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Many magmatic bodies have a hybrid isotopic signature suggesting that somewhere during genesis,
transport and emplacement, magmas assimilated other rocks or mixed with other magmas. Where and how
hybridization takes place is seldom documented. Here, we investigate a magmatic system in the Eastern
Karakoram, Ladakh, NW India, comprising an anatectic zone, and a network of sheets, stocks and plutons
exposed in the Pangong Metamorphic Complex within the Karakoram Shear Zone, as well as the Karakoram
Batholith. These granitic rocks have an isotopic signature indicative of a mixture between mantle and crustal
sources. In the anatectic region, calc-alkaline granitoids and their meta-sedimentary country rocks
underwent water-fluxed partial melting at upper amphibolite facies between 20 and 14 Ma ago. Anatexis
gave rise to leucosomes and intrusive rocks that have a range in composition from leucotonalite to
leucogranite. Those related to the partial melting of calc-alkaline rocks contain hornblende, whereas those
related to Bt–psammites contain two micas±garnet. Leucosomes rooting in different source rocks merge
with each other and homogenize as they link up to form a hierarchy of magma channels, feeding into stocks,
plutons and ultimately into the Karakoram Batholith. This interpretation is supported by Sr and Nd isotopes.
Initial 87Sr/86Sr and εNd values are distinct for each of the magma protoliths in the anatectic zone and for the
magmatic products. Calc-alkaline granitoids have initial 87Sr/86Sr=0.7042 to 0.7077 and εNd=+0.6 to
+2.4, indicative of a slightly depleted mantle source region. This is in contrast to the meta-sedimentary
rocks that yield initial 87Sr/86Sr=0.7115 to 0.7161 and εNd=−10.0 to −9.6, suggesting a stronger crustal
component. Leucogranitic rocks, including a variety of leucosomes in the anatectic zone and samples from
the Karakoram Batholith, yield intermediate values of initial 87Sr/86Sr=0.7076 to 0.7121 and εNd=−3.6 to
−7.1 that can be modelled by mixing of the two source rocks. The hybrid signature of leucosomes and their
similarity to intrusive leucogranites indicate that magma hybridization must have taken place within the
source region as a result of the confluence of magmas to form the escape channels. We conclude that the
voluminous leucogranites of the Miocene Karakoram Batholith result from water-fluxed intracrustal melting
of sources with crustal and mantle signatures, and that mixing occurred within the source.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Graniticmagmageneration in continental collision zones can involve
various source rocks and takes place under a range of conditions.
Isotopic compositions of magmatic bodies are widely applied to trace
their origin as the source rocks leave their isotopic fingerprint on the
magmas (e.g. Beard et al., 2005). Granitoids with isotopic signatures
intermediate between those of crustal and mantle sources, indicate
that mixing of different magmas may have been involved (e.g.
Andersson, 1991; Guillot and Le Fort, 1995; Hawkesworth and Vollmer,
1979). Generally, Himalayan Miocene leucogranites are examples of
crustal melting with clear crustal isotopic signature (Deniel et al., 1987;

Le Fort et al., 1987; Guillot and Le Fort, 1995). Broadly contemporaneous
leucogranites of the Karakoram Range in the western parts of the
Himalayan orogen, however, have isotopic signatures intermediate
between mantle and crust (Schärer et al., 1990; Searle et al., 1992;
Crawford and Searle, 1992; Mahéo et al., 2002; Mahéo et al., 2009). The
signaturewas explained byMahéo et al. (2002) as resulting frombreak-
off of the subducted Indian lithosphere causing higher heat flow from
the asthenosphere and melting of metasomatised mantle of the Asian
lithosphere. These melts then mixed with crustal melts. Mixing of
magmas derived from a mantle and a crustal source has also been
suggested by Crawford and Searle (1992) and Rex et al. (1988) who
concluded that mantle-derived lamprophyre dykes found in the
Karakoram could have influenced crustal magmas.

In the Tangtse–Shyok region of the Pangong Range within the
Karakoram Shear Zone, in Ladakh, NW India (Fig. 1), migmatites are
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associated with leucogranite intrusions (Weinberg and Searle, 1998;
Weinberg and Mark, 2008; Weinberg et al., 2009). Leucosomes are
linked to leucogranites that form a complex intrusive sheet network
linked to stocks and plutons that extend along the shear zone towards
the Karakoram Batholith to the NW (Fig. 1a). In this paper, we present
new geochemical, isotopic and geochronological data which support a
link between magma migration and mixing processes that took place
in the exposed migmatitic crustal source. This has lead to the hybrid
isotopic signature of the Karakoram Batholith. In the following, we
introduce the Karakoram Shear Zone and describe the migmatites and
their field relationships with leucogranite intrusions, including an
overview of their geochemistry. Sr–Nd isotope and U–Pb SHRIMP
results are then used to test field-based interpretations and to support
regional-scale inferences.

2. Regional geology

The Karakoram Shear Zone lies in the central part of the Karakoram
Fault and separates the Karakoram Terrane to the NE, from the Ladakh
Terrane to the SW (Fig. 1a) (e.g. Raz and Honegger, 1989; Searle et al.,
1998;Weinberg andDunlap, 2000). TheKarakoramShear Zone itself is
part of a crustal-scale, possibly lithospheric-scale (Lacassin et al., 2004;
Rolland and Pêcher, 2001) strike–slip fault system that accommodates
the northward push of the Indian plate into Eurasia and is
characterized by dextral strike–slip motion, trending NW–SE, trace-
able for at least 700 km. The Karakoram Shear Zone in the Pangong
Range area, in NE Ladakh is bounded by two roughly parallel mylonitic
shear strands (Fig. 1a, b). The Tangtse Shear Zone (SW strand) dips 70°
NE and separates the PangongMetamorphic Complex (PMC) to the NE
from the Ladakh Batholith to the SW. The Pangong Shear Zone (NE
strand) is sub-vertical to steeply dipping SW, and separates the PMC
from rocks of the KarakoramTerrane and theKarakoramMetamorphic
Complex (KMC). The Karakoram Batholith crops out alongside the
Nubra Valley to the NE of the Karakoram Shear Zone.

South of the PMC, the Ladakh Batholith granitoids comprisemainly
Bt-Hbl granodiorites, commonly with mafic magmatic enclaves. The
overlying Kardhung Volcanics are extrusive equivalents of the
granitoids. This batholith is part of the Ladakh-Kohistan arc system
with crystallization ages between 49 and 103 Ma (Honegger et al.,
1982; Weinberg and Dunlap, 2000; Upadhyay et al., 2008; Ravikant
et al., 2009). The PMC comprises a calc-alkaline granitoid suite, a
meta-sedimentary rock sequence and leucogranite intrusions.

The calc-alkaline suite is dominated by a large body that we refer to
as the Muglib Batholith. It is comprised mainly of Hbl–Bt–granodiorite,
Bt–granodiorite anddiorite. It extends at least from the area close to the
Pangong Lake northwestwards to the Shyok Valley and links up dis-
continuously to the Tirit granite at the northeasternflanks of the Saltoro
Range in theNubraValley furtherNW(Weinberg et al., 2000) througha
number of dioritic–granodioritic bodies (Fig. 1a, b). The Muglib
Batholith thus crops out for at least 85 kmalong strike of theKarakoram
Shear Zone. Themeta-sedimentary sequence comprises Bt-psammites,
Bt–pelites, Bt–Hbl gneisses ranging to amphibolites and calc-silicate
rocks.Minor beds ofmarble crop out in the Tangtse Shear Zone (Dunlap
et al., 1998; Weinberg and Searle, 1998; Phillips et al., 2004). The calk-
alkaline granitoids and meta-sedimentary sequence are migmatized,
giving rise to leucogranite intrusions (Weinberg et al. 2009). Leuco-
granites, including pegmatitic dykes, are mostly two mica±garnet
leucogranites and Bt-leucogranites, and have crystallization ages be-
tween 19.1± 1.1 Ma (Ravikant et al., 2009) and 13.7±0.2 Ma (Phillips
et al., 2004).

The Karakoram Metamorphic Complex (KMC), NE of the Pangong
Range consists mainly of pelitic Grt–St-bearing Bt-schists, amphibo-
lites and marbles (Searle and Tirrul, 1991; Dunlap et al., 1998). The

Karakoram Batholith crops out along strike of the Pangong Range and
of the Karakoram Shear Zone further NW in the Nubra Valley as a 6 to
7 km wide band (Fig. 1a; Searle et al., 1998; Weinberg et al., 2000).

Strain in the PMC is strongly partitioned into the main mylonitic
shear strands and deformation intensity decreases away from these.
Fold axes of isoclinal folds within the PMC plunge moderately (20–
30°) towards NW (320–345°). A continuous schistosity is defined by
aligned biotite and, when present, hornblende. It generally trends
320–330° and has a stretching lineation defined by biotite and
stretched quartz grains plunging gently to moderately (generally
10–40°, rarely horizontal) towards NW in amphibolite facies rocks.
Consistent dextral S–C–C' fabrics throughout the PMC indicate dextral
transpressional shearing with a NE-side-up component (Searle et al.,
1998). A greenschist facies overprint is locally evident along the
mylonitic Pangong Shear Zone where Ms, Ep and Chl (mineral
abbreviations after Kretz, 1983) stretching lineations plunge moder-
ately SE, indicating fault reactivation with a NE-side-down compo-
nent. Evidence for present-day movements in the area has been
reported only in one locality from the Pangong Shear Zone, whereas
the Tangtse Shear Zone seems to be inactive (Brown et al., 2002; Rutter
et al., 2007). There are wide variations in the estimation of total offset
and the current slip rate along the Karakoram Shear Zone (see Valli
et al. 2007 for discussion). Estimates of recent movements are in the
range of 4±1 mm/ a (Brown et al., 2002), 3.4±5 mm/a (Jade et al.,
2004) or as low as 1±3 mm/a (Wright et al., 2004).

3. Methodology

3.1. Geochemical analysis

Formajor element and trace element analysis, pulverizedwhole rock
samples were analyzed after preparation of fused discs and pressed
pellets, respectively, in a Bruker-AXS S4 Pioneer XRF Spectrometer at the
Advanced Analytical Centre (AAC) of James Cook University. In Table 1
and appendix A, only samples labeled with * were analyzed for trace
elements by XRF. For all other samples, trace elements were analyzed
using a Thermo Finnigan X series II, quadrupole ICP-MS. Sample
solutions were produced from approximately 50 mg of sample powder
using high pressure digestion methods. ICP-MS count rates were
externally standardized by means of calibration curves based on the
USGS standard referencematerial AGV-1 and RGM-1 following Eggins et
al. (1997) for their trace element contents. Drift correctionswere applied
by the combined use of In, Bi as internal standards. Reproducibility on
replicate analyses and accuracy was in the order of 5% for all elements.

