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The Nyingchi complex, forming the eastern segment of the Gangdese

magmatic arc, occurs within the southern Lhasa terrane in south

Tibet, and is composed dominantly of plutons and their metamor-

phosed equivalents.Together with some metasedimentary units these

rocks record multiple Mesozoic and Cenozoic magmatic and meta-

morphic events during northward subduction of Neo-Tethyan oceanic

lithosphere beneath the Eurasian continent. Petrological and geo-

chronological studies reveal that the Nyingchi complex experienced

intense Paleocene subduction-related magmatism and almost

synchronous granulite-facies metamorphism accompanied by the for-

mation of S-type granites. Subduction-related I-type granitoids

show geochemical features typical of continental magmatic arcs;

zircon separates from them yield 206Pb/238U ages from c. 65 to c.

56 Ma, and commonly display positive eHf(t) values ranging from

�1·7 to þ13·0.The occurrence of magmatic epidote, as well as the

syn-intrusion high-grade metamorphism, indicates that the plutons

were emplaced at middle to lower crustal depths within the Lhasa

terrane. Associated S-type granitoids are peraluminous and contain

garnet and muscovite; their zircons yield 206Pb/238U ages ranging

from c. 66 to c. 55 Ma, and these have distinct but mostly negative

eHf(t) values from �18·4 to þ2·1.The zircons from the associated

metasedimentary rocks include both detrital and metamorphic types;

the detrital zircons yielded variable inherited 206Pb/238U ages ran-

ging from c. 2910 to c. 235 Ma, constraining the maximum deposi-

tional age to the Triassic. The metamorphic zircons from the

metaplutonic and metasedimentary rocks yielded ages from c. 67 to

52 Ma. Phase equilibria modeling shows that the Nyingchi complex

experienced peak granulite-facies metamorphism and partial melting

under conditions of 800^8308C and 9^10·5 kbar, and then cooled

isobarically to c. 7008C in the lower crust at depths of430 km.We

argue that rollback of the flat-subducted Neo-Tethyan oceanic slab

during Early Paleogene times resulted in a contractional orogeny

and intrusion of voluminous mantle-derived magmas, which caused

large-scale crustal heating, partial melting and granulite-facies

metamorphism within the deep crust of the Gangdese arc. The

Nyingchi complex represents the exposed lower crust of the Gangdese

magmatic arc, and links the granulite-facies metamorphism with si-

licic magmatism and crustal growth during Paleocene arc accretion.
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I NTRODUCTION

The present-day formation of new continental crust is, in

general, attributed to magmatic processes at active contin-

ental margins and within intra-plate settings (Jagoutz

et al., 2007). Nearly 80^95% of the post-Archean continen-

tal crust is considered to have formed by processes similar

to those taking place in present-day subduction zones

(Taylor & McLennan, 1985; Schubert & Sandwell, 1989;

Rudnick, 1995; Barth et al., 2000; Daczko et al., 2002;

Garrido et al., 2006; Dhuime et al., 2007, 2009; Jagoutz

et al., 2007). Therefore, investigations on subduction zone

processes provide important clues to understanding the for-

mation of the continental crust. Although magmatic intru-

sive rocks in upper and middle crustal sections have been

extensively studied, our understanding of crust formation

is hampered by the scarcity of data concerning deep crustal

processes. Accordingly, understanding deep-seatedmagma-

tismandmetamorphism inactivecontinentalmargins is cru-

cial to evaluate continent building processes (e.g. Cawthorn

& O’Hara, 1976; Taylor & McLennan, 1985; Hildreth &

Moorbath, 1988; Rudnick, 1995; Mu« ntener et al., 2000;

Jagoutz et al.,2007,2011; Jagoutz&Schmidt,2012).

As part of the Himalayan^Tibetan orogen, the southern

Lhasa Terrane has been widely accepted as a Mesozoic

Andean-type convergent margin associated with the

northward subduction of Neo-Tethyan oceanic lithosphere

and an archetype of a Cenozoic collisional orogen related

to India^Asia collision (Alle' gre et al., 1984; Coulon et al.,

1986; Yin & Harrison, 2000; Mo et al., 2005; Aitchison

et al., 2011; Xia et al., 2011; Pan, G. T., et al., 2012; Zhang &

Santosh, 2012; Zhu et al., 2012). To better understand the

complex orogenesis, most previous studies have focused on

the Mesozoic and Cenozoic magmatic rocks in this

region, which form huge, multiple volcanic^plutonic arcs,

cored by the Kohistan^Ladakh and Gangdese (Trans-

Himalayan) batholiths (e.g. Honegger et al., 1982; Burg &

Chen, 1984; Scha« rer et al., 1984; Debon et al., 1986; Harris

et al., 1988;Weinberg & Dunlap, 2000; Rolland et al., 2002;

Schaltegger et al., 2002; Bignold & Treloar, 2003; Chung

et al., 2003, 2005, 2009; Ding et al., 2003; Hou et al., 2004,

2009; Mo et al., 2005, 2007, 2008; Chu et al., 2006;

Heuberger et al., 2007; Singh et al., 2007; Upadhyay et al.,

2008; Ji et al., 2009; Ravikant et al., 2009; Zhao et al., 2009;

Zhu et al., 2009a, 2009b, 2009c, 2011b; Zhang et al., 2010b;

Pan, F. B., et al., 2012). In contrast, the high-grade meta-

morphic rocks formed within the deep crust of the

Gangdese arc have received much less attention (Harris

et al., 1988; Wallis et al., 2003; Dong et al., 2010b, 2011a,

2011b; Searle et al., 2010; Zhang et al., 2010a, 2013).

The Nyingchi complex at the Eastern Himalayan syn-

taxis is well exposed, owing to rapid Late Cenozoic uplift

and erosion, and comprises high-grade metamorphic

rocks and associated plutonic rocks within the southeastern

Lhasa terrane (Burg et al., 1997; Zhang et al., 2010a; Guo

et al., 2012; Xu et al., 2012, 2013). These rocks provide a

window into the middle to lower crust of the Gangdese

magmatic arc (Searle et al., 2011; Zhang et al., 2013). In this

study, we present new petrological, geochemical and geo-

chronological data for granulite-facies metamorphic rocks

and associated plutons to constrain processes operating in

the lower crust of the Gangdese arc during Paleocene

times, and to establish the link between granulite-facies

metamorphism and magmatism during accretionary or-

ogeny. Our results contribute to a better understanding of

crustal growth and evolution in an active continental

margin tectonic setting.

GEOLOGICAL SETT ING

The Himalayan orogen of south Tibet is composed essen-

tially of the Himalayan sequences and south Lhasa ter-

rane, separated by the Indus^Yarlung Tsangpo suture

zone, representing the remnants of the Neo-Tethyan

Ocean (Fig. 1) (Yin & Harrison, 2000;Yin, 2006, and refer-

ences therein). In the eastern Himalayan syntaxis, the

Himalayan sequences include the Tethys^Himalayan se-

quence and the High Himalayan crystalline sequence.

The former consists of low-grade metasedimentary rocks

and Paleozoic to Mesozoic sedimentary strata. The High

Himalayan rocks crop out in the middle part of the syn-

taxis, and consist of high-pressure (HP) granulite-facies

metamorphic rocks with variable protolith ages, referred

to as the Namche Barwa complex (Zhang et al., 2012b, and

references therein).

The Lhasa terrane, located in the northern part of

Himalayan orogen, is a large crustal segment (Fig. 1),

speculated to have rifted from Gondwana in Triassic or

Middle to Late Jurassic times and drifted northward

before colliding with Eurasia along the Bangong^Nujiang

suture zone in the Cretaceous. An Andean-type active con-

tinental margin has also been proposed in the southern

part of the terrane prior to its collision with the northward

moving Indian continent in the Cenozoic (e.g. Yin &

Harrison, 2000; Wu et al., 2010; Hebert et al., 2012;

Chatterjee et al., 2013, and references therein).

Previous studies considered the Lhasa terrane to be com-

posed dominantly of Precambrian crystalline basement,

Paleozoic to Mesozoic marine strata and arc-type volcanic

rocks, together with Mesozoic and Cenozoic intrusions

(e.g. Yin & Harrison, 2000; Pan et al., 2004, 2006). The

southern segment of the Lhasa terrane is dominated by

the Cretaceous^Tertiary Gangdese batholith and the

Paleogene Linzizong volcanic succession, with minor

Triassic^Cretaceous volcano-sedimentary rocks (Pan

et al., 2004, 2006; Zhu et al., 2008, 2012). The Gangdese

batholith consists of a wide range of lithologies ranging

from gabbro, diorite and granodiorite to granite.

Geochemically these rocks are comparable with I-type

granitoids such as those from the Cordilleran regions in
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the circum-Pacific orogen and have Sr and Nd isotope

compositions indicative of significant involvement of a

juvenile mantle source in magma generation (Harris

et al., 1988; Mo et al., 2005, 2008; Chu et al., 2006; Wen

et al., 2008a, 2008b; Zhu et al., 2011a, 2011b, 2012). The

Gangdese batholith has been dated as Late Triassic to

Miocene (�205^9 Ma; Chu et al., 2006; Wen et al., 2008b;

Chung et al., 2009; Ji et al., 2009; Zhu et al., 2011b), with

four discrete stages of magmatic activity, �205^152 Ma,

�109^80 Ma, �65^41 Ma and �33^13 Ma, respectively,

with the 65^41 Ma stage being the most prominent (Mo

et al., 2005;Wen et al., 2008b; Ji et al., 2009). In addition, sev-

eral Early Paleozoic and Late Devonian to Carboniferous

granites have recently been recognized in the eastern part

of the southern Lhasa terrane (Dong et al., 2010a, 2010b; Ji

et al., 2012).

Numerous medium- to high-grade metamorphic rocks

occur in the southeastern part of the Lhasa terrane, espe-

cially in the east and west domains of the Eastern

Himalayan Syntaxis (EHS), which swings northward into

the Lhasa terrane (Fig. 1). Traditionally, the metamorphic

rocks on the east side of the EHS were termed the Bomi

Group and those on the west the Nyingchi Group, with a

general correlation with the Precambrian metamorphic

basement of the Lhasa terrane (e.g. Pan et al., 2004, 2006;

Yin et al., 2006). However, recent laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS) and sen-

sitive high-resolution ion microprobe (SHRIMP) zircon

U^Pb in situ dating has revealed that these rocks

experienced Late Mesozoic to early Cenozoic metamorph-

ism (Dong et al., 2010a, 2010b; Zhang et al., 2010b; Guo

et al., 2011, 2012; Zhang & Wu, 2012; Xu et al., 2013).

Inherited detrital zircons from the metasedimentary rocks

yield a wide range of U^Pb ages from �3300 to �250

Ma, and the meta-intrusions have various protolith

ages including Ordovician (�496 Ma), Devonian (�360

Ma), Cretaceous (�90 Ma) and Eocene (�55 Ma)

(Dong et al., 2010a, 2010b; Zhang et al., 2010a, 2013; Zhang

& Wu, 2012; Guo et al., 2012). The protoliths of these

metamorphic rocks, termed the Nyingchi complex in

this study, thus include sedimentary and igneous rocks of

various ages.

The western part of the Eastern Himalayan syntaxis in

our study area is composed of Gangdese batholiths and

their metamorphosed equivalents with a compositionally

variable intrusive suite of gabbroic diorite, diorite, grano-

diorite, granite and leucogranite (Figs 1 and 2). Granitoids

occur as batholiths, stocks, dikes and veins; most intrusive

dikes of various sizes parallel the nearly vertical foliation

of the high-grade metamorphic rocks (Fig. 2b).These gran-

itoids have a massive structure, or show various degrees of

deformation and metamorphic foliation (Fig. 2e^g). The

granitoids have a wide range of crystallization ages from

120 to 20 Ma and most exhibit intrusive relationships

between the various phases (Fig. 2g).

