
ORIGINAL PAPER

Post-collisional, K-rich mafic magmatism in south Tibet:
constraints on Indian slab-to-wedge transport processes
and plateau uplift

Zhengfu Guo • Marjorie Wilson • Maoliang Zhang •

Zhihui Cheng • Lihong Zhang

Received: 11 July 2012 / Accepted: 1 February 2013 / Published online: 13 March 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract Post-collisional (23–8 Ma), potassium-rich

(including ultrapotassic and potassic) mafic magmatic

rocks occur within the north–south-trending Xuruco lake–

Dangre Yongcuo lake (XDY) rift in the Lhasa terrane of

the southern Tibetan Plateau, forming an approximately

130-km-long semi-continuous magmatic belt. They include

both extrusive and intrusive facies. Major and trace ele-

ment and Sr–Nd–Pb isotopic data are presented for all of

the known exposures within the XDY rift. The potassium-

rich, mafic igneous rocks are characterized by high

MgO (5.9–10.8 wt.%), K2O (4.81–10.68 wt.%), Ba

(1,782–5,618 ppm) and Th (81.3–327.4 ppm) contents, and

relatively high SiO2 (52.76–58.32 wt.%) and Al2O3

(11.10–13.67 wt.%). Initial Sr isotopic compositions are

extremely radiogenic (0.712600–0.736157), combined

with low (206Pb/204Pb)i (18.28–18.96) and (143Nd/144Nd)i

(0.511781–0.512046). Chondrite-normalized rare earth

element patterns display relatively weak negative Eu

anomalies. Primitive mantle-normalized incompatible trace

element patterns exhibit strong enrichments in large ion

lithophile elements relative to high-field-strength elements

and display strongly negative Ta–Nb–Ti anomalies. The

combined major and trace element and Sr–Nd–Pb isotopic

characteristics of the K-rich igneous rocks suggest that the

primitive magmas were produced by 1–10 % partial

melting of an asthenospheric mantle source enriched by

both fluids and partial melts derived from Indian passive

continental margin sediments subducted into the shallow

mantle as a consequence of the northward underthrusting

of the Indian continental lithosphere beneath Tibet since

the India–Asia collision at *55 Ma. The best-fit model

results indicate that a melt with trace element characteris-

tics similar to those of the K-rich rocks could be generated

by 8–10 % partial melting of a metasomatized mantle

source in the south and 1–2 % melting in the north of the

XDY rift. Trace element and Sr–Nd–Pb isotopic modeling

indicate that the proportion of fluid derived from the sub-

ducted sediments, for which we use as a proxy the Higher

Himalayan Crystalline Sequence (HHCS), in the mantle

source region increases from north (rear-arc) to south

(front-arc), ranging from 0 to 5 %, respectively. Corre-

spondingly, the proportion of the melt derived from the

subducted HHCS in the source increases from north (2 %)

to south (15 %). The increasing proportion of the fluid and

melt component in the mantle source from north to south,

together with a southward decreasing trend in the age of the

K-rich magmatism within the XDY rift, is inferred to

reflect rollback of the subducted Indian lithospheric mantle

slab during the period 25–8 Ma. Slab rollback may be

linked to a decreasing convergence rate between India and

Asia. As a consequence of slab rollback at 25 Ma beneath

the Lhasa terrane, its geodynamic setting was transformed

from a convergent (55–25 Ma) to an extensional

(25–8 Ma) regime. The occurrence of K-rich magmatism

during the period 25–8 Ma is a consequence of the

decompression melting of an enriched mantle source,
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which may signal the onset of extension in the southern

Tibetan Plateau and provide a petrological record of the

extension process.

Keywords Ultrapotassic and potassic magmatic rocks �
Slab rollback � Enriched asthenospheric mantle �
Extension � Tibetan Plateau

Introduction

The geodynamic processes responsible for uplift and exten-

sional tectonics forming N–S-trending rifts in the Tibetan

Plateau, postdating the India–Asia collision, have long been a

subject of debate (e.g., Yin and Harrison 2000; Blisniuk et al.

2001; Gao et al. 2007; Guo et al. 2007). Understanding the

cause of post-collisional, potassium-rich magmatism in the

Lhasa terrane of the southern Tibetan Plateau, which is dis-

tributed along a series of N–S-trending rifts (Fig. 1), can

provide important constraints on the mechanism of plateau

uplift and lithospheric extension (e.g., Williams et al. 2001,

2004; Gao et al. 2007). Although there have been a number of

studies on these magmatic rocks (e.g., Coulon et al. 1986;

Pearce and Mei 1988; Arnaud et al. 1992; Turner et al. 1996;

Chung et al. 1998, 2005; Williams et al. 2001, 2004; Ding

et al. 2003; Nomade et al. 2004; Mo et al. 2006a, 2007; Gao

et al. 2007; Zhao et al. 2009; Chen et al. 2010, 2011), their

petrogenesis remains highly controversial. Most of the pre-

vious studies have focused on individual volcanic fields, and

petrogenetic models have not been fully integrated in a

geodynamic context.

Three hypotheses have been suggested to explain the post-

collisional, potassium-rich magmatism. In the first, the mag-

matism was thought to result from convective removal of the

lower part of previously thickened lithospheric mantle (e.g.,

Turner et al. 1993, 1996; Chung et al. 1998, 2005; Williams

et al. 2001, 2004; Zhao et al. 2009). In the second, the mag-

matism was attributed to intracontinental subduction of Indian

continental lithosphere (e.g., Pearce and Mei 1988; Arnaud

et al. 1992; Tapponnier et al. 2001; Ding et al. 2003). In the

third, the magmatism was linked to break-off of a northward

subducted slab of Indian continental lithosphere (e.g., Miller

et al. 1999; DeCelles et al. 2002; Kohn and Parkinson 2002;

Maheo et al. 2002). The lack of detailed field sampling and of

comprehensive petrological and geochemical data has pre-

cluded further constraints on the petrogenesis of these post-

collisional magmas.

To further understand the relationship between the occur-

rence of the north–south-trending rifts and the petrogenesis of

the post-collisional, K-rich magmas, this study focuses on a

N–S-trending, 130-km-long, K-rich magmatic belt perpen-

dicular to the Indus-Tsangpo suture (ITS) within the Lhasa

terrane in south Tibet (Fig. 1). This includes five volcanic

fields from north (rear-arc) to south (front-arc), all of which

are located within the N–S-trending Xuruco lake–Dangre

Yongcuo lake rift system (hereafter XDY rift), bounded by

normal faults (Fig. 1b). The XDY rift is the longest, N–S-

trending graben in south Tibet (Kapp et al. 2007; Royden et al.

2008) and has the highest proportion of mafic lava flows.

Recent seismic tomographic studies (e.g., Li et al. 2008; He

et al. 2010; Zhao et al. 2011) have indicated the presence of a

slab of subducted Indian continental lithosphere beneath

southern Tibet. In this study we explore the role of metaso-

matic components (fluids and melts) released from this sub-

ducted Indian continental lithosphere into the overlying

asthenospheric mantle wedge in the petrogenesis of the K-rich

magmas. Additionally, we further explore the link between

slab-to-wedge fluid/melt transfer processes and plateau uplift

in south Tibet. Our study focuses on the post-collisional, mafic

K-rich magmatic rocks within the XDY rift. We have selec-

tively focused only on igneous rocks with high MgO contents

to minimize the potential effects of shallow-level crustal

contamination and magmatic differentiation.

We report new geochemical data for the most primitive

XDY rift K-rich magmatic rocks; these data extend and are

complementary to those of previous studies that predominantly

focused on the petrogenesis of individual volcanic fields within

the rift (e.g., Ding et al. 2003, 2006; Chen et al. 2007; Gao et al.

2007). On the basis of our data and previously published

geochemical and geophysical data, we develop a more robust

petrogenetic model to better understand the relationship

between subducted slab-to-wedge melt/fluid transfer processes

and the post-collisional uplift of the Tibetan Plateau.

Geological setting

The Tibetan Plateau is a collage of four nearly east–west-

trending allochthonous continental terranes which were

successively accreted to the southern margin of the Asian

continent, mainly in Paleozoic and Mesozoic times

(Fig. 1a). From north to south, these are the Kunlun-Qai-

dam terrane, Songpan-Ganzi terrane, Qiangtang terrane

and Lhasa terrane (Fig. 1a). The Lhasa terrane is bounded

by the Bangong–Nujiang suture (BNS) to the north and by

the Indus-Tsangpo suture (ITS) to the south. This terrane

separated from Gondwana in Triassic times and collided

with the Qiangtang terrane to the north in Late Jurassic–

Early Cretaceous times (Kapp et al. 2003, 2007), forming

the BNS. Collision of the Himalayas to the south with the

Tibetan Plateau to the north formed the ITS, which marks

the boundary between the Indian and Asian continents

(e.g., Pearce and Mei 1988; Tapponnier et al. 2001; Mo

et al. 2003; Deng et al. 2004). Most studies support the

traditional view of India–Asia collision at 55–50 Ma (e.g.,

Patriat and Achache 1984; Klootwijk et al. 1992; Leech
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et al. 2005; Tapponnier et al. 2001; Zhu et al. 2005;

Royden et al. 2008; Najman et al. 2010; Sun et al. 2012),

although this remains controversial (e.g., Ding et al. 2003,

2005; Mo et al. 2003, 2008; Ali and Aitchison 2008; Chen

et al. 2010; Cai et al. 2011; Yi et al. 2011).

The Precambrian basement of the Lhasa terrane is

comprised of orthogneiss with an age of 852 Ma (Guynn

et al. 2006). Its Phanerozoic cover sequences mainly

comprise Paleozoic to Mesozoic sedimentary rocks and

interbedded Jurassic–Cretaceous volcanic rocks (Zhu et al.

2008). Magmatic activity became important during the

Cenozoic in south Tibet. The Cenozoic magmatic rocks in

the Lhasa terrane are subdivided into three groups based on

their age relationships and geochemical characteristics.

Group 1 comprises the Linzizong volcanic rocks and

Transhimalaya (or Gangdese) batholiths (Fig. 1a), which

K-rich magmatic rocks

Linzizong volcanic rocks
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Fig. 1 a Overview map

showing the distribution of

Cenozoic magmatic rocks in

southern Tibet (modified from

DeCelles et al. 2002; Guo et al.

2007; Liu et al. 2011). 1 Post-

collisional, K-rich magmatic

rocks, 2 adakites, 3 Linzizong

volcanic rocks. The rectangle
shows the location of the study

area. The dashed lines show the

main tectonic sutures. JS Jinsha

suture, BNS Bangong–Nujiang

suture, ITS Indus-Tsangpo

suture, MBT Main Boundary

Thrust. b Map showing the

distribution of post-collisional,

K-rich magmatic rocks in the

XDY rift (modified from Liao

et al. 2002; Ding et al. 2003;

Chen et al. 2007; Gao et al.

2007). The numbers in circles
represent the individual

volcanic fields as follows: 1
Garwa, 2 Yaqian, 3 Mibale, 4
Yiqian, 5 Chazi

Contrib Mineral Petrol (2013) 165:1311–1340 1313

123



range in age from *65 to 40 Ma (Scharer 1984; Coulon

et al. 1986; Zhou et al. 2004; Mo et al. 2005, 2006a, b; Wen

et al. 2008). Mo et al. (2008) have suggested that the

Linzizong parental magmas resulted from melting of a

subducted Neotethyan ocean lithospheric slab beneath

south Tibet, although the volcanism has traditionally been

attributed to northward subduction of Neotethyan oceanic

lithosphere beneath the Lhasa terrane (e.g., Coulon et al.

1986). These subduction-related calc-alkaline igneous

rocks are extensively distributed in the southern part of the

Lhasa terrane (Fig. 1), forming an Andean-type active

continental margin. Group 2 magmatic rocks are Miocene

(18–12 Ma) adakites; they are mainly restricted to the

eastern part of the Lhasa terrane (Fig. 1a). Their petro-

genesis has been widely attributed to melting of thickened

mafic lower crust (Chung et al. 2003; Hou et al. 2004; Guo

et al. 2007) or subducted oceanic crust (Qu et al. 2004).

Group 3 magmatic rocks comprise the post-collisional ul-

trapotassic and potassic rock types which are the focus of

this study (Fig. 1); their ages range from 25 to 8 Ma based

on 40Ar/39Ar, K–Ar, Rb–Sr and single-crystal zircon U–Pb

dating (e.g., Coulon et al. 1986; Yin et al. 1994; Miller

et al. 1999; Williams et al. 2001, 2004; Ding et al. 2003;

Nomade et al. 2004; Mo et al. 2006a; Zhao et al. 2006,

2009; Sun et al. 2008; Chen et al. 2010). These K-rich

igneous rocks include both extrusive and intrusive facies.

The intrusive facies (dikes and plugs) crosscut the Gang-

dese granite batholiths, the Linzizong volcanic succession

and the underlying sedimentary formations, whereas the

extrusive facies unconformably overlie the magmatic rocks

of Group 1 and the underlying Paleozoic–Mesozoic sedi-

mentary rocks.