3.2. Rb-Sr and Sm–Nd isotope geochemistry

Radiogenic isotope analytical work was carried out in the VIEPS
facilities at the University ofMelbourne, following procedures described
indetail byMaas et al. (2005). The isotopic datawere obtainedwith aNU
Plasma multi-collector ICP-MS coupled to a CETAC Aridus desolvating
nebulizer operated at an uptake rate of 40 μl/min. Typical sensitivity in
this set-up is in the range of 100–130 V/ppm Sr or Nd. Instrumental
mass bias was corrected by normalizing to 88Sr/86Sr=8.37521 and
146Nd/145Nd=2.0719425 (equivalent to 146Nd/144Nd=0.7219, Vance
and Thirlwall, 2002), using the exponential law as part of an online
iterative spike-stripping/internal normalization procedure. Data are
reported relative to the accepted values for the standards: La Jolla 143Nd/
144Nd=0.511860 and SRM987 86Sr/87Sr=0.710230. This secondary
normalization yields the following results for international standards
(±2sd): BCR-1 143Nd/144Nd=0.512641±18, BHVO-1=0.512998±
18, JNdi-1=0.512113±22; and for 86Sr/87Sr E&A Sr=0.708005±
47, BCR-1=0.705016±46, BHVO-1=0.703478±36. These results

Fig. 1. (a) Geological sketch map of the Eastern Karakoram, based onWeinberg and Searle (1998). For explanations see text. Locations for samples from the Karakoram Batholith are
shown. (b) Geological overview map of the Karakoram Shear Zone and sample locations.
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compare well with data based on TIMS from other laboratories (e.g.
Maas and McCulloch, 1991; Tanaka et al., 2000; Raczek et al, 2003).
Typical within-run precisions (2se) are ±0.000010 (143Nd/144Nd)
and≤±0.000020 (86Sr/87Sr), while external precision (reproduc-
ibility, 2sd) based on the results for secondary standards is
±0.000020 (Nd) and ±0.000040 (Sr). External precision for 87Rb/
86Sr and 147Sm/144Nd obtained by isotope dilution is ±0.5% and
±0.2%, respectively. Parent/daughter ratios obtained by Q-ICP-MS
(Monash University) for unspiked samples have uncertainties of
±2% to ±3% for 87Rb/86Sr and ±3% to ±5% for 147Sm/144Nd,
respectively.

The Sm–Nd and Rb–Sr analytical work of the samples from the
Ladakh Batholith (marked with ** in Table 5) were performed at the
Laboratory for Isotope Geology at the Swedish Museum of Natural
History and followed the analytical procedure reported in Andersson
et al. (2002). The average of measurements of the LaJolla Nd standard
during the measurements of samples LEH40 and LEH52 was 0.511843±
13 (1 s, n=13), and during measurements of the other samples
0.511844±5 (1 s, n=10). No correction was applied. Similarly, an
average of the measurements of the SRM987 Sr standard during
measurements of the samples was 0.710245±32 (1 s, n=16). No
correction was applied.

Age corrections (18–100 Ma) for the samples analyzed here are
generally small, amounting to b1 unit for εNd and ∼0.00100 (mostly
much less) for 87Sr/86Sr. The propagated error for initial εNd is∼±0.5

unit and 0.00007 or less for initial 87Sr/86Sr. Propagated errors for
samples analyzedunspiked (i.e.withRb/Sr andSm/NdbyQ-ICP-MS)are
similar. The decay constants used are: 87Rb 1.42*10−11/yr; 147Sm
6.54*10−12/yr.

3.3. U–Pb SHRIMP analysis

Zircon and titanite grains were separated from whole rock sam-
ples using standard crushing, washing, heavy liquid (density 2.96 and
3.3), and paramagnetic procedures. The zircon and titanite concen-
trates were hand picked and placed onto double-sided tape, mounted
in epoxy together with chips of the reference zircons (Temora, and
SL13) and titanite (BLR-1), sectioned approximately in half, and
polished. Sample TNG148b was analyzed in situ in a polished thin
section. Reflected and transmitted light photomicrographs were ob-
tained for all zircons. Cathodoluminescence (CL) and Scanning Elec-
tron Microscope (SEM) images were prepared for all zircon grains;
back scattered SEM (BSE) images were prepared for the titanite
grains. These CL and BSE images were used to decipher the internal
structures of the sectioned grains and to ensure that the ∼20 µm
SHRIMP spot was wholly within a single age component within the
sectioned grains.

The U–Th–Pb analyses were made using the SHRIMP II at the
Research School of Earth Sciences, The Australian National University,
Canberra, Australia, following procedures given in Williams (1998,

Table 1
Analysis of representative samples.

Type

Leucogranite Tangtse Pluton In situ leucosome Hbl-bearing leucosome Leucogranite Dyke

Sample TNG166 TNG71a* TNG167a TNG161a TNG170 TNG171 TNG60d AGH23a TNG174b TNG186

Coordinates 34°04′10.5″N 34°03′42.6″N 34°03′57.7″N 34°02′35.6″N 34°02′50.1″N 34°03′25.3″N 34°25′10.6″N 34°01′26.7″N 34°08′41.8″N

78°13′39.4″E 78°13′52.2″E 78°13′37.2″E 78°13′16.0″E 78°13′02.7″E 78°14′13.3″E 77°49′23.5″E 78°12′12.9″E 78°08′17.8″E

Major elements wt.%
SiO2 70.83 73.40 74.10 73.55 72.09 75.53 62.3 58.1 72.11 71.16
TiO2 0.29 0.09 0.17 0.06 0.13 0.06 0.57 0.70 0.19 0.22
Al2O3 15.55 14.90 15.33 14.89 15.96 14.72 16.3 12.5 16.24 15.41
Fe2O3t 1.57 0.63 0.93 0.59 0.71 0.39 2.30 4.61 1.15 1.37
MnO 0.03 0.02 0.01 0.02 0.01 0.01 0.06 0.13 0.01 0.02
MgO 0.33 bd 0.26 0.26 0.26 0.26 1.31 3.88 0.48 0.40
CaO 1.79 1.71 1.97 1.73 2.37 2.37 2.65 8.05 3.99 2.09
Na2O 4.02 3.73 3.66 3.90 4.33 3.57 1.68 1.92 3.68 3.28
K2O 4.50 4.76 4.15 3.76 2.98 2.94 10.1 6.53 1.69 4.56
P2O5 0.09 0.02 0.03 0.01 0.03 0.02 0.40 2.06 0.07 0.09
LOI 0.46 0.77 0.39 0.33 0.47 0.34 0.46 0.59 0.41 0.44
Total 99.45 99.95 101.00 99.07 99.34 100.20 98.1 99.0 99.99 99.04
A/CNK 1.06 1.03 1.09 1.09 1.09 1.10 0.88 0.50 1.07 1.09
Mg/(Fe+Mg) 0.29 0.00 0.36 0.47 0.42 0.57 0.53 0.63 0.45 0.37
Trace elements ppm
Sc 1.3 bd 1.2 0.6 0.5 0.3 6.1 16.4 1.0 2.0
Ba 1963.1 849 641.2 80.4 1360.1 1320.4 8279.9 4136.1 533.3 1500.7
Ti 973.8 593 687.9 112.5 553.2 185.8 2551.2 4068.8 830.5 966.2
V 14.0 7 6.9 bd 9.1 2.9 38.0 75.4 10.9 15.7
Cr bd 23 bd bd 1.7 0.3 36.6 60.9 0.9 0.7
Mn 153.4 69 97.5 52.1 41.4 39.4 348.7 928.0 67.4 125.2
Co 38.5 1 55.9 26.2 68.6 79.4 20.3 35.1 67.6 46.7
Ni 0.9 4 0.3 -0.6 3.1 1.0 28.2 39.2 1.4 1.3
Cu 7.6 14 0.4 0.2 39.7 7.8 31.6 66.0 2.6 3.4
Zn 29.5 24 27.1 18.5 8.4 6.1 38.7 86.1 28.8 26.9
Ga 23.2 16 13.2 4.0 20.0 21.8 165.3 13.9 12.3 21.5
Pb 86.6 55 55.5 62.2 15.7 14.2 85.4 30.2 24.7 34.1
Rb 321.0 156 172.8 176.4 52.1 57.4 440.9 151.4 80.4 140.6
Sr 741.1 398 433.1 162.1 1090.0 816.2 1083.2 903.4 542.5 438.8
Y 5.3 2 2.3 2.1 1.0 1.4 20.9 29.9 3.2 3.9
Zr 54.9 39 18.4 14.3 6.5 6.6 39.7 30.4 8.4 23.0
Nb 7.8 4 2.8 7.2 1.3 0.5 9.7 21.2 2.4 4.2
Th 58.6 bd 4.1 0.6 0.8 2.2 93.3 21.3 27.3 27.0
U 8.4 bd 1.0 0.6 0.1 0.2 6.5 3.7 0.8 1.0
Rb/Sr 0.43 0.39 0.40 1.09 0.05 0.07 0.41 0.17 0.15 0.32
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and references therein). Each analysis consisted of 6 scans through the
mass range, with a U–Pb reference grain analyzed for every three
unknown analyses. The data have been reduced using the SQUID Excel
Macro of Ludwig (2001).

For the zircon analyses, the U/Pb ratios have been normalized
relative to a value of 0.0668 for the Temora reference zircon, equivalent
to an age of 417 Ma (see Black et al., 2003). Uncertainties in the U–Pb
calibrationwere 0.40% for TNG62a andTNG131aanalytical sessions, and
1.18% for in situ analysis of TNG148b. The U–Pb ratios for titanite were
normalized relative to the BLR-1 standard (1051 Ma, Aleinikoff et al.,
2007). Uncertainties in the U–Pb calibrations were 0.43% for titanite
SHRIMP sessions TNG131a and TNG148a.

Uncertainties given for individual analyses (ratios and ages) are at
the one sigma level (Tables 2–4). Tera and Wasserburg (1972)
concordia plots, probability density plots with stacked histograms and
weighted mean 206Pb/238U age calculations were carried out using
ISOPLOT/EX (Ludwig, 2003).

4. Field relations and anatexis in the Tangtse and
Darbuk–Shyok areas

The Tangtse and Darbuk–Shyok gorges are cut by the Tangtse River
roughly perpendicular to strike of the Karakoram Shear Zone, 20 km
apart. Here, a mid-crustal section including the main lithologies of the
PMC is exposed between the Tangtse Shear Zone and the Pangong

Shear Zone (Fig. 2a). These migmatized rocks will be described here
following the terminology suggested by Sawyer (2008).

4.1. Meta-sedimentary sequence

This sequence comprises Bt–psammites, Bt–pelites, Bt–Hbl
gneisses ranging to amphibolites, and calc-silicate rocks. These rock
types are interlayered at the scale of tens of meters to hundreds of
meters. Bt–psammites and Bt–pelites are generally characterized by
the mineral assemblage Bt+Pl+Qtz±Grt, and muscovite occurs in
retrograde shear zones. Common accessory phases are Ap+Ttn+
Mag+Mnz+Aln+Zrn. We found sillimanite in only one sample of
PMC meta-sedimentary rocks, but its occurrence has also been
reported by Rolland and Pêcher (2001). Calc-silicate rocks generally
contain Cpx+Hbl+Pl+Qtz±Bt±Cc.

