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on the tectonic development of the Himalayas
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Abstract

Crustal deformation due to fault slip depends strongly on fault geometry, and fault geometry is changed by the deformation of the
crust. This feedback mechanism causes the geometrical evolution of the fault system. We have studied the progress of the geometrical
evolution of a plate interface–branch fault system through numerical simulation, based on elastic–viscoelastic dislocation theory. If the
plate interface is smooth, no significant change occurs in fault geometry. If the plate interface has a ramp, we observe the gradual hor-
izontal motion of the ramp toward the hanging-wall side of the interface at half the plate convergence rate. The offset of the ramp
decreases with time. The dip-angle of thrust faults branching from the plate interface increases more rapidly as the dip of the fault
increases. We have applied these results to the plate interface–branch fault system at the India–Eurasia collision boundary and obtained
a scenario for the tectonic development of the Himalayas for the last 30 Myr.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

According to Molnar and Tapponnier (1975), the colli-
sion between India and Eurasia began at the Indus suture
zone in early Tertiary time. Subsequently, at about
30 Myr BP, the collision boundary shifted southward.
The Himalayas have been developed since then. Fig. 1
shows the present tectonic setting of the India–Eurasia col-
lision zone. The convergence rate between the Indian and
the Eurasian plates has been estimated as about 50 mm/yr
(DeMets et al., 1990). At the collision boundary extending
along the Himalayas, about 40% of the total convergence
rate is consumed by the subduction of the Indian Plate
beneath the Eurasian Plate (e.g. Lyon-Caen and Molnar,
1985; Bilham et al., 1997). The remaining 60% is consumed
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by internal deformation of the Eurasian Plate (e.g. England
and Molnar, 1997).

A number of geodetic and geologic observations indi-
cate that the India–Eurasia plate interface includes a
large-scale ramp beneath the High Himalaya (e.g. Kono,
1974; Schelling and Arita, 1991). As shown in Fig. 2, the
shallower part of the plate interface is accompanied by a
series of large-scale branching thrust faults, the Main Cen-
tral Thrust (MCT), the Main Boundary Thrust (MBT) and
the Main Frontal Thrust (MFT). In the Himalaya rapid
crustal uplift due to the India–Eurasia collision continues
at present (e.g. Iwata et al., 1984; Jackson and Bilham,
1994). Many theoretical studies indicate that the present
pattern of crustal deformation depends strongly on the
geometry of the plate interface–branch fault system (e.g.
Molnar, 1987; Jackson and Bilham, 1994; Takada and
Matsu’ura, 2004). The geometry of a fault system changes
on a geologic time-scale because of cumulative crustal
deformation due to seismic and/or aseismic fault motion.
Therefore, to understand the process of tectonic develop-
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Fig. 1. Present tectonic setting of the India–Eurasia collision zone. The thick solid lines represent plate boundaries. The arrow indicates the velocity vector
of India relative to Eurasia, calculated from NUVEL-1 (DeMets et al., 1990). The thin lines indicate active faults (England and Molnar, 1997). The thick
broken line indicates a reference line crossing the collision boundary at Kathmandu (the solid square).

Fig. 2. A schematic diagram showing the plate interface–branch fault system in Himalaya (modified from Jackson and Bilham, 1994). MFT, Main Frontal
Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; MHT, Main Himalayan Thrust.
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ment in the Himalaya, we should consider the effects of the
long term geometrical evolution of the plate interface–
branch fault system.

On the basis of geological and geophysical evidence
Lyon-Caen and Molnar (1983) and Harrison et al.
(1992), for example, have reconstructed the past history
of tectonic development in the Himalaya by considering
the effects of geometrical evolution of the fault system.
However, in these studies the mechanism of the geometrical
evolution of the fault system is unclear. Therefore, it is nec-
essary to clarify the physical feedback mechanism govern-
ing the process of geometrical evolution of the plate
interface–branch fault system.

Physical models have been proposed previously for the
topographic development of collisional mountains. Davis
et al. (1983) have modelled the fold-and-thrust belt as a
critically tapered wedge of (Coulomb wedge). This model
is only applicable to the frontal part of collisional moun-
tains. Willett et al. (1993) have proposed a model of topo-
graphic development in which the steady convergence of
two rigid plates deforms an overlying rigid-plastic surface
layer. Using this model they reproduced the characteristic
pattern of branch thrusts commonly observed in the frontal
part of collisional mountains. Chemenda and his co-work-
ers (Shemenda and Grocholsky, 1992; Chemenda et al.,
1995, 1996, 2000) have investigated the process of the tec-
tonic development of collisional mountains by using an
analogue model consisting of brittle and ductile clay layers.
The main purpose of these analogue experiments was to
understand very large-scale geometric evolution of the
Indian slab. Thus, little attention has been directed to the
effects of the geometrical evolution of the plate interface–
branch fault system on the tectonic development of colli-
sional mountains.
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Mechanical interaction at a plate interface can be repre-
sented naturally by an increase in the tangential displacement
discontinuity (dislocation) across the plate interface (Mat-
su’ura and Sato, 1989). On this basis Sato and Matsu’ura
(1993) have developed a long-term plate subduction model
and have succeeded in explaining the whole process of forma-
tion of island arc-trench systems. Recently, Takada and Mat-
su’ura (2004) have demonstrated that the present vertical
movement in Himalaya and horizontal deformation in Tibet
can be explained by a single plate-convergence model.

