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Abstract We compare the factors which affect the movement of Tibetan Plateau by building three types of

finite element models: an elastic materials (M-EC), a continuous model composed by non-linear materials (M-PC),

and an elastic model with discontinuous fault movements (M-ET). Both in M-ET and M-EC, the materials in

Qiangtang and Lhasa block are elastic, and in M-ET, discontinuous movement of faults is considered for evaluating

the effects of strike-slip faults. In model M-PC Druker-Prager plastic materials are used in Qiangtang and Lhasa

block. Comparisons of the numerical simulation and the GPS observations show following characteristics: (1)

Under present tectonic environment, short-term deformation of Tibetan Plateau can be simulated well by elastic

models; (2) Discontinuous fault activities increase the lateral extrusion of the eastern part of Tibetan Plateau,

reduce the stress field level in Qiangtang, Tarim and Qaidam blocks and strengthen the E-W extensional force in

the east and the west parts of Qiangtang block; (3) Properties of plastic materials reduce the total stress field and

the E-W extensional force, thus, the normal fault earthquakes in southern Tibet is mainly owed to the effect of

active fault movement. Based on the numerical simulations we speculate that faults movement may play a more

important role on the kinematic pattern of Tibetan Plateau than bulk properties.
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1 Introduction

As the collision zone of Eurasian Plate and Indian

Plate, Tibetan Plateau is one of the most active tec-

tonic places in the world. Its dynamic and kinematical

processes are very important in research on continental

tectonics (e.g, Peltzer and Tapponnier, 1988; Peltzer et

al., 1989; Houseman and England, 1996; Royden, 1996;

Royden and Burchfiel, 1997; Kong and Bird, 1996; Mol-

nar and Tapponnier, 1975; Zheng et al., 2006, 2007; Fu

et al., 1999). Since the beginning of the collision be-

tween Indian and Eurasian plates, Tibetan Plateau has

been shortened more than 1 400 km (Yin and Harrison,
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2000) and uplifted about 4 500 m (e.g, Molar and

England, 1990, Molar et al., 1993). At present Indian

Plate still moves at a speed of about 5 cm/a toward

Tibetan Plateau (Wang et al., 2001), which produces

seismic activities in Tibetan Plateau and its adjacent

areas highly active. Since 2001, there are several big

earthquakes occurred in this area, including the 2001

MS8.1 Kunlun earthquake (Lin et al., 2001) and the

2008 Wenchuan, Sichuan earthquake (Stone, 2008).

Especially Wenchuan earthquake, a thrust earthquake

ruptured along the Longmengshan fault at the bound-

ary of Tibetan Plateau and Sichuan Basin, killed more

than 69 000 people (Reported by Chinese government).

So the tectonic environment and the geological settings

are of critical importance for studying the dynamic pro-

cess and the seismic activities of Tibetan Plateau.

Among the mechanisms which may be responsible

for these geological phenomena, two factors are very
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important. The first one is material properties. During

the process of collision between Indian and Eurasian

plates, Tibetan Plateau has merged many micro tec-

tonic blocks. Geological investigations, seismological de-

tections and other kinds of observations all prove that

materials in different tectonic blocks are quite different.

For example, the crustal thickness of Qiangtang is about

70 km, the material is quite weak and easier to flow,

but material in Tarim Basin is quite strong and hard to

deform (Yao et al., 2006, 2008). Such significant differ-

ence may be responsible for the different deformation

and movement patterns of different blocks. In addition,

material properties might act obviously differently in

different time scales. For long time scale deformation,

Royden et al. (1997) and Shen et al. (2001a) demon-

strated that the crustal viscosity structure may control

the evolution process of Tibetan Plateau. While in short

time scale (say, in an earthquake cycle), the deformation

pattern can be well simulated by elastic models (Xiong

et al., 2003). Using data from geodetic measurements,

geological surveys and seismological detections, Flesch

et al. (2001) found the effective viscosities of Tibetan

Plateau and the surrounding areas are about 10 times

difference and in the lower crust there is a weak zone

which makes it possible for eastward extrusion. So eval-

uation of the material effect is quite important for us to

understand the present deformation and stress fields.

The other important factor is fault movements.