Previous studies (e.g., Williams et al. 2001, 2004; Ding

et al. 2003; Chung et al. 2005; Mo et al. 2006b; Gao et al.

2007; Zhao et al. 2009; Chen et al. 2010, 2012) have

demonstrated that the Group 3 magmatic rocks have spatial

distributions and geochemical characteristics which are

clearly different from those of Group 1 and Group 2. They

occur as small-volume lava flows, plugs and dike swarms

within a series of north–south-trending rifts bounded by

normal faults, including the XDY rift (Fig. 1b). Seismic

tomographic studies (e.g., Li et al. 2008) indicate that the

northward subducted Indian continental lithosphere slab

lies at a depth of *125 km beneath the southernmost

Chazi volcanic field and at *200 km depth beneath the

northernmost Garwa volcanic field (Fig. 1b).

Five volcanic fields are located within the XDY rift,

which form the basis of this study (Fig. 1). They include

lava flows, plugs and dykes, forming an N–S-trending,

130-km-long, magmatic belt extending from the Garwa

volcanic field in the north, through the Yaqian, Mibale and

Yiqian volcanic fields to the Chazi volcanic field in the

south (Fig. 1b). Exposures range from less than 10 to

*300 km2. The ages of the magmatic rocks decrease from

north (rear-arc) to south (front-arc) along the rift (Fig. 2;

Table 1).

Petrography

All the analyzed samples are unweathered and show no

evidence of significant hydrothermal alteration. They have

porphyritic textures with phenocrysts of 1–5 mm in size.

Their petrographic characteristics are summarized in

Table 2. The phenocryst minerals consist of clinopyroxene,

phlogopite, and rare olivine, sanidine and apatite. The

groundmass includes phlogopite, clinopyroxene, sanidine,

apatite, Fe–Ti oxides, leucite, zircon and glass (Table 2),

similar to the typical mineralogical assemblage of orogenic

lamproites from central Italy (Conticelli and Peccerillo

1992; Conticelli et al. 2009), SE Spain (Venturelli et al.

1984; Benito et al. 1999; Conticelli et al. 2009) and the

East European Alpine belt (Altherr et al. 2004).

Analytical methods

Single-zircon U–Pb geochronology

Single-zircon U–Pb dating was conducted using the

SHRIMP II at the Institute of Geology, Chinese Academy

of Geological Sciences (Beijing, China). Zircon grains

were separated under a binocular microscope from samples

of *10 kg in weight, cast along with zircon U–Pb inter-

national standards (TEM and SL13) in an epoxy mount and

Fig. 2 Decreasing trend in the ages of the post-collisional, K-rich

magmatic rocks from north to south in the XDY rift. The location of

the cross section is shown by the dashed gray line A–B in Fig. 1. The

numbers within the circles along the profile represent the numbers of

the volcanic fields as shown in Fig. 1. The x-coordinate is the distance

(in km) of the volcanic fields from Wenbu in Fig. 1. The ages of the

magmatic rocks are from Table 1
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then polished to section the crystals for analysis. Zircons

were documented using both transmitted and reflected light

photomicrographs and backscattered electron images, and

the mount was vacuum coated with a 500-nm layer of high-

purity gold (Au). A cathodoluminescence (CL) investiga-

tion was conducted at the Microprobe Laboratory of the

Institute of Geology and Geophysics, Chinese Academy of

Science. U–Th–Pb isotopic ratios were corrected for

instrumental interelement fractionation using the zircon

standard TEM with 206Pb/238U = 0.0668 at 417 Ma. U, Th

and Pb absolute abundances were calibrated using the

zircon standard SL13 (572 Ma) with U = 238 ppm and

Th = 18 ppm (Black et al. 2003a, b, 2004). The two zircon

standards were provided by the Australian National Uni-

versity. Data were handled using the Ludwig SQUID 1.0

and ISOPLOT programs. Measured compositions were

corrected for common Pb using non-radiogenic 204Pb.

Detailed analytical procedures for instrument operation and

data calculation, following those established in RSES,

Australian National University, are summarized elsewhere

(e.g., Chung et al. 2003; Hou et al. 2004; Qu et al. 2009).

Analysis conditions are a ca 15 nA, 10 kV O2- beam with

a spot size of 25–30 lm in diameter. A single spot on each

zircon grain was analyzed for about 20 min; one sample

required analysis of 8–15 spots on different zircon grains for

the age calculation. A zircon U–Pb international standard was

analyzed for every three U–Pb single-spot analyses of the

samples in order to monitor the analytical accuracy, external

precision and instrumental drift. Thus, a single sample was

continuously analyzed for about 5–8 h. The mass resolution

used for measuring Pb/Pb and Pb/U isotopic ratios was about

5,000. The U–Pb data are presented as a concordia plot

(Fig. 3) and in Table 3. The uncertainties of the individual

analyses are shown at the 1r level (Table 3). Magmatic

crystallization ages, indicated by the mean 206Pb/238U age, are

reported with a 95 % confidence interval (2r).

Whole-rock major and trace element analyses

Samples 4–5 kg in weight were cut into several thin slices.

Fresh slices were cleaned three times using deionized

water, dried and then crushed in an agate mortar for whole-

rock major element, trace element and Sr–Nd–Pb isotopic

analysis.

Table 1 Ages of the post-collisional, K-rich magmatic rocks in the XDY rift of south Tibet

Field no. Sample no. Field name Dating method Mineral and whole rock dated Age (Ma) Data sources

1 99T60 Garwa 40Ar/39Ar Sanidine 22.9 ± 0.7 (a) Ding et al. (2003)

1 99T60 Garwa 40Ar/39Ar Sanidine 21.5 ± 0.3 (b) Ding et al. (2003)

1 99T62 Garwa 40Ar/39Ar Sanidine 22.5 ± 0.5 (a) Ding et al. (2003)

1 99T62 Garwa 40Ar/39Ar Sanidine 17.8 ± 0.3 (b) Ding et al. (2003)

2 DR01-01 Yaqian 40Ar/39Ar Biotite 13.2 ± 0.3 (c) Zhao et al. (2006)

2 DR01-02 Yaqian 40Ar/39Ar Sanidine 13.0 ± 0.3 (c) Zhao et al. (2006)

2 DR03 Yaqian 40Ar/39Ar Sanidine 13.7 ± 0.3 (c) Zhao et al. (2006)

2 DR04 Yaqian 40Ar/39Ar Sanidine 13.0 ± 0.3 (c) Zhao et al. (2006)

2 DR01-1 Yaqian 40Ar/39Ar Biotite 13.4 ± 0.2 (a) Zhao et al. (2009)

2 DR01-2 Yaqian 40Ar/39Ar Sanidine 13.7 ± 0.2 (a) Zhao et al. (2009)

2 DR03 Yaqian 40Ar/39Ar Sanidine 14.2 ± 0.3 (a) Zhao et al. (2009)

2 DR04 Yaqian 40Ar/39Ar Sanidine 13.5 ± 0.2 (a) Zhao et al. (2009)

3 8030-5 Mibale K–Ar Whole rock 19.04 ± 0.97 Gao et al. (2007); Xie et al. (2004)

3 8030-5 Mibale K–Ar Whole rock 12.60 ± 0.97 Liao et al. (2002), Xie et al. (2004)

3 8030-18 Mibale K–Ar Whole rock 14.22 ± 0.68 Xie et al. (2004)

4 2003T536 Yiqian 40Ar/39Ar Biotite 13.5 ± 0.1 (a) Ding et al. (2006)

4 2003T536 Yiqian 40Ar/39Ar Biotite 12.8 ± 0.1 (c) Ding et al. (2006)

5 XR01-03 Chazi 40Ar/39Ar Biotite 11.2 ± 0.3 (c) Zhao et al. (2006)

5 XR01-3 Chazi 40Ar/39Ar Biotite 11.5 ± 0.2 (a) Zhao et al. (2009)

5 G8 Chazi U–Pb Zircon 11.70 ± 0.15 This study

5 99T154 Chazi 40Ar/39Ar Sanidine 13.1 ± 0.3 (a) Ding et al. (2003)

5 99T154 Chazi 40Ar/39Ar Sanidine 13.2 ± 0.4 (b) Ding et al. (2003)

5 99T145 Chazi 40Ar/39Ar Sanidine 8.2 ± 0.5 (a) Ding et al. (2003)

5 99T145 Chazi 40Ar/39Ar Sanidine 7.7 ± 0.2 (b) Ding et al. (2003)

Field no. refers to number of the volcanic field in Fig. 1. Field name corresponds to that in Fig. 1. Age categories of the post-collisional, K-rich

magmatic rocks, which are shown by letters in parentheses, are as follows: (a) plateau age; (b) total gas age; (c) isochron age
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Whole-rock major element contents (wt.%) were deter-

mined on fused glass disks by X-ray fluorescence (XRF)

using an XRF-1500 sequential spectrometer (SHIMADZU,

Japan) at the Institute of Geology and Geophysics, Chinese

Academy of Sciences, Beijing (IGGCAS). Sample powders

(0.6 g) were fused with Li2B4O7 (6 g) in a TR-1000S

automatic bead fusion furnace (SHIMADZU, Japan) at

1,100 �C for 10 min. Loss on ignition (LOI) was deter-

mined by ignition at 1,100 �C for 10 h of 2 g whole-rock

powder. The analytical precision was better than 2 % rel-

ative. The detailed operating procedure follows that

reported by Guo et al. (2006). Analytical data are presented

in electronic supplementary material 1.

