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Ivone Jiménez-Munt1 and John P. Platt2

Received 6 March 2006; revised 9 August 2006; accepted 11 September 2006; published 11 November 2006.

[1] We investigate numerically the evolution of
crustal and lithospheric thickness, thermal structure,
topography, and strain rate of the Tibetan Plateau
through time, using the thin viscous sheet approach.
We show that lithospheric mantle must have been
removed from beneath Tibet to explain the present
surface elevation and lack of regional surface slope. In
the absence of this removal, the modeled topography
reaches a maximum elevation of <4000 m (for weak
rheology), or the surface slopes significantly
northward (for strong rheology). The crust must have
been warmed and weakened by an increase of
radiogenic heat production at depth due to crustal
thickening. In the absence of this warming, viscous
stresses associated with plate convergence exceed
stresses produced by topography, and the present
pattern of vertical thinning and east-west extension
would not have developed. Continuous removal of
lithosphere, by delamination or convection, does not
allow sufficient crustal warming and fails to reproduce
either the present topography or the pattern of active
deformation on the plateau in a reasonable time.
Geologically rapid removal of the lithospheric root
beneath the thickened crust of Tibet successfully
explains the current elevation of the plateau, its lack of
surface slope, the steep south and north margins, and
the pattern of the present deformation, including
vertical thinning, E-W extension, and extrusion and
vertical axis rotation on the eastern margin. Our
modeling suggests that this removal took place within
the last 12 m.y. Citation: Jiménez-Munt, I., and J. P. Platt

(2006), Influence of mantle dynamics on the topographic

evolution of the Tibetan Plateau: Results from numerical

modeling, Tectonics, 25, TC6002, doi:10.1029/2006TC001963.

1. Introduction

[2] The Himalayan-Tibetan orogen is the largest colli-
sional system on our planet, and represents a large-scale

natural experiment in the contractional deformation of
continental lithosphere. It is also the largest active example
of extensional tectonics in a zone of continental collision.
As a result it has attracted a lot of attention from both
observational and theoretical geodynamicists, and a rapidly
increasing amount of geological and geophysical data has
become available. Many attempts have been made to model
the mechanics of deformation of the India-Asia collision
zone, emphasizing either its history or its present dynamical
state, and none of these attempts have won universal
acceptance. Numerous causes of the Tibetan extension have
been proposed: gravitational collapse driven by excess
gravitational potential energy arising from the buoyant
crustal root and the upwelled asthenosphere [Chen and
Molnar, 1983; Dewey et al., 1988]; vertical variations of
lithospheric rheology and stress states [Bird, 1991; Shen et
al., 2001]; boundary conditions, such as oblique conver-
gence or basal shear associated with subduction of the
Indian plateau or tectonic boundary conditions in eastern
Asia [Yin, 2000; Liu and Yang, 2003]. Debate continues
about even the most fundamental aspects of the structure
and mechanical state of this system.
[3] One of the most successful approaches to modeling

the India-Asia collision was also one of the earliest and
simplest: the thin viscous sheet approach [e.g., Houseman
and England, 1986; England and Houseman, 1986]. Its
success was because it only attempts to explain the largest-
scale features of the system: those that are at a scale larger
than any of the mechanical heterogeneities and discontinu-
ities that complicate its behavior, including the crust. Hence
it is easy to test the model results against the first-order
features of the collision zone. The model failed, however, to
explain the present elevation of the Tibetan Plateau or the
widespread normal faulting without appealing to an external
process to increase the overall buoyancy of the thickened
lithosphere. This was justified in terms of the development
of Rayleigh-Taylor instabilities in the lower part of the
thermal boundary layer [Houseman et al., 1981; England
and Houseman, 1989], a concept already developed to
explain the thermal evolution of oceanic lithosphere
[Parsons and McKenzie, 1978]. This concept has been
widely debated, and more recent modeling approaches have
not explicitly addressed questions about the evolution of
crustal and lithospheric thickness and of surface elevation in
the Tibetan Plateau.
[4] Our interest in this paper is therefore to investigate

these questions in more detail, using the thin viscous sheet
approach in a significantly more advanced form that takes
account of thermally induced changes in the bulk rheology.
We model the deformation of a rheologically stratified
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lithosphere, for which the coupled system of equations for
momentum and energy conservation is solved numerically.
We examine the way the crustal and lithospheric thickness
evolve in three dimensions during the progressive indenta-
tion of India, with and without removal of the lower
lithosphere, and how these processes affect the evolution
of topography, thermal structure, and tectonic style. The aim
of this work is not to reproduce precisely the present shape of
the Tibetan Plateau, but to study the role of the lithospheric
mantle and asthenosphere, and the related thermal distribu-
tion, on the uplift of the plateau.

2. Geological and Geophysical Constraints

[5] The crust that now forms the main part of the Tibetan
Plateau is an amalgam of displaced continental terranes and
slices of oceanic crust and sediment that were assembled by
accretion and collision during the Mesozoic [Dewey et al.,
1988]. These processes are likely to have formed crust of
variable thickness and elevation [Murphy et al., 1997], and
there is evidence that parts of the southern margin of Tibet
(the Gangdese batholith in the Lhasa terrane) were signif-
icantly elevated prior to India-Asia collision [England and
Searle, 1986], perhaps forming an active convergent margin
analogous to the present-day Andes. Scattered remnants of
marine sedimentary rocks of Cretaceous age [Yin and
Harrison, 2000] suggest, however, that by the late Meso-
zoic much of the surface of Tibet lay close to sea level.
Given its likely structure and composition this implies an
overall crustal thickness in the range 25–35 km, and it is
unlikely to have had a well-developed lower crustal layer
comparable to that found beneath continental cratons.
[6] The present thickness and elevation of the Himalayan

orogen and the Tibetan Plateau are generally attributed to
the collision and subsequent convergence of India with
Asia, starting at around 50–54 Ma [Searle et al., 1987].
The postcollisional evolution of the plateau is highly
uncertain, however, partly because of the lack of age control
on syntectonic to posttectonic continental sediments, and
partly because of the difficulty of constraining paleoeleva-
tions. Hence the main constraints on the way the plateau
formed have to come from its present-day structure and
kinematics.
[7] The most clear-cut feature of the Tibetan Plateau is

the pattern of elevation (Figure 1a). Although parts of the
plateau interior show considerable relief (up to 3000 m), the
average elevation is close to 5000 m, with no overall
topographic gradient [Molnar and Lyon-Caen, 1989;
Fielding et al., 1994] and with steep topographic gra-
dients across the southern and northern plateau margins.
The geomorphic plateau extends south of the Indus-
Tsangpo suture, which marks the line of collision be-
tween India and Asia, and incorporates the Tethyan
Himalaya, which comprises largely unmetamorphosed

