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The small leucogranite plutons occurring in linear belts in the Higher Himalayas have formed
due to post-collision partial melting within the Himalayan crust. Several studies have documented
that the Sr isotopic ratios in the granite bodies show chaotic variation and meaningful Rb-Sr
isochron ages are difficult, if not impossible, to obtain. In tectonically overthickened crust, the
depth-temperature profile (geotherm) remains strongly transient for the first tens of millions of
years. It is proposed here that the intersecting relations between the transient geotherms and
activity-dependent solidus/melting curves may generate small pods of magma at different depths
and at different times. Each of these pods will have its unique Sr isotopic ratios. Coalescence of
these small pods of magma without any effective homogenization due to deformation-induced fast
segregation, ascent and emplacement may lead to pluton-wide extreme heterogeneity in Sr isotopic
ratios.

1. Introduction
The Indus - Tsangpo Suture Zone (ITSZ, figure 1)
in the Himalayan orogenic belt marks the site of
a 50–65Ma old (e.g. Klootwijk et al 1992) collision
between the Indian and the Eurasian continents.
South of the ITSZ, a number of small leucogranitic
plutons occur in two linear belts either close to
the contact between the High Himalaya Crystalline
Zone (HHCZ) and the overlying High Himalaya
Sedimentary Zone (HHSZ) or within the HHSZ
(figure 1). Field relations and isotope geochemistry
suggest that these leucogranites have formed by
post-collision partial melting within the Himalayan
crust (e.g. Le Fort 1981; Le Fort et al 1987). Indeed,
Le Fort (1981) considers these granites as a signature of the collision event. A significant character
of these leucogranite plutons is that the intrapluton Rb-Sr isotopic ratios are so heterogeneous that
definitive Rb-Sr isotopic ages for individual plutons
are very difficult, if not impossible, to obtain. In
a detailed study on the Manaslu granite (see figure 1 for location), Deniel et al (1987) documented
that the pluton-wide Rb - Sr isotopic ratios show a
chaotic variation (figure 2). In order to check the
scale of heterogeneity, Deniel et al (1987) also ana-

lyzed 17 samples collected from an approximately
80 meter long exposure. Of these 17 samples, 11
samples fall on an isochron that gives an age of
18.1 ± 0.5 Ma with initial isotopic ratio (Sri ) at
0.7470 ± 0.0005. The other 6 samples do not fall
on the isochron; they define a poor isochron with
approximately similar age but with lower Sri . Similar difficulty in obtaining a reliable Rb-Sr age in
other leucogranite plutons has been reported by
several workers (e.g. Dietrich and Gansser 1981;
Stern et al 1989).
Since these leucogranites are post-collisional,
their ages cannot be more than 50Ma. Consequently, the Rb-Sr isotopic heterogeneity can not
be due to variation in age. The calculated Sri for
20 Ma for all the samples analyzed by Deniel et al
(1987) show a large variation between 0.74013 and
0.76205. Therefore, one of the important reasons
for the chaotic variation in the Sr isotopic ratios
in these leucogranites is obviously isotopic heterogeneity in the source region. However, the large
variation in 87 Sr/86 Sr ratios in a scale of less than
a hundred meter is rather unusual.
In this article a mechanism of partial melting in
tectonically overthickened crust is proposed that
can explain, even in outcrop scale, the observed
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Figure 1. Geological sketch map of the Himalayas showing the locations of leucogranite plutons (dark) in relation to different
lithotectonic zones (simplified from Dietrich and Gansser 1981). Note that the leucogranite plutons occur close to the
contact between HHSZ and HHCZ or within HHSZ. SHZ: Sub-Himalaya Zone; LHZ: Lesser Himalaya Zone; HHCZ: High
Himalaya Crystalline Zone (also called the Central Crystallines or the Tibetan Slab); HHSZ: High Himalaya Sedimentary
Zone (also called the Tethys Sedimentary Zone); MFT: Main Frontal Thrust; MBT: Main Boundary Thrust; MCT: Main
Central Thrust; STDS: South Tibet Detachment System (a system of low angle normal faults); ITSZ: Indus Tsangpo
Suture Zone; MA: Manaslu leucogranite (discussed in the text).