The purpose of the present study is to reveal the physical
feedback mechanism governing the process of geometrical
evolution of the plate interface–branch fault system. In
Section 2, we summarize briefly the observations of the
plate interface–branch fault system in the Himalaya. In
Section 3, first we construct a kinematic model for plate
convergence on the basis of elastic–viscoelastic dislocation
theory and then compute the internal deformation field in
the Himalaya due to the steady under-thrusting of the Indi-
an Plate. In Section 4, by incorporating a feedback algo-
rithm for the change of fault geometry into the kinematic
plate convergence model, we numerically simulate the geo-
metrical evolution processes of the plate interface–branch
fault system and the corresponding surface uplift pattern.
In Section 5, by combining the numerical results of the evo-
lution of the geometrical fault-system with geological
knowledge, we propose a scenario for the tectonic develop-
ment of the Himalayas over the last 30 Myr.
2. The plate interface–branch fault system in Himalaya

First of all, we summarize briefly the observational data
concerning the geometry of the India–Eurasia plate interface
in the Himalaya, the Main Himalayan Thrust (MHT), and
its long-term slip rates. Jackson and Bilham (1994) have
deduced the plate interface geometry in Nepal from the anal-
ysis of various kinds of data. The project INDEPTH has
revealed the plate interface geometry in the southern part
of Tibet by seismic reflection profiling (Zhao et al., 1993; Nel-
son et al., 1996; Brown et al., 1996). From these comprehen-
sive studies we can extract the following geometrical features
of the plate interface. The plate interface dips gently beneath
the Lesser Himalaya and the southern part of Tibet, but
steepens abruptly beneath the High Himalaya. Thus, the
plate interface has a ramp structure beneath the High
Himalaya. Bouguer gravity anomalies (e.g. Kono, 1974;
Lyon-Caen and Molnar, 1983), fault plane solutions of mod-
erate-size earthquakes (Ni and Barazangi, 1984; Baranowski
et al., 1984), and balanced cross sections (Schelling and Ari-
ta, 1991; Schelling, 1992) consistently indicate the presence
of a ramp structure beneath the High Himalaya. From the
ages of sediments in drill holes in the Ganga Basin, Lyon-
Caen and Molnar (1985) estimated the slip rate at the plate
interface to average 15±5 mm/yr, over the last 15–20 Myr.
On the other hand, from the inversion analysis of GPS data,
Bilham et al. (1997) and Larson et al. (1999) obtained slip
rates of 20.5±5 and 20±1 mm/yr, respectively, for the deeper
part of the plate interface.

Next, we review the past slip-history and the present
geometry of the major thrust faults branching from the plate
interface. In the history of the tectonic development of the
Himalaya the first major event is the formation of the Main
Central Thrust (MCT). The High Himalaya with the peak
altitude of about 8000 m is bounded to the south by the
MCT (Fig. 2). In this region, there are Tertiary two-mica gra-
nitic intrusions, which can be regarded as evidence of thrust
motion along the MCT. Through the compilation of data
from these granites by Molnar (1984), Hodges et al. (1988)
and Harrison et al. (1992), it has been confirmed that the
age of intrusion ranges widely from Upper Oligocene to Mid-
dle Miocene. Thus, the age of the initiation of thrust motion
on the MCT is generally assumed to be about 30 Myr BP
(e.g. Harrison et al., 1992). Another constraint on the slip
history is obtained from inverted metamorphism around
the MCT, caused by thrust motion on the MCT. The age
of inverted metamorphism has been estimated as about
15–20 Myr BP (e.g. LeFort, 1986). On the basis of these
observations we can estimate that the active phase of the
MCT was from 30 to 15 Myr BP. From balanced cross-sec-
tions Schelling and Arita (1991) and Schelling (1992) have
estimated the total convergence accommodated by the
MCT for this period to be 140–210 km. From changes in
the dip-angle of the surface rocks, many geologists (e.g.
Gansser, 1964; Schelling and Arita, 1991; Schelling, 1992)
have inferred that the MCT dips steeply near the surface
but more gently at depth, as illustrated in Fig. 2.

Another large-scale branch fault, the Main Boundary
Thrust (MBT), lies to the south of the MCT. The MBT
runs along the southern foot of the Lesser Himalaya at
an altitude of about 2000 m. The age of the initiation of
thrust motion along the MBT is estimated to be latest Mio-
cene or Pliocene, based on a sudden increase in sedimenta-
tion rates, fission track dating of the hanging-wall rocks,
and balanced cross-sections (e.g. Gansser, 1981; Meigs
et al., 1995; DeCelles et al., 2001). Although the precise
age is still unknown, it is widely accepted that the activity
of the MBT started later than the cessation of activity of
the MCT. Nakata et al. (1990) and Mugnier et al. (1994)
have shown that recent thrust motion on the MBT is not
continuous along the strike of the fault. Thus, we may con-
clude that thrust motion at the MBT will soon cease over
the whole fault. From a balanced cross-section Schelling
(1992) has estimated that the total convergence accommo-
dated by the MBT is about 45 km. From surface geology
and balanced cross-sections, many geologists (e.g. Gansser,
1964; Schelling and Arita, 1991; Schelling, 1992; Mugnier
et al., 1994) have inferred that the MBT has also a listric
shape, with a very steep dip-angle at the surface.