Whilst calc-silicate rocks and mafic amphibolites (SiO2b50 wt %)
do not present evidence for anatexis, Bt-psammites and Bt-bearing
amphibolites have leucosomes that are interpreted to be the
remainders of crystallizedmelt that segregated from themelanosome.
Diffuse leucosome patches are common, and layer-parallel leuco-
somes in stromatic migmatites have melanosome rims that consist
mostly of biotite. Leucosomes in migmatitic Bt-psammites range in
composition from leucotonalite to leucogranite and commonly
contain garnet. Leucosomes in the Hbl-rich gneissic to amphibolitic

Karakoram Batholith

Pegmatite Dyke Leucogranite Shyok Valley Leucogranite

TNG187a TNG187b TNG187c TNG195 TNG196 TNG197e AGH25a NBR1b NBR2a NBR3b

34°08′48.6″N 34°18′06.8″N 34°18′07.2″N 34°17′39.6″N 34°27′04.4″N 34°29′06.0″N 34°37′54.6″N 34°46′27.5″N

78°08′26.9″E 78°00′46.2″E 78°00′46.6″E 78°02′02.9″E 77°45′53.1″E 77°44′20.0″E 77°38′24.1″E 77°32′45.7″E

Major elements wt.%
75.12 74.35 75.41 70.79 73.31 71.91 72.3 73.40 72.92 73.83
0.05 0.05 0.07 0.32 0.17 0.22 0.27 0.22 0.24 0.20
14.14 14.01 14.21 15.40 14.92 15.61 14.9 14.89 14.92 14.07
0.74 1.04 0.72 1.70 0.98 1.17 1.88 1.42 1.51 1.39
0.05 0.06 0.03 0.04 0.02 0.02 0.03 0.02 0.04 0.03
0.26 0.26 0.26 0.45 0.26 0.27 0.43 0.29 0.28 0.26
1.52 1.38 1.65 2.19 1.65 2.17 2.61 1.60 1.77 1.68
4.11 3.54 3.85 3.87 3.91 4.15 4.03 3.79 3.80 3.18
3.30 4.36 3.73 3.77 4.27 3.66 2.26 3.64 3.65 4.11
bd 0.01 bd 0.10 0.04 0.05 0.07 0.06 0.09 0.07
0.21 0.22 0.49 0.47 0.37 0.35 0.80 0.64 0.86 0.80
99.47 99.25 100.41 99.07 99.88 99.58 99.6 99.95 100.07 99.60
1.08 1.07 1.06 1.07 1.06 1.06 1.08 1.14 1.11 1.10
0.41 0.33 0.42 0.34 0.34 0.31 0.31 0.29 0.27 0.27
Trace elements ppm
2.6 2.3 1.2 1.1 1.1 1.7 2.1 1.8 8.0 1.9
21.8 51.8 93.2 1404.6 893.4 997.1 860.2 679.2 1000.5 789.8
182.7 151.4 206.1 990.9 665.7 903.2 688.3 742.8 3946.8 723.3
3.2 5.3 1.9 16.1 11.7 14.6 4.5 10.9 76.2 6.5
bd bd bd bd bd 0.1 55.2 bd 9.9 bd
382.0 387.0 170.3 188.8 114.3 130.0 144.3 132.7 476.3 160.4
65.5 60.7 67.1 27.4 44.0 37.5 69.3 0.9 8.1 0.9
0.1 0.0 0.6 1.6 1.0 1.3 1.0 bd 12.3 bd
6.0 2.4 1.8 2.1 6.0 9.1 2.7 0.9 36.1 bd
12.3 13.4 9.5 29.6 21.1 26.6 17.8 20.0 48.2 26.5
4.7 4.3 4.6 17.8 16.8 17.0 14.4 11.9 17.5 13.4
50.9 49.5 40.7 69.7 89.0 60.1 52.3 35.7 37.4 40.5
145.8 162.1 131.2 140.6 219.4 164.1 161.5 201.1 208.7 201.3
66.3 78.4 121.2 546.2 563.5 597.5 146.8 363.2 501.3 336.8
15.7 16.7 6.3 5.2 2.2 3.5 8.6 6.2 13.8 10.1
27.7 63.9 10.2 27.8 29.5 48.6 31.5 30.8 95.2 41.6
2.6 2.9 1.9 6.3 3.2 4.7 8.5 6.4 12.5 8.5
4.0 7.3 1.2 40.4 31.6 27.5 15.8 15.6 20.0 20.2
2.0 1.9 0.5 4.0 6.9 2.5 4.2 1.4 4.9 3.5
2.20 2.07 1.08 0.26 0.39 0.27 1.1 0.55 0.42 0.60

(continued on next page)
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rocks of this sequence commonly contain large poikilitic hornblende
crystals (Fig. 3a).

In the central part of the Tangtse gorge there are metatexites and
diatexites (indicated in cross section, Fig. 2a) that have melanosomes
ranging compositionally from Hbl–Bt–schists to amphibolitic gneisses.
Leucosomes in these rocks are Bt–leucogranites, Hbl–Bt–leucogranites
and leucotonalites. Interplay between folding, shearing and magma
migration in thesemeta- and diatexites has been described byWeinberg
andMark (2008). Typically, layer-parallel leucosomes in metatexites are
linked with leucosomes parallel to the axial plane in folds. Folded leuco-
somes also cut through fold limbs and connect to leucosomes of different
layers (Fig. 4). Fold hinges are truncated by axial planar shearing which
further facilitates leucosome interconnection. Disruption of melano-
somes, especially in the diatexites leads to a large range of compositions
and a heterogeneous rock where distinction between leucosome and
melanosome is blurred. In eithermeta-ordiatexite theexactnatureof the
protolith is obscuredby compositional changes related tomelt extraction.

4.2. Calc-alkaline granitoids

Themain facies of theMuglib Batholith is amedium to coarse-grained
titanite bearing Hbl–Bt–granodiorite, commonly with Ap+Aln+Zrn as
accessory minerals and decimetric mafic magmatic enclaves. A contin-
uous foliation is defined by aligned Hbl, Bt and Ttn grains. Within the
main facies, there are up to 100 m long lenses of Hbl–Cpx diorite. A Bt–

granodiorite occurs at the margins of the batholith and forms a border
facies which crops out close to the Pangong Shear Zone near Muglib
Village (Fig. 1b), and also intrudes the meta-sedimentary country rocks
as dykes.

Migmatization of the Muglib Batholith is evident in the Bt–
granodiorite border facies, in patches of the main facies as well as in
theHbl–Cpxdiorite lenses. Leucosomesparallel to thedominant foliation
parallel to the Karakoram Shear Zone are continuous with crosscutting
leucosomes, thus forming a network interpreted to represent ameltflow
network during anatexis (Weinberg and Searle, 1998). Melanosome
rims are generally present and consist of mostly biotite and horn-
blende around leucosomes. Up to 3 cm large euhedral poikilitic
hornblende crystals in leucosomes are common especially in diorites
but rare in the Hbl-free border facies. In these migmatitic diorites,
leucosomes that dominantly consist of Hbl megacrysts and Kfs (Fig. 3b)
are interpreted as a residual assemblage after the melt was extracted.

4.3. Leucogranites

Leucogranites are ubiquitous in the Karakoram Shear Zone either
as dykes, stocks on the scale of tens to hundreds of meters or
kilometer-sized plutons (Fig. 1b, 2) such as the Darbuk Pluton, a
sheared Ms–Bt±Grt–leucogranite (Fig. 1b) or the Tangtse Pluton
which is related to the Pangong Injection Complex that is depicted
in Fig. 2b (Weinberg and Searle, 1998; Weinberg et al., 2009). The

Table 1 (continued)

Type Muglib Batholith Pangong Metamorphic Complex

Granodiorite Diorite Gabbro Bt–psammite Amphibolite Calc–silicate

Sample TNG131a* TNG207 TNG169a TNG205a AGH5 TNG131d* TNG167b TNG108c* TNG208

Coordinates 34°03′38.8″N 34°03′01.4″N 34°02′40.3″N 34°02′38.3″N 34°18′47.7″N 34°03′38.8″N 34°03′40.4″N 34°08′42.0″N 34°01′33.5″N

78°13′52.1″E 78°13′41.3″E 78°13′07.8″E 78°13′25.4″E 77°52′03.8″E 78°13′52.1″E 78°13′52.7″E 78°08′18.5″E 78°12′01.7″E

Major elements wt.%
SiO2 67.50 68.23 61.95 54.91 52.4 61.60 60.99 52.82 52.49
TiO2 0.56 0.50 0.70 1.37 1.10 0.83 0.82 1.01 0.64
Al2O3 16.30 15.26 14.29 17.56 19.8 17.00 16.97 15.55 14.69
Fe2O3t 3.49 3.05 5.18 8.04 7.91 6.56 6.85 8.94 5.77
MnO 0.09 0.07 0.15 0.13 0.15 0.11 0.10 0.15 0.11
MgO 1.57 1.22 4.55 3.01 2.93 2.84 3.27 7.18 3.74
CaO 3.16 2.85 6.46 5.90 7.89 5.23 3.77 10.03 15.00
Na2O 4.37 3.17 3.01 3.81 3.22 1.82 2.00 3.47 0.98
K2O 2.85 4.57 2.47 2.97 1.04 3.02 3.25 0.73 3.41
P2O5 0.22 0.19 0.14 0.50 0.27 0.16 0.15 0.09 0.15
LOI 0.50 0.57 0.93 0.82 2.92 1.06 1.59 0.36 2.03
Total 100.62 99.65 99.83 99.00 99.6 100.17 99.74 100.30 98.99
A/CNK 1.02 0.99 0.74 0.87 0.95 1.08 1.24 0.63 0.45
Mg/(Fe+Mg) 0.47 0.44 0.64 0.43 0.42 0.46 0.49 0.61 0.56
Trace elements ppm
Sc 9 5.4 19.9 12.7 17.5 22 11.5 37 16.2
Ba 337 379.7 586.5 540.1 154.0 448 255.1 19 396.5
Ti 4103 2121.4 3833.4 7373.2 5423.7 7362 3270.7 5844 3419.7
V 87 49.7 103.7 123.5 193.0 186 95.1 235 119.0
Cr 63 21.1 74.8 12.7 20.9 178 124.8 220 102.9
Mn 790 415.1 1053.4 859.2 910.1 909 497.3 1183 737.8
Co 7 36.2 45.1 27.6 18.5 20 43.4 47 22.7
Ni 32 13.4 53.5 16.7 7.2 62 76.5 57 48.9
Cu 17 6.3 21.5 47.7 23.2 24 20.1 84 12.8
Zn 81 38.4 62.6 86.7 73.3 112 72.1 61 73.2
Ga 20 8.9 12.6 14.4 17.6 20 6.5 15 9.4
Pb 43 20.5 12.4 12.2 5.0 29 20.7 8 25.5
Rb 199 161.1 49.4 124.1 26.5 168 253.5 10 153.9
Sr 379 413.3 547.6 568.6 497.3 159 96.6 132 339.7
Y 19.00 17.6 18.8 24.3 20.2 28 20.7 25 22.4
Zr 164 18.8 11.5 58.6 7.9 185 6.7 86 11.2
Nb 27 15.0 18.2 25.5 5.7 25 12.8 9 11.1
Th 15 15.2 1.1 11.2 1.8 12 12.9 2 10.6
U bd 2.2 2.1 1.1 0.3 bd 2.1 bd 1.8
Rb/Sr 0.53 0.39 0.09 0.22 0.05 1.06 2.62 0.08 0.45
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Tangtse Pluton is approximately 1.3 km in length, has an outcrop
height of ∼600 m (Fig. 2b), and is a result of the amalgamation of
multiple magma sheets that intruded Bt-psammites and which are
still preserved as screens inside the pluton. Leucogranite sheets in
the Pangong Injection Complex are most likely derived from a
combination of local and intrusive magma sheets (Weinberg and
Searle 1998, Weinberg et al., 2009). The pluton is petrographically
heterogeneous consisting mainly of medium-grained Bt–leucogra-
nite, Ms–Bt±Grt leucogranite and coarse-grained Grt–Ms–leuco-
granite. Accessory minerals are commonly Ap, Zrn, Mnz, Aln and
Grt. Only rarely, small and strongly corroded hornblende crystals
are found.

The leucogranites are generally deformed and show S–C fabrics,
and in some biotite-rich examples Bt-foliae that wrap around feldspar
crystals or form asymmetric tails thereby defining dextral S–C–C'
fabrics. In some cases, deformation fabrics are not apparent in hand
specimen, because micas are lacking, but are visible under the
microscope. Microstructures, however, reveal dextral S–C fabrics.

4.4. Syndeformational melting

Leucosomes in shear bands suggest that these are either the loci of
incipient partial melting or that melt migrated into and accumulated
in these zones (Fig. 5). Like this structure, a number of field rela-
tionships between melt, faults, shear zones and folds have been
interpreted to result from synkinematic melting (Weinberg andMark,
2008). A common feature found in many of the least deformed
leucogranite sheets is shown in Fig. 6 where a broad dextral S–C fabric
is defined by the alignment of feldspar lozenges. The interstitial finer-
grained Qtz and Pl are only weakly deformed and are interpreted as
having crystallized directly from a melt, indicating synkinematic
magma crystallization. We therefore take the view here that anatexis
was contemporaneous with deformation. This was also the interpre-
tation by Rolland et al. (2009) based on microstructural relationships,
and contradicts the pre-kinematic view presented by Phillips et al.
(2004).

