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[1] The relevance of plate tectonics concepts to the description of deformation of large
continental areas like Asia is subject to much debate. For some, the deformation of
continents is better described by rigid motion of lithospheric blocks with strain
concentrated along narrow fault zones. For others, it is better described by viscous flow of
a continuously deforming solid in which faults play a minor role. Discriminating these
end-member hypotheses requires spatially dense measurements of surface strain rates
covering the whole deforming area. Here we revisit the issue of the forces and rheological
structure that control present-day deformation in Asia. We use the ‘‘thin sheet’’ theory,
with deformation driven by the balance of boundary and buoyancy stresses acting on a
faulted lithosphere with laterally varying strength. Models are validated against a recent,
homogeneous, GPS velocity field that covers most of Asia. In the models, deformation in
compressional areas (Himalayas, Tien Shan, Altay) is well reproduced with strong
coupling at the India/Eurasia plate contact, which allows for boundary forces to transfer
into Asia. Southeastward motions observed in north and south China, however, require
tensional, oceanward directed stresses, possibly generated by gravitational potential
energy gradients across the Indonesian and Pacific subductions. Model and observed
strain rates show that a large part of Asia undergoes no resolvable strain, with a kinematics
apparently consistent with block- or plate-like motions. Internal strain, possibly
continuous, is limited to high-elevation, mechanically weaker areas. Lateral variations of
lithospheric strength appear to control the style of deformation in Asia, with a dynamics
consistent with the thin sheet physical framework.
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1. Introduction

[2] The success of plate tectonics is due, for a large part, to
its ability to correctly describe horizontal surface motions for
most of our planet by simple rotations of a limited number of
rigid plates. Indeed, geodetic measurements of the relative
motion of sites located far enough away from plate bound-
aries show a remarkable agreement with the theory [Robbins
et al., 1993; Argus and Heflin, 1995], and with only rare
exceptions, the oceanic parts of plates do not deform
significantly. In the continents, however, the relevance of
plate tectonic concepts to describe horizontal motions
remains debated [e.g., Molnar et al., 1973; Molnar and
Tapponnier, 1975; Thatcher, 2003; England and Molnar,
2005]. Seismicity is diffuse and geologic structures show
that deformation can affect broad areas, suggesting more
complex processes than in the oceans. For some, deforma-
tion of continents is localized on a limited number of major

faults bounding rigid lithospheric blocks and is driven solely
by stresses due to the motions of neighboring plates. For
others, deformation is pervasive and driven, for a significant
part, by buoyancy forces resulting from lateral variations of
crustal thickness.
[3] Conceptual models of continental deformation in Asia

follow this bimodal pattern. Edge-driven models (implicitly
assuming plane strain) argue that boundary stresses due to
the India-Eurasia collision are responsible for the eastward
extrusion of rigid lithospheric blocks bounded by fast
slipping lithospheric-scale faults [e.g., Tapponnier et al.,
1982; Peltzer and Saucier, 1996]. Peltzer and Saucier
[1996] used these assumptions to numerically simulate the
deformation of Asia and found a good fit to geological data
and to the sparse geodetic observations available at the
time. On the other hand, thin sheet models (implicitly
assuming plane stress) treat the lithosphere as a continuous
viscous medium where deformation is accommodated by
crustal thinning or thickening. The resulting spatial varia-
tions in crustal thickness induce lateral variations in grav-
itational potential energy (GPE) that, in turn, contribute to
the force balance driving deformation [Frank, 1972;Molnar
and Tapponnier, 1978; Vilotte et al., 1982; England and
Houseman, 1986; Cobbold and Davy, 1988; Houseman and
England, 1986, 1993]. For instance, England and Molnar
[1997a] claim that a model in which horizontal gradients of
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the deviatoric stress required to deform a thin viscous sheet
are balanced by horizontal GPE gradients explains first-
order active deformation features in and around Tibet.
Using a similar approach with the added constraint of a
sparse GPS data set, Flesch et al. [2001] argue that GPE
contributes to about 50% of the force balance driving
present-day deformation in Asia.
[4] While the advances made in modeling continental

deformation in Asia during the past 20 years have been
impressive, these studies have suffered from limited quan-
titative data to compare theoretical predictions against.
Geodetic measurements are now providing a wide-aperture
image of present-day surface displacements in Asia with
precision of 1–2 mm a�1 [e.g., Wang et al., 2001; Calais et
al., 2006]. This, coupled with the physical framework
developed by Houseman and England [1986] and later
modified by Bird [1989], allows us to revisit the issue of

the forces and lithospheric rheology that control present-day
deformation in Asia.

2. Active Deformation in Asia

[5] Active deformation in Asia has been extensively
studied over the past 30 years from tectonic [e.g., Tapponnier
andMolnar, 1979; Burchfiel and Royden, 1991; Zhang et al.,
1995], seismological [e.g., Molnar et al., 1973; Molnar and
Deng, 1984], and geological or paleoseismological observa-
tions [e.g., Ritz et al., 1995, 2003; Mériaux et al., 2004;
Lacassin et al., 2004]. It is well established that current
deformation is distributed over a broad area extending from
the Himalayas in the south to the Baikal rift to the north, and
from the Pamir-Tien Shan to the west to the peri-Asiatic
oceanic subduction to the east (Figure 1). Seismicity is
widespread and, although most earthquakes occur at the

Figure 1. Topography, main active faults (black lines), seismicity (National Earthquake Information
Center catalog, 1973 to Present, M > 6, depth <80 km), relative plate motions with respect to Eurasia
(Sella et al. [2002], values at arrow tails are in mm a�1), and index of the geographical names used in this
paper.
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Pacific subduction, a number of large events have also struck
the interior of the continent, such as four Mw8.0–8.4 earth-
quakes in Mongolia between 1905 and 1957 [Khilko et al.,
1985;Okal, 1977; Baljinnyam et al., 1993] or, more recently,
a Mw7.4 event in the Russian Altay (September 2003
[Bourtchevskaia et al., 2005]).
[6] The analysis of Landsat imagery in the late 1970s

[Molnar and Tapponnier, 1975; Tapponnier and Molnar,
1977, 1979], together with geologic and seismological data
[e.g., Molnar and Deng, 1984; Molnar et al., 1987], led to
the idea that Quaternary deformation in Asia was accom-
modated by slip on a limited number of large faults
bounding aseismic, therefore assumed to be nondeforming,
blocks (Tarim basin, south China, north China, Sunda;
Figure 1). The boundaries of these blocks include large
strike-slip faults (e.g., Altyn Tagh, Karakorum, Kunlun,
Xianshuihe, Jiali, Haiyuan, Gobi Altay; Figure 1) as well
as compressional ranges (e.g., Himalayas, Pamir-Tien
Shan, Mongolian Altay, Gobi Altay; Figure 1). In addition
to these localized deformation zones, two broad high
elevation areas, the Tibetan and Mongolian plateaus,
characterize the long-wavelength topography of Asia, with
average elevations of 5,000 and 2,500 m and crustal
thicknesses up to 70 and 50 km, respectively. The mech-
anism that led to such amounts of crustal thickening over
broad areas and their impact on present-day deformation
are still debated.
[7] The past decade has seen a rapid increase in geodetic