Rare earth element (REE) and trace element contents

were analyzed by inductively coupled plasma mass spec-

trometry (ICP-MS) at IGGCAS using a FINNIGAN MAT

II element system. Whole-rock powders (40 mg) were

weighed and dissolved in 1 ml distilled 20 N HF and

0.5 ml 7.5 N HNO3 (HNO3/H2O = 1:1, volume ratio) in

7-ml Savillex Teflon screw-cap capsules and then were

ultrasonically stirred for 15 min. Subsequently, the solu-

tions were evaporated at 150 �C to dryness, and the residue

was digested with 1.5 ml HF and 0.5 ml HNO3 (HNO3/

H2O = 1:1) in Teflon screw-cap capsules. The solutions

were first heated at 130 �C for 2 h, and then the tempera-

ture was gradually increased up to 170 �C over 24 h. The

solutions were then maintained at 170 �C for 10 days,

dried and redissolved in 2 ml HNO3 (HNO3/H2O = 1:1) in

the capsules. The solutions were heated at 150 �C for 5 h

and then evaporated, dried and redissolved in 2 ml HNO3

(HNO3/H2O = 1:1) and 2 ml 1 % HNO3 at 150 �C for 5 h

in screw-cap capsules in order to ensure that the samples

were completely dissolved. The solutions were put into

plastic beakers, and then 1 ml 500 ppb In was added as an

internal standard. Finally, the solutions were diluted in 1 %

HNO3 to 50 ml for analysis by ICP-MS. A blank solution

Table 2 Phenocryst and groundmass mineral assemblages of the XDY magmatic rocks

Field no. Sample no. Field name Mg-no. Rock type Phenocrysts Groundmass

1 DY-7 Garwa 0.75 S3 Phl ? Cpx ? Ol ? Lc Phl ? Cpx ? Sani ? Ap ? Fe–Ti ? G

1 DC2 Garwa 0.71 U3 Phl ? Cpx ? Ap ? Sani Phl ? Cpx ? Lc ? Ol ? Ap ? Fe–Ti ? Zr

1 D509 Garwa 0.75 U3 Phl ? Cpx ? Ol ? Lc Phl ? Cpx ? Lc ? Ap ? Fe–Ti ? G

1 DG43 Garwa 0.74 S3 Phl ? Cpx ? Lc ? Ol Phl ? Cpx ? Sani ?Ap ? Fe–Ti

2 YE51 Yaqian 0.76 S3 Cpx ? Phl ? Ap Sani ? Phl ? Cpx ? Ol ? Ap ? Fe–Ti

2 YC08 Yaqian 0.73 S3 Lc ? Cpx ? Phl ? Ap ? Ol Sani ? Phl ? Cpx ? Ap ? Fe–Ti ? G

2 YG13 Yaqian 0.78 S3 Phl ? Cpx ? Ol Lc ? Phl ? Cpx ? Ap ? Fe–Ti

2 YF12 Yaqian 0.76 S3 Cpx ? Phl ? Ol Sani ? Phl ? Cpx ? Ap ? Zr

2 YA32 Yaqian 0.69 S3 Lc ? Cpx ? Phl ? Ol Sani ? Phl ? Cpx ? Tit ? Fe–Ti ? G

3 MH78 Mibale 0.77 S3 Ol ? Cpx ? Phl Sani ? Phl ? Cpx ? Ap ? Fe–Ti ? G

3 MH69 Mibale 0.81 S3 Ol ? Cpx ? Phl Lc ? Phl ? Cpx ?Fe–Ti

3 MG-3 Mibale 0.74 S3 Phl ? Cpx ? Sani Sani ? Phl ? Cpx ? Ap ? Fe–Ti ? Tit

3 MY1 Mibale 0.73 U3 Lc ? Cpx ? Phl Cpx ? Phl ? Ap ? Fe–Ti ? G

3 MK09 Mibale 0.75 S3 Lc ? Cpx Phl ? Cpx ?Fe–Ti ? Zr

3 MR21 Mibale 0.76 S3 Ol ? Cpx ? Phl Cpx ? Phl ? Lc ? Fe–Ti ? G

3 MA75 Mibale 0.76 S3 Ol ? Cpx ? Phl Sani ? Cpx ? Phl ? Ap ? Fe–Ti ? G

3 MX5 Mibale 0.77 S3 Phl ? Cpx Sani ? Phl ? Cpx ? Fe–Ti

5 G8 Chazi 0.70 S3 Phl ? Cpx Lc ? Ap ? Cpx ? Zr ? Fe–Ti ? G

5 C10 Chazi 0.70 S3 Phl ? Cpx Lc ? Ap ? Cpx ? Fe–Ti ? G

5 CV5 Chazi 0.69 S3 Phl ? Cpx Sani ? Ap ? Cpx ? Fe–Ti ? G

5 C76 Chazi 0.70 S3 Phl ? Cpx Lc ? Cpx ? Ol ? Phl ? Fe–Ti ? G

5 CH4 Chazi 0.69 S3 Phl ? Cpx ? Lc Sani ? Ap ? Cpx ? Fe–Ti

5 CH7 Chazi 0.78 S2 Phl ? Cpx ? Ol Lc ? Ap ? Cpx ?Phl ? Fe–Ti

5 C03 Chazi 0.80 S2 Phl ? Cpx ? Ol Lc ? Cpx ?Phl ? Fe–Ti ? G

5 CX38 Chazi 0.70 S3 Lc ? Cpx ? Phl Lc ? Phl ? Cpx ? Fe–Ti

5 C25 Chazi 0.75 S3 Phl ? Cpx ? Lc Sani ? Cpx ? Ap ? Fe–Ti ? G

Field no. refers to number of the volcanic field in Fig. 1. Field name corresponds to that in Fig. 1

Ap Apatite, Cpx clinopyroxene, Fe–Ti Fe–Ti oxides, G glass, Lc leucite, Ol olivine, Phl phlogopite, Sani sanidine, Tit titanite, Zr zircon

S2 basaltic trachyandesite, S3 trachyandesite, U3 tephriphonolite
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was prepared; the total procedural blanks were \50 ng for

all the trace elements reported in electronic supplementary

material 1. During the analytical runs, frequent standard

calibrations were performed to correct for instrumental

signal drift following the procedure of Guo et al. (2006).

Four replicates and two international standards (BHVO-1

and AGV-1) were prepared using the same procedure to

monitor the analytical reproducibility. The discrepancy,

based on repeated analyses of samples and international

standards, is less than 4 % for all the trace elements

given in electronic supplementary material 1. Analyses of

the international standards are in excellent agreement with

the recommended values (Govindaraju 1994) and deviate

less than 5 % from the published values (electronic sup-

plementary material 1). The detailed analytical procedures

follow those of Guo et al. (2005, 2006).

Sr–Nd–Pb isotopic analyses

Sr–Nd–Pb isotopic analyses were performed on a Finnigan

MAT262 mass spectrometer at IGGCAS. For Rb–Sr and

Sm–Nd isotopic analyses, whole-rock chips of less than 20

mesh size were used. Before being ground to 200 mesh size

(75 lm) in an agate mortar, the chips were leached in 0.06 N

HCl for 1 h at room temperature to minimize the influence of

surface alteration or weathering, especially for Sr isotopic

ratios. Whole-rock powders (60 mg) were spiked with mixed

isotopic tracers (87Rb–84Sr for Rb–Sr isotopic analyses and
149Sm–150Nd for Sm–Nd isotopic analyses) and then dis-

solved with a mixed acid (HF/HClO4 = 3:1) in Teflon cap-

sules for 7 days at room temperature. Rb and Sr and rare

earth element fractions were separated in solution using

AG50 W 9 8 (H?) cationic ion-exchange resin columns.

Sm and Nd were separated from the other rare earth element

fractions in solution using AG50 W 9 8 (H?) cationic ion-

exchange columns and P507 extraction and eluviation resin.

The collected Sr and Nd fractions were evaporated and dis-

solved in 2 % HNO3 to give solutions for analysis by mass

spectrometry. The mass fractionation corrections for Sr and

Nd isotopic ratios were based on 86Sr/88Sr = 0.1194

and 146Nd/144Nd = 0.7219, respectively. The international

Fig. 3 Zircon U–Pb concordia diagram for the K-rich volcanic rock

(G8) from Chazi. Data are from Table 3

Table 3 SHRIMP U–Pb dating of zircon from post-collisional, K-rich magmatic rock G8 from the Chazi volcanic field

Sample no. U

(ppm)

Th

(ppm)

232Th/238U 206Pb*

(ppm)

207Pb*/235U ±%

(1r)

206Pb*/238U ±%

(1r)

206Pb/238U age

(Ma ± 1r)

G8-1.1 2,337 993 0.44 3.48 0.01101 5.9 0.001719 2.0 11.07 ± 0.22

G8-2.1 3,654 9,648 2.73 5.66 0.01341 3.7 0.001804 1.9 11.62 ± 0.22

G8-3.1 3,015 1,377 0.47 4.70 0.01279 6.7 0.00182 5.7 11.70 ± 0.66

G8-4.1 837 2,095 2.59 1.31 0.0123 18 0.00179 2.6 11.53 ± 0.30

G8-5.1 2,925 3,235 1.14 4.47 0.01109 8.7 0.001769 1.9 11.39 ± 0.21

G8-6.1 905 2,570 2.93 1.47 0.0124 19 0.001865 3.9 12.01 ± 0.47

G8-7.1 774 2,064 2.76 1.25 0.0107 29 0.001847 2.9 11.89 ± 0.34

G8-8.1 2,759 1,902 0.71 4.40 0.01696 4.6 0.00185 1.9 11.92 ± 0.23

G8-9.1 921 2,627 2.95 1.47 0.0125 9.6 0.001862 2.5 11.99 ± 0.30

G8-10.1 806 1,980 2.54 1.30 0.0183 12 0.001882 2.5 12.12 ± 0.31

G8-11.1 1,090 2,942 2.79 1.77 0.0178 6.3 0.001895 2.1 12.20 ± 0.26

G8-12.1 1,830 5,572 3.15 2.91 0.0156 6.7 0.001854 1.9 11.94 ± 0.23

G8-13.1 6,113 2,384 0.40 9.37 0.01101 5.8 0.001768 1.7 11.39 ± 0.20

G8-14.1 1,697 3,509 2.14 2.57 0.0095 11 0.001742 2.1 11.22 ± 0.24

G8-15.1 1,153 2,208 1.98 1.73 0.0113 9.8 0.001727 2.3 11.12 ± 0.26

Weighted mean of

13 spots (2r)

11.70 ± 0.15

Pb* the radiogenic portions
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standard NBS987 gave 87Sr/86Sr = 0.710254 ± 16 (n = 8,

2 sigma) (the recommended value is 0.710240), and inter-

national standard NBS607 gave 87Sr/86Sr = 1.20032 ± 30

(n = 12) (the recommended value is 1.20039). The inter-

national La Jolla standard yielded 143Nd/144Nd =

0.511862 ± 7 (n = 12) (the recommended value is

0.511859), and the international standard BCR-1 yielded
143Nd/144Nd = 0.512626 ± 9 (n = 12) (the recommended

value is 0.512638). The whole procedure blank is less than

200 pg for Rb–Sr isotopic analysis and 50 pg for Sm–Nd

isotopic analysis. Analytical errors for Sr and Nd isotopic

ratios are given as 2 sigma (2r) in Table 4. The 87Rb/86Sr

and 147Sm/144Nd ratios of the samples were calculated using

the Rb, Sr, Sm and Nd concentrations obtained by ICP-MS.

The initial 87Sr/86Sr and 143Nd/144Nd ratios were calculated

using average ages of the samples based on 40Ar/39Ar, K–Ar

and U–Pb zircon dating methods (Table 1).

For whole-rock Pb isotopic measurements, in order to

minimize contamination from the atmosphere during the

crushing process, 100 mesh powders of samples were used.

One hundred and fifty milligram of whole-rock powder was

weighed and dissolved in Teflon capsules using concen-

trated HF at 120 �C for 7 days. Pb was separated from the

silicate matrix and purified using AG1 9 8 anionic ion-

Table 4 Sr–Nd isotopic compositions of the XDY K-rich magmatic rocks in south Tibet

Field no. Sample no. Field name 87Sr/86Sr ± 2r 143Nd/144Nd ± 2r (87Sr/86Sr)i (143Nd/144Nd)i eSr(i) eNd(i)

1 DY-7 Garwa 0.712847 ± 11 0.512056 ± 7 0.712595 0.512046 115 -11.0

1 DC2 Garwa 0.718046 ± 14 0.511965 ± 9 0.717602 0.511954 186 -12.8

1 D509 Garwa 0.716054 ± 10 0.512026 ± 7 0.715708 0.512015 159 -11.6

1 DG43 Garwa 0.714758 ± 9 0.511941 ± 7 0.714572 0.511929 143 -13.3

2 YE51 Yaqian 0.718364 ± 13 0.511913 ± 8 0.718179 0.511906 194 -13.9

2 YC08 Yaqian 0.718469 ± 12 0.511917 ± 6 0.718318 0.511909 196 -13.9

2 YG13 Yaqian 0.717351 ± 11 0.511936 ± 11 0.717192 0.511929 180 -13.5

2 YF12 Yaqian 0.719673 ± 14 0.511983 ± 8 0.719431 0.511976 212 -12.6

2 YA32 Yaqian 0.719041 ± 13 0.511964 ± 8 0.718886 0.511956 204 -13.0

3 MH78 Mibale 0.719877 ± 13 0.511926 ± 7 0.719678 0.511917 216 -13.7

3 MH69 Mibale 0.721486 ± 10 0.511992 ± 6 0.720922 0.511982 233 -12.4

3 MG-3 Mibale 0.719649 ± 11 0.511961 ± 8 0.719204 0.511952 209 -13.0

3 MY1 Mibale 0.722672 ± 12 0.511934 ± 7 0.722245 0.511925 252 -13.5

3 MK09 Mibale 0.720948 ± 10 0.511926 ± 10 0.720700 0.511915 230 -13.7

3 MR21 Mibale 0.725133 ± 10 0.511854 ± 6 0.724901 0.511845 290 -15.1

3 MA75 Mibale 0.720861 ± 12 0.511847 ± 12 0.720210 0.511839 223 -15.2

3 MX5 Mibale 0.718768 ± 13 0.511928 ± 8 0.718285 0.511918 196 -13.7

4 2003T534 Yiqian 0.719910 ± 10 0.511844 ± 1 0.719569 0.511835 214 -15.3

4 2003T536 Yiqian 0.720660 ± 10 0.511822 ± 1 0.719778 0.511814 217 -15.8

4 2003T539 Yiqian 0.720930 ± 10 0.511815 ± 1 0.719802 0.511807 217 -15.9

5 G8 Chazi 0.729418 ± 10 0.511856 ± 10 0.728905 0.511846 347 -15.2

5 C10 Chazi 0.735896 ± 12 0.511874 ± 9 0.735415 0.511864 439 -14.8

5 CV5 Chazi 0.733316 ± 16 0.511852 ± 13 0.732824 0.511844 402 -15.2

5 C76 Chazi 0.730484 ± 11 0.511793 ± 7 0.729715 0.511783 358 -16.4

5 CH4 Chazi 0.733043 ± 12 0.511924 ± 6 0.732453 0.511916 397 -13.8

5 CH7 Chazi 0.726819 ± 12 0.511828 ± 9 0.726344 0.511819 310 -15.7

5 C03 Chazi 0.723169 ± 15 0.511894 ± 8 0.722490 0.511885 256 -14.4

5 CX38 Chazi 0.721648 ± 13 0.511887 ± 10 0.721363 0.511879 240 -14.5

5 C25 Chazi 0.736552 ± 11 0.511826 ± 9 0.736220 0.511817 450 -15.7

Field number refers to number of the volcanic field in Fig. 1

Chondritic uniform reservoir (CHUR) at the present day [(87Rb/86Sr)CHUR = 0.0847 (McCulloch and Black 1984); (87Sr/86Sr)CHUR = 0.7045

(DePaolo 1988); (147Sm/144Nd)CHUR = 0.1967 (Jacobsen and Wasserburg 1980); (143Nd/144Nd)CHUR = 0.512638 (Goldstein et al. 1984)] was

used for the calculations of the initial epsilon Sr–Nd values. kRb = 1.42 9 10-11 year-1 (Steiger and Jager 1977); kSm = 6.54 9 10-12 year-1

(Lugmair and Marti 1978)

Both eNd(i) and eSr(i) were calculated using the average ages of the volcanic fields (Table 1)

Data for samples (2003T534, 2003T536, 2003T539) from the Yiqian volcanic field are from Ding et al. (2006)
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exchange columns with dilute HBr as eluant. The whole

procedure blank is less than 1 ng. During the period of anal-

ysis, repeat analyses of the international standard NBS981

yielded 204Pb/206Pb = 0.059003 ± 0.000084 (n = 6, 2

sigma) (the certified value is 0.058998), 207Pb/206Pb =

0.91449 ± 0.00017 (n = 6) (the certified value is 0.914598)

and 208Pb/206Pb = 2.16691 ± 0.00097 (n = 6) (the certified

value is 2.168099). Pb isotopic fractionations were corrected

using correction factors based on replicate analyses of the

international standard NBS981. The Pb isotopic data are

presented in Table 5. Detailed sample preparation and ana-

lytical procedures for the Sr–Nd–Pb isotopic measurements

follow those of Guo et al. (2005, 2006).

