
INTRODUCTION
A long-standing puzzle in Himalayan geol-

ogy is the origin of the two parallel granite belts
that span much of the mountain range (Fig. 1).1

The High Himalayan leucogranites form a dis-
continuous chain of sills and dikes that are ex-
posed adjacent to the South Tibetan detachment,
which separates Indian gneisses of the Tibetan
slab from lower-grade Tethyan shelf deposits in
the hanging wall (Fig. 1). The plutons of the
Zanskar, Garhwal, Manaslu, and Everest-
Makalu regions, which comprise ~75% of the
~8000 km2 of leucogranite exposed along the
crest of the High Himalaya (Le Fort et al.,
1987), appear to have been largely emplaced be-
tween 24 and 19 Ma (see Fig. 1 caption) at tem-
peratures of ~700 °C (Montel, 1993). About
half of the remaining 25% are undated plutons
from central Bhutan, and <5% yield ages of ca.
17 Ma (e.g., Searle et al., 1997).

The North Himalayan granite belt runs parallel
to, and ~100 km to the north of, the High Hima-
laya. It is composed of ~16 elliptical-shaped
plutons totaling ~4000 km2 in area that generally
intrude into Tethyan metasedimentary rocks
(Le Fort, 1986). They differ from the High Hima-
layan leucogranites in their emplacement style
(Fig. 1), younger ages (17–10 Ma), and higher
melting temperatures (>750 °C) suggested by
noneutectic compositions and high light rare
earth contents coupled with low monazite inheri-
tance (Debon et al., 1986; Schärer et al., 1986;
Montel, 1993).

Models for the origin of the High Himalayan
leucogranites have focused on their relationship
with the South Tibetan detachment and the Main

Central thrust, which separates the Tibetan slab
from the lower-grade Midlands formations and
their spatial association with the inverted pattern
of metamorphism developed below the thrust
(Fig. 1). These models have investigated the
effects of fluid infiltration, decompression melt-
ing, mantle delamination, high radioactivity, and
shear heating (see summary in Harrison et al.,
1997). The relative youth of the North Himalayan
granites has been ascribed to a low rate of fluid
infiltration (Le Fort, 1986) and thermal refraction
(Pinet and Jaupart, 1987).

Models seeking a causal relationship between
Tibetan slab anatexis and inverted metamorphism
have had to invoke an extraordinary source of heat

that permits melting in the hanging wall of the
Main Central thrust while subduction of India
refrigerates the system. Recent investigations in
the central Himalaya indicate that recrystalliza-
tion of the Main Central thrust footwall is a recent
phenomenon (i.e., 8–4 Ma) and thus not tem-
porally related to Tibetan slab anatexis (Harrison
et al., 1997). Recognition of this timing disparity
obviates the need to restrict anatexis to the Main
Central thrust ramp (e.g., Molnar and England,
1990). This result, together with recent studies in-
dicating that the master decollement dips shal-
lowly to the north (e.g., Brown et al., 1996), sug-
gests that the origin of the two granite belts be
revisited. We propose an alternative model that
ascribes the spatial and temporal variations of
granite emplacement to continuous slip on the
shallowly dipping decollement.

GEOLOGIC AND PETROLOGIC
FRAMEWORK

The ~1000 km of shortening between the
Indian Shield and southern Tibet since collision
began at 55 Ma (Chen et al., 1993; Patzelt et al.,
1996) appears to have been largely taken up by
the Himalayan (Le Fort, 1996) and Tethyan
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ABSTRACT
The two parallel belts of Miocene granite that extend along much of the Himalaya differ in

age, petrogenesis, and emplacement style. We suggest that their origin is linked to shear heating
on a continuously active decollement that cuts through previously metamorphosed Indian
supracrustal rocks that were transformed into basement during the initial stages of the Indian-
Asian collision. Numerical simulations assuming a shear stress of 30 MPa indicate that initia-
tion of slip on the Himalayan thrust at 24 Ma could trigger discontinuous melting reactions lead-
ing to formation of the High Himalayan granite chain from 24 to 20 Ma and the North
Himalayan belt from 18 to 12 Ma. This model result agrees well with observation as do model
predictions regarding emplacement style and location.

