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ABSTRACT: India–Asia collision resulted in crustal thickening and shortening, metamorphism
and partial melting along the 2200 km-long Himalayan range. In the core of the Greater Himalaya,
widespread in situ partial melting in sillimanite+K-feldspar gneisses resulted in formation of
migmatites and Ms+Bt+Grt+Tur�Crd�Sil leucogranites, mainly by muscovite dehydration
melting. Melting occurred at shallow depths (4–6 kbar; 15–20 km depth) in the middle crust, but not
in the lower crust. 87Sr/86Sr ratios of leucogranites are very high (0·74–0·79) and heterogeneous,
indicating a 100% crustal protolith. Melts were sourced from fertile muscovite-bearing pelites and
quartzo-feldspathic gneisses of the Neo-Proterozoic Haimanta–Cheka Formations. Melting was
induced through a combination of thermal relaxation due to crustal thickening and from high
internal heat production rates within the Proterozoic source rocks in the middle crust. Himalayan
granites have highly radiogenic Pb isotopes and extremely high uranium concentrations. Little or no
heat was derived either from the mantle or from shear heating along thrust faults. Mid-crustal
melting triggered southward ductile extrusion (channel flow) of a mid-crustal layer bounded by a
crustal-scale thrust fault and shear zone (Main Central Thrust; MCT) along the base, and a
low-angle ductile shear zone and normal fault (South Tibetan Detachment; STD) along the top.
Multi-system thermochronology (U–Pb, Sm–Nd, 40Ar–39Ar and fission track dating) show that
partial melting spanned ~24–15 Ma and triggered mid-crustal flow between the simultaneously active
shear zones of the MCT and STD. Granite melting was restricted in both time (Early Miocene) and
space (middle crust) along the entire length of the Himalaya. Melts were channelled up via hydraulic
fracturing into sheeted sill complexes from the underthrust Indian plate source beneath southern
Tibet, and intruded for up to 100 km parallel to the foliation in the host sillimanite gneisses.
Crystallisation of the leucogranites was immediately followed by rapid exhumation, cooling and
enhanced erosion during the Early–Middle Miocene.

KEY WORDS: Channel flow, crustal melting, granite emplacement, Himalaya, leucogranite,
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The collision of the Indian plate passive continental
margin with the southern active continental margin of Asia
(Karakoram in the west; Lhasa block in Tibet) is an ongoing
process that started in the Palaeocene. Final marine sedimen-
tation along the Indus–Yarlung Tsangpo suture zone was
Early Eocene (49–50·5 Ma) and crustal thickening and short-
ening by folding and thrusting propagated southward across
the north Indian plate margin (Searle et al. 1988, 1990, 1997;
Rowley 1996; Zhu et al. 2005). Since the collision, India has
continued to converge and penetrate north into Asia, resulting
in double normal thickness continental crust both along the
Indian plate margin (Himalaya) and along the south Asian
margin (Karakoram–Lhasa Block).

The Himalayan upper crust (Tethyan Himalaya) is com-
posed of folded and thrust Phanerozoic (Late Precambrian to
Eocene) sedimentary rocks bounded along the north by the
Indus–Tsangpo suture zone and along the south by the South
Tibetan detachment (STD), a low-angle, north-dipping normal
fault (Burg 1983; Hodges 2000; Cottle et al. 2007). South of this
the Greater Himalayan Sequence (GHS) is composed of re-
gional Barrovian facies metamorphic rocks, migmatites and
leucogranites, bounded along the south by a 2–4 km-thick zone

of inverted metamorphic isograds (from sillimanite–kyanite
down to biotite–chlorite) with a brittle thrust fault along the
base, the Main Central thrust (MCT) zone (Searle et al. 2008;
Figs. 1, 2). The Lesser Himalaya to the south is composed of
underthrust Indian plate rocks including Proterozoic basement
and thin Palaeozoic cover sedimentary rocks. The deeper,
unexposed lower crust beneath the Himalaya is thought to be
underthrust granulite facies Indian shield rocks (Searle et al.
2006; Jackson et al. 2008). Since the Moho steepens north-
wards from ca. 40 km depth beneath the Himalayan foreland
to ca. 80 km beneath southern Tibet (Schulte-Pelkum et al.
2005), or even 90 km beneath the Karakoram–west Tibet (Rai
et al. 2006), these Precambrian granulites may have undergone
a phase transition to eclogite facies rocks during the late
Tertiary–present day (Searle et al. 2006).

Deep seismic profiling, combined with broadband earth-
quake and magnetotelluric data across southern Tibet suggest
that a high-conductivity layer at 15–20 km-depth reflect partial
melting in the middle crust of southern Tibet today (Nelson
et al. 1996; Wei et al. 2001). ‘Bright spots’ of high electrical
conductivity probably reflect pockets of leucogranite magmas
forming today at similar P–T conditions and depth as the
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Miocene leucogranites along the Himalaya (Gaillard et al.
2004). Seismic reflectors bounding this mid-crustal zone of
partial melting can be traced to the ca. 20–16 Ma MCT and

STD shear zones along the Greater Himalaya (Hauck et al.
1998; Searle et al. 2006). Seismic tomographic studies suggest
that southern Tibet and the Himalaya are underlain by cold,

Figure 1 Geological map of the Himalaya showing U–(Th)–Pb ages along the orogen. See text and Godin et al.
(2006) for sources of data.

Figure 2 Cross-section across the Everest Himalaya, based on surface geological mapping combined with deep
crust seismic constraints from INDEPTH (Nelson et al. 1996).
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strong upper mantle attached to the underthrusting Indian
shield (Tilmann et al. 2003).