Results

No single-zircon U–Pb ages have been published previ-

ously for the post-collisional magmatic rocks in the XDY

rift (Fig. 1). Sample G8 from Chazi yields a reasonably well-

defined U–Pb age of 11.70 ± 0.15 Ma, within the age range

between 25 and 8 Ma previously reported (Table 1; Fig. 2).

All of the studied rocks have relatively high SiO2

(52.76–58.32 wt.%) and Al2O3 (11.10–13.67 wt.%) con-

tents, and high Mg numbers [=molar Mg 9 100/

(Mg ? Fe2?)=69–81, calculated assuming Fe2O3/(FeO ?

Fe2O3) = 0.20], MgO (5.9–10.8 wt.%) and Ni (143.52–

418.36 ppm) contents (electronic supplementary material

1). They are thus relatively primitive compositions, mini-

mizing the likelihood of significant shallow-level crustal

contamination and magmatic differentiation. The whole-

rock geochemical data (electronic supplementary material

1) indicate that all of the studied XDY rocks are ultrapot-

assic, with K2O [3 wt.%, MgO [3 wt.% and K2O/Na2O

ratios ranging from 2.35 to 9.89 (wt.%), except for two

samples (CX38 and C66) with K2O/Na2O less than 2.0

(1.86 and 1.97). The latter two samples are considered to

be potassic based on the criteria of Foley et al. (1987). The

Table 5 Pb isotopic compositions of the XDY K-rich magmatic rocks in south Tibet

Field no. Sample no. Field name 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i

1 DY-7 Garwa 18.32 15.71 39.35 18.28 15.71 39.24

1 DC2 Garwa 18.36 15.66 39.22 18.35 15.66 39.15

1 D509 Garwa 18.40 15.69 39.13 18.38 15.69 39.08

1 DG43 Garwa 18.37 15.68 39.42 18.34 15.68 39.21

2 YE51 Yaqian 18.40 15.72 39.23 18.38 15.72 39.15

2 YC08 Yaqian 18.40 15.75 39.36 18.39 15.75 39.32

2 YG13 Yaqian 18.38 15.74 39.37 18.37 15.74 39.33

2 YF12 Yaqian 18.42 15.75 39.44 18.41 15.75 39.41

2 YA32 Yaqian 18.44 15.70 39.41 18.41 15.70 39.33

3 MH78 Mibale 18.49 15.75 39.58 18.46 15.75 39.52

3 MH69 Mibale 18.61 15.76 39.48 18.58 15.76 39.42

3 MG-3 Mibale 18.58 15.75 39.61 18.56 15.75 39.51

3 MY1 Mibale 18.54 15.78 39.62 18.52 15.78 39.55

3 MK09 Mibale 18.60 15.77 39.72 18.58 15.77 39.68

3 MR21 Mibale 18.63 15.80 39.58 18.60 15.79 39.51

3 MA75 Mibale 18.57 15.73 39.85 18.54 15.73 39.78

3 MX5 Mibale 18.53 15.73 39.51 18.51 15.72 39.48

5 G8 Chazi 18.80 15.70 40.06 18.78 15.70 40.03

5 C10 Chazi 18.94 15.82 39.99 18.92 15.82 39.95

5 CV5 Chazi 18.86 15.83 39.63 18.85 15.82 39.60

5 C76 Chazi 18.96 15.84 39.19 18.94 15.84 39.12

5 CH4 Chazi 18.90 15.82 39.63 18.88 15.82 39.58

5 CH7 Chazi 18.88 15.75 39.61 18.84 15.75 39.52

5 C03 Chazi 18.76 15.78 39.48 18.74 15.78 39.43

5 CX38 Chazi 18.82 15.72 39.95 18.79 15.72 39.89

5 C25 Chazi 18.99 15.85 39.40 18.96 15.85 39.33

Field number refers to number of the volcanic field in Fig. 1

kU238 = 0.155125 9 10-9 year-1, kU235 = 0.98485 9 10-9 year-1 and kTh232 = 0.049475 9 10-9 year-1 (Steiger and Jager 1977)

Initial Pb isotopic ratios were calculated using the average ages of the volcanic fields (Table 1)
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compositions of the XDY rocks plotted in an Na2O ? K2O

versus SiO2 classification diagram lie almost totally within

the tephriphonolite-basaltic trachyandesite–trachyandesite

fields (Fig. 4a). A plot of K2O versus SiO2 shows that most

of the XDY rocks are ultrapotassic, although three samples

plot in the shoshonitic series field (Fig. 4b). The major

element oxide compositions of the XDY magmatic rocks

(Fig. 4c) are transitional between Group I (anorogenic

lamproites) and Group III (orogenic ultrapotassic rocks)

according to the classification of Foley et al. (1987). The

studied rocks have enriched light REE (LREE) and rela-

tively flat heavy REE (HREE) profiles (chondrite-normal-

ized La/Yb and Dy/Yb ratios are 33–225 and 1.64–3.48,

respectively) and slightly negative Eu anomalies (Fig. 5).

Similar REE patterns have been reported for lamproites

from SE Spain (Nixon et al. 1984; Contini et al. 1993;

Prelević et al. 2008; Conticelli et al. 2009) and central Italy

(Rogers et al. 1985; Gasperini et al. 2002; Perini et al.

2004; Owen 2008; Boari et al. 2009; Conticelli et al. 2009).

The studied rocks have steeper LREE patterns and weaker

negative Eu anomalies in the northern part (i.e., rear-arc)

than in the southern part (i.e., front-arc) of the XDY rift

(Fig. 5). Some incompatible elements (e.g., Ba, Th, La)

show an increasing trend, whereas trace element ratios

(e.g., Ba/La, Th/Yb, Th/Nd) display a decrease from south

to north within the rift (Figs. 6, 7). Primitive mantle-nor-

malized incompatible trace element patterns (Fig. 6) are

characterized by significantly negative Nb–Ta–Ti anoma-

lies and pronounced positive anomalies in some large ion

lithophile elements (LILE) (e.g., Rb, Pb, U and Th), despite

the generally high contents of the elements Nb, Ta and Ti

(electronic supplementary material 1). The incompatible

trace element patterns are similar to those of lamproites

from SE Spain (Venturelli et al. 1984; Prelević et al. 2008;
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Fig. 4 a K2O ?Na2O (wt.%) versus SiO2 (wt.%) for the potassic and

ultrapotassic igneous rocks of the XDY rift. All data plotted have

been recalculated to 100 wt.% on a volatile-free basis (electronic

supplementary material 1). Classification boundaries are from Le Bas

et al. (1986) and Le Maitre et al. (1989). Filled and open symbols
represent, respectively, data from this study and the published data of

Liao et al. (2002), Ding et al. (2003, 2006), Gao et al. (2007), Chen

et al. (2008) and Zhao et al. (2009). Fields marked by letters (in which

the majority of the data plot) are as follows: S2—basaltic trachy-

andesite, S3—trachyandesite, U3—tephriphonolite. b K2O (wt.%)

versus SiO2 (wt.%) diagram for the same samples plotted in a. Data

have been normalized to 100 wt.% volatile-free as indicated in

electronic supplementary material 1. The dividing lines show the

classification boundaries from Rickwood (1989). Data sources and

symbols are as in a. c CaO (wt.%) versus Al2O3 (wt.%) classification

diagram for the same samples plotted in a. Data have been normalized

to 100 wt.% volatile-free as indicated in electronic supplementary

material 1. The dividing lines show the classification boundaries from

Foley et al. (1987). Data sources and symbols are as in a

b
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Conticelli et al. 2009) and central Italy (Conticelli and Pecce-

rillo 1992; Gasperini et al. 2002; Conticelli et al. 2009), which

formed during the same orogenic cycle further to the west.

The XDY rift samples studied have high radiogenic

(87Sr/86Sr)i (0.712600–0.736157) and low (143Nd/144Nd)i

(0.511781–0.512046) relative to Bulk Earth, and high

(207Pb/204Pb)i (15.661–15.846) and (208Pb/204Pb)i

(39.086–40.023) at a given (206Pb/204Pb)i (18.280–18.957)

compared to the Northern Hemisphere Reference Line

(NHRL; Hart 1984) (Fig. 8). The Sr–Nd–Pb isotopic ratios

of the XDY rocks are similar to those of the lamproites

from SE Spain (Nelson 1992; Prelević et al. 2008; Conti-

celli et al. 2009) and central Italy (Gasperini et al. 2002;

Perini et al. 2004; Owen 2008; Boari et al. 2009; Conticelli

et al. 2009). The data exhibit strong linear correlations

falling almost exclusively between MORB-source mantle
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Fig. 5 Chondrite-normalized rare earth element patterns for each of the volcanic fields of the XDY rift; normalization factors are from Sun and

McDonough (1989). Data sources are as in Fig. 4a. a Chazi; b Yiqian; c Mibale; d Yaqian; e Garwa
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and Indian continental margin sediments [proxied by the

isotopic composition of the Higher Himalayan Crystalline

Sequence (HHCS); see Pan et al. (2004) and Richards et al.

(2005) and references therein for more detailed discussion]

in the Sr–Nd–Pb isotope diagrams (Fig. 8). From south

(front-arc) to north (rear-arc) along the XDY rift, there is a

general increase in 143Nd/144Nd and a decrease in Sr and Pb

isotopic ratios (Figs. 7, 8).

Discussion

Previous studies on the post-collisional K-rich igneous

rocks in south Tibet have provided important constraints on

the tectonic evolution of the Tibetan Plateau (e.g., Coulon

et al. 1986; Turner et al. 1996; Miller et al. 1999; Williams

et al. 2001, 2004; Ding et al. 2003; Nomade et al. 2004;

Gao et al. 2007; Chen et al. 2010). Their major and trace

element characteristics and Sr–Nd–Pb isotopic composi-

tions provide insights into the nature of the mantle source

region, partial melting processes, the geodynamic setting of

the magmatism and plateau uplift mechanism.

Age trend of the post-collisional, K-rich magmatism

in the XDY rift

To study the geodynamic setting of the post-collisional,

K-rich magmatism in the XDY rift of south Tibet (Fig. 1),
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Fig. 6 Primitive mantle-normalized trace element diagrams for each

of the volcanic fields in the XDY rift; normalization factors are from

Sun and McDonough (1989). Data sources are as in Fig. 4a. a Chazi;

b Yiqian; c Mibale; d Yaqian; e Garwa; f GLOSS (Plank and

Langmuir 1998), OIB, N-MORB and E-MORB (Sun and McDonough

1989)
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we have compiled all the available geochronological data

from the published literature (Table 1). Several dating meth-

ods (e.g., 40Ar/39Ar; K–Ar) have been used to date the mag-

matic rocks (Table 1). We have checked the data quality and

compared the ages from the different methods to constrain the

age ranges of the magmatic rocks. We also carried out addi-

tional zircon U–Pb dating for the magmatic rocks of the Chazi

volcanic field as part of this study (Fig. 3; Table 3). Our data,

together with the literature data, indicate a southward

decreasing trend in the age of the magmatism from 23 to 8 Ma

in the rift (Fig. 2; Table 1).

Nature of the mantle source of the mafic K-rich magmas

Three end-member components in the mantle source

Oceanic basalts [i.e., ocean island basalts (OIB) and mid-

ocean ridge basalts (MORB)] typically display positive
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Fig. 7 Sr–Nd–Pb isotopic and trace element ratios versus distance of

the volcanic fields from Wenbu from north to south in the XDY rift in

Fig. 1. a (87Sr/86Sr)i; b (143Nd/144Nd)i; c (206Pb/204Pb)i; d Ba/La;

e Th/Nd. The data of the K-rich magmatic rocks are from electronic

supplementary material 1, Tables 4 and 5
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(206Pb/204Pb)i. c (143Nd/144Nd)i versus (206Pb/204Pb)i. d (207Pb/204Pb)i

versus (206Pb/204Pb)i. e (208Pb/204Pb)i versus (206Pb/204Pb)i. Arrows
point toward the composition of MORB (Workman and Hart 2005)

and the HHCS (Inger and Harris 1993; Ahmad et al. 2000; Richards

et al. 2005; Guo and Wilson 2012). The Northern Hemisphere

Reference Line (NHRL) is shown for reference (Hart 1984). Data for

FOZO (common components of mantle plumes), average continental

crust (ACC), upper continental crust (UCC) and lower continental

crust (LCC) are from Hofmann (1997). Average compositions for

EM1, EM2 and GLOSS are from Zindler and Hart (1986), Hofmann

(1997) and Plank and Langmuir (1998). Fields of Italian and Spanish

lamproites are from Gasperini et al. (2002), Perini et al. (2004), Owen

(2008), Prelević et al. (2008), Boari et al. (2009) and Conticelli et al.

