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Abstract On April 20, 2013, an earthquake with mag-

nitude 7.0 occurred in the southwest of the Longmenshan

fault system in and around Lushan County, Sichuan

Province, China. This devastating earthquake killed hun-

dreds of people, injured 10 thousand others, and collapsed

countless buildings. In order to analyze the potential risk of

this big earthquake, we calculate the co- and post-seismic

surface deformation and gravity changes of this event. In

this work, a multilayered crustal model is designed, and the

elastic dislocation theory is utilized to calculate the co- and

post-seismic deformations and gravity changes. During the

process, a rupture model obtained by seismic waveform

inversion (Liu et al. Sci China Earth Sci 56(7):1187–1192,

2013) is applied. The time-dependent relaxation results

show that the influences on Lushan and its surrounding

areas caused by the MS7.0 Lushan earthquake will last as

long as 10 years. The maximum horizontal displacement,

vertical uplift, and settlement are about 5 cm, 21.24 cm,

and 0.16 m, respectively; the maximal positive and nega-

tive values of gravity changes are 45 and -0.47 lGal,

respectively. These results may be applied to evaluate the

long-term potential risk caused by this earthquake and to

provide necessary information for post-earthquake

reconstruction.
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1 Introduction

At 8:02 on April 20, 2013, a magnitude 7.0 earthquake

occurred in Lushan, Sichuan Province, China. The epicenter

locates at 30.284�N and 102.956�E, and the focal depth is

about 16 km (Xie et al. 2013). The rupture mainly occurred

on the Longmenshan fault system (Fig. 1). The studies on the

seismic activity of the Longmenshan fault system, the stress

field impact on this thrust fault system, the deformation, and

the gravity changes on the surrounding tectonic blocks

caused by the Lushan earthquake, are critically significant

for evaluating seismic hazards and studying the tectonic

movement (Tapponnier et al. 1982), the crystal structure

(Zhang et al. 2009, 2010; Zheng et al. 2013), and the evo-

lution of process between Tibetan Plateau and Sichuan basin

(Zhang et al. 2003; Wen et al. 2003).

Previous studies show that co- and post-seismic effects

caused by earthquake dislocation may lead to the changes of

various physical fields, such as deformation and gravity

fields near the epicenter (Shen et al. 2008; Tan et al. 2009; Xu

et al. 2010; Liu et al. 2011). Thus, the co- and post-seismic

effects may disturb the observations on the long-term tec-

tonic movement or inter-seismic deformation field so that

they should be removed from the observations. In this paper,

with the PSGRN/PSCMP software developed by Wang et al.

(2006), we calculate and analyze the surface deformation

and gravity changes of co- and post-seismic caused by the

Lushan earthquake using a multiple sub-faults rupture model

obtained by Liu et al. (2013) and a multi-layered crust model.

2 Theory and applied models

Wang (1999) proposed an orthogonal normalization

method to calculate the Green function of seismic stress
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field. Based on this method and a viscoelastic multi-layered

model, they established numerical methods for calculating

the co- and post-seismic deformations (Wang et al. 2003;

Wang and Kuempel 2003). With the PSGRN/PSCMP

software developed by Wang et al. (2006), and the earth-

quake slip model inverted from seismic waveforms (Liu

et al. 2013), we calculated the theoretical deformation and

gravity changes caused by the Lushan Earthquake.

2.1 Crustal-layered model

With the increase of depth of the crust, high pressure and

temperature prevent rock from failing in a brittle manner;

instead, they flow viscously in response to stress (Kirby

and Kronenberg 1987). Two kinds of phenomena result

from this characteristic: 1. For the co-seismic deformation,

the viscous regions behavior as elastic media; 2. For the

long-term post-seismic period, these regions begin to relax

and the stored elastic strains transfer upward to the

seismogenic upper crust, leading to stress and strain

changes in the upper crust. Based on the structure model

provided by Crust2.0 (Bassin et al. 2000), considering the

lower crust and mantle viscoelastic relaxation effects, we

establish a multi-layered lithosphere model in Lushan area.

The model parameters are listed in Table 1. In this study,

we select Maxwell model to simulate the lower crust and

upper mantle viscoelastic relaxation effect. Therefore,

during the study of Lushan earthquake, we analyze the co-

seismic effect under the elastic state, but for the analysis of

long-term deformation and gravity changes of post-earth-

quake, we focus on the viscoelastic relaxation effects of

lower crust and upper mantle.

2.2 Finite fault rupture model

Following the inversion method (Ji et al. 2002), Liu et al.

(2013) inverted the rupture model of Lushan earthquake

(Fig. 2) with broadband seismograms recorded by Global

Seismic Network broadband seismographs with the strike

and dip angles of 214� and 38�, respectively. In order to get

a high resolution image of the rupture process, the fault

plane is divided into 190 subfaults with spatial dimension

of 3.5 by 3.5 km. Inversion result shows that the rupture

starts from hypocenter gradually expands around the

hypocenter with the peak slip of about 1.5 m.