Deformation outlasted magmatism, continuing as the rock mass
cooled to temperatures below 250 °C, as documented in microstruc-
tures in the Muglib area (Rutter et al., 2007) and Shiquanhe area
further SE in the Karakoram Shear Zone (Valli et al., 2007). This low
temperature deformation is reflected by porphyroclasts of K-feldspar
and plagioclase in leucogranites with rims of fine-grained, sheared
and recrystallized Kfs+Pl+Qtz (Fig. 6).

4.5. Water-fluxed melting

The presence of large, poikilitic hornblende crystals in leucosomes
in calc-alkaline granodiorites and diorites (Fig. 3, 6) and the lack of
other obvious peritectic minerals, suggests melting in the presence of
a H2O-rich fluid phase (Lappin and Hollister, 1980; Kenah and
Hollister, 1983; Mogk, 1992). This interpretation is also supported by
the lack of peritectic minerals in leucosomes in Bt–psammites
(Weinberg and Mark, 2008). Mogk (1992) stressed the importance
of water infiltration in order to form Hbl-bearing leucosomes in
migmatites and proposed that shear zones form pathways for H2O-
rich fluids. Accordingly, in the melting experiments of Gardien et al.
(2000) hornblende was found as a crystallizing phase only when
water was added. We suggest that the melting reactions proposed by
McLellan (1988) and Lappin and Hollister (1980) account for
hornblende-bearing leucosomes at calculated temperatures between
675 and 750 °C and 6 to 8 kbar,

Bt þ Pl þ Qtz þ fluid ¼ Hbl þ melt

or

Bt þ Pl þ Qtz þ fluid ¼ Hbl þ Kfs þ melt:

Based on mineral paragenesis and thermobarometry, Rolland
and Pêcher (2001) proposed that peak metamorphic temperatures
in the Tangtse area reached 700±20 °C at 7±1 kbar, i.e. just
below the onset of muscovite dehydration melting and well below

Table 2
U–Pb SHRIMP data; sample TNG62a.

Zircon analysis

Coordinates 34°02′16.8″N

78°14′57.7″E Radiogenic
age (Ma)

Grain. spot U (ppm) Th (ppm) Th/U 206Pb* 204Pb/206Pb ± f206 %
238U/206Pb ± 207Pb/206Pb ± 206Pb/238U ± 206Pb/238U ±

1.1 924 516 0.56 7.6 0.000084 – 0.05 104.82 1.19 0.0477 0.0009 0.0095 0.0001 61.2 0.7
1.2 358 277 0.78 3.5 – – 0.23 88.01 1.12 0.0493 0.0014 0.0113 0.0001 72.7 0.9
2.1 2137 1398 0.65 20.9 0.000093 – b0.01 87.73 1.11 0.0473 0.0008 0.0114 0.0001 73.1 0.9
2.2 421 317 0.75 4.0 – – 0.14 91.00 1.16 0.0485 0.0014 0.0110 0.0001 70.4 0.9
3.1 136 100 0.74 1.2 0.001987 – 0.31 93.94 1.38 0.0498 0.0024 0.0106 0.0002 68.1 1.0
4.1 403 294 0.73 3.9 0.000515 – 0.04 89.54 1.15 0.0478 0.0014 0.0112 0.0001 71.6 0.9
5.1 185 118 0.64 1.8 0.000872 – 0.40 89.50 1.37 0.0506 0.0020 0.0111 0.0002 71.3 1.1
6.1 123 109 0.89 1.1 0.000938 – 0.39 93.46 1.68 0.0505 0.0027 0.0107 0.0002 68.3 1.2
7.1 227 159 0.70 2.2 0.000981 – 0.62 90.68 1.33 0.0523 0.0019 0.0110 0.0002 70.3 1.0
8.1 229 252 1.10 2.2 0.000518 – 0.26 88.05 1.29 0.0495 0.0018 0.0113 0.0002 72.6 1.1
9.1 385 273 0.71 3.8 – – 0.75 88.10 1.14 0.0534 0.0032 0.0113 0.0002 72.2 1.0
10.1 171 163 0.95 1.7 0.001165 – b0.01 86.10 1.50 0.0466 0.0021 0.0116 0.0002 74.5 1.3
11.1 239 163 0.68 2.3 0.000502 – 0.27 90.65 1.38 0.0495 0.0018 0.0110 0.0002 70.5 1.1
11.2 2525 1941 0.77 24.5 – – 0.01 88.56 0.93 0.0475 0.0005 0.0113 0.0001 72.4 0.8
12.1 298 226 0.76 2.8 0.001338 – 0.22 90.01 1.23 0.0491 0.0016 0.0111 0.0002 71.1 1.0
12.2 1458 909 0.62 13.2 – – b0.01 94.82 1.04 0.0473 0.0008 0.0105 0.0001 67.6 0.7
13.1 365 355 0.97 3.4 – – 0.01 91.69 1.22 0.0475 0.0015 0.0109 0.0001 69.9 0.9
13.2 1157 742 0.64 11.0 0.000018 – 0.01 90.01 1.00 0.0475 0.0008 0.0111 0.0001 71.2 0.8
14.1 278 421 1.52 2.7 – – 0.03 89.34 1.26 0.0477 0.0017 0.0112 0.0002 71.7 1.0
15.1 470 331 0.70 4.4 0.000711 – 0.47 91.03 1.14 0.0511 0.0013 0.0109 0.0001 70.1 0.9
16.1 526 286 0.54 5.0 0.000199 – 0.08 90.25 1.52 0.0481 0.0012 0.0111 0.0002 71.0 1.2
16.2 390 324 0.83 3.7 – – 0.27 90.49 1.17 0.0496 0.0014 0.0110 0.0001 70.7 0.9
17.1 677 612 0.90 6.6 0.000189 – 0.19 88.15 1.03 0.0490 0.0018 0.0113 0.0001 72.6 0.9

f206 % denotes the percentage of 206Pb that is common Pb.
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biotite dehydration melting. Rolland et al. (2009) concluded that a
small thermal increase initiated muscovite dehydration melting in
the Tangtse area. However, this is unnecessary when considering
external water influx. In this case, melting is expected to begin
at the water saturated solidus for pelites and quartzofeldspathic
rocks, which is essentially similar to that of the haplogranitic
system Qtz+Ab+Or+H2O with temperatures as low as 650 °C
(Clemens and Vielzeuf, 1987; Holtz et al., 1992). Water influx can
create significant amounts of melt, depending on the size of the
infiltrated (shear-) zone (Mogk, 1992; Genier et al. 2008). Possible
sources for infiltrating water are hydrated, low-grade metamor-
phosed sedimentary rocks of the Karakoram Metamorphic Com-
plex, overthrust by the Pangong Metamorphic Complex (Weinberg
and Mark, 2008).

In summary, field relations suggest widespread partial melting of
twomajor rock sequences,meta-sedimentary and calc-alkaline rocks, in
the presence of a water-rich fluid contemporaneous with deformation.
In the process, a large network of magmatic bodies developed, linking
nearly in situ leucosomes with a large network of magma sheets and
bodies.

5. Evidence for magma hybridization in migmatites

In the PMC, different rock types that underwent anatexis are
interlayered on the scale of meters to hundreds of meters (Figs. 2, 3).
This provides an opportunity for magmas from different sources to
interact early in their migration history as they travel through an
expanding channel network. In the following, we describe two field
examples where this might have happened.

5.1. Base of Tangtse Pluton

At the exposed base of the Tangtse Pluton, an irregular sheet of
calc-alkaline Bt–granodiorite of the Muglib Batholith border facies
intrudes Bt–psammites (Fig. 7). Both rock types have undergone
partial melting. This is evidenced in the Bt–psammites by chaotically
folded leucosomes and leucosome patches comprised of Ms–Bt±Grt–
leucogranite with melanosome rims consisting mostly of biotite and
small amounts of Pl+Qtz+Grt (Fig. 7c, f).

In the Bt–granodiorite sheet anatexis is evidenced by leucosome
patches with diffuse boundaries with the melanosome that form an
irregular network of Bt±Grt–leucogranite pockets and veins, feeding
into a larger leucosome with width varying up to one meter (Fig. 7b).
Although sometimes difficult to distinguish, the neosome is coarser-
grained and more felsic than the paleosome. Melanosome rims
bordering the leucosome are absent. Isolated rafts of Bt–granodiorite
with diffuse boundaries are found in the large leucosome (Fig. 7d).
Garnet is heterogeneously distributed in the leucosome and absent in
the melanosome except for high concentrations on wispy schlieren of
biotite dragged from the Bt–psammite at the contact with the partially
molten Bt–granodiorite sheet. The presence of garnet and biotite–
garnet schlieren from the Bt–psammite in the leucosome suggests it is
a hybrid formed by merging of magma from the Bt–granodiorite with
magma from the Bt–psammite. If this is so, then the pre-existing
granodiorite gave rise to a magma channelway that was used by
leucosomes from both rock types. In order to test this hypothesis, we
sampled the different rock types in this and adjoining outcrops to
study their isotopic composition.

5.2. Leucogranite dykes in the Darbuk–Shyok gorge

In the Darbuk–Shyok gorge (Fig. 1b), mainly pegmatitic Bt±Ms±
Grt leucogranite dykes cut across interlayered amphibolites and
calc-silicate rocks, calc-alkaline diorites of the Muglib Batholith, but
also merge continuously with in situ leucosomes in dioritic pro-
toliths (Fig. 8). Diorite gneisses show leucosome patches with

euhedral hornblende poikiloblasts and diffuse margins to the mela-
nosome, interpreted to represent in situ leucosomes. These leuco-
somes are generally parallel to tectonic foliation and compositional
layering and have melanosome rims consisting of mostly Hbl+Bt,
forming a stromatic migmatite. These Hbl-bearing leucosomes are
connected with the crosscutting Bt±Ms±Grt–leucogranite dykes
and, in the field and in thin section, the contact is seamless (Fig. 8b).
In parts of this outcrop, large amounts of magma disrupt pre-
existing layering in the calc-alkaline protolith and form a diatexite
migmatite (Fig. 8c). Continuity between in situ leucosome in the
dioritic protolith and intrusive dykes suggest contemporaneity of
dyke and local anatexis.

6. Major and Trace Element Geochemistry

We carried out major and trace element analysis on 88 samples of
the main lithologies of the PMC, including 58 leucogranitic samples
from the Karakoram Shear Zone and Karakoram Batholith. In general,
Fe2O3t, MgO, TiO2 and CaO contents of source rocks and leucogranites
in the Karakoram Shear Zone and Karakoram Batholith correlate
negatively with SiO2. K2O and SiO2 show no clear trend. Leucogranites
have SiO2 contents between 64.0 wt% and 76.2 wt% and are
dominantly mildly peraluminous (A/CNK 1.02 to 1.16; Fig. 9a). In
the alkali–lime vs. SiO2 diagram (Fig. 9b), the source rocks follow the
calc-alkalic to alkali–calcic trend and almost all leucogranite samples
lie in the field of peraluminous leucogranites as defined in Frost et al.
(2001). The different rock types define different fields depending on
their Fe2O3t+MgO+TiO2 content (Fig. 9c). While the ferromagne-
sian and titaniferous phases are concentrated in the calc-alkaline
diorites, Bt-psammites, Bt–pelites and melanosome samples, the calc-
alkaline granodiorites and diatexites form an intermediate group. The
leucogranites have the lowest Fe2O3t+MgO+TiO2 contents (b 2.15
wt %). K2O contents of leucogranites are usually high between 4 and
5 wt%, ranging from 0.94 wt% to 5.63 wt%. High, and variable, K2O
concentrations suggest K-feldspar accumulation trends in leucogra-
nites. CaO+Na2O concentrations in leucogranites range from 3.41wt %
to 9.89 wt % (not shown in Fig. 9).