results in Asia [e.g., Abdrakhmatov et al., 1996; Bilham et
al., 1997; King et al., 1997; Paul et al., 2001; Calais et al.,
1998; Heki et al., 1999; Chen et al., 2000; Shen et al., 2000;
Kogan et al., 2000; Calais and Amarjargal, 2000; Bendick
et al., 2000; Shen et al., 2001; Wang et al., 2001; Michel et
al., 2001; Bock et al., 2003; Calais et al., 2003; Wright et
al., 2004; Chen et al., 2004; Wallace et al., 2004; Socquet
et al., 2006]. In some instances, these studies provide
important insight into the dynamics of continental deforma-
tion in Asia. For instance, GPS and interferometric synthetic
aperture radar data show that the central part of the Altyn
Tagh fault accumulates strain at a rate of 9 mm a�1 [Bendick
et al., 2000; Shen et al., 2001; Wallace et al., 2004; Wright
et al., 2004], inconsistent with edge-driven block models
that require slip rates at least a factor of two larger [Peltzer
and Saucier, 1996]. On the other hand, geodetic measure-
ments of the eastward velocity of south China at 8–10 mm
a�1 [e.g., Wang et al., 2001] match block models and
continuous deformation models equally well [Peltzer and
Saucier, 1996; Molnar and Gibson, 1996] but proved
wrong early models of extrusion that required at least 10–
15 mm a�1 of eastward motion of south China [Avouac and
Tapponnier, 1993]. At a continent-wide scale, Flesch et al.
[2001] showed that GPS data and Quaternary fault were
consistent with large parts of Asia undergoing little internal
strain. England and Molnar [2005], using similar data but a
different spatial resampling of the GPS velocities, argue that
continuous deformation, driven for a large part by gravita-
tional potential energy (GPE) gradients, dominate. There-
fore, even though it is now accepted that only 20 to 30% of
India-Eurasia convergence is accommodated by lateral
extrusion of continental blocks [e.g., Peltzer and Saucier,
1996; England and Molnar, 1997b], no consensus has yet

been reached on the processes and relative importance of
the forces that drive present-day continental deformation in
Asia.
[8] Here, we use a new GPS velocity field derived from a

geodetic combination of three solutions in a consistent
reference frame [Calais et al., 2006] that provides horizon-
tal motions at 165 sites in Asia with reasonably even station
spacing (Figure 2). We refer the reader to Calais et al. [2006]
for a complete description of the data analysis procedure and
kinematic implications. This velocity field shows (1) unre-
solvable strain rates (<3� 109 a�1) over a large part of Asia,
with current motions well described by the rigid rotation of a
limited number of microplates (north China, south China,
Tarim basin, Sunda), and (2) internal strain, possibly con-
tinuous, limited to high-elevation areas. Many of the prom-
inent features previously reported by local geodetic studies
and predicted by deformation models are present, in partic-
ular the NNE-SSW shortening between India and the Tarim
basin, accommodated by the eastward motion of Tibet and
south China and the clockwise rotation of eastern Tibet
around the eastern Himalayan syntaxis, and the NNW-SSE
shortening across the Tien Shan at �20 mm a�1 in the west,
decreasing eastward to �10 mm a�1. The eastward to
southeastward velocities observed in Mongolia and north
China are, however, not reproduced by most deformation
models of Asia, whether extrusion-based or thin sheet-based.
Also, GPS data show that the Baikal rift zone is currently
opening at 4 ± 1 mm a�1 [Calais et al., 1998], whereas an
extrusion model predicts 0–1 mm a�1 [Peltzer and Saucier,
1996]. Finally, GPS data in China show a low shortening rate
across the eastern border of the Tibetan Plateau (<3 mm a�1

[Chen et al., 2000; Shen et al., 2000]), but 5–11 mm a�1 of
far-field convergence between eastern Tibet and south China
[Shen et al., 2000; Wang et al., 2001]. This result is at odds
with extrusion models, in which the eastward motion of
south China is driven by the extrusion of Tibet in response to
India-Eurasia collision. As proposed by King et al. [1997],
this absence of significant shortening across the eastern
Tibetan margin might indicate that the Tibetan crust is
actually rotating clockwise around the east Himalayan
syntaxis, in agreement with southward velocities observed
in southwestern China. In that interpretation, the eastward
motion of south China is occurring independently of the
motion of Tibet.
[9] Discrepancies between previous models (with very

few GPS data at their disposal) and recent GPS observa-
tions may arise from the choice of (1) boundary condi-
tions, (2) sources of deviatoric stresses (boundary versus
buoyancy forces, mantle tractions), or (3) lithospheric
rheology. To investigate these issues, we model present-
day deformation in Asia using a finite element code that
simulates the deformation of a faulted lithosphere on a
spherical Earth. Deformation is driven by the balance of
boundary stresses resulting from current plate motions and
interplate coupling, and buoyancy stresses caused by
horizontal gradients of gravitational potential energy.
These stresses act on a faulted lithosphere with a vertically
integrated rheology consistent with laboratory rock experi-
ments and regional heat flow data. Model outputs are
horizontal surface velocities and fault slip rates, which we
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compare with corresponding observations from GPS and
Quaternary geology.

3. Deformation Model

3.1. Model Assumptions

[10] We use the finite element code ‘‘SHELLS’’, which
has previously been applied to modeling active deforma-
tion in intraplate and interplate settings in Asia, Alaska,
California, Mediterranean, and New Zealand [Bird and
Baumgardner, 1984; Bird and Kong, 1994; Bird, 1996;
Kong and Bird, 1996; Jiménez-Munt et al., 2001, 2003;
Liu and Bird, 2002a]. We refer the reader to Bird [1989],
Kong and Bird [1995], and Bird [1999] for a complete
description of its physical basis and assumptions. We
summarize hereafter its major characteristics.
[11] SHELLS approximates the lithosphere as a spherical

shell of variable thickness, where the horizontal components
of the momentum equation are radially integrated and
velocities are constant with depth (‘‘thin plate’’ approxima-
tion). Calculations are iterated until quasi-steady state is
reached, using time-invariant boundary conditions, so that
elasticity contributes negligibly to the strain rate. SHELLS

assumes incompressibility, which is consistent with neglect-
ing elastic strain. It uses an anelastic rheology with fric-
tional sliding on faults in the upper crust and upper part of
the lithospheric mantle, and a non-Newtonian, thermally
activated dislocation creep for the lower crust and the lower
part of the lithospheric mantle. SHELLS assumes two sets
of constant thermal parameters for the crust and the mantle
and accounts for spatial variations of surface heat flow,
which is interpolated from actual measurements. Hence
SHELLS simulates a layered continental lithosphere similar
to the classical view derived from rock physics experiments
and seismological observations, where a weak (ductile)
lower crust overlies a strong upper mantle [Brace and
Kohlstedt, 1980; Chen and Molnar, 1983; Kirby and
Kronenberg, 1987]. The strength of the lithosphere is
determined by 3D numerical integrals that take into account
spatial variations of geotherm, crust and mantle properties,
and strain rates. SHELLS does not account for flexural
strength (no vertical shear traction on vertical planes),
which implies that vertical normal stress is lithostatic at
all points of the model. The lithosphere is divided into
triangular elements and the horizontal components of
velocities are solved at all the nodes. These velocities are

Figure 2. GPS velocities with respect to Eurasia. Only sites with velocity uncertainty less than
1.5 mm a�1 (95% confidence) are used and shown here. Solid arrows show GPS site velocities within
Asia; open arrows show velocity of neighboring plates.
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averaged over longer time than that of the seismic cycle and
the computation ignores all accelerations except gravity.

