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Origin of post collision plutonism is critical to understand the tectonothermal evolution of the over thickened
continental crust in collision zones. This has proven difficult to reconcile with the conventional whole rock geo-
chemical and field based studies alone. We report in-situ study of zircon U-Pb, Hf and O isotopes from five sam-
ples of the Baltoro Plutonic Unit (BPU) in south Karakoram. The plutonic unit is the western part of the southern
Asian margin of the India-Asia convergent zone. Baltoro granites and a biotite-rich enclave yielded similar and
overlapping U-Pb ages ranging from 26 to 15 Ma. Hafnium isotopic composition (¢Hf (0)) is very heterogeneous
ranging from —17.1 to + 4.4 while the oxygen isotopic composition of the granites is homogeneous with mean
580 ranging from 7.2 to 9.4%.. Based on U-Pb geochronology and Hf-O isotopic composition, the involvement of
two main sources is suggested (1) Cretaceous calc-alkaline Karakoram crust and (2) Karakoram gneisses. More-
over, possible involvement of metasomatized Asian lithospheric mantle is supported by elevated oxygen compo-
sition of granites and identical Hf composition of biotite-rich enclave to the mantle derived Baltoro lamprophyre.
However, direct contribution from juvenile pristine mantle is unlikely as no juvenile mantle type Hf and oxygen
values were obtained. This also precludes the involvement of southward juvenile arc related component of
Kohistan-Ladakh batholith. Our new U-Pb and Hf data are comparable to the Mesozoic Karakoram batholith,
Miocene two-mica leucogranites in the Pangong Range and magmatism from the Lhasa terrane in south Tibet,
suggesting a genetic link between the Karakoram and the rocks to the east. This magmatic event is best explained
by lower crust partial melting promoted by both thermal equilibration following crustal thickening and heat

advection by ultrapotassic magmas associated with the breakoff of the Indian continental margin.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Most of our present understanding about the generation of
peraluminous leucogranites in the collision belts of Himalaya-Tibet-
Karakoram comes from whole rock geochemical, isotopic, experimental
and field based studies (e.g., Deniel et al., 1987; Ferrara et al., 1991;
France-Lanord and Le Fort, 1988; Harris and Inger, 1992; Harris et al.,
1993; Harrison et al., 1999; Inger and Harris, 1993; Le Fort et al.,
1987a,b; Mahéo et al., 2002, 2009; Searle et al., 2010 and references
therein). Generation of peraluminous leucogranites is generally attrib-
uted to the partial melting of supracrustal pelitic sources (Clemens
and Wall, 1981; Stuckless, 1989; Todd and Shaw, 1985) through domi-
nant partial melting reactions, 1) vapor saturated muscovite dehydra-
tion melting around 620-650 °C (Thompson, 1982), 2) fluid absent
muscovite break down melting at 700-750 °C (Harris et al., 1995) and
3) fluid absent melting of biotite at >750 °C (Le Breton and Thompson,
1988). Based on melting experiments on the metapelites from the
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High Himalaya Crystalline (HHC) series, fluid-absent melting at around
750 °C and 6-8 kbar by breakdown of muscovite has been suggested to
produce the Himalayan leucogranites (Patifio Douce and Harris, 1998).
Melting of kyanite-bearing metapelites is also suggested (Goswami
et al., 2009). Moreover, high LREE and LILE concentrations and Rb/Sr
ratios (1.02-15.85) as well as strong depletion of HREE and HFSE, mea-
sured from the Himalayan leucogranites suggested that the Himalayan
leucogranites were produced by partial melting of metasedimentary
rocks through mica dehydration melting reactions. The structural
relation and bulk rock isotopic systematics for Rb, Sr, Nd and O
(e.g., Deniel et al., 1987; Ferrara et al., 1991; France-Lanord and Le
Fort, 1988) are consistent with a supracrustal origin. However, involve-
ment of igneous (i.e., granitic) protolith in the source region has also
been suggested (e.g., Ferrara et al., 1991; Pognante, 1992). Although
detailed studies have been performed on the partial melting of the un-
derthrusting Indian plate, very few studies were done on the partial
melting of the Asian plate following crustal thickening.

In this study we focus on the origin of the Baltoro Plutonic Unit
(BPU). This plutonic body outcrops in south Karakorum (Pakistan),
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the western prolongation of southern Tibet, and part of the southern
margin of the Asian plate (Fig. 1). The BPU is forming the southeastern
part of the larger Karakoram Axial Batholith (Fig. 1) and has been vari-
ously interpreted in the last two decades. Debon et al. (1986) suggest
that the Baltoro granite formation was related with both crustal and
mantle melting during Indian continental subduction. Later, based
on Pb, Sr and Nd isotopic composition as well as zircon and monazite in-
heritance, Schdrer et al. (1990) proposed a strong crustal input; that is,
more than 70% of the magmas derived from the meta-sedimentary
rocks of the Karakoram Metamorphic Complex (KMC). Lower initial
87Sr/86Sr ratio of Baltoro granites (0.71-0.72) compared to Himalayan
leucogranites (0.74-0.82) is attributed to the partial melting of
metapelites through vapor absent biotite dehydration melting around
850 °C at lower crustal depths (Bhalla et al., 1994; Crawford and
Windley, 1990; Rex et al., 1988; Searle et al., 1992, 2010). On the
other hand, partial melting of deep seated dioritic to granodiorite and
metabasalts (Cretaceous, calc-alkaline rocks) has been suggested
(Mahéo et al., 2002, 2009). Thus, multiple sources have been proposed
for the same rocks with similar whole rock isotopic signature. Similarly,
multiple sources have been proposed for the Karakoram Shear Zone
leucogranites (geochemically comparable to the Baltoro granites)
exposed along the Karakoram Fault, southeast of the Baltoro region
(Fig. 1; Pangong Range). These sources include the proximal Karakoram
and Ladakh batholiths (Reichardt et al., 2010; Weinberg et al., 2009),
subducted Indian crust (Leech, 2008), or a combination of the two
(Horton and Leech, 2013; Ravikant et al., 2009).

From these past studies, it is evident that the precise characteriza-
tion of magma source components and petrogenetic processes for the
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production of post collision granites is difficult to constrain by whole
rock geochemical and isotopic data. Such data provide averaged infor-
mation and are sensitive to post-crystallization, mineralogical and
chemical modification (e.g., Appleby et al., 2010; Hawkesworth and
Kemp, 2006; Kemp and Hawkesworth, 2003; Kemp et al., 2007).

The capability to explore the micro-scale in-situ U-Pb and Lu-Hf
isotopic records of zircons has revolutionized granite petrology, partic-
ularly with reference to the source region history and magma mixing
(e.g., Andersen and Griffin, 2004; Belousova et al., 2006; Boekhout
et al., 2013; Flowerdew et al., 2006; Goodge and Vervoort, 2006;
Griffin et al., 2002; Kemp et al., 2005, 2009a; Phillips et al., 2011;
Shaw and Flood, 2009; Zeh et al., 2007). However, the Hf isotopic
system alone sometimes is unable to constrain the involvement
of mantle magmas in granite petrogenesis (e.g., Hawkesworth and
Kemp, 2006; Kemp et al., 2007, 2008). The oxygen isotopic record
from zircon grains provides more robust constraints to investigate the
involvement of mantle-derived magmas (Valley et al., 2005) in granite
formation (Appleby, 2008; Appleby et al., 2010; Gagnevin et al., 2011;
Hawkesworth and Kemp, 2006; Kemp et al., 2006, 2007, 2009b; Miles
et al., 2014 and references therein). That is, U-Pb data can be used to
determine the emplacement age of granites and the relative compo-
nents of mantle and crustal sources can be constrained by O and Hf
isotope data.