Figure 1. Geologic sketch map of Himalaya showing location of High Himalayan and North Hima-
layan belts. MCT—Main Central thrust, MBT—Main Boundary thrust, STD—Southern Tibetan de-
tachment, ITS—Indus Tsangpo suture. Plutons ≥100 km2 are enumerated in large type and those
<100 km2 in smaller type. Different shapes represent the three emplacement intervals shown.
Sources of U-Th-Pb monazite ages are (1) Gangotri (22.4 ± 0.5 Ma, this study, see footnote 1),
(2) Shivling (21.9 ± 0.5 Ma; this study), (3) Manaslu (22.4 ± 0.5 and 19 ± 1; Harrison et al., 1995;
Coleman and Parrish, 1995), (4) Everest-Makalu (23 ± 1 Ma; Schärer, 1984; Harrison et al., 1995),
(5) Shisha Pangma (20–17 Ma; Searle et al., 1997), (6) Nyalam (16.8 ± 0.6 Ma; Schärer et al., 1986),
(7) Gonto-La (12.5 ± 0.5 Ma; Edwards and Harrison, 1997); (8) Mugu (17.6 ± 0.3 Ma; this study, see
footnote 1), (9) Lhagoi Kangri (15.1 ± 0.5 Ma; Schärer et al., 1986), (10) Maja (9.5 ± 0.5; Schärer
et al., 1986), and (11) Zanskar (not shown) (20.0 ± 0.5 Ma; Noble and Searle, 1995).



(Ratschbacher et al., 1994) thrust systems. Prior
to collision, the northern Indian margin was com-
posed of a thinned cratonic wedge over which
was draped both Proterozoic clastic deposits and
the Cambrian-Eocene Tethyan shelf sequence
(Le Fort, 1996). The protoliths of the Midlands
Formations and Tibetan slab are interpreted, re-
spectively, to be Middle and Late Proterozoic
clastic rocks (Parrish and Hodges, 1996). Our
starting point is to assume that immediately prior
to collision the northern Indian margin resembled
Figure 2A. During the initial eo-Himalayan (ca.
55–35 Ma) stage of collision (Le Fort, 1996), the
Tibetan slab protolith underwent high-grade re-
crystallization and anatexis (e.g., Hodges et al.,
1994, 1996; Coleman and Parrish, 1995; Parrish
and Hodges, 1996; Edwards and Harrison, 1997).

Although the nature of eo-Himalayan crustal
thickening is poorly known, we assume it to
have occurred via pure shear (Fig. 2B). Meta-
morphism and anatexis in Tibetan slab protolith
would produce a stratified paragenetic sequence
in which dehydration and partial melting reac-
tions caused grade to increase regularly with
depth (Fig. 2B). In our model, we have repre-
sented the largely arkosic to pelitic rocks within
the hanging wall of the Main Central thrust by
the model assemblage muscovite (mus) + bio-
tite (bio) + quartz (qtz) ± kyanite/sillimanite
(als) ± K-feldspar (ksp). Partial melting of the
source region can be characterized by two dis-
continuous reactions (Thompson, 1982; Fig. 2B):
a lower-temperature “wet” melting in the pres-
ence of an aqueous fluid (reaction A), and a
higher-temperature, “dry” melting reaction (re-
action B). Using such a framework, we repre-
sent the eo-Himalayan paragenetic sequence in
the hanging wall (Fig. 2B) as increasing in
grade with depth from mus + qtz + bio ± als ±
ksp (region X) to mus + qtz + bio ± als (region Y)
as a result of reaction A and ultimately to bio +
qtz ± als (region Z) due to reaction B. We fur-
ther assume that Indian cratonic rocks beneath
the Himalayan decollement are at granulite
facies (i.e., dehydration melting is not permitted
in the footwall ). Because eo-Himalayan gran-
itoids are known (e.g., Hodges et al., 1996), but
apparently not abundant, silicate melts pro-
duced during this phase of shortening may have
largely been restricted to migmatitic sequences
that were susceptible to remelting during
Miocene thrusting. We assume that the peak
thermal structure resulting from the processes
described above had not significantly decayed
when the Main Central thrust began to slip.

For the scenario outlined above, reaction A
proceeds at ~680 °C (= TA ) under graphite-
saturated conditions (Ohmoto and Kerrick,
1977), while reaction B occurs at ~780 °C (= TB)
under fluid-absent conditions (Vielzeuf and Hol-
loway, 1988). However, other possibilities exist.
For example, if prior melt extraction had reduced
H2O activities below the values required by

graphite saturation such that reaction A could not
occur, the High Himalayan leucogranites may
have instead resulted from muscovite dehydra-
tion melting (reaction B). In that case, the North
Himalayan granites may have been produced by
other, higher temperature reactions (e.g., biotite
dehydration melting).

THERMAL MODEL
The thermal evolution of the thrust was simu-

lated using a two-dimensional finite-difference
model that employs flexural-bending deformation
in both hanging wall and footwall (see Harrison et
al., 1997). Zero-flux lateral boundaries were im-
posed and the basal heat flux was prescribed to
yield an initial geotherm of 20 °C/km. We
approximated the geometry of the ca. 24 Ma
thrust system as a 30° ramp between 0 and 30 km
depth, a 3° ramp between 30 and 35 km, followed
by a horizontal segment (Fig. 3A). The shallowly
dipping fault segment was simulated by linearly
increasing temperature from left to right along the
top boundary of the grid at a rate of 0.9 °C/km.
Although we assume a linear 20 °C/km gradient
for simplicity, the lower crustal geotherm for the
more realistic case of depth-varying radioactivity
is ~40% lower, corresponding in the model to a
dip angle close to that presently observed (~9°;
Brown et al., 1996).