The high K2O content of 10.1 wt% in a leucosome sample of a
Muglib Batholith migmatite (sample TNG60d in Table 1) is the result
of K-feldspar accumulation in the Hbl-bearing leucosomes in Hbl–Bt
diorite (Fig. 3b) in accordance with petrographic observations. Rb
correlates positively with K2O (Fig. 10a), but not with Fe2O3t and TiO2,
suggesting that Rb contents are mainly controlled by the amount of K-
feldspar and not by muscovite or biotite in the leucogranites. High Ba
and Sr concentrations suggest feldspar crystallization leading to
relatively quartz-poor but feldspar-rich leucogranites with a cumulate
character (Fig. 10b). Feldspar accumulation as a result of Rayleigh
fractionation is shown in the calculated trace element contents in the
added curves of Fig. 10b. Relatively low Rb contents result in low Rb/
Sr ratios, generally below one. The Tangtse Pluton (Fig. 2) appears to
be an example of this; a magma that has started to crystallize close to
the source.

7. Geochronology

In order to constrain the relation between timing of protolith
crystallization, anatexis and leucogranite intrusion,we dated zircon and
titanite grains from two samples of potential source rocks and two
leucogranite samples using U–Pb SHRIMP analysis. We selected a
melanosome (sample TNG62a), rich inhornblende andbiotite aswell as
titanite, apatite and zircon. This sample was taken from a migmatized
part of the Muglib Batholith∼3 km along strike to the SE of the Tangtse
Pluton. The second sample (TNG131a) is a Bt–granodiorite sheet,
interpreted as Muglib Batholith border facies, from the outcrop at the
base of the Tangtse Pluton in Fig. 7b. For age determination of
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leucogranites we chose two samples from the Tangtse Pluton, one for
zircon and one for titanite analysis (sample TNG148a and TNG148b).

7.1. Age of the Muglib Batholith

Zircons from samples TNG62a and TNG131a are prismatic, either
translucent or pinkish in colour and between 150 μm and 500 μm in
length, on average 200 μm. Cathodoluminescence (CL) imaging shows
dominantly oscillatory zoning with little evidence for inherited cores,
or overgrowths. These are interpreted to represent igneous zoning. A
total of 23 areas have been analyzed on 17 zircon grains from sample
TNG62a (melanosome), where 18 analyses form a dominant bell-
shaped age probability distribution with a weighted mean 206Pb/238U
age of 71.4±0.6 Ma (MSWD=1.14, Fig. 11a; Table 2). One analysis is
slightly older whilst the remaining four analyses and are interpreted to
have lost radiogenic Pb; for example analysis 1.1 in Table 2. The mean
age of 71.4±0.6 Ma is interpreted to represent a single population
indicating themagmatic crystallization age of the Hbl–Bt–granodiorite.

Sample TNG131a corresponds to the Bt–granodiorite border facies
that intruded Bt–psammites (Fig. 7b). As for the previous sample, the
zircon grains are dominated by relatively simple igneous oscillatory
zoning as seen under CL, although some discordant central areas may
reflect a more complicated igneous crystallization history. A total of
22 areas were analyzed from 17 zircon grains (Fig. 11b; Table 3). An
analysis was also made on a zircon included within a titanite grains

during the same SHRIMP session. It yielded a significantly younger
206Pb/238U date of ∼63 Ma but the area has likely lost radiogenic Pb
and hence was not included in the following discussion or age
calculation. The zircon 206Pb/238U ages are slightly dispersed ranging
between ∼67 and ∼74 Ma. The probability density distribution
appears bimodal with a more prominent peak at about 70 Ma and
another at about 73 Ma, with some younger analyses considered to
reflect radiogenic Pb loss. The older group at ∼73 Ma may indicate
that there was an early period of magmatic zircon crystallization, but
with the dominant zircon having crystallized at 70.5±0.6 Ma (mean
weighted 206Pb/238U age of 14 analyses, MSWD=1.03: Fig 11b). This
age is overlapping within error but slightly younger than the 71.4±
0.6 Ma for sample TNG62a, and confirms that both intrusions relate to
the same magmatic event.

The titanite grains have a light brown colour, are mostly anhedral
to subhedral and are between 100 and 250 μm in diameter. In some
grains the BSE images show a faint oscillatory zoning, whereas most
grains have irregular internal structures, often with a slightly darker,
central phase, irregularly surrounded by a lighter BSE component
(Fig. 12b). Twenty four areas have been analyzed on 14 titanite grains
(Fig. 13c; Table 3). As is common in metamorphic titanite, there are
high amounts of common Pb and so the calculated radiogenic ratios
and ages have high uncertainties compared to the U–Pb zircon data. In
the Tera-Wasserburg plot of Fig. 13a, discordia lines have been fitted
to the common Pb uncorrected data. It can be seen that there is an

Table 4
U–Pb SHRIMP data; sample TNG148a, TNG148b.

Sample TNG148a

Coordinates 34°03′40.4″N

78°13′52.7″E Radiogenic
age (Ma)

Grain.
spot

U
(ppm)

Th
(ppm)

Th/U 206Pb*
(ppm)

204Pb/
206Pb

± f206 %
238U/
206Pb

± 207Pb/
206Pb

± 206Pb/
238U

± 206Pb/
238U

±

1.1 208 790 3.80 1.8 0.040139 0.002097 74.9 98.65 4.94 0.6528 0.0315 0.0025 0.0006 16.4 3.7
2.1 352 47 0.13 2.5 0.037675 0.002185 70.3 122.82 1.63 0.5935 0.0060 0.0024 0.0005 15.5 2.9
3.1 237 45 0.19 2.1 0.038220 0.002227 71.3 98.95 1.40 0.6388 0.0068 0.0029 0.0006 18.6 3.7
4.1 158 171 1.08 2.1 0.049082 0.002556 91.6 65.07 0.98 0.7046 0.0074 0.0013 0.0011 8.3 6.8
4.2 474 206 0.44 3.0 0.035915 0.001540 67.1 134.34 1.74 0.5603 0.0054 0.0025 0.0003 15.8 2.2
5.1 305 50 0.16 2.2 0.041903 0.002224 78.3 120.02 1.63 0.6085 0.0064 0.0018 0.0005 11.7 3.2
6.1 455 115 0.25 3.1 0.034043 0.001693 63.6 127.73 1.62 0.5746 0.0061 0.0029 0.0004 18.4 2.3
6.2 262 40 0.15 2.1 0.037824 0.001839 70.6 109.40 1.56 0.6410 0.0071 0.0027 0.0005 17.3 3.0
6.3 127 875 6.88 1.7 0.044925 0.002325 83.8 65.53 1.09 0.6986 0.0088 0.0025 0.0010 15.9 6.1
7.1 357 35 0.10 2.5 0.035071 0.001621 65.5 123.36 1.65 0.5812 0.0060 0.0028 0.0004 18.0 2.4
8.1 254 43 0.17 2.1 0.038986 0.001901 72.8 102.82 1.48 0.6308 0.0071 0.0026 0.0005 17.0 3.3
9.1 249 26 0.11 2.1 0.041786 0.001999 78.0 103.02 1.50 0.6532 0.0077 0.0021 0.0005 13.7 3.5
10.1 221 224 1.01 1.8 0.039211 0.002012 73.2 105.52 1.55 0.6406 0.0075 0.0025 0.0005 16.3 3.3
10.2 207 20 0.10 2.2 0.041973 0.002220 78.3 82.02 1.28 0.6695 0.0083 0.0026 0.0007 17.0 4.6
11.1 185 63 0.34 1.6 0.037226 0.002174 69.5 100.15 1.57 0.6379 0.0083 0.0030 0.0006 19.6 3.5
12.1 252 24 0.09 2.1 0.039991 0.003275 74.7 104.59 1.52 0.6200 0.0072 0.0024 0.0007 15.6 4.5
13.1 220 30 0.13 2.0 0.040177 0.001954 75.0 94.86 1.40 0.6460 0.0073 0.0026 0.0006 17.0 3.7
14.1 527 288 0.55 3.3 0.034685 0.001475 64.8 138.82 1.78 0.5499 0.0054 0.0025 0.0003 16.3 2.1
15.1 209 88 0.42 1.9 0.042656 0.002092 79.6 92.08 1.38 0.6374 0.0075 0.0022 0.0006 14.2 4.0
Zircon analysis
Zircon included within titanite grains in sample TNG148a
1.1 3034 1861 0.61 11.6 0.020867 0.002902 35.17 224.30 2.95 0.3245 0.0299 0.0029 0.0002 18.6 1.1
2.1 5655 2607 0.46 14.9 0.001053 0.000248 0.92 326.41 3.52 0.0537 0.0008 0.0030 0.0000 19.5 0.2
Sample TNG148b
Zircon analyzed in situ in polished thin section
24–1 1425 4 0.003 3.7 0.004420 0.001228 5.5 329.6 6.0 0.0895 0.0051 0.0029 0.0001 18.5 0.4
24–2 5784 3703 0.64 35.2 0.026992 0.002627 49.8 141.2 2.2 0.4406 0.0144 0.0036 0.0002 22.9 1.0
29–1 2060 1304 0.63 148.2 0.051735 0.000951 96.4 11.941 0.136 0.8127 0.0091 0.0030 0.0018 19.6 11.6
29–2 1464 2858 1.95 5.7 0.020839 0.002127 37.0 222.1 6.8 0.3389 0.0198 0.0028 0.0001 18.3 0.9
29–3 1709 823 0.48 4.4 0.006514 0.001335 8.3 333.7 5.0 0.1121 0.0062 0.0027 0.0000 17.7 0.3
29–4 1251 1503 1.20 163.2 0.054529 0.000701 97.6 6.588 0.073 0.8266 0.0198 0.0036 0.0047 23.1 30.1
47–1 2006 1015 0.51 5.5 0.000608 0.000248 2.2 313.2 4.3 0.0640 0.0020 0.0031 0.0000 20.1 0.3
47–2 672 1095 1.63 1.6 0.001152 0.000628 1.0 362.5 7.4 0.0546 0.0042 0.0027 0.0001 17.6 0.4
47–3 1116 2284 2.05 3.5 0.012479 0.001932 23.2 271.6 4.5 0.2294 0.0075 0.0028 0.0001 18.2 0.4

f206 % denotes the percentage of 206Pb that is common Pb.
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older grouping that forms a linear array, intersecting the concordia at
65±3 Ma. A second, sub-parallel group is slightly younger (∼55 Ma),
and then other analyses range down to ∼11 Ma. The oldest calculated
age is younger than that calculated from zircons of the same sample,
the likely true magmatic age, and either is spurious or relates to a
cooling event post initial magmatism. An early metamorphic event
due to continued calk-alkaline intrusion is also possible. The relative
probability plot of common Pb corrected 206Pb/238U ages highlights
the two older age components with a scattered younger cluster
peaking between ∼11 and 21 Ma (Fig. 13c). It is not possible to
calculate a meaningful age date for this younger, metamorphic
titanite, but it is indicative of a metamorphic crystallization event
broadly contemporaneous with anatexis (see below).

