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Abstract Significant postseismic deformation of the 2008 MW7.9 Wenchuan earthquake has been observed

from GPS data of the first 14 days after the earthquake. The possible mechanisms for the rapid postseismic

deformation are assumed to be afterslip on the earthquake rupture plane and viscoelastic relaxation of coseismiclly

stress change in the lower crust or upper mantle. We firstly use the constrained least squares method to find an

afterslip model which can fit the GPS data best. The afterslip model can explain near-field data very well but

shows considerable discrepancies in fitting far-field data. To estimate the effect due to the viscoelastic relaxation

in the lower crust, we then ignore the contribution from the afterslip and attempt to invert the viscosity structure

beneath the Longmenshan fault where the Wenchuan earthquake occurred from the postseismic deformation

data. For this purpose, we use a viscoelastic model with a 2D geometry based on the geological and seismological

observations and the coseismic slip distribution derived from the coseismic GPS and InSAR data. By means

of a grid search we find that the optimum viscosity is 9×1018 Pa·s for the middle-lower crust in the Chengdu

Basin, 4×1017 Pa·s for the middle-lower crust in the Chuanxi Plateau and 7×1017 Pa·s for the low velocity zone

in the Chuanxi plateau. The viscoelastic model explains the postseismic deformation observed in the far-field

satisfactorily, but it is considerably worse than the afterslip model in fitting the near-fault data. It suggests

therefore a hybrid model including both afterslip and relaxation effects. Since the viscoelastic model produces

mainly the far-field surface deformation and has fewer degree of freedoms (three viscosity parameters) than the

afterslip model with a huge number of source parameters, we fix the viscositiy structure as obtained before but

redetermine the afterslip distribution using the residual data from the viscoelastic modeling. The redetermined

afterslip distribution becomes physically more reasonable; it is more localized and exhibits a pattern spatially

complementary with the coseismic rupture distribution. We conclude that the aseismic fault slip is responsible

for the near-fault postseismic deformation, whereas the viscoelastic stress relaxation might be the major cause

for the far-field postseismic deformation.
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1 Introduction

The MW7.9 Wenchuan earthquake occurred on

May 12, 2008 in Sichuan, China. Field investigation
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indicates that the earthquake led to the surface rup-

tures of two NW trending imbricate reverse faults

(Beichuan-Yingxiu fault and Guanxian-Jiangyou fault)

along Longmenshan nappe tectonic belt simultaneous-

ly. As shown in Figure 1, the surface rupture along the

Beichuan-Yingxiu fault is about 240 km long and is a

reverse fault with a significant right-lateral strike-slip

component. The surface rupture along the Guanxian-
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Figure 1 Coseismic surface rupture distribution and surface displacements observed by GPS in

coseismic (blue arrows) and postseismic period (red arrows) of the MW7.9 Wenchuan earthquake;

the pink lines represent coseismic surface rupture distribution, and the black lines denote active

faults, the dashed line indicates the cross-section across the Longmenshan fault zone in Figure 2.

Jiangyou fault extends about 90 km with a continuous

segment of about 72 km. The Guanxian-Jiangyou fault

is dominantly a reverse fault (Xu et al., 2009).

Due to the strong intruding of the Indian Ocean

plate to the Eurasian plate, the Tibetan Plateau is ex-

periencing a strong uplifting movement. At the same

time, all blocks of the Tibetan Plateau produce hori-

zontal extrusion movements in the east and south-east

directions (Tapponnier et al., 1982; Zhang et al., 2004).

Confronted by high strength blocks including the Ordos

Basin in the North China block and the Sichuan Basin

in the South China block, the horizontal extrusion of

the Tibetan Plateau produced a local thrust-nappe tec-

tonic belt along its eastern margin, including the Long-

menshan nappe tectonic belt that is boundary of blocks

between the Bayan Har active block and the South Chi-

na active block. The Bayan Har block belongs to one of

the secondary blocks of the Tibetan Plateau. The ma-

terial in the deep crust and upper mantle of the Bayan

Har block moves southeastward as it is driven by the

Indian Ocean Plate, but the movement is blocked by

the relative strong Sichuan Basin in the Longmenshan

fault. Under the continuous action as long as thousands

of years and due to the interseismic block effect, the

upper crust on the east side of the Bayan Har block un-

dergoes lateral shortening deformation and right-lateral

shear deformation parallel to the fault (Zhang et al.,

2008; Teng et al., 2008; Wen et al., 2009).