We approximated shear heating within a
1-km-thick zone by the viscous dissipation pro-

duced by Couette flow between parallel walls as-
suming a constant shear stress (σ) of 30 MPa
(cf. England and Molnar, 1993). Although higher
values of σ are likely to be attained at the thrust
toe and above the brittle-ductile transition, the
predictions of our model are restricted to the
thrust flat, and thus the value of σ we select need
only be relevant to the basal decollement.

We simulated the thermal effects of melting
due to reactions A and B by introducing a heat
sink equal to 100% conversion of the dissipative
energy into latent heat of fusion when melting
temperatures were reached. An upper bound on
the total melt production (M; i.e., column height)
along unit length of the shear zone (∆ t = 1 m.y.)
is given by M = (cP/L)(σV/K)(κ∆ t) = 550 m
(Turcotte and Schubert, 1982; see Table 1). This
value is about two orders of magnitude higher
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Figure 2. A: Possible distribution of Tethyan sediments and protoliths of Tibetan slab and Mid-
lands formations with respect to Indian cratonic margin at ca. 55 Ma. B: During eo-Himalayan
thickening at ca. 40 Ma,Tibetan slab protolith undergoes recrystallization and anatexis to pro-
duce mineral zonation shown in enlargement. Schematic petrogenetic grid illustrates model
melting equilibria. Note that only region X preserves components required for minimum melting.
Phase assemblage in region Y is produced from reaction A, whereas that in region Z results from
reaction B. All melts produced during eo-Himalayan metamorphism are assumed to have been
removed from regions Y and Z by ca. 40 Ma.



than needed to explain the present ~3% exposure
of Tertiary leucogranites in the Himalaya, assum-
ing a pluton thickness of ~3 km (e.g., Le Fort,
1986, Searle et al., 1993).

RESULTS AND DISCUSSION
Our modeling results indicate that slip along a

shallowly dipping fault within a metamorphically
stratified crust can produce two horizontally sep-
arated granite belts through discontinuous partial
melting reactions. The initial temperature (Tini )
distribution along the shear zone (Fig. 3A) pri-
marily dictates where and when melting begins,
as it is the difference between the Tini and TA or TB
at any point along the shear zone that determines
the time required for the dissipative heating to
raise Tini to the melting temperature.

Applying the present-day (Bilham et al., 1997)
slip rate (V) of 20 mm/yr to the period 24–10 Ma,
the first phase of anatexis resulting from reaction
A (TA = 680 °C) begins almost immediately (i.e.,
24 Ma; Fig. 3C) at a horizontal distance of
~60 km from the fault vertex (Fig. 3B). Figure 3C
shows the positions of both the isograd bound-
aries and onset of melting along the thrust for re-

actions A and B as a function of time. The overlap
of these curves (indicated by shaded regions) in-
dicates the spatial and temporal conditions for
which partial melting occurs. Progress of the two
melting fronts is determined by the interplay be-
tween shear heating and diffusive heat loss. The
refrigeration of the shear zone near the fault ramp,
and the propagation of the melting front toward
the ramp, ultimately causes melting to cease at
t = 4 m.y. (i.e., 20 Ma; Fig. 3C). Note that melting
due to reaction A no longer occurs at any location
along the thrust because the necessary reactants
occur only within region X. The second phase of
melting begins when temperatures exceed TB at
t = 6 m.y. (i.e., 18 Ma; Fig. 3C) and continues
until t = 12 m.y. (i.e., 12 Ma; Fig. 3C). Assuming
that these viscous magmas preferentially remain
in the middle crust, and that the observed ~3 km
pluton thickness is characteristic, the total area of
melt in our two-dimensional model (Fig. 3B) of
0.3% is broadly consistent with the 3% leuco-
granite currently exposed in the Himalaya.

The Main Central thrust ramp may have either
been inactive during middle Miocene time, when
slip occurred on both the Main Boundary and

Renbu Zedong thrusts (Le Fort, 1996; Quidelleur
et al., 1997), or not developed until the late
Miocene. The first case would have little effect
on our conclusions, since model predictions in
that interval apply only to the continuously active
decollement, and changes in the position of thrust
ramps at the extreme ends of the model would
not influence the thermal structure where North
Himalayan granite production was occurring. In
the second case, assuming that the Himalayan
thrust was a single ramp with an average dip of
~9°, the model would underestimate the duration
of melting in the High Himalayan leucogranite
source region.