The metasedimentary units in the study area are domin-

antly composed of pelitic schists, paragneisses and am-

phibolites, with minor quartzite, calc-silicate rocks and

Fig. 1. Schematic geological map of the Eastern Himalayan Syntaxis (EHS), showing the study area and line of section A^A’ in Fig. 2 and
sample locations. ITS, Indus^Tsangpo Suture; KJFS, Karakorum^Jiali Fault Zone; RRF, Red River Fault.

ZHANG et al. BUILDING OF THE DEEP GANGDESE ARC

2549

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
4
/1

2
/2

5
4
7
/1

4
9
5
2
1
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



marble. These rocks underwent intense deformation and

granulite-facies metamorphism, resulting in partial melt-

ing and migmatization (Fig. 2); some contain abundant

anatectic veins, including felsic, leucogranitic and pegmati-

tic veins (Fig. 2). The most pronounced ones are garnet-

and muscovite-bearing leucogranite veins, which resulted

from partial melting of sillimanite- or kyanite-bearing

garnet^mica schists (Fig. 2c and d).

ANALYT ICAL METHODS

The mineral compositions of the studied rocks were ana-

lyzed using a JEOL JXA 8900 electron microprobe

(EPM) and a 15 kV accelerating voltage, 5 nA beam cur-

rent, 5 mm probe diameter, and count time of 10 s for peak

and background, at the State Key Laboratory of

Continental Tectonics and Geodynamics, Institute of

Geology, Chinese Academy of Geological Science. Natural

or synthetic standards were used for EPM analysis and

ZAF corrections were carried out.

Whole-rock compositions were analyzed at the National

Geological Analysis Center of China, Beijing. Oxides of

major elements, including loss on ignition (LOI), were

determined by X-ray fluorescence (XRF) (Rigaku-3080)

with an analytical uncertainty of50·5%. Trace elements

Zr, Nb, V, Cr, Sr, Ba, Zn, Ni, Rb and Y were analyzed

using a different XRF instrument (Rigaku-2100) with an

analytical uncertainty of 53�5%. Other trace elements

and rare earth elements (REE) were analyzed by ICP-

MS (TJA-PQ-ExCell); analytical uncertainties are 1^5%

when the abundance is greater than 1ppm, and 5^10%

when the abundance is less than 1ppm.

Fig. 2. (a) Cross-section, and (b^g) field photographs of Nyingchi granite, leucogranite (garnet-bearing two-mica granite), granodiorite and
gabbroic diorite, migmatitic garnet^sillimanite mica schist, garnet^kyanite mica schist, gneiss and amphibolite, migmatite. The (A) and (A’)
ends of the profile in (a) are Carboniferous meta-sandstone of the Lhasa terrane and phyllite of the Indus^Tsangpo suture zone respectively.
(b) Granite dikes parallel to the nearly vertical foliation of migmatitic amphibolite with abundant felsic veins, suggesting anatexis. (c)
Garnet^sillimanite mica schist with abundant anatectic veins, which has experienced intensive deformation. Both host-rock and vein contain
pink garnet. (d) Anatectic veins within the garnet^sillimanite mica schist consist of feldspar, quartz and variable amounts of garnet and musco-
vite. (e) Metagranodiorite lens within gneiss and amphibolite layers; all rocks exhibit intensive deformation and migmatization. (f)
Metagranodiorite with lenses of migmatitic amphibolite. (g) Metagranodiorite (right side) intruded into intensively deformed and metamor-
phosed gabbroic diorite (centre left), and subsequently intruded by undeformed granite (left).
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Zircon U^Pb dating and trace element analysis were

simultaneously conducted by LA-ICP-MS at the State

Key Laboratory of Geological Processes and Mineral

Resources, China University of Geosciences. Detailed

operating conditions for the laser ablation system and the

ICP-MS instrument are as described by Liu et al. (2008,

2010). Laser sampling was conducted using an Excimer

193 nm GeoLas 2005 System with a spot size of 32 mm. An

Agilent 7500a ICP-MS instrument was used to acquire

ion-signal intensities. Nitrogen was introduced into the

central gas flow (ArþHe) of the Ar plasma in the

LA-ICP-MS analysis, which increases the sensitivity for

most elements by a factor of �2 compared with the results

without adding nitrogen (Hu et al., 2008). To keep time-

dependent elemental fractionation at a low level, a laser

frequency of 4 Hz and a laser energy of 60 mJ were applied

(Zong et al., 2010; Hu et al., 2011). The uncertainty of ana-

lysis is within �1% for the zircon standard.

Zircon 91500 was used as external standard for U^Pb

dating, and was analyzed twice every five analyses. Time-

dependent drifts of U^Th^Pb isotopic ratios were cor-

rected using a linear interpolation (with time) for every

five analyses according to the variations of 91500 (i.e. two

zircon 91500þ five samplesþ two zircon 91500) (Liu et al.,

2010). Preferred U^Th^Pb isotopic ratios used for 91500

are fromWiedenbeck et al. (1995). Uncertainty in the pre-

ferred values for the external standard 91500 was propa-

gated to the ultimate results for the samples. Concordia

diagrams and weighted mean calculations were made

using Isoplot/Ex_ver3 (Ludwig, 2003). Trace element com-

positions of zircons were calibrated against multiple-refer-

ence materials (BCR-2G and BIR-1G) combined with

internal standardization (Liu et al., 2010). The preferred

values of element concentrations for the USGS reference

glasses used are from the GeoReM database (http://

georem.mpch-mainz.gwdg.de/).

In situ Hf isotope compositions of zircon were deter-

mined using a Neptune Plus multicollector (MC)-ICP-MS

system (Thermo Fisher Scientific, Germany) and a

Geolas 2005 Excimer ArF laser ablation system (Lambda

Physik, Go« ttingen, Germany) at the State Key Laboratory

of Geological Processes and Mineral Resources, China

University of Geosciences, Wuhan. The energy density

of laser ablation used was 5·3 J cm^2. Helium was used

as the carrier gas in the ablation cell and was merged

with argon (makeup gas) after the ablation cell. All

data for zircon in this study were acquired in the single-

spot ablation mode at a spot size of 32 mm. Each meas-

urement consisted of 20 s of acquisition of the background

signal followed by 50 s of ablation signal acquisition.

The operating conditions for the laser ablation system

and the MC-ICP-MS instrument, and the analytical

method, are the same as those described in detail by Hu

et al. (2012).

PETROLOGY

Petrography
Paleocene granitoids from the study area are classified as

I-type granodiorite, diorite and gabbroic diorite, and

S-type granite and granodiorite according to their mineral

assemblage and whole-rock composition. The metasedi-

mentary rocks are schists and paragneisses. The petrologi-

cal characteristics of these rocks, including mineralogy,

protolith type, magmatic and metamorphic age, and

sample locations, are listed in Table 1. Mineral abbrevi-

ations are afterWhitney & Evans (2010).

Granitoids

The I-type granodiorites consist mainly of plagioclase,

quartz and biotite, with minor K-feldspar and epidote.

Most magmatic epidotes are subhedral and with an allan-

ite core (Fig. 3a).

The S-type granitoids consist mainly of subhedral

microcline, plagioclase, biotite, muscovite and garnet, and

anhedral quartz (Fig. 3b and c). In one sample, magmatic

garnet occurs as anhedral skeletal grains, intergrown with

quartz (Fig. 3c).

Meta-granitoids

Most metamorphosed I-type granitoids have intermediate

to mafic compositions. Both meta-diorite (garnet^biotite

gneiss) and meta-granodiorite (garnet^biotite gneiss)

have similar mineral assemblage of plagioclase, quartz,

biotite and garnet. Meta-gabbroic diorite (garnet^biotite^

amphibole gneiss) consists of plagioclase, biotite,

amphibole and quartz, with or without garnet. The por-

phyroblastic garnet contains quartz inclusions (Fig. 3d).

Metasedimentary rocks

Schist and paragneiss show clear foliation defined by elon-

gated mica, sillimanite and kyanite. The garnet^kyanite^

two-mica schist (T9-61-4) consists of plagioclase, biotite,

muscovite, garnet, kyanite and quartz (Fig. 4a and b).

The cores of the garnet porphyroblasts contain inclusions

of sillimanite, biotite, plagioclase and quartz, whereas the

rims have no inclusions (Fig. 4a and b). This texture and

the compositional zoning of garnet described below indi-

cate that the schist has two-stage mineral assemblages;

that is, the garnet cores and mineral inclusions form an

early mineral assemblage of Grtþ SilþBtþPlþQz, and

the garnet rims and matrix minerals form a late assem-

blage of GrtþKyþBtþMsþPlþQz. Moreover, both

kyanite and biotite are partly replaced by muscovite and

plagioclase (Fig. 4a and b), suggesting a late retrogression.

Similar zoning relations of garnet porphyroblasts occur in

a garnet^two-mica schist (T9-61-3), consisting of Grtþ

BiþPlþQzþMs (Fig. 4c); the core has biotite, plagio-

clase and quartz inclusions, and the rim is inclusion-free.

Some pelitic schists from the study area contain abundant
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sillimanite; most sillimanite crystals are replaced by late-

stage biotite and muscovite (Fig. 4d). The dated schist

(T8-20-3) and paragneiss (T9-31-9) respectively are com-

posed of MsþGrtþQz and PlþDiþGrtþAmpþQz.

Mineral compositions
The compositions of the major minerals in the granitoids

and metamorphic rocks were analyzed by EPMA; repre-

sentative data are listed in Tables 2^7, and characteristic

features are described below.

Amphibole occurs in the amphibolite (meta-gabbroic di-

orite, T10-86-4), and in the garnet^biotite gneiss (meta-

gabbroic diorite, T10-74-2). Analyzed amphiboles have

similar SiO2 (43·3^45·5wt %), CaO (11·5^11·6wt %),

FeO (16·4^18·2wt %), Na2O (1·3^1·5wt %) and K2O

(0·5^0·7wt %) contents, and belong to the calcic amphi-

bole group.

Biotite is common in I- and S-type granitoids, orthog-

neisses and pelitic schists. Biotites from the intrusive

rocks has relatively high FeO (20·8^26·0wt %), and

low MgO (6·6^9·5wt %) and Al2O3 (15·1^17·7wt %)

(Table 3), whereas those from the metamorphic rocks have

lower FeO (12·6^21·4wt %) and higher MgO (8·6^13·9wt

%). Most analyzed biotites have high TiO2 contents

(42·0wt %).

Minor garnets in the S-type granitoids (Fig. 3c) repre-

sent magmatic phase and have high MnO (3·9^12·2wt

%) and low MgO (2·0^3·2wt %); thus they have high

spessartine (9^27%) and low pyrope (8^12%) components

(Table 4; Fig. 5). Garnet in both orthogneisses (Fig. 3b)

and pelitic schists (Fig. 4) is a major metamorphic phase

and has higher MgO (4·7^8·4wt %) and lower MnO

(0·5^3·1wt %) compared with the magmatic garnet

(Table 4; Fig. 5). The garnet grains from the pelitic schists

studied exhibit similar compositional zoning (Table 4 and

Fig. 6). The porphyroblastic garnet from the garnet^kyan-

ite^two-mica schist (T9-61-4) is characterized by decreas-

ing MgO (8·4 to 6·5wt %) and MnO, and increasing

CaO (1·6 to 3·7wt %) from core to rim (Fig. 6a).

Although FeO varies across the grain core, it increases

near the rim and then decreases at the outermost rim.

The porphyroblastic garnet grain from the garnet^two-

mica schist (T9-61-3) has a wide and homogeneous core,

and a very thin rim showing a sharp decrease of MgO

(8·20 to 5·64wt %), and increase of CaO (2·01 to 5·41wt

%) and FeO (Fig. 6b).