There are some deep and active faults at the bound-

ary of different blocks. GPS observations show that

large amount of crustal materials flow out from Tibetan

Plateau along strike-slip faults (Wang, et al., 2001). For

this reason Monlar and Tapponnier (1975) proposed a

lateral extrusion hypothesis. In this hypothesis most of

the shortening of Tibetan Plateau caused by indention

of Indian plate has been absorbed by strike slip along

several major faults (e.g, Avouac and Tapponnier, 1993;

Peltzer et al., 1989; Tapponnier and Monlar, 1977; Tap-

ponnier et al., 2001; England and Monlar, 1990). Al-

though there is a consensus that whether the distribut-

ed thickening (e.g, Houseman and England, 1993) or the

lateral extrusion is the main mechanism for the shorten

of Tibetan Plateau, the effect of active faults definite-

ly plays an important role in the evolution process of

Tibetan Plateau (Tapponnier and Molnar, 1979; Tap-

ponnier et al., 1986, 1990; Peltzer and Saucier, 1996;

Wang, 2001).

Although both the two factors are very important

to the deformation and stress field of Tibetan Plateau,

their effects are not the same. Thus, the difference be-

tween the two types of effects is needed to be studied.

Previously a mass of work has been done on this prob-

lem, however, some problems still need to be solved.

One of them is about the discrete movement effect of

the fault. In most part of the previous works the fault

usually is regarded as a weak zone instead of a discon-

tinuous boundary between two tectonic units. In this

article we compare the difference of the effects of the t-

wo factors and simulate the fault zones as discontinuous

contact surfaces, and then evaluate their relative impor-

tance on present stress filed and movement pattern of

Tibetan Plateau.

2 Geological environment

Tibetan Plateau is uplifted by merging of a se-

ries of micro tectonic blocks, Since Palaeozoic era a lot

of deep and long active faults and big fold belts have

been generated throughout the Tibetan Plateau, in-

cluding Lhasa, Himalaya, Qiangtang, Tarim, Tianshan,

Songpan-Ganzi, Qaidam blocks and Karakorum-Jiali,

Western Kunlun, Eastern Kunlun, Xianshuihe-Honghe

River, Altyn Tagh faults. All of the major blocks and

big faults are shown in Figure 1.

In order to build a mechanic model for Tibetan

Plateau, we outline the tectonic structures based on the

geological characteristics. The movement and tectonics

of Lhasa terrane and Himalayan collision belt are quite

similar, so we merged them into a whole tectonic block

called Tibet Block. Tibet Block and Qiangtang Block

are separated by Jiali fault so we set them as indepen-

dent blocks. Since the Qaidam Basin, the Qiangtang

and the Songpan-Ganzi Block are also separated by ac-

tive faults, we also set them as independent blocks. In

order to analyze the effect of discontinuous fault move-

ment, we simulate the major faults both as continuous

belt and discontinuous fault. However, since there is no

obvious slip rate between the two sides of the Tianshan

mountain, we set it as a continuous belt in all of our

numerical models.

3 Theory and numerical models

3.1 Theory of stress field and deformation

The stress field of Tibetan Plateau is analyzed

based on the assumption that the deformations between

different blocks in Tibetan Plateau interact with each

other by stress transmissions. The deformation fields

between surrounding blocks are continuous or transmit

from one block to another one under the controlling of
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Figure 1 Tectonic settings of Tibetan Plateau and its surroundings. The thick black lines are the

boundaries of the tectonic blocks. Among the thick lines, the solid thick lines outline the boundary

of the numerical models in this work. The thick dash lines are the boundaries of the major tectonic

blocks. The thin lines represent the Quaternary faults.

fault contact effects, the interior movement of one block

is controlled by the continuity equation and force bal-

ance equation. In this paper, the static structure anal-

ysis is adopted. The controlling equations are

1) Force balance equation:

σij,j + ρgai = 0. (1)

2) Stress-strain relationship

a) Elastic material:

σij = 2μεij + λθδij , (2)

where, λ = Eν/(1 + ν)(1 − 2ν), μ = E/2(1 + ν), E =

μ(3λ + 2μ)/(λ+ μ) is elastic modulus, ν = λ/2(μ+ λ)

is Poisson’s ratio.

b) Drucker-Prager plastic material (D-P)

Equivalent force:

σe = 3βσm +

(
1

2
SiMijSj

)1/2

, (3)

Here σm is the hydrostatic stress, which equals to
(σx + σy + σz)/3, Si is the deviatoric stress, Si =

σi − σmδi, i=1, 2, 3, 4, 5, 6, δi={1, 1, 1, 0, 0, 0}, Mij is

the diagonal matrix {1, 1, 1, 2, 2, 2}

β =
2 sinφ√

3(3 − sinφ)
,

where φ is the angle of internal friction.