Following the India–Asia collision, crustal thickening and
shortening (by folding and thrusting) along the northern
margin of India resulted in increased pressure and tempera-
tures. Progressive metamorphism evolved with time and in
space from initial UHP coesite–eclogite-grade affecting only
the leading margin of the Indian plate, to regional kyanite- and
sillimanite-grade Barrovian metamorphism affecting most of
the GHS and North Himalayan domes. During the Early
Miocene increasing temperature and decreasing pressure re-
sulted in decompression melting within the upper part of the
middle crust of the Himalaya. One of the most spectacular
results of the Himalayan collision was the formation of crustal
melt leucogranites from a widespread migmatitic partial melt
zone in the middle crust. Many of the highest peaks of the
Greater Himalaya are composed of these anatectic granites
(e.g. Shivling, Bhagirathi, Thalay Sagar, Manaslu, Makalu,
Shisha Pangma, Kangchenjunga, the base of the Everest–
Nuptse–Lhotse massif, Chomolhari and Masang Kang).

Since the major shear zones, faults and fabrics across the
Himalaya dip to the north and many of the major river
drainage access routes run north–south, it is possible to map
out a three-dimensional view of the entire middle and upper
crust. Thus the Himalaya is a unique orogen where it is
possible to trace granitic melts from their mid-crustal source to
their present high structural level. This paper reviews the field
relationships, metamorphic history and chronology of meta-
morphism, melting and deformation along the Himalaya. The
protolith source of leucogranite melts is discussed, and the
partial melting process and melt reactions. These data are used
to propose a model for the generation and emplacement of
Himalayan leucogranites from source to high structural level,
and discuss the role of partial melting and leucogranite forma-
tion in the Channel Flow model (Beaumont et al. 2001; Grujic
et al. 2002; Searle et al. 2003, 2006; Searle & Szulc 2005; Jessup
et al. 2006; Law et al. 2006).

1. Review of metamorphic history of the Himalaya

The thermal history of the Himalaya involves four ‘stages’
during part of a 50 m.y. continuum: (1) eclogite metamor-
phism during initial crustal subduction of the leading edge of
India to UHP depths (27·5 kbar; >100 km depth; 720–770(C)
at 46·4 Ma (U–Pb, zircon, allanite; Parrish et al. 2006); (2)
crustal thickening resulted in peak kyanite grade metamor-
phism (550–680(C; 9–11 kbar) at ca. 37–30 Ma (U–Pb, mona-
zite and Sm–Nd garnet ages; Walker et al. 1999; Vance &
Harris 1999); followed by (3) widespread sillimanite grade
metamorphism (620–770(C; 4·5–7 kbar) accompanied by par-
tial melting and leucogranite formation at ca. 23–16 Ma
(Noble & Searle 1995; Walker et al. 1999; Simpson et al. 2000;
Viskupic & Hodges 2001). Burial and thickening, followed by
heating, decompression, partial melting and rapid exhumation
and cooling resulted in clockwise P–T–t paths (e.g. Hubbard
1989; Searle et al. 1999a, b; Hodges 2000; Walker et al. 2001;
Jamieson et al. 2004; Fig. 3). Himalayan eclogite metamor-
phism is only known so far for certain from Kaghan, North
Pakistan and Tso Morari, Ladakh, although it could have
occurred elsewhere along the leading margin of the Indian
plate and still remain unexposed. In North Pakistan the UHP
metamorphism and the medium P–T metamorphic events were
probably synchronous and juxtaposed by later thrusting
(Treloar et al. 2003). The kyanite and sillimanite grade meta-
morphic events are common along the entire length of the
GHS. A fourth Himalayan metamorphic event, characterised

by low-P high-T metamorphism, metasomatism and gener-
ation of cordierite-bearing leucogranites, has only been re-
corded in the NW Himalayan syntaxis at Nanga Parbat
(Whittington et al. 1998, 1999; Zeitler et al. 2001a, b; Crowley
et al. 2009) and the NE Himalayan syntaxis at Namche Barwa
(Booth et al. 2004).

Himalayan leucogranites were generated during the Early
Miocene along the entire 2200 km length of the Greater
Himalaya. Crustal melting occurred at relatively shallow
depths of ca. 15–20 km depth, and granites were generated
from a widespread partial melting migmatite zone in the
middle crust. Many Himalayan leucogranites remain more-or-
less in situ within the sillimanite–K-feldspar migmatite zone
and have been exposed only because of underthrusting of
successive thrust slices beneath, and subsequent hanging-wall
uplift and erosion. Where melt migration has occurred,
kilometre-scale, foliation-parallel sill complexes within the
upper part of the GHS have transported magma horizontally
or along very shallow north-dipping melt channels. No leuco-
granites cut up across the South Tibetan Detachment (e.g.
Murphy & Harrison 1999; Searle & Godin 2003). U–(Th)–Pb
ages of leucogranites have been used to constrain timing of
motion along the ductile shear zone and the STD low-angle
normal fault according to whether the leucogranites are pre-,
syn- or post-kinematic with relation to the ductile fabric and
brittle fault (e.g.: Searle et al. 1997, 2003, 2006).

In Nanga Parbat, Proterozoic granulite basement gneisses
were rehydrated to amphibolite before undergoing Oligocene–
Miocene metamorphism and at least four phases of melting.
The youngest of these was Pleistocene and associated with a
vigorous hydrothermal system (Zeitler et al. 2001a, b).
Cordierite–K-feldspar–quartz pods and veins (Butler et al.
1997; Whittington et al. 1998, 1999; Whittington & Treloar
2002; Crowley et al. 2009) intrude along vertical extensional
fractures in the core region of the Nanga Parbat massif.
Cordierite occurs as coronas around Al and Fe–Mg rich

Figure 3 Pressure–temperature diagram showing key equilibria and
P–T paths relevant to melting in the GHS. Filled circles are P–T
conditions determined for migmatites in the Khumbu Valley, Everest
region, from Searle et al. (2003). Bold arrowed curve is the P–T path
determined for the migmatitic core of the GHS in the Zanskar
Himalaya, from Searle et al. (1999a). Curves for significant metamor-
phic and melting reactions in muscovite- and biotite-bearing schists are
based on the calculated phase diagram for ‘average pelite’ in White
et al. (2001).
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material which are probably small restitic enclaves. The cor-
onas merge into coarse-grained cordierite in the presence of
melt. The development of cordierite-bearing corona assem-
blages should reflect the final interaction between melt and
solid at a time no earlier than that recorded by the crystallis-
ation age of accessory phases in the leucosome. P–T conditions
of cordierite coronas from the core of Nanga Parbat are
3·7–4·2 kbar at 700–720(C (Crowley et al. 2009). U–Th–Pb
ages from monazites and xenotimes in leucogranites give ages
as young as 0·76–0·71 Ma (Bowring et al. 2004; Crowley et al.
2005, 2009). Exhumation rates could be as high as 1·5–2 cm/yr,
and 13–15 km of overburden has been eroded from the summit
region of Nanga Parbat in less than one million years. In the
Eastern Himalayan syntaxis at Namche Barwa, U–Pb
SHRIMP zircon ages show the standard 25–18 Ma Himalayan
melt events, but also a younger period of 10–3 Ma in the core
of the massif (Booth et al. 2004), similar to the Nanga Parbat
syntaxis.