Plagioclase is common in both magmatic and meta-

morphic rocks. Plagioclase from a granite sample has rela-

tively low anorthite contents of 16^21%, whereas that

from the granodiorites has a higher anorthite content of

Table 1: The major features of the studied rocks from the Nyingchi complex

Sample Rock Protolith or type Mineral assemblage Magmatic

age (Ma)

Metamorphic

age (Ma)

Location

Granitoids or meta-granitoids

T8-15-2 Ep granodiorite I-type Pl, Kf, Bt, Ep, Qz 63·0� 0·6 2981705000N, 9480005000E

T9-30-2 Ep granodiorite I-type Pl, Kf, Bt, Ep, Qz 63·2� 0·8 2983705100N, 9482005500E

T9-33-5 Ep granodiorite I-type Pl, Kf, Bt, Ep, Qz 64·8� 1·3 2983205400N, 9482601400E

T9-62-1 Grt–Bt gneiss I-type granodiorite Pl, Grt, Bt, Qz 63·6� 1·8 2982600000N, 9482701000E

T10-74-1 Grt–Bt gneiss I-type diorite Pl, Grt, Bt, Qz 60·2� 1·1 61·8� 2·4 2983801100N, 9484204500E

T10-74-2 Grt–Bt–Amp gneiss I-type gabbroic diorite Pl, Grt, Bt, Am, Qz 61·3� 1·2 59·8� 3·3 2983801100N, 9484204500E

T10-86-4 Bt amphibolite I-type gabbroic diorite Pl, Am, Bt, Qz 55·8� 5·8 53·1� 2·0 2983504100N, 9482202600E

T10-113-8 Grt two-mica granite I-type Pl, Kf, Qz, Grt, Bt, Ms 63·3� 0·8 2983205400N, 9482601400E

T10-123-2 Two-mica granite S-type Pl, Kf, Qz, Bt, Ms 61·9� 0·4 2983602000N, 9482402400E

T10-72-2 Grt two-mica granodiorite S-type Pl, Grt, Bt, Ms, Qz 65·9� 1·1 2985702400N, 9484701700E

T9-33-7 Grt two-mica granodiorite S-type Pl, Kf, Grt, Bt, Ms, Qz 54·9� 0·8 2983205400N, 9482601400E

Metasedimentary rocks

T8-20-3 Grt–Ms–Qz schist Graywacke Grt, Ms, Qz 67·2� 1·4 2981705500N, 9481505500E

T9-31-9 Grt–Cpx–Amp gneiss Graywacke Grt, Cpx, Am, Pl, Qz 51·6� 0·8 2983504200N, 9482202100E

T9-61-4 Grt–Ky two-mica schist Pelitic Grt, Ky, Ms, Bt, Pl, Qz, Gr 2982600300N, 9482701000E

T8-44-1 Grt–Sill–Bt schist Pelitic Grt, Bt, Sil, Pl, Kfs, Qz, Gr 2982705800N, 9482405800E

T9-61-3 Grt two-mica schist Pelitic Grt, Bt, Ms, Pl, Qz, Gr 2982600300N, 9482701000E

T8-44-7 Grt–Sill–Bt gneiss Graywacke Grt, Bt, Sil, Pl, Kfs, Qz, Gr 2982705800N, 9482405800E
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26^39% (Table 5). Plagioclases from the pelitic schists have

similar compositions, with anorthite contents of 30^36%;

those from the meta-diorite (gneiss) have higher anorthite

contents of 42^47%. The plagioclase from the meta-gab-

broic diorites has the highest anorthite content of 78^89%.

The magmatic epidotes in the I-type granodiorites have

similar compositions, with 13·0^14·0wt % Fe2O3 and

23·3^23·8wt % CaO (Table 6). They have restricted pista-

cite (Ps) contents [i.e. atomic Fe3þ/(Fe3þþAl3þ)] between

25 and 30%, which are compatible with primary mag-

matic epidotes reported in Late Cretaceous and Early

Cenozoic intrusions from the Gangdese arc (Wen et al.,

2008b; Zhang, H. F., et al., 2010), and match the chemical

criteria of magmatic epidotes (Zen & Hammarstrom,

1984; Schmidt & Poli, 2004). It is noted that some epidotes

have low totals, indicating a presence of an REE

component, which is consistent with the epidote contain-

ing an allanite core.

Magmatic muscovite crystals from three granodiorites

have variable compositions with SiO2 of 44·7^47·3wt %,

Al2O3 of 30·0^34·1wt %, FeO of 1·5^4·8wt %, MgO of

0·2^1·3wt % and TiO2 of 0·0^1·2wt %. By comparison,

metamorphic muscovite from the pelitic schists has higher

SiO2 (47·3^48·3wt %) and lower FeO (1·1^1·3wt %)

(Table 7). Muscovites from both magmatic and meta-

morphic rocks have similar Si cations of 3·1^3·2 atoms per

formula unit; a.p.f.u.) per 11 oxygens.

WHOLE -ROCK GEOCHEMISTRY

Whole-rock major and trace element compositions of

the studied rocks are presented in Tables 8 and 9.

Fig. 3. Photomicrographs of granitoids and gneiss. (a) Epidote-bearing granodiorite (T9-30-2) consists mainly of plagioclase (Pl), quartz
(Qz) and biotite (Bt) and epidote (Ep), and shows a granitic texture; the epidote has a core of allanite and the plagioclase is partly replaced
by zeolite (Zeo). (b) Two-mica granite (T10-123-2) consists of K-feldspar (Kfs), Pl, Qz, Bt and muscovite (Ms), with a granular texture.
(c) Garnet-bearing granodiorite (T10-72-2) contains Pl and Qz, with minor Kfs, Bt, Ms and garnet (Grt), with a granular texture; the garnet
forms skeletal crystals and intergrowths with quartz. (d) Garnet^biotite^amphibole gneiss (meta-gabbroic diorite, T10-74-2) consists of Pl,
Bt, Qz, Grt and amphibole (Amp) with minor opaque minerals, and has a porphyroblastic texture; the porphyroblastic garnet contains
Qz inclusions.
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The Paleocene granitoids exhibit a wide major element

compositional range, with SiO2 55·2^75·6wt %, Al2O3

14·0^18·5wt %, MgO 0·1^4·2wt %, total FeO 0·3^9·7wt

%, NaO2 0·5^4·0wt % and K2O 0·9^6·1wt %. Based on

the classification scheme of Middlemost (1994), the I-type

granitoids are classified as gabbroic diorite, diorite and

granodiorite, whereas the S-type granitoids are granodi-

orite and granite; both are sub-alkaline except for a

K2O-rich S-type granite, which is alkaline (Fig. 7a). The

granitoids have relatively high Al2O3 contents and thus

high A/CNK values (mostly41·0), and are peraluminous

except for meta-gabbroic diorite sample T10-74-2 with an

A/CNKvalue of 0·98, which is metaluminous (Fig. 7b).

The granitoids have variable trace element compositions

with Rb 28^150 ppm, Sr 111^602 ppm and Ba 184^

757 ppm (Table 8). Their primitive-mantle normalized

multi-element patterns exhibit large ion lithophile element

(LILE) enrichment, and Nb,Ta andTi negative anomalies

(Fig. 8a and b). The I-type granitoids have variable but

relatively high rare earth element (REE) contents

(47^284 ppm, Table 8), and show fractionated REE pat-

terns, characterized by light REE (LREE) enrichment

and heavy REE (HREE) depletion, without or with

small Eu anomalies (Fig. 8c). However, the S-type granites

show distinctly negative Ti anomalies (Fig. 8b), and

V-shaped REE patterns with slight HREE enrichment

(Fig. 8d). Most granitoids have chemical compositions

similar to those of typical arc magmatic rocks, plotting in

the field of volcanic arc granites in Nb vs Y and Rb vs

YþNb diagrams (Fig. 7c and d).

The metasedimentary rocks have highly variable major

element compositions, with SiO2 61·9^79·9wt %, Al2O3

9·6^16·2wt %, MgO 0·2^3·5wt %, total FeO 0·6^7·9wt

%, NaO2 0·2^2·5wt % and K2O 0·1^2·6wt % (Table 9).

These rocks also have variable trace element concentra-

tions; most show positive anomalies in Ba, Sr and Zr in

Fig. 4. Photomicrographs of metasedimentary rocks. (a, b) Garnet^kyanite-two mica schist (T9-61-4) consists of Grt, Bt, Ms, Ky, Pl and Qz,
with a lepidoblastic texture. The porphyroblastic garnet contains Sil, Qz and Bt inclusions. (c) Garnet-two mica schist (T9-61-3) consists of
Grt, Bt, Pl, Qz and Ms. The porphyroblastic garnet cores contain Bt, Pl and Qz inclusions. (d) Garnet^sillimanite biotite schist (T8-44-7);
the matrix sillimanite is partly replaced by biotite and muscovite. Red dashed lines crossing the garnet porphyroblasts in (a) and (c) represent
the locations of the analyzed compositional profiles.
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mantle-normalized trace element patterns (Fig. 8e). Except

for sample T8-20-3, which has a very low REE content

and flat REE pattern, the other rocks have relatively high

REE contents and LREE-rich and flat HREE patterns

(Fig. 8f). Most of the protoliths of these metasedimentary

rocks are pelite and greywacke.

PHASE EQU IL I BR IA MODEL ING

OF METAMORPH ISM

Here we quantitatively estimate the metamorphic condi-

tions of two representative pelitic schists from P^T pseudo-

sections and garnet isopleth thermobarometry. The

forward modeling using a pseudosection predicts the

phase relations depending on bulk-rock composition,

which can constrain the mineral reactions during meta-

morphism and melting, and permit comparisons with the

observed phase relation (e.g. Powell et al., 1998). The P^T

pseudosections were calculated with the PERPLE_X com-

puter program package (Connolly, 2005; version of

August 2012) and the internally consistent thermodynamic

dataset of Holland & Powell (1998, updated 2002). The

activity^solution models used in the pseudosection

calculations are clino- and orthoamphibole (Diener et al.,

2007), clinopyroxene (Green et al., 2007), garnet (White

et al., 2007), orthopyroxene, spinel, staurolite, cordierite

(Holland & Powell, 1998), biotite (Tajc›manova¤ et al.,

2009), white mica (Coggon & Holland, 2002) and feldspar

(Fuhrman & Lindsley, 1988).