3.2. Grid Geometry and Boundary Conditions

[12] We built a finite element grid made of 2313 nodes
and 3336 triangular elements (Figure 3). We densified it in
the Mongolia-Baikal area for the purpose of a detailed
comparison with recent geodetic results in this area [Calais
et al., 2003]. Since we use the Eurasian plate as a reference,
we impose zero displacement along the northern and most of
the western borders of the model. We allow for north-south
displacements along the southernmost part of its western
border, corresponding to the Zagros orogeny (Figure 3). The
other grid borders follow major plate boundaries, along
which we use velocity boundary conditions taken from the
REVEL plate kinematic model [Sella et al., 2002]. REVEL
velocities agree within 1–2 mm a�1 with those used here
for sites on plate interiors (in particular in India), and
therefore provide boundary conditions consistent with the
GPS velocity field used in this study.
[13] The Arabia-Eurasia plate boundary follows the main

thrust zone of the Zagros orogeny and the Makran oceanic
subduction. The India-Eurasia plate boundary follows the
left-lateral strike-slip fault zones of Pakistan, the Himalayan
frontal thrust, the right-lateral strike-slip fault system of
Burma (Sagaing)-Andaman. The Australian-Eurasia bound-
ary follows the oceanic subduction of the Australia plate
under Sumatra and the Indonesian arc, with the Sorong and
Palu strike-slip faults and the north Sulawesi and Moluccu
subductions accounted for. The Philippines-Eurasia plate
boundary follows the subduction of the Philippines Sea
plate under the Philippines Archipelago and includes the
Philippines strike-slip fault and the subduction reversal of

the Manilla trench, in continuation with the Taiwan orogeny
and further north with the Ryu-Kyu and Nankai subduc-
tions. The Pacific-Eurasia plate boundary follows the Japan,
Kuriles, and Kamchatka subductions and accounts for the
Main Seismic Line in Japan and the Kuriles strike-slip fault
zones. The Eurasia–North America plate boundary follows
the Nansen ridge.

3.3. Faults

[14] We used the trace of major active faults in Asia as
reported by Sherman [1978], Houdry [1994], Levi et al.
[1995], Moore et al. [1997], and Agar and Klitgord [1995]
for the Altay-Sayan-Baikal-Stanovoy area, from Schlupp
[1996] for Mongolia, Tapponnier and Molnar [1977];
Tapponnier et al. [1982], and from Replumaz [1999] for
the rest of Asia (Figure 3). We assigned a single dip angle
value for each type of fault: 65� for normal faults, 30� for
thrust faults, 90� for strike-slip faults, and 45� for faults
whose dip and sense of slip is uncertain. The dip angle for
the oceanic and continental subductions at plate bound-
aries is 23�. The faults are free to slip in any direction,
regardless of their dip angles, except for faults dipping
90�, which are forced to move in a strike-slip sense. Slip
on faults is continuous and controlled by the deviatoric
stress in their vicinity and by a single fault friction
coefficient for the entire model. Continuous elements in
the model are distinguished from faults by their higher
internal friction coefficient.
[15] In order to simulate mechanical coupling between

plates, we limit shear traction at convergent boundaries to a
maximum value above which slip occurs. Imposing a high
maximum shear traction results in large stresses to be
transferred to the continent (high coupling). The opposite

Figure 3. Finite element grid, boundary conditions, and faults used in the models.
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is true when imposing a low maximum shear traction (low
coupling). The model accounts for two maximum shear
traction values, one for continental subductions (India,
Arabia), one for oceanic subductions (Australia, Philippines,
Pacific).

3.4. Lithospheric Structure

[16] We extracted topography and bathymetry from the
ETOPO5 global database, resampled at the model nodes
using a piecewise-planar interpolation. We used heat flow
data from the worldwide database compiled by Pollack et
al. [1993], and from Lysak [1992] for the Mongolia-Baikal
area (Figure 4), also resampled at the model nodes using a
piecewise-planar interpolation. Heat flow in continental

Asia ranges between 50 and 80 mW m�2, with most values
comprised between 60 and 70 mW m�2, except for two
positive anomalies in the Hovsgol area (northern Mongolia)
and the northern part of the Baikal rift zone, where heat
flow reaches 100 and 120 mW m�2, respectively.
[17] Once elevation and heat flow values are attributed to

each grid node, crust and lithospheric mantle thicknesses are
computed iteratively until isostasy is established and a given
temperature (typically 1200 or 1300�C) is reached at the
base of the lithosphere. Hence the resulting lithospheric
structure (and consequently its integrated strength) depends
on thermal parameters (thermal conductivity, radioactive
heat production, and volumetric thermal expansion coeffi-
cient for both the crust and the mantle) and on the crust and
mantle density. A broad range of thermal parameters have
been proposed in the literature for continental lithosphere.
We chose to test two different parameter sets, one
corresponding to a weak lithosphere [Bird, 1998; Liu and
Bird, 2002b], the other corresponding to a strong one (Kong
and Bird [1996]), as summarized in Table 1.

3.5. Constitutive Laws

[18] The model considers two constitutive laws, a fric-
tional sliding for the upper crust and the upper part of the
lithospheric mantle, a non-Newtonian thermally activated
dislocation creep law for the lower crust and the lower part
of the lithospheric mantle, respectively given by

ss ¼ m �sn � Pp

� �
ð1Þ

and

ss ¼ A _e1=ne
BþCz
Tð Þ ð2Þ

where m is the friction coefficient, Pp the hydrostatic pore
pressure, ss and sn the shear and normal stresses, _e the
strain rate, n the power law exponent, T the absolute
temperature, z the depth, and A, B, and C three rheological
constants, distinct for the crust and for the lithospheric
mantle. Values for A, B, and C are taken from Bird and
Kong [1994] and Kirby [1983], and are summarized in
Table 2. Laboratory-derived power law exponents for lower
crustal and upper mantle rocks usually range from 2.5 to 4
[Kirby and Kronenberg, 1987]; we used n = 3. Friction
coefficients for faulted and nonfaulted elements will be
derived from a parameter space search constrained by the
observed GPS velocities (see below). The set of parameters
chosen here, combined with the rheological laws given
above, result in a factor of 2 difference in integrated strength
between the weak and strong lithosphere models (Figure 5).

Figure 4. Map of surface heat flow used in the models.
Heat flow data come from the worldwide database compiled
by Pollack et al. [1993] and from Lysak [1992] for the
Mongolia-Baikal area, resampled and interpolated on a 5� �
5� grid for most of the study area, except in the Mongolia-
Baikal area, where we used a 120 � 120 grid.

Table 1. Model Parameters Used To Calculate Crustal and Lithospheric Thicknessesa

Parameters

Weaker Rheology Stronger Rheology

Crust Mantle Crust Mantle

Average density at P = 0 and T = 0, kg m�3 2816 3330 2816 3330
Temperature at the base of the lithosphere, �C 1200 1300
Coefficient of volumetric thermal expansion, K�1 2.4 � 10�5 3.94 � 10�5 2.4 � 10�5 3.1 � 10�5

Thermal conductivity, W m�1 K�1 2.70 3.20 3.50 5.10
Radioactive heat production, W m�3 7.27 � 10�7 3.2 � 10�8 4.6 � 10�7 negligible

aFrom Bird [1998] and Liu and Bird [2002b] for the weaker rheology and from Kong and Bird [1996] for the stronger rheology tested here.