7.2. Age of the leucogranites from the Tangtse Pluton

Initially zircons were not recovered from the standard mineral
separation applied to sample TNG148a. Titanites were separated
similarly to the Bt–granodiorite sample. They have a light brown
colour, are mostly anhedral to subhedral and are between 100 and
250 μm large. BSE images show weak oscillatory zoning, more
common than in titanites from sample TNG131a, while irregular
structures are not as prominent. We interpret the BSE internal
structure to reflect compositional differences during magmatic
growth as opposed to core and rim structures. Zircon inclusions are
common. A total of 19 areas on 15 titanite grains from sample
TNG148a have been analyzed (Fig. 13d; Table 4). The analyses are

significantly enriched in common Pb with many measured 207Pb/
206Pb ratios≥0.55, and ranging to ∼0.70. Interpolation to a radiogenic
end-member is therefore tenuous. However, it is possible to calculate
a 3-dimensional linear fit to this common Pb enriched data and this
provides a lower intercept at 16.7±1.0 Ma (MSWD=1.4, 19 ana-
lyses). A weighted mean of common Pb corrected 206Pb/238U ages
gives 16.4±1.4 Ma (MSWD=0.4, 19 analyses). Two zircon inclusions
within the same titanite separate were also analyzed (Table 4), and
have 206Pb/238U ages of 18.6±1.1 Ma and 19.5±0.2 Ma, respectively.
These zircon grains have very high U concentrations ∼3000 ppm
and∼5650 ppm, respectively, and so the radiogenic 206Pb/238U ages are
unreliable by SHRIMP (see Williams and Hergt, 2000).

Froma second sample from the sameoutcrop (TNG148b), nine areas
on 3 zircon grains were analyzed in situ in a polished thin section. As
with the zircon included within the titanite, the U concentrations range
to very high values (∼5785 ppm). However, lower, more reasonable U
concentrations are recorded, and 5 analyses with ≤1710 ppm U have a
weighted mean 206Pb/238U age of 18.0±0.4 Ma (MSWD=1.09,
Fig. 13e; Table 4). It should be noted that the zircon grain
with∼3000 ppm U that is included in titanite has a 206Pb/238U age
within uncertainty of the titanite age. Thus, overall the zircon records a
slightlyolder age than that obtained fromtitanitewithhigh commonPb.

8. Rb–Sr and Sm–Nd isotope geochemistry

In order to track the origin and mixing of magmas from different
sources as inferred in the field, we analyzed Rb–Sr and Sm–Nd

Fig. 2. (a) Schematic cross section through the Tangtse gorge roughly perpendicular to strike of the Karakoram Shear Zone. The Tangtse Shear Zone separates the Pangong
Metamorphic Complex (PMC) from the Ladakh Batholith to the SW. The Pangong Shear Zone bounds the PMC from the KarakoramMetamorphic Complex to the NE. (b) Photograph
of the NE end of the Tangtse gorge (looking NW). Calc-alkaline Muglib Batholith (lower left) and leucogranitic Tangtse Pluton (centre) in the Pangong Range. The Tangtse Pluton
intrudes Bt–psammites of the PMC. Grt–St–Hbl–schists and marbles (bright colors) of the upper greenschist/lower amphibolite facies Karakoram Metamorphic Complex (KMC)
were overthrust by the PMC during dextral transpressive movement.
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isotopes of rocks that we interpret to represent magma sources and
those that represent melting products, i.e. the leucogranites. We used
18 Ma for recalculation of initial 87Sr/86Sr and 143Nd/144Nd ratios for
leucogranites. This is themost likely crystallization age based on U–Pb

SHRIMP data for such rocks (Searle et al., 1998 and our new analyses).
For direct comparison with the products of anatexis, we also
calculated the isotope data of source rocks and those of the Ladakh
Batholith to that time.

8.1. Results

Initial 87Sr/86Sr between 0.7042 and 0.7077 and initial εNd values
between 0.6 and 2.4 for calc-alkaline granitoids of the Muglib
Batholith indicate a mantle origin with a slight crustal influence, or
juvenile crustal sources (Table 5, Fig. 14). For comparison we analyzed
six samples from the Ladakh Batholith close to Leh (Fig. 1a). These
yielded essentially identical 87Sr/86Sri ranging between 0.7045 and
0.7066 and εNdi ranging between −0.1 and 2.1. The overlap with the
values for the Muglib Batholith indicates a possible genetic relation-
ship (see discussion below). In contrast, meta-sedimentary rocks of
the PMC yielded 87Sr/86Sri between 0.7115 and 0.7161 that indicate
longer crustal residence and εNdi that show limited variation between
−10.0 and −9.6 (Table 5, Fig. 14). Thus, the protoliths recognized in
the field have significantly different isotopic compositions.

The leucogranites, including in situ leucosomes interpreted to
represent melt products in the PMC have 87Sr/86Sri ranging from
0.7086 to 0.7121, and εNdi values between −3.6 and −6.2. Similar
values were obtained for four Ms–Bt±Grt–leucogranite samples from
the Karakoram Batholith collected in the Shyok and Nubra River
confluence area and in the Nubra Valley (Fig. 1a) at approximately

Fig. 3. (a) Up to ∼1 cm poikilitic hornblende crystals in leucosome in metatexite.
(b) Accumulation of hornblende crystals in leucosome network in calc-alkaline Hbl–Bt–
granodiorite of the Muglib Batholith.

Fig. 4. Leucosomes in folded amphibolite. Melt must have been present at the time of
deformation, because the folded layer-parallel leucosome cuts across the fold limb but
stays in continuity with layer-parallel leucosomes on the opposite limb.

Fig. 5. Shear band in stromatic migmatite developed in calc-alkaline diorite. A
leucosome forms within the shear band that runs from the upper left to the lower right.
Layer-parallel leucosomes have diffuse boundaries with the leucosome in the shear
band in the central part. The dark layer (melanosome) in the upper part of the
photograph (tip of hammer) is continuous across the shear zone. The thick coarse-
grained layer-parallel leucosome in the lower part of the photograph is nearly
truncated by the shear zone, indicating that it formed earlier. However, the thinned out
right part of the leucosomes almost connects to the counterpart on the left hand side.
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60 km, 65 km, 85 km and almost 100 km distance from the Tangtse
gorge (87Sr/86Sri=0.7076 to 0.7092 and εNdi=−5.4 to -7.1). In the
region of Rongdu (Fig. 1a) in the Shyok Valley, we have mapped a
kilometer-wide Hbl–leucogranite body within the Karakoram Batholith
similar in field appearance to Hbl-bearing leucosomes of the Tangtse
migmatites. An enclave of calc-alkaline diorite migmatite was collected
fromwithin this body. Analysis of the hornblende-bearing leucosome of
this sample (AGH23a in Table5), which is petrographically and
geochemically comparable to leucosomes in Hbl–Cpx diorites of the
Muglib Batholith close to Muglib (sample TNG60d in Table 1), yielded
isotope values similar to those of the Karakoram Batholith.

In the εNdi vs. 87Sr/86Sri diagram (Fig. 14), leucogranites from the
PMC and the Karakoram Batholith define a field with intermediate
values between those of the calc-alkaline granitoids and meta-
sedimentary rocks. In a simple two end-member mixing calculation,
this field lies within hyperbolic curves between samples we infer to be
representative of source rocks (Fig. 14). While εNdi values of leuco-
granites show only little variation, 87Sr/86Sri scatter over a wider range.

Like the majority of leucogranite samples analyzed, those collected
from the two outcrops described above (Figs. 7 and 8) also yielded
intermediate signatures between those of calc-alkaline granitoids and
meta-sedimentary rocks. The pegmatitic leucosome in the outcrop in

Fig. 6. Photomicrographs. (a) Hornblende crystal in tonalitic leucosome of a diatexite in the Tangtse gorge. The poikilitic texture suggests that the hornblende is peritectic. Plane-
polarized light. (b) Recrystallization of deformed K-feldspar grains in a shear band in Bt±Grt leucogranite. Cross-polarized light. (c) and (d) C'-type shear band in Bt±Grt
leucogranite indicating dextral shear sense. Plane-polarized light and cross-polarized light, respectively. (e) Plagioclase and K-feldspar phenocrysts and fine-grained Qtz, Pl and Kfs
in Grt–Ms–Bt leucogranite. Polarizer is only half turned in. (f) Same as in (e) but with crossed polarizer and line drawing to illustrate that the fine grains define a dextral C–S fabric.
This fabric is interpreted to have been developed before complete crystallization of the magma.
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Fig. 7b (sample TNG131g in Table 5) yielded a 87Sr/86Sri of 0.7088, and a
εNdi value of−3.6. These are similar to isotopevalues obtained from two
Ms–Bt±Grt–leucogranite samples from leucogranite sheets such as in

Fig. 7c (TNG71a and TNG71b in Table 5) and two other Bt–leucogranite
samples from the Tangtse Pluton close to the outcrop in Fig. 7 (TNG148a
and TNG148b in Table 5).

Fig. 7. Outcrops at the base of the Tangtse Pluton indicative of magma hybridization in the source. (a) Pangong Injection Complex and Tangtse Pluton looking NW. Dark rocks are
Bt–psammites of the PMC, and light rocks are leucogranites. (b) Migmatite outcrop at the foot of the Tangtse Pluton. Leucosomes in a calc-alkaline Bt–granodiorite (lower centre;
sample TNG131a: Zircon age=70.5±0.6 Ma) show diffuse boundaries with the leucosome (sample TNG131g, Table 2) in the centre of the photo which is connected to the
leucogranite sheets that form the Tangtse Pluton. The surrounding Bt–psammite (sample TNG131d, Table 2) is also migmatitic. (c) Line drawing of (b). (d) Detail of (b); In situ
leucosomes in Bt–granodiorite merge with the large pegmatitic leucosome. The Bt–granodiorite also forms rafts (towards right side of photograph). (e) Detail of (b); entrained
wispy schlieren of Bt–psammite containing garnet. (f) Detail of folded leucosomes in Bt–psammite. Thin melanosome rims around leucosomes consist mostly of biotite.
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The isotope values of samples from two pegmatitic Grt–Ms–Bt–
leucogranite dykes from the outcrop in Fig. 8 (TNG187a, TNG187b in
Table 5) also show intermediate values (87Sr/86Sri=0.7087 for both
samples, εNdi=−4.5 and −4.4, respectively). A Ms–Bt leucogranite
dyke (TNG186 in Table 5) that intrudes calc-silicate rocks close by, has a
comparable εNdi valueof−4.5, but a remarkablyhigh 87Sr/86Sri of 0.7121.

Whilst themajority of leucosomes show this intermediate signature,
a Ms–Bt leucogranite sample (TNG170, Table 5) collected fromwithin a
metatexite in the centre of the Tangtse gorge has isotope values close to
those for a patchy melanosome in diorite (87Sr/86Sri=0.7052 and
εNdi=2.3) in the same outcrop (TNG169a in Table 5). These values are
similar to those of the calc-alkaline source rocks (87Sr/86Sri=0.7054 and

Fig. 8. (a) Pegmatitic leucogranite dykes intrude Hbl–Bt–gneiss in the Darbuk–Shyok gorge (samples TNG187a and TNG187b in Table 2). (b) Continuity between layer-parallel in situ
Hbl–bearing leucosomes and crosscutting large garnet-bearing leucogranite dyke. In situ leucosomes generally have thin melanosome rims and are sometimes connected to
leucosomes patches that have diffuse boundaries to themelanosome. (c) Seamlessmerging between dyke and in situHbl–bearing leucosome. Garnet crystals and cluster ofmagnetite
in pegmatitic Grt–Bt–leucogranite dyke. The dyke continues to the upper left side of the photograph. (d) Diatexite migmatite. The pegmatitic leucogranite dyke that borders the
diatexite migmatite is continuous with leucosomes in migmatite.
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εNdi=1.1), and indicates that in this particular case the leucosome was
not hybridized.

An exceptional amphibolite gneiss sample (SiO2=52.82 wt %) of
the PMC (TNG108c in Table 5) has an isotope signature (87Sr/
86Sri=0.7047, εNdi=8.8) close to the field of present-day prevalent
mantle (Zindler and Hart, 1986). This sample is isotopically and
geochemically comparable to Kohistan-Ladakh island arc lavas
(Northern Group, type 2 lavas in Rolland et al. 2002).