The Main Frontal Thrust (MFT) is the youngest thrust
fault branching from the MHT. From river terrace data
Wesnousky et al. (1999) and Lavé and Avouac (2000) have
estimated that the present slip rate at the MFT is about 14
and 21 mm/yr, respectively. The Siwalik Hills, which mark
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Fig. 3. Schematic representation of a kinematic plate convergence model.
Mechanical interaction at the plate interface R is represented by tangential
displacement discontinuity at the increase rate of vpl. The structure model
consists of an elastic surface layer with a thickness H and a viscoelastic
substratum, which correspond to the lithosphere and the asthenosphere,
respectively.
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the deformation front of the Himalayas, have been pro-
duced by activity along the MFT. There is no geologic evi-
dence that directly indicates the age of the initiation of
thrust motion along the MFT, but the age of initiation is
usually assumed to be Pliocene–Holocene (Molnar, 1984;
Hodges, 2000). From balanced cross-sections Schelling
(1992) and Powers et al. (1998) have estimated the total
convergence accommodated by the MFT and minor faults
to the south of the MBT to be about 25 km. From bal-
anced cross-sections and seismic exploration, many geolo-
gists (Schelling and Arita, 1991; Schelling, 1992;
Friedenreich et al., 1994) have shown that the MFT also
has a listric shape.

3. A plate convergence model and internal deformation fields

3.1. Development of a kinematic plate convergence model

In this subsection, we develop a kinematic model for
plate convergence on the basis of elastic–viscoelastic dislo-
cation theory (Matsu’ura and Sato, 1989). First, we model
the lithosphere–asthenosphere system by a two-layered
half-space, consisting of an elastic surface layer and a vis-
coelastic substratum, under the influence of gravity. Here,
the elastic surface layer and the viscoelastic substratum
correspond to the lithosphere and the asthenosphere,
respectively. Analyses of post-glacial uplift data show that
the lithosphere and the asthenosphere behave like a per-
fectly elastic solid and a Maxwell fluid with the viscosity
of 1019–1020 Pa s on a time-scale shorter than 106 yr (Cath-
les, 1975; Iwasaki and Matsu’ura, 1982). In tectonically
active regions such as the India–Eurasia collision zone,
the viscosity of the asthenosphere has a somewhat smaller
value (5·1018 Pa s) than this global average. In the present
study, we treat crustal deformation on the time-scale of
104–107 yr. On the time-scale of 107 yr, as demonstrated
by Sato and Matsu’ura (1993) and Takada and Matsu’ura
(2004), the viscoelastic stress relaxation of the lithosphere
decreases the deformation rate, but does not change the
deformation pattern significantly. Therefore, considering
these effects, for simplicity we may represent the rheology
of the lithosphere as purely elastic. The constitutive equa-
tion of the elastic surface layer can be written as:

rkk ¼ 3j1ekk

r0ij ¼ 2l1e
0
ij

(
ð1Þ

and that of the Maxwellian viscoelastic substratum as:

rkk ¼ 3j2ekk

_r0ij þ
l2

g r0ij ¼ 2l2e
0
ij

(
ð2Þ

where rij and eij are the stress and strain tensors, r0ij and e0ij
are the deviatoric stress and strain tensors. The constants li

and ji (i = 1,2) denote the shear modulus and the bulk
modulus of the i-th layer, and g represents the viscosity
of the second layer (substratum). The dot indicates differ-
entiation with respect to time. The constitutive Eq. (2)
states that the viscoelastic substratum behaves like a Max-
well fluid in shear and an elastic solid in bulk.

Next, we introduce an interface R that divides the strat-
ified elastic–viscoelastic half-space into two blocks, the
Eurasian and the Indian blocks, as shown in Fig. 3. The
steady increase of the tangential displacement discontinuity
across the interface R represents the steady subduction of
the Indian Plate. Here, it should be noted that the tangen-
tial displacement discontinuity is mathematically equiva-
lent to the force system of a double couple (Maruyama,
1963; Burridge and Knopoff, 1964), which brings about
crustal deformation. In general, the force system acting
on the plate interface must have the properties of no net
force and no net torque, since it is the internal force
imposed by a dynamic process within the Earth. The dou-
ble couple force system always satisfies the above condi-
tions. This is one of the reasons why we represent
mechanical interaction at plate interfaces by the increase
of tangential displacement discontinuity. Another reason
is more practical; the geometry and slip rates of plate inter-
faces can be directly estimated from geophysical and geo-
detical observations.

The boundary conditions in the present problem are no
traction at the surface of the half-space, continuity of dis-
placement and traction across the lithosphere–astheno-
sphere boundary, and uniform slip at a constant rate on
the whole plate interface R. The surface boundary condi-
tions are always defined on a flat plane (depth = 0 km).