To understand the petrogenesis of the post collision Baltoro granites,
we document the in-situ integrated isotopic record (U-Pb, Hf and
oxygen) of zircons. First, we describe the isotopic composition of the
Baltoro granites and then these values are correlated with the spatially
and temporally related lithotectonic units. Finally, based on U-Pb ages
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Fig. 1. South Karakoram geological map and sample location. MBT: Main Boundary Thrust, MKT: Main Karakoram Thrust, ITSZ: Indus Tsangpo Suture Zone, KF: Karakoram Fault, Ko:
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and isotope composition, we propose a post collision Miocene tec-
tonic configuration at the southern margin of the Asian plate. The
zircon U-Pb data suggest that the Baltoro Plutonic Unit is Miocene
in age (26-15 Ma) while Hf and O isotopic composition indicates
the involvement of multiple sources, and partial melting of infra and
supracrustal sources is induced by biotite and amphibole dehydration
melting with some input from metasomatised mantle. Additional heat
to melt the lower crust is provided by ultrapotassic magma intrusions.
The latter are related to the breaking off of Indian continental litho-
sphere beneath Karakoram.

2. Geology, field relations and previous interpretations

The Karakoram terrane is defined as Precambrian to Cambro-
Ordovician basement with a Paleozoic history suggesting its Gondwana
affinity (Gaetani, 1997). The Karakoram terrane is mostly located to the
west of, and separated from southern Tibet by the dextral Karakoram
Fault (Fig. 1). However, part of this terrane, namely the Karakoram
batholith, has been recognized east of the Karakoram fault (Srimal
et al.,, 1987; Fig. 1).

North Karakoram is mostly composed of Permian to Early Cretaceous
sedimentary rocks, representing deposition at a passive margin environ-
ment associated with the opening of the Tethys Ocean (Gaetani and
Garzanti, 1991). South Karakoram marks the active continental margin
of southern Asia (e.g., Coward et al., 1986; Debon et al., 1987; Le Fort
et al., 1983; Searle et al., 1987). Three major, successive thermotectonic
events have been recognized. First, calc-alkaline plutonic rocks intruded
during the Cretaceous, formed the Axial Batholith (Crawford and Searle,
1992; Debon and Khan, 1996; Debon et al.,, 1987) (Fig. 1). Similar rocks
have also been observed in the eastern part of the Karakoram batholith
that is east of the Karakoram Fault (Ravikant et al., 2009; Srimal et al.,
1987). This subduction is also responsible for the Mid-Cretaceous
opening of the Shyok back-arc basin separating the Karakoram margin
from the southern Kohistan arc (Rolland et al., 2000, 2002). Second,
northward subduction of the Shyok back-arc induced by the collision
of the south Karakoram with the Kohistan-Ladakh oceanic arc along
the Shyok Suture Zone during late Cretaceous formed the southern
margin of Eurasia (Petterson and Windley, 1992; Rolland et al., 2000;
Weinberg et al., 2000). This collision, followed by the collision between
the Kohistan-Ladakh arc and the Indian plate (at ~50 Ma; e.g., De
Sigoyer et al., 2000; Dewey et al., 1989; Green et al., 2008; Patriat
and Achache, 1984; Zhu et al.,, 2005) led to crustal shortening by
stacking. The crustal thickening resulted in the development of
medium-temperature, medium-pressure metamorphism (Fraser et al.,
2001; Lemennicier et al, 1996; Rolland et al., 2001; Searle et al.,
1989). The final tectonothermal event was post thickening resulting in
high-temperature-low-pressure metamorphism and partial melting
(Bertrand et al., 1988; Lemennicier et al., 1996; Mahéo et al., 2004;
Rolland et al., 2001; Searle et al., 1989, 2010). The latter has been asso-
ciated with the emplacement of late orogenic potassic magmas (Mahéo
et al., 2002, 2009). The main post-thickening magmatic unit is the
Baltoro Plutonic Unit (BPU, Fig. 1), which crops out for >300 km along
strike from the Snow Lake-Biafo glacier region to the Nubra-Pangong
Ranges in Ladakh (Fig. 1; Mahéo et al., 2009; Searle et al., 1989, 2010
and references therein). Based on U-Pb zircon ages, this batholith has
been emplaced between 26 and 13 Ma (e.g., Parrish and Tirrul, 1989;
Schdrer et al., 1990; Searle et al., 2010).

2.1. Baltoro Plutonic Unit

The geology, geochemistry and field relations of the Baltoro plutonic
unit are discussed in detail elsewhere (Bertrand and Debon, 1986;
Mahéo et al., 2009; Searle et al., 1992, 2010 and references therein).
Here we summarize the major feature of the magmatic rocks of the unit.

The Baltoro granites are Miocene in age (26-13 Ma) and mainly con-
sist of two end member granitoids: 1) biotite-rich, less-differentiated,

water undersaturated, large ion lithophile element (LILE)-enriched
non-minimum melt biotite monzogranites and 2) leucogranites, which
are the fractionated product of monzogranites. The granites consist
of quartz-K-feldspar-plagioclase-biotite + muscovite 4+ garnet, with
accessory titanite, zircon, monazite and opaques.

Granites in the BPU are mildly peraluminous and calc-alkaline to
alkali-calcic. Leucogranites dominantly fall in ferron field while biotite
monzogranites show transition from magnesian to ferron with in-
creasing SiO, content (Fig. 2). Major element geochemistry of Baltoro
granites is comparable to the Neogene leucogranites in the Pangong
Range (Karakoram Shear Zone) and eastern part of Karakoram batho-
lith (i.e., Nubra Valley and Shyok suture zones; Reichardt et al., 2010)
and less evolved than the strongly peraluminous High Himalayan
Granites (HHG) (Fig. 2, for location see Fig. 1).

The concentrations of MgO, CaO and FeOr decrease from biotite
monzogranite to leucogranites, these coupled with high concentration
of SiO, indicate differentiation from more primitive type magmas
suggesting derivation from mafic protolith: 1) either by extensive
differentiation of mantle derived magmas or 2) by partial melting
of basalt-dioritic type sources (e.g., Mahéo et al., 2009). Higher concen-
tration of Ba and Sr, low Rb/Sr and K/Sr ratios (0.1-3.9 and 80.3, respec-
tively) coupled with SiO, enrichment has been attributed to the partial
melting of plagioclase bearing sources in the presence of residual
amphibole (Mahéo et al., 2009; Petford and Atherton, 1996). Based
on the REE pattern (low HREE and higher LREE) and Y concentration,
the presence of garnet in the source region or sequestering of garnet
from the melt by fractional crystallization has been suggested (Mahéo
et al., 2009).

Neogene partial melting of previously metasomatised mantle is evi-
dent by whole rock isotopic and geochemical signatures of lamprophyres
(22, 24 Ma) in south Karakoram and the Baltoro region (Mahéo et al.,
2002, 2009). The generation of lamprophyres (32 Ma and 22-24 Ma)
both older and younger than the Baltoro granites (Rex et al., 1988;
Searle et al., 2010) has been explained by slab break-off of the Indian
continental lithosphere facilitating asthenospheric mantle upwelling
resulting in melting of the previously metasomatised Asian lithospheric
mantle (Mahéo et al., 2002, 2009; Rolland et al., 2001). Hemasil syenite
(9 Ma), which is one of rock assemblages in the domal structure in
the south Karakoram (Fig. 1), has been interpreted as generated by par-
tial melting of depleted mantle in a late-stage metasomatic event that
resulted from upwelling and adiabatic decompression of depleted man-
tle (Mahéo et al., 2009). Also, the low abundance of tourmaline, high
crystallization temperature and the batholithic size of the assemblage
suggests that in contrast to the High Himalayan granites (HHG), Baltoro
granites are produced by melting of lower crustal sources and involve-
ment of mantle magmas is likely in providing the additional heat
(Mahéo et al., 2009).