Du et al. (2009) and Zhang et al. (2008) presented

a regional geodynamic model of the Wenchuan earth-



Earthq Sci (2011)24: 163–175 165

quake based on the comprehensive geological, geophysi-

cal and geodetic observations (see Figure 2). The low ve-

locity zone in the Bayan Har block crust stretches south-

eastward and terminates at the Longmenshan fault,

which makes the horizontal southeast movement of the

upper crust transformed to the thrust movement of the

Longmenshan fault near the termination of this low ve-

locity zone. Since the Longmenshan fault is located in

the brittle layer, its rupture movement should be char-

acterized by intermittent stick-slip movement accompa-

nied by strong earthquake rather than long-term contin-

uous slow displacements. During the interseismic period

between two strong earthquakes, Longmenshan fault re-

strains the horizontal movement of upper crust of the

Bayan Har block. Consequently, the displacement veloc-

ity in the decoupling zone (or low velocity zone) is much

slower when it gets closer to the blocked fault zone. At

the same time, the upper crust of the Bayan Har block in

this decoupling zone undergoes lateral shortening defor-

mation in direction perpendicular to the Longmenshan

fault.

Figure 2 Vertical profile of regional geological structure of the Longmenshan fault zone (Du et al., 2009).

2 Data

2.1 Data measured after the Wenchuan earth-

quake

In the frame work of two large national research

projects, “Crustal Movement Observation Network of

China (National Key Scientific Project) and “Dynam-

ic Process and Strong Earthquake Prediction of Ac-

tive Boundary Zone (National Programs for Fundamen-

tal Research and Development), Chinese scientists de-

ployed a GPS network covering both sides of Long-

menshan fault zone (CMONOC, 2008). It provides the

coseismic displacement data of the MW7.9 Wenchuan

earthquake, which include 158 horizontal displacements

and 46 vertical displacements (Xu et al., 2010; Hao et

al., 2009). In addition, various seismic waveform da-

ta (Wang et al., 2008) and static ground deformation

data derived from the near-field strong motion records

(Shao et al., 2010b) are available, too. All these data

provide good constraints on the coseismic fault slip of

the MW7.9 Wenchuan earthquake.

After Wenchuan earthquake, the Japan Aerospace

Exploration Agency (JAXA) arranged a mission of e-

mergency and obtained a batch of high precision L-band

SAR data (ALOS/PALSAR), in which six adjacent as-

cending tracks (tracks 471, 472, 473, 474, 475, and 476)

covered the whole surface rupture zone of the earth-

quake. Xu et al. (2010) used arc-second SRTM DEM

dataset to remove the topography contibution, SNA-

PHU software to unwrap the differential interferograms

and GAMMA software to process the range change off-

sets.

Based on the postseismic GPS observations, Shen

et al. (2009) derived the equivalent accumulated dis-

placements within 14 days after the earthquake. Three

possible mechamisms can interpret the short-term post-

seismic deformation: (1) aseismic slip (also called af-

terslip) on the earthquake fault, (2) viscoelastic relax-

ation and (3) poroelatic rebound. The aseismic slip af-

ter an earthquake occurred on the coseismic rupture

fault, in the sediments above the fault or in the creep

layer below the fault (Marone et al., 1991; Scholz et

al., 1969). The postseismic viscoelastic relaxation effect

refers to crustal deformation caused by postseismic de-
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layed response of middle-lower crust or rheological lay-

er in the mantle (Nur and Mavko 1974; Deng et al.,

1998). The postseismic poroelastic rebound effect refers

to crustal deformation resulting from local fluid adjust-

ment of the sediment layer in seismogenic zone (Jonsson

et al., 2003). Surface deformation caused by the poroe-

lastic rebound effect is generally characterized by move-

ments in the vertical direction. However, the observed

postseismic deformation of the Wenchuan earthquake is

dominated in the horizontal direction. Therefore, in this

study we attempt to model the short-term postseismic

deformation data using the afterslip and viscoelastic re-

laxation mechanisms separately as well as jointly.

2.2 Regional geological model

Seismic profiles across the western Sichuan Basin,

Longmenshan and Bayan Har block indicate a drastic

change of crust thickness across the Longmenshan fault.