The material yield parameter is defined as

σy =
6c cosφ√
3(3− sinφ)

, (4)

where c is the cohesion force. The yield criterion of D-P

is described as

σe = σy (5)

3) Contact force equations.

The relative movement between two sides of a fault

can be looked as the contact movement between two

contact surfaces. In general the materials in the two

sides have no big difference, and the contact status al-

ways can not be known in advance (Ding et al., 2001), in

this paper we adopt the “node to surface analysis”, and

take one side of the fault as target surface and the other

side as contact node, and vice versa; then we generate

the contact element by the contact pair. The funda-

mental parameters of contact pairs are contact stiffness,

stick stiffness and friction coefficient. The contact force

is computed by Pinball algorithm (ANASYS, Inc. The-

ory, Release 5.7 Version, 14-190∼14-192). If the contact

node penetrates the target plane, the contact force will

be generated, the normal force can be expressed as
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fn =

{
Kng g ≤ 0

0 g > 0
(6)

Here, Kn is the contact stiffness, g is the gap between

the contact and the target surface. The tangential force

can be expressed as

fs =

{
Ktu

e
s < Ff̄s Contact surface locked

f̄s slip on surface
(7)

hereKt is tangent contact stiffness, u
e
s is the contact slip

distance, f
s
is friction force, F is the ratio of static/slip

friction ratio factor. Slip friction force is

f̄s = −μfn, (8)

μ is slip friction coefficient, and fn is the normal force.

3.2 Finite element models

In order to study the effect of material propertie

and discontinuous faults movement on the deformation

and stress fields of Tibetan Plateau, we compare three

kinds of models: continuous elastic model (M-EC), con-

tact elastic model (M-ET) and continuous D-P plastic

model (M-PC). As the spatial scale is not very large,

rectangular coordinate system is applied in our work.

We build the geometrical models based on the real

tectonic settings, and apply FEMmethod to solve them.

The element grids are meshed as Figure 2. For continu-

ous M-EC model and M-PC model, the solid thick lines

are the boundaries of the model, the stress fields and

the movements between the boundaries are continuous.

For the discontinuous model (M-ET), the faults are set

as discontinuous contact pairs except Tianshan Moun-

tain, the stress fields and the movements across faults

are discontinuous. In the FEM models, the interior of

tectonic blocks are continuous, and the element type is

triangle element. The biggest spatial length of the grid

is 100 km and the smallest length is 10 km.

For elastic models M-EC and M-ET, the element

types and the materials of the tectonic blocks are the

same. But for plastic model M-PC, the materials in Ti-

bet Block and Qiangtang Block are different. In order

to analyze the effect of anelastic material properties

on the stress and deformation fields, we apply plastic

material to simulating the behavior of Tibet Block and

E
E

Figure 2 Mesh grids and finite elements of the numerical models. The thick lines are the boundaries

of the tectonic blocks, in discontinuous model M-ET, all of the thick lines are discontinuous faults

except Tianshan mountain. Their elements are modeled in CONTAC48 element, the element in the

interior of the blocks are triangle Plane82 element (used in ANSYS).
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Qiangtang Block. The reason for selecting these two

blocks is that these two blocks are the main body of

Tibetan Plateau, and most of the thickening, crustal

shortening and lateral extrusion happen in these areas.

Furthermore, previous studies show that in these areas

the materials are quite different from other regions (e.g.,

Liu and Yang, 2003; Flesch et al., 2001), and Drucker-

Prager plastic material is quit suitable for describing

deformation in crust and lithosphere (Ding et al., 2001).

3.3 Model parameters

Based on the research on seismological prospecting

and geological survey (Ding et al., 2001; Su et al.,

2002), and by testing many sets of mechanic parame-

ters, we finally chose the parameters in our FEM models

as listed in Tables 1, 2 and 3.

Table 1 is the material properties and finite

element parameters of continuous elastic model M-EC,

Table 2 lists the parameters of D-P plastic materials

used in Tibet and Qiangtang block, materials in other

blocks are the same as that in Table 1. Table 3 shows the

stiffnesses and friction coefficients of the discontinuous

faults.