3. Sample descriptions

In the present work, we study the samples collected by F. Debon
in 1984 from the Baltoro plutonic unit. The Karakoram igneous-
metamorphic terrane is highly glaciated with a cluster of several of the
tallest peaks (>7000 m) in the world. Four granite samples and one
dark biotite rich granodioritic enclave within the biotite monzogranite
was selected to study the zircon isotopic record. The samples were col-
lected traversing west to east along Braldu River-Baltoro glacier from
Dumordul-Braldu confluence (35°41’N, 75°58'E) in the west to Biange
glaciar in the east (35°45 N, 76°22'E) (Fig. 1). Two samples (BD50 &
BD94) have been collected directly from outcrops whereas three
samples (BD35, 39 & 80) come from moraine deposits related to
the Baltoro Glacier (Fig. 1). In the following, field relationships, petrog-
raphy and zircon morphology of the samples is briefly described.
The cathodoluminescence (CL) images of all the analyzed zircons with
labeled isotopic data can be found in data repository (DR — Fig. 1).
Selected grains with labeled isotopic data are shown in (Fig. 3).
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Fig. 2. Geochemical characteristics of the Baltoro granites. (a, b, c) Geochemical classifica-
tion of granites (Frost et al., 2001; Maniar and Piccoli, 1989); open circles: Baltoro
monzogranite, open diamonds: Baltoro leucogranite (Debon et al., 1986; Mahéo et al.,
2009; Searle et al., 1992), solid circles: Karakoram batholith leucogranite (Reichardt
et al., 2010), plus symbol: Pangong Range leucogranites (Reichardt et al., 2010), gray
field: High Himalayan granites (Guo and Wilson, 2012; Searle et al., 1997; Singh, 2013;
Visona and Lombardo, 2002). Gray-filled diamonds and circles are the samples studied
in the present work.

3.1. Biotite monzogranite (BD39 & BD80)

BD80 and BD39 are the biotite rich monzogranites (referred to as
monzonites by Searle et al., 2010 and references therein) collected
from the Dumordul-Braldu confluence approximately 6 km north-
west of Bardumal village and northern flank of Braldu River, 4 km

east of Paiu village at 35°41'N, 76°08.2E, respectively (Fig. 1). Pla-
gioclase, quartz, biotite, titanite and magnetite are the major min-
erals. The granites are enriched in accessory phases like zircon,
apatite and monazite which are dominantly included within the bi-
otite. Geochemically, sample BD80 is magnesian, alkali-calcic and at
the line differentiating the metaluminous from the peraluminous
granites while sample BD39 is relatively silica enriched, magnesian,
calc-alkaline and peraluminous (Fig. 2a-c). CL images show that the
zircons are generally magmatic and inclusion free, showing strong
oscillatory zoning from rim to core. In one sample sector zoning is
also observed (Fig. 3). Rims are generally darker while the cores
are brighter. Inherited cores have diffused primary zoning or no zon-
ing at all. Recrystallization of the partially melted core is evident by
dissolution structures like corrosion and embayed surfaces. The
length of zircon crystals ranges from 200 to 400 pum. The zircons
are larger with aspect ratio of 1:3.

3.2. Garnet-two mica leucogranites (BD50 and BD35)

Two samples BD50 (low MgO) and BD35 (high MgO) are more differ-
entiated garnet-two mica leucogranites and were collected 2 km east of
Liliwa village at 35°42.75'N, 76°15’E and on the southern flank of Braldu
River, 2.75 km southeast of Paiu village at 35°39.25’N, 76°07.50'E, re-
spectively (Fig. 1). Both samples are higher in SiO, (>70%), magnesian
(BD35) to ferron (BD50), calc-alkaline and peraluminous (Fig. 2a-c).
The leucogranite samples are enriched in accessory phases like zircon,
apatite and monazite.

Zircons are inclusion free, showing strong oscillatory zoning from
rim to core (Fig. 3). Some zircons show more than two or three
growth domains and a clear core to rim distinction can be observed.
The relatively bright rounded, homogeneous cores with no zoning
are referred here as metamorphic cores. Some cores are corroded,
and dissolution-recrystallization structures are conspicuous. The
length of zircon crystals ranges from 200 to 300 pm with aspect ra-
tiosof 1:3 & 1:2.

3.3. Biotite-rich enclave (BD94)

BD94 is a dark, biotite-rich enclave in the monzogranite, col-
lected from the south of Biange glacier at 35°46’N, 76°24’E. The
sample has abundant biotite and green amphibole, plagioclase, quartz
and K-feldspar. Based on its mineralogy, this sample is interpreted as a
high potassium magmatic rock that could be a plutonic equivalent of
lamprophyres. Such high potassium, biotite-amphibole enriched en-
claves have also been reported from the Variscan collision belt and sim-
ilar to the BD94 are found in the monzogranites/monzonites in Méragy
Hills and Tisia terrane (South Hungary). These lamprophyre-derived en-
claves are named as the melamonzonite, amphibole biotite melasyenite,
rarely amphibole meladiorite or redwitzite (Buda and Dobosi, 2004;
Le Maitre et al., 1989 and references therein).

Zircons are fine grained showing perfect magmatic oscillatory
zoning with occasional inherited rounded cores. Zircons show variable
structures from being more elongated with 1:3 aspect ratio to almost
rounded with strong oscillatory zoning, sector zoning and mineral in-
clusions can also be observed. The length of zircon crystals ranges
from 100 to 250 um with aspect ratios of 1:2 and 1:3 (Fig. 3).

4. Results

The zircon U-Pb and Hf isotopic measurements were performed by
LA-MC-ICP-MS at the LaserChron laboratory, University of Arizona.
The followed analytical methods for U-Pb and Hf isotopic measure-
ments are fully described in Gehrels et al. (2008) and Cecil et al.
(2011), respectively. The oxygen isotope measurements were carried
out at WiscSIMS facility, University of Wisconsin using CAMECA IMS-
1280 SIMS, following the method described by Kita et al. (2009) and


image of Fig.�2

M.A. Mahar et al. / Lithos 205 (2014) 341-358 345

Valley and Kita (2009). Details of the methods are given in Appendix A
in the supplementary material.

The U-Pb and Hf data are listed in supplementary data Tables T1 and
T2, respectively. Summarized oxygen data are listed in Table T3 while
Table T4 shows the oxygen data along with standards and analytical pa-
rameters. The mean 6'20 and weighted mean (WM) epsilon Hf values
shown in the tables and figures are at 20. Summary of the isotopic
data (along with number of samples analyzed), presenting the WM
ages, inherited age range, mean oxygen and WM Hf isotopic record for
individual sample is made available in Table. 1. Note that uncertainties
given in the supplementary U-Pb data (Table T1) are reported at
the 1-sigma level, and include only measurement errors. Systematic
errors are as follows (at 2-sigma level): 1.2% (?°°Pb/?38U) & 0.8%
(206Pb/207[’b).

