and coeval (ca. 50)
gabbros and basalts are characterized by depleted Sr—Nd-Hf isotopic
compositions (e.g., Chu et al., 2006; Dong et al., 2008; Ji et al., 2009;
Mo et al., 2007, 2008; Wen et al., 2008a, 2008b), indicating that south-
ern Lhasa has a juvenile middle-lower crust that was not a suitable
source for the Napuri adakitic rocks. Conversely, there is abundant geo-
physical data that indicates that the Indian continental lithosphere has
subducted beneath the Qiangtang block (e.g., Nabélek et al., 2009;
Owens and Zandt, 1997; Schulte-Pelkum et al., 2005) and the Indian
crust can be traced to 31°N (Nabélek et al., 2009). Thus, we propose
that the enriched isotopic component of Cenozoic crust-derived adakitic
rocks results from a significant involvement of the Indian continental
crust. Moreover, the most recent study on the Paleocene (~62 Ma)
lower crust-derived adakitic rocks in the southern Lhasa block suggests
that an enriched Indian crustal component had entered the lower crust
beneath the southernmost Lhasa block and that the initial collision be-
tween the Indian and Asian blocks had already taken place at that
time (Jiang et al,, 2014). Thus, the Cenozoic crustal thickening processes
beneath southern Lhasa probably involved at least three mechanisms:
i) the indentation of India that caused distributed lithospheric thick-
ening with the formation of an orogenic root beneath southern Tibet
(Chung et al., 2009); ii) underplating of contemporary and earlier
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Fig. 13. Plot of (a) ena(t), (b) ene(t)zircon and (c) La/Yb versus U-Pb ages for the Creta-
ceous and Cenozoic adakitic rocks in southern Lhasa. Data for the 62 Ma and 152 Ma
adakitic rocks are from Jiang et al. (2014) and Wei et al. (2007), respectively. Other data
sources are the same as for Fig. 4.

basaltic magmas that generated the juvenile mafic lower crust (e.g.,
Guan et al, 2012; Lee et al., 2009, 2012; Ma et al., 2013b,c; Mo
et al., 2007); iii) melt input from the subducted Indian continental
materials as indicated by the significantly decreased Nd-Hf isotopic
composition of the magmatic rocks (Chu et al., 2011; Ji et al., 2012).
Along the Andean convergent margin, good correlations have been
documented between the REE contents of arc lavas and crustal thickness
(e.g., Haschke et al., 2002). Thus, the maximum light/heavy REE ratios
have been used to infer the maximum thickness of the Tibetan crust
and constrain its evolution (e.g., Chung et al,, 2009). Changes in these ra-
tios may be caused by complex petrogenetic processes, including magma
mixing, crystal fractionation and upper crustal contamination, in addi-
tion to partial melting with residual lower crust garnet that provides a
first order control on the REE patterns by retaining heavy REE and Y
(Martin, 1999). Accordingly, the sudden changes in (La/Yb)y ratios and
ena(t) values of adakitic rocks in southern Lhasa at ca. 51-46 Ma indicate
that the Cenozoic crustal thickening occurred no later than the Early
Eocene (ca. 51-46 Ma), and was associated with the Indian collision
(Fig. 13). The enriched isotopic compositions of the Napuri adakitic
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rocks in southern Lhasa also indicate that the Indian crust had already
been subducted beneath the Asian continent by the Early Eocene.

6. Conclusions

The Napuri intrusive rocks were emplaced in the Early Eocene
(49-46 Ma), simultaneous with the Early Eocene (ca. 50 Ma) magmatic
“flare-up” in southern Lhasa. The Napuri adakitic rocks (Groups I and II)
were generated by partial melting of amphibolite eclogites or garnet
amphibolites with garnet + rutile £ plagioclase as residual minerals
in the source at > 1.5 GPa, corresponding to depths of >50 km, and
the Napuri Group III rocks were probably generated by fractional
crystallization of plagioclase from the adakitic magmas. Asthenosphere
upwelling triggered by breakoff of the subducted Neo-Tethyan slab is
proposed to have provided the required heat for lower crustal melting.
Together with the sudden changes in elemental and isotopic composi-
tions of the Gangdese adakites, the results of this study demonstrate
that the Cenozoic crustal thickening associated with India's collision
with Eurasia began by the Early Eocene (ca. 51-46 Ma).
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