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In south Karakorum, the western prolongation of southern Tibet,

three distinct types of magmatic rocks were emplaced during the

Neogene: (1) 22^24 Myr old lamprophyres, characterized by strong

enrichment in large ion lithophile (LILE) and light rare earth ele-

ments (LREE), 87Sr/86Sr(i)¼ 0�7096, "Nd(i)¼ ^7, and "Hf¼ ^9,

interpreted to reflect partial melting of a previously metasomatized

spinel-lherzolite mantle source; (2) the 21^26 Myr old Baltoro high

Ba^Sr granitoids, likewise strongly enriched in LILE and LREE,

with 87Sr/86Sr(i)¼ 0�7034^0�7183, "Nd(i)¼ ^6�5 to ^11�0, and

"Hf¼ ^1�8 to ^8�0, produced by partial melting of amphibole-bear-

ing rocks in the lower crust, possibly the root of south Karakorum

Cretaceous magmatic arc; (3) the 8^9 Myr old Hemasil syenite

and its associated lamprophyre, also both enriched in incompatible

elements but with isotopic compositions closer to those of depleted

mantle (87Sr/86Sr(i)¼ 0�7043^0�7055, "Nd(i)¼þ3�5 ^þ 4�3,

and "Hf¼þ10�4 ^þ 11�2).The Hemasil syenite is interpreted as

the product of partial melting of a time-integrated depleted spinel-

lherzolite source that was enriched in K and LREE during a recent

metasomatic event. We propose that the lamprophyres were formed

during partial melting of the South Asian mantle previously metaso-

matized by fluids derived from the subducted Indian continental

crust.This melting episode is interpreted to be related to a break-off

event that occurred within the subducting Indian continental litho-

sphere. Intrusion of the resulting lamprophyric melts into the pre-

viously thickened south Karakorum crust caused partial melting of

calc-alkaline igneous protoliths and generation of the Baltoro grani-

toids. Late-stage syenitic magmas were produced by low-degree par-

tial melting during upwelling and adiabatic decompression of

depleted mantle along the Shigar strike-slip fault.

KEY WORDS: India^Asia convergence zone; Karakorum; bimodal

magmatism; slab break-off; heat advection

I NTRODUCTION

The evolution of collisional orogenic belts is associated

with successive emplacement of a variety of magmatic

rocks (Bonin, 1988). First, magmas related to partial melt-

ing of the metasomatized asthenospheric mantle wedge

above a subduction zone are emplaced during oceanic

and, possibly, subsequent continental subduction. At a
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later second stage, crustal melting may occur, mainly asso-

ciated with crustal thickening and subsequent thermal

re-equilibration following continent^continent collision.

Finally, melting of the previous active continental margin

lithosphere may take place in relationship with geody-

namic processes that will be discussed below. This evolu-

tionary sequence has been observed in a number of

orogenic belts, such as those of Anatolia, Turkey (Harris

et al., 1994), the Austro-Italian Alps (Kagami et al., 1991),

the Oranides in Algeria (Hernandez et al., 1987), the

Betics of southern Spain (Venturelli et al., 1984), and the

Tibetan plateau (Coulon et al., 1986; Miller et al., 1999;

Williams et al., 2004). Most of the late-stage magmatic

activity is interpreted to be related to partial melting of

previously metasomatized spinel-facies lherzolite in the

sub-continental lithospheric mantle (Kagami et al., 1991;

Turner et al., 1996; Coulon et al., 2002). In some cases (e.g.

Anatolia and the Oranides), however, the latest magmatic

stages have been interpreted to reflect partial melting of a

depleted garnet-facies lherzolite source (Aldanmaz et al.,

2000; Coulon et al., 2002).

Among the various regions worldwide where late

orogenic magmatism has been observed, the Tibetan

plateau is one of the most important. Here, igneous activ-

ity is found in two distinct provinces of the plateau, in

north and south Tibet, without obvious spatial continuity.

The northTibetan magmatic rocks were emplaced from 45

Ma to the present (Arnaud et al., 1992; Turner et al., 1996;

Guo et al., 2006). They are mostly interpreted as related to

the melting of enriched asthenospheric mantle, with some

contribution from the metasomatically enriched continen-

tal lithosphere, as well as from the Tibetan crust

(Guo et al., 2006). In southernTibet and in its western pro-

longation, the south Karokorum (Fig. 1), the magmatic

rocks have been dated at between 8 and 25 Ma (Coulon

et al., 1986; Miller et al., 1999; Williams et al., 2001, 2004;

Chung et al., 2003; Ding et al., 2003; Hou et al., 2004;

Nomade et al., 2004) and exhibit a wide range of chemical

and isotopic compositions. These magmatic rocks are

located within a narrow, east^west-trending zone parallel

to the Indus^Tsangpo Suture Zone (ITSZ, Fig. 1). In south-

ernTibet, the geochemical characteristics are widely inter-

preted in terms of melting of a previously metasomatized

phlogopite-bearing spinel-facies lherzolite mantle source

combined with variable degrees of crustal contamination

(Coulon et al., 1986; Turner et al., 1996; Miller et al., 1999;

Williams et al., 2001, 2004). Partial melting of the eclogi-

tized lower part of the Asian continental crust also has

been suggested (Chung et al., 2003; Hou et al., 2004; Qu

et al., 2004; Guo et al., 2007).

Three main geodynamic processes have been considered

to play a role in the south Tibetan Neogene magmatism:

(1) continental subduction (Arnaud et al., 1992; Ding et al.,

2003); (2) thinning of the lithospheric root beneath the

Tibetan plateau by delamination (Houseman et al., 1981;

Turner et al., 1996; Miller et al., 1999; Williams et al., 2001;

Nomade et al., 2004; Chung et al., 2005; Guo et al., 2007);

(3) break-off of the subducting Indian continental litho-

spheric slab (Miller et al., 1999; Mahe¤ o et al., 2002; Hou

et al., 2004;Williams et al., 2004). However, partial melting

can also result from thermal re-equilibration by radioac-

tive heating of the thickened crust (e.g. Thompson &

Connolly, 1995) or from shear heating along major strike-

slip faults (e.g. Leloup et al., 1999). Consequently, in a

given area, broadly contemporaneous magmas can be pro-

duced by a variety of different processes.

In south Karakorum, a wide variety of Neogene mag-

matic rocks are observed. These include lamprophyres,

high Sr^Ba granites, and syenites. Here, based on pre-

viously published and new major, trace, rare earth element

(REE), and Sr, Nd, and Hf isotope data, we assess whether

the Neogene magmatic evolution of south Karakorum as a

whole can be explained within the framework of a single

geodynamic model.We find that the generation of lampro-

phyre magmas is best explained by the break-off of the

Indian continental lithosphere. In this scenario, the intru-

sion of mafic magmas into the previously thickened south

Karakorum crust induced partial melting of granodiorites

and diorites within the middle crust and the formation of

peraluminous granites. The syenite parental magmas were

produced later during mantle upwelling and adiabatic

decompression controlled by the Shigar strike-slip fault.

GEOLOGICAL SETT ING

The south Karakorum forms part of the pre-collisional

south Asian continental margin, located to the west of,

and separated from, southern Tibet by the Karakorum

Fault (KF, Fig. 1). The eastern part of the south

Karakorum basement corresponds to a Precambrian

active continental margin (Rolland et al., 2002a), whereas

the western part is probably related to a Cambrian period

of continental rifting (Le Fort et al., 1994; Rolland et al.,

2002a). Both basement areas are covered by a thick

Cambro-Ordovician sedimentary cover (Le Fort et al.,

1994; Rolland et al., 2002a). Based on these characteristics,

Rolland et al. (2002a) proposed that the south Karakorum

is the westward propagation of the Lhasa block. The south

Karakorum Precambrian to Cambrian basement is sepa-

rated from the north Karakorum Permian to Jurassic sedi-

mentary cover by the Early Ordovician Masherbrum

volcanic complex (Rolland et al., 2002a).

The south Karakorum Mesozoic to Cenozoic tectonic

evolution is characterized by three major successive

thermo-tectonic events. First, during the Early

Cretaceous, as a result of the northward subduction of the

JOURNAL OF PETROLOGY VOLUME 50 NUMBER 3 MARCH 2009

428

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
0
/3

/4
2
7
/1

5
1
7
8
1
7
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Neo-Tethys oceanic lithosphere (Debon et al., 1987;

Crawford & Searle, 1992; Debon & Khan,1996), calc-alka-

line plutonic rocks were emplaced, forming the Axial

Batholith (Fig. 1). During the mid-Cretaceous, continued

subduction resulted in the opening of a back-arc basin

separating the Karakorum margin from the Kohistan^

Ladakh arc (Rolland et al., 2000, 2002b). Collision of the

Kohistan^Ladakh oceanic island arc and the Asian conti-

nental margin along the Shyok Suture Zone at �75 Ma

(Petterson & Windley, 1992) was followed by continent^

continent collision with the Indian plate (Treloar et al.,

1989; Rowley, 1996). Stacking of southward-directed

nappes was associated with the development of medium-

temperature (MT)^medium-pressure (MP) metamor-

phism (Searle et al., 1989; Lemmenicier et al., 1996;

Rolland et al., 2001) and crustal melting, as suggested by

the occurrence of numerous leucogranitic dykes (Hunza

dykes; Fig. 1; Fraser et al., 2001). Sub-alkaline felsic and

Fig. 1. (a) Location map of the late-orogenic magmatic rocks in the India^Asia convergence zone (After Arnaud et al., 1992; Turner et al., 1996;
Chung et al., 1998; Miller et al., 1999; Ding et al., 2003) and (b) geological map of south Karakorum (after Pe“ cher & Le Fort,1999; Rolland et al.,
2001). South Karakorum lamprophyre and shoshonite locations after Pognante (1991), Searle et al. (1992) and Zanchi & Gaetani (1994). GC,
Garam Chasma pluton; Ko, Kohistan; La, Ladakh; ITSZ, Indus^Tsangpo Suture Zone; MBT, Main Boundary Thrust; MKT, Main
KarakorumThrust; KF, Karakorum Fault.

MAHE¤ O et al. MAGMATIC EVOLUTION OF SOUTH KARAKORUM

429

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
0
/3

/4
2
7
/1

5
1
7
8
1
7
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



mafic rocks were emplaced during this period, both in

Karakorum (Batura complex; Debon et al., 1987; Debon,

1995) and in NE Kohistan (Teru volcanics; Khan et al.,

2004). It has been proposed that these magmas were pro-

duced by partial melting of a depleted mantle source

located above the Indian slab during continental subduc-

tion (Debon et al., 1987; Debon, 1995; Khan et al., 2004).