A low velocity layer (high-conductivity layer) has also

been found at depth of 25–30 km, which is first gen-

tly dipping to northwest in the Longmenshan fault and

then gradually extends horizontally in the northwest-

ern Bayan Har block (Wang et al., 2003; Zhu, 2008;

Teng et al., 2008). The southeast end of this low veloc-

ity layer terminates beneath the place located between

the Longmenshan fault. Below the low-velocity layer are

middle- and lower- crust with relatively higher velocity

and harder material. The velocity structures of the crust

and mantle on both sides of the Longmenshan fault used

in this study are obtained by previous geophysical ob-

servations and shown in Table 1.

The Young modulus can be approximately ex-

pressed by the seismic P wave velocity,

E =
2

3
(1 + υ)ρv2P. (1)

The top of the low velocity layer is close to the

depth of lower limit of aftershock distribution of the

Wenchuan earthquake (Huang et al., 2008). Therefore,

the depth of 25 km is regarded as the interface between

viscoelastic and elastic medium. Deng et al. (1998) and

Sheu and Shieh (2004) argued that the postseismic vis-

coelastic relaxation of the crust-mantle is mainly due

to the viscoelastic relaxation of the middle and lower

crust. So the upper crust is considered as elastic and

the viscosity of the mantle is much larger than that in

the middle and lower crust.

3 Modeling of the coseismic and

short-term postseismic defor-

mation

3.1 Coseismic displacements

Based on the existing coseismic dislocation models

of the MW7.9 Wenchuan earthquake, Xu et al. (2010)

divided the fault into two major parts, the Beichuan-

Yingxiu fault and the Guanxian-Jiangyou fault con-

sidering both coseismic rupture and regional geologi-

cal structure. The Beichuan-Yingxiu fault can be fur-

ther divided into the Hongkou-Yuejiashan fault and

the Beichuan-Qingchuan fault. Therefore, the coseismic

rupture of the earthquake can be divided into five sub-

faults: the Qingchuan, Beichuan, Yuejiashan, Hongkou

and Hanwang sub-faults, numbered from 1 to 5, respec-

tively. The end dip angle of all five sub-faults in depth

is uniformly set to 20◦. The start dip angles of the five

sub-faults on the surface are 60◦, 46◦, 60◦, 42◦ and 44◦

respectively. The dip angles transform from the surface

to the depth of 24 km, approaching to the top of the

low velocity layer of Chuanxi Plateau. The 3D view of

the sub-faults is shown in Figure 3.

Table 1 Seismic reference model of both sides of the Longmenshan fault zone (Zhu, 2008)

Model Layer Thickness/km vP/km·s−1 vS/km·s−1 ρ/kg·m−3 ν E/1011 Pa

Tibetan Plateau 1 5 5.20 3.00 250 0 0.25 0.56

2 10 6.10 3.52 280 0 0.25 0.87

3 10 6.20 3.58 285 0 0.25 0.91

4 5 6.00 3.46 275 0 0.25 0.82

5 15 6.70 3.87 295 0 0.25 1.10

6 15 7.40 4.27 310 0 0.25 1.41

Chengdu Basin 7 10 5.20 3.00 250 0 0.25 0.56

8 5 6.00 3.46 275 0 0.25 0.83

9 5 6.30 3.64 285 0 0.25 0.94

10 15 6.70 3.87 295 0 0.25 1.10

11 10 7.40 4.27 310 0 0.25 1.41

Mantle 12 – 8.00 4.62 340 0 0.25 1.81
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Figure 3 3D fault model of the MW7.9 Wenchuan earthquake (a). Coseismic slip distribution derived from

the joint inversion of GPS, InSAR and strong motion data (b).

Using the constrained least squares method (Diao

et al., 2010), Xu et al. (2010) derived the coseismic slip

distribution of the five sub-faults. The data they used

include the 158 horizontal and 46 vertical GPS displace-

ments as mentioned above and 3 801 re-sampled InSAR

LOS displacements derived from six high precision L-

band SAR (PALSAR) data (Hashimoto et al., 2009). To

better estimate the coseismically induced stress change

distribution, we update the slip model by Xu et al.

(2010) by including additional static surface displace-

ment data derived from the 43 near-field strong motion

records via the baseline correction (Shao et al., 2010b).

