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Abstract

We model crustal deformation and the resulting thermal structure across the Nepal Himalaya, assuming that, since 20Ma,
shortening across the range has been primarily taken up by slip along a single thrust fault, the Main Himalayan Thrust (MHT)
Fault, and that the growth of the Himalayan wedge has resulted mainly from underplating and to the development of a duplex at
midcrustal depth. We show that this process can account for the inverse thermal metamorphic gradient documented throughout the
Lesser Himalaya (LH), the discontinuity of peak metamorphic temperatures across the MCT, as well as the distribution of age of
exhumation across the range. This study suggests that the metamorphic evolution of the range over about the last 20 million years
is compatible with the kinematics of recent crustal deformation deduced from morphotectonic and geodetic studies.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Although continental collision belts are often pic-
tured as zones of complex deformation, geophysical
studies of the Himalayas lead to a simple picture with a
single major shear zone (the MHT, for Main Himalayan
Thrust), along which the Indian crust is subducted
beneath the southern edge of Tibet [e.g., [1]]. The
similarity between the slip rate along the MHT inferred
from geomorphic studies of the Main Frontal Thrust at
the front of the range [2], and the convergence rate
across the Himalaya estimated from GPS measurements
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[3,4] suggested that recent deformation in the Himalaya
requires negligible internal shortening of the Himalayan
wedge. Over the longer geological term, the Main
Central Thrust fault, the major shear zone separating the
High Himalayan Crystallines (HHC) from the Lesser
Himalayan Series (LH), is thought to be the major thrust
fault which has contributed to the formation of the
Himalaya. Cooling ages and geomorphic considerations
have been taken to suggest that the MCT zone was
activated in the early Miocene [5] and may have been
reactivated as an out of sequence thrust in the Pliocene
[6] and may even still be active [7].

Studies in petrology and geochronology often aim at
constraining PTt paths, which may then be reproduced
by numerical models [e.g. [8] and references therein].
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Such models are generally not unique because precise
constrains on the geometry and kinematics are, at best,
available for the present day. Difficulties also arise from
coupling between the temperature field and the
deformation field. However, because of thermal diffu-
sion, sudden changes of kinematics only cause progres-
sive changes of the temperature field. In the Himalayas,
peak metamorphic conditions recorded in the HHC and
the MCT zone [e.g. [5,9]] appear compatible with the
present day temperature field, as indicated by geophys-
ical surveys and modeling studies [10–12]. This
suggested that the temperature field in the Himalayas
has been nearly steady-state over the last 20Ma (within
100°C in the hottest and deepest parts of the model)
[12]. However, the set of parameters and boundary
conditions which fit these constrains is not uniquely
determined because trade offs are involved, for example,
between basal heat flow, radiogenic heat generation, and
shear heating [12,13].

The spatial distribution of thermobarometric and
thermo-chronological data is also important informa-
tion, but their inclusion as modeling constraints require
taking into account syn- and post-metamorphic defor-
Fig. 1. Simplified geologic map with location of (A) thermochronological
thermometrical [24–27] data. AA′ show location of section in Fig. 2. Boxes 3
MCT: Main Central Thrust fault. MBT: Main Boundary Thrust fault. MFT:
mation. It is now understood that the inverted isograds
in the MCT zone cannot only result from the ‘iron effect’
as a hotter hangingwall overthrusts a cooler footwall
[e.g.: [14,15]], even combined with shear heating [16],
but that some amount of syn- or post-metamorphic
shearing is needed [17–19]. In the ductile realm, HHC
exhumation between coeval normal and thrust sense
shear zones (respectively, the Southern Tibetan Detach-
ment System (STDS) and the MCT 20Myr ago), has
been modelled with the midcrustal channel flow concept
[e.g. [20,21]. However, the applicability of this model to
the later evolution (post-15Ma) of the frontal (and
mostly brittle) part of the Himalayan wedge may be
questioned.