(2009). Data are from Tables 4 and 5. Symbols are as in Fig. 4a
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Nb–Ta–Ti anomalies and negative Pb anomalies in primi-

tive mantle-normalized incompatible trace element dia-

grams (e.g., Hofmann 1997). In contrast, the ultrapotassic

and potassic mafic magmatic rocks from the XDY rift

exhibit strongly negative Nb–Ta–Ti anomalies and positive

Pb anomalies (Fig. 6), indicating that they were not derived

from normal MORB- or OIB-source mantle. Contrasts in

the Sr–Nd–Pb isotopic compositions of the XDY K-rich

igneous rocks and oceanic basalts (MORB ? OIB) support

this inference (Fig. 8). Moreover, the Ce/Pb (1.82–8.24)

and Nb/U (0.94–9.40) ratios of the XDY rift magmatic

rocks are considerably lower than those of oceanic basalts

(OIB and MORB) (*25 and *47; Hofmann 1988, 1997),

also suggesting that they are not derived from normal

asthenospheric mantle. High (87Sr/86Sr)i and low

(143Nd/144Nd)i compared to oceanic basalts indicate a long-

term enrichment of Rb over Sr and Nd over Sm in the

mantle source region (Fig. 8). The high abundances of

LILE (Rb, Ba and Sr), Th, U and Pb, and LREE (Figs. 5, 6)

are consistent with this enrichment. Thus, we conclude that

parental magmas of the XDY magmatic rocks were derived

from an enriched mantle source rather than from normal

asthenospheric mantle (cf MORB-source mantle).

Previous studies (e.g., Gill 1981; Pearce 1982; Tatsumi

et al. 1986; Pearce and Parkinson 1993; Keppler 1996;

Hawkesworth et al. 1997; Elburg et al. 2002; Turner et al.

2003; Guo et al. 2006) have demonstrated that subduction-

related magmas are characterized by significant enrichment

in LILE (Rb, Ba, Sr), Pb and LREE relative to the HFSE

(Nb, Ta, Zr, Hf) and HREE, with strongly negative Nb–

Ta–Ti anomalies and positive Pb anomalies in primitive

mantle-normalized incompatible trace element diagrams.

These characteristics are also shown by potassium-rich,

mafic magmatic rocks from the XDY rift (Fig. 6). Their

Sr–Nd–Pb isotopic compositions display a linear trend

between the ambient asthenospheric mantle (MORB-

source mantle) and subducted sediments likely derived

from erosion of the HHCS (Fig. 8), consistent with a

subduction-related origin for the asthenospheric mantle

source enrichment. The HHCS is composed of Paleopro-

terozoic to Ordovician (500–600 Ma) high-grade metase-

dimentary rocks, comprising amphibolite-grade schists,

gneisses, migmatites and calc-silicates intruded by Paleo-

zoic and Miocene granites (Pan et al. 2004; Richards et al.

2005). The HHCS forms the high-grade metamorphic

crystalline basement in the Himalayan orogen of northern

India (Pan et al. 2004; Richards et al. 2005). The presence

of a northward subducted Indian continental lithosphere

slab beneath the XDY rift, based on seismic tomographic

studies (e.g., Li et al. 2008; Zhao et al. 2010, 2011), sup-

ports this inference.

Previous studies (e.g., Elburg et al. 2002; Guo et al.

2006) have indicated that enrichment of the asthenospheric

mantle wedge above a subducted slab of continental lith-

osphere can be broadly attributed to migration of (1)

aqueous fluids derived from dehydration of subducted

continental sediments and/or (2) melts derived from partial

melting of the subducted continental lithosphere. Geo-

chemical distinctions can be made between subduction-

related magmatic rocks in which the magma source has

been modified by subduction-related aqueous fluids and

those in which the source is enriched by partial melts of the

subducted slab (e.g., Hawkesworth et al. 1997; Class et al.

2000; Woodhead et al. 2001; Elburg et al. 2002; Guo et al.

2005; 2006). Aqueous fluids, which carry very little REE,

Th and HFSE (e.g., Hf, Nb, Zr and Ta), introduce signifi-

cant amounts of large ion lithophile elements (e.g., K, Rb,

Ba and Sr) and other fluid-mobile trace elements (e.g., U,

Pb) into the mantle wedge. However, partial melts of

subducted continental margin sediments are characterized

by relatively high Th, LILE and LREE contents. Thus,

those subduction-related magmatic rocks whose source was

strongly metasomatized by a fluid component are likely to

have higher Ba/La, Ba/Th, U/Th and Sr/Th ratios than

those rocks whose source was enriched by a partial melt of

subducted continental sediments. In contrast, those sub-

duction-related magmas with a strong imprint of a partial

melt derived from the subducted continental lithosphere in

their source region should have higher Th/Nd, Th/U, Th/

Ba, Th/Sr and Th contents than those derived from a fluid-

metasomatized mantle source. Magmas derived from both

fluid- and melt-metasomatized sources should have Sr–Nd–

Pb isotopic compositions between those of the subducted

continental sediments and the normal asthenospheric

mantle.

Previous studies (e.g., McCulloch and Gamble 1991;

Plank and Langmuir 1998; Class et al. 2000; Elburg et al.

2002; Guo et al. 2005) have indicated that the HFSE (Nb,

Ta, Zr and Hf) are unlikely to be transferred from the

subducted slab to the mantle wedge by the enriched com-

ponents (fluids or melts) derived from the subducted slab,

because of their insolubility in subduction fluids and

depletion in slab-melts controlled by the stability of

residual Ti-bearing phases (e.g., rutile, titanite and Ti-

magnetite). Thus, the HFSE ratios (e.g., Nb/Ta, Zr/Hf;

Fig. 9) in the mafic K-rich rocks of the XDY rift are likely

to be close to those of the mantle wedge prior to modifi-

cation by the subduction-derived components (fluids and

melts). Nb/Ta and Zr/Hf ratios in the XDY rift magmatic

rocks are similar to those of MORB (Fig. 9), indicating that

the mantle wedge prior to modification by the subduction-

derived components (fluids and melts) is more like MORB-

source mantle rather than OIB-source mantle.

Woodhead et al. (2001) demonstrated that ratios of

fluid-mobile trace elements to fluid-immobile trace ele-

ments may effectively reflect the importance of subduction
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fluids in the mantle source of subduction-related magmas.

We use the ratio of the fluid-mobile element Ba to fluid-

immobile La to constrain the involvement of subduction fluids

because the Ba/La ratio is insignificantly fractionated during

partial melting. The high Ba/La ratios in the XDY rift mag-

matic rocks thus reflect the presence of slab-derived hydrous

fluids in their mantle source region (Fig. 10a).

The combination of incompatible element and isotopic

ratios has been effectively used as a fingerprint in identi-

fying the origin of metasomatic components in the source

of subduction-related magmas (Hawkesworth et al. 1997;

Turner et al. 1997; Class et al. 2000; Guo et al. 2005,

2006). The XDY rift mafic K-rich rocks define a broadly

linear trend in a plot of (143Nd/144Nd)i versus Ba/La

(Fig. 10b); this array may be explained by a two-end-

member mixing process in their mantle source region. One

end-member has similar (143Nd/144Nd)i (0.513106; for the

detailed calculations, see Table 6 and Workman and Hart

2005) and Ba/La (2.93; Workman and Hart 2005) to

MORB, which may indicate the background composition

of the mantle wedge prior to modification by the subduc-

tion-derived components; the other end-member has a

comparable (143Nd/144Nd)i to that of the HHCS, but its Ba/

La is much higher than the bulk HHCS (Fig. 10b), pre-

cluding the possibility that the bulk HHCS acts as the end-

member. This second end-member in the mantle source of

the XDY rift magmatic rocks is thus more likely a sub-

ducted HHCS-derived fluid, because of the more strongly

mobile nature of Ba than La in subduction fluids.

Th is more incompatible than Nd during partial melting

under subduction zone conditions (Johnson and Plank

1999). Thus, only a partial melt derived from subducted

sediments can fractionate the Th/Nd ratio from that of the

bulk sediments because of the fluid-immobile nature of Th

and Nd. High Th/Nd ratios indicate the presence of slab-

derived partial melts in the mantle source of the XDY rift

magmatic rocks (Fig. 10a). The magmatic rocks define a

two-end-member mixing array between MORB- and

HHCS-derived partial melts in a plot of (143Nd/144Nd)i

versus Th/Nd (Fig. 10c), indicating that the mantle source

of the XDY rift magmas was metasomatized by partial

melts of subducted HHCS sediments as a consequence of

the northward underthrusting of the Indian continental

lithosphere beneath Tibet.

Based on the combined constraints of trace element

ratios and Sr–Nd–Pb isotopic compositions (Figs. 8, 9, 10),

we conclude that the mantle source of the XDY rift mag-

mas in south Tibet resulted from metasomatism of MORB-

source mantle by both fluids and melts derived from the

subducted HHCS; the three end-member components in the

mantle source are MORB-source mantle, slab-derived fluid

and slab-derived melt. From the frontal arc (south) to the

back-arc (north) of the XDY rift, the ratios of Ba/La and

Th/Nd decrease (Fig. 10a), suggesting a decreasing trend in

the proportion of fluid and melt in the mantle source. On

the basis of these three end-member components, we model

the Sr–Nd–Pb isotopic compositions of the XDY rift

magmatic rocks by the addition of both a fluid and a partial

melt derived from subducted HHCS sediments to a MORB-

source mantle wedge beneath south Tibet.

Proportions of the three end-member components in mantle

source

To calculate the proportions of metasomatic components

(fluid and melt) derived from the subducted HHCS in the

mantle source of the XDY rift magmatic rocks, we carried

out Sr–Nd–Pb isotopic three-component mixing model

simulations (Fig. 11). Using the calculation techniques of

Elburg et al. (2002) and Guo and Wilson (2012), we esti-

mated the trace element contents and Sr–Nd–Pb isotopic

ratios of the three end-members (fluid, melt and MORB-

source mantle wedge) in the mantle source (Table 6), based

on solid–fluid (and solid–melt) experimental partitioning of

trace elements in subducted sediments (Johnson and Plank

1999). On the basis of our previous model calculations

(Guo and Wilson 2012), we selected the original bulk-rock

composition of a biotite paragneiss as a proxy for the bulk

composition of the HHCS in our isotopic mixing model

simulation because it is an easily fusible lithology within

the HHCS (Richards et al. 2005). The calculation process

for the Sr–Nd–Pb isotopic three-component mixing model
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Fig. 9 Nb/Ta versus Zr/Hf for the K-rich volcanic rocks of the XDY

rift. Data are from electronic supplementary material 1. The sample
symbols are as in Fig. 4a. Arrows labeled ‘‘MORB’’ and ‘‘OIB’’ point

toward the field of composition of mid-ocean ridge basalts (MORB)

and ocean island basalts (OIB), respectively. Data sources are as

follows: MORB (Sun and McDonough 1989; Workman and Hart

2005; Pfänder et al. 2007) and OIB (Sun and McDonough 1989;

Pfänder et al. 2007)
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follows that of Faure and Mensing (2005). The results of

the calculation are shown in Fig. 11 and Table 6.

The Sr–Nd–Pb isotopic three-component mixing calcu-

lation results indicate that the proportion of slab fluid and

slab melt in the mantle source of the XDY rift K-rich

magmatic rocks are 0–5 % and 2.0–15 %, respectively

(Fig. 11; Table 6). The amount of the fluid and melt

derived from the subducted HHCS in the mantle source

increases from north to south within the rift (Figs. 1, 11).

This is supported by the more continental (i.e., more

radiogenic Sr and Pb isotopic and less radiogenic Nd iso-

topic compositions) isotopic characteristics of the K-rich

rocks in the south than in the north of the rift (Figs. 7, 8).

Additionally, the stronger negative Eu and Sr anomalies in
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Fig. 10 a Ba/La versus Th/Nd. b (143Nd/144Nd)i versus Ba/La.

c (143Nd/144Nd)i versus Th/Nd. The XDY rift K-rich magmatic rocks

form linear arrays, consistent with binary mixing between MORB-

source mantle and components with higher Ba/La and Th/Nd ratios

than the bulk HHCS in b and c, respectively. These components may

be explained as a fluid in b and melt in c derived from the HHCS (for

more details see the main text). All data plotted are from electronic

supplementary material 1 and Table 4. The symbols are as in Fig. 4a.