Table 1 Mechanic parameters for continuous elastic model (M-EC)

Elastic Density Poisson Element Element Node
Block

Modulus/1010 Pa /kg·m−3 ratio number type number

TIB 6.5 2 700 0.27 3 795 Plane82 7 842

QTB 4.5 2 700 0.27 2 285 Plane82 4 760

TAB 8.5 2 800 0.27 1 261 Plane82 2 650

QAB 6.5 2 700 0.27 1 191 Plane82 1 820

SGB 6.5 2 700 0.27 390 Plane82 855

TSB 6.5 2 700 0.27 709 Plane82 1 532

Note: In this table the full names of abbreviated labels are TIB: Tibet Block, QTB: Qiangtang Block, TAB: Tarim Block, QAB:

Qaidam Block, SGB: Songpan-Ganzi Block, TSB: Tianshan Block.

Table 2 Mechanic parameters for continuous D-P plastic model (M-PC)

Block Element number Element type Node number C/107 Pa φ Material type

TIB 3 795 Plane82 7 842 1.8 30 D-P

QTB 2 285 Plane82 4 760 1.5 30 D-P

Note: In this table, TIB: Tibet Block, QTB: Qiangtang Block. C is the cohension force, φ is the angle of internal friction.

Table 3 Parameters for contact elements

Friction Normal Tangential Number of
Contact pair

coefficient Stifness/107 Pa Stifness/106 Pa Elements

Himalayan-Qiangtang 0.4 4 1 29 756

Qiangtang-Songpan 0.3 5.2 5 2 162

Qiangtang-Qaidam 0.4 5.2 5 2 158

Qiangtang-Tarim 0.4 6 1 461

Qaidam-Songpan 0.5 5 5 4 422

Tarim-Qaidam 0.4 5.2 5 930

4 Numerical Results

4.1 Numerical strategy and process

The GPS data (2001) are applied as the bound-

ary conditions in our models. Because of the unevenly

distribution of GPS stations, in areas with dense sta-

tions, we use interpolation method to make sure that

each node on boundaries has velocity constraint. In ar-

eas with few station, REVEL model (Sella et al., 2002)

is used as boundary conditions. In the boundary of west-

ern Myanmar there are very few observed data, further-

more the movement in this area is mainly along NS di-

rection, the EW component velocity is very small. So

the E-W movement is fixed and the movement in N-S

direction is free in the west boundary of this region.

4.2 Velocity fields

We compute the velocity filed of the continuous

elastic model (M-EC), continuous D-P plastic model
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(M-PC) and the discontinuous contact model (M-ET)

under the boundary constraint by GPS observations.

Then we compare them with the measurement results

to analyze the effects of material and faults movement.

4.2.1 Velocity field of M-EC model

The simulated velocity field of M-EC model and

the GPS observed velocity are compared in Figure3a.

The simulated velocity field has no big difference from

GPS observation, which is the evidence that in short

time period, especially in GPS observation time (gener-

ally in a period of an earthquake cycle), elastic deforma-

tion is dominant in the total strain field. In continuous

elastic model, there is no velocity abrupt change be-

tween neighboring blocks, the horizontal velocities de-

crease gradually from Tibet Block to the north part

of the plateau. In the east part of the plateau, we can

find that the crust movement gradually turns directions

from N to E or SE.

In Tarim Basin, the simulated result of M-ECmod-

el is in good consistence with GPS observation, which

may show that the deformation of Tarim Basin is main-

ly generated by elastic movement that is reasonable be-

cause geological research shows that Tarim Basin is very

strong and hard to be deformed in anelastic way. For the

same reason, in most part of Qaidam Basin, similar phe-

nomenon occurs. However, there are some places where

the simulated velocities are different from the GPS da-

ta. The first area locates in the east Tarim Basin, where

the GPS stations are close to the Altyn Tagh fault and

the elevation is much higher than that in the inner of

the Tarim Basin. GPS observation shows that the direc-

tions of the surface movement are northwestward (Shen

et al., 2001b), while the direction of simulated veloci-

tie field ranges from N to NE (Figure 3a). There are

two reasons for this kind of the difference, one is gravi-

ty potential effect. Because the elevation of Altyn Tagh

fault is much higher than the interior of Tarim Basin,

the gravity potential will change the movement direc-

tion from SE to NW, our model is a 2-D model and the

gravity potential effect is neglected, so the difference is

to be expected. The other reason may come from the

discontinuous movement of Altyn Tagh fault, but the

mechanism in detail is still unclear.