4.1. U-Pb geochronological data

4.1.1. Overgrowth ages

All the zircon overgrowths show low U/Th ratios indicative of a mag-
matic origin and their U-Pb isotopic ratios plot on the concordia line
(Fig. 4). Both leucogranite samples, BD50 and BD35 yielded identical
WM ages of 21.6 4+ 0.5 Ma (n = 7, MSWD = 0.63) and 21.6 4+ 0.3 Ma
(n = 8, MSWD = 0.78), respectively (Fig. 4a & b). However, low Mg
leucogranite shows a slightly younger population with a WM age of
18.2 + 0.4 Ma (n = 10, MSWD = 0.45) (Fig. 4a). One spot from high
Mg leucogranite (BD35-22) also yielded an age of 18.3 4 0.8 Ma, iden-
tical to the younger population of BD50 leucogranite. BD35-24 spot
yielded the youngest age of 15 + 0.6 Ma in this study. One rim analyses
(BD35-33) gave a concordant age of 76 4 3.4 Ma. The zircons from
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two biotite monzogranite samples, BD39 and BD80 yielded identical
WM ages of 22.5 4+ 0.3 Ma (n = 8, MSWD = 0.64) and 22.5 4+ 0.4 Ma
(n = 8, MSWD = 0.41), respectively (Fig. 4c & d). Two magmatic
zircons from BD80 with strong oscillatory zoning yielded a WM age of
97.2 + 2.4 Ma (n = 5, MSWD = 0.3). A coherent group of ages from
the biotite rich enclave placed a WM age of 17.7 + 0.14 Ma (n = 27,
MSWD = 0.58) (Fig. 4e). This coincides with the younger population
from leucogranite sample BD50.

4.1.2. Inherited ages

Inherited ages from the studied zircons are shown as the concordia
plots in (Fig. 5). Analyses on six inherited cores from leucogranite
BD50 presented highly variable 2°°Pb/2°Pb ages: three cores yielded
discordant ages ranging from 918 to 975 Ma. Two spots (BD50-31b
and BD50-26) show strong discordance while the other four show
almost <10% discordance. Three cores yielded older, discordant
206pp/207pp ages from 1966 to 2605 Ma (Fig. 5a). The uranium

Table 1

Summary of isotopic data.
Rock type LA-ICP-MS U-Pb (zircon) WM ages LA-ICP-MS WM ¢Hf (0) at 95% conf SIMS 6'8%0

(%0, VSMOW)

Low Mg leucogranite (BD50) younger magmatic event 18.2 + 0.4 Ma (n = 10, MSWD = 0.45) —8.1 4 1.6 (n = 8, MSWD = 24) 9.4 4 1.0 (2SD)
Low Mg leucogranite (BD50) older magmatic event 21.6 + 0.5 Ma (n = 7, MSWD = 0.63) —87 4+ 14 (n =7, MSWD = 1.3) 8.4 4+ 1.4 (2SD)
Inheritance (BD50) 922-2605 Ma (n = 6) —58.6t0 —21.4 (n = 5) 8.1 + 3.2 (2SD)
High Mg leucogranite (BD35) magmatic zircons 21.6 + 0.3 Ma (n = 8, MSWD = 0.78) —4.0 4+ 09 (n = 11, MSWD = 0.67) 8.9 4+ 0.7 (2SD)
Inheritance (BD35) 775-2504 Ma (n = 5) —539to —22.5(n =5) 9.2 4+ 2.8 (2SD)
Monzogranite (BD80) younger magmatic event 22.5 + 04 Ma (n = 8, MSWD = 0.41) —7.6 £ 1.0 (n = 7, MSWD = 0.65) 7.8 4+ 0.4 (2SD)
Monzogranite (BD80) older magmatic zircons 97.2 + 2.4 Ma (n = 5, MSWD = 0.3) 09 4+ 1.0 (n = 6, MSWD = 1.13) 7.7 + 0.8 (2SD)
Monzogranite (BD39) magmatic zircons 22.5 + 0.3 Ma (n = 8, MSWD = 0.64) —45 4+ 09 (n =9, MSWD = 1.01) 8.5 4 1.6 (2SD)
Inheritance (BD39) 553-2476 Ma (n = 6) —56.6to —14.6 (n = 5) 6.9 + 1.8 (2SD)
Biotite-rich enclave (BD94) magmatic zircons 17.7 £ 0.2 Ma (n = 27, MSWD = 0.58) —104 4+ 1.3 (n = 12, MSWD = 1.6) NA

Inheritance (BD94) 963-3139 Ma (n = 5

=

—523t0 —248 (n = 3) NA
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Fig. 4. U-Pb concordia plots and weighted mean ages of the Baltoro granites, a) low Mg leucogranite (BD50), b) high Mg leucogranite (BD35), ¢) biotite monzogranite (BD39), d) biotite

monzogranite (BD80) and e) biotite-rich enclave (BD94) in monzogranite. Note that low

concentration of inherited cores is generally lower than in the Mio-
cene overgrowth, ranging from 242 to 835 ppm corresponding to a
lower U/Th ratio with a maximum of 10.6. Five inherited cores from
the leucogranite BD35 yielded variable 2°°Pb/2°’Pb ages from 775
to 2504 Ma (Fig. 5b). Inherited cores are at less than 10% discor-
dance except one strongly discordant core BD35-26 (1229 Ma).
Six inherited cores from the monzogranite sample BD39 yielded
ages of 553 to 2476 Ma (Fig. 5¢). Two inherited cores are at less
than 10% discordant, one is at <20% discordant while one sample

Mg leucogranite also recorded a slightly younger age population at 18 Ma.

(BD39-14) yielded age of 1026 + 23 Ma with reverse discordance
(103%). Biotite-rich enclave (BD94) rendered five inherited ages
ranging from 963 to 3139 Ma. Three inherited cores yielded 2°°Pb/
207pp ages from 2473 Ma to 2486 Ma, one zircon yielded a younger
age of 963 Ma while a euhedral zircon with oscillatory zoning
yielded an age of 3139 £ 21 Ma (this is the oldest age among
all the samples analyzed through this study) (Fig. 5d). All the cores
are at less than 10% discordance. One analysis BD94-25 yielded an
age of 78 4+ 5 Ma.
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enclave (BD94).

4.2. Zircon Hf isotope data

4.2.1. Hf composition of magmatic zircons

Given the younger ages of magmatic zircons (26-15 Ma) and very
little Hf in-growth (less than one epsilon unit), we report the present-
day Hf isotope composition in terms of eHf (0) for the Neogene granites
and biotite-rich enclave.

The weighted mean gHf values are presented at 95% confidence. Two
leucogranite samples, BD50 and BD35 with indistinguishable WM
age of 21.6 Ma yielded WM ¢Hf (0) value of —8.1 + 1.6 (MSWD
=24,n=28)and —4.0 £ 0.9 (n =11, MSWD = 0.67), respectively
(Fig. 6a & b). The total range of Hf composition is —10.7 to — 6.8
(BD50) and — 6.1 to — 2.4 (BD35). The younger population of zir-
cons from BD50 with a WM age of 18.2 + 0.4 Ma yielded a WM
eHf (0) value of —8.1 + 1.6 (MSWD = 2.4, n = 8) ranging from
—10.9 to —4.9. Three analyses from high Mg leucogranite, BD35
presented more radiogenic composition with ¢Hf (0) = +1.7 to
+4.4 (BD35-23, 24 and BD35-36). BD35-24 is a homogeneous
bright core showing evidence of dissolution while BD35-23 is
the 15 Ma overgrowth surrounding the BD35-24 core, and is
slightly more radiogenic than this core. BD35-36 is a thick homo-
geneous magmatic core, with strong oscillatory zoning and shows
the highest radiogenic value of ¢Hf (0) = +4.4. Two samples
(BD50-31a and BD35-29) yielded extreme non-radiogenic eHf
(0) value of —17.1 and —21.6 respectively and are not included
in WM calculations.

Two biotite monzogranite samples, BD39 and BD80 with indistin-
guishable WM age of 22.5 Ma yielded WM ¢Hf (0) of —4.5 £+ 0.9
(MSWD = 1.01,n=9)and —7.6 + 1.0 (n =7, MSWD = 0.65) respec-
tively (Fig. 6¢ & d). The BD39 Hf composition is almost identical to the
high Mg leucogranite (BD35) while BD80 rendered 3.1 e-units lower

than BD39 zircons of same age. Two spots on BD39 zircons show
extreme values from non-radiogenic (BD39-33, ¢Hf (0) =—15.6) to
higher (BD39-13, eHf (0) = 4+ 0.8) Hf composition.