Recently, the geological understanding of the frontal
part of the range has been augmented with tectonic
scenarios for the accretion of the Lesser Himalayas
involving a migrating duplex system [22,23]. Observa-
tions within the MCT zone also imply transfer of
material from the lower to the upper plate [24,25].
Dense thermometric and thermochronological profiles
at the front of the range (Fig. 1A and B) were acquired
through the crystalline klippe and the underlying Lesser
data [24,27,36,39,51–53] and [Copeland pers. comm., 1999] and (B)
A and 3B show the location of the data in Fig. 3A and B, respectively.
Main Frontal Thrust fault.
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Himalayas [e.g. [26,27]]. These additional datasets
provide appropriate constraints for kinematic and
thermal models of the MCT zone evolution and Lesser
Himalayas accretion. The model we here consider is
derived from simple sliding block models [11,12,16].
The main improvement is that a flux of underplating,
variable in time, is assigned to a window on the sliding
surface. This window is located over the transition from
the brittle part to the ductile part of the MHT and is
assumed fixed with respect to the front of the range.
Within this framework, we show that the muscovite
closure age gradient in the HHC can be interpreted as a
kinematic constraint on the rate of overthrusting and that
the peak temperature gradients in the MCT zone and
Lesser Himalayas relates to the flux of underthrusting.
Extrapolating the current geometry and kinematics of
the Himalayas over the last 20Ma without even
considering episodic MCT reactivation may be consid-
Fig. 2. A—Simplified N18E section across the Himalaya of Central Nepal. S
structural location for the sections in Fig. 3 where the inverse metamorphic
model of accretion. The reference frame is the active thrust fault (the equiva
present structure as shown in A. The dots show positions of particles for 3My
velocities, Vpr, the sediment progradation velocity.
ered as a far-fetched idea. Yet the model we present
reproduces essential features in the data set. To us, this
suggests that some invariant pattern of uplift and
erosion, possibly related to the mechanical properties
of the Main Himalayan Thrust, is acting on the
Himalayas.

2. Tectonic framework

2.1. Structure

Geophysical and structural studies of the Himalayas
suggest that all the major thrust faults in the Nepal
Himalaya, including the Main Frontal thrust fault
(MFT), the Main Boundary Thrust fault (MBT) and the
Main Central Thrust fault (MCT) sole at depth into a
single major shear zone, the Main Himalayan Thrust
(MHT), along which the Indian crust is thrust under the
ee Fig. 1B for location of section. Boxes A and B show the projected
thermal gradient was documented. B—Particle paths in a continuous
lent of the basal thrust fault connecting the MFT and the MHT in the
r time intervals. V1 and V2 are, respectively, the under and overthrusting



Fig. 3. Peak temperatures estimated from RSCM thermometry and
conventional thermometry at, respectively, 80km (A) and 50km (B)
from the front of the range in central Western Nepal. This compiled
data set and the structural framework is presented and discussed in
[27]. These data suggest an inverse thermal gradient which en-
compasses the topmost 7–8km of Lesser Himalayan units. Circles
show the prediction of model KTM11.
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southern edge of Tibet [e.g., [1,10]] (Fig. 2A). The
various LH units, which are bounded by the MCTon top
and by the MBT at the base, consist of proterozoic
sediments of Indian affinity that were accreted to the
High Himalayan crystallines [e.g. [22,23]]. These units
have a well developed foliation which depicts a broad
antiform [9], interpreted as the result of a duplex [22,28]
(Fig. 2A), that would have developed mainly over the
last 10Myr [22,23]. The structural architecture of the
range suggests that the Himalayan wedge in Nepal has
grown as a result of both frontal accretion due to
successive activation of major thrust faults at front of the
wedge and underplating due to the development of a
duplex.

2.2. Kinematics

Holocene slip rate along the MFT, determined
from geomorphic studies at the front of the range is
21±1.5mm yr−1 [2]. Determinations of present day
convergence from GPS studies range from 12 to
20mm/yr [3,4,29,30]. The spread in GPS estimates
may be explained by short term variations in time
(within the seismic cycle) [31] and variations along
strike related to extension in southern Tibet [29,32].
Processing of 8years of continuous GPS and DORIS
monitoring in Nepal suggests ∼18mm/yr convergence
for the modelled section [33]. We infer that conver-
gence across the range is essentially the result of
localized deformation along the MFT-MHT, internal
shortening within the range being small.