Finally, we present the mathematical formulations
required for the calculation of crustal deformation due to
steady plate subduction. The viscoelastic displacement fields
u(x,t) due to arbitrary slip motion on the plate interface R are
generally given by the following hereditary integral:

uðx; tÞ ¼
Z t

�1

Z
R

dfsðsÞ
ds

� �
qðx; t; x0; sÞdx0ds: ð3Þ
here, q(x,t;x 0,s) denotes the displacement at an arbitrary
point x and a time t caused by a unit step slip at a point
x 0 on R at a time s, and fs is a slip time function. Assuming
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the steady slip on R starts at t = 0, we may write the slip
time function as:

fs ¼ vpltHðtÞ ð4Þ

where H(t) denotes the unit step function and vpl is the
plate convergence rate. Assuming the plate convergence
rate vpl to be constant, we can rewrite Eq. (3) as:

uðx; tÞ ¼ vpl

Z t

o

Z
R

qðx; t; x0; sÞdx0ds: ð5Þ

The displacement rates due to steady plate subduction are
given by the time derivatives of Eq. (5) as:

_uðx; tÞ � @uðx; tÞ
@t

¼ vpl

Z
�

qðx; t; x0; 0Þ dx0: ð6Þ

In this description the time dependence of displacement
rates comes from only the stress relaxation in the astheno-
sphere. As demonstrated by Sato and Matsu’ura (1993)
and Takada and Matsu’ura (2004), the characteristic relax-
ation time of the asthenosphere is of the order of 10–102

years. Since the time-scale of the present problem is much
longer than the characteristic relaxation time of the
asthenosphere, we may consider the case of t =1 in prac-
tice. Accordingly, Eq. (6) can be simplified as:

uðx; tÞ ¼ vpl

Z
�

qðx;1; x0; 0Þ dx0: ð7Þ

The above equation states that the displacement rates due
to steady plate subduction are simply given by the integra-
tion of the viscoelastic step responses q at t =1 over the
whole plate interface R.

The viscoelastic response to a unit step slip q(x,t;x 0,s)
can be derived from the solution of the associated elastic
problem (Sato and Matsu’ura, 1973; Fukahata and Mat-
su’ura, 2005) by applying the correspondence principle of
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Fig. 4. Internal deformation fields beneath the Himalayas obtained by numeric
to the Eurasian plate. The solid arrows indicate the velocity vectors. (b) Th
extension, respectively. In each diagram, thick line indicates the plate interfac
linear viscoelasticity (Lee, 1955; Radok, 1957). As to the
mathematical techniques to derive the concrete expressions
for the viscoelastic step-response, refer to the series of
papers by Matsu’ura and his co-workers (Matsu’ura
et al., 1981; Sato and Matsu’ura, 1988; Matsu’ura and
Sato, 1989).
3.2. Computed internal deformation fields beneath

the Himalayas

Now we construct a realistic 2D plate interface model
and compute the present rates of internal deformation
beneath the Himalayas by using the mathematical tech-
niques described in Section 3.1.

On the basis of the observations summarized in Section 2,
we determined the geometry of the India–Eurasia plate inter-
face as indicated by the solid line in Fig. 4. The shallow dip-
ping plate interface (MHT) extends to the south of the MFT.
The slip rates at the MHT gradually decrease to the south
and vanish somewhere in the sedimentary layer of the Gan-
ga-Basin (Seeber et al., 1981). In computation we simply
assume that the MHT, with a slip rate of 20 mm/yr, extends
to 100 km south of the MFT. The elastic thickness of the lith-
osphere is taken to be 70 km, as an average of the estimated
values, ranging from 40 to 90 km (Lyon-Caen and Molnar,
1983, 1985; Jin et al., 1996; McKenzie and Fairhead, 1997;
Cattin et al., 2001). Values of the structural parameters used
for computation are listed in Table 1.

In Fig. 4, we show the computed internal deformation
fields beneath the Himalayas due to steady slip along the
India–Eurasia plate interface. The internal velocity field
in Fig. 4a indicates that the steady slip along the ramp of
the plate interface causes the rapid uplift of the High Hima-
laya. Takada and Matsu’ura (2004) have demonstrated
that the computed surface uplift rates in Fig. 4a are consis-
250 300

e [km]

al simulation. (a) The internal velocity field in the coordinate system fixed
e internal strain rates. The thick and thin bars indicate contraction and
e.



Table 1
Structural parameters used for the numerical simulations

Thickness
(km)

Bulk
modulus
(GPa)

Rigidity
(GPa)

Density
(kg/m3)

Viscosity
(Pa s)