The second area is in the middle and east part of

Qiangtang Block. In this place the eastward component

of simulated velocity filed is smaller than that of GPS

observation, the simulated velocity directions are dom-

inated by N or NE20◦, which is about 10◦–20◦ different

from the observations. This deviation shows that the ne-

glect of sinistral Kunlun fault in the M-EC model may

reduce the eastward movement of crustal mass in east

Tibetan Plateau.

4.2.2 Velocity field of M-ET model

In order to analyze the effects of active faults on Ti-

betan Plateau and its adjacent areas, we set Altyn Tagh

fault, Jiali fault, Xianshuihe fault and Kunlun fault as

discontinuous contact elements in M-ET model, and set

the two sides of discontinuous fault as contact nodes

and target surfaces, and then apply the contact param-

eters that listed in Table 3 to simulate the velocity field

in this area.

Comparing the result of M-ET model with that of

M-EC model (Figure 3b), we find that the predicted

eastward velocity in Qiangtang Block of M-ET model is

larger than that of M-EC, while in the middle part and

the west part of Tibet Block the two velocity fields have

no obvious difference. The eastward velocities between

the two sides of Jiali fault have quite big difference,

eastward velocity in the north side of Jiali fault is much

larger than the south side, so in M-ET model Jiali fault

is experiencing obvious right lateral strike-slip, this s-

lip may strongly increase the trend of eastward flow of

crustal mass in eastern Tibetan Plateau. In Xianshui-

he fault and Altyn fault, similar phenomenon happens.

The differences in the model M-ET and model M-EC

mainly come from the existence of discontinuous fault-

s. Because of the discontinuous strike-slip of Jiali fault

and Kunlun fault, mass in Qiangtang Block can move

more easily to the weak zones. Royden et al. (1997)

demonstrated the eastern part of Tibetan Plateau is

quite weak, the lower crust in this area may decouple

from the upper crust, thus, provide a channel for lateral

extrusion, so mass can move out from Qiangtang Block

eastward or southeastward along Jiali and Xianshuihe

faults. All of these differences show that fault slip may

play an important role on the crustal and lithospheric

deformation of Tibetan Plateau. But in the places far

from faults, such as the northeast part of Qaidam Basin,

Tian Shan Block, the movements of two models have

little differences. This shows the effect of fault mainly

concentrates in its near neighbors and takes little effect

on far field.

4.2.3 Velocity field of M-PC model

M-PC model is used to analyze the anelastic ma-

terial effect on Tibetan Plateau. We set the materials

in Qiantang and Tibet Block as Druker-Prager plastic,

and compare the predicted velocity field with that of

M-EC and M-ET to discuss the relative importance of

material effect and active faults effect.

Comparison shows the simulated velocity fields of
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Figure 3 Simulated velocity fields of three models. (a) Comparison between velocity field of M-ET and GPS

observation (Wang et al., 2001). The open arrows are the result of M-ET and the solid ones are the GPS

velocities. (b) Comparison of velocity fields between M-EC and M-ET models. The open arrows show the result

of M-ET and the solid ones are the velocities of M-EC. (c) Comparison of velocity fields between M-EC and

M-PC models. The open arrows are the velocities of M-PC and the solid ones are the result of M-EC.
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M-EC and M-PC are almost the same (Figures 3a

and 3c), this argues that most of the deformation in

short time scale are elastic, we can analyze the tran-

sient kinematic process with elastic models. There are

still small differences between M-EC and M-PC, which

mostly locate in the eastern part of Qiangtang Block

and Sichuan-Yunnan region. In these areas the eastward

and southeastward velocity of M-PC model is smaller

than that of M-EC model, which may implicit that the

non-linear deformation absorbs the eastward movement,

thus decreases the trend of mass moving out of Tibetan

Plateau and thickens the crust of Qiangtang Block.

4.3 Stress field

Researching on stress field and its effects will help

us understand the evolution process of orogens and the

seismicity activities. Here we simulate the stress fields

of three different models and discuss their relationship-

s. Figure 4 shows the stress fields of the three models.

One thing should be noted that anomalous high stress

field may be found in some regions near the boundaries,

most of them are artificial results because of boundary

effect. So in this work we neglecte these areas.

4.3.1 Simulated stress field of M-EC

The predicted stress field of M-EC (Figure 4a)

shows that the stress field of Tibetan Plateau changes

gradually from south to north and varies evenly from

west to east. There is no suddenly change between

neighboring blocks. In Tibet Block the stress level is

much higher than that in other blocks, the amplitudes of

the stress field decrease from south to north. In the west

part of Tibet Block, the stress field is composed of big

northwest-southeast (NW-SE) compression and weak

west-east or southwest-northeast (SW-NE) extension.