thrust sheets derived from the distal northern margin of India
[Hodges, 2000]. In terms of average elevation there is no rim
on the southern margin of the plateau: the great peaks of the
HighHimalaya are offset by correspondingly deep valleys, so
that the average elevation is similar to the rest of the plateau.
The southern margin of the plateau is therefore defined by the
steep southern slope of the Himalaya. Gradients on the
northern margin of Tibet, where it is defined by the Altyn
Tagh fault, are also steep, but they are much more gentle on
the west, northeast, and east sides of the plateau, with the
exception of the Longmen Shan, where the plateau drops off
steeply into the Szechuan Basin. Viewed on a larger scale, the
high topography of Tibet can be seen as diminishing gradu-
ally for several thousand km north across central Asia, with
interruptions such as the Tarim Basin where the local litho-
spheric strength may have been sufficient to resist contrac-
tional deformation [Neil and Houseman, 1997].
[8] The crustal thickness beneath Tibet is not well de-

fined, but appears to decrease from around 70 km in the
south to about 65 km in the north, where there is a
correspondingly greater thickness of relatively low-density
Paleozoic sediment in the upper crust [Haines et al., 2003].
The mechanism(s) by which the crust achieved this great
thickness is one of the central areas of debate at present. The
upper mantle structure is even less well defined. Available
evidence on seismic velocities suggests that lithospheric
mantle beneath much of northern Tibet is relatively thin and
warm [McNamara et al., 1997], although this has been
disputed on the basis of surface wave analysis [Griot et al.,
1998; Tapponnier et al., 2001]. The results of the
INDEPTH II profile suggests that cold Indian lithosphere
may be underthrust horizontally beneath southern Tibet
and the Lhasa block, perhaps as far as the Bangong
suture [Hauck et al., 1998]. At present rates of conver-
gence along the Himalayas (about 22 km m.y.�1) this
underthrusting of Indian lithosphere may have taken place
during the last 12 m.y.
[9] Tomographic inversion of P wave velocities mea-

sured along the INDEPTH III survey north of the Bangong
suture indicates significant velocity heterogeneity in the
upper mantle down to 300 km, with steeply dipping bodies
of seismically fast material beneath central Tibet, and
seismically slow material at shallow levels beneath the
southern and northern parts of the plateau [Tilmann et al.,
2003]. The presence of large-scale structure in the upper
mantle is also borne out by receiver function analysis,
which has identified surfaces of impedance contrast dipping
in various directions within the upper mantle [Shi et al.,
2004]. These structures have been interpreted as subducting
Indian lithosphere [Tilmann et al., 2003], delaminated
lithospheric mantle [Shi et al., 2004], or convective down-
wellings in the lower part of a thickened thermal boundary
layer [Houseman and Molnar, 2001]. To some extent these
differing interpretations simply reflect different perceptions

Figure 1. (a) Topography and S-N cross section of the topography; (b) tectonic map, color shades show elevation (1000,
3000, and 5000 m contours). ATF, Altyn Tagh Fault; MBT, Main Boundary Thrust of Himalaya; JF, Jiali Fault Zone;
KF, Karakorum Fault; ITS, Indus-Tsangpo Suture; BNS, Bangong-Nujiang Suture; (c) topography and horizontal surface
velocity (GPS data [Wang et al., 2001]).
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about the mechanical state of the lithospheric mantle be-
neath Tibet. What they all have in common is the idea of
some sort of circulation of material in the uppermost mantle
driven by thermally induced density contrasts.
[10] Temperatures within the Tibetan crust are relatively

high, as indicated, for example, by the depth to thea-b quartz
transition, which suggests a temperature of 700�C at 18 km
depth beneath central Tibet [Mechie et al., 2004]. Given the
exceptional thickness of the crust and its likely high radio-
genic heat generation, the mantle contribution to the overall
thermal budget is unclear. Evidence for anomalously warm
mantle beneath the plateau comes from the young magmatic
history, which includes K-rich magmatism of Miocene to
Recent age [Turner et al., 1996; Williams et al., 2001]. This
suggests partial melting of lithospheric mantle, which Turner
et al. [1996] interpret as indicating the convective removal
and sinking of thickened lithosphere. Bright spots in the
INDEPTH II seismic reflection line have been interpreted
as zones of partial melt at about 20 km depth within the
Tibetan continental crust [Alsdorf et al., 1998]. Adakitic
volcanism of mid-Tertiary to late Miocene age in southern
Tibet is interpreted to indicate lower crust melting [Chung et
al., 2003].Hou et al. [2004] report the occurrence of potassic
adakites from south Tibet; and they conclude that the melting
of the thickened lower crust in south Tibet requires a
significant thermal anomaly, which was most likely trig-
gered by mantle-derived ultrapotassic magmatism formed
by removal of subcontinental lithospheric mantle or
breakoff of a subducted continental slab during the late
Miocene.
[11] Late Miocene to Recent deformational features on

the plateau are dominated by a linked pattern of strike-slip
and normal faults [Taylor et al., 2003] that act together to
produce E-W extension, N-S shortening, and vertical thin-
ning. The normal faults trend predominantly N-S, and they
are linked by strike-slip faults trend ENE (left-slip) and ESE
(right-slip), which at least in part act as transfer structures.
Some graben are oblique to the main N-S trend, particularly
in western Tibet, but these appear to be transtensional
structures, and do not indicate significant deviations in the
overall pattern of E-W extension [cf. Kapp and Guynn,
2004].
[12] The seismicity of the plateau confirms the evidence

from young fault traces on the plateau: the dominant modes
of deformation are strike-slip and normal faulting [Molnar
and Lyon-Caen, 1989]. Strike-slip focal mechanisms indi-
cate N-S shortening and E-W extension in the western part
of the plateau, swinging through NE-SW shortening to E-W
shortening and N-S extension on the eastern margin. Nor-
mal fault mechanisms indicate a more consistent pattern of
E-W to ESE-WNW extension. One of the most striking
aspects of the seismicity is the strong correlation between
the mode of faulting and the surface elevation. Reverse
faulting is confined to regions on the margins of the plateau,
in the Himalaya, the Nan Shan, and the Longmen Shan,
with surface elevations less than 3000 m; normal fault
mechanisms are confined to the high plateau where eleva-
tions exceed 4000 m [Molnar and Lyon-Caen, 1989;
Molnar et al., 1993]. This pattern strongly suggests that

buoyancy forces associated with topography exert a strong
control over the present-day pattern of deformation.
[13] Although coverage is limited, GPS data across the