Six analyses on older (99 to 72 Ma) magmatic zircons yielded
apresent-day WM eHf (0) = +0.9 4+ 1.0 (n =6, MSWD = 1.13)
(Fig. 6e). Four analyses on zircons with 2°6Pb/238U ages of
96-99 Ma yielded radiogenic composition ranging from — 0.4
to 4+2.5. One rim with a 2°6Pb/?38U age of 72 Ma around a 96
Ma core showed slightly lower composition of —0.7. Another
analysis in the same growth domain yielded the Hf composition
of +0.8.

The biotite rich enclave with the WM age of 17.7 ++ 0.14 Ma yielded
the most non-radiogenic Hf signature with WM eHf (0) = —104 + 1.3
(n = 12, MSWD = 1.6) (Fig. 6f). One analysis with extreme non-
radiogenic composition of eHf (0) = — 16 is not included in the calcula-
tion, although the other 12 analyses also show variable Hf composition
ranges from — 14.4 to —7.3. However, out of the twelve, 9 analyses vary
from —8.5to —11.3.

4.2.2. Hf composition of inherited zircons

The initial eHf (t) for five inherited cores from low Mg leucogranite
(BD50) with 2°°Pb/2%7Pb ages of 921 to 2605 Ma is variable ranging
from —24.3 to — 1.1. The projected present-day €Hf (0) is non-radiogenic
ranging from —58.6 to —21.4 (Fig. 7a). Note that the present-day Hf
isotopic composition of inherited cores is significantly higher than in
the Neogene magmatic zircons.

Inherited cores from high Mg leucogranite (BD35) of variable
206pp297ph ages (812-2505 Ma) show highly variable heteroge-
neous initial €Hf (t) from being highly radiogenic (sample BD35-3,
eHf (1597 Ma) = +10.6) to non-radiogenic (sample BD35-26, eHf
(1229 Ma) = —15). BD35-3 is a magmatic inherited core with strong
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Fig. 6. Present-day weighted mean zircon Hf isotopic composition of Baltoro Plutonic Unit. a) Low Mg leucogranite (BD50), b) high Mg leucogranite (BD35),

c) biotite monzogranite

(BD39), d and e) biotite monzogranite (BD80), f) biotite-rich enclave (BD94). Some highly non-radiogenic and less evolved analyses are excluded from the weighted mean calculations.

oscillatory zoning while BD35-26 is a rounded, core surrounded by an
oscillatory zoned rim. BD35-34, another homogeneous bright rounded
core with no zoning visible shows ¢Hf (2504 Ma) = + 2.5. The
present-day ¢Hf (0) for five inherited cores vary from —53.9 to
—22.5 (Fig. 7b).

Five inherited cores from BD39 with variable 2°°Pb/2°’Pb ages
(553-2476 Ma) yielded complex and variable initial eHf (t) composi-
tion from being non-radiogenic that is — 15.6 (BD39-12) to strongly
radiogenic with eHf (t) value of + 8.4 (BD39-30). The present-day Hf
composition varies from eHf (0) —27.5 to — 14.6 for the zircons with
206pp207ph age ranging from 553 to 1059 Ma and one very old inherited
core (2476 Ma) yielded €Hf (0) of —56.6 (Fig. 7c).

Two oldest inherited cores in biotite rich enclave (BD94-18, 17)
dated at 2484 and 2486 Ma yielded initial eHf (t) of +4.5 and + 3.0
respectively, while another inherited core (BD94-19) (963 Ma) show
mildly none-radiogenic composition of —3.9. The present-day €Hf (0)
for the oldest cores are —51.2 (BD94-18) and —52.3 (BD94-17).

Inherited core BD94-19 rendered present-day €Hf (0) of —24.8
(Fig. 7d).

4.3. Oxygen isotopic data

4.3.1. Oxygen isotopic composition of magmatic zircons

The oxygen isotopic composition of all Miocene zircons is homoge-
nous. The oxygen isotopic value (5'30) of both older (22 Ma) and youn-
ger (18 Ma) zircon populations from low Mg leucogranite (BD50) varies
from 7.3 to 9%.. However four analyses yielded higher values ranging
from 9.9-10.3%.. The oldest magmatic population (22 Ma) yielded a
mean §'80 = 8.4 + 1.4%. (n = 11, 20). While the youngest population
(18 Ma) rendered slightly higher mean 6'80 of 9.4 4+ 1.0% (n = 12)
(Fig. 8a). The high Mg leucogranite (BD35) oxygen isotopic composition
of magmatic zircons (21.6 £ 0.3 Ma) is homogeneous and varies from
8.3 to 9.5% with a mean of 6'80 = 8.9 & 0.7%. (Fig. 8b). These values
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enclave (BD94).

are similar and undistinguishable from the low Mg leucogranite zircons
(BD50).

The magmatic zircons (23 Ma) from two biotite monzogranites
BD39 and BD80 show slightly lower but similar oxygen composition to
the leucogranites. Their oxygen composition varies from 7.7 to 9.8%..
The mean $'%0 of BD 39 and BD80 is 8.5 + 1.6% and 7.8 + 0.4%., respec-
tively (Fig. 8c & d). Only one zircon BD39-3 yielded a lower value of
5.2%.. Two Cretaceous zircons (97 + 2.4 Ma) from the monzogranite
BD80 yielded the lowest mean oxygen composition of 7.7 4 0.7%o.
These values are however indistinguishable from the younger Miocene
zircon population.

4.3.2. Oxygen composition of inherited core

Oxygen isotopic composition of the inherited core is relatively more
variable. Inherited cores from the low Mg leucogranite (BD50) yielded a
mean §'80 of 8.1 + 3.2%., varying from 7.6 to 9.9%., only two cores
(BD50-5 and BD50-7) show lower juvenile values of 6.4 and 5.3%. re-
spectively (Fig. 8a).

Inherited cores from high Mg leucogranite sample (BD35) present
variable oxygen compositions ranging from 8.3 to 9.3%.. Higher 6'80
values of 10.7 and 11.3%. were obtained from two rounded bright
cores BD35-5 and BD35-26, respectively. Three cores BD35-3, BD35-17
and BD35-27 are juvenile in terms of their oxygen composition
(Fig. 8b). BD35-3 inherited core (1597 Ma) also shows higher eHf (t)
of 4+ 10.6 supporting its juvenile character.

Inherited cores from monzogranite BD39 present relatively homo-
geneous lower oxygen composition with mean 880 = 6.9 + 1.8%..
Six out of ten cores yielded 680 value ranging from 5.5 to 7.4%. and
two zircons rendered value of 8.1%.. Only one bright rounded homoge-
neous core (BD39-14) with no visible zoning present higher value of
9.9%. (Fig. 8c).

5. Discussion
5.1. Timing of magmatism in the Baltoro plutonic unit

5.1.1. Miocene magmatism

Our new U-Pb ages (26-15 Ma) largely corroborate earlier ages re-
ported for Baltoro granites (e.g., Parrish and Tirrul, 1989; Schdrer
et al., 1990; Searle et al., 2010). The two age populations suggest
two zircon crystallization episodes, one around 18 Ma and one at
21-23 Ma. The youngest ages (15-18 Ma) are only observed in
leucogranites as well as in the biotite-rich enclave. However, 21 to
23 Ma ages were observed in all granitic samples. The majority of the
younger zircon ages (<18 Ma) is from the rims around older magmatic
zircons (i.e., ~22 Ma population). All zircons show similar, low (U/Th)
ratio indicative of an igneous origin. Slightly higher 6'80 values in
the younger zircons from the low Mg leucogranite (BD50) indicate
interaction of the partial melt generated in the lower crust with a
metasedimentary source at shallow depths, possibly during the ascent
and final emplacement of the magma.