The extensional force gets larger and larger from west

to middle part of Tibet Block, in the east part of Tibet

Block, the NW-SE compressionl forces get smaller and

the SW-NE extensional forces get much larger and final-

ly dominate near the east corner of Himalayan Moun-

tain. Stress field of Qiangtang is similar to that of Tibet

Block, but the stress field has no obvious changes from

south to north. Stress field in the east part of Qiangtang

Block where mass flows out of the plateau is basically

controlled by near N-S extensions.

The stress field in Tarim Basin is mainly composed

of N-S compression, and the stress amplitude is larger in

the south boundary of the basin, this may be the reason

that most deformation concentrates on the boundaries

of Tarim Basin. In east Qaidam Basin the stress field

is weaker than other blocks, while in the west part of

Qaidam Basin it is almost as big as Qiantang Block.

4.3.2 Simulated stress field of M-ET

The stress field on M-ET is quite different from M-

EC. Comparing Figures 4a and 4b, we can find following

characteristics. (1) Tectonic forces in different tectonic

blocks have larger differences in M-ET than in M-EC.

The big stress field areas mostly concentrate in Qiang-

tang Block and Tibet Block. In Tarim basin, Qaidam

Basin and Tianshan Block, the stress fields are so weak

that it can be neglected in the figure. This means that

the existence of active faults, such as Altyn Tagh fault

and Kunlun fault strongly decreases the stress level in

the north part of the model. Besides, stress field in

Qiangtang Block is also decreased by the active faults.

Our result is different from the previous work (Zheng

et al., 2007), which may be caused by some modifica-

tions on the boundary conditions. (2) In contact model

(M-ET), the stress field is dominated by E-W exten-

sional force, in Tibet Block and west part of Qiangtang

Block this pattern is more obvious. This kind of stress

field is more close to the tectonic background, which

means that the fault effect is a very important factor

for formation of the extensional rift structure system in

the south part of Tibetan Plateau, although other kinds

of mechanisms, such as topography, small scale mantle

convection are also important. Because of the existence

of Jiali fault, the driving force of Indian Plate turns from

north to east, which makes crustal materials of eastern

Tibet move eastward along the dextral Jiali fault. At

the same time, the right lateral strike-slip movement of

the fault increases the eastward extrusion of Tibetan

Plateau and further enhances the extensional stress in

this region. Our simulation result of M-ET is quite close

to Xu et al. (1989)’s seismological research and the re-

sult of Flesch et al. (2001) by GPS fitting method.

4.3.3 Simulated stress field of M-PC

Comparing Figures 4a, 4b and 4c, we can see that

the stress field of model M-PC is neither close to M-EC

nor close to M-ET. Following characteristics can be ob-

served in M-PC. (1) The stress level of Tibetan Plateau

is lower than that of M-EC, especially in Qiangtang

and Tibet Block. But for other areas, such as Tarim

and Qaidam Basin, the reduction rate is much lower

than the effects of discontinuous faults. (2) The stress

field in M-PC is dominant by N-S compression in the

whole part of Tibet and Qiangtang Block, the forces in

orthometric directions are very weak. This may show

that plastic materials absorb the extensional forces in

the south part of Qiangtang and Tibet Blocks. The
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Figure 4 The stress fields of three models and the focal mechanisms of M≥6.0 earthquakes inside

Tibetan Plateau occurred between 1976 and 2010. (a) Stress field of M-EC; (b) Stress field of M-ET;

(c) Stress field of M-PC. The beachballs are the focal mechanisms of the M≥6.0 earthquakes.
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N-S trend rifts in these areas may be mainly caused by

fault properties. (3) The stress field in the east part of

Tibetan Plateau is very weak, thus, the lateral extru-

sion cannot be accelerated by plastic materials, arguing

that the fault strike slip is more important for driving

the mass flow.