The end of the nappe stacking event has not been precisely

dated, but recent studies suggest an early Oligocene age

(Fraser et al., 2001; Rolland et al., 2001). High-temperature

(HT)^medium-pressure (MP) metamorphism took place

during the Neogene, associated with the emplacement of

late orogenic lamprophyres and granitoids (Bertrand

et al., 1988; Searle et al., 1989; Lemennicier, 1996; Rolland

et al., 2001). Mahe¤ o et al. (2004) proposed that subsequently

the metamorphic rocks were partially exhumed by diapiric

ascent within the lower and middle crust, followed by the

uplift and erosion of southeastern Karakorum. In a previ-

ous study (Mahe¤ o et al., 2002), three groups of Neogene

potassic igneous rocks were identified, the south

Karakorum lamprophyres, the Baltoro batholith, and the

Hemasil syenite.

The main post-crustal thickening magmatic unit is the

Baltoro batholith (Fig. 1). This batholith is �100 km long

and 20 km wide, and is located in southeastern

Karakorum, between the main KarakorumThust (MKT)

and the Karakorum Fault. The batholith is made of vari-

ous granitoids constituting a suite between two end-mem-

bers, which are (1) dark biotite granites rich in K-feldspar

and containing plagioclase, quartz, titanite, magnetite,

apatite, allanite and very rare amphibole and (2) leucogra-

nites with some muscovite, plagioclase, K-feldspar, quartz,

subordinate biotite and rare garnet. Based on U^Pb zircon

ages, this batholith was emplaced between 26 and 21 Ma

(Parrish & Tirrul,1989; Scha« rer et al.,1990). Other contem-

poraneous plutonic units include the Mango Gusar two-

mica granite (dated at 26 Ma by U^Pb on zircon and

allanite, Fraser et al., 2001), also located in SE Karakorum,

and the Garam Chasma leucogranite (dated at 24 Ma by

U^Pb on monazite, xenotime, and uraninite, Hildebrand

et al., 1998) located in SW Karakorum, eastern Hindu

Kush (see inset in Fig. 1). South of the Baltoro batholith,

metasedimentary country-rocks are cross-cut by lampro-

phyre dykes (the south Karakorum or K2 lamprophyres;

Rex et al., 1988; Pognante, 1991; Searle et al., 1992) dated at

22^24 Ma by K^Ar on biotite (Rex et al., 1988). Other

occurrences of lamprophyre veins have been reported east

of the Mango Gusar granite, close to the western rim of the

Baltoro batholith and north of the Axial Batholith (Fig. 1).

Undeformed andesitic dykes also have been observed in

central Karakorum, cross-cutting north Karakorum sedi-

ments (Gaetani et al., 1996).

The youngest magmatic body in the area is the Hemasil

syenite (Fig. 1), a 5 km diameter pluton, emplaced at

8^9 Ma along the Shigar Fault in southeastern

Karakorum (Villa et al.,1996).The 9�3 Ma Sumayar leuco-

granite (U^Pb on uraninite and monazite, Fraser et al.,

2001) located in south^central Karakorum (Fig. 1) is a con-

temporaneous pluton. Other post-crustal thickening gran-

ites have been observed, but their crystallization ages are

still poorly constrained: the Nagar granite in south^central

Karakorum with a K^Ar whole-rock age of 14�4 Ma

(Fig. 1; Debon et al., 1987) and the Aliabad granite with

K^Ar muscovite and biotite ages between 4�5 and 6�8 Ma

(Fig. 1; Le Fort et al., 1983).

ANALYT ICAL METHODS

Selected trace elements (Rb, Sr,Y, Zr, Nb and Pb) for five

samples of granitoids from the Baltoro batholith (BD45,

BD52, BD83, BD91, BD109) and one south Karakorum

lamprophyre (BD79, see Fig. 1 for location), all collected

by F. Debon and J.-M. Bertrand, as well as four Hemasil

syenite samples (TK506, TK836, TK837, TK841) and

one Hemasil lamprophyre (TK838), collected by P. Le

Fort, Y. Lemennicier and A. Pe“ cher, were determined by

wavelength-dispersive X-ray fluorescence spectrometry

(XRF) at the University of Lyon. Analytical uncertainties

range from 1 to 2% for major elements and from 10 to 15%

for trace elements.

The concentrations of some additional trace elements

(Ba, Hf, Ta, and REE) of samples TK506 and BD79 were

analyzed by inductively coupled plasma mass spectrome-

try (ICP-MS) at Ecole Normale Supe¤ rieure de Lyon

(ENS Lyon). Analytical uncertainties are less than 5%.

All data are listed inTable 1.

Sr and Nd isotopic compositions were measured by ther-

mal ionization mass spectrometry in Clermont-Ferrand,

using an upgraded VG 54E instrument operated in

dynamic triple collection mode, with correction for mass

fractionation by normalization to 86Sr/88Sr¼ 0�1194 and
146Nd/144Nd¼ 0�7219, respectively. Prior to mass spectro-

metric analyses, Sr and Nd were isolated by tandem

extraction chromatography using Sr Spec, TRU Spec, and

Ln Spec materials (Eichrom S.A., Paris), following separa-

tion procedures described in detail by Pin et al. (1995) and

Pin & Santos Zalduegui (1997) for sample dissolution of

granitoid rocks and final isolation of Nd. During the

period of analysis, the SRM 987 Sr carbonate standard

from NIST gave a mean value of 87Sr/86Sr¼ 0�710242

(s¼0�000015, n¼13), and the Nd standard JNdi-1 from

the Geological Survey of Japan (Tanaka et al., 1996) gave

a mean value of 143Nd/144Nd ¼ 0�512111 (s¼0�000007,

n¼ 7). Sr and Nd total procedural blanks were better than

1ng and 0�5 ng, respectively. We measured the Sr and Nd

isotopic compositions of four Hemasil syenites (TK506,

TK837, TK839, TK841), one Hemasil lamprophyre

(TK838), five Baltoro batholith granites (BD45, BD52,

BD83, BD91, BD109) and the lamprophyre located north
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of the Baltoro batholith (BD79). The data are given in

Table 2. We further re-analyzed the Sr and Nd isotopic

compositions of sample TK841, previously measured by

Lemmenicier (1996). The two sets of measurements are in

good agreement, thus allowing our new data to be com-

pared directly with those obtained on the Hemasil pluton

by Lemmenicier (1996).

Sm and Nd concentrations of the Hemasil samples are

from Lemmenicier (1996), except for sample TK506 (this

study). Sm and Nd concentrations for the Baltoro samples

are from Debon et al. (1986) and F. Debon (personal com-

munication), except for sample BD79 (this study).

We also measured the Hf isotopic compositions of

three Hemasil syenite samples (TK506, TK836, TK837),

Table 1: Selected whole-rock analyses of Hemasil and Baltoro samples from south Karakorum

Location: Hemasil Hemasil Hemasil Hemasil Hemasil Hemasil Hemasil Hemasil Baltoro Baltoro Baltoro Baltoro Baltoro Baltoro K2 K2 K2 K2

Sample: TK506 TK835 TK836 TK837 TK839 TK841 TK845 TK838 BD45 BD52 BD83 BD91 BD109 BD79 R11 1880 1943 1882

Type: Syenite Syenite Syenite Syenite Syenite Syenite Syenite Lamp. Dark Dark Dark Leuco- Dark Lamp. Lamp. Lamp. Lamp. Lamp.

gran. gran. gran. gran. gran.

SiO2 58�27 54�42 53�57 58�26 57�24 59�78 56�49 35�48 69�38 71�79 72�4 73�79 66�75 57�55 52�9 50�46 57�57 62�03

TiO2 0�63 0�45 0�66 0�50 1�00 0�5 0�34 2�75 0�36 0�31 0�29 0�18 0�49 0�71 1�62 0�75 0�81 0�7

Al2O3 19�31 20�09 21�17 18�45 20�21 19�79 20�77 17�73 16�03 14�68 14�92 13�6 16�12 16�35 10�3 11�66 15�71 15�35

Fe2O3 3�08 4�95 4�25 4�13 3�41 2�74 2�39 15�96 2�49 1�82 1�63 1�2 2�73 6�22 6�9 7�22 7�72 6�39

MnO 0�3 0�24 0�23 0�16 0�15 0�22 0�54 0�51 0�06 0�03 0�04 0�03 0�04 0�09 0�12 0�11 0�11 0�08

MgO 0�85 0�25 0�76 2�19 0�55 0�54 0�35 5�61 0�67 0�41 0�27 0�28 1�04 2�54 11�1 6�64 3�87 2�41

CaO 3�00 3�38 5�85 1�14 4�12 2�35 3�36 13�71 2�24 1�84 1�33 0�59 2�82 4�93 6 6�7 5�04 4�99

Na2O 5�25 2�03 3�04 4�03 3�38 6�13 4�61 1�18 4�46 4�09 3�92 3�3 4�21 2�77 1�1 1�33 2�12 2�58

K2O 7�25 10�64 7�42 8�62 8�77 7�03 7�74 2�41 3�29 3�55 4�5 5�3 3�74 4�31 7�95 3�95 4�9 3�04

P2O5 0�15 0�09 0�21 0�29 0�16 0�13 0�07 1�47 0�09 0�00 0�00 0�00 0�16 0�36 1�7 0�72 0�77 0�24

LOI 1�63 3�10 1�05 0�81 0�98 0�57 2�42 1�51 0�55 0�36 0�42 0�40 0�47 4�01 10�83 2�51 2�49

Total 99�64 99�78 99�08 98�21 99�97 98�58 99�72 98�32 99�62 98�88 99�72 98�67 98�57 99�84 99�69 100�37 101�13 100�30

Ba 158 314 3108 1046 364 191 89 2434 1168 1106 971 495 889 872 3679�5 2346�0 1935�0 832�0

Rb 134 201 162 188 107 126 202 54 169 117 253 236 131 190 358�4 169�0 176�0 87�0

Sr 649 1021 4319 580 1774 445 846 4543 647 581 406 220 1076 525 1221�4 708�0 1154�0 389�0

Ta 2�21 0�27 0�75 0�47 0�81 0�41 0�64 0�12 1�49

Th 13�2 9�1 2�6 1�3 2�7 6�6 19�2 1�1 20�2 7�8 26�7 1�4 20�6 17�2 78�1 21 24 17

Zr 594 162 70 68 61 155 380 44 194 168 100 217 194 692 226 276 226

Nb 10�7 5�9 7�3 6�5 5�8 7�0 12�4 1�3 17�0 7�1 16�3 13�8 12�5 46�3 17 22 15

Y 39�8 21�0 23�4 12�1 35�5 23�5 29�4 26�1 11�9 6�5 10�2 15�9 9�4 24�3 34�3 26�2 33�9 29�6

Hf 0�5 3�3 2�0 1�7 1�8 3�7 9�9 1�6 3�7

U 1�4 4�6 0�9 0�1 0�7 1�6 5�4 0�1 6�3 10�4 8�8 7�6 8�1 3�9 10�5

Pb 31�2 16�9 17�1 8�4 13�8 17�7 66�3 14�4 34�5 34�5 85�5 48�7 20�3 105�9

La 73�6 31�7 29�4 10�2 26�4 31�4 49�6 34�4 47�0 40�1 38�3 22�4 69�3 70�7 137�0 44�3 59�4 41�5