Relatively young cooling ages suggest that the MCT
may have been reactivated as an out of sequence thrust in
the Pliocene [6,24,34] and may even still be active. The
steep topographic front of the high range and the pattern
of erosion across the Nepal Himalaya have been taken to
suggest active thrusting of the MCT (e.g. [7]). Fluvial
incision along the major Himalayan rivers in central
Nepal increases abruptly from 1–2mm/yr across the
Lesser Himalaya to about 5mm/yr across the Higher
Himalaya where most rivers entrench into steep and
narrow valleys with pronounced knickpoints [35]. This
pattern definitely requires a zone with higher uplift rates
along the front of the high range to prevent rivers from
rapid headward erosion and maintain the smooth arcuate
shape of the high range in map view. Active thrusting
along the front of the high range, as argued for example
by Wobus et al. [2003] [36] and Hodges et al. [2004] [7]
might be a possibility. However, this would imply
internal shortening of the Himalayan wedge at rates on
the order of 5–10mm yr−1 given the dip angle of the
MCT, generally less than 30°. This in turn would imply
an implausible shortening rate across the range, in excess
of 26mm yr−1. A possible alternative explanation for the
pattern of erosion and topography across the range and
for the young cooling ages at front of the High Range is a
locally steeper dip angle along the basal thrust fault [35].
Here, we will hold the view that deformation has always
been localized along a single major thrust fault,
equivalent at present to the MHT, but that rocks can be
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transferred from the footwall to the hanging wall as a
result of forelandward migration of the thrust fault. In
reality, the accretion process has probably been discrete
with successive accretion of a limited numbers of LH
thrust sheets [22,23]. Unfortunately, the structure of the
LH does not allow for tightly constraining a discrete
model. We will therefore assume that accretion has been
a continuous process. In a reference frame defined by the
MHT-MFT, the hanging wall is moving at an over-
thrusting velocity V2, taken positive to the south, and the
footwall is moving at an underthrusting velocity V1,
taken positive to the north. Fig. 2B shows the resulting
trajectories. If the topography is assumed to be stationary
and controlled by the geometry of the MHT and the
implied pattern of uplift, sediment progradation onto the
underthrusting Indian plate should be equal toV1, a value
estimated to between 15 and 20mm yr−1 over the last
15Myr [37]. In the following, we will assume that the
understhrusting rate has not changed with time and take a
value in this range. Provided that the thermal structure is
determined, this kinematic model may then be used to
predict the metamorphic grade and cooling ages of rocks
collected at the surface.

3. Petrologic and radiometric constraints

3.1. Petrologic constraints

The distribution of peak metamorphic temperatures
in the Lesser Himalaya of Central Nepal has been
recently documented from Raman Spectroscopy of
Carbonaceous Material (RSCM) thermometry [26,27].
Peak metamorphic temperatures in the LH vary
typically between 550°C near the MCT to about
Fig. 4. Synthesis of thermochronological ages from the Lesser Himalaya and
caption). All data are reported along a N18E section together with the predicte
350°C at deeper structural levels (Fig. 3A and B). The
combination of these data with local structural measure-
ments indicates that the peak metamorphic temperatures
decrease downward in the section. This apparently
inverted gradient was first documented near the MCT
zone and is observed to actually encompass the topmost
5–7km thick Lesser Himalayan units [27]. About 50km
north of the MBT these data show that the peak
temperatures decrease by about 30°C/km on average
with a break in slope about 4–5km from the MCT.
Closer to the MCT, the thermometric data show
primarily a 150°C discontinuity at the MCT.

3.2. Thermochronological constraints

The most complete picture of the chronology of
cooling in central Nepal comes from 39Ar/40Ar ages on
muscovites (Fig. 4). This technique provides an estimate
of the age of cooling of the rock sample through the
muscovite bulk closure temperature assumed here to be
∼350°C. These data indicate that the southern tip of the
Kathmandu thrust sheet cooled below 350°C about 20–
22Myr ago, an age consistent with the onset of
deformation and anatexis in the MCT zone [5,38]. The
ages from the Kathmandu klippe and LH decrease
gradually northwards to about 5Myr at the front of the
high range, following a nearly linear trend corresponding
to a slope of about 0.24Myr/km (Fig. 4). If internal
deformation of the Himalayan crustal wedge has been
minimal since about 20Myr, this age gradient may be
related to the overthrusting velocity, defined as the
velocity of a nearly rigid wedge with respect to the thrust
front [27]. It is important to note that the few muscovites
collected from structural levels deeper than 6km from
HHC across the Himalaya of Central Nepal (sources detailed in Fig. 1
d cooling ages from model KTM11. See Fig. 1B for location of section.



Fig. 5. Distribution of 39Ar/40Ar ages obtained from muscovites as a
function of structural distance from MCT. Reset (white), partially reset
(grey) and non-reset (black) muscovites during the Himalayan
orogenesis plot as a function of the structural distance from the top
of the Lesser Himalayas. Samples collected at distance less than 5km
where dominantly reset. All non-reset samples were collected at more
than 6km structural distance from the MCT.
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the top of the LH (Fig. 5) were apparently not reset for Ar
[24,36,39]. This suggests that rocks below that structural
level never crossed the 350°C isotherm, and puts
additional constraints on the thermal structure. Sparser
cooling ages from apatite and zircon fission tracks also
depict ages decreasing northwards from the MBT to
the front of the Himalayan range. Unfortunately, we do
not have the information regarding the elevation of
most of the samples so that we will assume that they
were all collected along a simplified topographic
surface.