Tibetan Plateau reveal a very clear and coherent kinematic
pattern (Figure 1c) [Wang et al., 2001]. Northward
velocity relative to Asia decreases steadily across the
plateau, with the steepest gradients in the south, where
at least 14 mm yr�1 of northward motion is accommo-
dated within the 300 km wide Himalayan thrust belt,
giving a gradient of >0.047 mm yr�1 km�1. Across the main
body of the plateau in central and eastern Tibet northward
velocity decreases steadily to zero at the northern margin,
giving an overall gradient of �0.016 mm yr�1 km�1. This
decrease in north velocity is accompanied by an increase in
east velocity, so that the vectors swing clockwise. East
velocity reaches a maximum of around 16 mm yr�1 in east-
central Tibet, but decreases both northward and eastward, as
relative motion is accommodated in the thrust belts to the
north and east of the plateau. Farther west there is less data,
but the measurements suggest a simple pattern of decreasing
north velocity across the plateau without much change in the
overall orientation of the velocity vectors.

3. Topics of Debate Concerning the

Formation of the Tibetan Plateau

3.1. When and by What Mechanism Did the Crust and
the Lithosphere Reach Their Present Thicknesses?

[14] The INDEPTH seismic profiles suggest that under-
thrusting of Indian crust is limited to southern Tibet, so that
the bulk of the plateau has formed by thickening of Asian
crust. This conclusion is supported by the paleomagnetic
data, which indicate that the crust of southern Tibet has
moved north by about 1900 km since collision [Achache et
al., 1984]. It seems probable that crustal thickening pro-
ceeded gradually from south to north, but few surface
structures have been confidently identified as being related
to thickening, so constraints on the timing and amount of
strain involved are lacking. A major area of disagreement,
however, concerns the mechanical behavior of the Asian
continental lithosphere during thickening. One end-member
approach has been to treat the lithosphere as a viscous fluid,
which thickened in front of the indenting Indian plate, and
flowed away from the indentor under the gravitational
forces associated with its high topography [e.g., England
and Houseman, 1986]. The other end-member approach is
to consider Tibet to have formed by the progressive subduc-
tion and accretion of continental microplates [Tapponnier et
al., 2001; Replumaz and Tapponnier, 2003]. The crust in this
approach is treated as a series of accretionarywedges, beneath
which the mantle lithosphere was subducted in plate-like
fashion.
[15] A related issue concerns the fate of the mantle

lithosphere that underlay the Asian crust prior to thickening.
Given that the crust is probably around twice its precollisional
thickness, we should expect on average around 180 km
thickness of mantle lithosphere to have accumulated beneath
it. Much of this material has disappeared. In a modification of
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the original thin viscous sheet approach, England and
Houseman [1989] suggested that the lower part of the
lithospheric mantle was removed by convective downwelling
at some time after the main phase of thickening beneath the
plateau. Tapponnier et al. [2001], on the other hand, suggests
that the lithospheric mantle was removed continuously by
delamination during the thickening process. These two hy-
potheses have very different implications for the mechanical
evolution of the plateau, as well as the history of its surface
elevation (see below).

3.2. When and by What Intervening Stages Did the
Plateau Achieve Its Present Surface Elevation?

[16] The exceptionally high elevation of the plateau, and
the lack of significant elevation gradients within it, demand
a straightforward mechanical explanation. England and
Houseman [1986] suggested that the present elevation of
the plateau represents an equilibrium between its tendency
to thicken as a result of the northward motion of India, and
to its tendency to extend and thin under the gravitational
forces created by its high elevation. This explanation runs
into two problems, however. Given normal mantle and
crustal densities, a simple doubling of the thickness of
continental lithosphere should produce a surface elevation
of around 3000 m, much less than that of Tibet. Secondly,
this explanation would predict a pattern of deformation in
the plateau involving predominantly strike-slip faulting,
with increasing amounts of thrust faulting at the margins,
rather than the widespread normal faulting that is indicated
by both the surface morphology and the seismicity. England
and Houseman [1989] therefore suggested that widespread
convective removal of lithospheric mantle had occurred
beneath the whole plateau at a late stage in its evolution,
resulting in an isostatic increase of elevation by around
2000 m to around its present value. The resulting buoyancy
forces outweighed the compressional forces associated with
plate convergence, so that the plateau began to extend and
thin. Molnar et al. [1993] suggested that convective removal
occurred rapidly beneath the whole plateau at about 8 Ma,
and related this event to the initiation of buckling instabilities
within the oceanic lithosphere of the Indian plate, and to
climatic changes in the late Miocene.
[17] The elevation history of the plateau reflects the

history of lithospheric thickening and removal, by whatever
mechanism, of lithospheric mantle. If, as suggested by
Tapponnier et al. [2001], lithospheric removal occurred
continuously or episodically during crustal thickening, then
the increase in surface elevation should have been fairly
continuous as well. Determination of paleoelevations is
difficult and inaccurate, however, and different lines of
evidence lead to very different conclusions. Rowley and
Currie [2006] suggest on the basis of oxygen isotope data in
soils that much of Tibet may have been at high elevation by
39 Ma, Spicer et al. [2003] used leaf morphology to suggest
that southern Tibet was close to its present elevation by
15 Ma, whereas Wang et al. [2006] used the carbon
isotope composition of mammalian teeth to infer signif-
icant surface uplift in southern Tibet as recently as 7 Ma.
The onset of normal faulting in the N-S trending graben

in southern Tibet, and the emplacement of N-S dikes, have
been dated at around 13–18Ma [Coleman andHodges, 1995;
Blisniuk et al., 2001;Williams et al., 2001], and this is widely
regarded as indicating a significant increase in surface eleva-
tion and a corresponding change in the regional stress field in
mid-Miocene time. Clark et al. [2005] point to an increase in
incision rates, and therefore of elevation, in eastern Tibet
at 13 Ma, and detailed magnetostratigraphic studies of
molasse deposits along the Altyn Tagh Fault by Sun et al.
[2005] show that the accumulation of coarse conglomer-
ate began at 13.7 Ma, and they attribute this to the uplift
along the northern edge of the Tibetan Plateau, a process
that continued until at least 9 Ma. On the basis of the
timing of alkalic magmatism, however, Chung et al.
[1998] suggest a diachronous uplift history for the Tibetan
Plateau, with convective removal of the lower lithosphere
inducing rapid uplift in the east beginning at around 40 Ma
and in the west about 20 m.y. later. Clearly the evidence at
present is insufficient to distinguish among the various
model-based predictions.