Lithosphere H 40 43 2700 1
Asthenosphere 1 122 67 3300 5·1018

Surface

Surface

Fault Slip

a

b

Fig. 5. A schematic diagram explaining the feedback algorithm for
computing the geometric change of a fault. The solid line indicates the
fault surface at each time step. A pair of thick arrows indicates the fault
slip. The thin arrows indicate the computed displacement vectors for a
small time interval. (a) The first procedure of the algorithm. The circles
and diamonds indicate the positions of the discrete points on the upper
fault surface at an arbitrary time t and at the next time step t + Dt,
respectively. (b) The second procedure. The diamonds and triangles
indicate the positions of the discrete points on the upper fault surface at
the time and the next time step t + 2Dt, respectively. The broken line
indicates the fault surface at the previous time step.
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tent with the long-term uplift rates estimated from river ter-
races heights and levelling data. The good agreement of the
computed results with observations indicates the validity of
our plate convergence model. From Fig. 4b, we can see that
Fig. 6. Internal velocity fields due to the steady slip along the smooth plate in
indicate the velocity vectors, and the solid line indicates the plate interface.
the steady slip along the plate interface brings about
remarkable strain accumulation around the ramp. On the
other hand, strain changes around the flats at the left and
the right of the ramp are not so remarkable, since the cur-
vature of the plate interface is quite small there. Here, it
should be noted that uniform slip along a flat interface
does not cause any deformation, but the uniform slip along
the curved interface causes internal deformation with an
amplitude roughly proportional to its curvature.

4. Geometrical evolution of the plate interface–branch fault

system

As demonstrated in Section 3.2, the internal deformation
fields are directly governed by the plate interface geometry.
Since the plate interface is embedded in an elastic medium,
the deformation of the surrounding medium inevitably caus-
es a geometrical change in the plate interface. This feedback
mechanism is essential for understanding the geometrical
evolution of the plate interface–branch fault system.

4.1. Feedback algorithm for the geometrical change of faults

In Fig. 5, we illustrate the feedback algorithm for com-
puting the geometrical change of a fault. First, at an arbi-
trary time t, we compute the displacement vectors caused
by a small amount of fault slip for a time interval Dt for
the points arranged on the upper surface of a fault. Adding
the computed displacement vectors to the position vectors
of the corresponding points, we can obtain the new geom-
etry of the fault surface at the next time step t + Dt as
shown in Fig. 5a. Then we compute the displacement vec-
tors again for the points arranged on the new fault surface
to determine the geometry of the fault surface at the subse-
quent time step t + 2Dt as shown in Fig. 5b. Iterating this
procedure, we can numerically simulate the geometric evo-
lution process of the fault surface. In practice we use an
interpolation technique at each step to construct a suffi-
ciently smooth fault surface from the computed discrete
terface. The coordinate system is fixed to the overriding plate. The arrows
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points for saving computation time. Here, it should be not-
ed that only the displacement components normal to the
fault surface cause a change in fault geometry, because
the tangential displacements represent particle motion
along the fault surface.

In the following subsections, using this feedback algo-
rithm, we numerically simulate the geometric evolution pro-
cesses of the plate interface and the under-thrusting branch
faults, and compute the temporal changes of crustal uplift
rates to evaluate the effects of the geometric evolution of the
fault system on the tectonic development of the Himalayas.
4.2. Geometrical evolution of the plate interface

First, we consider the case of a sufficiently smooth plate
interface, which is represented by an arc with a small cur-
vature in the shallower part and a straight line in the deeper
part. The thickness of the lithosphere and the radius of the
arc are taken to be 50 and 150 km, respectively. The arc-
straight conversion point is located at 80 km on the abscis-
sa. The steady slip rate along the plate interface is set at
20 mm/yr. In Fig. 6, we show the computed internal veloc-
ity fields in the coordinate system fixed to the overriding
plate. We can see that steady subduction of the underlying
plate is realized. The steady uplift motions in the overriding
plate are very weak. Fig. 7 shows the geometric change of
the plate interface for 10 Myr. From this figure, we can see
that the geometry of the plate interface does not significant-
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Fig. 8. Geometric change of the plate interface with a ramp beneath the High H
plate.
ly change for 10 Myr. The reason is that the displacement
components normal to the fault surface are everywhere
small, as shown in Fig. 6. In short, when the plate interface
is sufficiently smooth, its geometry does not significantly
change on a geological time scale.

Next, we consider the case of a plate interface with a
ramp. The thickness of the lithosphere is taken to be
70 km. Given the present geometry of the plate interface
beneath the Himalayas (Fig. 4) and the 20 mm/yr steady
back slip (normal slip), we traced the geometric evolution
process of the plate interface for the last 4 Myr. Unlike
the other two cases, we computed the geometry of the plate
interface at each time step from the present to the past, by
which we can obtain the same result as that obtained by the
simulation from the past to the present. Through this retro-
grade simulation we can simulate the geometric evolution
of the plate interface from 4 million years before the pres-
ent (Myr BP) to the present day (Fig. 8). In Fig. 8, we can
find that the offset of the ramp, which stands for the differ-
ence in depth across the entire ramp, decreases with time
and the ramp structure migrates towards the hanging-wall
side at the rate of vpl/2 (10 mm/yr).

The internal velocity fields in Fig. 4a indicate a weak
subsidence over the flat in the southern continuation of
the ramp and a weak uplift over the flat of northern contin-
uation. This deformation pattern causes a reduction in off-
set of the ramp. If the underlying plate does not deform,
the ramp must migrate towards the hanging-wall side at
the rate of vpl (20 mm/yr). In fact, as shown in Fig. 4b,
the strain rates of the underlying plate are the almost same
as those of the overriding plate. This is the reason why the
ramp migrates to the hanging-wall side at the rate of vpl/2.