The P^T pseudosections were calculated in the system

MnO^Na2O^CaO^K2O^FeO^MgO^TiO2^Al2O3^SiO2

^H2O (MnNCKFMTASH), a system close to the compos-

itions of most natural rocks. The 1·8% H2O content calcu-

lated from the modal amounts of biotite and muscovite is

adopted in the modelling of the two samples. Such an

H2O content is normal for high-grade metapelites (White

et al., 2007). The value of O, to reflect the oxidation state

of the system, was probably very low, as suggested by the

absence of Fe3þ-rich oxides, and therefore we assume all

iron as ferrous. Our modelling shows that although a

change in oxidation state may have certain effects on the

P^T conditions of key metamorphic assemblages and

Table 2: The compositions of representative amphiboles from the meta-gabbroic diorites

Rock: Gneiss Amphibolite

Sample: T10-74-2 T10-74-2 T10-74-2 T10-74-2 T10-86-4 T10-86-4 T10-86-4 T10-86-4

SiO2 44·55 43·28 45·21 44·84 45·53 44·16 44·46 44·86

TiO2 0·87 0·85 0·86 0·90 0·64 0·80 0·76 0·80

Al2O3 12·78 13·50 11·74 11·82 12·09 13·05 13·00 12·27

Cr2O3 0·03 0·00 0·02 0·00 0·02 0·00 0·02 0·00

FeO 17·17 16·45 16·44 16·89 17·02 18·15 17·76 17·39

MnO 0·14 0·04 0·10 0·13 0·39 0·53 0·47 0·60

MgO 9·79 8·90 10·01 10·00 9·01 8·73 8·94 9·18

CaO 11·55 11·58 11·55 11·55 11·49 11·59 11·60 11·58

Na2O 1·31 1·46 1·26 1·26 1·36 1·43 1·35 1·38

K2O 0·68 0·64 0·59 0·64 0·59 0·63 0·59 0·54

Total 98·86 96·72 97·80 98·07 98·17 99·07 98·94 98·60

O¼ 23

Si 6·409 6·358 6·567 6·505 6·617 6·371 6·414 6·487

Al 2·165 2·335 2·008 2·019 2·069 2·218 2·208 2·089

Cr 0·003 0·000 0·002 0·000 0·002 0·000 0·002 0·000

Fe
2þ

1·000 0·963 1·083 1·039 1·241 1·040 1·077 1·053

Fe
3þ

1·066 1·058 0·914 1·010 0·828 1·150 1·066 1·050

Ti 0·094 0·094 0·094 0·098 0·070 0·087 0·082 0·087

Mg 2·100 1·949 2·167 2·163 1·952 1·878 1·923 1·979

Mn 0·017 0·005 0·012 0·016 0·048 0·065 0·057 0·073

Ca 1·781 1·822 1·797 1·796 1·789 1·792 1·793 1·794

Na 0·365 0·416 0·355 0·354 0·383 0·400 0·378 0·387

K 0·125 0·120 0·109 0·118 0·109 0·116 0·109 0·100
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overall topology, the garnet compositional isopleths show

no substantial differences. Therefore, the oxidation state

has no significant effect on the precise P^Tdeterminations

as they are calculated from the garnet compositional

isopleths.

The XMg [¼ Mg/(MgþFe)] and XCa [¼ Ca/(Feþ

CaþMgþMn)] isopleths were used as two independent

thermodynamic variables to describe the compositional

variation of garnet in P^T space. The intersections of the

isopleths that represent the observed garnet compositions

are used for P^T estimates of the respective increment of

garnet growth.This approach (i.e. garnet isopleth thermo-

barometry) has been widely applied in estimating P^T

paths from garnet zoning, even in the case where the equi-

librium compositions of coexisting minerals are uncertain

(e.g. Tinkham & Ghent, 2005; Gaidies et al., 2006; Wei &

Song, 2008; Burenjargal et al., 2012).

The calculated P^T pseudosection for garnet^kyanite^

two-mica schist (T9-61-4) shows that garnet, biotite and

plagioclase are stable in the calculated P^T range of

650^8508C and 4^14 kbar (Fig. 9). Cordierite appears at

lower pressures (56^7 kbar). The solidus of the system is

located atT¼ 650^7258C, with a negative slope; the mus-

covite-out reaction occurs at c. 720^8108C above c. 9·5

kbar.The volume fraction of melt increases with increasing

temperature (Fig. 9a). The observed matrix assemblage of

GrtþBtþMsþPlþKyþQzþmelt is stable in a P^T

field of 690^7608C and 9^12·5 kbar (the blue field in

Fig. 9), and the early inclusion assemblage of GrtþBtþ

SilþPlþQzþmelt is in a P^T field of 720^8508C and

7^10·5 kbar (the yellow field in Fig. 9).

The calculated garnet composition isopleths are shown

in Fig. 9b. The XMg value increases with increasing tem-

perature, whereas the XCa value (grossular content)

increases with increasing pressure and decreasing tem-

perature. As described above, garnet from the schist pre-

serves compositional zoning (Table 4 and Fig. 6a). For the

garnet core, the composition isopleths of XMg¼ 0·33^0·34

and XCa¼ 0·04^0·05 (Table 4) intersect exactly at the

upper stability field of the observed early mineral assem-

blage, indicating metamorphic P^T conditions of

800^8208C and 9^10 kbar (the red-filled circle in Fig. 9).

Table 3: The compositions of representative biotites from the granitoids and metamorphic rocks

Rock: Granodiorite Granite Gneiss Amphibolite Schist

Sample: T8-15-2 T9-30-2 T9-33-7 T10-72-2 T10-123-2 T10-113-8 T10-74-1 T10-74-2 T10-86-4 T8-44-1 T8-44-7 T9-61-3 T9-61-4

SiO2 35·82 36·94 35·47 36·25 36·01 36·16 37·20 37·06 37·43 36·14 35·24 38·84 39·24

TiO2 2·77 2·77 3·14 2·56 3·07 3·19 2·67 2·73 2·40 3·10 4·44 1·90 1·81

Al2O3 15·32 16·00 16·72 16·48 17·59 16·58 18·15 15·87 16·21 18·57 17·98 17·75 17·23

Cr2O3 0·00 0·02 0·00 0·00 0·01 0·00 0·00 0·02 0·03 0·00 0·03 0·13 0·06

FeO 21·09 22·77 23·01 25·26 22·21 23·76 21·38 19·67 18·32 15·56 16·69 13·65 12·58

MnO 0·74 0·51 0·30 0·20 0·37 0·72 0·13 0·08 0·20 0·03 0·05 0·04 0·01

MgO 9·43 8·19 7·43 6·65 8·09 7·08 8·68 10·68 9·48 11·56 9·43 13·04 13·07

CaO 0·00 0·00 0·00 0·03 0·00 0·00 0·00 0·07 0·30 0·02 0·03 0·05 0·11

Na2O 0·08 0·07 0·11 0·13 0·20 0·04 0·15 0·21 0·15 0·19 0·18 0·21 0·19

K2O 9·34 9·36 8·78 9·16 9·19 9·05 9·15 8·63 7·51 9·41 9·35 9·07 8·22

Total 94·60 96·63 94·98 96·72 96·73 96·57 97·52 95·02 92·04 94·65 93·41 94·67 92·50

O¼ 22

Si 5·832 5·897 5·765 5·843 5·721 5·804 5·804 5·897 6·060 5·683 5·659 5·995 6·127

Al 2·938 3·008 3·200 3·128 3·291 3·134 3·335 2·974 3·091 3·439 3·400 3·226 3·168

Ti 0·339 0·333 0·384 0·310 0·367 0·385 0·313 0·327 0·292 0·367 0·536 0·221 0·213

Fe
2þ

2·872 3·040 3·128 3·405 2·951 3·190 2·790 2·618 2·481 2·046 2·242 1·762 1·643

Cr 0·000 0·003 0·000 0·000 0·001 0·000 0·000 0·003 0·004 0·000 0·004 0·016 0·007

Mn 0·102 0·069 0·041 0·027 0·050 0·098 0·017 0·011 0·027 0·004 0·007 0·005 0·001

Mg 2·289 1·949 1·800 1·598 1·916 1·694 2·019 2·534 2·288 2·710 2·258 3·001 3·042

Ca 0·000 0·000 0·000 0·005 0·000 0·000 0·000 0·012 0·052 0·003 0·005 0·008 0·018

Na 0·025 0·022 0·035 0·041 0·062 0·012 0·045 0·065 0·047 0·058 0·056 0·063 0·058

K 1·940 1·906 1·821 1·883 1·863 1·853 1·821 1·752 1·551 1·888 1·916 1·786 1·637
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For the garnet inner rim (excluding the outermost two

spots), the composition isopleths of XMg¼ 0·30 and

XCa¼ 0·07 intersect at a P^T condition of c. 7708C and

c. 10·5 kbar (the yellow-filled circle in Fig. 9). For the outer-

most rim of garnet, the XMg value decreases to 0·26, pas-

sing to the lower stability field of the observed matrix

mineral assemblage (the blue field in Fig. 9). Thus the

garnet^kyanite^two-mica schist probably underwent

peak-stage granulite-facies metamorphism at P^T condi-

tions of 800^8208C and 9^10 kbar, followed by a near-

isobaric cooling process constrained by the connecting of

the P^Testimates of the garnet core, inner rim and outer

rim (Fig. 9). This modelling indicates that melt generation

in the pelitic schist occurred via muscovite dehydration

melting (MsþPlþQz¼ SilþKfsþmelt); the maximum

melt modal content is 18^20% of the whole-rock volume

during the peak-metamorphism (Fig. 9a).

The P^T pseudosection for the garnet mica schist

(T9-61-3) indicates that garnet and plagioclase are all

stable in the calculated P^T range of 660^9008C and 5^14

kbar (Fig. 10). Biotite disappears at high temperature

(48508C) and low pressure (56 kbar). Cordierite appears

at lower pressure (57 kbar). The solidus of the system is

located atT¼ 650^7308C, and the muscovite-out reaction

including kyanite occurs at c. 710^8008C above c. 9 kbar.

The volume fraction of melt increases with increasing tem-

perature (Fig. 10a). The observed matrix assemblage

GrtþBtþPlþMsþQzþmelt is stable at 670^7258C

and 10·5^14 kbar (the blue field in Fig. 10), whereas the

garnet core and its inclusion mineral assemblage

(GrtþBtþPlþMsþQzþmelt) yields a wide P^T field

of c.720^9008C and 6^10·5 kbar (the yellow field in Fig.10).

The calculated garnet composition isopleths are shown in

Fig. 10b. The XMg values increase with increasing

Table 4: The compositions of representative garnets from the granitoids and metamorphic rocks

Rock: Granodiorite Granite Schist

Sample: T9-33-7 T10-72-2 T10-113-8 T9-61-4

Domain: Rim Rim Core Core Core Core Rim Rim

SiO2 37·27 37·16 37·58 37·67 37·25 37·66 37·93 38·74 38·76 38·53 37·68 38·49 38·91 38·79

TiO2 0·00 0·00 0·05 0·00 0·00 0·00 0·00 0·00 0·03 0·00 0·03 0·05 0·00 0·00

Al2O3 20·60 20·46 20·52 20·23 20·44 20·37 21·07 21·11 21·26 21·16 21·34 20·91 21·04 20·91

Cr2O3 0·00 0·00 0·00 0·00 0·06 0·02 0·07 0·00 0·01 0·03 0·04 0·00 0·01 0·06

FeO 30·79 31·86 31·73 31·78 26·13 26·27 28·80 29·48 29·19 29·39 29·82 29·41 29·52 29·43

MnO 4·31 3·94 3·91 4·13 12·23 11·98 0·69 0·92 0·61 0·68 0·58 0·59 0·98 0·91

MgO 2·49 2·72 3·15 3·09 1·99 1·99 5·59 7·18 8·36 8·18 8·07 7·90 7·25 5·77

CaO 4·82 4·78 4·65 4·73 2·79 2·86 5·14 2·43 1·67 1·62 1·64 1·70 2·38 4·09

Total 100·29 100·91 101·63 101·63 100·92 101·16 99·30 99·87 99·91 99·59 99·22 99·07 100·08 99·97

O¼ 12

Si 2·996 2·980 2·985 2·996 3·002 3·022 2·994 3·027 3·009 3·005 2·952 3·022 3·034 3·042

Ti 0·000 0·000 0·003 0·000 0·000 0·000 0·000 0·000 0·002 0·000 0·002 0·003 0·000 0·000

Al 1·953 1·934 1·922 1·897 1·942 1·928 1·960 1·945 1·946 1·945 1·970 1·935 1·934 1·933

Cr 0·000 0·000 0·000 0·000 0·004 0·002 0·004 0·000 0·001 0·002 0·003 0·000 0·001 0·004

Fe3þ 0·081 0·157 0·150 0·166 0·082 0·039 0·051 0·002 0·032 0·043 0·122 0·019 0·000 0·000

Fe2þ 1·990 1·979 1·958 1·949 1·679 1·724 1·851 1·924 1·864 1·874 1·832 1·912 1·925 1·930

Mn 0·294 0·267 0·263 0·278 0·834 0·814 0·046 0·061 0·040 0·045 0·038 0·039 0·064 0·060

Mg 0·299 0·325 0·373 0·366 0·239 0·238 0·657 0·837 0·968 0·951 0·942 0·925 0·843 0·675

Ca 0·415 0·411 0·395 0·403 0·241 0·246 0·435 0·203 0·139 0·135 0·138 0·143 0·199 0·344

Cations 8·027 8·053 8·051 8·056 8·028 8·013 7·997 7·999 8·000 8·000 7·998 7·997 7·999 7·988

Alm 0·67 0·68 0·67 0·67 0·57 0·58 0·62 0·64 0·62 0·62 0·62 0·63 0·64 0·64

Spe 0·10 0·09 0·08 0·09 0·27 0·27 0·02 0·02 0·01 0·01 0·01 0·01 0·02 0·02

Prp 0·10 0·10 0·12 0·12 0·08 0·08 0·22 0·28 0·32 0·32 0·32 0·31 0·28 0·22

Grs 0·13 0·13 0·13 0·13 0·08 0·08 0·15 0·07 0·05 0·04 0·05 0·05 0·07 0·11

(continued)
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temperature, and XCa values increase with increasing pres-

sure and decreasing temperature. For the garnet core, the

isopleths of XMg¼ 0·34^0·35 and XCa¼ 0·05^0·06 intersect

at the upper stability field of the observed early mineral

assemblage, indicating metamorphic P^T conditions of c.