Ce 136�9 60�9 72�1 21�8 71�8 61�1 84�3 81�3 81�7 65�9 67�0 40�3 128�8 144�9 275�0 88�7 115�7 82�4

Pr 15�8 6�7 10�2 2�8 11�3 6�9 8�0 11�7 16�5

Nd 57�3 24�3 45�7 12�3 53�8 25�9 25�5 57�6 35�3 27�5 28�8 18�3 51�7 64�2 121�0 36�3 49�0 33�1

Sm 10�4 4�3 9�9 3�0 12�6 4�9 4�1 13�0 6�0 4�7 4�9 4�3 8�1 11�0 22�0 7�3 9�8 6�7

Eu 1�9 1�2 3�4 0�8 3�8 1�1 0�6 4�1 0�9 0�8 0�8 0�6 1�8 2�1 4�5 1�7 2�4 1�5

Gd 7�4 3�5 7�3 2�4 9�3 3�9 3�5 9�7 4�4 3�3 3�5 3�7 5�7 8�1 5�7 7�5 5�8

Tb 1�0 0�6 1�1 0�4 1�4 0�6 0�6 1�3 1�0 1�4

Dy 6�0 3�2 6�2 2�2 7�5 3�5 3�7 7�0 2�5 1�5 2�1 2�9 2�6 4�7 4�2 5�3 4�6

Ho 1�2 0�8 1�2 0�4 1�5 0�8 1�0 1�3 0�7

Er 3�7 2�1 2�8 1�1 3�2 2�1 3�1 2�8 1�1 0�8 1�0 1�3 1�3 2�0 2�1 2�6 2�5

Yb 3�6 2�2 2�3 1�1 2�4 2�5 4�3 2�0 0�9 0�6 0�7 1�2 0�9 1�4 1�9 1�9 2�4 2�3

Lu 0�5 0�3 0�3 0�2 0�3 0�4 0�7 0�3 0�2 0�1 0�1 0�2 0�2 0�2 0�2 0�4 0�5 0�4

Bold font, this study; normal font, Hemasil from Lemmenicier (1996), Baltoro granites from Debon et al. (1986) and
Debon (personal communication), K2 lamprophyres from Pognante (1991) and Searle et al. (1992). Major elements are in
oxide wt %, other elements are in ppm. Lamp., lamprophyre; Gran., granite; Leucogran., leucogranite.
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one Hemasil lamprophyre (TK838), five Baltoro granite

samples (BD45, BD52, BD83, BD91, BD109) and one

Baltoro lamprophyre (BD79). These data supplement

those previously published by Mahe¤ o et al. (2002) on

four Hemasil syenite samples (TK835, TK839, TK841,

TK845). The data are listed in Table 2. The separation

of Hf for isotopic analysis was carried out at ENS Lyon

following the protocols outlined by Blichert-Toft et al.

(1997) and Blichert-Toft (2001). Hf isotopic analysis was car-

ried out by multicollector (MC)-ICP-MS using a Plasma

54 system at ENS Lyon following the procedure of

Blichert-Toft et al. (1997). Mass fractionation was

corrected relative to 179Hf/177Hf ¼ 0�7325, and the JMC-

475 Hf standard, which was run systematically after

every two samples to monitor machine performance,

gave 0�282160�10 (2s) during the course of this study.

Hf total procedural blanks were better than 25 pg.We did

not measure the Lu/Hf ratios, but given the young ages of

the samples investigated here, the age correction is

negligible.

I SOTOPIC AND GEOCHEMICAL

CHARACTER I ST ICS

South Karakorum lamprophyres

The petrographic characteristics of the lamprophyres are

relatively variable, characterized by an association of phlo-

gopite, plagioclase, apatite and alkali feldspar with occa-

sional hornblende, augite, quartz and accessory titanite

and zircon (Rex et al., 1988; Pognante, 1991; Searle et al.,

1992). Secondary white mica, chlorite and calcite have

also been observed (Pognante, 1991). The sample analyzed

in this study, BD79, contains phlogopite, hornblende, plagi-

oclase, alkali feldspar and apatite.

All the lamprophyres are intermediate rocks belonging

to the alkaline suite (Fig. 2). Data from Pognante (1991)

and Searle et al. (1992) plot within the ultrapotassic and

shoshonitic field in a K2O vs Na2O diagram (Fig. 2). The

lamprophyres exhibit a wide range of Mg-number values

(from 0�64 to 0�30) and SiO2 contents (from 50�5 to

62�0wt %). The petrography of the more differentiated

Table 2: Nd, Sr and Hf isotopic compositions of lamprophyres, syenites, and granites from south Karakorum

143
Nd/

144
Nd

147
Sm/

144
Nd

143
Nd/

144
Nd(i) "Nd(i)

87
Sr/

86
Sr

87
Rb/

86
Sr

87
Sr/

86
Sr(i)

176
Hf/

177
Hf "Hf(present day)

Hemasil

Syenite TK839 0�512857� 6� 0�1415 0�512849 þ4�3 0�704353� 13� 0�17 0�704331 0�283092� 10y þ11�3

Syenite TK835 0�512810� 9� 0�1075 0�512804 þ3�5 0�705140� 10� 0�56 0�705068 0�283065� 23y þ10�4

Syenite TK845 0�512816� 6� 0�0975 0�512810 þ3�6 0�705621� 12� 0�68 0�705534 0�283098� 19y þ11�1

Syenite TK841 0�512820� 6� 0�1141 0�512813 þ3�6 0�705603� 16� 0�74 0�705503

Syenite TK841 0�512835� 6 0�1141 0�512828 þ3�9 0�705638� 11 0�74 0�705543 0�283091� 11y þ11�3

Syenite TK506 0�512833� 7 0�1097 0�512827 þ3�9 0�705549� 11 0�43 0�705493 0�283117� 10 þ12�2

Syenite TK836 0�512836� 6 0�1307 0�512828 þ3�9 0�704328� 09 0�15 0�704308 0�283104� 06 þ11�7

Syenite TK837 0�512828� 7 0�1479 0�512819 þ3�8 0�705254� 14 0�86 0�705143

Lamp. TK838 0�512818� 6 0�1369 0�512810 þ3�6 0�704294� 11 0�05 0�704287 0�283108� 07 þ11�9

Baltoro

Granite BD45 0�512287� 7 0�1034 0�512270 –6�5 0�708821� 12 0�75 0�708552 0�282692� 07 –2�8

Granite BD52 0�512176� 7 0�1020 0�512159 –8�7 0�707733� 13 0�64 0�707503 0�282720� 06 –1�8

Granite BD83 0�512188� 8 0�1020 0�512171 –8�5 0�709704� 16 1�77 0�709073 0�282621� 07 –5�3

Granite BD91 0�512067� 8 0�1431 0�512044 –11�0 0�712984� 10 3�15 0�711864 0�282592� 06 –6�4

Granite BD109 0�512251� 8 0�1037 0�512234 –7�3 0�708887� 12 0�59 0�708674 0�282545� 07 –8�0

Lamp. BD79 0�512254� 8 0�1033 0�512238 –7�2 0�709876� 09 0�74 0�709644 0�282508� 05 –9�3

�

From Lemmenicier (1996).
yFrom Maheo et al. (2002).
Uncertainties reported on Nd, Sr, and Hf measured isotope ratios are in-run 2s/ˇn analytical errors in last decimal
places, where n is the number of measured isotopic ratios. Sr and Nd initial isotope compositions were corrected for
radiogenic ingrowth using 147Sm/144Nd and 87Rb/86Sr ratios calculated from the trace element data given in Table 1 and
emplacement ages of 9 Ma for the Hemasil samples, 25 Ma for the Baltoro granites, and 22 Ma for the Baltoro
lamprophyre. "Nd and "Hf values correspond to the fractional deviation in parts per 104 from the contemporaneous value
of a chondritic (Bulk Earth) reservoir with present-day 143Nd/144Nd ¼ 0�512638 and 147Sm/144Nd ¼ 0�1966 (Jacobsen &
Wasserburg, 1980) and

176
Hf/

177
Hf ¼ 0�282772 (Blichert-Toft & Albarède, 1997), respectively. As precise Lu and Hf

concentrations are not available for the Baltoro granites, the present-day "Hf values only are reported.
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samples (lowest Mg-number) is characterized by the pres-

ence of hornblende and occasional augite. Clinopyroxene

is not observed in the more primitive samples

(Mg-number40�5). The most primitive samples

(Mg-number40�6) are characterized by relatively low

Al2O3, CaO, and Na2O contents (10^11wt %,

6�1^7�4wt %, and 1�1^1�9wt %, respectively) and very

high abundances of K2O (8�0^ 8�7wt %).Volatile contents

are usually significant [loss on ignition (LOI) up 10�8wt

%]. The most elevated values (46wt %) were determined

in two samples with clear petrographic evidence of severe

alteration (presence of calcite, white micas and chlorite).

All the south Karakorum lamprophyres have primitive

mantle-normalized multi-element patterns (Fig. 3a) char-

acterized by strong enrichment in large ion lithophile ele-

ments (LILE) and light REE (LREE) relative to high

field strength elements (HFSE) and heavy REE (HREE)

(Pognante, 1991; Searle et al., 1992).

The lamprophyre analyzed in this study (BD79) has a

radiogenic 87Sr/86Sr(i) (0�7096) and unradiogenic "Nd(i)

(^7�2) isotope signature, albeit less extreme than those of

the lamprophyres analysed by Searle et al. (1992) from

south Karakorum (87Sr/86Sr(i)¼ 0�7160^0�7200 and "Nd(i)

�^12; Fig. 4). The isotopic compositions of the lampro-

phyres analyzed by Searle et al. (1992) resemble those of

the contemporaneous ultrapotassic and potassic rocks

from southernTibet (Turner et al., 1996; Miller et al., 1999;

Williams et al., 2001, 2004; Nomade et al., 2004).

The lamprophyre BD79 has a relatively low "Hf of �9�3.

It plots on the mantle array within the field of intraconti-

nental basalts interpreted to be associated with litho-

spheric melting (Fig. 5; Beard & Johnson, 1993; Johnson &

Beard, 1993; Barry et al., 2003).