As a result of geometrical evolution of the plate interface,
the pattern of surface uplift rates changes with time, as
shown in Fig. 9. From this figure, we can find that the uplift
pattern also migrates towards the hanging-wall side at the
rate of vpl/2 with a decreasing amplitude. Integrating these
uplift rates over a time, we can obtain the total amount of
uplift for the corresponding period. Fig. 10 shows the height
change associated with steady slip along the ramp during the
last 4 Myr. Although the growth rate of the peak gradually
decreases with time, peak height reaches about 10 km over
4 Myr. This amount of uplift is enough to form the topo-
graphic height of the present High Himalaya.
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imalaya for the last 4 Myr. The coordinate system is fixed to the overriding
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4.3. Geometric evolution of the under-thrusting branch faults

In Section 4.2, we numerically simulated the process of
the geometrical evolution of a plate interface with a ramp,
and evaluated its effect on the tectonic development of the
Himalayas. Now we consider the geometrical evolution of
the under-thrusting faults branching from the plate
interface.

In Himalaya the plate interface (MHT), as described in
Section 2, is accompanied by a series of large-scale under-
thrusting branch faults, the MCT, the MBT, and the MFT.
We commence the computation of the geometrical evolu-
tion of the branch faults from the initial state shown in
Fig. 11. Here, the ramp structure of the plate interface is
ignored. The structural parameters of the lithosphere–as-
thenosphere system and the plate convergence rate are tak-
en to be the same as in the previous cases. The depth of the
branching point is set at 40 km. We take the steady slip rate
at the MHT as 20 mm/yr in the portion deeper than the
branching point. In the portion shallower than the branch-
ing point we assumed a steady slip rate of 10 mm/yr along
both the MHT and the branch fault, that is, the total slip
rate of 20 mm/yr is equally distributed between these two
faults. Fig. 11 shows the internal velocity field caused by
steady slip along the MHT and the branch fault in the ini-
tial state. From Fig. 11a, we can recognize the steady sub-
duction of the underlying plate along the MHT and the
nearly uniform horizontal motion of the footwall side
block of the branch fault. We scaled up the velocity vectors
in the hangingwall of the branch fault in Fig. 11a by five
times and redrew them in Fig. 11b which clearly shows
the uplift motion of the hanging-wall block.
In Fig. 12a, we show the process of geometrical evolu-
tion of the thrust fault branching from the MHT at a depth
of 40 km. Here, the total amount of slip along the branch
fault is used as a measure of the duration of the movement.
We can summarize the characteristics of the change in the
geometry of the branch fault as follows: (1) The branch
fault moves towards the hanging-wall side due to the
plunge of the wedge-shaped block on the footwall side.
(2) The angle of dip of the branch fault increases at an
increasing rate with time. Since the rate of the increase in
the angle of dip becomes less with increasing depth, fault
curvature increases with time. (3) The plate interface
around the branching point is uplifted and a ramp struc-
ture is developed with time. This means that steady slip
along the branch fault produces a new source of deforma-
tion along the plate interface.

In Fig. 12b, we show the process of geometrical evolu-
tion of the thrust fault branching from the MHT at a depth
of 20 km. Here, the dip of the fault at the surface is taken
to be the same as in the previous case. The characteristics
of the change in geometry for a shallow branch fault are
essentially the same as those for a deep branch fault, except
for the increase rate of the dip-angle. That is, the rate of
increase in the dip-angle of a shallow branch fault is about
twice as high as that for a deep branch fault.

The mechanism of the geometrical change of branch
faults is illustrated in Fig. 13, where thick arrows represent
the displacement vectors on the upper surface of a branch
fault in a coordinate system fixed to the hanging-wall
block. As mentioned in Section 4.1, the change in fault
geometry is caused by the spatial differences in the displace-
ment components normal to the fault surface. In the pres-
ent case, since fault dip increases with decreasing depth, the
fault-normal displacement components take larger values
in the shallower portion of the fault as illustrated in
Fig. 13. Such a mechanism inevitably makes the branch
fault geometry more and more listric with time.

As for the difference in the increased rate of change in
dip-angle between a shallow branch fault and a deep
branch fault, we can interpret this as follows: let’s consider
the change in the geometry of two thrust faults with the
same dip, but different branching depths, as shown in
Fig. 14. If the slip rates of these branch faults are the same,
the fault-normal displacement components at the surface
are also the same. Here, we denote the projection of the
normal components on the surface by DX. Then, for the
shallow and the deep branch faults, DX are the same, but
the branching depths are different, and so the increments
of fault dip are different. If the branching depth of the deep
branch fault is twice as large as that of the shallow branch
fault, the increment of fault dip of the deep branch fault is
about a half of that of the shallow branch fault (Fig. 14).
That is, the increase rate of fault dip is roughly proportion-
al to the inverse of the branching depth.