4.3.4 Relationship of earthquake focal mecha-

nisms and stress field

In order to analyze the relationship between the

stress field and the seismogenic structures, we col-

lecte focal mechanisms of moderate to strong earth-

quakes inside Tibetan Plateau provided by Harvard

CMT project. All of the earthquakes occurred between

1976 and 2010, with magnitudes equal to or larger than

M6.0. Compared the patterns of focal mechanisms and

the stress fields beween the M-EC, M-ET and M-PC

models, several characteristics can be found. (1) In the

middle and western part of Qiangtang the Lhasa blocks,

there are many N-S trend normal fault earthquakes,

which is inconsistent with the stress field of the con-

tinuous models of M-EC and M-PC. While in the dis-

continuous model M-ET, in these areas, the stress field

is dominant with E-W extensional force, the focal mech-

anism and the stress field are in relatively good consis-

tence. (2) In the north part of the Qiangtang block, focal

mechanisms are dominant with strike-slip components.

All of the three kinds of stress fields have compression

and extension forces, but the directions of the forces are

different; in the M-EC, the directions of compress are

mainly along northwest to southeast, while the stress

exhibited by the focal mechanism show a dominant di-

rection of NE to SW, conjugated with extensional stress

in NE to SE, which conflicts with the stress field of the

continuous models, but in a relatively better consistence

with that of the M-ET model. This kind of discrepancy

shows that the stress field near the major active fault-

s, including the Kunlun fault and the Altyn fault, the

effects of fault movement on the stress field are even

stronger than that inside the Tibetan Plateau. (3) In

the eastern part of the Tibetan Plateau, focal mecha-

nisms are quite complex, including E-W normal fault

earthquakes, N-S normal fault earthquakes, and strike-

slip fault earthquakes. None of the stress fields of our

three models can fit the focal mechanisms in this area.

This is due to the following reasons, the first one is that

there are many active faults located in this areas, which

makes the stress field very complex, our simplified nu-

merical models cannot simulate such kind of complex

structure; secondly, this area is the boundary between

the Tibetan Plateau, the Sichuan Basin, and the South

China block, thus, the gravity potential may play an

important role in this area (Yang et al., 2003).

Although our numerical models cannot fit the focal

mechanisms very well, the overall fitness between the

discontinuous model result and the focal mechanisms

are acceptable, which shows that the properties of the

discontinuous faults play a significant role in the seis-

micity and the stress field of the inner part and the

north boundary of the Tibetan Plateau.

5 Discussion and conclusions

In this article, we build three kinds of finite ele-

ment models and simulate deformation and stress fields

of Tibetan Plateau, and then we compare the simulated

results with GPS observation data. At the same time,

we analyze the effects of active faults and material prop-

erties on the present stress field and movement pattern

of Tibetan Plateau.

In summary, the effects of material properties and

active faults on deformation and stress fields of Tibetan

can be concluded in following aspects.

1) The deformation in short time scale can be well

described by elastic models. The simulated velocities of

continuous elastic model M-EC are in good consisten-

t with GPS observations, provided only some misfits

at the neighborhood of active faults. When we further

consider the effects of discontinuous movement, the sim-

ulated velocity field can fit the observations very well.

2) Discontinuous fault movement does enhance the

eastward flow of Tibetan Plateau, while plastic material

does not. From the simulation result, we know that in

the east part of Tibetan Plateau, when considering the

discontinuous movement of fault, the E-W velocity will

greatly increase in the plateau, and the components

of E-W velocities are closer to GPS observations than

those of M-EC model. However, the deformation field

of continuous plastic model is almost the same as that

of the continuous elastic model.

3) Discontinuous fault movement permits the ve-

locity abrupt changes between different tectonic blocks

while plastic material does not. From Figure 3b we can

find in the two sides of active faults, such as Jiali fault,

the velocities have big difference. This kind of veloci-

ty discontinuity is mainly caused by slip movement of

fault, because in the discontinuous elastic model we can

clearly find this kind of phenomenon while in continu-

ous models, whatever elastic or plastic model, there is

no velocity jump between blocks.

4) Discontinuous fault movement and plastic mate-
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rial can reduce the stress amplitude of Tibetan Plateau,