Baltoro batholith

As discussed above, the Baltoro batholith consists of vari-

ous granitoids constituting a continuous suite between two

end-members, one of which is a dark biotite granite, rich in

poikilitic K-feldspar and containing plagioclase, quartz,

titanite, magnetite, apatite, allanite and very rare amphi-

bole, whereas the other is a leucogranite with some

muscovite, plagioclase, K-feldspar, quartz, subordinate

Fig. 2. (a) K2O vs SiO2 (wt %) and (b) K2O vs Na2O (wt %) for south Karakorum and Hemasil lamprophyres. Shaded field represents the
Neogene southernTibetan ultrapotassic and potassic volcanic rocks (Miller et al.,1999;Williams et al., 2001, 2004; Ding et al., 2003; Nomade et al.,
2004). (c) Total alkalis vs SiO2 diagram of Le Maitre et al. (1989). a, andesite; b, basalt; ba, basaltic andesite; bta, basaltic trachyandesite; d,
dacite; f, foidite; t, trachyte; ta, trachyandesite; tb, trachybasalt; te, tephrite; tep, tephriphonolite; pte, phonotephrite; p, phonolite; pb, picroba-
salt; r, rhyolite.
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biotite and rare garnet. The samples studied here are rep-

resentative of this suite. BD109 and 45 are dark biotite

porphyritic granites with poikilitic K-feldspar, plagioclase

and some apatite, magnetite and titanite. BD52 and 83

are intermediate biotite granites with poikilitic K-feldspar,

plagioclase and minor apatite. BD91 is a leucogranite,

also with poikilitic K-feldspar, abundant plagioclase, mus-

covite and trace amounts of biotite. BD45 is an aplitic

granite with both muscovite and biotite, perthitic

K-feldspar, abundant plagioclase and some magnetite. The

Baltoro granitoids are characterized by relatively high

SiO2, Na2O, Al2O3, and K2O contents (65�5^74�8wt %,

3�3^6�8wt %, 13�6^17�3wt %, and 3�0^6�0wt %, respec-

tively) and lowTiO2, MgO, FeOT, and CaO (50�8wt %,

51�3wt %,53�0wt %, and53�0wt %, respectively). The

SiO2 contents increase from dark biotite granite to

leucogranite as TiO2, Al2O3, FeOT, MgO, CaO, and

P2O5 contents decrease. The dark biotite granites are

magnesian alkali^calcic to magnesian calc-alkaline,

whereas the leucogranites are ferroan calc-alkaline

(Fig. 6) according to the classification of Frost et al. (2001).

In a primitive mantle-normalized multi-element diagram

(Fig. 3b), all the granitoids are characterized by a

strong enrichment in LILE and LREE relative to HFSE

and HREE (Searle et al., 1992) with Ba, Sr, Th, Zr and

LREE higher for dark biotite granites than for leucogra-

nite. Based on their high Ba and Sr concentrations

and lowY, HREE and Nb contents the dark biotite gran-

ites are reminiscent of the high Ba^Sr granites defined by

Tarney & Jones (1994).

The samples analyzed in this study show a wide range of

initial Nd and Sr isotopic compositions, as do the samples

analyzed by Scha« rer et al. (1990) and Searle et al. (1992;

Fig. 4). 87Sr/86Sr(i) ranges from 0�7034 to 0�7183 and "Nd(i)

from ^6�5 to ^11�0. The dark biotite granites and leucogra-

nites have similar isotopic compositions. The isotopic com-

positions of all the Baltoro samples are additionally similar

to those of the magmatic rocks emplaced in south

Karakorum during the period of Cretaceous active

margin activity (Fig. 4; Crawford & Searle, 1992). "Hf for

the Baltoro granitoids varies between ^2�8 and ^8�0. In an

"Hf vs "Nd diagram, most of the samples plot above the

mantle array, outside the field defined by 98% of mid-

ocean ridge basalt (MORB) and ocean island basalt

(OIB) (Fig. 5) and close to the field of pelagic sediments

and ferromanganese nodules (Godfrey et al., 1997;

Albare' de et al., 1998; Vervoort et al., 1999), the latter of

which have been interpreted to record the isotopic proper-

ties of fine-grained material settling in the deep ocean

(Blichert-Toft et al., 1999).

Hemasil syenite

The 9 Ma Hemasil syenite and associated lamprophyre

belong to the last magmatic event recorded in south

Karakorum. Three main parageneses occur among the

syenite samples: K-feldspar þ plagioclase þ biotite � epi-

dote (TK506, 836, 837), K-feldsparþ plagiocla-

seþ amphibole�biotite� epidote (TK838, 839, 841) and

K-feldsparþ plagioclaseþbiotiteþmuscoviteþ calcite

(TK835, 845). Minor zircon, apatite and titanite are also

present in all lithologies (Lemennicier, 1996). The lampro-

phyre (TK838) is composed of amphibole, epidote, biotite,

K-feldspar and plagioclase with minor titanite and chlorite

(Lemennicier,1996). All the syenite samples have moderate

SiO2 contents (53�6^59�8wt %), relatively low TiO2,

Fig. 3. Primitive mantle-normalized multi-element diagrams for
(a) south Karakorum lamprophyres, (b) Baltoro granites, and
(c) Hemasil syenites and associated lamprophyre. Primitive mantle
normalization values from McDonough & Sun (1995). In (a), the
light grey shaded field represents the Neogene southernTibetan ultra-
potassic and potassic volcanic rocks (Miller et al., 1999;Williams et al.,
2001, 2004; Ding et al., 2003; Nomade et al., 2004). In (c), the light grey
shaded field represents theTeru volcanics (Khan et al., 2004).
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MgO, and FeOt contents (0�3^1�0wt %, 0�3^2�2wt %, and

2�2^4�6wt %, respectively), and very high Al2O3 and

K2O contents (19�3^21�2wt % and 7�0^10�6 wt %, respec-

tively). In a primitive mantle-normalized multi-element

diagram (Fig. 3c), both the syenite samples and the cross-

cutting lamprophyre are characterized by strong enrich-

ment in LILE and LREE relative to HFSE and HREE

(Lemennicier, 1996; Mahe¤ o et al., 2002). However, several

patterns can be distinguished. The most primitive sample

(MgO¼ 2�2wt %), a K-feldsparþ plagioclaseþbiotite

syenite, has a relatively smooth pattern characterized by

strong LILE enrichment but only slightly negative Nb

andTi anomalies and no Zr and Hf anomalies. In compar-

ison, other more differentiated (MgO50�9wt %) samples

have similar LILE enrichment but stronger negative Nb,

Zr, Hf and Ti anomalies with the exception of three sam-

ples with positive Zr and Hf anomalies, which are clearly

related to the presence of abundant zircon. Moreover,

the most differentiated sample (MgO¼ 0�35wt %),

a K-feldsparþ plagioclaseþbiotiteþmuscoviteþ calcite

syenite, shows slight enrichment in HREE relative to

MREE. The development of pronounced negative HFSE

anomalies and HREE enrichment with differentiation can

be explained by early crystallization of biotite, as docu-

mented in thin section (Lemennicier, 1996), followed by

amphibole. Amphibole crystallization will produce resid-

ual liquids enriched in LILE and LREE and relatively

depleted in HFSE, middle REE (MREE) and HREE.

Rocks crystallizing from such a liquid will have primitive

mantle-normalized multi-element patterns characterized

by marked negative HFSE anomalies and in some cases

enrichment in HREE as observed for most of the Hemasil

syenite samples. The Hemasil lamprophyre primitive

mantle-normalized multi-element pattern also is charac-

terized by strong LILE and LREE enrichment and rela-

tive depletion in Nb, Zr, Hf and HREE. Such a pattern

likewise is compatible with a residual liquid left after

amphibole removal.

Fig. 4. Initial 87Sr/86Sr vs initial "Nd for the south Karakorum and southernTibetan Neogene magmatic rocks.The data for the Baltoro granite
were recalculated at 25 Ma, those for the Baltoro lamprophyres at 22 Ma, the Hemasil syenite and lamprophyre at 9 Ma, the Hunza Mesozoic
rocks at 95 Ma, and the Karakorum gneiss and leucogranite, Amdo gneisses and Masherbrum Greenstone complex at 20 Ma.The data for the
SouthTibetan potassic and ultrapotassic rocks are fromTurner et al. (1996), Miller et al. (1999),Williams et al. (2001, 2004), Ding et al. (2003) and
Gao et al. (2007). Field 1, south Karakorum Cretaceous calc-alkaline active margin recalculated at 95 Ma (Crawford & Searle, 1993). Field 2,
Kohistan^Ladakh and south Tibet Cretaceous arc magmatic rocks (Alle' gre & Othman, 1980; Harris et al., 1988; Petterson et al., 1993; Khan
et al.,1997, 2004; Miller et al., 2000; Rolland et al., 2000, 2002b). Field 3, Kohistan^Ladakh Cretaceous back-arc basalts (Khan et al.,1997; Rolland
et al., 2000, 2002b). Indian MORB field is from Mahoney et al. (1998). High Himalaya Crystalline (HHC) field is from Guillot (1993) and Guillot
& Le Fort (1995). Bulk Silicate Earth (BSE) from Zindler & Hart (1986).The mixing line is a simple mass-balance calculation between an HHC
leucogranite (87Sr/86Sr¼ 0�7417, Sr 50 ppm, "Nd¼ ^16�0, Nd 11�6 ppm; Guillot, 1993) and aTeru volcanic rock (87Sr/86Sr¼ 0�7040, Sr 455 ppm,
"Nd¼þ 5�4, Nd 15 ppm; Khan et al., 2004).
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The Hemasil syenite samples have broadly homoge-

neous Sr and Nd isotopic compositions, ranging from

0�7043 to 0�7055 for initial 87Sr/86Sr and from þ 3�5

to þ 4�3 for initial "Nd (Fig. 4).The associated lamprophyre

has a similar isotopic composition (87Sr/86Sr(i)¼ 0�7043

and "Nd(i)¼þ3�6). Thus far, such positive "Nd values have

not been reported for other Neogene magmatic rocks from

the India^Asia convergence zone. The Neogene magmatic

rocks showing the most depleted isotope signatures are the

10^15 Ma Maquiang andesites occurring near Lhasa in

southernTibet (Coulon et al., 1986) with initial 87Sr/86Sr of

0�7048^0�7049 and initial "Nd between þ1�3 and þ1�5

(Fig. 4; Turner et al., 1996). Isotopic compositions similar to

those of the Hemasil syenite have also been observed in the

most primitive Cretaceous and Paleocene tholeiitic to calc-

alkaline rocks in the Gangdese batholith and in the 65^40

Ma Linzizong volcanic rocks, both from southernTibet, as

well as in the Chilas gabbronorite and the Teru volcanic

rocks of the Kohistan^Ladakh arc (Fig. 4; Alle' gre &

Othman, 1980; Harris et al., 1988; Petterson et al., 1993;

Khan et al., 1997, 2004; Miller et al., 2000; Jagoutz et al.,

2006; Mo et al., 2007, 2008). In south Karakorum, equiva-

lent calc-alkaline rocks are found in the Cretaceous Axial

Batholith (Crawford & Searle, 1992), where a basalt from

the Hunza area has slightly more enriched isotope charac-

teristics than the Hemasil syenite (initial 87Sr/86Sr¼ 0�7050

and initial "Nd¼þ2�8; Fig. 4; Crawford & Searle, 1992).