The arrows labeled ‘‘slab-derived fluids’’ and ‘‘sediment melts’’ in

a indicate the trends of compositional changes due to the addition of

slab-derived fluids and melts, respectively. The yellow-filled rectangle
labeled ‘‘fluids and melts’’ in a denotes the compositional character-

istics of slab-derived fluids and melts. The red bold arrows labeled

‘‘MORB’’ indicate the composition of MORB, and the blue-filled

fields labeled ‘‘Bulk HHCS’’ show the composition of bulk HHCS in

b and c. The green-filled stars represent the composition of HHCS-

derived fluid and HHCS-derived melt in b and c, respectively. Bold
black arrows labeled ‘‘dehydration’’ and ‘‘partial melting’’ indicate

the direction of compositional changes of components caused by

dehydration and partial melting of the bulk HHCS in b and c,

respectively. The yellow-filled arrows in b indicate binary mixing

between the MORB-source mantle and a fluid derived from the

HHCS, whereas the yellow-filled arrows in c indicate binary mixing

between the MORB-source mantle and a partial melt derived from the

HHCS. Data sources are as follows: Composition of MORB (Sun and

McDonough 1989; Workman and Hart 2005) and HHCS (Inger and

Harris 1993; Ahmad et al. 2000; Richards et al. 2005; Guo and

Wilson 2012)
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the south than in the north of the XDY rift (Figs. 5, 6) are

consistent with an increasing proportion of the HHCS-

derived melts in the source from north to south, because the

HHCS metasediments have strong negative Eu and Sr

anomalies.

Trace element modeling

The positive linear correlation between La/Yb and La

(Fig. 12) indicates that partial melting is an important

process in the generation of the compositional spectrum of

the XDY rift mafic K-rich magmas. Together with the La/

Yb increase with increasing La from south to north

(Fig. 12), this indicates that the degree of melting of the

mantle source is higher in the south than that in the north of

the rift (Fig. 1). The different slopes of the REE patterns of

the individual volcanic fields from north to south (Figs. 5,

12) indicate a difference in their mantle source composi-

tion. In spite of this, the broadly positive trend between La/

Yb and La (Fig. 12) suggests that the difference between

the mantle source compositions of the individual volcanic

fields in the XDY rift is insignificant and also that their

source composition has an interlink from north to south.

This is consistent with the inference based on the isotopic

mixing calculations (Fig. 11).

To further simulate the magma generation process, we

performed trace element modeling calculations using a

non-modal batch melting model (Wilson 1989; Guo et al.

Table 6 Sr–Nd–Pb isotopic three-component mixing model calcula-

tion results, (1) the first-step mixing between MORB-source mantle

wedge and a fluid derived from subducted HHCS, (2) a second-step

mixing between the fluid-modified mantle wedge and a partial melt

from dehydrated HHCS

HHCS-derived fluid (%) 0 % 0.5 % 1 % 2 % 3 % 5 % 10 %

(1)

(87Sr/86Sr)M1 0.702626 0.706162 0.709148 0.713912 0.717545 0.722719 0.729784

(143Nd/144Nd)M1 0.513106 0.512897 0.512742 0.512526 0.512384 0.512207 0.512005

(206Pb/204Pb)M1 18.249 18.451 18.577 18.726 18.812 18.905 18.999

(2)

(a) Garwa and Yaqian (fluid = 0 %; melt = 2–5 %)

(87Sr/86Sr)M2 0.702626 0.705994 0.708862 0.713486 0.717052 0.72219 0.729321

(143Nd/144Nd)M2 0.513106 0.512716 0.512496 0.512257 0.512129 0.511995 0.511867

(206Pb/204Pb)M2 18.249 18.269 18.289 18.326 18.361 18.424 18.550

(b) Mibale and Yiqian (fluid = 0.5 %; melt = 3–10 %)

(87Sr/86Sr)M2 0.706162 0.708992 0.711434 0.715435 0.718575 0.723188 0.729767

(143Nd/144Nd)M2 0.512897 0.512603 0.512425 0.512221 0.512108 0.511985 0.511864

(206Pb/204Pb)M2 18.451 18.463 18.475 18.497 18.519 18.559 18.644

(c) Chazi (fluid = 2–5 %; melt = 3–15 %) (The following data shown is result when fluid is 3 % in the source)

(87Sr/86Sr)M2 0.717545 0.718941 0.720201 0.722382 0.724206 0.727084 0.731655

(143Nd/144Nd)M2 0.512384 0.512277 0.512199 0.512094 0.512026 0.511943 0.51185

(206Pb/204Pb)M2 18.812 18.814 18.817 18.822 18.827 18.837 18.860

(87Sr/86Sr)M, (143Nd/144Nd)M and (206Pb/204Pb)M are the initial isotopic ratios of Sr, Nd and Pb calculated using the three-component mixing

model. M in the subscript represents the calculation value by the Sr–Nd–Pb isotopic mixing modeling. The expression of the Sr–Nd–Pb isotopic

three-component mixing model follows that of Faure and Mensing (2005)

Based on the previous studies (Inger and Harris 1993; Ahmad et al. 2000; Richards et al. 2005), we considered a fluid and a melt derived from

biotite gneiss within the Higher Himalayan Crystalline Sequence (HHCS) to represent the compositions of the two mixing end-members in the

mantle source of the XDY magmas. The composition of the bulk biotite gneiss within the HHCS is as follows (Inger and Harris 1993; Richards

et al. 2005): Sr = 135.0 ppm; (87Sr/86Sr)i = 0.742355; Nd = 29.9 ppm; (143Nd/144Nd)i = 0.511725; Pb = 40.0 ppm; (206Pb/204Pb)i = 19.11.

On the basis of the above data, following the approach of Guo et al. (2005, 2006), Sr, Nd and Pb concentrations in the fluid and melt derived from

the subducted HHCS were estimated for the Sr–Nd–Pb isotopic three-component mixing model calculations, using solid–fluid (and solid-melt)

experimental partitioning of these trace elements in subduction environments (Johnson and Plank 1999). The estimated Sr, Nd and Pb con-

centrations are 149.01, 20.59 and 48.78 ppm in the HHCS-derived fluid, and 141.28, 45.45 and 3.87 ppm in the partial melt of already

dehydrated HHCS, respectively

We considered the depleted MORB mantle (DMM) of Workman and Hart (2005) to represent the composition of the third mixing end-member

(i.e., the background of the mantle wedge prior to modification by the subduction-derived components). The composition of the MORB-source

mantle wedge is as follows (Workman and Hart 2005): Sr = 7.664 ppm; (87Sr/86Sr)i = 0.702626; Nd = 0.581 ppm;

(143Nd/144Nd)i = 0.513106; Pb = 0.018 ppm; (206Pb/204Pb)i = 18.249

The initial ratios of (87Sr/86Sr)I, (143Nd/144Nd)i and (206Pb/204Pb)i in the HHCS and mantle wedge are age-corrected to 15 Ma (average age of the

post-collisional, K-rich magmatism in the XDY rift of south Tibet)
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2005, 2006; Guo and Wilson 2012). As noted earlier, the

REE and incompatible trace element compositions of the

XDY rift magmatic rocks may provide important con-

straints on the residual mineralogy of their mantle source

region. For example, the relatively high HREE concentra-

tions and slightly low (Gd/Yb)N ratios (where N in the

subscript represents the chondrite-normalized value) of the

XDY rift samples (e.g., Yb contents which are more than

10 times chondritic abundances; Fig. 5) preclude garnet as

a residual mineral in the mantle source region. Instead, the

REE patterns are consistent with the presence of spinel in

the mantle source. The significantly negative Ta, Nb and Ti

anomalies in the mantle-normalized trace element patterns

are consistent with the presence of residual Ti-bearing

phases (e.g., rutile and titanite) because these phases have

high partition coefficients for the elements Ta, Nb and Ti
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Fig. 11 Comparison between the Sr–Nd–Pb isotopic compositions of

the K-rich magmatic rocks from the XDY rift (Tables 4, 5) and our

model isotope mixing curves. a (87Sr/86Sr)i versus (206Pb/204Pb)i.

b (143Nd/144Nd)i versus (206Pb/204Pb)i. c (143Nd/144Nd)i versus

(87Sr/86Sr)i. The Sr–Nd–Pb isotopic data for the K-rich magmatic

rocks can be simulated by mixing between a HHCS-derived fluid and

a MORB-source mantle component (blue curve with tick marks from

A to B), followed by mixing of this fluid-modified mantle with a

partial melt of dehydrated HHCS (red curves: B-a, B-b, B-c, B-d, B-

e and B-f). The numbers in per cent shown on the tick marks of the

blue curve from A to B denote the proportions of a fluid derived from

the bulk HHCS in a two-component mixing model between MORB-

source mantle and a subducted HHCS-derived fluid. The numbers in
percent (in italics) along the green dashed lines are the proportions of

a melt in the metasomatized mantle source which has been enriched

by both fluids and partial melts derived from the HHCS. The detailed

calculation procedures are explained in the text and Table 6. The

symbols for the XDY rift samples are as in Fig. 4a. A is MORB-

source mantle (Sun and McDonough 1989; Workman and Hart 2005),

and B is biotite gneiss (W6; Richards et al. 2005) from the HHCS.

(87Sr/86Sr)i, (143Nd/144Nd)i and (206Pb/204Pb)i data for the HHCS- and

MORB-source mantle are age-corrected to 15 Ma (average age of the

K-rich rocks studied)
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(Fig. 6). Previous studies (e.g., Furman and Graham 1999)

have indicated that partial melts in equilibrium with

residual phlogopite have higher Rb/Sr ([0.1) and lower Ba/

Rb (\20) than those derived from an amphibole-bearing

mantle source region. The low Ba/Rb and high Rb/Sr ratios

in the K-rich rocks of the southern part of the XDY rift

(Chazi) suggest the presence of residual phlogopite in the

mantle source region, whereas the high Ba/Rb and low Rb/

Sr ratios in the north of the rift (Garwa) are consistent with

residual amphibole in the mantle source (Fig. 13). The

strongly negative P anomalies in the mantle-normalized

incompatible trace element patterns, combined with the flat

LREE patterns of the K-rich rocks of the southern XDY

rift, are consistent with the additional presence of residual

apatite in the mantle source region (Figs. 5, 6).

A number of studies have estimated the modal miner-

alogy of MORB-source wedge mantle. For example,

Johnson (1998) and Hellebrand et al. (2002) indicated that

in the spinel peridotite facies the mineral modes in MORB-

source mantle are olivine (53 %), orthopyroxene (27 %),

clinopyroxene (17 %) and spinel (3 %). Bizimis et al.

(2000) proposed a similar modal mineralogy of olivine

(55 %), orthopyroxene (25 %), clinopyroxene (18 %) and

spinel (2 %). Infiltration of a subducted sediment-derived

fluid or melt into the mantle source may change the above

modal mineralogy and, in particular, would increase the

content of orthopyroxene at the expense of olivine (Kele-

men et al. 1998). In our study, the residual mineral

assemblage in the mantle source of the XDY rift magmas is

determined using an iterative calculation method (see

below).

The occurrence of phlogopite phenocrysts (Table 2),

amphibole xenocrysts and mantle xenoliths containing

phlogopite in the mafic K-rich magmatic rocks of south

Tibet (e.g., Miller et al. 1999; Williams et al. 2001; Zhao

et al. 2008, 2009; Liu et al. 2011) indicates hydrous

melting of the mantle source (Bizimis et al. 2000). Under

hydrous melting conditions, the melting mineral mode of

the MORB-source mantle is clinopyroxene (0.56), olivine

(-0.10), orthopyroxene (0.52) and spinel (0.02) (Bizimis

et al. 2000). Because additional mineral phases (e.g.,

phlogopite, amphibole and apatite) are formed during

mantle metasomatism, and phlogopite, amphibole, apatite,

spinel and clinopyroxene are considered to be completely

consumed into the melt before olivine and orthopyroxene,

based on the previous studies, we assumed the following

mineral melting mode (i.e., the proportion of the mineral

phases entering the melt, following Guo et al. 2005, 2006):

apatite (0.015), clinopyroxene (0.55), olivine (-0.10),

orthopyroxene (0.40), phlogopite (0.03), amphibole

(0.032), rutile (0.003), titanite (0.05) and spinel (0.02). The

mineral–melt partition coefficients for the trace elements in

the residual mineral phases used in the model (Table 7) are

based on those from the GERM Web site (http://www.

earthref.org/).

On the basis of our estimates of the mixing proportions

of the three end-member components (fluid, melt and

MORB-source mantle wedge) in the mantle source of the

XDY rift magmas (Fig. 11), we calculated the trace ele-

ment concentrations in the mixed mantle source (Table 8),

following the calculation method of Elburg et al. (2002)

and Guo and Wilson (2012). As noted earlier, we selected a

biotite paragneiss to represent the bulk HHCS composition

in the trace element modeling because it is thought to be

more easily melted with respect to other lithologies in the

HHCS (Richards et al. 2005; Guo and Wilson 2012). Based
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on the above data (i.e., residual mineral assemblages,

mineral–melt partition coefficients, melting mineral mode

and trace element contents in the enriched mantle source),

we quantitatively simulated the trace element contents in

the XDY rift magmas using an iterative calculation tech-

nique, based on the approach of Guo et al. (2005, 2006).