2. Field relationships of Himalayan granites

Himalayan leucogranites are almost entirely found within the
upper part of the Greater Himalayan mid-crustal slab, within
the sillimanite+K-feldspar migmatite zone, or intruded along
giant sill complexes beneath the STD. Similar field relation-
ships are seen along the entire length of the Himalaya from
Zanskar (e.g. Searle et al. 1999a; Walker et al. 1999; Dezes
et al. 1999) through Garhwal (e.g. Scaillet et al. 1990, 1995;
Searle et al. 1999b) to Nepal (e.g. Searle & Godin 2003),

Sikkim (e.g. Searle & Szulc 2005) and Bhutan (e.g. Grujic et al.
2002). Although early studies suggested that the Manaslu
leucogranite was an exception by intruding across the STD
into the overlying base of the Tethyan sediments (e.g. LeFort
1975, 1981; Guillot et al. 1995; Harrison et al. 1999), Searle &
Godin (2003) showed that the granite was emplaced into
high-grade metamorphic rocks beneath the STD, and does
not intrude across the STD. The metamorphism around the
Manaslu granite is clearly continuous with the regional GHS
metamorphism well away from the granite (Searle & Godin
2003), and not contact metamorphism around the granite
(Guillot et al. 1995).

In the Everest area almost all leucogranites are layer-parallel
sills of thicknesses varying from <1 m to 3–4 km (Searle 1999a,
b, 2003, 2007; Searle et al. 2003, 2006; Jessup et al. 2006, 2008;
Cottle et al. 2007, 2009). The sills can be traced in the field for
up to 40 km horizontally across strike, within the upper part of
the GHS from the upper Khumbu glacier in Nepal and along
the Rongbuk glacier in Tibet (Searle et al. 2003, 2006; Jessup
et al. 2006, 2008; Cottle et al. 2007, 2009). Massive horizontal
sill complexes make up the upper part of the GHS, with the
larger sills reaching 3–4 km thick. The massive granite sheet
exposed around the base of the Everest massif is continuous
west to Lingtren (Fig. 4a) Pumori, Gyachung Kang and Cho
Oyu, east to the granites surrounding the upper Kangshung
valley and the base of Makalu, and south to the balloon-
ing Nuptse granite (Searle 1999a, b, 2003, 2007; Jessup et al.
2006, 2008). At Rongbuk, early folded and later foliation-
parallel sills decrease in abundance up-section to the Lhotse

Figure 4 (a) South face of Lingtren (6749 m) showing a 3–4 km-thick sheeted sill complex of horizontally-
layered leucogranite with a massive sill at the top enclosing rafts of sillimanite gneiss. (b) Layered leucogranites
interlayered with GHS gneisses along footwall of the STD in the Rongbuk valley, north of Everest, south Tibet.
(c) North face of Ama Dablam (6828 m) showing leucogranite sheets or thick sills with horizontal dykes bent to
the north along the footwall of the STD. (d) Gyachung Kang (7922 m), west of Everest, showing the two
low-angle normal faults, the upper Qomolangma detachment and the lower Lhotse detachment.
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detachment (Fig. 4b), above which a prominent band of
calc-silicate truncates the rocks beneath. The brittle
Qomolangma detachment above the calc-silicate band and the
Everest series pelites then dips north beneath the Tibetan
plateau some 35–40 km north of Everest (Cottle et al. 2007).
Vertical dykes feed magma up from lower sills to higher sills.
The highest dykes have been bent around to the north along
the footwall of the Lhotse detachment (e.g. on the north
face of Ama Dablam; Fig. 4c). West of Mount Everest on
Gyachung Kang (Fig. 4d) there are clearly two low-
angle detachments, the first of which separates the
Cambro-Ordovician sedimentary rocks on the summits from
the Everest series greenschist–lower amphibolite facies meta-
pelites and calcschists (Qomolangma detachment) and the
second is the lower ductile Lhotse detachment which separates
the Everest series above from sillimanite gneisses with
abundant leucogranites beneath (Searle 1999a, b, 2003; Searle
et al. 2003, 2006; Jessup et al. 2006, 2008). At deeper structural
levels the melting zone, represented by the migmatites, shows
layered or stromatic migmatites with in situ melts sweating out
of quartzo-feldspathic or K-feldspar augen gneisses.

The Manaslu leucogranite in central Nepal is one of the
larger Himalayan granites, being ca. 5 km thick (Fig. 5a). The
upper margin of the granite is an abrupt fault-bounded contact
that corresponds to the Phu detachment, the upper brittle STD
normal fault (Searle and Godin 2003) that places Cambrian
sedimentary rocks directly above the granite (Fig. 5b). The
leucogranite contains rafts of the migmatitic gneiss from which
it was apparently derived (Fig. 5c). Tourmaline is a common
mafic phase within the Manaslu granite that also contains
abundant muscovite, some biotite and garnet (Fig. 5d). Com-
mon textures include tourmaline+quartz ‘ghosts’ that form
circular pods of metasomatic late mineral growth associated
with boron-rich fluids (Fig. 5e). The stromatic migmatites and
early leucogranite melts are cut by later dykes of leucogranite
fed by later melting episodes deeper in the crust (Fig. 5f).