3.3. How Can We Explain the Present-Day Deformation
of the Plateau in Terms of N-S India-Asia Convergence?

[18] The divergences of opinion about the present-day
pattern of deformation in Tibet resemble those about its
history, and reflect the same differences in philosophy. At
one extreme there is the viewpoint reflected by Avouac and
Tapponnier [1993], who consider the Tibetan crust to
consist of an array of small, internally rigid, lithospheric
blocks, which accommodate India’s northward motion by
strike-slip motion along their boundaries, and in the process
escape eastward. Deformation is effectively assumed to be
horizontal plane strain, and this approach is nicely illustrated
by the plane strain analogue experiments published by
Molnar and Tapponnier [1977]. Normal faulting on the
plateau is assumed to be an incidental side effect of the
incompatibilities between the blocks.
[19] The other end-member in the spectrum is the thin

viscous sheet approach described in the previous section.
Present-day deformation of the plateau is treated as the
reflecting N-S shortening imposed by the northward motion
of India and vertical shortening resulting from buoyancy
forces, resulting in an overall deformation lying in the
constrictional field with E-W maximum rate of extension
[England and Houseman, 1989].
[20] A third approach reflects the likely rheological

layering of the Tibetan lithosphere, with a very weak,
possibly partly molten, middle or lower crust [Clark and
Royden, 2000; Shen et al., 2001]. They suggest that the
present-day surface deformation results from flow of the weak
lower crust beneath a thick constant viscosity upper crust
under gravitational body forces. They specify velocity at the
Moho and impose that the lithospheric mantle beneath Tibet
has plate-like behavior, assuming that all deformation is
localized along the mantle suture, and is undergoing some
form of subduction. They calculate the topography assuming
crustal Airy compensation, without taking into account the
possible interaction between the lithospheric mantle and
asthenosphere. A variant on this theme is the channel flow
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concept of Beaumont et al. [2001], here the upper crust is
assumed to be strong and rigid, the lower crust and lithospheric
mantle are assumed to be plate-like, and the middle crust is
treated as a fluid that is being extruded southward, emerging in
the Himalaya as the High Himalayan crystallines.
[21] The emphasis in this paper is on the way the

lithospheric mantle and the thermal structure of the litho-
sphere have controlled the distribution and evolution of
crustal thickness, topography, and strain rate of the Tibetan
Plateau through time. We seek in particular a mechanically
consistent explanation as to how the plateau has reached its
present state from its likely starting configuration.

4. The Model

[22] We use a finite difference numerical model of
lithospheric deformation (code called Uhuru), where we
adopt a thin viscous sheet approach with vertically averaged
viscosity. This approach assumes local isostasy of the whole
lithosphere and vertical integration of the lithospheric
strength to reduce the three-dimensional problem to a
planform model, where the horizontal velocity components
do not change with depth, and temperature is calculated in
one dimension [Houseman and England, 1986; Bird, 1989].
Local isostatic equilibrium is an acceptable approximation,
as gravity anomalies show that over length scales of a few
hundreds kilometers, density contrasts within the litho-
sphere are isostatically compensated [England and Molnar,
1997]. Furthermore, the gravity field in Tibet indicates that
the topography there is for the most part in local isostatic
compensation [Jin et al., 1994]. The horizontal velocity
field includes the effects of lateral variations of gravitational
potential energy related to crustal and lithospheric thickness
variations [Jiménez-Munt et al., 2001, 2005a]. The reader is
referred to Jiménez-Munt et al. [2005a] for detailed explan-
ations about the modeling techniques and assumptions.
[23] The thin viscous sheet approach is not suited to

describing processes at the scale of a thrust belt such as the
Himalayas, nor can it predict the location and behavior of
individual strike-slip faults, such as the Altyn Tagh, Kar-
akoram, or Red River fault. It can however, predict in what
parts of the system strike-slip faulting, as opposed to reverse
or normal faulting, is likely.
[24] Complete decoupling of crust from lithosphere, or

upper crust from lower crust, as proposed by Clark and
Royden [2000] or Beaumont et al. [2001], for example,
clearly invalidates the thin viscous sheet approach, or for
that matter any attempt to describe the deformation of the
lithosphere as a single mechanical entity. While we accept
that the degree of crust-mantle coupling remains an open
question, we think that at the scale of Tibet it is likely that
the lithosphere as a whole is controlling the pattern of
deformation, and we wish to explore this concept further.
We are impressed by the evidence from seismic anisotropy
analysis that the deformation of the mantle lithosphere
below Tibet closely resembles the pattern of surface flow
revealed by geodetic studies [Holt et al., 2000].
[25] The thin viscous sheet approach allows us to inves-

tigate in a straightforward way variations in the thermal

structure, bulk rheology, density, surface elevation, and
gravitational potential energy on the flow field, and to
compare the predictions against observations. Because only
bulk properties are considered, the number of variables is
limited, and hence exploration of parameter space is rela-
tively easy. The same technique has been successfully used
to investigate the mechanisms leading to the postcollisional
tectonic evolution and the different roles of gravitational
and tectonic forces on the present-day stress of the Alps
[Jiménez-Munt et al., 2005b].

4.1. Convective Removal of Lithosphere

[26] The mutual interactions among viscous lithospheric
deformation and thermal advection and conduction in the
lithosphere are accounted for in this fully coupled thermo-
mechanical model. The temperature distribution is calculated
in each time step, which in turn determines the thermal
lithospheric thickness and the topography using a local
isostasy approach.
[27] We also consider the effect of the removal of

lithospheric mantle on the evolution of the continental
collision zone. We study both continuous removal (as in a
subduction zone) and the instantaneous detachment of the
lower part of the lithospheric mantle at a late stage in the
evolution of the collision zone, as described by England
and Houseman [1989] and Platt and England [1994], for
example. Figure 2 shows an example of the evolution of the
geotherm before and after the removal of lithospheric
mantle. In this one-dimensional (1-D) model, we impose
thickening at a constant rate of 4 � 10�16 s�1 for 50 m.y.,
with lithospheric mantle removal at 40 m.y. Almost the
entire lithospheric mantle is removed and replaced by
asthenospheric mantle. This is an instantaneous process in
which the lithosphere loses mantle component. Under these
conditions, the elimination of �140 km of lithospheric
mantle causes an increase of the Moho temperature by
300�C 10 m.y. after the removal, and a decrease of the
average density (�20 kg m�3) of the �35 km of new
lithospheric mantle created in 10 m.y. after removal by
conduction and lithospheric thickening; note that the con-
stant thickening-rate of 4 � 10�16 s�1 is still imposed after
the lithospheric mantle removal. This decrease in density,
together with the replacement of part of the lithosphere by
the lighter asthenospheric mantle, results in an uplift of the
surface by �2 km. Hence the removal of the lithosphere
root results in an increase in the gravitational potential
energy (GPE) or equivalently the depth-averaged vertical
stress (szz):

szz x; yð Þ ¼ 1

La

ZLa

0

szz x; y; zð Þdz ¼ 1

La

ZLa

0

Zz

surface
z<0ð Þ

gr x; y; zð Þdz

0
BB@

1
CCAdz

¼ GPE

La
;