4. Model construction

4.1. Geometry and kinematics

The model geometry is based on the concept of a
single thrust zone (MHT) along which the Indian plate is
subducted beneath the Himalayan front (Figs. 1 and 6).
Fig. 6. Model geometry, kinematic and thermal parameters used in
The modeled domain is divided into 5 layers of uniform
physical properties. These layers divide the footwall of
the MHT into a mantle domain, the Indian lower crust
taken to be 25km thick, and a 15km thick Indian Upper
Crust (left side of the model). The hangingwall of the
system is composed of the High Himalayan Cristalline
and a Tethyan domain, with simple North dipping
geometry (Fig. 6). The MHT is modelled as a 1km thick
shear zone with a constant dip angle (α=10°N) and the
model origin is taken at the intersection of the MHT
plane with the topographic surface. Accretion is
modelled by allowing continuous material transfer
through the shear zone in the underplating window
(Fig. 6). The topography, culminating at 5km in
Southern Tibet, is assumed to be steady-state, meaning
that erosion compensates exactly the uplift rate
everywhere. Erosion thus comprises one uniform term
related to the sliding of the Himalayan wedge on the
MHT, and a spatially varying term related to the material
accretion flux through the MHT.

The velocity field is constructed in order to satisfy the
continuity equation ðjYdYv ¼ 0Þ, which implies conti-
nuity of the fault-normal velocity, deformationwithin the
sliding blocks is approximated by vertical shear. The
horizontal velocity component is thus uniformwithin the
footwall and hanging wall of the MHT. Horizontal
velocities of footwall and hanging wall in the model
reference frame are, respectively, V1 and −V2. The sum
V1+V2, which represents the convergence rate across the
range, was chosen to match the 21mm/yr (±1.5)
Holocene shortening rate [2]. Then, the vertical
components of the velocity are (tgα ·V2+Vu(x)) for the
hanging wall and (− tgα ·V1+Vu(x)) for the footwall,
where Vu(x) represents the underplating (accretion)
velocity at position x. The fault normal velocity is thus
cosα.Vu and the continuity equation is satisfied. For an
model KTM11 (cf. Tables 1–3 for additional parameters).



Table 1
Physical parameters for crust and mantle

Heat capacity (Jm−3) ρc 2.5×106

Mantle density at 0°C 105Pa (kgm−3) ρmantle 3350
Thermal diffusivity (m2s−1) κ 10−6

Thermal expansion coefficient (K−1) χ 2.4×10−5
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accretion window of width L (measured along the x axis),
the velocity of underplating is related to the thicknessΔz
of material scraped from the top of the Indian crust by the
equation:

Vu ¼ V1Dz=L:

Considering that the formation of the Lesser
Himalayan duplex occurred over the last 8–10Ma
[22,23] whereas the accretion of Lesser Himalayan
slivers into the MCT zone spanned a longer time scale
(up to about 20Ma), we define two kinematic phases.

During the first phase an underplating velocity of 0.3
to 0.5mm/yr is applied between 80 and 150km to
account for the ductile growth of the MCT zone. During
the second phase, the underplating velocity is increased
to 1–1.5mm/yr in the 80–120km interval to account for
the accretion of the duplex units. These underplating
velocities have a strong influence on the modeling
results, as well as on the predicted geometry of the
Himalayan wedge, and the best combination of para-
meters will be discussed in Section 5.3.

4.2. Thermal modeling

The heat transport problem is treated in the steady
and transient states with the FEAP finite element
program, using a Galerkin formulation in a Eulerian
frame [40]. The first kinematic phase (20–8Ma) is
treated as a thermal steady-state, and is taken as the
initial conditions for the second kinematic phase, which
is solved in transient state. Computation of peak T and
Table 2
Specific physical parameters for each layer in KTM11 model

Layer Thermal conductivity
(W m−1 K−1)

Radiogenic heat
production
(μW/m3)

Chemical
composition

TD 2.5 1.0 Granodiorit
HD 2.5 2.5 Granodiorit
IUC 2.5 2.5 Granodiorit
ILC 2.5 0.4 Intermediat
M 3.0 0.0 Peridotitic

Abbreviations: M, mantle; ILC, Indian lower crust; IUC, Indian upper crust
cooling ages are then performed by particle tracking
through the time-dependent temperature field. The
equation solved includes diffusion, advection, and heat
production source terms:

qcp
AT
At

þYvdjYT

� �
¼ jkjT þ AR þ AS ð1Þ

where ρ is density, cp is the specific heat, Yv is velocity,
T is temperature, t is time, k is the thermal conductivity
while AR and AS are, respectively, the radiogenic heat
production and the shear heating. While AR is deduced
from the petrochemical composition of the various
domains defined in the model, AS is computed in
prescribed shear zones from the velocity discontinuity
Δv, the thickness of the shear zone e and the shear stress
τ with AS ¼ s� Dv