Most Himalayan leucogranite bodies are made up of a
variety of two-mica�tourmaline�garnet leucogranite.
Cordierite is uncommon in most Himalayan leucogranites, but
it is widespread in the Makalu area, east of Everest, as well as
in the younger Pliocene–Recent Nanga Parbat migmatitic
leucosomes and very young leucogranite melts (Whittington
et al. 1998; Bowring et al. 2004; Crowley et al. 2005, 2009). On
Makalu the youngest intrusive phase is a 3 km-thick sill-like
body of cordierite granite (Fig. 6a, b) that is fed by a
10 m-wide vertical dyke that cuts across earlier fabrics and
older two mica tourmaline leucogranite sills (Fig. 6c). Cordier-
ite occurs as large pale green crystals that are interpreted as a
low-pressure (<5 kbar) peritectic phase formed as a product of
the biotite dehydration reaction (Fig. 6d). In the Makalu area
multiple dykes record at least six episodes of crustal melting in
batches (Fig. 6e, f).

3. Review of the U–Th–Pb ages of Himalayan
granites

The first attempts to date the crystallisation age of Himalayan
leucogranites utilised the 87Sr/86Sr method (e.g. Deniel et al.
1987). However, the highly variable 87Sr/86Sr ratios made
calculating ages by this method problematic. Most subsequent
age determinations have therefore relied on the U(–Th)–Pb
technique. This method is not without its problems however.
Because anatexis occurred under low-T conditions, and the
resulting melts are highly peraluminous, xenocrystic accessory
phases are common. Most have inherited zircon; some have

inherited monazite (Copeland et al. 1988); whilst inherited
xenotime, although rare, is known (Viskupic & Hodges 2001).
An additional problem is that monazite, the mineral of choice
when dating Himalayan leucogranites, is usually reversely
discordant in U–Pb space. This behaviour is interpreted to
reflect an initial U–Th disequilibrium caused by the incorpor-
ation of excess 230Th during crystallisation, leading to an
excess of 206Pb (Schärer 1984). The presence of excess 206Pb
results in the 206Pb/238U ages for monazite in this study being
older than the 207Pb/235U and 208Pb/232Th ages by as much as
50% (Cottle et al. 2009). U–Pb dates can be corrected for the
U–Th disequilibrium by estimating the degree of U–Th frac-
tionation between mineral and melt (Schärer 1984; Parrish
1990), but given that the Th–Pb system and the 207Pb/235U
ages are unaffected by this disequilibrium the 207Pb/235U or
208Pb/232Th dates are generally taken as the most reliable
estimates of the ages of the grains measured.

Most U(–Th)–Pb ages for the melts in the central Himalaya
(Fig. 1) are Early–Middle Miocene, ranging from 24–15 Ma
(Harrison et al. 1995; Hodges et al. 1996; Coleman 1998; Searle
et al. 1997, 1999a, b; Godin et al. 2001; Daniel et al. 2003;
Harris et al. 2004; Cottle et al. 2009) to 13–12 Ma (Edwards &
Harrison 1997; Wu et al. 1998; Zhang et al. 2004). However,
evidence for leucosome melt production during the Oligocene
(33–23 Ma) also exists (Coleman 1998; Thimm et al. 1999;
Godin et al. 2001). In the Everest transect the oldest record of
in situ partial melting occurs in the Namche orthogneiss at
w25–26 Ma (Viskupic & Hodges 2001). Immediately follow-
ing initial melting, a major phase of pre- to syn-kinematic melt
mobilisation occurred between w22 and 21 Ma (Simpson et al.
2000; Viskupic & Hodges 2001; Searle et al. 2003; Viskupic et
al. 2005). The timing of this earliest melt mobilisation is
broadly synchronous with emplacement of many of the large
granite sheets present at the highest structural level in the
Everest region GHS, such as the Everest/Makalu granite
(Schärer 1984; Simpson et al. 2000). Early foliation parallel
granite sheets have U–Pb monazite ages spanning 24–18 Ma
(Schärer 1984; Viskupic & Hodges 2001; Searle et al. 2003;
Viskupic et al. 2005; Cottle et al. 2009), whereas later sets
of undeformed dikes cross-cut ductile fabrics and have
U(–Th)–Pb ages of w18–16 Ma (Hodges et al. 1998; Murphy
& Harrison 1999; Simpson et al. 2000; Viskupic & Hodges
2001; Searle et al. 2003; Viskupic et al. 2005).

4. Melt reactions

During progressive metamorphism, water-saturated melting
may occur if a hydrous fluid phase is present when rocks cross
the wet granite solidus. At mid-crustal pressure, appropriate
simplified reactions might be:

Ms+Qtz+Pl+Kfs+H2O=Melt
Ms+Qtz+Pl+H2O=Sil+Melt

Unless there is an external supply of aqueous fluid, however,
the amount of melt generated by these vapour- (or fluid-)
present processes will be trivial, and significant melt generation
will require access to the water locked up in hydrous minerals
such as micas or amphiboles. These reactions are referred to as
vapour-absent or dehydration melting reactions, and are in-
congruent melting reactions yielding solid peritectic products.
Vapour-absent dehydration melting reactions generally have
positive P–T slopes, with the two important consequences that,
first, they can be intersected by rocks on a decompression path,
and secondly, that in principle the melts generated are able to
rise a considerable distance in the crust before reaching their
solidus. The first such reaction encountered by a typical
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metapelite at mid-crustal depths is likely to be the muscovite
dehydration melting reaction:

Ms+Qtz+Pl=Kfs+Als (Sil)+Melt

Experimental studies in the pressure range 6–10 kbar sug-
gest that this curve is located between about 710(C and 790(C
at 8 kbar (Petö 1976; Patiño-Douce & Harris 1998). Its calcu-
lated position, in the middle of this range, is shown in Figure 3.
The amount of melt generated is typically of the order of ten
volume percent, but depends primarily on the amount of
muscovite present. Large migmatite terranes represent the
in situ melt region. During muscovite melting, if the restite and

liquid remain in equilibrium, melting will continue until the
solid muscovite reactant phase is exhausted.