ð1Þ

where La is the thickness of the plate (depth of compensa-
tion in the asthenosphere, usually 300 km, plus the surface
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elevation), r is the density on each layer, and g is the
acceleration due to gravity (9.8 m s�2). Figure 2 also shows
how the GPE changes with time, decreasing first with the
thickening of crust and lithosphere, and then a large increase
of 7.5 1012 N m�1 after the removal of the lithospheric root.
Note that from 0 to 40 m.y. GPE decreases because crust
and lithospheric mantle have a similar thickening rate; when
we assume a continuous convective removal of the litho-
spheric root GPE could increase with thickening.
[28] These changes in szz or GPE can have a major role

on the thin sheet calculation. Lateral variation of the GPE
could result in some thinning of the plateau even in an area
where the regional tectonic regime is highly compressional.
The equations governing the lithosphere deformation in the
thin sheet approach are the horizontal components of the
equilibrium equation (see Jiménez-Munt et al. [2001,
2005a] for more details),

@

@xj
h

@ui
@xj

þ @uj
@xi

� 	
 �
þ @

@xi
2h

@u1
@x1

þ @u2
@x2

� 	
 �
¼ @szz

@xi
i; j ¼ 1; 2:

where u1 and u2 are the horizontal components of the
velocity on the x1 and x2 directions, and h is the effective

viscosity (depth-averaged) of the plate; and the lateral
changes of szz are related to changes of crustal and
lithospheric thicknesses and densities (equation (1)).

4.2. Model Setup

[29] To save computing time, we model only the right
half of the symmetric solution (Figure 3a), which corre-
sponds to the eastern half of the Tibetan Plateau. The
horizontal dimensions of the modeled domain are 4000 km
from west to east and 6000 km from south to north, with
horizontal grid spacing of 35 km. At the end of the deforma-
tion history this domain corresponds to the region between
14�N to 68�N and 85�E to 127�E. The Indian lithosphere has
practically no internal deformation; we treat it as a nearly rigid
block with a viscosity of 1025 Pa s, moving to the north with a
long-term average convergence rate of 50 mm yr�1

(Figure 3a). North and east boundaries are fixed at zero
velocity; and the western boundary is free slip (u1 = 0
and t12 = 0, zero normal velocity and deviatoric shear
stress) to preserve the symmetry of the model.
[30] For simplicity, we have assumed initially uniform

crustal and lithospheric thicknesses. A representative value
of 35 km for the crustal thickness has been assumed on the

Figure 2. (a) Time evolution of a geotherm under constant thickening ( _ezz = 4. � 10�16 s�1) and at
different stages: curve 1, initial; curve 2, after 40 m.y. of constant thickening; curve 3, after removal of
the lithospheric mantle; and curve 4, 2 m.y. after the lithospheric removal, resulting from conduction and
constant thickening. (b) Time evolution of: lithosphere and crustal thickness; Moho temperature and
lithospheric mantle density; elevation and changes in gravitational potential energy (DGPE = GPE(t)–
GPE(t = 0)).
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basis of the present-day crustal thickness in the undeformed
zones, such as India and north Eurasia [Bassin et al., 2000].
The value of 130 km adopted for the lithospheric thickness,
together with the assumption of local isostasy and

the parameters listed in Table 1, results in an elevation of
580 m.
[31] One of the most influential rock properties on

temperature distribution at lithospheric scale is the heat
production associated with natural radioactive decay, which
amounts to about 40% of the total heat released to the
atmosphere by the continental lithosphere. Volumetric heat
production measurements range between 1 and 4 mW m�3

for upper crustal rocks, 0.1 and 1 mW m�3 for lower crustal
rocks, and 0 and 0.02 mWm�3 for mantle rocks [Wollenberg
and Smith, 1987]. In this work we assume an exponential
decreasewith depth z of radiogenic heat productionwithin the
crust as H = Ho exp (�z/b). We use a mean value for
continental crust where the heat production at the surface is
Ho = 2.5 mW m�3 and the decay exponent b = 15 km.
However, much of the high plateau of Tibet is underlain by
crust that was formed by thrust stacking both before and
during collision, and is therefore likely to have higher values
of heat production at depth. To simulate this, for crust thicker
than 40 km we increase b to 55 km. Figure 3b shows the
distribution of radiogenic heat production with depth for
different values of the decay exponent. For b = 15 km the
crustal radiogenic heat production below 40 km is less than
0.2 mW m�3. For b = 55 km, the heat production at 40 km
depth is�1.2 mWm�3, which is the average value for middle
crust rocks.

5. Results and Discussion

[32] We perform several models to study the effect on the
long-term deformation of the rheology of the lithosphere
and the crustal heat production. Our first attempt was to try
to simulate the Tibetan Plateau without considering any
kind of removal of the lithosphere root. We were particu-
larly interested in whether we could produce a plateau and a
pattern of deformation comparable to present-day Tibet
without invoking lithospheric removal. We ran the same
model setup for different sets of rheological parameters, and
Figure 4 shows some variables resulting from a soft,
medium and hard lithospheric strength.
[33] Initially, maximum compression (positive vertical

strain rate on Figure 4d, dotted lines) is localized in front
of the Indian plate indenter, for which the effective viscosity
is always fixed at 1025 Pa s in all models. For a hard
lithosphere (high viscosity), thickening is strongly localized
near the indenter. At the beginning of the modeling (0 m.y.),
the crust and lithosphere are homogeneous and of constant
thickness, so there is no lateral variation of GPE and szz is
constant everywhere. In the center of the plateau GPE
increases with the thickening of the crust and lithosphere,
due to radiogenic heating and resulting decrease in mantle
density, and after 65 m.y. of convergence the lateral varia-
tions of GPE are high enough to shift the locus of maximum
lithospheric thickening northward away from the indentor
(Figure 4d). For a medium or hard lithosphere, the lateral
variations of GPE or szz after 65 m.y. of convergence are
not enough to prevail over the viscous forces, however; and
the crustal and lithospheric thickness, and the surface
elevation, all decrease continuously away from the indentor