sis of granitic systems is usually complex owing
to contributions from too many end-member factors such as source rock heterogeneity, restite-melt
segregation/unmixing, P-T-volatile-phase composition, assimilation etc.
The main purpose of the calculated thermal
structures presented in this article is to demonstrate the transient nature of the geotherm in
a tectonically overthickened crust such as the
Himalayan orogenic belt. Therefore, relatively simple tectonic and thermal models have been chosen. The calculations are neither novel nor unique,
even for Himalayan leucogranites (cf. Oxburg and
Turcotte 1974; Molnar et al 1983; England and
Thompson 1984; Molnar and England 1990; England et al 1992; England and Molnar 1993).
2. Tectonic and thermal models
Figure 2. Rb-Sr isotopic diagram for the Manaslu pluton
(MA in figure 1). Data taken from table 5 of Deniel et al
(1987); sample no DK152 with 87 Rb/86 Sr = 58.4 plots outside the diagram. From the same pluton 11 of the 18 samples collected from an approximately 80 meter long exposure
yield a Rb-Sr age of 18.1 Ma (see Deniel et al 1987, figure 2).

Rb-Sr isotopic heterogeneity in the Himalayan
leucogranites. The model is based on the geometric relationship between the transient nature of
the geotherms (depth-temperature profiles) in tectonically active crust and the variably displaced
solidus/melting curves. The proposed model can be
important only as a contributing factor in inducing pluton-scale Rb-Sr isotopic heterogeneity in
granites, rather than the only means for providing the variation. This is because the petrogene-

The geophysical data suggest that the doubling of
the crustal thickness to about 70–80 km under the
Himalayas is due to overthrusting of the HHCZ
(also called the Central Crystallines or Tibetan
Slab) along a very gently dipping detachment
thrust (figure 3(a)). The HHCZ is actually the
frontal part of the subducting Indian plate containing the Precambrian continental crust, thrust back
on to itself. The MCT and other thrusts towards
the foreland are splay faults from this detachment, which reaches a mid-crustal depth of about
30km under the High and Tethys Himalayas (figure
3(a)). Therefore, a tectonic model with a horizontal thrust at a depth of 30km is a good approximation for the purpose of calculating the transient
geotherms. With this geometry, the temperature at
any given depth and time can be calculated using
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Figure 3. (a) Generalized north-south cross section of the Himalayan orogenic belt (adapted from Seeber et al 1981;
Hirn et al 1984; Ni and Barazangi 1984). Physiographic zones: TH: Tethys Himalayas; HH: High Himalayas; LH: Lower
Himalayas; SH: Sub Himalayas. Other abbreviations are as in figure 1. The ITSZ marks the site of a 50–65 Ma collision
between the northern Eurasian plate and the southern Indian plate. The 35–40 km thick Indian continental crust is doubled
up under the Tethys Himalayas due to overthrusting along a gently dipping detachment that reaches a mid-crustal depth
of about 30 km below the High Himalayas. Leucogranite plutons (not shown) occur close to the STDS or within the HHSZ.
(b) Thrusting model and boundary conditions used for calculating transient geotherms. Symbols are as in the table 1. Note
that the upper flat corresponds with the detachment in (a).

a one-dimensional time-dependent heat conduction
equation for a vertically moving medium (Carslaw
and Jeager 1959),
∂ 2 T (z, t)
∂T (z, t) H(z)
∂T (z, t)
=κ
+
− vz
2
∂t
∂z
∂z
ρcp
(1)
where the symbols are as in table 1. The solutions
to the heat-conduction equation involving secondorder partial derivatives can be obtained using the
method of separation of variables, with boundary
conditions as shown figure 3(b). The final equations that give the solutions to equation (1) have
been adopted from Molnar et al (1983). This relatively simple thermal model (figure 3(b)) is adequate to show how geotherm varies with time
because thrusting velocity is much faster than the
rate of conductive heat transfer in rocks (Oxburgh
and Turcotte 1974). Since the leucogranite plutons are present in the Higher Himalayas where
the detachment is nearly flat, mathematically more
involved heat conduction equations (e.g. Shi and
Wang 1987) appropriate for complex tectonic set

up are possibly not required. In any case, detailed
thermal modeling is beyond the scope of this paper.
There are three mechanisms by which the crust
can be heated up in order to initiate partial melting, viz., conductive heating, advective heating and
heating from internal source(s) represented by the
three terms on the right-hand side of equation
(1), respectively. The two universally important
heat sources in the crust, i.e., conductive heat flux
from the mantle and radioactive heating within the
crust have been considered to calculate the initial
steady-state geotherm. The other forms of heating
that act as a modifier in restricted areas/tectonic
setup have been ignored for model calculations.
Since much of the Himalayan crust is actually the
frontal part of the Precambrian Indian crust, the
heat source and other physical parameters appropriate for Precambrian shield areas (Lachenbruch
and Sass 1977; Sclatter et al 1980) have been chosen (table 1). The radioactive heat generation in
surface rocks (Ao ) in shield areas varies between 3
and 6 hgu and, therefore, steady-state geotherms
have been calculated for these two extreme values.
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Table 1. Symbols and preferred values of physical parameters used for calculating geotherms.
Symbol