The biotite-rich enclave (BD94) within biotite monzogranite, pro-
vide U-Pb ages indistinguishable from the 18 Ma event recorded in
BD50. Few ~18 Ma zircons from BD50 yielded comparable Hf compo-
sition to the BD94. This suggests that the second crystallization event
recorded in the low Mg leucogranite (BD50) could be related to later
injection of a source similar to the biotite-rich enclave (BD94). Based
on its mineralogical features (biotite and amphibole rich), sample
BD94 is most probably related with mantle melt and could be a plu-
tonic equivalent of the lamprophyre emplaced at 22-24 Ma (Rex
et al., 1988).

This is supported by the similar whole rock Hf isotopic value of a
Baltoro lamprophyre (¢Hf (0) = —9.3; Mahéo et al., 2009) to the
BD94 zircon values. Lamprophyre was also emplaced at 24 Ma near
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VSMOW: Vienna Standard Mean Ocean Water.

Leh, intruding the Ladakh batholith (Ravikant, 2006). Intrusion of
22-24 Ma lamprophyre and analogous U-Pb ages (i.e., 22-23 Ma) of
Baltoro granites is consistent with the interpretation that the Baltoro
granite emplacement was contemporaneous with mantle melting.
Also the U-Pb zircon crystallization ages suggest that the onset of
melting associated with the Baltoro emplacement took place some-
time before crystallization of the oldest magmatic zircon at ~24 Ma
and that coincides with the intrusion of 22-24 Ma lamprophyre sug-
gesting that a melting event occurred around 24 Ma. The second zircon
crystallization event at ~18 Ma is related to a secondary magma injec-
tion that should have taken place sometime before 18 Ma and after
the crystallization of the first zircon population (21-23 Ma). Addition-
ally, this secondary injection may have originated from a magma stored
at depth and related with a melting episode significantly older than the
injection age. Consequently, two melting events are not required to
explain the two zircon crystallization episodes.

5.1.2. Early-Middle Cretaceous ages from Baltoro granites

In south Karakoram, Cretaceous magmatism (~85-130 Ma) has
been previously recognized in several studies (e.g., Fraser et al., 2001;
Heuberger et al.,, 2007; Le Fort et al., 1983; Searle et al., 1999). This mag-
matic event is related to the convergence between the Kohistan arc and
the south Karakoram active margin during the closure of the Shyok
back-arc resulting in the formation of the Shyok suture zone at
~75-80 Ma (see Searle et al., 1999 for review). The southwestern
Karakoram Cretaceous (121-104 Ma) rocks (granites, diorites and a

basalt sill) in the southern Chitral (next to the suture with the Kohistan)
yielded initial eHf (t) ranging from — 1.8, 4-3.4 to 4 10.9 while the older
zircons yielded the values of —4.8 to + 3.9 (Heuberger et al., 2007).
These Hf values were interpreted as continental arc magmatism with
a clear indication of Cretaceous subduction beneath the Karakoram ter-
rane. The variable initial Hf (t) values suggest varying melt composi-
tion between a crustal end member and a depleted (MORB-type)
mantle that is consistent with a continental margin setting (Heuberger
et al,, 2007).

Early Cretaceous zircons (97-72 Ma) in monzogranite BD80 yielded
the most radiogenic Hf composition of this study with ¢Hf (0) ranging
from — 0.7 to + 2.5. These values are indistinguishable from Karakoram
calc-alkaline (south Chitral) and Mesozoic Karakoram batholiths
(Pangong Range in east). Thus, age as well as Hf isotopic ratio suggests
that BD80 zircons could be entrained from the early Cretaceous calc-
alkaline basement beneath south Karakoram. This interpretation is
compatible with previous Nd and Sr isotopic as well as whole rock
chemistry characteristics of the Baltoro granites that suggest that this
latter derived from the melting of a subduction-related dioritic or
granodioritic crust (Mahéo et al., 2009). Similar granites (ASI or A/CNK
~0.9-1.1; Fig. 2¢), called peraluminous I-type granites (Chappell et al.,
2012; Clemens et al., 2011; Petford and Atherton, 1996), have been as-
sociated with dioritic or granodioritic source melting. Experimental
studies on various basic sources imply that the melting is controlled
by biotite or amphibole dehydration melting reactions (Beard and
Lofgren, 1991; Beard et al., 2005; Petford and Atherton, 1996; Rapp
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Fig. 9. Overall variations in (a) Hf (0) and (b) 6'%0. Frequency histograms based on all the
studied zircons.

and Watson, 1995; Sen and Dunn, 1994, Vielzeuf and Schmidt, 2001) at
a temperature of about 850-950 °C.

5.1.3. Zircon inheritance
Zircon inherited ages (n = 22) are variable, ranging through the en-
tire Proterozoic (553-3139 Ma). These ages are consistent with those
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Fig. 10. Plot of 5'80 versus eHf (t) values for magmatic and inherited zircons. Note that
except few inherited cores, none of the zircons showed mantle-like oxygen composition.
Fields of the south Karakoram Dassu Neogene migmatites and Proterozoic inherited core
are from Mahar et al. (submitted for publication). Mantle-like oxygen composition is from
Valley et al. (2005).
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Fig. 11. (a) Evolution of Hf isotopic composition with time and comparison with spatially
and temporally related lithotectonic units. (b) Represents the rectangle shown in
(a). Shaded regions: (1) Ladakh/Kohistan batholith (Bouilhol et al., 2011, 2013; Heuberger
etal,, 2007; Ravikant et al., 2009; Schaltegger et al., 2002), Gangdese batholith (Chiu et al.,,
2009; Chu et al., 2006; Wu et al., 2007), (2) Indian crust (Greater Himalayan Sequence
[GHS] (Richards et al., 2005), (3) juvenile component of Karakoram Shear Zone
leucogranites (KSZG) (Horton and Leech, 2013; Ravikant et al., 2009), (4) Karakoram Cre-
taceous calk-alkaline batholith (KCAB) (Heuberger et al., 2007), (5) Mesozoic Karakoram
Batholith (MKB in eastern Karakoram) (Ravikant et al., 2009), (6) Pangong Miocene gran-
ites (PMG) (Horton and Leech, 2013; Ravikant et al., 2009), (7) south Tibet, Lhasa terrane
(Chuetal,, 2006; Wu et al., 2007; Zhang et al., 2007), (8) Dassu and Baltoro lamprophyre/
syenite (Mahéo et al., 2009), (9) xenocrystic zircons from the ultapotassic volcanics in
south Tibet Lhasa terrane (Liu et al., 2014), (10) Dassu Neogene migmatites and Protero-
zoic inherited core (Mahar et al., submitted for publication).

reported from the Lhasa block in south Tibet (Chiu et al., 2009; Leier
et al., 2007). This supports the Gondwana affinity of the Karakoram ter-
rane, a westward continuation of south Tibet (Lhasa block).

Mixed oxygen composition (5.2 to 11.3%.) and variable present-day
Hf composition (—58.6 to —14.6) (Figs. 8-10) indicates that the
inherited cores of variable ages were sourced from different materials.
Some appear to be juvenile while others are crystallized from a melt
generated by melting of supracrustal rocks. However our data do not
constrain the exact sources for inherited zircons. These values are com-
parable with the Proterozoic gneisses and Neogene migmatites of
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Karakoram metamorphic complex in the Dassu area (data shown in
Figs. 10 & 11; Mahar et al., submitted for publication).