2e
. In the brittle domain, the shear stress

is computed as a function of the lithostatic pressure Pl

and a friction coefficient χ with:

s ¼ 2v� Pl ð2Þ

In the ductile domain, the shear stress is deduced from a
power flow law:

sn ¼ e�
A� e

−Q
RT

ð3Þ

where ε˙ is the strain rate, A and n are intrinsic medium
parameters, Q is an activation energy, R is the universal
gas constant. A maximum value for shear stress may
also be applied in both domains.
4.3. Model parameters

Model parameters may primarily influence the
temperature field or the velocity field. Thermal para-
meters influence only the temperature field. These are
heat conductivity, heat capacity (and heat diffusivity,
which is a combination of both parameters), radioactive
Compressibility
(Pa−1)

Layer thickness
(km)

ic 2×10−11 Variable (Fig. 6)
ic 2×10−11 Variable (Fig. 6)
ic 2×10−11 15km on the Indian side of the model
e 1×10−11 25km

8×10−12 Variable

; HD, Himalayan domain; TD, Tethyan domain.



Table 3
Parameters used for the shear heating computation in KTM11

Brittle mode Ductile mode

Granite flow law

τmax

(MPa)
e
(m)

χ A
(MPa−n s−1)

n Q
(kJ/mol)

50 1000 0.1 2.512×10−9 3.4 139

Shear stresses do not exceed 50MPa, a value consistent with
maximum deviatoric stresses obtained by comparing seismicity and
current geodetic strain [32]. Granite flow law from [55].

Fig. 7. A—Cumulated erosion through time (0–20Ma) from model
KTM11 illustrating underplating and erosion focus at the front of the
present day high Himalayan range due to the slow overthrusting
velocity. The present day HHC and Tethyan Himalayan thicknesses
(red crosses) as well as the total amount of material accreted (green) are
materialized. B—Geometry of the LH/HHC contact in KTM11 model
at present day (red line) and 8Myr ago (green dashed line). The surface
eroded since 20Myr is materialized by the thick grey dashed line.
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heat production, thermal boundary conditions and the
rheological parameters controlling the shear heating on
the MHT. Parameters influencing the velocity field
(kinematic parameters) also influence the temperature
field through the advection term in Eq. (1). The budget of
accretion and erosion notably affects the thermal regime
[11,13]. Once the geometry of the MHT is set, the
velocity field in our kinematic description depends on
the underthrusting (V1) and overthrusting (V2) velocities
and on the spatial and temporal distribution of material
flux through the MHT (see Section 4.1).

The temperature field thus depends on a large
number of parameters. Multiple trade offs occur,
between thermal parameters such as basal heat flow,
radiogenic heat generation and shear heating, and also
between thermal parameters and kinematic parameters.
Geophysical and petrological constraints thus define a
possible range of physical parameters (rather than a
unique set of parameters), which can account for the
steady-state thermal regime in the Himalayas [11–13].
Based on these modeling studies, we define a starting
model (KTM1) and discuss how variations in para-
meters affect results based on a series of model runs
(Table 4). Our final (and preferred) model, KTM 11,
uses the same thermal parameters as KTM 1 but with
kinematic parameters tuned for better adjustment to
Upper Indian Crust (UIC) geometry and total accreted
volume. Both models yield similar results in terms of
peak temperatures and thermochronological evolution.

In all models, the left and right hand side boundary
conditions are, respectively, fixed temperature condi-
tions corresponding to a relaxed steady-state geotherm
along the Indian side and no lateral heat flow along
the Tibetan side. The upper and lower boundary
conditions are 0°C and a constant basal heat flow
(15mW/m2), representative of the Indian cratons [41].
Thermal diffusivity is taken uniform at 10−6m2/s,
mantle thermal conductivity is set to 3Wm−1K−1 and
crust thermal conductivity is set to 2.5Wm−1K−1 [12]
(Table 2). In KTM 1 and 11, the radiogenic heat
production of the UIC and HHC is taken to be
homogeneous and equal to 2.5mW/m3, which agrees
with previously determined HHC heat productions
[42]. A lower crustal radiogenic heat production of
0.4mW/m3 is used [43]. Metamorphic facies and rock
densities are determined from petrogenetic grids [44].
Rock densities are then integrated with depth to
calculate the lithostatic pressure, which is needed to
calculate the shear heating on the MHT. The shear
heating calculation is the only step in which
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mechanics are involved in the model. In KTM 1 and
11, shear heating is computed with the same moderate
friction law as used by Henry et al. [1997] [12]. A
flow law for granite is used in the ductile domain, and
a 50MPa value is assumed for the maximum shear stress
in both brittle and ductile domains (Table 3). The
transition from brittle to ductile rheologies in the shear
zone occurs at a temperature of about 400 °C,
corresponding to about 18km depth on the Main
Himalayan Thrust.