These isotopic compositions are also close to the least

depleted Indian MORB (Mahoney et al., 1998) and

Kohistan^Ladakh back-arc basalts (Khan et al., 1997;

Rolland et al., 2000, 2002b).

All the Hemasil samples have relatively homogeneous,

fairly radiogenic Hf isotopic compositions (fromþ10�4

toþ12�2; Fig. 5). Such values are comparable with those of

the 85 Ma Chilas gabbronorites from the south Kohistan

arc and the 50 Ma meta-gabbros from the north Kohistan

arc (Schaltegger et al., 2002; Heuberger et al., 2007). They

have been related to melting of fragments of old metasoma-

tically enriched Asian continental lithosphere trapped

beneath the Kohistan arc (Schaltegger et al., 2002;

Heuberger et al., 2007). These isotopic compositions are

Fig. 6. Baltoro granitoid classification (after Frost et al., 2001): (a) Na2OþK2O ^ CaO vs SiO2; (b) FeOT/(FeOTþMgO) vs SiO2. Open dia-
monds, Debon et al. (1986), Searle et al. (1992) and F. Debon (personal communication); filled diamonds, this study.

Fig. 5. "Nd vs "Hf for the Hemasil syenite and lamprophyre, the
Baltoro granites, and one Baltoro lamprophyre (BD79). Same symbols
as in Fig. 4. Mantle array based on published data (references too
numerous to be cited here) and J. Blichert-Toft (unpublished data)
Hf and Nd isotope data for �2500 samples of OIB and MORB.
Indian MORB field is from Nowell et al. (1998). Continental litho-
spheric mantle field is from Beard & Johnson (1993; Rio Grande
Rift), Johnson & Beard (1993; NW Colorado), and Barry et al. (2003;
Mongolia). The field for oceanic sediments (pelagic sediments and
ferromanganese nodules) is from Godfrey et al. (1997), Albare' de et al.
(1998) andVervoort et al. (1999). The Nd and Hf isotopic compositions
for the Chilas complex are from Khan et al. (1997) and Schaltegger
et al. (2002), respectively. Error bars are smaller than symbols, except
for "Hf values of TK835 and 845. Symbols as in Fig. 2.
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also close to those of the least depleted Indian Ocean

MORB (Nowell et al., 1998). However, as observed for the

Baltoro samples, in an "Hf vs "Nd diagram, the Hemasil

samples plot at the extreme end of the field defined by

98% of MORB and OIB (Fig. 5).

I NFERRED SOURCES OF

THE SOUTH KARAKORUM

NEOGENE MAGMAS

South Karakorum lamprophyres

The south Karakorum lamprophyres exhibit chemical and

isotopic heterogeneity that can be explained either by het-

erogeneous sources and/or open-system behaviour during

intra-crustal evolution of the magmas. Based on their high

concentrations of incompatible elements, relative enrich-

ment in LILE and LREE, and Sr^Nd isotopic composi-

tions, all the lamprophyres have been interpreted as the

products of partial melting of a previously metasomatized

source in the Asian lithospheric mantle (Pognante, 1991;

Searle et al., 1992; Mahe¤ o et al., 2002). This hypothesis is

compatible with the Hf isotopic composition of BD79

("Hf¼ ^9�3), which plots within the field interpreted to be

representative of the continental lithosphere isotopic com-

position (Fig. 5; Beard & Johnson, 1993; Johnson & Beard,

1993; Barry et al., 2003). A similar source was also proposed

for the contemporaneous ultrapotassic and potassic mag-

matic rocks of southernTibet (Miller et al., 1999; Williams

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

Mahe¤ o et al. (2002) and Ding et al. (2003) showed that on

an initial 87Sr/86Sr vs "Nd diagram (Fig. 4), the south

Karakorum lamprophyres and the southernTibetan ultra-

potassic and potassic magmatic rocks plot on a mixing

trend between an end-member isotopically similar to the

most primitive Cretaceous magmatic rocks from

Karakorum, the Kohistan^Ladakh arc and the Gangdese

batholith and an end-member similar to the Higher

Himalayan leucogranites (HHL) or their inferred source,

the Higher Himalayan Crystalline (HHC; Guillot &

Le Fort, 1995). The Himalayan leucogranites are inter-

preted as the products of partial melting of Proterozoic

metasedimentary rocks from the Indian continental

margin (Guillot & Le Fort, 1995), whereas the Cretaceous

calc-alkaline magmatism has been interpreted to reflect

melting of a supra-subduction zone lithospheric and asthe-

nospheric mantle wedge during the northward subduction

of the Neo-Tethys ocean floor beneath the Asian active

margin (Coulon et al., 1986; Debon et al., 1987; Crawford

& Searle, 1992; Miller et al., 2000). It should be noted that,

because of potential crustal assimilation, the isotopic com-

position of the more isotopically depleted samples can only

be considered as the closest approximation of the true iso-

topic composition of the Asian supra-subduction zone

mantle at that time (Crawford & Searle, 1992; Miller

et al., 2000). This implies that the observed "Nd and
87Sr/86Sr signature are respectively minimum and maxi-

mum values of the composition of the Asian supra-subduc-

tion zone mantle, which in turn means that the estimated

involvement of these end-members, as inferred from

mixing calculations such as those of Fig. 4, will be

underestimated.

To assess the role of contamination of mantle-derived

magmas by the Karakorum crust it is necessary to con-

sider the various units constituting this area. Three main

rock-types can be distinguished: the volumetrically domi-

nant Cretaceous calc-alkaline diorites and granodiorites,

the metamorphic rocks, and the Precambrian to Cambro-

Ordovician basement. However, the occurrence of other

lithologies present at greater depth cannot be ruled out.

The only isotopic data from the Karakorum Precambrian

to Cambro-Ordovician crust are from the Masherbrum

greenstones (Rolland et al., 2002a). These exhibit "Nd and
87Sr/86Sr values, recalculated at 20 Ma, ranging from ^1�9

to 7�8 and from 0�7052 to 0�7067, respectively. Another esti-

mate of the isotopic composition of the Karakorum base-

ment is based on the data from the Lhasa block basement,

interpreted as the eastward prolongation of the

Karakorum (Rolland et al., 2002a); specifically, the Amdo

orthogneiss characterized by "Nd values at 20 Ma ranging

from ^9�6 to ^11�3 and 87Sr/86Sr at 20 Ma between 0�7319

and 0�7443. The range of initial 87Sr/86Sr and "Nd values

from the Cretaceous calc-alkaline rocks most probably

reflects mixing processes between mafic magmas gener-

ated in the Asian supra-subduction zone mantle and the

pre-Cretaceous Karakorum crust. The isotopic composi-

tion of the Karakorum gneisses is poorly constrained.

Scha« rer et al. (1990) analysed a biotite gneiss and an

associated granite giving "Nd and 87Sr/86Sr at 20 Ma

of �11�2 to ^8�1 and 0�7148^0�7121, respectively. When all

these estimates of the isotopic composition of the various

units forming the south Karakorum crust are plotted

together with the south Karakorum lamprophyres (Fig. 4)

it appears that although contamination of the

lamprophyre parental magma by the Karakorum crust

cannot be ruled out, it cannot explain the observed

isotopic trend.

The observed trend for the lamprophyres on the initial
87Sr/86Sr vs "Nd plot could represent mixing between the

supra-subduction zone Asian lithospheric and astheno-

spheric mantle wedge and Indian metasediments, with

some possible involvement of the Karakorum crust. The

Indian metasediment signature could reflect either a

direct and major contribution (60^85% based on Fig. 4)

of partial melt of metasedimentary protoliths, or alterna-

tively, a mantle source reservoir that underwent an

earlier metasomatic event related to a hydrous melt

derived from these metasediments. For a given SiO2
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content (55^65wt %), the lamprophyres have LILE con-

centrations and volatile contents significantly higher than

the Cretaceous magmatic rocks produced by partial melt-

ing of the Asian supra-subduction mantle (Ba5800 ppm;

Sr5510 ppm; LOI52wt %; Crawford & Searle, 1992).

The Indian metasediments and leucogranites also have

significantly lower incompatible element concentrations

than the lamprophyres (Ba5600 ppm, Sr5200 ppm,

Deniel et al., 1987; Inger & Harris, 1993; Guillot & Le

Fort,1995;Visona & Lombardo, 2002). Consequently, invol-

vement of 60^85% of metasedimentary melts derived from

the Indian slab may result in significantly lower lithophile

element concentrations than observed. The trend toward

the isotopic composition of the HHC, along with the

enrichment in lithophile elements, implies that the mantle

source of the lamprophyres was metasomatized by hydrous

melts with a continental crust-like signature, largely

derived from continental sediments, released from the sub-

ducting Indian continental margin. Such contamination

has been demonstrated for the 55^45 Ma Asian upper

mantle wedge by Guillot et al. (2001) and Hattori &

Guillot (2007). This mantle was metasomatized by hydrous

fluids derived from subducting clastic sediments of the

Indian passive continental margin, resulting in the occur-

rence of high 87Sr/86Sr (0�70673^0�72997; Hattori &

Guillot, 2007) and "Nd as low as ^20 (Guillot et al., 2001).

A similar interpretation has been proposed for the south-

ern Tibetan potassic and ultrapotassic rocks (Ding et al.,

2003; Gao et al., 2007) and is reinforced by Fig. 4, in which

the south Karakorum lamprophyres and the southern

Tibetan potassic and ultrapotassic rocks plot along the

same mixing line. However, Gao et al. (2007) recently pro-

posed that the low Sr/Nd (3^10) and Ba/La (9^21), and

high Th/Ce (0�3^1�0) and Th/Sm (3^7) ratios, as well as

the HFSE and Th enrichment (Th 112^232 ppm, Nb

34^80 ppm, Ta 1�9^4�5 ppm, Zr 340^1100 ppm) observed

in 25 Ma lamproites from south^central Tibet imply the

involvement of 2^10% of sediment-derived melts in the

magma source. Compared with these samples, for a given

MgO content, only the two Karakorum lamprophyres

described by Searle et al. (1992) present similar characteris-

tics; in particular, a distinct enrichment in HFSE relative

to the Cretaceous magmatic rocks produced by partial

melting of the Asian supra-subduction mantle. Thus, for

these two samples, involvement of sediment-derived melts

seems likely but cannot exceed 3% according to the mod-

elling of Gao et al. (2007). In conclusion, the magma source

of the Karakorum lamprophyres is proposed to be the

Asian supra-subduction zone mantle wedge contaminated

by aqueous fluids and melts derived from sediments and

released from the subducting Indian passive continental

margin. Admittedly, the possible existence of a supra-

subduction zone Asian lithospheric and asthenospheric

mantle wedge with a heterogeneous isotopic composition

resulting from various metasomatic events having

occurred at different times cannot be ruled out.