The accelerative increase in fault dip will lead to a reduc-
tion in the slip rate along the branch faults and result in the
cessation of movement along them, since steeply dipping
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branch faults cannot accommodate effectively the horizon-
tal convergence between the two blocks. The cessation of
steady slip along a branch fault means that its tectonic
development also ceases. However, after the cessation of
steady slip along a branch fault, another branch fault with
a shallow dip will be activated to accommodate the hori-
zontal convergence. Here, it should be noted that the total
amount of horizontal convergence accommodated by a
shallow branch fault is much smaller than that accommo-
dated by a deep branch fault, because the rate of increase
in the dip of the fault is roughly proportional to the depth
of the branching point (Fig. 14). In other words, the life of
a branch thrust fault is roughly proportional to the depth
of its branching point.

In Fig. 15, we show the change in crustal uplift rates
associated with the geometrical evolution of the deep
branch fault (Fig. 12a). Here, the horizontal distance is
measured from the surface trace of the branch fault. We
can find a significant change in uplift rates near the outcrop
of the branch fault. To evaluate the effects of the change in
the geometry of branch faults on tectonic development, we
integrate the instantaneous uplift rates over the period in
which the mean fault dip increases by 10�. Fig. 16 shows
the integrated total uplifts for shallow (20 km) and deep
(40 km) branch faults. From this figure, we can see that
the total uplift caused by a deep branch fault is about twice
as larger as that caused by a shallow branch fault.

5. Discussion

In the Himalaya three major thrust faults (MCT, MBT,
and MFT) branch from the Indian–Eurasian plate inter-
face (MHT) with a large-scale ramp beneath the High
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Himalaya. As demonstrated by Takada and Matsu’ura
(2004), the present crustal movements in Himalaya can
be well explained by steady slip along the MHT and
MBT. To understand the long-term tectonic development
of the Himalaya, however, we must consider the geometri-
cal evolution of the fault system as a feedback process of
internal deformation and geometric fault change. Based
on this idea we have simulated numerically the processes
of the geometrical evolution of the plate interface (MHT)
and the branch thrust faults (MCT and MBT), and have
demonstrated the fundamental mechanisms of the evolu-
tion of the geometry of a plate interface–branch fault sys-
tem. Through the computation of the cumulative crustal
uplifts associated with the geometric evolution of the fault
system, we also evaluated the effects of the change in fault
geometry on tectonic development. In the following part of
this section, by combining these simulation results with
geological evidence summarized in Section 2, we propose
a scenario of the tectonic development of the Himalayas
for the last 30 Myr.

The process of the tectonic development of the Himalayas
can be divided roughly into the three stages as shown in
Fig. 17. In the first stage the main tectonic event is the start
of active thrust motion on the MCT, schematically shown
in Fig. 17a. Active thrust motion on the MCT during a peri-
od from 30 to 15 Myr BP caused a large amount of crustal
uplift on the hanging-wall side. Since the branching point
is deep, the increase rate in fault dip of the MCT must have
been quite slow. This is consistent with the long duration
of the MCT activity and the large amount of total conver-
gence accommodated by the MCT (e.g. Schelling and Arita,
1991; Schelling, 1992). The large amount of slip along the
MCT with a deep branching point must have effectively
0 400 500
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Fig.12
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The depth of the branching point is taken to be 40 km. The slip rate along
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Fig. 13. A schematic diagram explaining the mechanism of the geometric
change of a branch fault. A + and B + are the points on the upper surface
of the branch fault (R + ). The displacement vector U is decomposed into
the fault-normal and fault-parallel components, indicated by uþ? and uþ==,
respectively. The coordinate system is fixed to the hanging wall. The solid
line indicates the surface of the branch fault. The broken line indicates the
new fault surface. The left side of the solid line corresponds to the wedge
between the branch fault and the MHT.
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transported rocks from depth to the earth’s surface to form a
high mountain range. An increase in the altitude of a moun-
tain range is always accompanied by rapid erosion (e.g. Pinet
and Souriau, 1988). Thus, the transportation of rocks from a
depth and rapid surface erosion lead to a rapid exhumation
of deep rocks. Actually the present hanging-wall of the MCT
consists of highly metamorphosed rocks, resulting from a
large amount of exhumation (e.g. LeFort, 1975; Stöcklin,
1980). As illustrated in Fig. 17a, the total amount of exhuma-
tion is greater near the outcrop of the MCT, since the total
amount of uplift is the greater near the outcrop of branch
faults (Fig. 16). In the High Himalaya bounded by the
MCT to the south, the metamorphic grade increases from
north to the south, which is in accord with the total uplift pat-
tern shown by our simulation (Fig. 16), showing a gradual
southward (left in Fig. 16) increase in the uplift of the hang-
ing wall of the branch fault. At the end of the first stage
(about 15 Myr BP) the dip of the MCT must have become
so steep that horizontal convergence could not be accommo-
dated effectively.