The biotite dehydration melting reaction:

Bt+Pl�Als (Sil)+Qtz=Kfs�Crd�Grt+Melt

occurs at higher temperature and lower pressure than musco-
vite melting. Le Breton & Thompson (1988) located the
beginning of biotite dehydration melting between 760(C and
800(C at 10 kbar, although significant volumes of melt were
not produced until temperatures reached 850(C. Pelitic source
rocks will melt at lower temperatures (ca. 750(C; 5 kbar)
whereas greywacke source rocks lacking sillimanite require

Figure 5 (a) Massive cliffs, approximately 3000 metres high, of pale leucogranite exposed on the south face of
Manaslu (8163 m). (b) Upper contact of the Manaslu leucogranite truncated by the north-dipping STD low-angle
normal fault; north of the Larkye-la, Nepal–Tibet border. (c) Toumaline leucogranite enclosing rafts of
migmatitic gneiss, Bimthang, Manaslu west. (d) Tourmaline+garnet leucogranite, Bimthang, south of Manaslu.
(e) Metasomatic ‘ghosts’ of tourmaline+quartz schorl within leucogranite, Manaslu west. (f) Leucogranite dyke
cross-cutting gneissic fabrics, Jangle Karkar, south of Manaslu.
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higher temperatures of about 825(C at 5 kbar (Vielzeuf &
Holloway 1988; Stevens et al. 1997). Biotite dehydration
melting results in formation of peritectic garnet and/or cordier-
ite in metapelites and peritectic orthopyroxene in meta-
greywackes. For typical metapelite bulk compositions,

cordierite is the stable phase at pressures less than about
5 kbar, whereas garnet is stable at higher pressure.

Himalayan metamorphism records clockwise P–T–t paths
with sillimanite grade overprinting earlier kyanite grade
conditions. Harris & Massey (1994) concluded that most

Figure 6 (a), (b) Massive cordierite-bearing leucogranite on the south face of Makalu (8485 m) showing
abundant xenoliths along the base of the uppermost large sill. (c) Vertical feeder dyke to the uppermost cordierite
leucogranite sill on the south face of Makalu. (d) Large green cordierite crystals enclosed in Makalu leucogranite,
Barun glacier, Nepal. (e), (f) Six phases of cross-cutting leucogranite dykes, south face of Makalu, Barun glacier.
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Himalayan granites were decompression melts formed on the
exhumation part of the P–T path in the sillimanite field.
However, the uncommon presence of kyanite-bearing migma-
tites, e.g. in the Marsyandi valley, Nepal (Coleman 1998), in
Bhutan (Daniel et al. 2003) and in Sikkim, is evidence that
melting probably started earlier (23–16 Ma from garnet
Sm–Nd ages in Harris et al. 2004), and at higher pressure
(8–12 kbar) in some parts of the Himalaya.

P–T phase relations and trace element modelling suggest
that most Himalayan leucogranites formed by vapour-absent
incongruent melting of muscovite in the temperature range
650–750(C at pressures between 9 and 4 kbar (Scaillet et al.
1990, 1996; Harris & Massey 1994; Searle et al. 1999b; Prince
et al. 2001). A flux of aqueous fluid into the melting zone will
augment the volume of granitic melt formed. There is geo-
chemical evidence that melting was not typically an equilib-
rium process (Harris & Inger 1992), and that extracted melt
entrained a proportion of restitic material. Incomplete mixing
between different melt batches resulted in isotopic heterogen-
eity in crystallised leucogranite bodies (e.g. Deniel et al. 1987;
Scaillet et al. 1996).

These crustal melt reactions require no heat or chemical
input from the mantle. The achievement of high temperatures
in the mid-crust would, however, be assisted by high internal
heat production in the source region. In a ductile deforming
channel such as the Early Miocene GHS, internal heat produc-
tion could include both radiogenic and strain heating. In the
following sections it is suggested that this is the case.

5. Source rocks
Himalayan leucogranites are strongly peraluminous, charac-
terised by the presence of muscovite and tourmaline, with
biotite and garnet also present in lesser amounts. Major
element compositions are fairly homogeneous, but trace ele-
ments are highly variable and depend on the nature of the
source. Sr, Nd and Pb isotopes are all indicative of a meta-
sedimentary source (Deniel et al. 1987; Harris et al. 1995,
Guillot & LeFort 1995). 87Sr/86Sr ratios of leucogranites are
very high (0·74–0·79) and heterogeneous, suggesting a 100%
crustal protolith. Harris & Massey (1994) made a detailed Sr
isotope study of the Langtang leucogranites and concluded
that the protolith was not the sillimanite migmatites into which
the melts have been emplaced, but rather the kyanite-bearing
meta-pelites structurally lower down the GHS section. They
further implied that the granites were not in situ melts but had
migrated some distance (>10 km) from their source. However,
in most Himalayan profiles mapped by the present authors it is
possible to physically trace the migmatite leucosomes coales-
cing into giant foliation-parallel sill networks, which feed
larger plutons (e.g. Searle et al. 1997, 1999b). It is perfectly
possible that the leucogranite bodies were tapping different
migmatites at depth rather than ones immediately adjacent
(Harris & Massey 1994) but the heterogeneous Sr isotopes
probably reflect a wide range of protoliths with each batch of
melt produced.

The leucogranite sill complexes are almost always within
the sillimanite grade gneisses and melt migration was more
horizontal, not vertical. The larger plutons are not actually
intrusive into higher structural levels, but are more like sub-
horizontal ballooning sills (e.g. Nuptse leucogranite; Searle
et al. 2003, Searle 2003, 2007). This is the case in Zanskar (e.g.
Noble & Searle 1995), Shivling, Garhwal (Searle et al. 1993,
1999b), Manaslu (Searle & Godin 2003), Shisha Pangma
(Searle et al. 1997), and the Everest region (Searle 1999a, b,
2003; Searle et al. 2003, 2006; Jessup et al. 2008).