Nevertheless, the good fit of the data with the calculated

mixing line in Fig. 4 suggests that the potential metaso-

matic events involved broadly similar fluids most probably

derived from continental sediments and probably released

from the subducting Indian continental margin. Finally,

the similarity in isotopic compositions (Fig. 4), normalized

trace element patterns (Fig. 3) and major element composi-

tions (Fig. 2) between the south Karakorum lamprophyre

and the southern Tibetan potassic and ultrapotassic

rocks also suggests a similar source for these contempora-

neous magmatic rocks.

Some of the south Karakorum lamprophyres are rela-

tively primitive (Mg-number40�6). Therefore, their trace

element and isotopic characteristics may be used to make

inferences about the nature of their mantle source. These

primitive lamprophyres are characterized by relatively

high HREE and Ycontents (1�9 ppm5Yb52�2 ppm and

0�2 ppm5Lu50�3 ppm, 9^14 times the chondritic values,

and 34 ppm5Y555 ppm). Moreover, as Mg-number

decreases, Y content decreases and HREE do not show

any significant variation, suggesting that the primitive

magmas also have high HREE and Ycontents. Such char-

acteristics suggest that there was no residual garnet in the

source. These data are more compatible either with melt-

ing at shallow depths (585 km) in the spinel stability field,

or with total consumption of garnet during partial melting.

Nevertheless, Miller et al. (1999) and Ding et al. (2003)

pointed out that the La/Yb ratio (43�7^73�4) of the south-

ern Tibetan ultrapotassic rocks is elevated and may be

related to the extraction of a very small fraction of melt

from a garnet-bearing source. However, detailed studies

and geochemical modelling byWilliams et al. (2004) have

shown that such comparatively high La/Yb ratios could

also be obtained by partial melting of a phlogopite- and

amphibole-bearing mantle in the spinel-lherzolite facies.

Baltoro batholith

As discussed above, although all the Baltoro batholith sam-

ples show similar primitive mantle-normalized multi-

element patterns (Fig. 3b), they present a wide range of

Sr and Nd isotopic compositions (Fig. 4), implying that

their parental magmas were extracted from sources with

broadly similar chemistry and mineralogy, but distinct iso-

topic compositions, and/or experienced different petroge-

netic evolutionary histories (e.g. variable degrees of

crustal contamination).

Based on their high SiO2 (65�5^74�8wt %) and low

MgO (51�3wt %) contents, the granitoids can be related

either to extensive differentiation (with various degrees of

crustal assimilation) of mantle-derived parental magmas,

or to partial melting of crustal rocks.

The less differentiated, dark biotite granites are charac-

terized by the presence of abundant K-feldspar, titanite,
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magnetite and very rare amphibole. Muscovite and garnet

are observed only in the more differentiated leucogranites.

These mineralogical characteristics suggest derivation

from a more mafic precursor, either by extensive differenti-

ation of a mantle-derived magma, or by partial melting of

a basaltic or dioritic source. The only less differentiated

and contemporaneous outcropping magmas are the lam-

prophyres, which have isotopic compositions close to those

of the granitoids (Fig. 4). However, another potential

source is provided by the calc-alkaline rocks from the

south Karakorum Cretaceous active margin, which are

isotopically similar to the Baltoro granitoids (Fig. 4).

Inferences drawn about the mineralogical composition of

the source of the batholith may help discriminate between

these two hypotheses. The Baltoro granitoids are all char-

acterized by high contents of Al2O3 (415wt % for

SiO2570wt %), Sr and Ba (4100 ppm and 4400 ppm,

respectively, for 70wt %5SiO2574wt %) and low Rb/

Sr and K/Sr ratios (0�1^3�9 and 80^315, respectively). Such

features are suggestive of melting of a plagioclase-bearing

source in the presence of residual amphibole (Petford &

Atherton, 1996). Moreover, the most primitive Baltoro

granitoids (SiO2 65^70wt %) have relatively high (La/

Yb)N (50^71), high Sr/Y (51^80), low Y and Yb contents

(10^13 ppm and 0�7^0�9 ppm, respectively), and (Er/Yb)N
41. These characteristics are indicative of either refractory

garnet in their source, or extraction of garnet from the

melt by fractional crystallization. In Sr/Y vs Yand La/Yb

vs Yb plots, the Baltoro granitoids define two groups

(Fig. 7). The first group (with Sr/Yand La/Yb420) corre-

sponds to the less silicic samples (SiO2573wt %) and

plots within the field of adakites, whereas the second

group (with Sr/Y and La/Yb520) includes the most differ-

entiated leucogranites (SiO2473wt %) and plots within

the field of common andesites^dacites^rhyolites. This dif-

ference is most probably related to fractional crystalliza-

tion with progressive extraction of plagioclase, as is also

suggested by strongly negative Eu anomalies in the most

differentiated leucogranites. However, the fact that the

less differentiated samples display adakitic affinities and

that this signature decreases with differentiation supports

the presence of residual garnet in the magma source.

Therefore, the chemical characteristics of the Baltoro gran-

itoids are indicative of melting in the presence of residual

garnet followed by fractional crystallization. Altogether,

the presence of both residual amphibole and garnet in the

source favours the origin of the Baltoro granitoids by par-

tial melting of a metabasaltic or metadioritic protolith.

Such source material could occur in the deep-seated zones

of the Cretaceous south Karakorum active margin, whose

calc-alkaline rocks have the same isotopic signatures as the

Baltoro granitoids. Also, the Cretaceous south Karakorum

active margin calc-alkaline rocks and the Baltoro grani-

toids have similar TDM Nd model ages (750^1500 Ma and

1000^1200 Ma, respectively). Only sample BD91 is signifi-

cantly different with a NdTDM of 2000 Ma. However, this

sample has the highest initial 87Sr/86Sr (0�71186) and lowest

initial "Nd (^11), suggesting that massive crustal contami-

nation occurred during its petrogenesis. Crustal contami-

nation is also documented by the presence of old zircon

cores (700^1750 Ma; Parrish & Tirrul, 1989; Scha« rer et al.,

1990). The incorporation into the parental magma of old

Fig. 7. (a) Sr/YvsYand (b) La/Yb vsYb for the Baltoro granites.The
high Sr/Yand La/Yb ratios together with the lowYand Yb contents
are indicative of the presence of residual garnet in the source of the
granites. Fields of adakite and normal andesites^dacites^rhyolites
from Castillo et al. (1999). Same symbols as in Fig. 6.
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inherited zircons from metasediments is further suggested

by the observed scatter of whole-rock isotopic composi-

tions between sedimentary and mantle fields in the "Hf vs

"Nd diagram (Fig. 5). In southernTibet, contemporaneous

calc-alkaline rocks have been associated with partial melt-

ing of eclogite or garnet amphibolite located in the south-

ern Tibetan lower crust (Chung et al., 2003; Hou et al.,

2004; Guo et al., 2007).

Numerous other peraluminous granitoids have been

observed in south Karakorum. Their emplacement ages

range from �50 Ma for the early set of Hunza dykes to

9�3 Ma for the Sumayar Pluton (Fraser et al., 2001). All of

them have been interpreted in terms of partial melting of

metapelitic sources. According to Crawford & Searle

(1993), the formation of the parental magmas of the

Hunza dykes, emplaced as two pulses between 50 and 35

Ma (Fraser et al., 2001), was controlled by biotite break-

down. However, the close similarity between the Baltoro

Granitoids and the Hunza dykes (high Ba and Sr, low Y

and HREE) pointed out by Crawford & Searle (1993) sug-

gests a similar origin, from relatively mafic protoliths.

Therefore, we propose that both units are related to

remelting of the roots of the south Karakorum Cretaceous

magmatic arc. Leucogranites, such as the Garam Chasma

Leucogranite located in the Indu Kush and emplaced con-

temporaneously with the Baltoro batholith (Zafar et al.,

2000, 2001) and the 9�3 Ma Sumayar pluton (Crawford &

Searle, 1993), are significantly different from the Baltoro

granitoids in that they contain, for a given SiO2 content,

much higher Y and Rb, and less Ba, Sr and REE and

have high Rb/Sr ratios (Fig. 3). These characteristics are

all more consistent with partial melting of metapelitic

sources (Crawford & Searle, 1993; Zafar et al., 2000, 2001).

Hemasil syenite

The youngest magmatic unit of the south Karakorum, the

Hemasil syenite and associated lamprophyre, has a fairly

homogeneous Sr, Nd, and Hf isotopic composition suggest-

ing a common origin. The Hemasil syenite and lampro-

phyre are characterized by high concentrations of

incompatible elements. Primitive mantle-normalized

multi-element diagrams (Fig. 3c) display enrichment in

LILE (Ba, K, Rb, Sr) relative to REE and some HFSE

(Ta, Nb). The HFSE define negative anomalies relative to

REE. The LILE enrichment could have been produced by

several different processes. For instance, as these elements

are highly mobile in aqueous fluids, they could have been

enriched by sub-solidus interaction with hydrothermal

fluids. Alternatively, the observed enrichment could reflect

either crustal contamination or earlier metasomatism of

their mantle source, or both. Any secondary mobility of

LILE as a result of post-magmatic alteration or weathering

(e.g. Sr, Ba) can be evaluated by plotting their concentra-

tions against those of other LILE or of immobile elements,

such as La (Fig. 8a and b). Two trends are observed. The

samples with the lowest (but still elevated relative to

HFSE) LILE contents define a linear trend, which can be

explained by fractional crystallization or partial melting.