9. Discussion

9.1. Geochemical characteristics: comparison to other Miocene
Himalayan leucogranites

Leucogranites of the broader Karakoram region are remarkably
different from the High Himalayan leucogranites studied in Nepal (e.g.
Deniel et al., 1987; Le Fort et al., 1987). High Himalayan leucogranites
are generally strongly peraluminous, have high Rb/Sr ratios and high
87Sr/86Sr (0.74–0.82), whereas Karakoram leucogranites are mildly

peraluminous, have low Rb/Sr ratios and 87Sr/86Sr (0.71 to 0.72;
Crawford and Windley, 1990). The leucogranites we studied in the
Karakoram Shear Zone are geochemically comparable to the latter
with A/CNK between 1.02 and 1.16, Rb/Sr ratios on average below
one, and 87Sr/86Sri (0.7086 to 0.7121). Muscovite dehydrationmelting
leads to high Rb/Sr ratios in the melt (Inger and Harris, 1993),
whereas the low Rb/Sr ratios of the Karakoram rocks are most likely
the result of H2O-fluxed melting because plagioclase will melt
preferably over biotite or muscovite (Patiño Douce and Harris, 1998).

9.2. Significance of water-fluxed melting

The significance of water-fluxed melting synchronous with defor-
mation for crustal differentiation has been discussed for the European
Alps (e.g. Burri et al., 2005; Berger et al., 2008).Most experimentalwork
in the literature has been undertaken for fluid absent conditions where
the limiting factor for melt production is the abundance of water-
bearing phases, e.g. muscovite, in the source rock (see discussion in
Clemens, 2006). This is in contrastwithwater-fluxedmelting,where the

Fig. 9. Variations of major element concentrations of whole rock samples expressed as oxide weight percent. See explanations in text. (b) Alkali-lime vs. SiO2 diagram after Frost et al.
(2001). Rocks of the PMC that show no signs of anatexis are not included. Filled triangle: amphibolite gneiss (possibly andesitic protolith); filled diamonds: calc-alkaline diorites;
filled circles: Bt–psammites and Bt–pelites; crosses: calc-alkaline granodiorites; open diamonds with crosses: diatexites; open triangles: pegmatitic leucogranite dykes; open
diamonds: Hbl–Kfs leucosome; open circles: leucogranites. The arrow in (d) indicates plagioclase accumulation. N=87.
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availability of free water is the main limiting factor and melting would
continue as long as water is brought into the system, for example via a
shear zone (e.g.Mogk, 1992;Genier et al., 2008). In theKarakoramShear
Zone these processes operate on a large scale, potentially giving rise to
magma volumes of batholith dimensions.

9.3. Age relations between leucogranites and the Muglib Batholith

Titanite and zircon grains from the two leucogranite samples dated
yielded slightly different ages: 16.4±1.4 Ma for titanite (sample
TNG148a; Fig. 13d), compared to 18.0±0.4 Ma for zircon (sample
TNG148b; Fig. 13e). Because the titanite is strongly enriched in common
Pb and hence less reliable, we consider the 18.0±0.4 Ma zircon age as
most closely reflecting the crystallization age of the Tangtse Pluton.
Despite the slight differences, the two results overlap within error.
However, ID-TIMS zircon age data of the Tangtse Pluton (the Muglib
dome of Phillips and Searle, 2007) yielded 15.1±0.6 Ma (Phillips and
Searle, 2007). Other age results for leucogranite intrusions in the
Tangtse area include 15.6±0.1 Ma for a sample within the Tangtse
Shear Zone (Phillips et al., 2004), 18.0±0.6 Ma for a Grt–Ms–Bt–
leucogranite sampled close to Tangtse (Searle et al., 1998), and between
16.6±0.2 Ma and 19.1±1.1 Ma from Ms–Bt–leucogranite samples
collected close to Darbuk (Ravikant et al., 2009). A similar Ar–Ar age
of 18 Mawas obtained for amphibole in anamphibolite sample from the
Tangtse area (Rolland et al., 2009). Late-stage pegmatite dykes from the
Tangtse Shear Zone yielded an even younger U–Pb zircon age of 13.7±
0.2 Ma (Phillips et al., 2004), but it is not clear whether these younger
intrusions result from in situ melting of the anatectic rocks exposed in
that area or whether they are intrusive rocks generated elsewhere. Due
to the general spread in ages,we conclude thatmagmatism in the region
lasted at least between 20 and 13.5 Ma and that the difference in ages
found for the Tangtse Pluton (18.0±0.4 Ma and 15.1±0.6 Ma)
indicates the duration of its growth.

The younger ages of leucogranites in the Karakoram Shear Zone
are comparable to samples from the Karakoram Batholith. A
leucogranite sample collected close to Satti in the Nubra Valley, NW

Fig. 10. (a) Rb contents correlate positively with K2O in leucogranites, interpreted as the result of K-feldspar accumulation. Sample TNG60d (Hbl–Kfs leucosome) with extremely
high K2O (10.1wt.%) and Rb (441 pm) concentrations is not shown (N=60). (b) Ba vs. Sr in leucogranites. High Ba and Sr concentrations indicate feldspar cumulates. The Hbl–Kfs
leucosome samples TNG60d (Ba=8280 ppm and Sr=1083 ppm) and AGH23a (Ba=4136 ppm and Sr=903 ppm) are not shown for scaling reasons. The curves represent model
calculations for fractionation and accumulation. Starting composition is leucosome TNG71b (Ba=565 ppm and Sr=448 ppm). Plus and minus symbols represent modelled
compositions of residual liquids after Raleigh fractionation of K-feldspar and plagioclase, respectively, in 5% increments (5%, 10%, 15%... fractionated minerals). Open and filled
squares represent modelled compositions of cumulates after Raleigh fractionation of K-feldspar and plagioclase, respectively, for different degrees of accumulation F=0.1...0.8.
Partition coefficients (Kd) after Arth (1976). Calculation after Rollinson (1993). See Fig. 9 for symbols. N=59.

Fig. 11. Tera-Wasserburg concordia diagrams for sample TNG62a and sample TNG131a
(Zrn). Inserts are histograms of relative age probability vs. number of spots in U–Pb
SHRIMP analysis. Error ellipses are 68.3% confidence. (a) Zircons from the melanosome
of a Hbl–Bt–granodiorite (sample TNG62a). (b) Zircons from a Bt–granodiorite (sample
TNG131a).
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of the Pangong Metamorphic Complex, yielded a zircon SHRIMP
crystallization age of 15.0±0.4 Ma (Weinberg et al., 2000), similar to
a mylonitic leucogranite also from Satti (ID-TIMS zircon age 15.9±
0.1 Ma; Phillips et al., 2004). A late-stage leucogranite dyke from this
batholith collected further NW along strike of the Nubra Valley
yielded ID-TIMS zircon age of 13.7±0.3 Ma (Phillips et al., 2004).

The crystallization ages of the calk-alkaline Muglib Batholith
obtained here, at 71.4±0.6 Ma (sample TNG62a) and 70.5±0.6 Ma
(sample TNG131a), overlap with a Rb–Sr age of 72±8 Ma (Ravikant,
2006) for a Hbl–Bt–granodiorite sample close to Muglib village, while
Ravikant (2006) obtained a Rb–Sr age of 118 ± 15Ma for a migmatitic
granodiorite in the Tangtse gorge. A U–Pb SHRIMP zircon age of 68±
1 Mawasdetermined for the calk-alkalineTirit granite at the confluence
of the Shyok and Nubra Rivers byWeinberg et al. (2000). This suggests
that a series of calc-alkaline bodies, possibly forming a continuous
batholith that runs fromMuglib along the PangongRange and at the feet
of the Saltoro Range in theNubra Valleywere emplacedbetween67 and
72 Ma, possibly extending back to c. 120 Ma.

Titanite analyses of the Bt–granodiorite at the base of the Tangtse
Pluton (Fig. 7b; sample TNG131a) yielded two age populations
(Fig. 13c). The older group, 60–65 Ma, may represent early meta-
morphism in the Muglib Batholith, related to the heat from intrusion
of late phases of calc-alkaline magmatism or, to slow cooling through
the blocking temperature of titanite. The fact that the younger age
range of ∼11 to 21 Ma overlaps with the crystallization ages of the
anatectic leucogranites of the Tangtse Pluton supports our interpre-
tation that magma derived from anatexis of the Muglib Batholith
contributed to form the Miocene leucogranite intrusions in the area.

This interpretation is further supported by the presence of 63.0±
0.8 Ma zircon cores in Miocene leucogranites from Tangtse (Searle et
al., 1998). In the same study, a migmatitic orthogneiss, probably
related to the Muglib Batholith, showed two age groups. The older
group with a mean weighted U–Pb age of 106.3±2.3 Ma was
interpreted as the crystallization age of the orthogneiss, and the
younger group with ages ranging between 22 and 15 Ma as the result
of metamorphic growth during migmatization (Searle et al., 1998).

9.4. Origin of the Muglib Batholith

Considering the temporal and compositional similarities between
the Tirit granite and the Muglib Batholith, and the extent of our
mapping in the region (Fig. 1), we suggest that a Cretaceous calc-
alkaline body crops out semi-continuously for at least 85 km along the
Karakoram Shear Zone: from SE of Muglib and northwestwards along
the Pangong Range to the Nubra-Shyok confluence where it links with
the Tirit granite along the northeastern side of the Saltoro Range
(Weinberg et al., 2000). These magmatic rocks are also temporally,
chemically and isotopically similar to the Ladakh Batholith which
crops out immediately south of the Karakoram Shear Zone (Weinberg
and Dunlap, 2000; Upadhyay et al., 2008; Ravikant et al., 2009).

The Ladakh Batholith resulted from subduction-related calc-
alkaline magmatism which ceased as a result of the collision with
India ca. 50 Ma (Schärer et al., 1984; Weinberg and Dunlap, 2000;
Upadhyay et al., 2008). Crystallization ages range between 49 Ma
and 103 Ma, broadly coincident with those determined for the the
Muglib–Tirit bodies with ages centered around 70 Ma. Ravikant et al.

Fig. 12. (a) BSE image (left) andpost-analysis photograph (right) of titanite grains fromsample TNG148a. Note that the zircon inclusionyielded anolder age than that of the surrounding
titanite (see also Table 4). (b) BSE image (left) and post-analysis photograph (right) of a titanite grain from sample TNG131a. Ages are indicated for each analyzed spot (see also Table 3).
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Fig. 13. (a) Concordia constrained linear 3-D isochron for sample TNG131a (Ttn). (b) Concordia diagram for samples TNG148a (Ttn) and TNG148b (Zrn) plotted together.
(c) Histogram of titanite analyses of sample TNG131a. (d and e) Histogram of titanite and zircon analyses of samples TNG148a and TNG148b, respectively.

Fig. 14. 87Sr/86Sri vs. εNdi diagram calculated at 18 Ma. Curves are calculated mixing lines between end-member isotopic compositions of calc-alkaline granitoids and meta-sedimentary
rocks. The grey fields mark the range of isotopic compositions for leucogranites (field I) and source rocks (field II and III).
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(2009) concluded that the Ladakh Batholith formed in twomagmatic
stages, one between 83 and 103 Ma and the other between 50 and
67 Ma. The 67–72 Ma age of the Muglib Batholith and Tirit granite
(Weinberg et al., 2000; Ravikant 2006) thus represent the upper end
of the younger group. Calc-alkaline intrusions around 70 Ma are at
odds with the model of ‘flat subduction’ of Neotethyan lithosphere
that resulted in a cessation of magmatic activity at the South Tibetan
margin in the period between 60 and 70 Ma (Wen et al., 2008).
However, given the large distance to the study area in Ladakh, this

discrepancy might indicate diachronous changes along the subduc-
tion zone.