Figure 3. (a) Model setup and boundary conditions. For
computing time, we just model the right half of the
symmetric solution (gray domain). The horizontal dimen-
sions are 4000 km from east to west and 6000 km from
north to south, with a grid space of 35 � 35 km. India is
assumed as a rigid block with a viscosity of 1 � 1025 Pa s
and dimensions 1000 � 1350 km. The initial crustal and
lithospheric thicknesses are 35 and 130 km, respectively,
resulting in an elevation of 580 m. (b) Radiogenic heat
production with depth for different b coefficients.
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with an approximately negative exponential form. The
resulting orogen does not resemble the present-day Tibetan
Plateau.
[34] Convergence in soft lithosphere with low viscosity,

however, allows the deformation to diffuse more widely
over the domain, reducing crustal thickening near the
indenter and increasing it further north in the profile. The
viscosity forces are not enough to sustain the orogen; with
�60 km of crustal thickness and �3.9 km of elevation, the
gravitational forces prevent further thickening in the central
orogen and convergence is therefore accommodated further
north. All the convergence migrates to the north and even
some thinning is observed in the center of the orogen. As a
result, the elevation and crustal thickness remain relatively
constant for nearly 1000 km north of the indenter, produc-
ing a plateau, but the elevation at 3.9 km is significantly less
than observed. The topographic gradient across the southern
margin is steep, in agreement with observation, but on the
northern margin the elevation decreases smoothly from 3.9
to 1 km, and the modeled elevation and crustal thickness
(38 km) within Asia north of the plateau are much higher
than observed.
[35] Note that significant softening of the orogen results

from the increase in radiogenic heat production in the
thickened crust. For a crustal thickness of 50 km and
lithospheric mantle of 80 km, a decay exponent b = 55
for the decay of radiogenic heat production gives a Moho
temperature �280�C higher than if b = 15 km. This increase
of the Moho temperature results in a reduction of the
lithospheric strength by a factor of 5. The results for a soft
lithosphere but without any increase in heat production with

crustal thickness are also shown in Figure 4 (black dashed
line). We can see a smoother pattern of deformation over the
entire domain with no thinning on the plateau. In this
model, as the heat production practically doesn’t increase
when crust is thicker than 40 km, there is no big temperature
difference between the orogen and foreland. This, and the
assumption of a soft lithosphere, results in a nearly constant
Eurasian viscosity and therefore a much broader spread of
deformation.
[36] The temperature at the base of the crust in all these

models is always less than 700�C (Figure 4a). These values
are low compared with observations: 700�C found between
the upper and the middle crust under the southern Qiang-
tang block, 800�C at 32 km depth in the northern Lhasa
block [Mechie et al., 2004], 800�C to 900�C in the lower
crust of the northern Tibetan Plateau [Hacker et al., 2000],
and Moho temperatures of 900–1100�C under the Qiang-
tang and 800–900�C beneath the Himalaya calculated by
Galvé et al. [2006]. Therefore another process is needed to
increase the temperature in the middle and lower crust.

5.1. Continuous Removal of Lithospheric Mantle

[37] We next consider the effect of continuous removal of
lithospheric mantle during convergence, imposing a maxi-
mum depth of the base of the lithosphere (isotherm
1300�C), at 170 km (Figure 5). This is intended to simulate
delamination or subduction of lithosphere during crustal
thickening, as envisaged by Tapponnier et al. [2001], for
example. The lithosphere is not allowed to get thicker than
170 km, and the methodology used is the same as that

Table 1. Parameters for Modelinga

Parameter Value

Densities
Crust and asthenosphere (rc, ra) 2800, 3200 kg m�3

Lithospheric mantle rm = ra (1 + 1.75 � 10�5 (Tlit � Tmoho))
Tmoho, temperature at base of the crust

Conductivities: crust, lithospheric mantle, asthenosphere 3.0, 3.2, 100.0 W m�1 K�1

Heat production: crust, lithospheric mantle (z, depth in km) 2.5 exp(�z/15), 0 mW m�3

If crustal thickness >40 km = > 2.5 exp(�z/55), 0 mW m�3

Surface and bottom (z = 600 km) temperature 273, 1800 K
Base of the lithosphere, isotherm (Tlit) 1300�C
Thermal diffusivity 1 � 10�6 m2 s�1

Rheology
Crust: A [MPa�n s�1], n, Q [kJ mol�1] 2.5 � 10�10, 3, 100
Lithospheric mantle: A [MPa�n s�1], n, Q [kJ mol�1] 4665, 3, 456
Dorn law: sD [Pa], QD [kJ mol�1], _eD [s�1] 8.5 � 109, 500, 5.7 � 1011

Model dimensions 4060 � 6020 km
Horizontal discretization grid (dx1, dx2) 35, 35 km

aSee Jiménez-Munt et al. [2005a] for all the formulation.

Figure 4. Model results for indentation without any removal of lithospheric mantle. Plots show N-S profiles (located in
Figure 3a) of model variables, from top to bottom: Moho temperature, gravitational potential energy changes, effective
viscosity, vertical strain rate, elevation, crustal thickness and lithospheric mantle thickness. Each plot shows the initial stage
(0 m.y.) for soft and hard rheologies (dotted lines), results after 65 m.y. of indentation at 50 mm yr�1 for soft, medium, and
hard rheologies (continuous lines). Radiogenic heat production H = 2.5 exp(�z/15) mWm�3 when crust is thinner than 40 km
and H = 2.5 exp(�z/55) mW m�3 when crust is thicker than 40 km. Dashed lines show results for a soft rheology without
increasing heat production with crustal thickness.
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Figure 5. Model results for indentation with continuous removal of lithospheric mantle at 170 km
depth. N-S profiles (located in Figure 3a) of model variables, from top to bottom: Moho temperature,
gravitational potential energy changes, effective viscosity, vertical strain rate, elevation, crustal thickness
and lithospheric mantle thickness. Results shown at 0, 15, 35, 60, 80, and 130 m.y. (from dotted to solid
lines). Radiogenic heat production H = 2.5 exp(�z/15) mW m�3 when crust is thinner than 40 km
and H = 2.5 exp(�z/55) mW m�3 when crust is thicker than 40 km.
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Figure 6. Model results for indentation with removal of lithospheric mantle at 50 m.y below the 700�C
isotherm where thickness exceeds 155 km. N-S profiles (located in Figure 3a) of model variables, from
top to bottom: Moho temperature, gravitational potential energy changes, effective viscosity, vertical
strain rate, elevation, crustal thickness and lithospheric mantle thickness. Results shown before
lithosphere removal (50 m.y.) and after removal (52, 54, 56, 59, 62 m.y.). Radiogenic heat production
H = 2.5 exp(�z/15) mWm�3 and H = 2.5 exp(�z/55) mW m�3 when the crust is thicker than 40 km.
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described for convective removal in the next section,
applied during each time step in the areas where the
1300�C isotherm gets deeper than 170 km. As a result,
the geotherm is not thickening at the same rate as the crust,