but their stress fields are quite different. Without the

effect of active fault, stress field of Tibetan Plateau is

mainly controlled by the driving force of Indian Plate,

and the blocking force of stable tectonic structure. This

kind of simulated stress filed is quite different from the

observed stress field. The discrepancy shows that the

stress field is not only controlled by N-S driving force,

other kinds of mechanisms also play important role on

it. Discontinuous contact model (M-ET) strongly re-

duces this kind of discrepancy. In this model, the E-W

extensional force is the biggest principle stress in middle

part of Tibetan Plateau, which is much more consistent

with the real case. Furthermore, in M-ET model, the

stress fields in Tarim Basin, Qaidam Basin, Songpan-

Ganzi Block are quite small, this may implicit that the

faults movements absorb much of the shortening of Ti-

betan Plateau caused by the Indian Plate collision, and

the faults convert the stress field from N-S compress

to E-W extensional stress so that pull the crustal mass

in Tibetan Plateau to move eastward and reduce the

stress field far from the collision zone. The stress field

in the plastic model M-PC is also reduced by the yield

stress of Qiangtang Block and Tibet Plateau, but the

stress pattern is quite different from M-ET. Compared

M-EC with M-PC, the E-W extensional forces are re-

duced in Qiangtang and Tibet Block so that only N-S

and near N-S compressed forces exist. This may implic-

it that the anelastic properties are the main mechanism

for distributed shortening and thickening of the Tibetan

Plateau.

5) Both the material properties and the fault move-

ment control the seismicity pattern in the main seismo-

genic belts of Tibetan Plateau, but the effect of fault

is stronger. Figures 4a and 4c show that the stress field

of nonlinear material model is quite different from elas-

tic model, which means that material properties have

important effects on the stress filed. As we know that

the stress field controls the seismic activities, so materi-

al can play important role on the seismicity pattern in

the interior of a block. On the other hand, fault effect

controls the earthquake distribution and focal mecha-

nism near the active fault because of the slip movement

between the two sides of fault. In most cases, focal mech-

anism of earthquake can tell us the geometry character

of fault. For this reason, studying on mechanic charac-

teristics and the nature of fault will help us to evaluate

seismicity pattern and predict earthquakes in Tibetan

Plateau and its surrounding areas.

In conclusion, fault movement and material prop-

erties have important effects on the evolution, move-

ment, deformation and seismicity of Tibetan Plateau.

In order to get a clear image of evolution process and

the movement status, we must pay more attention to

the dynamic character of the main active faults and the

materials in the tectonic blocks.

Choosing reasonable materials is critically impor-

tant for the success of numerical modeling. If we want to

research the present kinematics of Tibet, elastic models

should be a good choice, because it can provide accurate

deformation filed and much easier computation. That’s

why interpolate method can provide good movement

image of Tibetan Plateau (e.g, Haines and Holt, 1993;

Holt et al., 2000). However, if we want to simulate the

long term evolution process, elastic material may not be

a good choice for some highly deformed tectonic blocks.

In these areas nonlinear materials should be selected

because they can absorb the big strain and accumulate

unrecoverable deformation, this is the most important

factor for crustal thickening (e.g., Royden et al., 2008;

Wang et al., 2007).

Fault movement is also a key point to the stud-

ies of tectonics of Tibetan Plateau. If we want to study

the crustal shortening and lateral extrusion of Tibetan

Plateau, the effect of discontinuous fault movement

must be considered, because it increases the lateral mass

extrusion and converts the stress field of Qiangtang and

Tibet blocks from N-S compression to E-W extension.

Furthermore, study on the detail interaction of fault-

s and blocks will give us important information about

seismogenic structures. Tibetan Plateau and its adja-

cent areas are highly actively seismic regions, more than

half of the big earthquakes in China happened in these

areas, in recent period there are several destructive

earthquakes happened in these areas, including May 12,

2008 Wenchuan, Sichuan MS8.0 earthquake. Geological

surveys and seismological researches show that the main

shock and the strong aftershocks of Wenchuan earth-

quakes are prone to happening on the faults those locate

in areas with strong strength rocks or at the boundary

of strong and weak tectonic zones (Zheng, 2009; CAG,

2008). So studying on the stress field, fault movemen-

t and the mechanic properties of the materials in the

fault zones may help us to answer seismogenic mecha-

nism and evaluate the future.

The average elevation of Tibetan Plateau is more

than 4 000 m, which will also produce huge gravity po-

tential effect. Undoubted the gravity potential will play

an important role on the movement and evolvement of

Tibetan Plateau. Liu and Yang (2003) found that the
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gravity potential is an important reason for eastern flow

of Tibetan Plateau by analyzing the Quaternary veloci-

ty field of Tibetan Plateau. England and Molnar (2005)

found the direction of horizontal principle stress axis

is consistent with the gradient direction of topography,

which also shows the gravity potential strongly affects

the deformation of eastern Asian continent (e.g., Flesh

et al., 2001; England and Monlar, 1997). In future work

we will consider the gravity potential and try to get a

more realistic dynamic process for Tibetan Plateau and

its surrounding areas.
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