The main tectonic event in the second stage is the
start of active thrust motion on the MBT, shown sche-
matically in Fig. 17b. After the cessation of active thrust
motion on the MCT, the MBT became activated from
about 10 Myr BP. The slip along the MBT must have
caused crustal uplift and the development of a mountain
range on its hanging-wall side. On the other hand, the
mountain range formed by the MCT activity would have
been reduced gradually in altitude by erosion in this
stage. The total amount of horizontal convergence
accommodated by the MBT will be smaller than that
accommodated by the MCT, because the MBT is shal-
lower than the MCT (Schelling and Arita, 1991; Schel-
ling, 1992). Therefore, the MBT has no ability to form
a large-scale mountain range unlike the MCT (Fig. 16).
Actually, as shown in Fig. 18, the mountain range
formed by the MBT is of moderate height (Mahabharat
Range). At present the fault dip of the MBT has become
steep (Schelling and Arita, 1991; Schelling, 1992; Mug-
nier et al., 1994), and thrust motion along the MBT
has almost stopped (Nakata et al., 1990; Mugnier
et al., 1994). The cessation of surface uplift and a reduc-
tion in mountain height by erosion will follow the cessa-
tion of active thrust motion on the MBT.

The main tectonic processes in the third stage are the
flattening by erosion of the old Himalaya, produced by
movement along the MCT, and the uplift of the present
High Himalaya due to the steady slip along the ramp of



Fig. 14. Schematic diagram explaining the difference in the increase rate of dip-angle between a shallow branch fault and a deep branch fault. The thick
arrow with the length of DX indicates the projection of the normal component u^ on the earth’s surface. The increment in fault dip of the deep branch fault
is denoted as h.
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the plate interface, schematically shown in Fig. 17c. The
altitude of the mountain range formed by movement on
the MCT has been reduced by surface erosion over the
past 10 Myr. At present the peak height and the mean
altitude of the High Himalaya are 8000 and 5500 m,
respectively (Fig. 18). It is impossible to maintain such
a high mountain range for 15 Myr unless rapid crustal
uplift occurs for some reason after the cessation of active
thrust motion on the MCT. As demonstrated in Fig. 10,
the steady slip at 20 mm/yr along a ramp in the plate
interface can produce about 10 km crustal uplift over a
period of 4 Myr. Based on this numerical result, we con-
clude that the present High Himalaya has been formed in
the last several million years by the uplift of a plateau,
formed by the erosion of the MCT-origin old Himalayas,
due to the steady slip along the ramp of the plate inter-
face. Finally, another branch thrust fault, the MFT, has
developed recently in the sedimentary layers of the Ganga
Basin to form the Siwalik Hills, marking the deformation
front of the Himalaya (Fig. 18).

This scenario, based on the kinematic plate convergence
model, explains well the general features of the process of



Fig. 17. A scenario of the tectonic development in the Himalayas for the last 30 Myr. The thick arrows indicate the velocity vectors relative to a stable
point of the Eurasian plate. The pairs of thin arrows along the branch faults indicate active thrust motion on the fault. Staples across the branch fault
indicate the cessation of thrust motion. Solid lines represent the surface topography at each moment. (a) First stage (30–15 Myr BP). The dotted line above
the MCT indicates the total surface uplift caused by the slip along the MCT. (b) Second stage (10–4 Myr BP). The dotted line above the MBT indicates the
total surface uplift caused by the slip along the MBT. The broken line above the MCT indicates the surface topography at the first stage. (c) Third stage
(4 Myr BP–present). The broken line at the High Himalaya indicates the surface topography before the initiation of the uplift motion due to steady slip
along the ramp. The broken line at the Lesser Himalaya indicates the surface topography at the second stage.
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tectonic development in the Himalaya, but there still
remain some problems, such as the processes for the gener-
ation of ramp structures and branch thrust faults to be
solved in the future. In order to solve these problems we
need to incorporate a fracture criterion of rocks into the
kinematic model developed here.

6. Conclusions

Crustal deformation due to fault slip strongly depends on
fault geometry and fault geometry is changed by crustal
deformation. By considering such a feedback process, we
have developed a kinematic model for the geometrical evolu-
tion of the plate interface–branch fault system on the basis of
elastic–viscoelastic dislocation theory, and have determined
the fundamental properties and mechanisms of changes in
the geometry of thrust faults through numerical simulations.
For the geometric change of plate interfaces, if the plate
interface is smooth, no significant change will occur in fault
geometry. If the plate interface has a ramp, we can observe
the gradual horizontal motion of the ramp toward the hang-
ing-wall side at half the rate of plate convergence. The offset
of the ramp decreases with time. For geometrical change in
thrust faults branching from the plate interface, in general,
the dip-angle of the branch fault increases faster as the fault
dip increases. The shallower the branching point depth, the
faster the rate at which fault dip increases. Since it is more dif-
ficult for a branch fault with a steeper dip-angle to take up the
horizontal convergence, the increase in fault dip results in the
cessation of branch fault activity. This means that a thrust
fault with a shallow branching point cannot produce large-
scale mountains.

By combining the results of this simulation with geologi-
cal evidence, we have proposed a scenario for the tectonic
development of the Himalayas for the last 30 Myr. The pro-
cess of tectonic development may be divided roughly into
three stages. From 30 to 15 Myr BP, active thrust motion
on the Main Central Thrust (MCT) developed a very high
mountain range. After the cessation of the MCT activity, this
high mountain range was gradually eroded. After 10 Myr BP
the Main Boundary Thrust (MBT) became active, and devel-
oped a medium-sized mountain range. For the last several
million years, steady slip along the ramp of the plate interface
has raised the present High Himalaya in the same area where
the old Himalaya, formed by movement along the MCT, was
once located.
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