810^8308C and 9·5^10 kbar (the red-filled circle in Fig. 10).

For the garnet inner rim (excluding the outermost two

spots), the isopleths of XMg¼ 0·28^0·29 and XCa¼ 0·07^

0·10 intersect in a P^T field of c. 720^7408C and 10^11·5

kbar (the yellow-filled circle in Fig. 10), which is transitional

between the stability fields of three kyanite-bearing mineral

assemblages. For the outermost rim of garnet, the XMg

(0·26) and XCa (0·12^0·15) isopleths intersect in the stability

field of the observed matrix mineral assemblage (the blue

field in Fig. 10), suggesting a lower metamorphic tem-

perature of c. 7008C. Thus, the modeling indicates that

the garnet^mica schist underwent the peak-stage

metamorphism at P^T conditions of 810^8308C and

9·9^10·5 kbar, and subsequent near-isobaric cooling, as con-

strained by connecting the P^T conditions of the garnet

core, inner rim and outer rim (Fig. 10). Partial melting in

the schist occurred via the muscovite-dehydration melting;

the maximum melt modal content is 18^20% of the whole-

rock volume during the peak-metamorphism (Fig. 10a).

In summary, phase equilibrium modelling shows that

the pelitic schists with and without kyanite and sillimanite

experienced similar peak-stage granulite-facies meta-

morphism and intensive anatexis under high-temperature

(800^8308C) and high-pressure (9^10·5 kbar) conditions,

followed by a similar, near-isobaric, cooling process

(Figs 9 and 10). This indicates that the metasedimentary

rocks of the Nyingchi complex have been buried at lower

crustal depths of 430 km at relatively high geothermal

gradients of c. 21^258Ckm�1.

Table 4: Continued

Rock: Schist Gneiss

Sample: T9-61-3 T8-44-7 T10-74-2

Domain: Rim Rim Rim Core Core Core Core Rim Rim Rim

SiO2 38·28 38·52 38·21 39·22 39·11 38·94 38·59 38·58 37·96 38·07 38·28 37·32 38·24 38·35

TiO2 0·01 0·02 0·01 0·01 0·00 0·02 0·04 0·01 0·03 0·00 0·00 0·00 0·00 0·00

Al2O3 21·00 21·00 21·01 21·25 21·31 21·16 21·34 21·16 21·21 20·94 21·27 21·12 21·06 20·83

Cr2O3 0·05 0·03 0·23 0·04 0·00 0·04 0·00 0·08 0·06 0·03 0·03 0·01 0·01 0·00

FeO 28·94 29·71 29·79 28·12 28·06 28·29 28·44 29·93 30·08 29·73 33·96 33·85 31·21 31·94

MnO 0·27 0·45 0·57 1·41 1·39 1·41 1·41 0·49 0·46 0·36 1·39 1·50 0·84 0·87

MgO 5·64 6·46 6·81 8·25 8·25 8·33 8·20 6·91 6·65 5·97 5·84 5·68 4·81 4·69

CaO 5·41 3·66 2·69 2·01 1·99 2·00 2·01 2·43 2·62 4·25 1·51 1·50 5·14 5·17

Total 99·64 99·87 99·33 100·31 100·14 100·19 100·02 99·60 99·09 99·35 102·34 101·09 101·37 101·92

O¼ 12

Si 3·009 3·019 3·008 3·032 3·028 3·014 2·994 3·025 2·997 3·004 2·980 2·952 2·995 2·998

Ti 0·001 0·001 0·000 0·000 0·000 0·001 0·002 0·000 0·002 0·000 0·000 0·000 0·000 0·000

Al 1·946 1·939 1·950 1·936 1·944 1·930 1·951 1·956 1·974 1·947 1·952 1·970 1·944 1·919

Cr 0·003 0·002 0·014 0·003 0·000 0·003 0·000 0·005 0·004 0·002 0·002 0·001 0·000 0·000

Fe3þ 0·038 0·019 0·021 0·000 0·004 0·038 0·057 0·000 0·025 0·042 0·133 0·192 0·103 0·126

Fe2þ 1·864 1·928 1·941 1·818 1·813 1·793 1·788 1·963 1·961 1·919 2·078 2·047 1·941 1·962

Mn 0·018 0·030 0·038 0·092 0·091 0·093 0·092 0·033 0·031 0·024 0·092 0·101 0·056 0·058

Mg 0·661 0·755 0·800 0·951 0·952 0·961 0·949 0·807 0·783 0·702 0·677 0·670 0·561 0·546

Ca 0·455 0·307 0·227 0·167 0·165 0·165 0·167 0·204 0·222 0·359 0·126 0·127 0·431 0·433

Cations 7·994 8·000 7·998 7·999 7·997 7·999 8·000 7·992 7·999 8·000 8·045 8·065 8·035 8·042

Alm 0·62 0·64 0·65 0·60 0·60 0·60 0·60 0·65 0·65 0·64 0·71 0·71 0·66 0·67

Spe 0·01 0·01 0·01 0·03 0·03 0·03 0·03 0·01 0·01 0·01 0·03 0·03 0·02 0·02

Prp 0·22 0·25 0·27 0·31 0·32 0·32 0·32 0·27 0·26 0·23 0·22 0·21 0·18 0·17

Grs 0·15 0·10 0·08 0·06 0·05 0·05 0·06 0·07 0·07 0·12 0·04 0·04 0·14 0·14
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Z IRCON U^Pb AGE , TRACE

ELEMENT AND Hf I SOTOPE DATA

Zircon U^Pb age
LA-ICP-MS U^Pb dating and the trace element compos-

itions of the magmatic and metamorphic zircons and in-

herited zircons from the granitoids and metasedimentary

rocks are presented in Electronic AppendixTables 1 and 2

(available for downloading at http://www.petrology.

oxfordjournals.org), and are described below.

Zircons from the granitoids are commonly colorless,

euhedral to subhedral prismatic, and characterized by

regular concentric zoning in cathodoluminescence (CL)

images (Fig. 11a). Most of the grains have relatively high

Th/U ratios (40·2) and REE contents (Electronic

Appendix Table 1), and exhibit fractionated REE patterns

with LREE depletion and HREE enrichment, and nega-

tive Eu anomalies (Fig. 12a). The internal structure and

compositional features indicate that the zircons from the

granitoids are of magmatic origin (e.g. Rubatto, 2002). For

zircons from two granites and six granodiorites, most of

the analytical spots yielded consistent, concordant or

near-concordant 206Pb/238U ages, with weighted mean

ages of c. 66^55 Ma (Figs 13 and 14a, b).

Zircons from the meta-granitoids are colorless and sub-

hedral prismatic; they are characterized by well-preserved

core^rim zoning structures (Fig. 11b and c). The inherited

magmatic cores exhibit oscillatory or banded zoning in

CL images, and have relatively high Th/U ratios, high

REE contents and distinctly fractionated REE patterns

with negative Eu anomalies (Fig. 12b and c). In contrast,

the metamorphic rims of the zircons show no zoning

(Fig. 11b and c), and have relatively low Th/U ratios and

REE contents, and fractionated REE patterns with slightly

negative Eu anomalies (Fig. 12b and c), typical of meta-

morphic origin (Rubatto, 2002).The magmatic cores of zir-

cons from one meta-diorite and two meta-gabbroic

diorites yielded near-concordant 206Pb/238U ages, with

weighted mean ages of 60·2�1·1 Ma, 61·3�1·2 Ma and

55·5�5·8 Ma (Fig. 14c^e), respectively. The metamorphic

rims of zircon from these three samples yielded near-con-

cordant 206Pb/238U ages, and with weighted mean ages of

61·8�2·4 Ma, 59·8�3·3 Ma and 53·1�2·0 Ma, respect-

ively (Fig. 14c^e). Thus, the magmatic and metamorphic

ages are nearly consistent within error for each sample,

indicating a close temporal association of magmatism and

metamorphism.

Zircons from the garnet-bearing quartz schist (sample

T8-20-3) are transparent and subhedral, short or long pris-

matic in shape, and show patchy zoning (Fig. 11d). They

have very low Th/U ratios (50·01) and LREE contents

(Electronic Appendix Table 1), and variable HREE

Table 5: The compositions of representative plagioclases from the granitoids and metamorphic rocks

Rock: Granodiorite Granite Schist Gneiss Amphibolite

Sample: T8-15-2 T9-30-5 T9-33-5 T10-123-2 T10-113-8 T9-61-3 T9-61-4 T10-74-1 T10-74-2 T10-86-4

SiO2 60·81 61·81 60·89 60·33 63·61 60·43 59·70 57·57 46·94 48·67

Al2O3 23·12 23·83 24·50 23·95 22·45 25·04 25·65 26·36 33·45 32·09

FeO 0·00 0·07 0·01 0·01 0·00 0·05 0·01 0·10 0·05

CaO 5·68 5·93 6·93 6·91 4·49 5·90 6·69 9·29 17·88 16·64

Na2O 8·71 8·56 7·90 7·71 9·24 7·49 7·19 6·47 1·50 2·27

K2O 0·21 0·21 0·16 0·14 0·36 0·09 0·07 0·11 0·01 0·03

Total 98·57 100·45 100·40 99·09 100·22 99·04 99·32 99·81 99·93 99·82

Si 2·732 2·730 2·701 2·715 2·808 2·723 2·686 2·587 2·162 2·236

Al 1·224 1·240 1·281 1·270 1·168 1·330 1·360 1·396 1·816 1·738

Fe3þ 0·081 0·044 0·006 0·000 0·025 0·000 0·000 0·000 0·000 0·000

Ca 0·273 0·281 0·329 0·333 0·212 0·285 0·322 0·447 0·882 0·819

Na 0·758 0·733 0·680 0·673 0·791 0·654 0·627 0·564 0·134 0·202

K 0·012 0·012 0·009 0·008 0·020 0·005 0·004 0·006 0·000 0·002

Ab 0·73 0·71 0·67 0·66 0·77 0·69 0·66 0·55 0·13 0·20

An 0·26 0·27 0·32 0·33 0·21 0·30 0·34 0·44 0·87 0·80

Or 0·01 0·01 0·01 0·01 0·02 0·01 0·00 0·01 0·00 0·00
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contents (Fig. 12d). The zircons with high HREE concen-

trations exhibit a smooth increase in normalized values

from Gd to Lu, presumably suggesting formation prior to

garnet crystallization, whereas the zircons with low

HREE contents show relatively flat HREE patterns,

demonstrating coeval formation with garnet (Schaltegger

et al., 1999; Rubatto, 2002;Wu et al., 2008, 2009). These zir-

cons yielded consistent and near-concordant 206Pb/238U

ages with a weighted mean age of 67·2�1·4 Ma (Fig. 14f),

representing the timing of metamorphism of the host-

rock. Zircons from a garnet-bearing gneiss (T9-31-9) are

subhedral, short prismatic and exhibit patchy zoning or

are unzoned. Thirteen analytical spots yielded concordant
206Pb/238U ages with a weighted mean age of 51·6� 0·9

Ma (Fig. 15a). These spots have relatively low REE con-

tents and nearly flat HREE patterns with weakly negative

Eu anomalies (Fig. 12d), and lowTh/U ratios (0·007^0·019;

Electronic Appendix Table 1), typical of metamorphic

zircon grown in equilibrium with garnet (e.g. Rubatto,

2002).