B11403 VERGNOLLE ET AL.: DYNAMICS OF CONTINENTAL DEFORMATION IN ASIA

6 of 22

B11403



3.6. Crustal and Lithospheric Thicknesses

[19] Given a set of thermal and rheological parameters,
present-day topography, and surface heat flow, crustal and
lithospheric thicknesses are calculated assuming isostasy
and a steady state thermal regime. Resulting lithospheric
and crustal thicknesses (Figure 6) match well estimates from
geophysical data over most of Asia [Villaseñor et al., 2001;
Li and Mooney, 1998; Mooney et al., 1998; Lebedev and
Nolet, 2003; Artemieva and Mooney, 2001].
[20] Model crustal thickness ranges between 30 and 40 km

for most of continental Asia, but reaches 50 and 75 km under
the Mongolian and Tibetan plateaus, respectively (Figure 6).
It is generally less for the weaker than for the stronger
lithosphere tested here. Crustal thickness is better repro-
duced with a weaker lithosphere for mountain areas and
high-elevation plateaus, where the stronger lithosphere
results in slightly overestimated values. The opposite is true
for oceanic and cratonic areas, where the stronger litho-
sphere matches observed crustal thicknesses slightly better
than the weaker one.
[21] Model lithospheric thickness varies from 100 to

160 km for the stronger lithosphere tested here (assuming

a basal temperature of 1300�C) and match values estimated
by Artemieva and Mooney [2001] from observational data,
except under the Siberian craton where model values are
underestimated by about 20 km. For the case of a weaker
lithosphere, model thicknesses (assuming a basal tempera-
ture of 1200�C) are usually underestimated by about 40 to
50 km compared to observations, except under Tibet where
they match Artemieva and Mooney’s [2001] results well.
Uncertainties in the estimation of lithospheric thickness
from observational data are, however, large (up to 50 km)
because of uncertainties in thermal parameters, temperature
at the base of the lithosphere, and surface heat flow. We
found that variations in lithospheric thickness of that order
have a negligible effect on its integrated strength, which is
primarily sensitive to crustal thickness in the models.

4. Best Fit Rheological Parameters

4.1. Parameters Tested

[22] In a first step, we seek to determine appropriate
values for the internal and fault friction coefficients and
for the maximum shear tractions at oceanic and continental
subductions. To do so, we run a series of models that
systematically explore this four-parameter space and score
them using the root-mean-square (RMS) misfit of model to
observed horizontal velocities. Scoring only includes sites
with velocity uncertainties less than 1.5 mm a�1 (95%
confidence). We perform this grid search for both the weak
and strong lithospheres tested here and retain the set of
parameters that results in the smallest RMS.
[23] We tested internal friction coefficient values (fi) in

the 0.5–0.9 range, according to standard values derived
from rock physics experiments [e.g., Byerlee, 1978]. A
number of mechanical and thermal approaches [e.g., Cattin,
1997; Cattin et al., 1997] or modeling results [e.g., Bird and

Figure 5. Examples of rheological profiles for a 45 km thick crust and a 0.059 W m�2 surface heat flow
obtained using the thermal parameters listed in Table 1, with m = 0.85, and _e = 3 � 10�16 s�1. Black line
shows frictional sliding; grey line is for non-Newtonian thermally activated dislocation creep.

Table 2. Non-Newtonian Dislocation Creep Law Parameters Used

in the Modelsa

Parameters Crust Lithospheric Mantle

A, Pa s1/n 2.3 � 109 9.5 � 104b

B, K 4000 18314
C, K m�1 0 0.0171
ss

max, MPa 500 500
aThese parameters are based on previous deformation modeling in

California [Bird and Kong, 1994] and Alaska [Bird, 1996] for the crust and
on experiments on olivine deformation for the mantle [Kirby, 1983].

bA = 5.4 � 104 Pa s1/n for the stronger rheology.
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Figure 6. Crustal and lithospheric thicknesses derived from the two sets of thermal parameters tested
here: (a and c) from the weaker rheology, (b and d) from the stronger rheology.
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Kong, 1994; Bird, 1998; Kong and Bird, 1996; Jiménez-
Munt et al., 2001; Jiménez-Munt and Negredo, 2003; Liu
and Bird, 2002a] find fault friction coefficients (ff) signif-
icantly smaller than internal friction, with values usually
less than 0.2. We therefore tested fault friction coefficient in
the 0.04–0.20 range.
[24] In an early deformation model of Asia, Bird [1978]

used maximum shear traction on the Indian continental
subduction (Tc) in the 20–30 MPa range, a value later
amended to 15 MPa by Kong and Bird [1996] and Lesne
[1999]. The same authors proposed a range of possible
values for the maximum shear tractions at oceanic subduc-
tions (To). On the basis of these previous studies, we tested
values ranging from 15 to 30 MPa for Tc and from 0.2 to
6 MPa for To.

4.2. Results

[25] The RMS misfit between modeled and observed
velocities range from 4.2 to 16.8 mm a�1 (Figure 7). We
find the smallest RMS for a maximum shear traction of
20 MPa or higher at continental subductions and 4 MPa
or higher at oceanic subductions, regardless of the strong
versus weak lithosphere tested here. The best fit value
ranges from 0.7 to 0.9 for the internal friction coefficient
and from 0.04 to 0.10 for the fault friction coefficient.
[26] The lowest RMS for the strong lithosphere case is

4.5 mm a�1, slightly higher than that obtained with the
weaker lithosphere (Figure 7). Moreover, the parameter
search for the strong lithosphere case does not show a clear
minimum within the bounds imposed in the search. Pre-
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Figure 7. Result of the model parameter grid search for the (a) weaker and (b) stronger lithospheres
tested here. Contour lines show the RMS of the fit of GPS (Figure 2) to model velocities.
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dicted surface velocities using the best fit parameter set for
the strong lithosphere case are significantly faster than for
the weaker lithosphere, by 10 to 75% in Tibet, 100 to 180%
in north China, Mongolia and Baikal, and 50 to 100% in
east and south China. In southeast Asia, both models predict
velocities in good agreement with observed GPS velocities.
[27] We find the best fit set of parameters (RMS = 4.2 mm

a�1) using the weaker lithosphere with fi = 0.8, ff = 0.06, Tc =
20 MPa, and To = 4 MPa. Figures 8a (model and observed
GPS velocities) and 8b (residual velocities) show predicted
surface velocities derived from this set of parameters in good
agreement with the observed ones, both in direction and
magnitude, for Tibet, south China, Tien Shan, and Southeast
Asia. Model extension rate across the Baikal rift zone is 1.5–
3 mm a�1, slightly lower than GPS observations. Observed
velocity directions in the Altay, their clockwise rotation
across the Gobi-Altay and central Mongolia, and the east
to southeastward directions in north China are well repro-
duced. However, model velocities are overestimated in the
Gobi desert (�9 mm a�1 against 4 mm a�1 observed),
central Mongolia (6–7 mm a�1 against 3–4 mm a�1

observed) and north China (6–7 mm a�1 against 3–5 mm
a�1 observed), and the model does not reproduce the rapid
clockwise rotation observed around the eastern Himalayan
syntaxis in the Yunnan. The model fit to the observed GPS
velocities may possibly be improved by allowing for

regional variations in interplate coupling and/or friction
coefficients, which is beyond the scope of this study.