The model is sensitive to the choice of thrust
geometry, magnitude of σV, initial position of iso-
grad boundaries, and temperatures of the melting
reactions. Note that the significant difference in
time (~6 m.y.) between the onset of melting in the
two belts dictates that the rocks along the hori-
zontal segment of the fault are initially at a lower
temperature than that needed to initiate melting by
reaction B. Delaying melting by reaction B for 6
m.y. requires setting the initial temperature of the
thrust flat to a value T = TB – [(σV/K) (κ t/π)1/2]
(see Table 1) for t = 6 m.y. Numerical calculations
indicate that displacement of the initial isograd
boundaries to temperatures lower than TA or TB re-
sults in a decrease of melt production according to
M ∝ e–∆T/6. Reducing σV by a factor of three
leads to a 20-fold decrease in melt production.

A final consideration is whether a shear stress
of 30 MPa is attainable in crustal rocks under-
going partial melting. Although the rheological
properties of felsic rocks containing small
amounts of melt (≤10%) at low strain rates are
comparable to unmelted equivalents (Dell’An-
gelo and Tullis, 1988), experimental deformation
studies of some “wet” crustal rocks suggest
somewhat lower values of σ (Engelder, 1993).
This apparent disparity is transcended if the high
strain zone were maintained at the interface be-
tween Indian granulite and the dehydrated base
of the Tibetan slab, as experimental results and
paleopiezometric studies (Engelder, 1993) are
consistent with a shear stress value of 30 MPa
under relatively dry conditions. In this view,
shear heating along the decollement raises tem-
peratures sufficiently in the fertile, overlying
rocks to induce anatexis. We conclude that our
choice of 30 MPa as the characteristic shear
stress along the decollement is not unreasonable
and note that it is between 3 and 40 times lower
than previously proposed for models of the ther-
mal evolution of the Main Central thrust (e.g.,
England and Molnar, 1993).

SUMMARY
Although refrigeration due to underthrusting is

important along a steeply dipping ramp, its effect
is significantly diminished on the thrust flat. At
locations distant from the ramp vertex, relatively
low shear stresses (10–30 MPa) along a fault can
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Figure 3. A: Representation of two-dimensional finite difference model. Shear zone location is
shown by heavy line. Region of calculation was enclosed in a 400 km wide × 60 km deep grid with
a resolution of 800 × 210. B: Melt production vs. distance from fault vertex.Two melting peaks cor-
respond to melting reactions A and B discussed in the text. C: Plot shows positions of both the
isograd boundaries and onset of melting along thrust for both reactions A and B as function of
time. Overlap of these curves (indicated by shaded regions) indicates spatial and temporal con-
ditions for which partial melting occurs.To form High Himalayan leucogranites, melting begins
~60 km from ramp at 24 Ma and terminates at 20 Ma at a distance of ~40 km from ramp. Melting to
form the North Himalayan granites does not begin until 18 Ma and continues until 12 Ma.



locally generate enough heat to produce anatexis.
Model calculations indicate that two distinctive
and spatially separated granite belts could be cre-
ated by discontinuous melting reactions during
continuous slip on a thrust surface that dips shal-
lowly through a metamorphically stratified crust.
The model makes several predictions that appear
in accord with observation. (1) The ~100 km
separation between the two model melting reac-
tions (Fig. 3B) is similar to the distance between
the granite belts (Fig. 1). Depending upon the posi-
tion of magma emplacement (i.e., above the South
Tibetan detachment), this spacing could approxi-
mate the distance separating the two belts. (2)
Initiation of slip at 24 Ma predicts anatexis of the
High Himalayan and North Himalayan belts at
24–20 Ma and 18–12 Ma, respectively; this
agrees with the known ages of peak melt produc-
tion of 24–19 and 17–10 Ma, respectively. (3)
The volume of magma calculated from the model
is broadly consistent with that inferred from the
present outcrop pattern. (4) The highly viscous
minimum melts produced by reaction A would
likely be emplaced close to their source. Indeed,
the High Himalayan leucogranites appear to be
locally derived and emplaced syntectonically as
sills and dikes (Le Fort, 1986; Searle et al., 1993).
In contrast, the hotter and higher melt fraction
magmas produced by reaction B are expected to
be sufficiently buoyant and thermally energetic to
ascend into the middle crust. The North Hima-
layan granites are generally emplaced into low
grade Tethyan metasedimentary rocks and appear
to have relatively higher melting temperatures.
(5) The ramp-flat model (Fig. 3A) predicts that
the Tibetan slab immediately above the present
exposure of the Main Central thrust did not expe-
rience temperatures high enough to cause wide-
spread melting. This last prediction is consistent
with the observation that the protolith of the
presently exposed High Himalayan leucogranites
cannot be traced to sillimanite migmatites imme-
diately above the Main Central thrust, which at
many locations remain fertile for muscovite de-
hydration melting (e.g., Harris and Massey, 1994;
Barbey et al., 1996).
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