Zircons from a pelitic schist and a paragneiss are trans-

parent, oval or sub-rounded in shape. Most display a very

thin and incomplete metamorphic rim and a large in-

herited detrital core (Fig. 11e and f). The detrital cores

show weak concentric or banded zoning; they have rela-

tively high Th/U ratios and REE contents (Electronic

AppendixTable 2), typical of magmatic origin.The detrital

zircon cores from two samples yielded variable 206Pb/238U

ages ranging from 235 to 2518 Ma, and from 250 to 2910

Ma, respectively (Fig. 15b and c; Electronic Appendix

Table 2), with three major age populations at c. 1020, c. 580

and c. 330 Ma (Fig. 13d), indicating that the metasedimen-

tary rocks have a maximum deposition age during the

Triassic, and were sourced from multiple provenances

similar to the Mesozoic sedimentary rocks of the Lhasa

terrane (Gehrels et al., 2011).

In summary, zircon U^Pb dating reveals that the

Nyingchi complex experienced Early Paleogene magma-

tism and metamorphism. The magmatism resulted in the

generation of the plutonic suite, whereas nearly coeval

granulite-facies metamorphism affected both the intrusive

and sedimentary units. Our results also suggest that the

Early Paleogene tectonothermal events within the

Gangdese arc may have been sustained for over 10 Myr.

Zircon Hf isotopes
Among 168 magmatic zircon grains from 11 granitoids

dated in this study, 143 were analyzed for their Hf isotope

ratios (Electronic Appendix Table 3). Zircons from four

S-type granites show variable but mostly negative eHf(t)

values ranging from �18·4 to þ2·1 (Fig. 16). Zircons from

seven I-type granitoids yielded variable but mostly positive

Table 6: The compositions of representative epidotes from the granodiorites

Sample: T8-15-2 T8-15-2 T8-15-2 T8-15-2 T9-30-2 T9-30-2 T9-30-2 T9-30-2

SiO2 36·62 36·90 37·12 37·28 37·90 38·97 38·56 38·57

TiO2 0·17 0·08 0·06 0·10 0·00 0·05 0·06 0·05

Al2O3 22·25 22·52 22·48 22·66 23·15 22·88 22·99 23·16

Cr2O3 0·03 0·06 0·02 0·03 0·00 0·00 0·03 0·00

FeO 12·27 12·62 12·53 12·27 11·67 11·84 12·31 12·22

MnO 0·61 0·41 0·48 0·60 0·30 0·31 0·30 0·35

MgO 0·01 0·02 0·04 0·00 0·01 0·01 0·01 0·03

CaO 23·42 23·31 23·40 23·38 23·69 23·61 23·76 23·63

Total 95·43 95·93 96·14 96·35 96·71 97·67 98·03 98·02

O¼ 12

Si 2·963 2·968 2·979 2·985 3·013 3·073 3·031 3·032

Ti 0·010 0·005 0·003 0·006 0·000 0·003 0·004 0·003

Al 2·122 2·135 2·126 2·139 2·169 2·127 2·130 2·146

Cr 0·002 0·004 0·001 0·002 0·000 0·000 0·002 0·000

Fe
3þ

0·930 0·917 0·910 0·875 0·809 0·721 0·798 0·783

Fe
2þ

0·000 0·000 0·000 0·000 0·000 0·060 0·011 0·020

Mn 0·041 0·028 0·033 0·041 0·020 0·021 0·020 0·023

Mg 0·001 0·002 0·005 0·000 0·001 0·001 0·002 0·004

Ca 2·030 2·009 2·011 2·005 2·018 1·994 2·001 1·990

Some epidotes have low totals because of the potential REE components.
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eHf(t) values, with a range of �1·7 to þ13·0 (Fig. 16). The

zircons from the S-type granites have old Hf isotope crus-

tal model ages (TDMC) ranging from c. 1001Ma to c. 2302

Ma (mostly 41570 Ma), whereas those from the I-type

granitoids display distinctly younger model ages of c. 305

Ma to c. 1241Ma (mostly5980 Ma).

DISCUSSION

Paleocene magmatism of the Gangdese arc
Our study shows that the Paleocene granitoids from the

Nyingchi complex include gabbroic diorite, diorite, grano-

diorite and granite. All the granitoids exhibit strong sub-

duction-related signatures, including (1) calc-alkaline and

metaluminous or slightly peraluminous compositions, (2)

negative Nb, Ta and Ti anomalies in multi-element plots

(Fig. 8a and b), (3) weakly fractionated REE patterns

(Fig. 8c and d), (4) relatively low Y, Nb and Rb contents,

limiting the granitoids to the volcanic arc field (Fig. 7c

and d). These features are consistent with previous studies

that concluded that the Gangdese granitoids are domi-

nated by calc-alkaline I-type magmatic rocks, representing

a major component of an Andean-type continental

margin that resulted from northward subduction of Neo-

Tethyan oceanic lithosphere prior to the India^Eurasia

collision (e.g. Alle' gre et al., 1984; Debon et al., 1986; Searle

et al., 1987; Harris et al., 1988; Yin & Harrison, 2000;

Chung et al., 2005; Kapp et al., 2005a; Mo et al., 2005; Wen

et al., 2008b).

Previous studies have indicated that S-type granitoids

within the Himalayan orogen are younger than c. 50 Ma,

and related to post-collision crustal thickening (Chung

et al., 2005; Mo et al., 2005;Wen et al., 2008b; Zhang, H. F.,

et al., 2010; Searle et al., 2011; Pullen et al., 2011; Zeng et al.,

2011). However, our study clearly demonstrates the occur-

rence of Paleocene S-type granites in the Gangdese arc.

These S-type granites are light coloured, commonly

termed leucogranite, and occur as veins or dikes with vari-

able widths (Fig. 2b). They are characterized by the pres-

ence of aluminous minerals such as garnet and muscovite,

and have peraluminous bulk composition. Most zircons

from these granites contain inherited detrital cores, indi-

cating that they were derived from metasedimentary

rocks or older granite provenances.

A key requisite in S-type granite generation is a metase-

dimentary source buried in the deep crust before anatexis;

some previous investigators have preferred continent^

continent collision to explain this (e.g. Barbarin, 1998).

However, S-type granites occur sporadically in Phanero-

zoic circum-Pacific accretionary orogens (Kemp et al.,

2007; Collins & Richards, 2008). In addition, Tulloch et al.

(2009) reported a mid-Paleozoic S-type granite in an

active margin of east Gondwana in western New Zealand.

Considering that most granites are crust-derived, the

positive and negative eHf(t) values of their zircons would

indicate that they originate by partial melting of juvenile

and ancient crust, respectively (Kinny & Maas, 2003).

Available studies show positive zircon eHf(t) values for the

Gangdese granitoids (Fig. 16), suggesting a juvenile source

(Chu et al., 2006; Zhang et al., 2007; Chiu et al., 2009; Ji

et al., 2009; Zhu et al., 2011b). Our study shows that zircons

from the Paleocene granitoids of the eastern Gangdese arc

have both positive and negative eHf(t) values (Fig. 16).

Most zircons from the S-type granites have negative

eHf(t) values of up to �18·4, with old Hf isotope crustal

model ages (TDMC) ranging from 1001 to 2302 Ma

(Fig. 16 and Electronic AppendixTable 2). Guo et al. (2012)

reported a Paleogene (64·4� 0·7 Ma) S-type granite from

the Nyingchi complex. Inherited zircon cores from the

S-type granites have a similar age spectrum to those of

the Nyingchi paragneisses; the magmatic zircon rims

have distinctly negative eHf(t) values of �17·7 to �8·3,

Table 7: The compositions of representative muscovites from

the granitoids and metamorphic rocks

Rock: Granodiorite Schist

Sample: T8-15-2 T9-33-7 T10-72-2 T10-123-2 T9-61-3 T9-61-4 T9-61-4

SiO2 45·06 46·67 46·23 47·06 47·65 47·87 47·68

TiO2 0·39 1·14 0·00 1·12 1·11 0·95 1·15

Al2O3 30·03 31·29 33·77 33·46 31·93 32·00 32·40

Cr2O3 0·00 0·02 0·00 0·00 0·13 0·02 0·08

FeO 4·59 2·96 2·11 1·51 1·14 1·28 1·15

MnO 0·00 0·03 0·05 0·04 0·02 0·02 0·03

MgO 1·33 0·99 0·37 0·73 1·31 1·40 1·28

CaO 0·01 0·06 0·00 0·00 0·01 0·04 0·00

Na2O 0·31 0·32 0·35 0·50 0·93 0·89 0·80

K2O 10·37 10·04 10·58 10·02 9·81 9·55 9·62

Total 92·09 93·50 93·47 94·43 94·04 94·02 94·18

O¼ 10

Si 3·123 3·166 3·138 3·148 3·207 3·208 3·190

Ti 0·020 0·058 0·000 0·056 0·056 0·048 0·058

Al 2·453 2·502 2·702 2·637 2·533 2·527 2·555

Cr 0·000 0·001 0·000 0·000 0·007 0·001 0·004

Fe3þ 0·301 0·136 0·058 0·034 0·000 0·027 0·020

Fe2þ 0·000 0·032 0·062 0·050 0·096 0·045 0·045

Mn 0·000 0·002 0·003 0·002 0·001 0·001 0·002

Mg 0·138 0·100 0·038 0·072 0·131 0·140 0·128

Ca 0·000 0·004 0·000 0·000 0·001 0·003 0·000

Na 0·042 0·042 0·046 0·064 0·121 0·115 0·104

K 0·916 0·869 0·917 0·855 0·843 0·817 0·821
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Fig. 5. Compositions of garnets from the magmatic and metamorphic rocks.