5. Testing the Force Balance

[28] In a second step, we seek to quantify the relative
importance of (1) boundary forces resulting from the
relative motion of neighboring plates and interplate cou-
pling (using a maximum shear traction as a proxy for stress
transfer at subductions), and (2) buoyancy forces resulting
from GPE gradients. We use the thermal and constitutive
parameters described above and run a series of experiments
in which the contribution of GPE gradients and relative
plate motions are progressively added to the models.
[29] In a first model (model 1, Table 3), we set the

maximum shear traction at all convergent plate boundaries
to zero (including the India/Eurasia boundary along the
Himalayan front), thereby imposing free slip (or no me-
chanical coupling) between Asia and the adjacent plates.
Boundary conditions along the northern and western sides
of the model are fixed to zero displacement, as described
above. Deformation in this model is therefore driven by
buoyancy forces only. The resulting surface velocity field
(Figure 9) shows very fast south directed velocities in the
Himalayas and southern Tibet and fast southeast directed
velocities in southeast Asia that obviously do not match

Figure 8a. Reference model, model (black arrows) and observed (white arrows) horizontal velocities.
Choice of model parameters is explained in text (section 4.2) and summarized in Table 3.
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the observed GPS velocities in magnitude or direction.
Shortening in the Tien Shan and the Mongolian Altay
(western Mongolia) are not reproduced either. Predicted
velocity magnitudes in the rest of the model are also
overestimated, by about a factor of 5. Predicted extension
across the Baikal rift zone is 10 mm a�1, about 3 times
faster than observed.
[30] This first experiment shows, as expected, that buoy-

ancy forces alone are not sufficient to reproduce the major
compressional structures of Asia (Himalayas, Tien Shan,
Altay). The Himalayas and most of Tibet collapse south-
ward in the absence of a resisting boundary force along
the India/Eurasia continental subduction. This south direct-
ed collapse is a result of larger elevation differences (and
therefore GPE gradients) along the southern border Tibet
(India) than along its northern border with the Tarim basin
and Mongolian plateau. In spite of the very large misfits, we
note that this model driven by buoyancy forces only repro-
duces well the southeastward velocity directions observed
in north China, central and eastern Mongolia, and south
China, as well as the clockwise rotation observed in GPS
velocities in the vicinity of the Gobi Altay.
[31] In a second set of experiments, we add the contribu-

tion of boundary forces. First, we establish a resisting force

at the India/Eurasia and Arabia/Eurasia continental subduc-
tions by imposing a maximum shear traction of 20 MPa
along these boundaries, the value found in the parameter
search described above. We set the velocity of the Indian and
Arabian plates to zero. As previously, we impose zero
maximum shear traction at the oceanic subductions and keep
the western and northern boundaries of the model confined

Table 3. Summary of Parameters Used in the Experiments

Reported in Section 5a

Experiments Bathymetry
Tc,
MPa

To,
MPa

Boundary Velocities With
Respect to Eurasia

IN, Ar
AUS, Ph,

PAC NAM

1 actual 0 0 - - 0
2 actual 20 0 0 - 0
3 actual 20 0 REVEL - 0
4 actual 20 4 REVEL 0 FREE
5 modified 20 4 REVEL REVEL REVEL
REF actual 20 4 REVEL REVEL REVEL

aREF, reference model, section 4.2. For all described experiments,
internal friction coefficient is 0.8 and fault friction coefficient is 0.06. Plates
are EU, Eurasia; IN, India; Ar, Arabia; AUS, Australia; Ph, Philippines Sea;
PAC, Pacific; NAM, North America.

Figure 8b. Reference model, residuals (observed minus model) velocities. Note the difference in
velocity scale with Figure 8a. Choice of model parameters is explained in text (section 4.2) and
summarized in Table 3.
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(model 2, Table 3). The resultingmodel velocities (Figure 10)
are close to zero in the Himalayas and southern Tibet, as
the collapse of these structures found in the previous
models is now resisted by the strength of the India/Eurasia
plate contact. Model velocities show shortening along the
northern edge of Tibet, in the Tien Shan, and in the Altay
and Gobi Altay mountains, but at slower rates than
observed. In the rest of Asia, the velocity pattern is similar
to the first model described above, but generally larger (by
a factor of 2 to 3 from northwest Tibet to the Siberian
platform, 1.2 in eastern Mongolia, Baikal and north China,
1.2 to 1.4 in southeast Asia). Velocities in south China
remain unchanged.
[32] This experiment illustrates how coupling at the India/

Eurasia plate boundary balances the effect of buoyancy
forces in Tibet and allows for compressional stresses to be
transferred into Asia. Interestingly, India-Eurasia conver-
gence is not necessary to reproduce the observed eastward
and southeastward motions in most of north and east Asia,
provided that appropriate buoyancy forces are acting along
the eastern and southeastern sides of the model.
[33] Second, we apply the India/Eurasia relative plate

velocity at the India/Eurasia plate boundary along the
Himalayan front, and the Arabia/Eurasia relative plate
velocity at the Arabia/Eurasia plate boundary. All other

parameters are kept similar to the previous experiment
(model 3, Table 3). Model velocities (Figure 11) are now
close to the observed ones in the Himalayas and southern
Tibet and show shortening in the Tien Shan and Altay
mountains at a rate close to the GPS observations. Model
velocities are overall larger than in the previous model, by a
factor of 2 in the western half of Asia, 1.5 in Tibet,
Mongolia, Baikal, and north China and 1.2 in south China
and southeast Asia. Plate convergence and high mechanical
coupling between India and Eurasia therefore allow us to
reproduce the compressional strain observed in the Hima-
layas, Tien Shan, and Mongolia Altay. However, velocities
in most of north and east Asia are overestimated (up to 10
times in northern Asia), velocities in Yunnan do not show
the observed clockwise rotation around the eastern Hima-
layan syntaxis, and velocities in southeast Asia are not well
reproduced.
[34] Third, we establish a resisting force at the oceanic

subductions in east and southeast Asia by imposing a
maximum shear traction of 4 MPa, the value found in the
parameter search described above. We impose velocities of
the Australian, Philippines and Pacific plates to be zero in
all direction along their boundary with Eurasia. All other
model parameters are kept similar to the previous case
(model 4, Table 3). Compared to the previous experiment,

Figure 9. Model 1, horizontal surface velocities predicted by a model involving only gravitational
potential energy gradients. See Table 3 and text (section 5) for a full explanation of the model parameters.
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model velocities (Figure 12) decrease significantly over the
entire domain, as expected from adding a resisting force
along the eastern border of the model, in particular in
southeast Asia where they drop from 50–55 mm a�1 to
0–5 mm a�1. In the rest of Asia, velocities decrease by a
factor of 6 (south China) to 1.2 (Tibet) but remain signif-
icantly faster than observed. Model velocities are now
directed eastward to east-northeastward, instead of south-
eastward as found in the previous experiments or in the GPS
data.
[35] Finally, we restore actual relative plate motions along

the oceanic subductions in east and southeast Asia, and
between North America and Eurasia at the northeastern
edge of the model. All other parameters are kept similar to
the previous case. This experiment therefore uses the same
parameters as the best fit model described in section 4.2
(Figures 8a and 8b; model REF, Table 3). Compared to the
previous experiment, model velocities decrease over most
of Asia (by a factor of 1.2 to 1.5 in the Tien Shan and south
China, and 1.5 to 2 in Mongolia-Baikal and north China)
to reach magnitudes that are now consistent with the obser-
vations. Model velocity directions are, however, systemati-
cally rotated counterclockwise by 10–15� compared to the

observations in north and south China. The fit is, however,
very good in southeast Asia, both in magnitude and direction,
although the observed clockwise rotation around the eastern
Himalayan syntaxis is still not reproduced.