5. Forward modeling results and comparison with
data

5.1. Overthrusting velocity and thermochronological
data

Model KTM11 predicts a cooling history consistent
with the various thermochronological data, which are
relatively well distributed both in time (the data spans
the last 20Myr) and in space along the section (Fig.
4). This model yields a uniform age gradient between
the Main Boundary Thrust and 80km, for closing
temperatures of 350 and 400°C. This result is tied to
the assumption of a zone of increased erosion at the
front of the high range. Models with uniform erosion
over the Himalayan wedge [e.g. [12]] fail to
Fig. 8. A—Present thermal structure and velocity field computed from model
the kinematics over the last 8Myr. Box shows location of close up views in B
field computed from model KTM11 for the 20–12Ma period and thermal st
reproduce this gradient. The zone of increased erosion
may be reproduced by assuming a crustal ramp or, as
in this study, by underplating. The value of the age
gradient is given to be the inverse of the overthrusting
rate [27] (model parameter V2). The observed
0.24Ma/km suggest an overthrusting rate of about
4mm/yr. The trend in Ar–Ar cooling ages is indeed
well adjusted for V2 =4±0.5mm/yr and V1 =17
±0.5mm/yr (Fig. 4).

The uncertainty on the 0.24Ma/km Ar/Ar musco-
vite age gradient along the Kathmandu transect
follows from the 5Ma scattering around the average
linear trend (Fig. 4). Considering that this gradient is
well defined over a 60km width, the corresponding
uncertainty on the gradient is ±0.04Ma/km, and the
range of compatible overthrusting velocities V2 is 3.5–
5.0mm/yr.

The model yields minimum 39Ar/40Ar ages on
muscovite of the order of 7Ma and zircon and apatite
fission track ages, respectively, around 4 and 2Ma
(Fig. 4). For apatite, the minimum ages are obtained
over the zone of maximum erosion and increase
sharply to a nearly constant value south of it. While
this feature is reproduced in the model, the predicted
fission track ages (assuming closure temperature at
120°C for apatite and 230°C for zircon) appears to be
younger. This could be explained if the increase of
KTM11. Arrows show velocity with respect to MHT corresponding to
and C. B—Close up view corresponding to the box in A. C—Velocity
ructure at 8Ma.



Fig. 9. Misfits on the peak temperatures and the ages at which the
samples have gone through the 350°C isotherm, assuming a muscovite
bulk closure temperature at 350°C, a reasonable value for the 30 to
50°C/Ma cooling rates generated in the model [54]. It appears that,
while the misfits distributions are centred, the southernmost dataset
(sampled within 0–50km from the MBT) is cooler and older than
predicted whereas the northernmost one is hotter and younger. This
trend probably reflects complexities not accounted by in the model
such as a decrease of the total velocity on the MHT since 20Ma and/or
an increase of erosion rates in the high range, possibly related to out of
sequence thrusting along the MCT zone.
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erosion rates since 8Ma affected a wider zone than just
the underplating window. However, additional dense and
well geo-referenced low temperature thermochronome-
trical data are required before being able to constrain this
assumption considering the numerous sources of
uncertainties (altitude, compositional and diffusion size
parameters, the model predicting also highly variable 15
to 100°C/Ma cooling rates through the 90–230°C
isotherms inducing variations of bulk closure tempera-
ture for thermochronometers in that range).

5.2. Parameters of underplating and peak temperature

The position of the accretion window and the rate of
underplating determine the gradient of peak metamor-
phic temperatures as well as the geometry of the
underplated body and distribution of erosion at the
surface (Fig. 7A and B). In the Lesser Himalayan domain
of the model, the peak temperature is reached at the time
of underplating, or shortly afterwards. Peak metamor-
phic temperatures in the 300–550°C range of observed
values in the LH constrain the position of the zone of
underplating. With the thermal parameters in models
KTM1 and 11, the extent of the underplating window
must lie from about 80 to about 150km from the MBT.