Fig. 6. Garnet compositional profiles (red dashed lines in Fig. 4a and c) representing rim-to-rim analyses through garnet porphyroblasts: (a)
T9-61-4; (b) T9-61-3.
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Table 8: The whole-rock chemical compositions of the granitoids and metagranitoids from the eastern Gangdese arc

Type: I-type granitoids S-type granitoids

Rock Granodiorite Gneiss Amphibolite Granite Granodiorite

Sample: T8-15-2 T9-30-2 T9-33-5 T9-62-1 T10-74-1 T10-74-2 T10-86-4 T10-113-8 T10-123-2 T10-72-2 T9-33-7

Major elements (wt %)

SiO2 70·46 64·41 68·42 64·27 58·68 55·24 55·22 72·21 75·57 68·34 69·31

TiO2 0·34 0·65 0·63 0·68 0·94 1·38 1·03 0·04 0·09 0·45 0·39

Al2O3 14·32 16·72 15·19 17·25 18·29 18·49 17·62 15·74 13·99 15·46 16·62

Fe2O3 1·06 1·15 0·63 0·73 3·22 3·95 3·16 0·08 0·18 1·74 0·26

FeO 2·23 3·32 3·75 4·28 4·42 6·18 5·51 0·27 0·27 3·07 2·07

MnO 0·09 0·09 0·16 0·07 0·17 0·19 0·17 0·06 0·01 0·29 0·06

MgO 1·33 1·57 1·22 2·05 2·20 3·26 4·17 0·11 0·20 1·19 0·66

CaO 3·16 3·87 3·34 4·62 4·92 7·01 7·29 1·17 1·73 3·68 5·73

Na2O 3·71 3·86 3·98 3·73 3·16 0·53 1·03 3·79 2·55 3·49 2·74

K2O 2·53 2·56 1·78 1·74 2·40 1·91 2·31 6·09 4·63 1·83 0·89

P2O5 0·13 0·22 0·22 0·19 0·64 0·37 0·25 0·04 0·05 0·14 0·10

H2O 0·49 0·90 0·66 0·45 1·26 1·40 1·06 0·30 0·28 0·42 1·00

LOI 0·74 0·59 0·48 0·35 0·42 0·68 1·07 0·12 0·33 0·41 0·97

Total 100·10 99·01 99·80 99·96 99·46 99·19 98·83 99·72 99·60 100·09 99·80

Trace elements (ppm)

Hf 7·72 3·70 3·79 2·23 3·84 2·50 3·94 2·76 0·46 5·04 5·19

Zr 94 146 163 80 150 84 151 54 12 187 228

V 57·1 67·3 63·7 92·9 47·9 184·0 197·0 2·0 4·0 51·4 52·0

Sc 10·8 7·6 10·8 7·1 11·0 18·9 20·8 1·6 1·1 11·6 5·7

Co 7·6 9·3 7·6 14·0 8·5 16·7 20·6 0·4 1·0 6·0 5·0

Ni 3·0 20·7 30·3 10·6 2·4 3·2 9·5 2·0 4·7 2·8 25·9

Cu 40·3 14·5 21·4 20·4 17·3 14·3 16·6 4·1 3·6 4·2 7·8

Zn 56·0 84·1 80·6 78·5 97·7 102·0 93·3 3·9 7·2 53·1 35·0

Ga 15 22 18 20 19 20 18 13 11 19 18

Rb 97 107 119 49 124 105 98 150 134 103 28

Nb 6·9 8·7 9·7 3·6 7·4 6·0 5·1 1·5 2·8 15·1 5·2

Ba 341 341 405 304 609 197 519 757 310 184 277

Ta 0·52 0·46 0·59 0·20 0·53 0·33 0·40 0·23 0·27 0·99 0·24

Pb 16·6 14·4 9·5 10·4 14·4 5·9 7·1 32·2 44·8 15·8 8·1

Th 8·44 24·70 8·84 2·38 3·31 1·65 3·22 4·30 3·29 10·90 12·40

U 1·36 1·82 0·71 0·14 1·40 0·44 1·16 1·02 3·19 1·28 0·56

Cr 5·3 36·1 55·5 11·4 2·0 2·7 10·0 3·3 12·8 6·6 44·5

Y 21 12 32 7 33 37 22 14 24 44 17

Sr 225 398 308 470 561 602 483 205 111 271 602

Sn 1·29 2·78 3·43 0·93 4·99 3·09 3·56 0·59 2·42 2·26 0·90

Rare earth elements (ppm)

La 25·0 75·1 37·7 15·7 28·2 13·6 13·4 8·33 8·90 36·1 52·0

Ce 43·4 133·0 74·7 30·5 61·4 31·7 29·7 17·2 16·5 76·9 99·7

Pr 5·01 13·80 8·80 3·73 8·06 4·80 4·08 1·87 2·01 7·88 10·10

Nd 17·5 43·9 32·7 14·2 34·2 23·0 18·7 6·7 7·0 27·2 35·1

Sm 3·34 6·57 6·62 2·65 7·81 6·61 4·58 1·50 1·76 5·37 4·71

Eu 0·76 1·29 1·24 1·07 2·01 1·91 1·64 0·71 1·01 1·01 1·84

Gd 3·28 4·27 6·22 2·33 6·68 6·41 4·42 1·37 1·90 6·47 3·35

Tb 0·61 0·54 1·01 0·33 0·97 0·99 0·62 0·27 0·41 1·21 0·46

Dy 3·16 2·73 6·25 1·62 5·80 6·16 4·00 2·02 3·36 8·27 2·80

Ho 0·71 0·52 1·29 0·29 1·16 1·20 0·83 0·56 0·74 1·73 0·65

Er 1·81 1·50 3·80 0·73 3·64 3·66 2·45 2·17 2·61 4·49 2·31

Tm 0·30 0·19 0·52 0·09 0·49 0·52 0·33 0·39 0·39 0·54 0·35

Yb 1·92 1·27 3·30 0·53 3·24 3·21 2·19 3·40 2·97 3·14 2·52

Lu 0·27 0·20 0·46 0·09 0·49 0·48 0·35 0·60 0·44 0·46 0·44
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similar to those of detrital zircons in the Nyingchi para-

gneiss. These correlations suggest that the S-type granites

formed by crustal anatexis of the Nyingchi paragneiss at

depth. In addition, Wang et al. (2008) reported a granitic

vein formed by anatexis of amphibolite in the Nyingchi

complex at �65 Ma. Palin et al. (2013) concluded that peli-

tic migmatites from the studied area underwent Paleocene

to Eocene granulite-facies metamorphism and partial

melting. Our study further shows that Mesozoic sediment-

ary rocks from the southern Lhasa terrane have been

buried to lower crustal depths and experienced granulite-

facies metamorphism and partial melting during the

Paleocene. These features suggest that the migmatitic

metasedimentary rocks of the Nyingchi complex could be

the magma source for the Paleocene S-type granites of

the Gangdese arc.

Paleocene metamorphism of the
Gangdese arc
Recent studies indicate that the Gangdese batholiths have

experienced multiphase metamorphism from Late

Mesozoic to Early Cenozoic times (Zhang et al., 2009,

2010a, 2012a; Dong et al., 2010b; Guo et al., 2011, 2012). Our

study further shows that the Paleocene Gangdese plutons

underwent nearly syn-intrusion granulite-facies meta-

morphism, indicating that these plutons were emplaced at

lower crustal depths within the Gangdese arc. In addition,

the Paleocene granodiorites contain igneous epidote,

which is an index mineral of deep crustal magmatic rocks

(Zen & Hammarstrom, 1984; Brown & Walker, 1993;

Schmidt & Poli, 2004). Wen et al. (2008a) and Zhang, H.

F., et al. (2010) also concluded that the presence of primary

epidote in the Gangdese granitoids from the Nyingchi

area is indicative of intrusion at depths within the middle

to lower crust.

As described above, recent studies and the present work

have demonstrated that the Nyingchi complex underwent

Mesozoic^Cenozoic amphibolite- to granulite-facies

metamorphism and related anatexis. Moreover, our geo-

chronological data reveal that Paleocene plutonism, granu-

lite-facies metamorphism and crustal anatexis are almost

contemporaneous in the Gangdese arc, indicating an

accretionary orogenic episode characterized by high heat

flow, granulite-facies metamorphism and partial melting,

which are diagnostic features of active continental mar-

gins, representing the sites of mantle-derived magma ac-

cretion and continental crust generation (e.g. Collins,

2002a, 2002b; Hyndman et al., 2005; Currie & Hyndman,

2006; Klepeis et al., 2007; Scott et al., 2009). Such magma

accretion resulting in crustal thickening and growth, and

associated granulite-facies metamorphism may be one of

the most important processes in subduction-related mag-

matic arcs (Gibson et al., 1988; Brown & Walker, 1993;

Brown, 1996; Yoshino et al., 1998; Clarke et al., 2000;

Table 9: The whole-rock chemical compositions of the meta-

sedimentary rocks from the eastern Gangdese arc

Rock: Schist Gneiss

Sample: T8-20-3 T9-31-9 T9-61-4 T8-44-1 T9-61-3 T8-44-7

Major elements (wt %)

SiO2 79·90 73·79 64·10 68·96 61·90 79·04

TiO2 0·01 0·44 0·84 0·60 0·90 0·53

Al2O3 12·46 12·64 16·04 13·70 16·24 9·61

Fe2O3 0·44 0·13 1·12 0·98 1·26 0·42

FeO 0·24 2·07 6·90 5·01 6·41 2·85

MnO 0·01 0·23 0·14 0·15 0·18 0·07

MgO 0·22 1·22 3·06 2·89 3·52 1·27

CaO 1·05 7·89 2·10 1·81 2·73 1·81

Na2O 2·47 0·20 1·66 1·57 2·34 1·61

K2O 1·47 0·08 2·12 2·63 2·22 1·99

P2O5 0·02 0·13 0·08 0·07 0·13 0·13

H2O 1·14 0·60 1·59 0·47 1·77 0·43

LOI 1·30 0·57 1·29 1·40 1·53 0·89

Total 99·59 99·39 99·45 99·77 99·36 100·22

Trace elements (ppm)

Hf 0·53 4·71 4·66 10·3 4·19 11·64

Zr 13 150 167 200 154 357

V 25 33 183 91 202 54

Sc 1·3 6·4 26 18 24 11

Co 0·9 6·4 14·2 17·3 19·2 8·9

Ni 2·3 17 21 35 42 13

Cu 4·0 21 34 13 30 8

Zn 2·5 45 101 106 110 60

Ga 11 16 19 18 21 12

Rb 33 3·4 84 107 92 65

Nb 0·5 12 12 17 10 7·1

Ba 697 140 336 653 314 432

Ta 0·03 1·19 0·66 0·86 0·52 0·37

Pb 7·2 8·6 13·3 19·2 14·3 16·7

Th 0·46 22 14 28 17 16

U 0·04 5·19 1·01 1·62 1·20 1·51

Cr 8·0 40 130 72 144 29

Y 0·83 15 39 44 33 35

Sr 223 379 151 136 241 76

Sn 1·16 3·95 0·80 0·27 0·81 0·43

Rare earth elements (ppm)

La 0·30 44·5 35·2 56·2 42·2 44·8

Ce 0·56 81·7 68·5 110·2 82·4 82·2

Pr 0·08 9·15 7·90 13·15 9·38 9·75

Nd 0·40 31·2 29·2 47·8 34·6 34·9

Sm 0·10 5·54 5·71 8·87 6·65 6·67

Eu 0·04 1·26 1·34 1·27 1·38 1·25

Gd 0·07 4·24 5·49 6·82 5·95 5·38

Tb 0·02 0·60 1·06 1·20 1·00 0·92

Dy 0·10 3·27 7·48 6·83 6·39 5·16

Ho 0·02 0·61 1·63 1·55 1·31 1·20

Er 0·07 1·81 4·90 4·58 3·96 3·59

Tm 0·01 0·24 0·70 0·80 0·54 0·64

Yb 0·11 1·69 4·54 5·07 3·39 3·99

Lu 0·02 0·26 0·71 0·75 0·53 0·55
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Mu« ntener et al., 2000; Collins, 2002a, 2003; Hollis et al.,

2003, 2004; Scott et al., 2009; Stowell et al., 2010).

As mentioned above, our phase equilibrium modeling

shows that the pelitic schists from the Nyingchi complex

underwent a significant near-isobaric cooling in the granu-

lite-facies field, with a temperature decrease of c. 1008C at

nearly constant pressure of c. 10 kbar (Figs 9 and 10).