In contrast, the samples with the highest LILE concentra-

tions are significantly shifted away from the fractional

crystallization^partial melting trend. This shift is sugges-

tive of secondary LILE remobilization, probably during

late-stage, post-igneous interaction with hydrothermal

fluids. To test the possibility of enrichment by crustal con-

tamination, the LILE contents have been plotted against
87Sr/86Sr only using samples that define a crystallization^

partial melting trend in the previous plot (Fig. 9). On the

one hand, the Ba vs 87Sr/86Sr plot (Fig. 9a) shows decreas-

ing Ba contents with increasing 87Sr/86Sr. On the other

hand, no correlations are observed for the Sr vs 87Sr/86Sr

plot (Fig. 9b) This suggests that the Hemasil syenite paren-

tal magma was contaminated by another source that was

less Ba-rich but had a similar Sr content. Thus the strong

Fig. 8. La vs Sr (a) and Sm vs Ba (b) for the Hemasil syenites and
the associated lamprophyre. The relationships observed in these plots
allow for the identification of compositional variations related to frac-
tional crystallization and remobilization by hydrothermal fluids
(see text). Same symbols as in Fig. 4.
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LILE enrichment of the Hemasil syenite is an original,

magmatic feature. This interpretation is also supported by

the similarity between the mantle-normalized multi-

element diagrams of the syenite and those of the

Paleogene Teru volcanics (Fig. 3c). The Teru volcanics

were emplaced during the Paleogene in the northern part

of the Kohistan arc, �200 km west of Hemasil, and have

the same isotopic composition as the Hemasil syenite

(87Sr/86Sr(i)¼ 0�7050^0�7040 and "Nd(i)¼þ3�3 to þ5�2;

Khan et al., 2004). They are interpreted to have been

extracted from a previously metasomatized mantle source

(Khan et al., 2004).

The Hemasil syenite and its associated lamprophyre are

characterized by unusually radiogenic Hf relative to their

Nd isotopic compositions (Fig. 5). This feature, coupled

with high Ce/Pb (1�2^8�7), is inferred to reflect possible

contamination of the Hemasil mantle source by partial

melts derived from oceanic sediments, presumably during

subduction of the Neo-Tethys. Contamination of the

mantle source by a component of sedimentary origin has

also been invoked for theTeru volcanics on the basis of Pb

isotope data (Khan et al., 2004).

It is difficult to infer the mineralogical composition of

the mantle source of the Hemasil syenite because the

rocks are not primitive. As the associated lamprophyre

shares the same Sr, Nd, and Hf isotopic compositions, it is

considered to have been extracted from a similar source.

However, with an Mg-number of 0�42, the lamprophyre

composition may itself have been modified by crustal

assimilation or fractional crystallization. The Hemasil

lamprophyre has a moderate La/Yb ratio (16�8) together

with high Y and Yb contents (32�9 ppm and 2�04 ppm,

respectively), ruling out the presence of residual garnet.

The intermediate La/Yb ratio and the lack of a Eu anom-

aly further suggest that there was no residual plagioclase in

the source, and are consistent with partial melting having

occurred in the spinel lherzolite stability field.

To summarize, it is proposed that the source of the

Hemasil syenite was a spinel-peridotite strongly depleted,

on a time-integrated basis, in Rb, Nd and Hf relative to,

respectively, Sr, Sm and Lu, that was enriched at the time

of, or shortly prior to, magma generation, thereby preser-

ving the depleted isotopic signature. By comparison with

nearby magmatic rocks, such as the Teru volcanics (Khan

et al., 2004), the Hemasil syenite and associated lampro-

phyre are interpreted to result from melting of relic

supra-subduction lithospheric or asthenospheric mantle at

relatively shallow depth. The difference between the isoto-

pic composition of the Hemasil syenite and the south

Karakorum lamprophyres implies that the mantle segment

that acted as a source for the syenite did not experience the

metasomatic event associated with the generation of the

lamprophyres and the southern Tibetan ultrapotassic and

potassic magmatic rocks.

GEODYNAMIC MODELS FOR THE

SOUTH KARAKORUM AND

SOUTHERN TIBET MAGMATISM

Origin of the ultrapotassic and potassic
magmatism

As pointed out in the previous section, the contemporane-

ous south Karakorum lamprophyres and southernTibetan

ultrapotassic and potassic rocks share many geochemical

and isotopic characteristics (see Figs 2^4) and define a

nearly continuous belt south of the Indus^Tsangpo Suture

Zone (Fig. 1). This in turn suggests that they might be

related through a common geodynamic event. Moreover,

the main geodynamic processes that have been proposed

to explain the late orogenic potassic and ultrapotassic

magmatism (i.e. convective thinning, continental subduc-

tion and slab break-off) all operate at the scale of the

orogen. Consequently, in the following discussion the

contemporaneous south Karakorum lamprophyres and

Fig. 9. Relationships between (a) Ba and (b) Sr concentrations and 87Sr/86Sr for the Hemasil syenite and the associated lamprophyre. The
samples showing evidence of fluid remobilization in Fig. 8 are indicated by open symbols. Same symbols as in Fig. 4.
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southern Tibetan potassic and ultrapotassic rocks will be

treated as belonging to the same magmatic event.

The presence of lamprophyres and ultrapotassic and

potassic rocks in south Karakorum and southern Tibet,

respectively, suggests derivation from an enriched reservoir

in the shallow Asian, most probably lithospheric, mantle.

The most primitive mantle-derived melts (excluding the

adakitic melts), emplaced along the south Asian active

margin from south Karakorum to southernTibet between

�120 and �35 Ma, have similar isotopic compositions

with "Nd varying from about þ 3 to þ 6 and 87Sr/86Sr at

about 0�705 (Alle' gre et al., 1980; Harris et al., 1988;

Petterson et al., 1993; Khan et al., 1997, 2004; Miller et al.,

2000; Rolland et al., 2000, 2002b), indicative of derivation

from time-integrated depleted mantle reservoirs. A signifi-

cant change happened at around� 25 Ma, the age of the

oldest ultrapotassic magmatic rocks from southern Tibet

(Miller et al., 1999). Indeed, the Neogene magmatic rocks

are clearly distinct from their Cretaceous counterparts,

probably as a result of changes in the India^Asia conver-

gent zone geodynamics, and/or in the supra-subduction

Asian lithospheric and/or asthenospheric mantle

composition.

The origin of the Neogene ultrapotassic and potassic

magmatic rocks in southern Tibet and south Karakorum

may be related to several geodynamic events: convective

thinning of the lithospheric root, continental subduction,

or break-off of the subducted Indian continental margin

or Indian oceanic lithosphere initially attached to the con-

tinental margin. Based on our new data, we will assess

each of these models.

(1) Thinning of the lithospheric mantle may occur as a

consequence of gravitational instability produced in

response to lithospheric thickening (Houseman et al., 1981;

Houseman & Molnar, 1997; Conrad & Molnar, 1999). The

detachment of the unstable layer can take place either at

the Moho (mantle lithosphere delamination) or within

the lithospheric mantle itself (convective removal of the

basal layer of the lithosphere). Following detachment, the

sinking portion of the lithosphere is replaced by hot rising

asthenospheric mantle. The juxtaposition of this hot

mantle material with either the remaining lithosphere or

the lower crust triggers melting in the overlying domains

(Turner et al., 1992). Partial melting may also occur in

the uprising asthenosphere, as a result of adiabatic decom-

pression at shallow depth (550 km; Davies & van

Blanckenburg, 1995). In the case of south Karakorum and

southern Tibet, the presence of thick continental crust

and the occurrence of magmas derived from enriched

mantle sources do not favour wholesale mantle delamina-

tion and therefore convective removal of only a part of the

Asian lithospheric mantle has been invoked (Houseman

et al., 1981; Turner et al., 1996). An important limitation of

the convective thinning model is related to the size and

shape of the zone of magmatic activity. This zone stretches

along the Indus^Tsangpo Suture Zone (Fig. 1) for more

than 2000 km and forms a relatively narrow belt

(�150 km across). Based on geophysical data, numerous

gravitational instabilities have been recognized worldwide

(see Houseman & Molnar, 2001, for a review). For exam-

ple, in the Transverse Range (California) and in the

Southern Alps (New Zealand), the instabilities are rela-

tively small, �200 km long and 60^80 km wide for the

Transverse Range (Kohler, 1999) and �300 km long and

�80 km wide in New Zealand (Stern et al., 2000). In areas

such as the Alboran Sea, the Tien Shan, and northern

Tibet, lithospheric thinning associated with removal of

part of the mantle lithosphere is strongly suggested by

both geophysical and geochemical data (see Houseman &

Molnar, 2001, for review). In these regions, the igneous

rocks do not have linear trends, but are spread over broad

domains, specifically, an �200 km� 300 km zone in Tien

Shan (Sobel & Arnaud, 2000), an �200 km� 200 km

zone in the Alboran Sea (Turner et al., 1999), and

an� 400 km�1000 km zone in northern Tibet (Chung

et al., 2005). Houseman & Molnar (2001) further inferred

that lithospheric thinning may have occurred beneath the

northern part of the Tibetan plateau, where magmatism

initiated at �13 Ma (Turner et al., 1996), rather than under

the southern part. However, several workers have sug-

gested that the northern Tibetan magmatism is related to

continental subduction (Guo et al., 2006; Ding et al., 2007;

Wang et al., 2008). Recent analysis of shear-wave velocity

beneath Tibet by McKenzie & Priestley (2008) suggests

that the present-day lithosphere is more than 200 km

thick beneath the whole of the Tibetan plateau and the

Karakorum. Thus, there is no geophysical evidence for

lithospheric thinning beneath south Tibet and south

Karakorum. Based on this observation, along with the

elongated shape of the Neogene igneous belt in south

Karakorum and southern Tibet, a model related to

lithospheric thinning seems unlikely to be able to account

for the Neogene ultrapotassic and potassic magmatic

rocks.

(2) Another model proposed to explain the southern

Tibet Neogene magmatism is based on continental subduc-

tion (Arnaud et al., 1992; Ding et al., 2003). According to

this model, fluids released by the subducting Indian conti-

nental crust would have caused metasomatic changes in

the overriding Asian mantle and triggered partial melting.

This model has the advantage of accounting for both the

extent of the magmatic rocks along a narrow zone parallel

to the ITSZ and the isotopic signature of the southern

Tibetan and south Karakorum Neogene magmatic rocks,

suggesting mixing between the Cretaceous^Paleogene

Asian mantle and fluids from the Indian crust (Fig. 4).

However, continental subduction was already active at 55

Ma (de Sigoyer et al., 2000; Guillot et al., 2003) and
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metasomatism of the Asian upper mantle wedge by fluids

or melts from the Indian crust occurred between 55 and

45 Ma (Guillot et al., 2001; Hattori & Guillot, 2007). Thus,

if magmatism related to continental subduction took place

it is expected to have started earlier than the south

Karakorum and southTibetan Neogene igneous episode.