Both the Ladakh and Muglib Batholiths have an identical isotopic
signature indicative of mantle derivation with only minor crustal
influence, or derivation from crustal rocks that themselves have short
crustal pre-histories. Based on these similarities we suggest that the
calc-alkaline Muglib Batholith, including the Tirit granite, and the
Ladakh Batholith are effectively part of the same island arc, developed
south of the Asian margin.

Fig. 15. Magma transport out of the source region. (a) Leucogranite dyke network in calc-silicate rocks the Darbuk–Shyok gorge. The dykes on this photo are up to ∼5 m wide and
merge and split seamlessly. Person on lower left of photograph as scale (below and left of shadow). (b) Pangong Range looking NW, showing an elongated leucogranite body 600 m
thick (light band) that can also be seen in satellite images. Viewpoint is Pangong Range close to the Tangtse Pluton. The band can be followed into the Darbuk–Shyok gorge, where the
dyke network in (a) and Fig. 8 are exposed (closer to viewer). The leucogranite pluton on the left hand side is connected to the dyke network. The far ridge of the leucogranite band is
15 km along strike from viewpoint.
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9.5. Linking source to sink

9.5.1. Field relations
Inmigmatites of the Tangtse gorge region, layer-parallel leucosomes

in folds merge with axial planar leucosomes thus forming an
interconnectedmeltflownetwork anddemonstrating contemporaneity
of anatexis with folding and shearing (Weinberg and Mark 2008). The
network that arises allows for contemporaneous migration and mixing
of magmas from different sources as demonstrated by the features
documented at the base of the Tangtse Pluton (Fig. 7) and the Darbuk–
Shyok gorge (Fig. 8), and supported by the isotope systematics (Fig. 14).

Moving up from outcrop scale, an interconnected network of
leucogranite sheets, each several meters wide, is well developed in
interlayered amphibolites and calc-silicate rocks hundreds of meters
wide at the SW end of the Tangtse gorge and in the Darbuk–Shyok
gorge over 13 km along strike (Fig. 15a). A large-scale network is also
developed in the anatectic calk-alkaline and meta-sedimentary rocks,
but is much more irregular in terms of sheet orientations and widths
(see also the Pangong Injection Complex of Weinberg and Searle,
1998). We interpret these networks as large-scale magma pathways
through both anatectic and non-anatectic rocks.

This system of intrusive sheets is related to a number of kilometer-
sized leucogranite plutons in the Karakoram Shear Zone, such as the
Tangtse and Darbuk Plutons (Fig. 1b, 2) and the ∼600 mwide sheeted
body through the centre of the Pangong Range in Fig. 15b. The
anastomozing sheet network, plutons and sheeted bodies are together
interpreted as the magma transfer zone between the source and the
Karakoram Batholith that crops out to the NW of the Pangong Range
(Fig. 15b). This interpretation is supported by our mapping closer to
the Karakoram Batholith and by isotopic similarity from the source all
the way to the Karakoram Batholith. At Agham, further NW of the
Tangtse-Darbuk area and at the southern tip of the Karakoram
Batholith, leucogranite dykes partly retrogressed to greenschist facies,
intrude strongly deformed chlorite and muscovite schists as well as
gabbroic rocks of the Muglib Batholith. Leucogranites here have the
same isotopic composition as in the source area (sample AGH25a,
Table 5). Further NW, the exposed contact between the Karakoram
Batholith and its footwall in Rongdu is characterized by a network of
mylonitized leucogranite sheets. Thus, sheets of essentially similar
leucogranites can be followed from their source in the Pangong Range
to the Karakoram Batholith over 80 km along strike.

This link between the source zone and the batholith is further
supported by the presence of a kilometer-wide zone of Hbl-bearing
leucogranites, including partly disrupted decimetric to metric
enclaves of migmatitic Hbl–Cpx–diorite inside the Karakoram
Batholith near Rongdu. These Hbl-bearing leucogranites are similar
to those documented in the source region near Muglib, and the
migmatitic diorite enclaves are similar to the anatectic diorites of the
Muglib Batholith and are interpreted to represent blocks of the
migmatitic source. As seen above, the leucosomes in these dioritic
enclaves yielded a hybrid signature similar to the rest of the
Karakoram Batholith, rather than the pure signature of the Muglib
Batholith (sample AGH23a, Table 5).

Along the NE-side of the Nubra Valley, the Karakoram Batholith is
emplaced in greenschist facies meta-sedimentary rocks and meta-
volcanic rocks (e.gWeinberg et al. 2000; Phillips et al., 2004), and thus
exposes a higher structural crustal level than the deeply exhumed
upper amphibolite facies rocks of the PMC. Interestingly, the width of
the Karakoram Batholith, as partly interpreted from satellite images, is
similar to the width of the Pangong Range measured between the
Tangtse and the Pangong shear zones (Figs. 1, 2). If the Karakoram
Batholith intruded synkinematically (Mahéo et al., 2004) as has also
been demonstrated for the Tangtse Pluton and other leucogranites
along the Karakoram Fault (Lacassin et al., 2004; Rolland et al. 2009;
Weinberg et al., 2009), its measured displacement does not measure
the full displacement on the Karakoram Shear Zone.

The southernmost tip of theKarakoramBatholith currently crops out
∼40 km from the northernmost significant migmatite area in the
Darbuk–Shyok gorge (Fig. 1a, b). Given the dextral movement on the
shear zone, the KarakoramBatholith in Ladakhwould have been further
away from themigmatite area at the time of anatexis. The link between
the anatectic rocks exposed in the PMC and the Karakoram Batholith
demonstrated here does not necessarily imply that voluminous magma
from this particular source found its way to the now exposed batholith,
but rather suggests that the Karakoram Batholithwas fedmostly from a
source similar to the one exposed in the PMC.

9.5.2. Implications of the isotopic signatures
Initial 87Sr/86Sr and εNdi values of the leucogranites and leuco-

somes from the Pangong Range are intermediate between those of the
meta-sedimentary rocks of the Pangong Metamorphic Complex and
the Muglib Batholith, the likely magma sources. In the 87Sr/86Sri vs.
εNdi diagram (Fig. 14), these intermediate values lie in a field defined
by hyperbolic mixing curves between representative end-member
compositions. It is interesting to notice that leucosomes, interpreted
to be roughly in situ, also have mixed signatures (samples TNG71a,
TNG131g; Table 5). The only exception is a tonalitic leucosome sample
(sample TNG170, Table 5) from a metatexite migmatite in the central
part of the Tangtse gorge. It yields isotopic values similar to a patchy
melanosome in diorite (sample TNG169a) in the same outcrop and
also to other samples of the Muglib Batholith. These findings suggest
that in general, mixing occurred at an early stage in the migration
history of the magmas.

These hybrid leucogranites exposed close to the source have
similar values to those in intrusive sheets or plutons in the vicinity, as
well as to those of the Karakoram Batholith (samples AGH25a, NBR1b,
NBR2a and NBR3b in Table 5) supporting our field-based interpreta-
tion that the system is effectively connected from the source in the
Pangong Range to the Karakoram Batholith. This is further supported
by Hf isotope data, which suggest a similar origin for the leucogranites

Fig. 16. Comparison of averaged subsets of leucogranite samples to available data for
Baltoro granites. Samples are normalized to primitive mantle composition (Sun and
McDonough, 1989). Leucogranites with cumulate character (high Sr and Ba): N=9;
leucogranites from Nubra Valley: N=9; Baltoro leucogranites: N=5 (Searle et al.,
1992); Baltoro monzogranites: N=4 (Searle et al., 1992); Baltoro dark granites: N=5
(Debon et al., 1986; Mahéo et al., 2002).
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in the Karakoram Shear Zone and granitoids of similar ages of the
Karakoram Batholith (Ravikant et al., 2009). We therefore conclude
that magmas derived from the meta-sedimentary sequence and the
calc-alkalineMuglib Batholith mixed early in their migration, and that
this mixed magma gave rise to the Karakoram Batholith.

9.6. Similar leucogranite intrusions elsewhere in the Karakoram?

The Hunza Plutonic Unit and the Baltoro Batholith in Pakistan
mark the NW continuation of the Karakoram Batholith (Crawford
and Windley, 1990; Searle et al., 1992; Searle et al., 1998; Srimal,
1986). The Baltoro Batholith is mostly composed of Bt±Ms±Grt–
monzogranites and leucogranites that show mineralogical and
geochemical similarities to the leucogranites of the Karakoram
Shear Zone and the Karakoram Batholith (Searle et al., 1992), and are
only slightly older (U–Pb zircon age 21±0.5 Ma; Parrish and Tirrul,
1989). Trace element concentrations of our granites compare well to
those of the Baltoro granite (Fig. 16; Crawford and Windley, 1990;
Mahéo et al., 2009), suggesting a genetic link across the Pakistan–
India border and across the Karakoram Shear Zone. Comparison of
isotopic data in Fig. 14 further supports this link. Here we have
included isotope data for the Karakoram and Baltoro granites, and
granites of the Hunza Plutonic Unit from previous studies. Some of
the Baltoro and Hunza samples overlap with our data, but others
tend to show lower εNdi and some samples show higher 87Sr/86Sri
values.

The isotope data for the Hunza and Baltoro granitoids can be
explained using the same two source rocks inferred to have produced
the Karakoram Batholith, but require more input from the meta-
sedimentary sequence carrying the crustal signature. Whilst the
Karakoram Batholith requires 40–70 % input from magmas derived
from the meta-sedimentary rocks, the Hunza and Baltoro granitoids
require more than 70 %. Exceptions are samples from Karakoram
granites in Pakistan that show an even stronger crustal signature.
Schärer et al. (1990) proposed, based on zircon and monazite
inheritance and Pb, Sr and Nd isotopes that likely sources of these
granites are the meta-sedimentary rocks of the Karakoram Metamor-
phic Complex in that region.

Alternative sources for the origin of the isotopic signature of
granites in the Hunza and Baltoro areas have been suggested by
Mahéo et al. (2002) and Mahéo et al. (2009). These include melting of
metasomatized mantle in which melting was induced by astheno-
spheric upwelling after an inferred slab break-off of the subducted
Indian plate, at the time of magmatism in the Karakoram and South
Tibet. This component is indicated by the presence of lamprophyres
cropping out in the area and which would have provided the heat for
crustal melting or mixed with other magma sources to produce the
leucogranites (Mahéo et al., 2009). Further, Mahéo et al. (2009)
proposed partial melting of Cretaceous, calc-alkaline mafic to dioritic
lower crust to account for the Baltoro granitic magmatism.

Multiple alternatives may be and have been proposed for
interpreting essentially the same isotopic signatures. We argue that
field relations allow us to directly document the process of magma
generation and migration from the anatectic terrane exposed in the
Pangong Metamorphic Complex, comprising a Late Cretaceous island
arc batholith and its meta-sedimentary country rocks, to the Miocene
leucogranites of the Karakoram Batholith.

10. Conclusions

In the Karakoram Shear Zone, anatexis of Late Cretaceous calc-
alkaline granodiorites and diorites of the Muglib Batholith and of
meta-sedimentary rocks of the Pangong Metamorphic Complex took
place during deformation and as a result of water-fluxed melting.
Magmas from this heterogeneous source formed an extensive
network of channels, across a number of scales, which allowed for

extraction. The initial 87Sr/86Sr and εNd values of leucosomes,
leucogranite sheets, stocks and plutons in the Karakoram Shear
Zone are similar to those of the Karakoram Batholith and vary
between 0.7086 to 0.7121 and −7.1 to −3.6, respectively. This is a
hybrid signature between the two sources identified in the anatectic
zone. We conclude therefore that the Karakoram Batholith is a result
of melting of a heterogeneous source in the presence of a water-rich
fluid, and that the mixing of these different magmas took place
already within the source region.
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