During this cooling process, sillimanite-bearing schist and

garnet^biotite schist are replaced by kyanite-bearing

schist (sample T9-61-4), and garnet^two-mica schist

(sample T9-6-3), respectively (Figs 4, 9 and 10). Harley

(1989) concluded that granulites with isobaric cooling P^

T paths may form in and beneath areas of voluminous

magmatic accretion, and that kyanite could develop as a

late phase in isobarically cooled granulites at pressures

greater than 6 kbar. Many studies have indicated that the

formation of granulites with an anticlockwise P^T

path involving near-isobaric cooling following the peak-

metamorphism were most probably related to the intru-

sion and underplating of mantle-derived magmas

(Bohlen, 1987, 1991; Ellis, 1987; Mu« ntener et al., 2000;

Zhao & Zhai, 2013, and references therein). In the eastern

Himalayan syntaxis, the Kohistan arc complex

represents a Cretaceous intra-oceanic arc formed during

the northward subduction of Neo-Tethyan oceanic litho-

sphere beneath the Karakoram (e.g. Burg et al., 1998;

Anczkiewicz & Vance, 2000; Schaltegger et al., 2002;

Dhuime et al., 2007; Jagoutz et al., 2009; Bosch et al., 2011).

Fig. 7. Compositional variations within the analyzed Gangdese granitoids. (a) SiO2 vs Na2OþK2O classification diagram (after Middlemost,
1994); (b) A/CNKvs A/NK classification diagram (after Shand, 1951); (c) Y vs Nb discrimination diagram (after Pearce et al., 1984); (d) Rb vs
YþNb discrimination diagram (after Pearce et al., 1984). ORG, ocean ridge granite; Syn-COLG, syn-collision granite;VAG, volcanic arc gran-
ite;WPG, within-plate granite.
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Fig. 8. Primitive-mantle normalized trace element and chondrite-normalized REE patterns of the studied rocks. (a, c) Paleocene I-type gran-
itoids; (b, d) S-type granites; (e, f) metasedimentary rocks.
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Fig. 9. (a) P^T pseudosection constructed with the bulk composition of sample T9-61-4. The pink, thin dashed isopleths correspond to melt
modal proportions (in 2 vol. % interval); the thick red dashed line is the H2O saturated solidus. (b) Garnet composition isopleths. The red
and green dashed lines represent isopleths of XMg [Fe/(FeþMg)] and XCa [Ca/(FeþMgþCaþMn)] for garnet, respectively.The mineral as-
semblages marked by numbers in (a) are listed in the lower part of (b).The semitransparent red and yellow circles refer to the P^T fields calcu-
lated from the composition isopleths of garnet cores and inner rims, respectively. The red lines with arrows represent the retrograde P^T path.

ZHANG et al. BUILDING OF THE DEEP GANGDESE ARC

2567

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
4
/1

2
/2

5
4
7
/1

4
9
5
2
1
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Fig. 10. (a) P^T pseudosection constructed with the bulk composition of sampleT9-61-3. The pink dashed isopleths correspond to melt modal
proportions (in 2 vol. % interval); the thick red dashed line is the H2O saturated solidus. (b) Garnet composition isopleths. The pink and
green dashed lines represent isopleths of XMg and XCa for garnet, respectively. The mineral assemblages marked by numbers in (a) are listed
in the lower part of (b). The semitransparent red and yellow circles refer to the P^T fields calculated from the composition isopleths of garnet
cores and inner rims, respectively. The red lines with arrows represent the retrograde P^T path.
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The lower-crustal rocks of the Kohistan arc are composed

of high-pressure granulites (Yamamoto, 1993; Yamamoto

& Nakamura, 1996, 2000; Yamamoto & Yoshino, 1998;

Yoshino et al., 1998; Schaltegger et al., 2002; Garrido et al.,

2006, 2007; Jagoutz et al., 2006; Padron-Navarta et al.,

2008; Bosch et al., 2011). Although many studies have pro-

posed a crustal thickening model resulted from magmatic

accretion and loading within the middle crust for the

lower crustal evolution of the Kohistan arc (e.g. Khan

et al., 1998; Yoshino et al., 1998; Yoshino & Okudaira, 2004;

Heuberger et al., 2007; Dhuime et al., 2009), Ringuette

et al. (1999) suggested an alternative model of magmatic

crystallization, isobaric cooling, and decompression for

the origin of the Kohistan arc granulites. This model is

consistent with the intrusive bodies occurring at variable

levels within the Kohistan arc complex (Jagoutz, 2010),

and with experimental studies on igneous garnet and

amphibole fractionation from andesitic liquids at condi-

tions comparable with those for the roots of island arcs

(Alonso-Perez et al., 2009). Moreover, several studies have

proposed that advective heating caused by magmatic ac-

cretion could have triggered granulite formation in the

middle and lower crust of magmatic arcs (Bohlen, 1987,

1991; Ellis, 1987; Robb et al., 1999; Mu« ntener et al., 2000;

Stowell et al., 2010). Our study shows that the Nyingchi

complex did not experience the isothermal (or heating)

increasing pressure process, which would be related to

crustal thickening owing to magma loading. In contrast,

the Nyingchi complex records only a near-isobaric cooling

process, typical of magma accretion. Thus, we infer that

the Paleogene HTand HP metamorphism and subsequent

near-isobaric cooling of the Nyingchi complex are essen-

tially the result of magmatic accretion, and heating and

late heat relaxation in the lower crust of the Gangdese

arc. This conclusion is consistent with the inference that

the Paleocene is the most prominent magmatic episode

within the Gangdese arc, as mentioned above.

Recently, Palin et al. (2013) carried out in situ U^Pb

dating of monazite in pelitic schists from the Nyingchi

complex. Their results show that the metamorphism of

the sillimanite-grade and kyanite-grade schists and nearly

coeval partial melting occurred at c. 71^50 Ma and c.

57^44 Ma, respectively. They considered that these tecto-

nothermal events were related to regional heat advection

caused by coeval and prolonged emplacement of

Gangdese batholith units.These data provide an important

time constraint on the sillimanite-grade metamorphism of

the pelitic schist preceding the kyanite-grade

Fig. 11. CL images of zircons from granitoid (a), meta-granitoids (b, c), schist (d) the metasedimentary rocks (e, f), showing the analytical
spots (circles) and related ages (in Ma) of the two meta-granitoids. The scale bars represent 100 mm.
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metamorphism in the Nyingchi complex, as revealed inde-

pendently by the petrological and thermobarometric evi-

dence from the present study. This result also indicates

that the Early Paleogene anatexis of the Gangdese lower

crust may have been sustained for up to 10 Myr, which is

broadly consistent with the duration of magmatism and

metamorphism (from 66 to 52 Ma) revealed by our study.

Tectonic model
As mentioned above, the Gangdese arc within the southern

Lhasa terrane was an Andean-type active continental

margin that resulted from the northward subduction of

Neo-Tethyan oceanic lithosphere prior to India^Asia colli-

sion. After a period of continuous subduction c. 100^85

Ma, which resulted in the formation of extensive

Cretaceous intrusions and associated volcanic rocks (Chu

et al., 2006; Wen et al., 2008a; Ji et al., 2009; Lee et al.,

2009), a magmatic gap or quiescent period occurred be-

tween 80 and 70 Ma, which led some investigators to sug-

gest a period of low-angle or flat subduction of the Neo-

Tethyan oceanic slab (Coulon et al., 1986; Chung et al.,

2005;Wen et al., 2008a, 2008b; Lee et al., 2009). The intensi-

fication of Paleogene magmatism has been interpreted as

the consequence of roll-back or steepening of the subducted

Neo-Tethyan oceanic slab (Coulon et al., 1986; Ding et al.,

2003; Chung et al., 2005; Kapp et al., 2005b, 2007; Wen

et al., 2008a; Lee et al., 2009). Slab roll-back would result

in strong crustal shortening (440%) (Guo et al., 2012), and

enhanced asthenospheric corner flow changing the ther-

mal structure of the mantle wedge (Chung et al., 2003).

Roll-back would also allow an influx of mantle-derived

magma above the retreating slab, providing a source of

heat for metamorphism, melting and magmatism in the

southern Lhasa terrane (Guo et al., 2012).

Our study further reveals that the Paleocene accretion-

ary orogenic episode of the Gangdese arc is characterized

by extensive plutonism and coeval regional granulite-

facies metamorphism and crustal anatexis. Based on our

new data and previously published data, we infer that the

roll-back of the flat subducted Neo-Tethyan slab during

the Late Mesozoic resulted in a contractional orogenic

regime, increase of asthenospheric corner flow and injec-

tion of voluminous mantle-derived magmas (Fig. 17).

Hence, shortening of the southern Lhasa terrane, deep

burial of sedimentary rocks, and large-scale heating of the

lower crust resulted in the extensive granulite-facies meta-

morphism and I-type and S-type granitoid magmatism of

the lower crust of the Gangdese arc (Fig. 17).

Fig. 12. Chondrite-normalized REE patterns of zircons from granitoid (a), meta-granitoids (b, c) and schists (d).
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Fig. 13. Zircon U^Pb concordia diagrams for the granitoids.
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Fig. 14. Zircon U^Pb concordia diagrams for granitoids (a, b), meta-granitoids (c^e) and schist (f). Open and grey-filled ellipses represent
magmatic and metamorphic zircons, respectively.
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Further investigations are required to test the proposed

model for magma accretion and lower crustal heating and

to exclude alternative tectonic models, such as the

magma-loading (Brown & Walker, 1993; Brown, 1996;

Yoshino & Okudaira, 2004; Heuberger et al., 2007;

Dhuime et al., 2009) and the subduction erosion models

(Kay & Mpodozis, 2002; Stern, 2011, and references

therein). The petrological, geochemical and geochronolo-

gical data provided by our study reveal a long-lived mag-

matic and metamorphic process, and hence provide new

insights into deep crustal processes within the Gangdese

arc.

CONCLUSIONS

The Nyingchi complex in the southeastern Lhasa terrane

consists of plutonic rocks, their metamorphosed

equivalents (orthogneisses), and metasedimentary rocks.

These rocks record Paleocene magmatism and meta-

morphism during the northward subduction of Neo-

Tethyan ocean lithosphere beneath the Lhasa terrane.

These deep-seated intrusions and HT and HP granulites

represent the original lower crust of the Gangdese mag-

matic arc.

We propose a model that envisages that the roll-back of a

flat-subducted Neo-Tethyan slab resulted in contractional

orogeny and accretion of voluminous deep-seated intru-

sions. These in turn caused extensive crustal heating of the

Gangdese arc to generate granulite-facies metamorphism

and partial melting of the deep-seated plutons and deeply

buried supracrustal rocks. Thus, the Paleocene Gangdese

arc provides a typical example with which to link the pro-

cesses of formation of granulites, silicic magmatism, and

crustal growth during an accretionary orogeny.

Fig. 15. Zircon U^Pb concordia diagrams (a^c) and a relative probability diagram (d) for inherited zircons from metasedimentary rocks.
Grey-filled and open ellipses represent metamorphic and magmatic zircons, respectively.
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Fig. 16. Plot of eHf(t) vs U^Pb age for zircons from the granitoids. The field of Gangdese I-type granites is fromJi et al. (2009), and the fields of
Paleocene I- and S-type granites are from the present study.

Fig. 17. Paleocene tectonic model for the southeastern Gangdese arc. Steep subduction of the Neo-Tethyan oceanic lithosphere resulted in the
contraction of the Gangdese crust and the deep burial of sedimentary rocks. The increase in asthenosphere corner flow and intrusion of
mantle-derived magma into the crust resulted in extensive heating, which caused granulite-facies metamorphism and I- and S-type magmatism
in the lower crust of the Gangdese arc. The black dashed lines are the hypothetical isotherms for the lower crust and upper mantle of the
Gangdese arc.
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