5.2. Hf and oxygen isotopic variations in the Baltoro granites

Fig. 9a & b shows the overall variation and spread of the Hf and
oxygen isotopic compositions, respectively. Baltoro Plutonic Unit
show heterogeneous Hf composition ranging from e¢Hf (0) = —17.1
to +4.4 (Fig. 9a). These values are significantly higher than the south
Karakoram migmatitic gneisses with indistinguishable oxygen compo-
sition of ~7 to 9.5%. (Fig. 10). Except few inherited cores, none of the zir-
cons fall in the mantle-like oxygen composition of 5.3 + 0.6%. (Valley
et al., 2005) (Figs. 9b & 10).

We plotted the observed Hf composition of the Baltoro zircons with
spatially related lithotectonic units (Fig. 11). The observed Hf isotopic
composition of granites is broadly similar to the previously reported
whole rock Hf isotopic data from these rocks (Mahéo et al., 2009). Our
new Hf data are comparable to the zircon Hf composition of the granites
from the Lhasa terrane in south Tibet (Chu et al., 2006; Wu et al., 2007;
Zhang et al., 2007). Recently, Liu et al. (2014) presented the U-Pb ages
and Hf isotopic composition of the xenocrystic zircons entrained in the
ultrapotassic volcanic rocks in southern Tibet. They identified three mag-
matic pulses at 90, 50 and 20 Ma. These subduction related (90 Ma), syn-
collisional (50 Ma) and post thickening (20 Ma) magmatic episodes co-
incides with the magmatic rocks in the south Karakoram (e.g., Mahéo
et al., 2009; Searle et al., 2010). The Hf composition of these xenocrystic
entrained zircons is heterogeneous and indistinguishable from the Mio-
cene Baltoro granites, Pangong Range leucogranites and Mesozoic
Karakoram batholith (Fig. 11b). This strengthens the interpretations em-
phasizing the genetic link between the Karakoram and south Tibet.

For comparison, Hf data from the juvenile Kohistan-Ladakh
Gangdese arc system are also shown (Fig. 11a & b). The Hf compositions
observed in the Baltoro granites are intermediate between the inherited
zircons observed from the migmatitic gneisses in the south Karakoram
(Mabhar et al., submitted for publication) and Cretaceous calc-alkaline
granodioritic lithologies of Karakoram terrane (Figs. 10 & 11b). There-
fore, mixing is inferred between Cretaceous calc-alkaline magmatic
rocks either with the old Karakoram crust and/or with the metamorphic
rocks in south Karakoram. If zircon €Hf (0) is plotted against 2°°Pb*/
207ph (Fig. 12), a more complex origin is evident. The observed Baltoro
isotopic characteristics are better explained if three sources are involved
(1) Cretaceous calc-alkaline Karakoram crust, (2) Karakoram gneisses,
and (3) a third source which mostly influences BD94 isotopic
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Fig. 12. Plot of zircon eHf (0) versus 2°°Pb*/2%7Pb (ratio) for the Baltoro samples, and south
Karakoram calc-alkaline rocks (Heuberger et al., 2007). Same symbols as in Fig. 11.

composition. As this latter has a mafic mineralogy (biotite, amphiboles)
with eHf values similar to the Karakoram lamprophyres (Mahéo et al.,
2009), it is suggested that the third source is the Asian lithospheric man-
tle. Involvement of mantle melts in the south Karakoram Miocene
magmatism is required by the presence of lamprophyre (Mahéo et al.,
2002; Searle et al., 1992). Based on Sr, Hf and Nd isotopic composition
of the lamprophyre, Mahéo et al. (2009) suggested that their mantle
source has been metasomatised by fluid released by the subduction of
Indian continental margin. However, our data do not allow us to evalu-
ate this hypothesis further.

The homogenous oxygen composition of Baltoro granites (~7 to
9.5%0) is 1-2.5%. heavier than the typical igneous zircons at high tem-
perature (~7%o, Valley, 2003). This may have resulted from interaction
with the metasomatised Asian mantle or mid-crustal migmatitic
gneisses at relatively lower temperature. Whole rock oxygen isotopic
composition of younger leucogranites from the Karakoram batholith is
1 to 2%. higher than our Neogene zircons, ranging from 9.5 to 10.7%o.
Oxygen composition of Cretaceous zircons (97-72 Ma) (7 to 8%.) are
comparable with the whole rock oxygen composition obtained from
the Cretaceous granodiorites of the Karakoram batholith that is
6.2 to 7.7%. (Srimal et al., 1987) (Figs. 9b & 10). These oxygen values
are consistent with the interpretation that the zircons crystallized
from a magma generated by melting of pre-existing igneous rocks
mixed with evolved sources at the lower-middle crust. No evidence
has been observed for direct contribution of pristine mantle derived
magmas as none of the zircons yielded mantle type oxygen composition
(5.3 + 0.6%., Valley et al., 2005) (Fig. 10).

Thus, our data are not consistent with the supra-crustal origin alone
for Baltoro granites that was proposed by Scharer et al. (1990) based on
zircon and monazite inheritance and whole rock isotopic data (Pb, Sr
and Nd). They proposed the meta-sedimentary rocks of Karakoram
Metamorphic Complex (KMC) were the dominant source for the Baltoro
granites. Instead, our data suggest more complex hybridization be-
tween infra and supracrustal components in the Baltoro Neogene
magmatism.

Proterozoic gneisses (1.8-1.9 Ga) and Neogene migmatites
(20-5.9 Ma) in the KMC have highly non-radiogenic Hf compositions
with eHf (0) ranging from — 50 to — 30 which is significantly lower
than the Baltoro granites (Mahar et al., submitted for publication;
Figs. 10 & 11b). Therefore, partial melting of Karakoram Proterozoic
gneisses present at the midcrustal depths alone would not be able to
produce the batholith sized Baltoro granites by simple mica dehydration
melting reactions. The mildly peraluminous alkali-calcic to calc-alkaline
composition, lack of tourmaline and higher temperature of granites is
not consistent with the extensive melting of metapelites at relatively
lower temperature. If similar rocks from the Karakoram Metamorphic
Complex would have been the only source for the Baltoro granites
then the Hf composition observed in the Baltoro region should have
more non-radiogenic compositions around — 20 to — 30. Nevertheless,
some lower values (<— 10) coupled with increased oxygen composition
(>7%.), indicates a contribution from relatively evolved sources; either
from the old non-radiogenic Karakoram crust (Ordovician-Precambri-
an) or the Karakoram metamorphic rocks farther south.