We assume that from 20 to 8Ma the top 1.4km of the
Indian crust is underplated through a 70km wide
window (80 to 150km from MFT (Figs. 6–8)). The
corresponding accreted flux is 24km3Ma− 1 km− 1.
Between 8Ma and present, an additional flux of
30km3Ma−1km−1 is applied between 80 and 120km
from the MBT, by increasing the accretion rate to
1.5mmyr−1 through that window. The flux of under-
plated material is then 55km3Ma− 1 km− 1, cor-
responding to the top 3.2km of the Indian crust. The
uplift rate is about 1.5mmyr−1 over the zone with
maximum underplating rate (80–120km). The predicted
present day geometry involves a frontal synform with
preserved HHC and a large anticlinorium at the front of
the range (Fig. 7B). The total amount of material
accreted is 720km3km−1 (Fig. 7A). This geometry is
consistent with the simplified structural section across
the Kathmandu Klippe (e.g. Fig. 2A) where the accreted
LH volume can be estimated to between 500 and
1000km3km−1.

The range of temperatures along the midcrustal zone
of accretion matches with the peak temperatures
deduced from RSCM thermometry (Figs. 3 and 8).
The predicted peak temperatures match the inverse
apparent gradient estimated 50km from the MBT (Fig.
9). The break-in-slope at about 5km structural distance
from the MCT might reflect the change in rate of
accretion around 8Myr. The model also reproduces well
the peak metamorphic temperatures across the MCT
(Fig. 3A and B). It should be noted that the model
predicts peak temperatures lower than 350°C in the core
of the anticlinorium at structural distances as short as
5km from the top of the LH, consistent with the
presence of non-reset muscovites (Fig. 5). The model
therefore can explain altogether the relationship be-
tween the structural location of the reset and no-reset
transition zone and the location at the front of the High
Himalayan Range of the rapidly eroded domain as well
as the cooling history of the klippes at the front of the
system.



Table 4
Thermal and kinematic parameters used in models discussed

Model Radiogenic heat
production
(μW/m3)

Boundary
velocities
(mm yr−1)

Vuz(x)
(mm an−1)

Final LH volume
(km3 km−1)

Shear heating model

IUC and HHC Vt V2 80<x<120km
20–8 /8–0Ma

120<x<150km
20–0Ma

Ductile rheology

KTM1 2.5 20 4.2 0.44 /1.32 0.44 893 Granite
KTM7VM 2.5 18 4.2 0.40 /1.20 0.40 805 Granite
KTM7VP 2.5 21 4.2 0.48 /1.45 0.48 981 Granite
KTM7R1 1.5 20 4.2 0.44 /1.32 0.44 893 Granite
KTM7R2 2.0 20 4.2 0.44 /1.32 0.44 893 Granite
KTM7SZ2 2.5 20 4.2 0.44 /1.32 0.44 893 Diabase
KTM11 2.5 21 4.0 0.34 /1.09 0.34 723 Granite

Varied parameters are underlined. V2 and Vt are, respectively, the overthrusting velocity and total velocity on the MHT. V1, the underthrusting velocity
is thus Vt−V2. Note that changes in V1 induce changes in Lesser Himalayas evolution in the model (bold italic).
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5.3. Parameter sensitivity and trade offs

We have run a number of models (listed in Table 4)
to assess the sensitivity of the model to the parameters
and possible trade-offs. As discussed above, V2

controls the gradient of exhumation ages along the
section which were quite tightly constrained from the
available data. We therefore did not vary this
parameter.

A decrease in V1, (i.e. down to 13.8mmyr−1 in
model KTM7VM) induces a decrease in the volume of
LH accreted (85km3km−1) as well as a small increase in
maximum peak temperature (∼10°C). This is because
the temperature at any given point increases when the
underthrusting velocity decreases. An increase in V1

(e.g. up to 16.8mmyr−1 in KTM7VP) has the opposite
effect. So varying V1 within a reasonable range of
values (±20%), in view of the constraints brought by the
rate of sediment progradation over the foreland, has
small effect on peak metamorphic temperatures and
cooling ages but change significantly (±20%) the time
needed to accrete the volume of material corresponding
to the Lesser Himalayan duplex.

The thermal structure is more sensitive to radioactive
heat production variations tested in models KTM7R1 to
3. Decreasing radiogenic heat productions to 2.0 and
1.5μWm−3 decreases the LH peak temperature by
about 30 and 70°C, respectively, if the location of the
underplating window is not changed. The lower
temperatures in the model could, however be compen-
sated by a northward shift of the accretionnary window
(up to 30 or 50km, respectively).

Shear heating has also a strong influence on the
temperature field. In model KTM7SZ2, a diabase
ductile rheology is used and the maximum shear stress
set at 100MPa (instead of granite rheology and 50MPa
maximum shear stress). Peak temperatures for the
accreted LH reach 430 to 590°C, about 100°C hotter
than in the preferred model KTM11. If only the peak
metamorphic temperature dataset is considered, this
could be compensated by a 70km southward shift of the
underplating window.