Isotopic signatures can be used to determine the nature of
granite protoliths, provided that the liquid is in isotopic
equilibrium with the source. Trace element modelling of partial
melting is only useful if equilibrium between the melt and the
solid phases has been achieved (Harris & Inger 1992; Harris
et al. 1995). Himalayan leucogranites are, however, rarely in
isotopic equilibrium as a result of complex sedimentary proto-
liths and multiple batch melting (Deniel et al. 1987). Guillot
& LeFort (1995) proposed a bimodal origin of Himalayan
leucogranites with two-mica leucogranites (87Sr–86Sr ratio
<0·752) derived from a meta-greywacke source and tourmaline
leucogranites (87Sr–86Sr ratio >0·752) derived from a meta-
pelitic source. However, in the field there is a complete range of
granite composition with variable amounts of tourmaline,
muscovite, biotite and garnet. It seems more likely that pro-
gressive batch melting tapped different source rocks ranging
from black shales to meta-greywackes within the NeoProtero-
zoic Haimanta Formation. Cambro-Ordovician augen gneisses
(Formation 3; LeFort 1975, 1981) also commonly show in situ
melt textures with tourmaline�garnet bearing leucosomes.

6. Heat source for crustal melting

It has become increasingly clear that peak sillimanite grade
metamorphism, crustal melting and ductile shear along the
MCT along the base of the GHS and ductile shear along the
STD at the top of the GHS were synchronous, and these
metamorphic, magmatic and structural processes must be
genetically linked. The greatest problem has been to explain
why peak temperatures and granite melt generation in thick-
ened Himalayan crust were at a relatively shallow depth
(15–20 km depth; 4–6 kbar), and why melting does not occur
at greater depths. P–T–t data across the GHS along the
Everest profile show that high temperatures (>620(C) were
maintained for ca. 15 million years (from 32 to 17 Ma) along
the top of the GHS and that approximately 45–50 km width
(20 km structural thickness) of the GHS was approximately
isothermal in the sillimanite grade (Searle et al. 2003, 2006;
Jessup et al. 2006, 2008). This shallow heating requires an
unusually steep geothermal gradient, and crustal thickening
alone cannot account for the thermal profile. Restoration of
the GHS shows that the source for granite melts was the
Neo-Proterozoic Haimanta–Cheka Formation. A combination
of high internal radiogenic heat production from the melt
source rocks and thermal relaxation after crustal thickening is
proposed. Average heat production in the migmatites is a
factor of two more than heat production in the schists (Harris
& Massey 1994). Shear heating along the MCT (England et al.
1992; Harrison et al. 1998) cannot explain the heat distribution
in the GHS because maximum temperatures are a long way
up-section from the MCT. No granite melts are present along
the exposed MCT anywhere along the Himalaya. No mantle
heat input is present, so the only possible extra heat source for
restricted shallow-level melting is internal heat production by
highly radioactive sedimentary source rocks. Gariepy et al.
(1985) noted that Himalayan granites have highly radiogenic
Pb isotopic compositions which imply sources enriched in U
and Th. Uranium concentrations from Himalayan granites are
some of the highest found anywhere in granitic rocks (Pinet &
Jaupart 1987).

7. Melt segregation – migmatites

The core of the GHS shows a vast migmatite terrane that
stretches from the ductile shear zone along the STD at the
top to the region above the zone of inverted metamorphic
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isograds along the MCT at the base. The zone of partial
melting above the sillimanite–K-feldspar isograd can reach
a maximum structural thickness of 15–20 km along the
Zanskar profile in the western Himalaya (Searle & Rex 1989;
Searle et al. 1992, 1999a, b), and 20 km along the Everest
profile in Nepal (Searle et al. 2003, 2006; Jessup et al. 2006)
and the Kangchenjunga profile in Sikkim (Searle & Szulc
2005). Although the protoliths differ (from Proterozoic in the
south to Cambro-Ordovician in the north), metamorphic
grade, P–T conditions and degrees of partial melting are
similar across the GHS. In situ crustal melting forming

migmatites is common in GHS quartzo-feldspathic gneisses,
pelitic gneisses and K-feldspar augen gneisses. From field
evidence it seems likely that all these lithologies constituted
source rocks for granite melts.

Melt extraction pathways can be mapped out using leuco-
some networks. Layered stromatic migmatites are the most
common textures, with melt segregations flattened in the
foliation plane (Fig. 7a), similar to compaction bands
(e.g. Brown 2007). K-feldspar augen gneisses commonly
show in situ melting, for example in the Namche orthogneiss
(Viskupic & Hodges 2001; Searle et al. 2003). Kinematic

Figure 7 (a) Typical migmatite textures showing stromatic migmatite with melts generated along the foliation
planes, south of Manaslu in the Marsyandi valley, Nepal. (b) Early leucogranites boudinaged in the foliation
plane and subsequently folded, south of Manaslu, Nepal. (c) Melt extraction textures where melt is channelled
out of leucosome into dykes that mobilise and cross-cut the migmatite fabric, south of Manaslu, Nepal. (d) Melt
mobilisation from leucosome to channelled flow along dykes, south of Manaslu. (e) Early layered leucogranite
sills (1) in gneisses, cut by late granite melts mobilised into sill-dyke networks (2), south of Manaslu, Nepal. (f)
Late tourmaline leucogranite melts breaking up host gneisses into xenoliths, south of Manaslu, Marysandi valley,
Nepal.
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indicators (rotated K-feldspar augen, C–S fabrics, etc.) and
quantitative strain data from the Everest profile show that
although south-directed simple shear is dominant across the
GHS, a significant component of pure shear is apparent
(Law et al. 2004; Jessup et al. 2006). This general shear is
compatible with flow parallel to the extension direction in
horizontal sheeted leucogranite sills. U–Pb dating of mona-
zite shows that migmatite leucosomes have Early Miocene
ages, similar to the higher level leucogranites (Noble &
Searle 1995; Walker et al. 1999; Dezes et al. 1999), support-
ing a genetic relationship between migmatite and granite,
despite the difference in Sr and O isotopes (Harris & Massey
1994).