This data set will be called hereafter simply SM data.

The updated slip distribution from joint inversion

of all GPS, InSAR and SM data is shown in Figure 3b.

The whole slip pattern differs only slightly from that

given by Xu et al. (2010), implying that the SM data

are well consistent with the GPS and InSAR data. The

slip on the Beichuan and Hongkou sub-faults are larger

Table 2 Fault parameters of the 2008 MW7.9 Wenchuan earthquake

No. of Reference Reference Length Width Strike Dip angles

fault
Sub-fault

latitude/◦N longitude/◦E /km /km /◦ Start End

1 Qingchuan 32.64 105.45 81 39 228.8 60◦ 20◦

2 Beichuan 32.16 104.80 81 39 221.1 46◦ 20◦

3 Yuejiashan 31.61 104.17 66 39 223.9 60◦ 20◦

4 Hongkou 31.18 103.73 72 45 227.1 42◦ 20◦

5 Hanwang 31.63 104.37 111 27 228.4 44◦ 20◦

Note: All sub-faults have a listric form with dip angle linearly decreasing from the surface to depth. The reference point of each

sub-fault is its northeast upper corner. The width refers to the width of sub-fault along dip.
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than that on the other sub-faults. The maximum slips

on both the sub-faults are close to 10 m. The equivalent

moment magnitude is MW7.9 in good agreement with

the teleseismic observation.

3.2 Afterslip model

As the same as the coseismic slip, we use the same

linear inversion method to derive the postseismic after-

slip of the Wenchuan earthquake from GPS data of the

first 14 days (Figure 4a). The result is shown in Figure

4b. The magnitude of this short-term afterslip corre-

sponds toMW6.8. Significant afterslips are found on the

Hongkou and Hanwang sub-faults both with peak value

of about 10 cm. Except for the Hanwang sub-fault, the

afterslip distribution of the other sub-faults exhibits a

pattern looking like a smooth extension of the coseismic

slip distribution (Figure 3b) at depth. In particular, it

looks like to be cut off artificially at the lower boundary

of the fault. The reason may be attributing to fit the two

far-field stations on the Tibetan Plateau with significant

postseismic movements. The data fit with the afterslip

model is excellent in whole, except for a few far-field sta-

tions. The correlation coefficient between the predicted

and observed postseismic displacements is about 95

3.3 Viscoelastic model

To estimate the effect due to relaxation of the co-

seismic stress change in the lower crust and upper man-

tle, we construct three different viscoelastic models with

a uniform 2D geometry based on the geological crust

structure of the Longmenshan fault zone (Figure 2).

The finite element method (FEM) is extensively used

in modeling postseismic deformation (Deng et al., 1998;

Masterlark, 2000; Freed and Brgmann, 2004). We use

the software named Finite Element Program Genera-

tor to obtain different Fortran FEM programs based

on different equations (Shao et al., 2010a). An irreg-

ular 59×49×25 3D finite element grids covering 910,

802, 270 km in the northeast, southeast and vertical

directions, respectively which was used to simulate the

time-dependent displacement based on Maxwell model.

Following Deng et al. (1998), we set the mantle vis-

cosity to be 1.0×1020 Pa·s. In model A (Figure 5b), the

low velocity layer below the Chuanxi Plateau is regard-

ed as elastic. In model B (Figure 5c), the low velocity

layer is regarded as viscoelastic with the same viscosity

as the lower crust of the Chuanxi Plateau. Then various

finite element modeling (FEM) procedures are carried

out to find the optimum viscosity values used in mod-

els A and B that best fit the GPS data. To evaluate

the misfit of the models to the observation, we use the

formula by Lorenzo et al. (2006),

Δ =

32∑

i=1

[(
xi − xGPS

i

σxi

)2

+

(
yi − yGPS

i

σyi

)2
]

(2)

where (xGPS
i , yGPS

i ) are the NS and EW components

of the surface displacement observed at the ith GPS s-

tation, (xi, yi) are the corresponding modeling results,

and (σxi , σyi) are the corresponding observation errors.

Model C (Figure 5d) adopts the viscosity structure of

model B except for the low velocity layer, which is op-

timized separately.