Based on the finite fault rupture model (Fig. 2) and a

multi-layered structure model (Table 1), we further calcu-

lated the co- and post- seismic surface deformation and

gravity field changes induced by the Lushan MS7.0 earth-

quake With the PSGRN/PSCMP software (Wang et al.

2006), and obtained the temporal evolution of these

physical fields.

Table 1 Multi-layered structure model for Lushan earthquake

Serial

no.

Depth

(km)

VP

(km s-1)

VS

(km s-1)

Density

(kg m-3)

1 0.0–1.0 2.50 1.20 2,100.0

2 1.0–2.0 4.00 2.10 2,400.0

3 2.0–22.0 6.10 3.50 2,750.0

4 22.0–42.0 6.30 3.60 2,800.0

5 42.0–46.0 7.20 4.00 3,100.0

6 C46.0 8.08 4.47 3,750.0

Fig. 2 The co-seismic slip model of Lushan MS7.0 earthquake. The

black arrows represent the direction of the rupture slip, the contour

represents the rupture initiation time in second

Fig. 1 Map of tectonic environment of the Longmenshan Fault

system (Shan et al. 2013). The simplified active tectonic faults are

shown in gray lines. The black star show the epicenter of Lushan

earthquake, the beach ball shows the focal mechanism of the Lushan

event (Xie et al. 2013), the white circles represent the main cities in

this region
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3 Results of co- and post-seismic deformation

and gravity changes on the surface

3.1 The relaxation time of viscoelastic relaxation

model and stability testing

The relaxation time of lower crust and mantle has strong

relationship to the scale of spatial and temporal effects of

an earthquake, it is critical important to understand the

seismicity pattern and the tectonic movement. So, we

analyzed the duration of the post-seismic effect of Lushan

earthquake at first.

Since the earthquake occurred in the Lushan County,

and caused lots of damage, we calculated the theoretical

co- and post-seismic vertical changes on this location

induced by viscoelastic relaxation effect of the lower crust

and mantle in 30 years (Fig. 3). The simulation shows the

co-seismic vertical displacement changes induced by Lu-

shan earthquake is 4.96 cm at this site. Since a warm and

viscous lower crust and upper mantle cannot sustain such

kind of stress and strain, they will migrate to the upper

crust and further affect the deformation and gravity field at

the surface. Therefore, during the first 10 years after

earthquake the viscoelastic relaxation effect is obvious, and

the magnitude of vertical displacement increases up to

6.0 cm from 4.96 cm caused by Lushan earthquake, and

then tends to get stable gradually after 10–30 years.

Furthermore, we test different viscosity coefficients of

lower crust and mantle to check the stability of our results.

Taking the results of Ryder et al. (2007), Shao et al. (2008)

and Wen et al. (2012) into consideration, we set the vis-

cosity of the lower crust as 1.0 9 1018 Pa s, but as for the

upper mantle, we set the viscosity are 2.0 9 1019,

1.0 9 1020 and 1.0 9 1021 Pa s respectively. The results

with different viscosity coefficients indicate that the

smaller the coefficient of viscosity is, the shorter the vis-

coelastic relaxation lasts. However, even though we

employ different coefficients of viscosity, the final vertical

displacement changes are almost identical at the same site,

which shows that the viscoelastic coefficient rather control

the time of relaxation than change the amplitude of the

gravity. Consequently, using multi-layered structure model

and viscosity model_2, we calculate the theoretical value

of surface deformation field and gravity field of co-seismic

and the snapshot of 30 years after earthquake induced by

Lushan MS7.0 earthquake.

3.2 Simulation of co- and post-seismic surface

deformation

Based on the multi-layered structure model, we calculate

the surface deformation of co- and post-seismic by

employing the program PSGRN/PSCMP, simulation

results are shown in Figs. 4 and 5.

The horizontal displacement caused by Lushan earth-

quake is shown in Fig. 4. The motion of co-seismic surface

deformation is dominated by a thrust fault mechanism with

a largest horizontal co-seismic displacement near the epi-

center about 5 cm, and the displacement caused by Lushan

earthquake decreases with the distance from the epicenter.

In order to make clear the influence of viscoelastic relax-

ation effect, we calculate the difference between the sur-

face horizontal co-seismic displacement and the

displacement after 30 years caused by the relaxation effect

of the Lushan earthquake (Fig. 4b). 30 years later, the

largest horizontal post-seismic displacement near the epi-

center only decreases from 5 to 3 cm, which means that the

Lushan earthquake will lead to 1–2 mm/a horizontal dis-

placement for GPS observations in future 30 years. This

kind of displacement change also means that the visco-

elastic relaxation plays little effect on the near field of the

rupture fault. The relaxation effects have spatial variations,

in the northwest and the southeast parts of the studied

region, the viscoelastic relaxation effects are stronger than

those in the southwest and the northeast parts (Fig 4b).