Pervasive melt migration can initially occur by porous
melt flow through hot, viscous crust (Weinberg & Searle
1999). This is like an intermediate stage between a migmatite
terrane and a sheeted sill complex. Cross-cutting relation-
ships show batch melting of leucogranite with early formed
granites folded in with the schistosity (Fig. 7b). Early
leucogranite sills commonly show boudinage fabrics, indicat-
ing extension at right angles to the flattening direction.
Leucosomes are randomly distributed in the core of the GHS
where exposed, but begin to coalesce into discrete veins and
melt channels that tend to follow planes of anisotropy. As
soon as leucosome in situ melts become interconnected, the
melt extraction pathway is formed and the melt may start to
flow (Fig. 7c, d). High-temperature igneous textures show
that melt extracted from the migmatite feeds dykes may
cross-cut the same migmatite fabric (Fig. 7e). Thus very
short time intervals between melt extraction, dyking and
crystallisation are involved in each batch of melt. Later
foliation-parallel sheeted sill complexes feed magma, gener-
ated from the migmatite zone, horizontally along the folia-
tion planes of anisotropy. Later dykes cross-cut the
migmatite fabric and contain floating xenoliths of migmatitic
gneiss within (Fig. 7f). Melt flows down pressure gradients
by the easiest path, feeding magma to higher level sills. In
the Himalaya these flow pathways gently up-dip from north
to south along north-dipping foliation planes.

8. Melt transport; granite emplacement
mechanisms
Several Himalayan leucogranites have been mapped out in 3-D
and studied in detail. These include the Shivling–Bhagirathi
granites in north India (Scaillet et al. 1990, 1995; Searle et al.
1993), the Manaslu leucogranite in west Nepal (Guillot et al.
1993, 1995; Searle & Godin 2003), the Shisha Pangma leuco-
granite in south Tibet (Searle et al. 1997) and the Everest–
Makalu leucogranites in east Nepal–south Tibet (Searle
1999a, b, 2003; Searle et al. 2003, 2006; Jessup et al. 2006).
Spectacular sheeted sill networks of leucogranite melts can be
seen in many 3-D cliff sections along the Himalaya. Sills
propagate by hydraulic fracturing, forcing cracks apart to
accommodate magma injected from the migmatite zone. Com-
posite intrusions show that multiple batches of magma are
injected into the same zone. Occasional dykes connect sills,
enabling magma to be channelled up structural section.
Magma batches may be separated by short time intervals.
Some outcrops show foliation-parallel sills concordant with
the metamorphic fabric in the host sillimanite gneiss, which
feed magma into a dyke that clearly crosscuts the same
metamorphic fabric.

In the Himalaya there is almost no evidence of diapiric
ascent of granite magma. Despite some earlier studies describ-
ing diapiric intrusions of the Manaslu leucogranite up across
the STD into Tethyan sediments (LeFort 1975, 1981; Colchen

et al. 1986; Harrison et al. 1999), subsequent work has shown
that the granite was intrusive into high-grade marbles, augen
gneiss and pelite of the GHS and that the STD wraps around
the top of the leucogranite (Searle & Godin 2003). All Hima-
layan leucogranites are within the GHS, beneath the STD
passive roof fault. In the deeper structural levels magma flow is
almost entirely sub-horizontal along foliation-parallel sill com-
plexes. At higher structural levels the sills amalgamate into
larger sills and, as they approach the surface, they balloon up
into inflated sills. This ballooning sill structure is typified by
the Nuptse sill in the Everest region (Searle 1999a, b, 2003) and
by the Shisha Pangma leucogranite in south Tibet (Searle et al.
1997). Even the largest Himalayan leucogranites such as the
Manaslu (ca. 5 km thick) leucogranite are tabular sill-like
bodies dipping gently north and truncated along the top by the
STD ductile shear zone and low-angle normal fault (Searle &
Godin 2003; Fig. 5b). Similarly, the Kangchenjunga leu-
cogranite is a series of composite sills totalling approximately
12–14 km structural thickness (Searle & Szulc 2005), dipping
gently north and truncated by the STD along the top.

In addition to field observations, the petrological and iso-
topic heterogeneity of leucogranites, and a thin upper thermal
aureole, has been used as evidence for episodic emplacement of
magmas to form larger leucogranite bodies. Thermal model-
ling of this emplacement (Annen et al. 2006) implies a 20–60 ka
repeat time for the emplacement of 20–60 m-thick sills which
form the larger 5 km-thick Himalayan leucogranite bodies (e.g.
Manaslu, Fig. 5). To provide such a volume of melt, a highly
fertile source must be heated for a prolonged time, producing
low viscosity (104·5PaS) magma that is emplaced via shear
assisted melt extraction (Scaillet & Searle 2006).

9. Channel Flow model

The Himalayan Channel Flow model (Fig. 8) describes a
protracted flow of a weak, viscous, partially molten layer of
middle crust between relatively rigid, but still deformable
bounding upper and lower crust slabs (e.g. Beaumont et al.
2001, 2004; Grujic et al. 2002; Godin et al. 2006; Grujic 2006).
Ductile extrusion of high-grade metamorphic rocks, and leu-
cogranite melts between a coeval normal sense shear zone
above (STD) and a thrust-sense shear zone below (MCT)
allowed southward extrusion of the GHS. The resultant ge-
ometry of the metamorphic isograds shows an inverted and
condensed P–T profile above the Main Central Thrust along
the base of the extruding slab (Searle & Rex 1989; Searle et al.
2008) and a right-way-up P–T profile beneath the South
Tibetan Detachment along the top of the extruding slab
(Searle et al. 2003, 2006; Jessup et al. 2006). Extrusion was
driven ultimately by the crustal thickness and topographic
variation between the Tibetan plateau hinterland (70–80 km
thick crust; ca. 5 km elevation) and the Indian foreland (35–
40 km thick crust, 0–1 km elevation).