The outline of the iterative calculation procedure is as

follows. First, we selected two initial parameters in the

model partial melting equations (Wilson 1989); these are

(1) the partial melting degree and (2) the residual mineral

proportions in the mantle source. Second, we selected a

potential range for the melting degree from 0 to 80 % with

calculated step of 1 % based on the previously published

results for the melting degree required for K-rich magma

generation (Williams et al. 2004; Guo et al. 2005, 2006).

Additionally, considering the likely presence of new min-

eral phases in the source (e.g., phlogopite, amphibole and

apatite) formed during metasomatism of the mantle wedge,

we assumed that the resultant mineral modes (and their

potential ranges) in the enriched mantle caused by addition

of the subduction-derived fluid and melt were as follows:

olivine (from 10 to 80 %), orthopyroxene (from 5 to 60 %),

clinopyroxene (from 5 to 60 %), spinel (from 0 to 10 %),

phlogopite (from 0 to 20 %), amphibole (from 0 to 20 %),

rutile (from 0 to 20 %), titanite (from 0 to 20 %) and

apatite (from 0 to 10 %), based on the previous melting

experiments and model simulations (e.g., Bizimis et al.

2000; Melzer and Foley 2000; Williams et al. 2004; Guo

et al. 2005, 2006; Holbig and Grove 2008). Third, on the

basis of the above ranges in the initial parameters, we

carried out iterative model melting calculations by chang-

ing the parameters from the minimum to maximum values

within their respective potential ranges. When the calcu-

lation results of the model simulations provided the best fit

to the actual trace element concentrations in the XDY rift

primitive mafic magmatic rocks, we terminated the itera-

tion and recorded the final values of the trace element

content, residual mineral proportions and melting degree of

the mantle source (Fig. 14). Thus, the final calculation

results of the trace element melting model give the best-fit

Table 7 Mineral–melt partition coefficients for trace element model calculations

Am Phl Ap Cpx Opx Ol Rut Tit Sp

Rb 0.58 5.18 0.4 0.0047 0.02 0.04 0.0076

Ba 6.4 3.48 0.05 0.00061 0.03 5.45E-06 0.0137 0.6

Th 0.054 0.0145 17.1 0.0127 0.0000225 0.0000062 0.54

U 0.05 0.26 1.82 0.145 0.028 0.01

Nb 0.127 0.0853 0.0027 0.105 0.063 13.1 4.6 0.085

Ta 0.56 0.1069 0.05 0.19 0.159 0.01 5 14.85 0.08

K 2.3 8.87 0.0135 0.0003 0.04

La 0.54 0.0322 3.7 0.031 0.00045 0.0004 0.0055 5.35 0.01

Ce 0.055 0.0078 11.2 0.0843 0.0011 0.1 0.087 0.01

Pb 0.6 0.04 0.03 0.014 0.0013 0.000274

Sr 0.33 0.183 1.2 0.512 0.09 0.0000331 0.036

P 20 0.03 0.03 0.055 0.05

Nd 0.17 0.08 14 0.173 0.0039 0.0096 0.277 0.01

Sm 0.535 0.0365 4.5 0.312 0.01095 0.0013 0.00164 0.01

Zr 0.33 0.0232 0.636 0.195 0.22 0.12 3.07 0.085

Hf 0.43 0.19 0.4 0.2 0.6 0.02 4.98 0.055

Eu 2.88 0.05 23.8 0.336 0.01 0.0016 0.00037 0.135 0.01

Ti 3.06 0.89 0.024 0.007 11 35.7 0.048

Tb 2 0.35 3.49 0.408 2.6 0.1 0.01

Y 0.298 0.007 162 0.438 1.1 0.072 0.076

Yb 0.51 0.0484 8.1 0.265 0.097 0.2685 0.0093 104 0.01

Lu 0.4 0.2 3.8 0.439 0.098 0.0694 0.0124 92 0.01

Blank denotes no data are available

Data sources of mineral–melt partition coefficients: GERM (Geochemical Earth Reference Model) home page, http://www.earthref.org/

The solid (HHCS)–fluid partition coefficients (Johnson and Plank 1999) as follows: 2.00 (Rb); 0.84 (Ba); 4.81 (Th); 1.37 (U); 2.65 (Nb); 2.00

(Ta); 2.61 (K); 4.00 (La); 4.01 (Ce); Pb (0.64); 0.53 (Sr); 2.53 (P); 3.26 (Nd); 2.41 (Sm); 2.3 (Zr); 2.00 (Hf); 2.27 (Eu); 2.21 (Ti); 1.52 (Tb); 1.16

(Y); 1.06 (Yb); 1.05 (Lu)

Am amphibole, Ap apatite, Cpx clinopyroxene, Ol olivine, Opx orthopyroxene, Phl phlogopite, Rut rutile, Tit titanite, Sp spinel
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values of the degree of melting of the mantle source and

the residual mineral proportions in the mantle source dur-

ing the formation of the XDY rift magmas (Fig. 14;

Table 8). Details of the iterative calculation method for the

trace element modeling are given in Guo et al. (2005, 2006,

2007) and Guo and Wilson (2012).

The best-fit model results indicate that a melt with trace

element characteristics similar to those of the K-rich rocks

could be generated by 8–10 % partial melting of a me-

tasomatized mantle source in the south and 1–2 % melting

in the north of the XDY rift. The residue has relatively high

proportions of apatite (0.9–1.2 %), phlogopite (1.6–3.2 %)

and amphibole (1.2–3 %) in the south, but a lower amount

of apatite (0.5 %), phlogopite (0.5 %) and amphibole

(1.0 %) in the north of the rift (Table 8; Fig. 14). The

calculation results indicate that the degree of partial melt-

ing of the mantle source region decreases from south to

north (Figs. 1, 14). This is consistent with the higher LILE

contents and steeper LREE patterns of the K-rich magmatic

rocks in the north compared to those in the south of the

XDY rift (Figs. 5, 6).

As in any modeling calculations, there are sources of error

whose effects on the modeling results must be assessed. We

quantified the relative errors on the trace element modeling

by the comparison between the analytical results and the

modeled values of the trace element concentrations (Fig. 14)

and by factor analysis of the potential sources of error in the

trace element modeling calculations. The sources of error in

the trace element modeling can be attributed to the selections

of the initial parameters (e.g., MORB-source mantle com-

position, partition coefficients and the melting proportions of

the mineral phases). However, sensitivity analyses and cal-

culations indicate that the effect of relative changes in the

initial parameters on the final results of the trace element

modeling is not significant; this is about 1–5 % for the trace

elements shown in Fig. 14. The variation trends in Fig. 14 are

similar even when the initial parameters are changed

significantly.

Table 8 The best-fit results of the trace element modeling

Field name Garwa Yaqian Mibale Chazi

Melting degree F = 1 % F = 2 % F = 8 % F = 10 %

Fluid in source (in average) 0 % 0 % 0.5 % 3.0 %

Melt in source (in average) 2.0 % 3.0 % 5.0 % 8.0 %

Rb 1,378.16 601.49 865.35 942.89

Ba 5,273.25 3,420.14 5,069.41 5,210.81

Th 380.59 237.81 290.52 369.73

U 34.54 25.94 26.37 39.79

Nb 35.46 33.22 46.95 67.86

Ta 1.79 1.67 2.64 4.22

K 205,943 82,763 133,947 125,800

La 281.53 234.30 299.53 425.38

Ce 645.44 485.63 579.29 797.74

Pb 154.58 99.31 67.03 151.42

Sr 913.68 815.46 798.87 1,019.37

P 5,450 3,755 3,695 4,092

Nd 170.77 117.85 131.51 165.24

Sm 50.56 40.15 36.36 43.33

Zr 627.21 601.13 712.56 1,020.43

Hf 20.58 19.86 30.68 50.53

Eu 6.50 4.75 4.88 4.79

Ti 9,189 8,624 9,719 10,314

Tb 1.11 1.10 1.72 2.99

Y 29.52 21.63 24.16 24.11

Yb 1.89 1.75 2.02 2.45

Lu 0.34 0.32 0.37 0.44

Contents of the elements are in ppm. Field name corresponds to that in Fig. 1

For more detailed discussions for the trace element model calculation, see the main text

The trace element concentrations in the fluid and melt derived from the HHCS are calculated following the method described in Table 6. The

expression and approach of the non-modal batch partial melting model follow those of Guo et al. (2005, 2006, 2007)
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A geodynamic model for the petrogenesis of post-

collisional, K-rich rocks in south Tibet

Previous studies have ascribed the petrogenesis of the post-

collisional, potassium-rich magmatic rocks in south Tibet

to convective thinning of the subcontinental lithospheric

mantle (e.g., Williams et al. 2001, 2004; Chung et al. 2003)

or to break-off of the subducted Indian continental litho-

sphere slab (e.g., Kohn and Parkinson 2002; Maheo et al.

2002). The narrow, near east–west striking belt of post-

collisional, K-rich magmatic rocks in south Tibet (Fig. 1a)

cannot easily be explained by decompression melting

induced by delamination of previously thickened litho-

sphere (Guo et al. 2007) because this would be unlikely to

occur along such a narrow, linear zone. Moreover, a model

of convective thinning of the subcontinental lithospheric

mantle can hardly explain the decreasing trend in the age of

the magmatism from north to south (Fig. 2) or the across-

arc trends in the proportions of the metasomatic compo-

nents in the mantle source (Figs. 7, 11). Additionally,

seismic tomographic studies (e.g., Zhou and Murphy 2005;

Li et al. 2008; Zhao et al. 2010, 2011) have indicated the

continuous presence of a northward dipping subducted slab

of Indian continental lithosphere which increases in depth

from south to north beneath south Tibet, precluding the

hypothesis of subducted Indian slab break-off at 25 Ma. If

slab break-off did occur and the post-collisional magmas in

south Tibet did result from such a process, then we need to

ask why the post-collisional, K-rich magmatism only

occurred between 25 and 8 Ma and why no magmas were

derived from subslab asthenospheric (MORB or OIB

source) mantle which would have risen through the resul-

tant slab window.

The ages (25–8 Ma) of the post-collisional, K-rich

magmatic rocks in south Tibet clearly postdate by some

30 Myr the India–Asia collision at 55 Ma; this delay sug-

gests that the petrogenesis of the K-rich magmas cannot be

directly explained by the northward subduction of the

Indian lithospheric slab. However, the proportion of enri-

ched components (fluids and melts), derived from the

subducted HHCS, in the metasomatized mantle source of

the magmatic rocks decreases from south to north along the

XDY rift, indicating that the enrichment of the mantle

source was induced by continued northward subduction of

Indian continental lithosphere following the India–Asia

collision at *55 Ma. Among the most important questions

remaining is why the post-collisional, K-rich magmatism

only occurred between 25 and 8 Ma in south Tibet.

The post-collisional, K-rich magmatic rocks in the XDY

rift have relatively high MgO contents, Mg numbers and Ni

contents (electronic supplementary material 1), indicating
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Fig. 14 Comparison between the observed compositions of the

K-rich magmatic rocks (electronic supplementary material 1) and

our trace element model curves, simulated by a non-modal batch

melting model. a Chazi; b Mibale; c Yaqian; d Garwa. The detailed

calculation procedures are explained in the text, Tables 7 and 8. Am
amphibole, Ap apatite, Cpx clinopyroxene, Ol olivine, Opx orthopy-

roxene, Phl phlogopite, Rut rutile, Tit titanite, Sp spinel
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that they are partial melting products of the upper mantle.

The age (23–8 Ma) of the magmatism (Table 1) is con-

sistent with the age range (25–8 Ma) of the post-collisional

magmatism in the other volcanic fields within south Tibet

(e.g., Miller et al. 1999; Ding et al. 2003; Gao et al. 2007;

Zhao et al. 2009; Chen et al. 2010, 2012). This signals an

important tectono-magmatic event which may have led to

the partial melting of the upper mantle around 30 Myr after

India–Asia collision at *55 Ma. This event could have

involved the addition of metasomatizing fluids and/or melts

to the mantle source region, heating and/or decompression

(Wilson 1989). However, there is little geophysical evi-

dence to support overheating melting of the upper mantle

during the period 25–8 Ma because of the northward

underthrusting of the Indian continental lithospheric mantle

beneath the southern Tibetan Plateau (e.g., Nelson et al.

1996; Zhou and Murphy 2005; Li et al. 2008; Zhao et al.

2011). The decreasing amounts of the subducted HHCS-

derived fluid and melt components in the mantle source

region from south (front-arc) to north (rear-arc) in south

Tibet can be easily explained by continued northward

underthrusting of the Indian continental lithosphere fol-

lowing India–Asia collision at *55 Ma (Figs. 11, 15a).