6. Discussion

6.1. Role of Buoyancy Forces

[36] This series of experiments illustrates the interplay
between buoyancy and boundary forces in driving present-
day deformation in Asia. We find that buoyancy forces are
significant overall and may drive, for a large part, the east to
southeastward motions observed in south and north China
and in central Mongolia. In our experiments, these buoy-
ancy forces need to be resisted by compressional boundary
forces along the oceanic subductions that bound Asia to the
east and southeast in order to match the observed velocities.
These resisting boundary forces result from the convergence
of adjacent oceanic plates toward Eurasia and interplate
coupling at the oceanic subductions. However, buoyancy
forces alone do not explain present-day deformation in most
of the western half of the domain, where N-S shortening
dominates (Himalayas, Tibet, Tien Shan, Altay). Deforma-
tion in these areas is well reproduced with strong coupling

Figure 10. Model 2, horizontal surface velocities predicted by a model involving gravitational potential
energy gradients, a 20 MPa maximum shear traction at continental subductions, and zero velocity along
the continental-Eurasia plate boundaries. See Table 3 and text (section 5) for a full explanation of the
model parameters.

B11403 VERGNOLLE ET AL.: DYNAMICS OF CONTINENTAL DEFORMATION IN ASIA

13 of 22

B11403



at the India/Eurasia plate contact, that allows for compres-
sional boundary stresses to transfer into Asia.
[37] Flesch et al. [2001] also underlined the importance

of buoyancy forces in driving deformation in Asia. In their
models, buoyancy forces result only from GPE gradients
across continental Asia. In order to further investigate the
origin of the buoyancy forces acting in our models, we
show an additional experiment where we set the bathymetry
and heat flow in oceanic domains to �100 m and 55 mW
m�2, respectively, thereby removing GPE gradients, and the
resulting buoyancy forces, across oceanic margins. All other
parameters are kept identical to the reference experiment
(model 5, Table 3). We find that model velocities are similar
to the reference model in the western half of Asia, whereas
eastward motions in south and north China and SE Asia are
not reproduced anymore (Figure 13). We conclude that the
eastward motions obtained in our reference model in eastern
Asia are mostly driven by buoyancy forces originating at the
eastern and southeastern oceanic margins of Asia, where
GPE gradients generate oceanward tensional stresses that
tend to pull east and southeast Asia toward the subductions.
[38] This may, however, be an oversimplification of the

process actually at work, since our models do not simulate

the actual dynamics of subduction zones. For instance, we
do not account for slab pull or for corner flow between the
upper plate lithosphere and the subducting slab. Also, the
maximum shear stress imposed at subductions in the models
is a simple proxy for stress transfer rather than a true
physical representation of mechanical coupling. However,
it remains that the eastward and southeastward motions
observed in north China, south China, and SE Asia are
reproduced only if tensional, oceanward stresses are applied
to the southeastern and eastern boundaries of the domain.

6.2. Could Boundary Forces Suffice?

[39] In one of the first experiments on the dynamics of
deformation in Asia, Peltzer and Tapponnier [1988] suc-
cessfully reproduced some of the geological observables in
Asia, using India-Eurasia collision as the only driving force,
while the eastern and southeastern boundaries of the model
were left unconfined. Peltzer and Saucier [1996] further
quantified this result numerically assuming an elastic,
faulted, lithosphere and, again, India-Eurasia collision as
the only driving force. Both models predict that strike-slip
faults in Asia slip at fast rates, up to 20–30 mm a�1 for the
Altyn Tagh fault. Here, we test whether a model driven by

Figure 11. Model 3, horizontal surface velocities predicted by a model involving gravitational potential
energy gradients, a 20 MPa maximum shear traction at continental subductions, and REVEL velocities
[Sella et al., 2002] along the continental-Eurasia plate boundaries. See Table 3 and text (section 5) for a
full explanation of the model parameters.
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India-Eurasia collision alone can explain the GPS current
observations.
[40] To simulate experimental conditions as close as

possible to these early edge-driven models, we cancel
the effect of buoyancy forces by setting constant elevation
(910 m) and heat flow (65 mW m�2) over the entire model.
To simulate an unconfined eastern boundary, we treat the
southeast and east Asia subductions as free displacement
boundaries, allowing slip in any direction. We decrease the
fault friction coefficient to 0.01 to enhance slip on faults. To
simulate the indenting mechanism of India, we treat the
India-Eurasia collision as a displacement fixed boundary and
impose the reference model velocities along the Himalayan
frontal thrust as boundary conditions. Boundary conditions
along the northern and western sides of the model are kept
the same as the reference model (section 3.2). Figure 14
shows that this experimental setup results in horizontal
velocities that are in fair agreement with the observed ones,
with an RMS misfit of 4.7 mm a�1. We also find that model
velocities are similar to those obtained in the reference
model (Figure 8a) and to those predicted by Peltzer and
Saucier [1996]. Predicted fault slip rates in this experiment
are higher than in the reference model for the Karakorum

and Altyn Tagh faults, the two fastest slipping faults in
the Peltzer and Saucier [1996] model, but do not exceed
8 mm a�1 (see section 6.4). Slip rates on other faults are
lower than in the reference model and than the observed
Quaternary rates (see section 6.4). Shortening across the
Himalayas, Tien Shan, and Altay is also twice as small as the
GPS observations or the reference model. Predicted exten-
sion across the Baikal rift zone is also smaller than observed
(0.5–1.5 mm a�1 against 3–4 mm a�1) and model velocities
on the Khazak and Siberian platforms (4–7 mm a�1) differ
significantly from the observations or the reference model
(0–3 mm a�1).
[41] In spite of these differences, one may argue that a

model in which the deformation in Asia is forced only by a
velocity condition applied at the boundary between India
and Eurasia provides a reasonable fit to current GPS data.
This, however, assumes that buoyancy forces in and around
Asia and boundary forces along the Indonesian and Pacific
subductions have a negligible contribution to the force
balance. Our experiment, as well as other dynamic models
[e.g., England and Molnar, 1997a; Flesch et al., 2001;
England and Molnar, 2005], however, show that GPE
gradients in Asia generate buoyancy forces comparable to

Figure 12. Model 4, horizontal surface velocities predicted by a model involving gravitational potential
energy gradients, a 20 MPa maximum shear traction at continental subductions, a 4 MPa maximum shear
traction at the oceanic subduction, and the REVEL velocities [Sella et al., 2002] along the continental-
Eurasia plate boundaries. See Table 3 and text (section 5) for a full explanation of the model parameters.
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boundary forces in their effect on surface deformation. Also,
large earthquakes at oceanic subductions in east and south-
east Asia require some degree of interplate coupling,
inconsistent with the free boundary assumption used in
the model above. The model setup used here is therefore
likely to be missing some first-order geophysical processes.
We thus do not favor an interpretation of the dynamics of
the deformation based on boundary forces alone.