Numerous geological studies across the GHS have shown
that almost all the data supports the Channel Flow model for
the GHS during the Early Miocene. These data include P–T
profiles (e.g. Searle et al. 2003, 2006; Jessup et al. 2006), 3-D
distribution of partial melts and granites in the middle crust
(e.g. Searle 1999a, b; Searle et al. 1999a, b, 2006; Searle & Szulc
2005), and quantitative data on strain, deformation tempera-
tures and vorticity of flow (e.g. Law et al. 2004; Jessup et al.
2006). Beaumont et al. (2001) used a thermal-mechanical
numerical model to show that channel flow and ductile extru-
sion were dynamically linked to the effects of surface erosion
focused along the Greater Himalaya at the extrusion front. As
pointed out by Klemperer (2006) this model is consistent with
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all the geological data . . . ‘inevitably, since the model was
designed a posteriori to fit the observations’.

Searle et al. (1988) and Searle & Rex (1989) first proposed
that inverted, condensed metamorphic isograds from kyanite

to biotite grade along the MCT ductile shear zone along the
base of the GHS channel were linked to the right-way-up
isograds along the footwall of the STD along the top of the
GHS. Kinematic indicators and strain requires the GHS to be

Figure 8 Himalayan channel flow model (after Searle et al. 2006; Cottle et al. 2009), a model that satisfies
all geological and geophysical requirements in the Greater Himalaya. Inset top left shows the STD profile
along Dzakaa chu, north of Everest, South Tibet. Inset bottom right shows the central part of the channel
in the Kangshung valley east of Everest, south Tibet. Giant blocks or rafters of gneisses with early
leucogranite sills are completely enclosed in Miocene leucogranite.
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extruding south relative to the stable seismogenic upper crust
above (Tethyan Himalaya), and the subducting Indian shield
and Lesser Himalayan cover rocks beneath. Later models
based on the Bhutan Himalaya (Grujic et al. 1996, 2002)
included the folded isograds in their wedge extrusion or layer
extrusion models. Deep crustal seismic profiling now reveals
that the partially molten mid-crustal layer imaged beneath
southern Tibet can match the geologically constrained cross-
sections across the GHS in Nepal (Nelson et al. 1996; Searle
et al. 2003, 2006).

Extensive geophysical measurements in Tibet also imply
that temperatures and rheologies require some form of crustal
flow. Seismic velocities beneath southern Tibet are so low that
the crust has to be fluid-rich, and predicted temperatures are so
high that these fluids are likely to be partial melts. Low
elastic thickness, low topographic relief and shallow cut-off of
crustal seismicity all show that fluids weaken the middle crust
(Klemperer 2006). The ‘bright spots’ as imaged by magneto-
telluric studies beneath the Lhasa block (Wei et al. 2001;
Unsworth et al. 2005), are at the same structural depth as the
depth of formation of Himalayan leucogranites (Searle et al.
2003, 2006; Galliard et al. 2004) and in a similar down-dip
structural position in the middle crust. Unlike the middle crust,
the lower crust beneath the Himalaya and southern Tibet is
relatively rigid and not melting, suggesting that it is composed
of dry granulite facies metamorphic rocks of the underthrust
lower Indian crust. Because crustal thickness reaches 75–80 km
beneath southern Tibet (Nelson et al. 1996) or even up to
90 km beneath the Karakoram and western Tibet (Rai et al.
2006), the lower crust beneath these regions must be in
high-pressure granulite (dry) or eclogite (wet) metamorphic
facies today (Searle et al. 2003, 2006). Brown & Solar (1998)
and Brown (2006, 2007) proposed that melt loss in the middle
crust might leave a dry granulite residue behind in the lower
crust. The lower crust in the Himalaya is inherited Precam-
brian granulite facies rocks, which are anhydrous and strong
and can also explain the deep crustal seismicity beneath
southern Tibet (Priestley et al. 2008).

10. Conclusions

The unique three-dimensional exposures around Himalayan
leucogranites allow a comprehensive view of their internal and
external structure to be mapped out. Extensive study of fabrics
in the host gneisses, migmatites, leucogranite sills, dykes and
larger bodies combined with detailed U–(Th)–Pb dating of
peak metamorphic, migmatite leucosome and granite melting
have allowed the fourth dimension, time, to be incorporated
into models of melt generation and emplacement. Along the
2200 km length of the Himalaya, the larger leucogranite bodies
always occur at similar structural horizons within the upper
part of the GHS, beneath the STD low-angle normal fault. The
STD forms a passive roof (stretching) fault (Searle et al. 2003;
Law et al. 2004), beneath which channel flow and ductile
extrusion of the GHS middle crust occurred.

Himalayan crustal melting occurred along the upper part of
the middle crust (4–6 kbar; 15–20 km depth), but not in the
lower crust. Sr, Nd and O isotopes indicate pure crustal
melting with no input from the mantle. Melts were sourced
from fertile muscovite-bearing pelites and quartzo-feldspathic
gneisses of the Neo-Proterozoic Haimanta–Cheka Formations.
The primary heat source was probably from high internal heat
production rates within the Proterozoic source rocks in the
middle crust. A vast in situ migmatite terrane generated melts
from the melting of a heterogeneous variety of protolith rocks.
Interconnected leucosome melts aggregated to force magma

into layer-parallel sills and a few cross-cutting dykes. Early
Miocene leucogranites (24–17 Ma) are largely concordant with
the foliation, whereas later ones (16–12 Ma) may cross-cut the
ductile fabrics. All leucogranites are cut by the uppermost
brittle low-angle normal fault, the Qomolangma detachment.

Field observations, structural sections and geophysical evi-
dence all provide support for the Channel Flow model, a descrip-
tion of the evolution of the Himalayan–south Tibetan crust
during the Miocene. The Himalayan channel flow model is re-
stricted both in time (Early–Middle Miocene) and space
(Himalayan–south Tibet middle crust). It is not applicable to the
earlier, Eocene subduction-related UHP coesite eclogite meta-
morphism, or to the Oligocene HP kyanite metamorphism.
Whether channel flow is active today in the middle crust of
southernmost Tibet–northernmost Himalaya is still open to de-
bate (Nelson et al. 1996; Hodges 2000; Searle et al. 2006). The
present model (Fig. 8) shows that the Greater Himalaya may
represent the Miocene carapace of an actively extruding mid-
crustal channel operating at depth beneath southern Tibet today.
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