These northward or southward shifts of the accre-
tionnary window in models KTM7SZ2 or KTM7R1
would result in a position of the Lesser Himalayan body
relative to the trust front which would be incompatible
with the structural constraints. In theory the position of
this body also depends on V2, constrained largely
independently from the gradient of 39Ar/40Ar muscovite
ages (cf. Section 5.1).

Hence the model we propose is certainly non-
unique due to various trade-offs among model
parameters. In particular, it is possible to compensate
a change in the thermal structure by adjusting the
geometry of the accretionnary window so as to still be
in good agreement with the peak metamorphic
temperature (we need the accretionnary window to
span a range of temperatures going from about 550
down to about 320°C).

Regarding the model prediction in terms of cooling
ages, there is also a trade off between the gradient of
temperature with depth and the uplift rate. For example,
if the geotherms become steeper due to change in the
thermal parameters (e.g. an increase of shear heating or
of radiogenic heat production), the cooling ages might
still be matched reasonably well by decreasing uplift
rates (assumed equal to erosion rates). In the absence of
good vertical transects of cooling ages in the Lesser
Himalaya, however, this kind of trade-off cannot be
resolved.
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6. Discussion and conclusion

We have presented numerical models that illustrate
the effect of localized underplating and of temporal
changes in the velocity field within a slowly varying
thermal structure. Comparison of the modelling results
with thermochronologically constrained cooling age
profiles suggest that the age minimum observed along
the MCT trace may primarily be related to the
distribution of underplating and erosion. The continuous
trend in the muscovite age profile defines an age gradient
we tie to the overthrusting velocity. The age gradient and
the inferred kinematic model also suggests that the
earliest thermal history of the system should be depicted
at the fore-edge of the hangingwall of the Himalayan
orogen.

This model ignores the role of the South Tibetan
Detachment which has likely been active in the early
period covered by our model. Coeval thrust motion
along the MCT and normal motion along the STD
between 16 and 20Ma [45,46] would have allowed
rapid exhumation of the HHC, possibly as a result of
midcrustal channel flow [e.g. [20,47,48]]. But this effect
is not considered here as most of the data we analyze
pertains to the more recent tectonic history of the range.

The dataset used here has been generated projecting
thermometrical as well as thermochronological data
acquired along strike in a region encompassing lateral
variations. The model, thus, might be considered as
appropriate only on average for the Kathmandu area
where a HHC klippe has been preserved. It probably
corresponds to a low underplating/ low erosion end
member. Modelling the LH geometry on transects on
either side of the Kathmandu klippe would require a
longer phase of duplex formation and/or higher under-
plating rates. Furthermore, the projection of the
thermochronological data acquired along strike, in
whatever geological unit, structural distances to the
main shear zone or altitudes, might contribute signifi-
cantly to the scattering of 39Ar/40Ar cooling ages. This
loose distribution does not allow for refining the
hangingwall velocity value or even constrain the
continuity/discontinuity of the underplating mechan-
isms. Finally, the topographical effects, critical to the
interpretation of FT data [49] in settings with high local
relief (i.e. ∼2km in our region of interest), ought to be
taken into account. Indeed, the high erosion rates
generated by the model, in the range 0.7–2.2kmMa−1,
should induce a 1–3Ma scattering in 39Ar/40Ar age well
correlated to the topography.

In spite of its non-uniqueness, the forward model
presented here reconciles the kinematic of mountain
building in the Himalayas that can be inferred from
structural geology, morphotectonic studies, and avail-
able thermo-metamorphic and thermo- chronological
data implying that the Himalayan wedge would have
grown essentially as a result of underplating during the
last 8Myr. Given the range of temperature at the depths
of interest this process likely occurs in the transition
zone between the brittle (seismogenic) and ductile
portions of the MHT. The similar kinematics inferred
from exhumed thrust fault systems [50] suggests that
this process might be a common mode of crustal
thickening. The data requires a major increase of the
accretionary flux about 8Myr ago corresponding to the
development of the LH midcrustal duplex. The model
presented here is based on critical assumptions: the
topography is assumed steady-state and underplating is
modelled as a continuous process. Nonetheless, we
believe it provides a first order kinematic description of
the Nepal Himalayas evolution over the last 10–20Ma,
tying together a variety of structural, geochronological
and petrological data. Furthermore, it indicates that short
term kinematics, determined at the seismic cycle and
Holocene time-scales, are consistent with the long term
evolution of the High Himalayan range, over at least 10
million years. The model does not account for late MCT
reactivation, nor disproves it, but suggests this process
may not be essential to explain first order observations
of structure and metamorphism on the Kathmandu
transect.
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