Parameter

A
A0
D
H
k
K
T
Q
v
Z
ZM
ZT
σS

Radioactive heat generation
Radioactive heat generation in surface rock
Characteristic depth for radioactivity
Heat generation pet unit volume
Thermal diffusivity
Thermal conductivty
Temperature, ◦ C
Vertical conductive heat flux
Thrusting velocity
Depth (increasing downward)
Depth of mantle
Depth of thrust plane
Shear stress on fault

3. Transient geotherms
As the rocks are bad conductors of heat, the advection of heat due to overthrusting of the hot hangingwall block will result in perturbation of the
steady-state geotherm. In figures 4 and 5, the
curves labeled “0 m.y.” are the initial (i.e., perturbed) geotherms immediately after thrusting.
The ‘saw-tooth’ shape of the curves is a consequence of the model chosen, i.e., a fast thrusting
velocity as compared to the rate of heat conduction. The heat will conduct from the hot hangingwall block to the colder footwall block and the
perturbation of the geotherm will decay with time.
Consequently, the geotherms will remain strongly
transient for a few tens of million years after thrusting. The transient geotherms have been calculated
to 50 m.y. after thrusting since the terminal collision occurred at about 50 Ma. It is to be noted
that the time of the formation of the detachment is not known. There are suggestions that
the MCT, which is a splay fault from the detachment, was active at about 20Ma (Hubbard and
Harrison 1989) and therefore, the detachment may
have formed sometime between 50 and 20Ma. The
‘present-day geotherm’ in this simple model should
be in between the curves labeled 20 and 50 m.y.
With normal heat sources, i.e. radioactive heating and mantle heat flux, partial melting could take
place only in the deepest part of the Himalayan
crust (figure 4). In order to trigger partial melting at mid-crustal depth additional heat source(s)
would be required. There are several possible heat
sources, such as mantle delamination (Bird 1978),
heat-focussing by HHSZ (Jaupart and Provost
1985; Pinet and Jaupart 1987), shear heating at
detachment (Molnar et al 1983), abnormally high
concentration of radioactive elements in the crust,
advective heating through circulation of hot fluids, magma emplacement or exothermic metamorphic reactions. All of these additional heat sources
can potentially shift the transient geotherms to

Preferred value
3 and 6 hgu (hgu = 10−13 cal/cm3 sec)
15 km
0.01 cm2 /sec
0.005 cal/◦ C sec cm
0.6 hfu (hfu = 10−6 cal/cm2 sec)
18 mm/year
80 km
30 km
300 bars

the higher temperature side. A combination of
these heat sources together with the normal heat
sources and the age of the detachment should
determine whether or not partial melting could
be triggered at a particular point in the crust
at a specific time after collision. Given the number of variables involved even for a relatively
simple one-dimensional heat-conduction equation
together with uncertainties in each of the variables,
an exact solution to the problem of source region
for partial melting in the Himalayas would be difficult, if not impossible, to obtain. It is also possible
that different heat sources or a combination of heat
sources are important at different places. However,
for the purpose of demonstration, the shear heating
on the detachment has been considered because,
if important, this should affect the entire orogen.
The amount of shear heating generated on a thrust
depends on the shear stress and thrusting velocity which have been taken as 300 bars (Chander and Gahalaut 1995) and 18 mm/year (Molnar 1987) respectively. Figure 5 shows how transient geotherms can be modified by the addition
of shear heating. The important point to note here
is that irrespective of the thermal model adopted
and the values of the physical parameters chosen,
the geotherms would always be strongly transient
for the first few tens of millions of years after overthrusting (figures 4 and 5).
4. Partial melting
Partial melting in the crust leading to the generation of granitic melt depends on several factors but
an important requirement is the availability of ‘fertile’ rocks. The dominant rock types in the HHCZ
are low-to medium-grade pelitic schists and granite
gneisses; both these rock types are potential fertile
rocks for the generation of granitic magma. In these
rocks both vapour-phase present and vapour-phase
absent melting are possible. The second important
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Figure 4. Calculated transient geotherms (depth-temperature profiles) for A0 values of 3 hgu (a) and 6 hgu (b) and without
any additional heat source. Transient geotherms (solid lines) are labeled with time in m.y. after thrusting. The dashed lines
(labeled “0” m.y.) are post-thrusting initial geotherms. The geotherms are regression lines through data points calculated
at depth interval of 1 km. The kyanite (K)-sillimanite (S)-andalusite (A) phase diagram (Holdaway and Mukhopadhyay
1993) is for reference.