(3) More recently, break-off of the continental Indian

slab has been proposed as an alternative model (Miller

et al., 1999; Chemenda et al., 2000; Mahe¤ o et al., 2002; Hou

et al., 2004;Williams et al., 2004). In this model, part of the

subducting Indian lithosphere becomes detached, thereby

creating a gap into which the asthenospheric mantle can

rise, until it reaches the overlying lithospheric or astheno-

spheric mantle of the Asian plate and triggers partial melt-

ing. This model accounts readily for the location of the

magmatic activity along a narrow zone parallel to the

ITSZ. Tomographic studies clearly show that the already

subducted Indian continental margin and the Neo-

Tethyan oceanic slab form two separate geophysical

anomalies in the upper mantle (Van der Voo et al., 1999;

Negredo et al., 2007), thereby providing evidence that a

slab break-off event has occurred. Moreover, detailed ana-

lysis of these data by Negredo et al. (2007) suggested that

such detachment occurred at about 45 Ma, as previously

proposed by Chemenda et al. (2000) and Kohn &

Parkinson (2002). This could explain the occurrence of

Eocene magmatic rocks with the same isotopic and chemi-

cal signatures as the magmatic rocks emplaced during the

Cretaceous subduction of the Neo-Tethys Ocean.

The inferred slab break-off episode would have induced

partial melting of the Asian mantle by heat advection

coming from asthenospheric mantle upwelling (Fig. 10b).

This event could also account for the dramatic decrease

in the India^Asia convergence rate (from �100 to

�60mm/year) that took place at �45 Ma.The occurrence

of slab break-off �10 Myr after the initiation of Indian

continental subduction is also in good agreement with

numerical modelling of break-off timescales (Van de

Zedde & Wortel, 2001; Brouwer et al., 2004). However, an

�45 Ma break-off event cannot easily account for the

Neogene magmatism, and a model based on a single

break-off event as proposed by Mahe¤ o et al. (2002) is not

realistic. For this reason a second slab break-off within the

Indian continental margin lithosphere might be postu-

lated. The occurrence of multiple breaks-off within sub-

ducting oceanic lithosphere has been proposed by Gerya

et al. (2004), based on numerical modelling. Moreover, ana-

logue modelling by Chemenda et al. (2000) of Indian con-

tinental subduction following oceanic subduction produced

two successive break-off events, the second one occurring

within the subducting continental lithosphere.

Tomographic data suggest that several remnants of

detached slabs are present beneath the India^Asia conver-

gence zone (Van derVoo et al., 1999). DeCelles et al. (2002)

have suggested that the two shallower anomalies corre-

spond to the detached Neo-Tethyan subducted slab and

to a portion of the subducted Indian continental

margin, respectively; Replumaz et al. (in preparation)

have inferred that the shallowest anomaly detached at

25�5 Ma. This second break-off of the subducting Indian

continental lithosphere could have induced partial melting

of the Asian mantle wedge previously metasomatized by

melts or fluids derived from subducted Indian crustal com-

ponents, and could account for the Neogene south

Karakorum and south Tibetan magmatism (Fig. 10d). A

progressive increase in the age of initiation and termina-

tion of this magmatic episode from south Karakorum and

east of Lhasa toward south^central Tibet (Chung et al.,

2005) suggests that this break-off could have started in

Karakorum and east of Lhasa and propagated eastward

and westward, respectively. Such an evolutionary history

would also be compatible with the study of Mugnier &

Huyghe (2006), who proposed that the isostatic rebound of

the central Himalayas at �15 Ma on the one hand, and the

Ganges basin geometry on the other hand, are controlled

by the break-off of the Indian continental lithosphere.

Moreover, following slab break-off, the highly buoyant

remnants of the undetached continental lower plate could

have progressively risen and underplated the base of the

crust of the Asian plate (Fig. 10e; Chemenda et al., 2000;

Zhou & Murphy, 2005) such as observed in south Tibet

today.

Relationship between the lamprophyres
and the Baltoro granitoids

The similar emplacement ages of the granitoids and lam-

prophyres suggest a possible genetic relationship between

them, although the Baltoro batholith could be the result

of thermal re-equilibration by radioactive heating of the

previously thickened crust. As discussed above, the gener-

ation of this batholith is interpreted in terms of partial

melting of south Karakorum Cretaceous calc-alkaline

basaltic or dioritic rocks. Based on pressure estimates in

the contact aureole of the batholith, Searle et al. (1992) pro-

posed that the minimum depth of melting of the Baltoro

granitoids source was at about 30 km. At such depths and

down to 60 km, melting of basaltic or dioritic rocks can

occurs at 650^7008C (H2O-saturated solidus) producing a

garnetþ amphibole residue (Rapp & Watson, 1995). In a

scenario of crustal thickening by a factor of two, tempera-

tures of 6508C would be reached at �30 km depth after

�60 Myr of thermal re-equilibration and at �60 km

depth after 30 Myr (Thompson & Connolly, 1995).

Consequently, thermal re-equilibration of the thickened

Karakorum crust alone cannot explain the formation of

the Baltoro batholith. Additional heat could be provided

by shear heating along major strike-slip faults (Leloup

et al., 1999), such as the nearby Karakorum Fault (Fig. 1).
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However, although part of the Baltoro batholith is located

on this fault, its western extension crops out more

than 100 km away from it. The fault is inferred to be a

lithosphere-scale structure that might have guided

magma ascent (a ‘leaky’ transcurrent fault) and facilitated

heat transfer by advection of mantle-derived, lamprophy-

ric magmas (Fig. 10d). The actual volume of lamprophyric

melts intruded into the south Karakorum crust or under-

plated beneath it cannot readily be resolved. However, in

the context of warm lower and middle crust as a result of

thermal re-equilibration, large volumes of mafic melts are

not required. Moreover, during a slab break-off event,

asthenospheric rise into the resulting gap could also

increase the temperature of the crust above the subducting

slab (Van de Zedde & Wortel, 2001), especially if break-off

occurred at shallow depths and if the overriding crust is

thick, both of which seem to be the case in southern

Karakorum.

Origin of the Hemasil magmatism

Based on the previous data, the Hemasil syenite and asso-

ciated lamprophyre are interpreted to reflect partial

Fig. 10. Proposed evolutionary scheme for the India^Asia convergence zone in the Karakorum region duringTertiary times. (a) Early Eocene
northward subduction of the Indian continental lithosphere. Subduction-related magmatism is still active. (b) Eocene break-off of the Indian
lithosphere and associated Asian lithospheric mantle melting. (c) Eocene^Early Oligocene low-angle continental subduction. (d) Early
Oligocene second break-off event, occurring within the Indian continental lithosphere and triggering the generation of Neogene potassic^ultra-
potassic magmatism and crustal melting. (e) Miocene underthrusting of the Indian lithosphere beneath the Asian lithosphere. ITSZ, Indus^
Tsangpo Suture Zone; MCT, Main Central Thrust; MKT, Main KarakorumThrust; STDS, SouthTibetan Detachment System.
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melting of a relic of the shallow (in the spinel-peridotite

stability field), metasomatized mantle of the Asian plate.

The Hemasil syenite is located along the Shigar Fault, a

currently inactive, crustal-scale dextral strike-slip fault

(Mahe¤ o et al., 2004). There are numerous examples of spa-

tial associations between alkaline rocks and major strike-

slip faults, such as the Gar syenite along the Karakorum

Fault (Miller et al., 2000), the Red River Fault Zone

(Zhang & Scha« rer, 1999), the Central Anatolian Fault

Zone (Parlak et al., 2001), the North Anatolian Fault

(Adiyaman et al., 2001), the Alpine Fault in New Zealand

(Adams & Cooper, 1996), and also in several orogens such

as the Rif and the Atlas (Beraaouz & Bonin, 1993) and the

Carpathian area (Seghedi et al., 1998). In these regions,

part if not all of the magma genesis is associated with

mantle decompression along the fault plane during trans-

tensional events and subsequent adiabatic partial melting

(Seghedi et al., 1998; Miller et al., 2000; Adiyaman et al.,

2001; Parlak et al., 2001; Guo et al., 2005). The magmatic

fabric and ductile deformation of the Hemasil syenite are

indicative of emplacement during strike-slip faulting along

the Shigar Fault (Lemennicier et al., 1996; Mahe¤ o et al.,

2004). On this basis, we propose that the generation of the

Hemasil syenite and associated lamprophyre is also related

to mantle upwelling and adiabatic decompression in a

transtensive segment of the Shigar Fault. Analyses of avail-

able structural data (Le Fort et al., 1995; Lemennicier,1996;

Lemennicier et al., 1996; Rolland et al., 2001; Mahe¤ o et al.,

2004; Pe“ cher et al., 2008) are compatible with the Hemasil

syenite being localized in a transtensional pull-apart zone

along the dextral strike-slip Shigar Fault. Additional heat

may have been provided by the lamprophyric melts as

well as by shear heating along the Shigar Fault.

The mantle source of the Hemasil syenite has not been

affected by the metasomatic event associated with the gen-

eration of the 22^24 Ma lamprophyre and could represent

the uppermost part of the Asian mantle wedge or a relic of

the mantle section of the Cambro-Ordovician

Masherbrum greenstone belt as evidenced by the similar-

ity of their isotopic composition.

CONCLUSIONS

Three major igneous stages can be recognized in south

Karakorum and southernTibet, as follows.

(1) During the first stage, from the Cretaceous to the

Paleogene, magmas were produced by partial melting

of slightly metasomatized supra-subduction zone

lithospheric and asthenospheric Asian mantle. This

occurred during a protracted period of oceanic sub-

duction (�120^55 Ma), and then during a shorter con-

tinental subduction stage (from 55 to �45 Ma,

Fig. 10a). This was followed by break-off of the Indian

lithosphere (�45 Ma, Fig. 10b), which caused further

magmatic activity associated with variable degrees of

interaction with the Asian crust.

(2) The second stage occurred from 25 to 8 Ma, and was

characterized by the emplacement of ultrapotassic

and potassic magmas. This igneous phase is inter-

preted to reflect partial melting of remnants of the

Asian lithospheric mantle trapped between the Asian

crust and the underthrust Indian continental margin

lithosphere after a second slab break-off event

(Fig. 10d). The trapped Asian lithospheric mantle

had been modified by interaction with fluids released

from the subducting Indian continental crust and its

cover sediments (Fig. 10c). The intrusion of mantle

melts into the previously thickened crust induced par-

tial melting of both the southern Tibetan and the

south Karakorum mafic lower crust (Fig. 10d) and

generated the high Sr^Ba granitoids of the Baltoro

batholith. Following slab break-off, the highly buoyant

remnants of the continental lower plate could have

progressively risen and underplated the base of the

crust of the Asian plate (Fig. 10e).

(3) The last igneous stage (8^9 Ma) is documented in

south Karakorum by the synkinematic emplacement

of the Hemasil syenite along the Shigar strike-slip

fault. This LILE- and LREE-enriched, but isotopi-

cally (Sr^Nd^Hf) depleted body is interpreted to

have been generated by decompression melting of por-

tions of time-integrated depleted mantle that experi-

enced recent enrichment along a transtensive

segment of the fault. In addition to decompression,

local high geothermal gradients produced by the

intrusion of the lamprophyres as well as shear heating

along the Shigar Fault may have contributed to trig-

ger partial melting.
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