and while the crust is thickening the lithospheric mantle can
be thinning. In this sense, the crust and lithospheric mantle
are partially decoupled.
[38] Under these conditions the lithosphere beneath the

orogen reaches a maximum thickness of 170 km 12 m.y.
after India-Asia collision (Figure 5). Figure 5 shows the
time evolution of some variables along a S-N profile. The
crust of the orogen is still getting thicker until 80 m.y., but
the lithospheric mantle beneath it is being removed. Mean-
while, the GPE increases between the orogen and the
foreland; but it is not sufficient to cause thinning of the
highest areas of the orogen before 85 m.y. of convergence.
The topographic profile up to this time therefore resembles
that produced by whole lithosphere thickening, but with
higher overall elevations (compare Figures 4 and 5). Only
after about 85 m.y., thinning starts in the center of the
orogen and the convergence is transmitted to the north of
the plateau, where the rate of thickening reaches �5 �
10�16 s�1. As a result, after 130 m.y. of collision a flat
plateau is produced that is �1000 km wide, with an
elevation of 6.5 km, and a crustal thickness of 75 km. At
that time, the Moho temperature of the plateau has a
maximum value at the center of 900�C, closer to the values
suggested by Galvé et al. [2006].
[39] From this modeling, we see that assuming continu-

ous removal of lithospheric mantle, the orogen would take
about 130 m.y. to become at the same time flat and with
some thinning in the center of the plateau. India-Eurasia
collision started at 50–60 Ma. Figure 5 shows that within
this time neither the observed elevation nor the flat plateau
are well reproduced. Therefore another process is needed to
accelerate the plateau formation.

5.2. Removal of the Lithosphere Root

[40] The next step was to study the influence of late stage
removal of part of the lithospheric mantle under the thick-
ened zones. We used the same model setup as in Figure 4,
and up to 50 m.y. after the start of convergence the
topography evolves in the same way as in Figure 4, with
maximum elevation near the indentor and an approximately
negative exponential decrease of surface elevation away
from it. At 50 m.y. we assume instantaneous removal of the
root where the lithosphere is thicker than 155 km, imposing
the new base of the lithosphere at the 700�C isotherm.
Modeling of the convective removal process by Molnar et
al. [1998] suggests that material deeper than the 800�C
isotherm could be removed, which corresponds to an

Figure 7. Model results after 57 m.y. of convergence at
50 mm yr�1 and 7 m.y. after removal of lithospheric mantle
below the 700�C isotherm where thickness exceeds 155 km.
Radiogenic heat production H = 2.5 exp(�z/15) mWm�3 and
H= 2.5 exp(�z/55)mWm�3 if the crust is thicker than 40 km.
(a) Elevation predicted from the model (contours) and
measured (gray pattern); (b) crustal thickness predicted from
the model (contours) and data (gray pattern, compiled by
Bassin et al. [2000]); (c) lithospheric mantle thickness
predicted from the model.
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average thickness of �125 km of mantle lithosphere. We
assume a temperature 100�C lower for the controlling
isotherm in order to achieve the observed surface elevation
of the plateau.
[41] The lithospheric root is removed from an extended

area about 2000 km from south to north (Figure 6g), leaving
the lithospheric mantle thickness between 25 and 28 km in
the center of the orogen and 40 km on its edges. This
produces sharp increases in Moho temperature, surface
elevation, and GPE in the region where the lithospheric
root is removed (Figures 2 and 6). The warming of the
lithosphere results in a decrease in its strength and viscosity,
so that it is unable to sustain the increased lateral variation
of GPE; as a result the convergence migrates to the north
and some thinning takes place in the more elevated zones of
the orogen (Figure 6d). After a further 5 m.y. this produces a
relatively flat plateau with an elevation comparable to that
of present-day Tibet.
[42] 10 m.y. after the instantaneous removal of the

lithosphere root, thickening resumes over the whole orogen
(positive vertical strain rate Figure 6d). This is due to the
cooling and thickening of the lithospheric mantle and the
thinning of the crust beneath the plateau, which lead to
decreases in elevation and GPE. The fact that the crust
beneath the Tibetan Plateau is currently undergoing tectonic
thinning therefore suggests that removal of lithospheric
mantle beneath Tibet occurred <9 m.y. ago, as proposed,
for example, by Molnar et al. [1993].
[43] Note that the Indian convergence rate used here is

the long-term average convergence rate of 50 mm yr�1

[DeMets et al., 1994]. This is an approximation because the
convergence rate varies along the Himalayan front and the
rates changed in time [e.g., Guillot et al., 2003; Replumaz
and Tapponnier, 2003]. Recent GPS data indicate rates of
35 mm yr�1 [Paul et al., 2001]. If we use 35 mm yr�1 for
the India convergence rate after lithospheric removal, we
predict that normal faulting and thinning on the plateau will
continue up to 12 m.y. after removal of the lithosphere root,
but not later on. This prediction is in broad agreement with
those studies that indicate removal of lithospheric mantle,
plateau uplift, and the onset of normal faulting in the middle
to late Miocene [e.g., Blisniuk et al., 2001; Clark et al.,
2005; Hou et al., 2004; Turner et al., 1996; Sun et al., 2005;
Wang et al., 2006].
[44] The viscosities predicted from the model (Figure 6c)

are between 2 and 10 � 1021 Pa s on the plateau and 3–7 �
1023 Pa s on the foreland, in agreement with the effective
viscosity inferred by Flesch et al. [2001] from Quaternary
fault slip rates and GPS velocities.