The contemporaneous mafic sample (BD94) presents relatively non-
radiogenic Hf composition (¢Hf (0) = — 10.4) similar to the Baltoro
lamprophyre (eHf (0) = —9.3, Mahéo et al., 2009). Such composi-
tion is very different from Cretaceous mafic rocks studied in south
Karakoram with generally positive eHf (0) (Heuberger et al., 2007
Ravikant et al., 2009; Schaltegger et al., 2002). This suggests either
that Neogene and Cretaceous mafic rocks derived from a different man-
tle source or that the mantle isotopic composition evolved through
time. Mahéo et al. (2009) and Ravikant et al. (2009) proposed that
the non-radiogenic values from Neogene south Karakoram magmatic
rocks derived from a contribution of the subducted Indian crust. This
latter could modify the south Karakoram mantle isotopic composition
through fluid transfer (Mahéo et al., 2009).
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5.3. Relationship of Baltoro granites with Pangong Range and western Tibet
magmatic rocks

Based on previous geochronological, geochemical and isotopic
data (mainly Sr and Nd and Hf) from Baltoro granites (Crawford and
Windley, 1990; Mahéo et al., 2002, 2009; Searle et al., 1992) and from
Pangong Range/Karakoram batholith (Boutonnet et al., 2012; Horton
and Leech, 2013; Ravikant et al., 2009; Reichardt et al., 2010; Searle and
Phillips, 2007; Searle et al., 1998), a genetic link has been proposed for
the Neogene magmatic activity in the Baltoro plutonic unit and its possi-
ble eastward continuity within the Karakoram fault zone (Karakoram
Shear Zone, KSZ) and in the Karakoram batholith; i.e. leucogranites ex-
posed in the Pangong Range and Nubra valley (Fig. 1). In the Karakoram
shear zone two groups of granitoids have been recognized (i) calc-
alkaline foliated granite and granodiorites emplaced between 55
and 74 Ma and (ii) leucogranites mostly emplaced around 17-19 Ma
with latest stage at about 14 Ma (see Boutonnet et al., 2012; Horton
and Leech, 2013 for review). The timing of emplacement and ¢Hf
(t) values (Fig. 11b), confirm the correlation between the Baltoro
and the Miocene rocks deformed in the Pangong Range. However,
Horton and Leech (2013) and Ravikant et al. (2009) also reported
juvenile, eHf (t) values (+1 to +9) from Karakoram Shear Zone
leucogranites, a significant contribution either from less evolved
Karakoram Cretaceous calc-alkaline and/or juvenile adjacent Ladakh
batholith. Using zircon Hf isotope compositions, the Baltoro granite
can be correlated with the Miocene Karakoram batholith (Fig. 1) that

is also connected with the Pangong Range (Reichardt et al., 2010). We
conclude that the Baltoro, Pangong Range and Miocene Karakoram
batholith belong to the same magmatic event related with partial
melting of pre-existing calc-alkaline, Cretaceous plutonic rocks of the
Karakoram terrane. Contamination by metamorphic rocks is also evi-
dent in all three areas (Ravikant et al., 2009; Reichardt et al.,, 2010). Far-
ther south, this Miocene plutonic zone is characterized by ultrapotassic
volcanic rocks (Fig. 1; Shiquanhe area) emplaced between 18 and 24 Ma
(Arnaud et al., 1992; Williams et al., 2004). These rocks belong to the
south Tibetan Miocene, potassic belt (Miller et al., 1999; Turner et al.,
1996). The Shiquanhe Miocene rocks are contemporaneous with the
emplacement of the Baltoro and associated lamprophyres and share
the same Sr and Nd isotopic composition to the magmatism in the
Baltoro region (Mahéo et al., 2009; Searle et al., 1992). This suggests
that both the Baltoro and Shiquanhe Miocene volcanics are emplaced
from a similar source and during the same magmatic event. This event
implies both melting of a crustal source and of metasomatised Asian
mantle (Mahéo et al., 2002, 2009; Williams et al., 2004).

The Baltoro, Pangong Range, Miocene Karakoram Batholith, and
Shiquanhe volcanic rocks belong to the same magmatic belt. The shape
of this belt and of the various outcrops (Fig. 1) suggests that this mag-
matic zone has been offset and stretched by Karakoram fault. Moreover,
as the Karakoram fault was active since 26 Ma (see Leloup et al., 2011
for discussion), this latter (Karakoram fault) may have localized melt as-
cent and intrusion of plutonic rocks, especially in the transpressional
Pangong Range.
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5.4. Karakoram-South Tibet Geodynamics

This new study confirms that a significant magmatic event took
place in south Karakoram between 18 and 23 Ma and that it can be as-
sociated with the Miocene south Tibet magmatism. Melting involved
both crustal and mantle sources as evident by contemporaneous
lamprophyre and associated rocks (such as BD94). Simple melting by
thermal re-equilibration following crustal thickening as modeled by
Thompson and Connolly (1995) cannot account for the mantle melt as
well as the short duration of the melting event. In South Tibet, such
bimodal magmatism was related either with mantle delamination
(Chung et al., 2005), continental subduction (Ding et al., 2003) or
detachment of the subducting Indian continental lithosphere (slab
break-off, Chemenda et al., 2000; Williams et al., 2004). As previously
discussed by Mahéo et al. (2009) mantle delamination, is incompatible
with the location of the melting, following a narrow belt stretching from
south Karakoram, Pangong Range to south Tibet, parallel with the
India-Asia suture zone (Fig. 1). Such geometry is better explained by a
slab-related process. Thus, following Mahéo et al. (2002, 2009), we pro-
pose that the Baltoro emplacement is related with the detachment
of the subducting Indian continental lithosphere (Fig. 13). In south
Karakoram and adjacent areas dating of ultrapotassic volcanic rocks
suggest that mantle melt took place between ~18 and 24 Ma. Such
short melting event is compatible with continental slab breakoff
thermo-mechanical modeling that suggests a mantle melting duration
of a few million years (Van de Zedde and Wortel, 2001). However,
crustal melt crystallization took place as late as ~14 Ma in the Baltoro
area (Searle et al., 2010) and ~9 Ma in the Pangong Range, Karakoram
shear zone (Horton and Leech, 2013). This may either be related to
late crystallization of an earlier melt during slow cooling or late melting
promoted either by post thickening thermal re-equilibration of the pre-
viously thickened Karakoram crust, shear heating or adiabatic decom-
pression along the Karakoram Fault.

In Fig. 13, we summarize the post collision plate configuration
at ~24 Ma. Key to this interpretation is that our Hf-O data indicate
that the melt source did not sample the juvenile Kohistan-Ladakh arc
component; i.e., during Miocene time Kohistan-type arc related litholo-
gies did not melt and this is evident by the absence of post ~35 Ma
magmatism in Kohistan-Ladakh arc. The southern part of the Kohistan
batholith is generally older than 95 Ma while younger ages up to
34 Ma were reported from the northern part of the batholith close to
Kohistan-Karakoram suture zone (Bard, 1983; Coward et al., 1982;
Heuberger et al., 2007; Jan and Howie, 1981; Schaltegger et al., 2002;
Treloar et al., 1989). These ages from Kohistan batholith suggest that
the youngest magmatic event lasted until Eocene (e.g., Heuberger
et al., 2007). This has implications to the location of the breaking of
Indian continental lithosphere and the angle of the subducting slab in
the Miocene. We suggest that around 24 Ma cold continental slab had
already passed beneath the Kohistan-Ladakh arc system with a signifi-
cant part of the slab beneath the Karakoram terrane. Thus, during a slab
breakoff event, heat advected by asthenospheric upwelling was not able
to melt the Kohistan arc lithosphere which had been obducted onto the
Indian continental margin. Instead, an asthenospheric window opened
beneath the Karakoram lithosphere basement inducing its melting.

6. Conclusion

* The combined U-Pb, Hf and oxygen data demonstrate that the Baltoro
granites were formed by partial melting of pre-existing igneous
sources, mixing with old Karakoram basement and/or mid-crustal
rocks of Karakoram metamorphic complex is likely. This is corrobo-
rated by previous interpretations emphasizing partial melting of
mafic Karakoram lower crust at 26-21 Ma (Mahéo et al., 2009).

The Early-Mid Cretaceous calc-alkaline basement in the Karakoram
terrane with similar and relatively more heterogeneous isotopic com-
position is the potential source. Mixing of such magma either with the

adjacent juvenile Kohistan-Ladakh batholith or pristine mantle de-
rived magmas is less likely because our oxygen and Hf isotopic
data do not show evidence of a juvenile component. Moreover, the
Hf compositions observed in Kohistan-Ladakh arc are significantly
more radiogenic (+ 6 to + 16) than the Baltoro granites. However,
contamination from metasomatised Asian mantle with modified
O-Hf composition is suggested.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.07.014.
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