The increasing age of the XDY rift K-rich magmatic rocks

from south to north (Table 1; Fig. 2) indicates that melting

of the metasomatized mantle source region is not well

explained by the northward underthrusting of Indian lith-

osphere, although it could contribute to the three-compo-

nent (fluid, melt and MORB-source mantle wedge) mixing

in the mantle source region. If melting of the metasoma-

tized mantle source were directly triggered by the pro-

gressive northward underthrusting of the Indian continental

lithosphere, it would generate progressively decreasing

ages for the resultant K-rich magmatic rocks from south to

north within the XDY rift (Fig. 1), rather than decreasing

ages from north to south as shown in Fig. 2. Moreover, the

age of onset of the K-rich magmatism would be same as

that of the northward underthrusting of the Indian conti-

nental lithosphere at *55 Ma, rather than 30 Myr after

India–Asia collision (Table 1; Fig. 2). Thus, the mantle

melting responsible for generation of the K-rich magmas

cannot simply be attributed to the addition of subduction-

related metasomatic components (fluids and melts) to the

mantle source region. The addition of such components

instead mainly resulted in the enrichment of the mantle

source. Consequently, decompression is the only process

that could have triggered the melting of the enriched

mantle source. The following observations provide sup-

porting evidence for decompression melting between 25

and 8 Ma in south Tibet. (1) Our detailed field observa-

tions, combined with the results from previous studies

(Williams et al. 2001; Hou et al. 2004; Gao et al. 2007;

Zhao et al. 2009), indicate a close correlation between the
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Fig. 15 Petrogenetic model for the post-collisional, K-rich magma-

tism in south Tibet. The diagram shows a N–S cross section.

a Northward underthrusting of the HHCS (Indian crust) beneath the

Lhasa terrane caused compressional deformation in south Tibet and

the Himalayas from 55 to 25 Ma. The northward subduction led to the

generation of fluid-metasomatized domains in the mantle wedge

resulting from enrichment by addition of fluids derived from

dehydration of the subducted HHCS. b The mantle wedge was

further enriched by mixing of the fluid-metasomatized domains with a

partial melt of the already dehydrated HHCS, forming regions of low

melting-point metasomatized mantle. These undergo decompressional

partial melting because of slab rollback and upwelling of astheno-

spheric mantle, resulting in the generation of the post-collisional,

K-rich magmatism in an extensional tectonic setting. c Teleseismic

tomographic image showing the presence of the northward under-

thrusting Indian slab and the low-velocity area beneath south Tibet at

the present day. White dots show the locations of earthquakes

(M [ 4.5) that occurred within 30 km of the profile (He et al. 2010).

This diagram is based on the studies of Kosarev et al. (1999), Tilmann

et al. (2003), Li et al. (2008), He et al. (2010) and Guo and Wilson

(2012). BNS Bangong–Nujiang suture, ITS Indus-Tsangpo suture,

MBT the Main Boundary thrust, MCT the Main Central thrust, STD
south Tibetan detachment, N north, S south, SCLM subcontinental

lithospheric mantle. Red-filled triangles represent the locations of

post-collisional, potassium-rich magmatism in south Tibet
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outcrops of the post-collisional, K-rich magmatic rocks and

a series of N–S-trending rifts in south Tibet (Fig. 1). The

orientation of the rifts has been ascribed to east–west

extension during the period 25–8 Ma (Williams et al. 2001;

Guo et al. 2007). The preceding phase of Linzizong vol-

canism from 65 to 40 Ma forms a continuous E–W-

trending magmatic belt in south Tibet (Fig. 1a); this is

clearly different from the distribution of N–S striking, post-

collisional, K-rich magmatism from 25 to 8 Ma (Fig. 1b).

The change in the trend of the distribution of the volcanic

rocks signals the onset of extension in south Tibet at

*25 Ma. (2) Lee and Lawver (1995) suggested that the

India–Asia convergence rate decreased between 25 and

8 Ma. This could have led directly to extension as a con-

sequence of rollback of the subducted Indian slab beneath

south Tibet. This observation is consistent with lithospheric

flexural bending and steepening of the northward sub-

ducting Indian slab since the early Miocene (e.g., Replu-

maz et al. 2004; King et al. 2011). (3) Recent studies (e.g.,

Zhang et al. 2010, 2011; Husson et al. 2012) have indicated that

slab rollback can lead to a younging trend in igneous activity

from the rear-arc to the front-arc because of decompression

melting and upwelling of the asthenosphere. The southward

decreasing trend in the ages of the K-rich magmatic rocks

(Table 1; Fig. 2) is consistent with the rollback of the north-

ward subducted Indian slab between 25 and 8 Ma. Such a slab

rollback model also can result in re-heating of the mantle

beneath south Tibet, caused by upwelling of the asthenospheric

mantle which could have triggered mantle melting. This sug-

gests that slab rollback not only caused the extensional tec-

tonics but also led to an increase in the temperature and depth of

the top of the subducted slab between 25 and 8 Ma. (4) Pre-

vious studies (e.g., Class et al. 2000; Elburg et al. 2002) have

indicated a change in slab-to-wedge transport from a fluid to a

partial melt with increasing temperature and depth to the top of

the subducting slab, consistent with a slab rollback model.

Our Sr–Nd–Pb isotopic and trace element data are best

explained by melting of a MORB-source mantle wedge

sequentially metasomatized by fluids then melts (Figs. 11,

14), indicating that the HHCS-derived fluids were first

transported into the overlying MORB-source mantle wedge

at shallow depths and then dehydrated HHCS underwent

melting at greater depths and higher temperature condi-

tions, producing the partial melts that further enriched the

subarc mantle. This model suggests that the subducted

HHCS first dehydrated as a consequence of the northward

underthrusting of the Indian continental lithosphere,

forming hydrous fluids at shallow mantle depths during the

period 55 to 25 Ma (Fig. 15a); subsequently, the dehy-

drated HHCS ultimately melted in response to slab roll-

back-induced temperature increases between 25 and 8 Ma

(Fig. 15b). The increase in the amount of subducted slab-

derived melts transported into the overlying mantle wedge

from the rear-arc (north) to front-arc (south) indicates

higher temperatures and greater depths to the top of the

slab in the south than in the north of the XDY rift, sug-

gesting slab southward pull, downward bending and then

southward suction of hot asthenospheric mantle into the

mantle wedge between 25 and 8 Ma (Fig. 15b). This is

consistent with an extensional tectonic regime during this

period (Fig. 15b). Consequently, the first-stage mixing

between MORB-source mantle wedge and a fluid derived

from subducted HHCS in the mantle source of the magmas

occurred during the period 55–25 Ma, whereas the second-

stage mixing between the fluid-modified mantle wedge and

a partial melt from dehydrated HHCS mainly occurred

during the period 25–8 Ma.

The preceding phase of subduction-related Linzizong

volcanism lasted from 65 to 40 Ma (Mo et al. 2008). There

are no occurrences of post-collisional, K-rich magmatism

between 40 and 25 Ma in south Tibet, leading to a

‘‘magmatic gap’’ lasting for some 15 Myr (Maheo et al.

2002; Chung et al. 2005; Gao et al. 2007; Mo et al. 2007;

Xu et al. 2008). This ‘‘magmatic gap’’ can be explained by

reduced enrichment of the mantle source during this period.

The fluid enrichment during stage 1 was not sufficient to

cause partial melting of the two-component (MORB-source

mantle plus fluid) mixed mantle source, perhaps because

the metasomatism was too weak, the mantle wedge was too

cold and also under strong compression during the north-

ward subduction of the Indian slab between 55 and 25 Ma

(Fig. 15a). Stage 1, however, contributed to primary uplift

in south Tibet because of the strong northward under-

thrusting of the Indian continental lithosphere from 55 to

25 Ma (Fig. 15a). The occurrence of the post-collisional,

K-rich magmatism during stage 2 signals an important

extension-induced decompression melting event caused by

slab rollback as a consequence of the decreasing conver-

gence rate between India and Asia from 25 to 8 Ma

(Fig. 15b). There may have been secondary uplift in south

Tibet during this period caused by upwelling of hot

asthenospheric mantle and lithospheric flexure, as sug-

gested by Guo and Wilson (2012). This is consistent with

the spatial correlation between the post-collisional, K-rich

magmatism and the N–S-trending rifts in south Tibet

(Fig. 1). The K-rich magmatic rocks are older than 8 Ma

(Table 1), indicating cessation of extension and slab roll-

back by 8 Ma. This is supported by significant uplift of the

south Tibet-Himalaya orogen since ca. 7 Ma (Wang et al.

2006), suggesting renewed compression. Thus, there has

been no post-collisional, K-rich magmatism in south Tibet

since 8 Ma because there has been less enrichment of the

mantle wedge than previously, driven only by the addition

of fluids derived from the subducted Indian lithosphere

(Fig. 14c). This is similar to the earlier scenario from 55 to

25 Ma in south Tibet (Fig. 15a).
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Lithospheric mantle versus asthenospheric mantle

source region of the K-rich magmas

Previous studies (e.g., Ding et al. 2003; Chung et al. 2005)

suggested that the source region of the K-rich magmas in

south Tibet is enriched lithospheric mantle. In contrast, our

Sr–Nd–Pb isotopic and trace element modeling simulations

(Figs. 11, 14) indicate that source region of the K-rich

magmas is an asthenospheric mantle wedge enriched by the

addition of HHCS-derived fluids and melts. The linear

trends between MORB and HHCS in the Sr–Nd–Pb isotope

diagrams support this inference (Fig. 8). The Ta–Nb–Ti

depletions in mantle-normalized trace element diagrams

(Fig. 6), together with the east–west linear distribution of

the K-rich magmatic rocks to the north of the ITS (Fig. 1a)

show that the enrichment of the asthenospheric mantle

wedge resulted from northward subduction of the Indian

slab since the India–Asia collision at 55 Ma. Many recent

seismic tomographic studies also indicate the presence of a

northward subducting Indian slab beneath south Tibet (e.g.,

Zhao et al. 2010, 2011). Southward rollback of the sub-

ducted Indian slab during the period 25–8 Ma resulted in

the observed decreases in the age of the magmatism

(Fig. 2), the linear trends in Sr–Nd–Pb isotopic and trace

element ratios (Fig. 7) and enriched component (fluid and

melt) increases in the source of the magmas (Fig. 11) from

north to south in the XDY rift. In contrast, these spatial,

temporal and compositional variations of the K-rich mag-

mas from north to south cannot easily be explained by

melting of an enriched lithospheric mantle source because

the age and compositional trends (Figs. 2, 7, 11) cannot

form in the lithospheric mantle of the upper plate. Previous

studies (e.g., Kincaid and Sacks 1997; Kincaid and Grif-

fiths 2004) have indicated that subduction of cold, thick

continental lithosphere can cause low temperatures in the

supra-subduction zone mantle wedge and therefore lead to

the stabilization of hydrous mineral phases (e.g., amphi-

bole, phlogopite) in the mantle wedge, forming enriched

domains. The rollback of the subducted Indian slab,

accompanied by suction of hot asthenospheric mantle, led

to melting of these hydrous phases in the enriched domains

of the mantle wedge during the period 25–8 Ma, forming

the post-collisional, K-rich mafic magmas.

Conclusions

Based on bulk-rock major and trace element and Sr–Nd–Pb

isotopic data, combined with geochronological data, we

propose a two-stage model to explain the petrogenesis of

the post-collisional, mafic K-rich magmatism of south

Tibet. Stage 1 contributed fluids to a depleted mantle

wedge to form a two-component mixed mantle source by

the northward underthrusting of Indian continental litho-

sphere from *55 to 25 Ma. Stage 2 led to further enrich-

ment of the mantle source by addition of partial melts derived

from the previously dehydrated Indian slab in response to

slab rollback and finally resulted in the decompression

melting of the enriched, three-component, mantle source to

form the post-collisional, K-rich magmas in south Tibet

between 25 and 8 Ma. Continental subduction-induced uplift

may have occurred during stage 1 in south Tibet because of

the northward underthrusting of the Indian continental lith-

osphere producing a strongly compressive stress regime. The

post-collisional, K-rich magmatism in south Tibet may signal

an important change to extension-induced mantle melting as

a consequence of the decreasing convergence rate between

India and Asia from 25 to 8 Ma. Uplift of south Tibet during

this period may have occurred because of the flexural

bending of the subducted lithosphere and asthenospheric

upwelling. Three factors (including the degree of partial

melting, the proportion of residual minerals and the amount

of subduction-derived components (fluid or melt) in the

mantle source) provide important drivers for the change in

the composition of the post-collisional, mafic K-rich magmas

from south (front-arc) to north (rear-arc) within the XDY rift.

The increases in the abundances of some incompatible ele-

ments from south to north can be explained by decreasing

degrees of partial melting and gradual changes in the pro-

portions of the residual minerals in the mantle source,

whereas the across-arc trends in Sr–Nd–Pb isotopic and trace

element ratios can be attributed to a decrease in the amount of

subduction-derived components (fluids and melts) added to

the MORB-source mantle wedge from the front-arc (south)

to the rear-arc (north). Our study indicates that the post-

collisional, mafic K-rich magmatism in south Tibet can

provide an effective petrologic indicator of slab rollback-

induced extension in the Himalayan–Tibetan orogen between

25 and 8 Ma.
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