Figure 5.

Same as figure 4 but with shear heating added to the total heat budget. (a) A0 = 3 hgu. (b) A0 = 6 hgu.
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Figure 6. The relationships between transient geotherms (taken from figure 5(b)) and some of the solidus/melting curves
appropriate for granitic and pelitic rocks. The dashed curves are minimum granite solidus for different values of activity of
H2 O, as labeled (data extrapolated from Ebadi and Johannes 1991). Curves labeled 1–5 are (Spear 1993): 1: H2 O-saturated
pelite solidus; 2: muscovite + plagioclase + quartz = aluminosilicate + K-feldspar + melt; 3: muscovite + plagioclase +
quartz = biotite + aluminosilicate + K-feldspar + melt; 4: biotite + aluminosilicate + plagioclase + quartz = garnet +
K-feldspar + melt; 5: biotite + plagioclase + quartz = orthopyroxene + K-feldspar + melt. Heavy grey lines are P-T-t
paths for rocks at initial depths of 35, 40, 45 and 50 km. The P-T-t paths are calculated assuming no erosion for the first
20 m.y. followed by long-term average erosion rate of 0.5 mm/year (cf. Thompson 1981).

requirement is that the fertile rocks have to be
heated to a temperature above the solidus/melting
curve. This depends on the geothermal gradient
which in the present case is not in steady state.
The relationships between some of the possible solidus/melting curves together with transient
geotherms (taken from figure 5(b)) are shown in
figure 6. Let us first consider the relation between
H2 O-saturated solidus curve for granite (dashed
curves in figure 6). The transient geotherms intersect the solidus curve at different depths. Therefore, as transient geotherms sweep across, partial
melting should take place at different depths at
different times but the minimum depth of partial
melting will in general migrate to a shallow depth
with the progress of time. It is unlikely, however,
that at deep crustal levels the Precambrian crystalline rocks would be pervasively saturated with
H2 O since rocks are not likely to have significant
porosity (for a discussion see Spear 1993). The