To optimize the viscosities of the lower crust in the

Chengdu Basin and in the Chuanxi Plateau, a 2D grid

search approach is used. Figures 6a and 6b show the re-

sults with 784 FEM modeling running for models A and

B, respectively. In both cases, the viscosity of the lower

crust in the Chuanxi Plateau is considerably better con-

strained than that in the Sichuan Basin. In both models

A and B, the optimum viscosity of the lower crust in

the Chuanxi Plateau is about 4×1017 Pa·s that is about
one order smaller than the optimum viscosity of the

lower crust in the Chengdu Basin. The latter is roughly

5×1018 Pa·s in model A and 9×1018 Pa·s in model B. In

model C, the viscosity of the low velocity layer beneath

the Chuanxi Plateau is optimized by fixing the viscosi-

ties of the lower crust in the Chengdu Basin and in the

Chuanxi Plateau as determined in model B. The opti-

mum viscosity of the low velocity layer is about 7×1017

Pa·s (Figure 6c), a little bit larger than the lower crust

below it. Figure 7 shows the comparison between the

surface displacements within 14 days after earthquake

observed by GPS and that predicted using model C.

The viscoelastic model explains the postseismic defor-

mation observed in the far field satisfactorily, but it is

considerably worse than the afterslip model in fitting

the near-fault data.

3.4 The hybrid model

It is assumed that the afterslip mainly occurs at

the coseismic rupture plane within the seismogenic zone,

whereas the viscoelastic relaxation occurs in the lower

crust and upper mantle below the seismogenic zone. The

hybrid model will include the two different effects. Since

the viscoelastic model produces mainly the far-field sur-

face deformation and has much less freedom (three vis-

cosity parameters) than the afterslip model with a huge

number of source patches, we fix the viscosity structure

as obtained before but invert the afterslip distribution

from the residual data (the residual postseismic GPS

displacements after subtracting the viscoelastic relax-

ation effect) by the viscoelastic modeling (Figure 8a).
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Figure 4 The inversion result of postseismic afterslip. (a) Comparison between the observed and

predicted horizontal surface displacements in the first 14 days after the Wenchuan earthquake. (b)

Afterslip distribution on the coseismic sub-faults 1–5 inverted from the first 14 days of GPS data.
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Figure 5 Viscoelastic models based on the geological structure of the Longmenshan fault zone. (a) is the same

as the Figure 2. (b–d) Viscoelastic models A, B and C, respectively. The grey color denotes elastic blocks and

other colors denote viscoelastic blocks with different viscosities.

Figure 6 Misfit calculated by equation (2) between the predicted and observed postseismic surface displacements

depending on the viscosity structures used. (a) Model A (the optimum viscosity of the lower crust in the Chengdu

Basin and in the Chuanxi Plateau are 5×1018 Pa·s and 4×1017 Pa·s, respectively). (b) Model B (the optimum

viscosity of the lower crust in the Chengdu basin and in the Chuanxi plateau are 9×1018 Pa·s and 4×1017 Pa·s,
respectively). In Figures 6a and 6b, x refers to viscosity of lower crust in Chengdu Basin and y stands for viscosity

of lower crust in Chuanxi Plateau. (c) Model C (the optimum viscosity of the low velocity layer is 7×1017 Pa·s), z
refers to viscosity of low velosity layer.



Earthq Sci (2011)24: 163–175 171

Figure 7 Comparison between the surface displacements observed by GPS within 14 days

after earthquake (red arrows) and that calculated by FEM simulation using the optimum

viscoelastic relaxation model (blue arrows).

The afterslip distribution obtained in this way is shown

in Figure 8c. Its magnitude is MW6.4, significantly s-

maller than MW6.8 as obtained by the separate inver-

sion without the correction for the relaxation effect.

In the Yingxiu-Beichuan and Hanwang sub-faults, the

afterslips are apparently complementary in space with

and the coseismic rupture (Figure 3b). Except for the

Yuejiashan sub-fault where the afterslip is insignificant,

all other sub-faults include one or two localized after-

slip clusters larger than 4 cm. In particular, no artificial

cut-off of the afterslip at the lower margin of the fault

plane is visible.