6.3. Pervasive Versus Localized Strain

[42] The question of the forces driving continental defor-
mation in Asia is typically merged to that of strain distri-
bution, with edge-driven models arguing for localized strain
on faults, while thin sheet models argue for continuous
deformation. Since the approach used here allows for slip
on faults and lateral variations of lithospheric strength, it is
useful to investigate the spatial distribution of strain in our
best fit model, recalling that it includes both boundary
stresses and buoyancy stresses.
[43] Figure 15 shows that model strain rates are not

significant (i.e., less than 3 � 10�9 a�1, the average
precision of the GPS measurements used here) over a very
large part of Asia (most of north China, south China, and

Sunda). They are significant in the Himalayas, central and
eastern Tibet, the Pamir-Tien Shan and Altay ranges,
western Mongolia, and the Baikal rift zone. This result
matches well the spatial distribution of strain rates derived
directly from GPS observations [Calais et al., 2006]. It is
also consistent with denser GPS measurements in Tibet
[Chen et al., 2004], which show that about 50% of the
observed velocity field is explained by distributed deforma-
tion across the Tibetan Plateau, the Qaidam basin, and the
Qilian Shan, while the remaining 50% is accommodated by
slip on a limited number of faults. The same GPS measure-
ments show a combination of east-west extension and north-
south compression in Tibet, which is well reproduced in our
best fit model (Figure 15).
[44] From the best fit model results, validated against the

GPS observations, we calculate the effective lithospheric
viscosity as the vertically averaged stress over strain rate.
The map of effective viscosity (Figure 16) shows lateral
variations from 3 � 1021 to 7 � 1022 Pa s in Tibet and other
high-elevation areas, to �1024 Pa s in low-elevation and
cratonic areas. These effective viscosity estimations are
consistent with previous results from Flesch et al. [2001],
who also find lateral variations of vertically averaged

Figure 13. Model 5, horizontal surface velocities predicted by a model involving boundary and
buoyancy forces as in the reference model except that the buoyancy forces result only from gravitational
potential energy gradients in the continents. See Table 3 and text (section 6.1) for a full explanation of the
model parameters.
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effective viscosity by up to 3 orders of magnitude between
Tibet and its surroundings.

6.4. Fault Slip Rates

[45] In addition to surface velocities, we calculate model
slip rates on major active faults, that we compare to
Holocene estimates from geologic data [e.g., Lasserre et
al., 1999; Van Der Woerd et al., 2000; Tapponnier et al.,
2001; Brown et al., 2002; Mériaux et al., 2004, 2005;
Chevalier et al., 2004; Ritz et al., 1995, 2003; Prentice et
al., 2002; San’kov et al., 2002] and to present-day estimates
from geodetic data [Bendick et al., 2000; Chen et al., 2000;
Shen et al., 2001; Wright et al., 2004; Jade et al., 2004;
Wallace et al., 2004] (Figure 17). We find that the predicted
sense of motion on all faults matches geologic observations.
Model slip rates match Holocene and geodetic rates well
in the Baikal rift zone [San’kov et al., 2002], the Gobi
Altay [Ritz et al., 1995, 2003; Prentice et al., 2002], and
the Tien Shan [Avouac, 1991; Molnar and Deng, 1984;
Abdrakhmatov et al., 1996]. For all other faults, model slip
rates are significantly smaller than Holocene rates but
consistent with geodetic rates within errors (although
typically at the lower edge of the geodetic error bar) for

the Kunlun [Chen et al., 2000], Central Altyn Tagh [Bendick
et al., 2000; Shen et al., 2001;Wallace et al., 2004], Haiyuan
[Lasserre et al., 1999], and Karakorum [Van Der Woerd
et al., 2000; Brown et al., 2002; Chevalier et al., 2004;
Wright et al., 2004] faults.
[46] We tested whether decreasing the fault friction coef-

ficient would lead to a better match between observed and
model fault slip rates. Since fault friction applies to all faults
in the model, and since India-Eurasia interplate coupling and
convergence are not sufficient to overcome buoyancy forces
in Tibet with a low friction coefficient on the Himalayan
frontal thrust, we treated the India-Eurasia collision as a
displacement-fixed boundary, imposing the reference model
velocities along that boundary of the model. All other model
parameters and boundary conditions are kept identical to the
best fit model presented above. A model with a fault friction
coefficient of 0.01 leads to an RMS misfit of the predicted
surface velocities of 5.2 mm a�1, 1 mm a�1 larger than the
best fit model described above. Model slip rates are larger
than observed Holocene rates for faults where the reference
model showed a good agreement (Gobi Altay, Baikal, Tien
Shan), but match observed Holocene rates better for the Jiali
and Kunlun faults (Figure 17). They are, however, still

Figure 14. Model 6, horizontal surface velocities predicted by a model involving no gravitational
potential energy gradients, and simulating free motion at oceanic subductions and the India-Eurasia
relative plate velocities at the India-Eurasia plate boundary. See text (section 6.2) for a full explanation of
the model parameters.
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significantly slower than observed Holocene rates for the
Altyn Tagh, Xianshuihe, and Karakorum faults.
[47] The disagreement between geodetic and Holocene

fault slip rates in Asia is highly debated, with estimates that
vary by a factor of two to five for the Altyn Tagh and
Karakorum faults, for instance [e.g., Mériaux et al., 2004;
Wright et al., 2004]. England and Molnar [2005] proposed
that Holocene slip rates may be biased by an systematic
underestimation of terrace riser ages. However, a recent
radar interferometry study across the central part of the
Altyn Tagh found a slip rate of 18 mm a�1 [Socquet et al.,
2005], in agreement with some Holocene estimates.
Although the debate remains open, the dynamic models
shown here require rates of 5 to 10 mm a�1 on the Altyn
Tagh fault and are not consistent, overall, with the high slip
rate values found by some Quaternary geology studies.

7. Conclusions

[48] We have shown that GPS-derived velocities in Asia
and, to some extent, Holocene fault slip rates, can be
explained by a balance of boundary and buoyancy forces
acting on a faulted lithosphere with laterally varying
strength. Model and observed strain rates match well. Both
show no resolvable strain rates over most low-elevation

regions, which also correspond to areas of high lithospheric
strength (>1023 Pa s). Significant internal strain, possibly
continuous, is limited to high-elevation areas, mechanically
weaker (1021 to 1023 Pa s). Even though block- or plate-like
motions provide an accurate kinematic description of sur-
face deformation for a large part of Asia [Calais et al.,
2006], current GPS strain rates are consistent with the thin
sheet physical framework [England and Houseman, 1986],
with lateral variations of lithospheric strength controlling
the style of deformation.
[49] GPS observations are consistent with a model in

which subduction boundaries along the eastern and southern
borders of Asia (Pacific, Philippines, and Australian plates)
play a significant role in the dynamics of deformation in
Asia [e.g., Kong and Bird, 1996]. Our experiments show
that south China, north China, and Sunda are ‘‘pulled’’
eastward as a result of tensional, oceanward stresses rather
than ‘‘extruded’’ as a result of India-Eurasia collision. These
tensional stresses may result from GPE gradients across the
active margins of eastern and southeastern Asia (as pro-
posed here), or from other subduction processes not
accounted for in our models (e.g., slab pull, corner flow).
They may also result from viscous coupling between mantle
flow and the base of the lithosphere (‘‘basal drag’’), a
process absent from our models, but that may significantly

Figure 15. Second invariant of the strain rate tensor from the best fit model (color background). See
section 4.2 and Table 3 for full explanation of the model parameters and Figures 8a and 8b for the
representation of the best fit horizontal velocity field. The 3 ppb a�1 value is contoured for reference.
Black crosses show principal strain rate directions. Convergent arrows indicate compression; divergent
arrows indicate extension.
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Figure 17. Comparison between Quaternary, geodetic, and model slip rates for major active faults in
Asia. Best fit model (section 4.2) uses a fault friction coefficient of 0.06; low friction model (section 6.4)
and edge-driven model (section 6.2) use a fault friction coefficient of 0.01. References for Quaternary and
geodetic rates are given in the text.