solidus curve will be displaced to the higher temperature side by variable amounts depending on
the aH2 O . Also it is reasonable to assume that at
different places in the crust (both along and across
depth axis) different aH2 O -dependent solidus curve
would be appropriate. This should lead to partial
melting at different places in the crust at different
times. Whatever little H2 O is present in pores and
along grain boundaries will help to produce a melt
but the amount of melt produced will be small.
As melt formed, the H2 O would preferentially get
into the melt phase depleting the rocks of H2 O
and the solidus curve would move to the higher
temperature side leading to cessation of melting.
The H2 O-saturated solidus curve for pelitic rocks
(curve 1 in figure 6) also gets displaced depending
on the aH2 O as in the case with granite. Similarly,
the fluid-absent muscovite and biotite breakdown
curves leading to the formation of a melt (curves
2–5 in figure 6) are also affected by displaced equi-
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libria. Therefore, the melting relations as discussed
for granite are also applicable for pelitic rocks.
Further, in a tectonically overthickened crust a
rock occurring at a particular depth is progressively unroofed due to erosion. It is well known
(e.g. England and Thompson 1984) that for the
situation described here the P-T-t paths for rocks
originally at different depths will be counterclockwise in temperature-depth space. The P-T-t paths
have been calculated assuming no erosion for the
first 20 m.y. (cf. Thompson 1981) followed by long
term average erosion rate of 0.5 mm/year (figure
6). The P-T-t path of a particular rock intersects
different melting curves at different times (figure
6). Therefore, consideration of P-T-t paths also
suggest that partial melting should take place at
different depths at different times.
From the above description two important points
emerge. Firstly, transient geotherms, P-T-t paths
and variably displaced solidus curves should lead
to partial melting at different depths at different
times. In this scenario, partial melting can affect
a large part of the crust and need not be confined
to a particular stratigraphic horizon or tectonic
plane (e.g. Le Fort et al 1987). This conclusion
is perfectly general because the overall geometric
relation between the transient geotherms and the
solidus curves will remain similar although both of
them can vary from place to place due to variation
in modal mineralogy and values of heat flow parameters. Secondly, since the source region is made
up of Precambrian crystalline rocks it should not
be pervasively saturated with water nor should the
activity of H2 O be held constant. As melt formed,
the H2 O would preferentially partition into the
melt phase depleting the rocks of H2 O and the
solidus curve would move to the higher temperature side leading to cessation of melting for no
substantial increase in T (or isothermal decrease of
P ). Consequently, as the geotherm sweeps across,
the total amount of melt at a particular depth
would be small and highly leucocratic with unique
Sr isotopic ratio. The small pods of magma formed
at different places may coalesce to form a larger
magma body. As the granitic magma is very viscous, homogenization of the coalesced magma body
is likely to be inhibited. Consequently, the small
magma pods within the larger coalesced magma
body may retain their individual Sr-isotope characteristic.
If the coalesced magma pods had to retain their
unique Sr isotopic characters, then magma ascent
and emplacement must have been rapid. In an
experimental study on the viscosity of Himalayan
leucogranites, Scaillet et al (1996) have shown that
rates of magma flow was very fast and dominantly
laminar which suggest that any chemical heterogeneity inherited from the source could have sur-
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vived from aggregation to the emplacement stage.
The aggregation, segregation, ascent and emplacement of granitic magma are complex processes.
The buoyancy (i.e. gravity)-induced diapiric rise
of small granitic magma pods should be agonizingly slow; the small magma pods should freeze
not far from the source forming migmatite rather
than ascent to the higher crustal level (e.g. Clemens
and Mawer 1992). It is now increasingly recognized that deformation plays an important role in
the extraction, ascent and emplacement of granitic
magma (see review by Brown 1994 and references
therein). The terminal collision between India and
Asia took place at about 50Ma (e.g. Klootwijk
et al 1992). However, from the time of terminal
collision to the present day, the Himalayan rocks
are being continuously deformed due to continued
convergence and crustal shortening. The HHCZ,
the source for partial melting, is highly deformed
with extensive development of foliation surfaces
along which deformation-induced magma migration could take place. A large number of leucogranite plutons occur in the close vicinity of the STDS
which is major tectonic plane. Further, leucogranite plutons in the Himalayas are usually underlain
by a system of feeder dikes (e.g., Le Fort 1981;
Scaillet et al 1995, 1996). These lines of evidence
suggest that deformation-induced magma transport and emplacement is the appropriate mechanism for the Himalayan leucogranite.
Figures 4 and 5 also show that the transient
geotherms can overshoot the initial steady-state
geotherms depending on the amount of extra heat
sources. Consequently, partial melting and transfer of magma to shallow depths are probably continuing to the present time. The measured high
heat flow in the Himalayan region (Francheteau
et al 1984; Shankar 1989) and very young (2–7
Ma) ages of some of the leucogranitic dikes (e.g.
Zeitler and Chamberlain 1991) support this contention.
5. Discussion and conclusions
The model of partial melting for the Himalayan
leucogranites outlined in this paper depends on
the geometric relationship between the transient
geotherms in overthickened crust due to thrusting
and variably displaced solidus/melting curves. As
the geotherm sweeps across, partial melting leading to generation of granitic melt can take place
at different depths at different times. The amount
of melt at any point in the crust is expected to be
small and leucocratic. The small pods of magma
thus generated will have its own unique initial Sr
isotope ratio. The deformation-induced fast seggregation, ascent and eventual emplacement along
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feeder dikes can lead to the formation of small
plutonic bodies. Each of the magma pods may
retain its original Sr isotopic signature leading to
pluton-wide heterogeneity in Sr isotopic ratios. It
is emphasized that the proposed model of partial
melting should be considered as one of the contributing factors rather than only means of inducing pluton-scale Rb-Sr isotopic heterogeneity.
The upper age limit for these granites is about
50 Ma which is the time of the terminal collision.
Within this short time the initial Sr isotope ratio
will not change very significantly (Faure 1986).
Consequently, the Sr isotope ratios measured in
each sample should be very close to the initial Sr
ratio. Therefore, any colinearity of data points in
an Rb-Sr diagram should be viewed with extreme
caution.
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