4 Discussion and conclusions

We calculate the correlation coefficients between

the short-term postseismic surface displacements sim-

ulated by different models and those observed by the

GPS using the formula by Sheu et al. (2004),

r =

N
N∑
i=1

xiyi −
N∑
i=1

xi

N∑
i=1

yi

[
N

N∑
i=1

x2
i −

(
N∑
i=1

xi

)2
]1/2[

N
N∑
i=1

y2i −
(

N∑
i=1

yi

)2
]1/2

(3)

where xi and yi are the observed and simulated displace-

ment components, respectively, and N is the number of

data. The results are shown in Figure 9.

Generally, the agreement between two groups of

data is regarded as good if their correlation coefficient

is greater than 0.7. For the coseismic surface displace-

ments in the east-west and south-north directions, the

correlation coefficients between the observation and

the dislocation model are 0.99 and 0.92, respectively,
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Figure 8 Comparison between the residual postseismic GPS displacements after subtracting the viscoelastic

relaxation effect (red arrows) and the displacements calculated for the best-fit afterslip model shown in (c) (blue

arrows). (b) Comparison between the total postseismic GPS displacements (red arrows) and the displacements

calculated for the hybrid model with both relaxation and afterslip effects (blue arrows). (c) Afterslip distribution

inverted from the residual postseismic GPS displacements after subtracting the viscoelastic relaxation effect.

showing that the joint inversion using the GPS, InSAR

and SM data is highly reliable (Figure 9a).

The GPS stations with relatively large postseis-

mic displacements are mostly located near the coseis-

mic rupture trace of the earthquake. Assuming that the

postseismic deformation is caused solely by afterslips at

the coseismic fault plane, the correlation coefficient be-

tween the data and the best-fit afterslip model is 0.94 for

the east-west component and 0.95 for the north-south

component (Figure 9b). Especially the afterslip model

can reproduce the near-field data better than the far-

field data.

When assuming that the postseismic deformation

is caused solely by the relaxation of the coseismical-

ly induced stress changes in the lower crust and upper

mantle, the correlation coefficient between the data
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Figure 9 Comparison between the observed co- and postseismic deformation of the 2008 MW7.9 Wenchuan

earthquake with the corresponding predictions based different assumptions on the deformation mechanisms.

The south-north component is represented by cross and the east-west component by circle. The correlation

coefficients between the data and model for both components are shown on top of each panel. (a) The

observed coseismic GPS displacements versus the corresponding predictions calculated from the coseismic

slip model derived from the GPS, InSAR and SM data by joint inversion. (b–d) The observed postseismic

GPS displacements versus the corresponding predictions calculated for the pure afterslip (b), the pure

viscoelastic relaxation model (c) and the hybrid model (d), respectively.

and model becomes 0.84 for the east-west component

and 0.61 for the north-south component (Figure 9c).

Particularly, the viscoelastic relaxation model can re-

produce the displacements observed at the far-field G-

PS stations better than the afterslip model. From the

statistic point of view, it can be concluded that the ob-

served short-term postseismic deformation may include

certain contribution from the viscoelastic relaxation ef-

fect. Moreover, it yields that the best-fit viscosity of

the lower crust in the Sichuan Basin is at least one or-

der larger than that in the Chuanxi Plateau, which is

consistent with the tectonic movement observed in the

Longmenshan region.

The hybrid model includes both afterslip and re-

laxation effects. For simplicity, the afterslip distribu-

tion and the viscosity structure of the hybrid model are

not determined jointly but successively, i.e., the after-

slip distribution in the hybrid model is derived from

the residual data after subtracting the relaxation effect.

The correlation coefficient between the data and the hy-

brid model is 0.95 for the east-west component and 0.91

for the north-south component (Figure 9d). The cause
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for the slightly smaller correlation coefficients than the

pure afterslip model is probably the over-estimate of the

viscoelastic relaxation effect due to the non-joint inver-

sion. However, it can be seen from comparison between

Figure 4b and Figure 8c that the afterslip distribution

of the hybrid model is more localized and exhibits a pat-

tern spatially complimentary with the coseismic rupture

distribution. This feature of the afterslip is physically

more reasonable, since there is generally large deficit of

the stress release around the coseismic slip asperities.

We conclude that the aseismic fault slip is respon-

sible for the near-fault postseismic deformation, where-

as the viscoelastic stress relaxation might be the major

cause for the far-field postseismic deformation. The da-

ta fit of the hybrid model can be improved using the

joint inversion approach, but with considerably larger

computation effort.
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