Figure 16. Vertically averaged effective viscosity (color background) (in Pa s) in the reference model.
The amplitude is presented on a logarithmic scale. The 1022 and 1023 Pa s values are contoured for
reference with white dashed lines.
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contribute to the deformation of continents [Bird, 1998;
Becker and O’Connell, 2000; Bokelmann, 2002].
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Ph.D. thesis, Univ. de Nice-Sophia-Antipolis, Nice, France.

Levi, K. G., et al. (1995), Active Baikal tectonics, Russ. Geol. Geophys.,
36(10), 143–154.

Li, S., and W. D. Mooney (1998), Crustal structure of China from deep
seismic sounding profiles, Tectonophysics, 288, 105–113.

Liu, Z., and P. Bird (2002a), Finite element modeling of neotectonics in
New Zealand, J. Geophys. Res., 107(B12), 2328, doi:10.1029/
2001JB001075.

Liu, Z., and P. Bird (2002b), North America plate is driven westward by
lower mantle flow, Geophys. Res. Lett., 29(24), 2164, doi:10.1029/
2002GL016002.

Lysak, S. (1992), Heat flow variations in continental rifts, Tectonophysics,
208, 309–323.

Mériaux, A.-S., F. J. Ryerson, P. Tapponnier, J. Van der Woerd, R. C.
Finkel, X. Xu, Z. Xu, and M. W. Caffee (2004), Rapid slip along the
central Altyn Tagh Fault: Morphochronologic evidence from Cherchen
He and Sulamu Tagh, J. Geophys. Res., 109, B06401, doi:10.1029/
2003JB002558.

Mériaux, A.-S., et al. (2005), The Aksay segment of the northern Altyn
Tagh fault: Tectonic geomorphology, landscape evolution, and Holocene
slip rate, J. Geophys. Res., 110, B04404, doi:10.1029/2004JB003210.

Michel, G. W., et al. (2001), Crustal motion and block behaviour in SE-
Asia from GPS measurements, Earth Planet. Sci. Lett., 187, 239–244.

Molnar, P., and Q. Deng (1984), Faulting associated with large earthquakes
and the average of deformation in central and eastern Asia, J. Geophys.
Res., 89, 6203–6227.

Molnar, P., and Gibson (1996), A bound on the rheology of continental
lithJ.M. osphere using very long baseline interferometry: The velocity of
South China with respect to Eurasia, J. Geophys. Res., 101, 545–553.

Molnar, P., and P. Tapponnier (1975), Cenozoic tectonics of Asia: Effects of
a continental collision, Science, 189, 419–426.

Molnar, P., and P. Tapponnier (1978), Active tectonics of Tibet, J. Geophys.
Res., 83, 5361–5375.

Molnar, P., T. J. Fitch, and F. T. Wu (1973), Fault plane solutions of shallow
earthquakes and contemporary tectonics in Asia, Earth Planet. Sci. Lett.,
19, 101–112.

Molnar, P., B. C. Burchfield, Z. Zhao, K. Liang, S. Wang, and M. Huang
(1987), Geologic evolution of northern Tibet: Results of an expedition to
Ulugh Muztagh, Science, 235, 299–305.

Mooney, W. D., G. Laske, and G. Masters (1998), CRUST 5.1: A global
crustal model at 5� times 5�, J. Geophys. Res., 103, 727–747.

Moore, T. C., K. D. Klitgord, A. J. Golmshtok, and E. Weber (1997),
Sedimentation and subsidence patterns in the central and north basins
of Lake Baikal from seismic stratigraphy, Geol. Soc. Am. Bull., 109(6),
746–766.

Okal, E. (1977), The July 9 and 23, 1905, Mongolian earthquakes: A sur-
face wave investigation, Earth Planet. Sci. Lett., 34, 326–331.

Paul, J., et al. (2001), The motion and active deformation of India, Geophys.
Res. Lett., 28, 647–650.

Peltzer, G., and F. Saucier (1996), Present-day kinematics of Asia derived
from geological fault rates, J. Geophys. Res., 101, 27,943–27,956.

Peltzer, G., and P. Tapponnier (1988), Formation and evolution of strike-
slip faults, rifts, and basins during the India-Asia collision: An experi-
mental approach, J. Geophys. Res., 315, 15,085–15,117.

Pollack, H. N., S. J. Hurter, and J. R. Johnson (1993), Heat flow from the
Earth’s interior: Analysis of the global data set, Rev. Geophys., 31,
267–280.

Prentice, C. S., K. Kendrick, K. Berryman, A. Bayasgalan, J. F. Ritz, and
J. Q. Spencer (2002), Prehistoric ruptures of the Gurvan Bulag fault,
Gobi Altay, Mongolia, J. Geophys. Res., 107(B12), 2321, doi:10.1029/
2001JB000803.

Replumaz, A. (1999), Reconstruction de la zone de collision Inde-Asie.
Etude centrée sur l’Indochine, Ph.D. thesis, Univ. Denis Diderot-Paris
7, Paris.

Ritz, J. F., E. T. Brown, D. L. Bourlès, H. Philip, A. Schlupp, G. M.
Raisbeck, F. Yiou, and B. Enkhtuvshin (1995), Slip rates along active
faults estimated with cosmic-ray-exposure dates: Application to the Bogd
fault, Gobi-Alta, Mongolia, Geology, 23, 1019–1022.

Ritz, J.-F., et al. (2003), Late Pleistocene to Holocene slip rates for the
Gurvan Bulag thrust fault (Gobi-Altay, Mongolia) estimated with 10Be
dates, J. Geophys. Res., 108(B3), 2162, doi:10.1029/2001JB000553.

Robbins, J. W., D. E. Smith, and C. Ma (1993), Horizontal crustal deforma-
tion and large scale plate motions inferred from space geodetic techniques,
in Contributions of Space Geodesy to Geodynamics: Crustal Dynamics,
Geodyn. Ser., vol. 23, edited by D. E. Smith and D. L. Turcotte, pp. 21–36,
AGU, Washington, D. C.

San’kov, V. A., et al. (2002), On the estimation of rates of horizontal
Earth crust movements of the Baikal rift system on the basis of GPS
geodesy and seismotectonics, in Tectonophysics Today (in Russian),
edited by V. N. Strakhov and Y. G. Leonov, pp. 120–128, United Inst.
of the Phys. of the Earth, Russ. Acad. of Sci., Moscow.
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