[45] Figure 7 shows in plan view the elevation and crustal
and lithospheric mantle thicknesses after 57 m.y. of con-
vergence and 7 m.y. after removal of the lithosphere root.
The maximum elevation is 6 km, but a large area, nearly 10�
from south to north, is at the same elevation �5.5 km. The
crustal thickness beneath the flat area is between 65 and
70 km, decreasing to the north and east to �37 km.
These regional values are in agreement with the measured
crustal thickness (gray pattern in Figure 7b, data compiled
by Bassin et al. [2000]). The lithospheric mantle is
clearly thinner under the plateau, with values between
40 and 50 km; it reaches 115 km on the edges of the
plateau, and then decreases to 90–100 km beneath the
Asia foreland and the Indian plate.
[46] The horizontal velocity field and the principal com-

ponents of the horizontal stress tensor are shown in Figure 8.
The plateau has three main areas. On the southern front,
near the contact with the Indian indenter, there is a narrow
band where the main deformation is by thrusting with
positive component of the vertical strain rate (or thicken-
ing). In the center of the high plateau the deformation is by
normal faulting or transtension, with the maximum exten-
sion direction oriented nearly E-W. On the northern flank of
the plateau there is thickening with high positive values of
the vertical strain rate, and the principal horizontal com-
pressive stress is NE-SW or NNE-SSW. The predicted
pattern of crustal thickening and thinning (Figure 8a) is
comparable to that obtained by Holt et al. [2000] from GPS
observations and Quaternary fault slip rates. Our model
predicts thinning values between 2 and 10 � 10�16 s�1 in
the center of the plateau, and somewhat higher values of 10�
10�16 s�1 of thickening on the northern flank, in agreement
withHolt et al. [2000]. The high rate of thickening (20–30�
10�16 s�1) obtained by Holt et al. [2000] on the Himalayan
front is not reproduced by our numerical modeling, as the thin
viscous sheet method doesn’t permit modeling of the
discontinuity itself; our values on the India-Tibet contact
are �1 � 10�16 s�1.
[47] The horizontal stress directions in Figure 8b repro-

duce the main features from the observations compiled on
the World Stress Map [Reinecker et al., 2005]. In the center
of the plateau themaximum tensional deviatoric stress is E-W
and normal faulting is the predominant tectonic regime. On
the eastern and northeastern plateau the principal stress
direction rotates clockwise, increasing the compressional
component and decreasing the extensional. On the margins
of the plateau themain tectonic regime is reverse faultingwith
the compressive axis following the steepest topography
gradient. This is also in agreement with the correlation

Figure 8. Model results after 57 m.y. of convergence at 50 mm yr�1 and 7 m.y. after removal of lithospheric mantle
below the 700�C isotherm where thickness exceeds 155 km. Radiogenic heat production H = 2.5 exp(�z/15) mW m�3

and H = 2.5 exp(�z/55) mWm�3 if the crust is thicker than 40 km. (a) Horizontal velocity field (arrows), vertical strain rate
(color pattern, positive for thickening and negative for thinning) and crustal thickness (contours every 10 km). Gray outline is
the region of the plots on Figures 8b and 8c. (b) Horizontal principal stress directions (arrows for extension and bars for
compression), tectonic regime (color pattern) and elevation (contours every 0.5 km). Note that this plot is a zoomon the plateau
(gray outline Figure 8a). (c) Vorticity (color pattern in rad sv), vertical axis finite rotations (circled numbers in degrees), and
elevation (contours in km). This plot is also a zoom on the plateau (gray outline Figure 8a).
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between elevation and tectonic regime shownbyMolnaret al.
[1993].
[48] We can compare the predicted velocity field

(Figure 8a) with that from GPS measurements (Figure 1).

The velocity field on the plateau rotates clockwise toward the
east, and on the eastern side of the plateau the horizontal
velocity is E-W directed. We can also observe this clockwise
rotation from the present vorticity and the accumulated

Figure 8
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vertical axis rotation during the 57 m.y. period (Figure 8c).
The finite rotation q is obtained by integrating with time half
of the vertical component of the vorticity of the flow
[Jiménez-Munt et al., 2005b],

q ¼ 1

2

Z
vorticityð Þdt;

where

vorticity ¼ @u2
@x1

� @u1
@x2

;

u1 and u2 are the horizontal components of the velocity
in x1 and x2 directions, and t is time.
[49] Our predicted vorticity is directly comparable with

the present rotation rate from Holt et al. [2000]. The highest
clockwise rotation is on the eastern contact between the
Indian indenter and the Asian plate, with maximum values
of 50 and 80 rad s�1; and north of the Tibetan Plateau the
rotation is mainly counterclockwise.

6. Conclusions

[50] Our modeling results suggest that in order to repro-
duce the present topography of the Tibetan Plateau, with
east-west extension and crustal thinning as the dominant
current active deformation, two processes are required in
addition to lithospheric thickening.
[51] 1. Dense lithospheric mantle material must have

been removed from beneath Tibet in order to explain the
present surface elevation and lack of regional surface slope.
In the absence of this removal, the modeled topography for
Tibet has a maximum elevation of <4000 m (for weak
rheology), or the surface slopes significantly northward,
away from the Indian indentor (for strong rheology).
[52] 2. The middle and lower crust must have been

warmed and weakened by an increase in depth of radiogenic
heat production at depth due to the duplication of the crust.
Weakening of the Tibetan crust by conductive warming
would require tens of millions of years [Shapiro et al.,

2004], therefore other processes such as increased mantle
heat flow consequent upon the removal of lithospheric
mantle, and advective transport of heat by magma may
have to be involved. In the absence of this warming and
weakening, viscous stresses associated with plate conver-
gence would exceed stresses produced by the surface
elevation, and the present pattern of vertical thinning and
east-west extension would not have developed.
[53] Continuous removal of lithosphere, by delamination

or convection, does not produce sufficient warming and
weakening of the lower crust, and fails to reproduce either
the present topography or the pattern of active deformation
on the plateau in a reasonable time. A much longer period of
convergence would be needed in order to reproduce the
present characteristics of the plateau.
[54] Geologically rapid removal of the lithospheric root

beneath the thickened crust of Tibet also successfully
explains the current elevation of the plateau, its lack of
surface slope, the steep south and north margins, and the
pattern of the present deformation, including vertical thin-
ning, E-W extension, and extrusion and vertical axis rota-
tion on the eastern margin. Our modeling suggests that this
removal took place within the last 12 m.y.
[55] The agreement between model results and observa-

tions could be greatly improved by adding additional
complexity and parameters to the model assumptions, for
example by introducing stronger and weaker areas within
the foreland, individual faults, or decoupled upper and
lower crust. However, our results indicate that on a regional
scale the large-scale structure, evolution, topography and
strain rate distribution, can be understood as a result of the
convergence between India and Eurasia acting on a rheo-
logically layered crust– lithospheric mantle system. Our
results are also consistent with the present-day N-S varia-
tions of the properties of the lithosphere.
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M. Fernàndez (2005a), Thin-sheet modelling of
lithospheric deformation and surface mass transport,
Tectonophysics, 407, 239–255.
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