The vertical displacement caused by Lushan earthquake

is shown in Fig. 5a, b. The Lushan earthquake is mainly

dominated by thrust dislocations, so the distribution of co-

and post- seismic vertical displacement is relative lager

than horizontal displacement. The co-seismic maximal

vertical uplift and decline are 21.24 and -0.64 cm,

respectively, and the majority of vertical uplifts concen-

trates in a relatively compact area, mainly locates on the

hanging wall of the fault, but the vertical displacement on

both sides of fault is relative small. The decline area is just

around the uplift region with peak movement of less than

1 cm. However, soon after the occurrence of the main-

shock, owing to the influence of viscoelastic relaxation

Fig. 3 The co- and post-seismic vertical displacement of Lushan

(30.17�N,102.91�E) with different viscous models
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Fig. 4 Co- and post-seismic surface horizontal displacement caused by Lushan MS7.0 earthquake. a Co-seismic simulation result (The black

arrows represent co-seismic result and the gray arrows represent the simulation result 30 years after the earthquake). b The difference between

co-seismic displacement and post-seismic displacement in 30 years

Fig. 5 Co- and post-seismic surface vertical displacement and gravity changes caused by Lushan MS7.0 earthquake. a, b show the vertical

displacement changes; c, d show the gravity changes. a, c represent co-seismic simulation result; b, d represent the simulation result 30 years after

this earthquake. The rectangles indicate the fault plane and the beach balls show the focal mechanism of this earthquake
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effect, vertical displacement field changes significantly: a.

the area with vertical uplifting caused by the Lushan

Earthquake becomes larger; b. the directions of the

movement on both sides of the fault have changed, c. the

influence of co-seismic effect near the epicenter becomes

weaker with an exemption of vertical displacement.

Overall, compared with the horizontal deformation, the

vertical displacement is lager, which is also consistent with

the characteristics of this earthquake.

3.3 Simulation of co- and post-seismic gravity change

on the surface

The fault dislocation leads to the correspondent gravity

changes, inevitably. According to the simulated results,

surface gravity changes are mainly influenced by vertical

displacement in the near field (Fig. 5c, d). The image of

gravity changes is in good consistent with the image of

vertical field deformation. Four quadrants can be clearly

observed in the distribution pattern of co-seismic gravity

changes compared with the vertical displacement, and the

maximal positive and negative variations are 45 and

-0.47 lGal, respectively, and the gravity changes with

larger amplitude mainly focus on the hanging wall of the

fault. The gravity field varies dramatically in a small area

near the source region, and the gradient of gravity change

is quite steep; on the contrary, in the far field, the change of

gravity is relatively smaller, and its attenuation is slower,

which make the variation area is larger in size.

In order to further clarify the characteristic of post-

seismic surface deformation and gravity changes caused by

Lushan earthquake, we calculate postseismic gravity

changes in 30 years after the earthquake (Fig. 5d). Com-

pared with co-seismic results, the distribution of post-

seismic gravity changes obviously, and appears three dis-

tinct asperities, the maximal positive and negative variation

are 44.55 and -0.985 lGal, respectively, and the influence

caused by the viscoelastic relaxation effect is weak.

However, the area with obvious gravity changes in the near

field become larger. Similar to the vertical displacement

after 30 years, the directions of the gravity changes on both

sides of the fault have changed. Another obvious phe-

nomenon is that the range of the gravity changes becomes

larger in the far field.

4 Discussion and conclusions

Based on the finite fault rupture model, we calculate co-

and post-seismic surface deformation and gravity changes

of Lushan earthquake, and analyze the influence of co- and

post-seismic surface deformation, gravity changes.

According to the simulation results, the deformation and

gravity changes caused by Lushan earthquake have the

following main characteristics:

(1) The relaxation adjustment of post-seismic deforma-

tion varies dramatically in the first 10 years after the

main shock and then tends to get stable gradually.

The influence of co- and post-seismic of Lushan

earthquake will last at least 10 years.

(2) The deformation caused by Lushan earthquake is

mainly influenced by co-seismic effect near the

rupture plane, on the contrary, post-seismic deforma-

tion caused by viscoelastic relaxation far from the

rupture fault. Horizontal displacement caused by

viscoelastic relaxation effect is about 5 cm near the

source region, which will lead to an average change

of *2 mm/a for GPS observations in 10 years after

earthquake. This shows that the post-seismic relaxa-

tion influence is equal to or larger than the accuracy

of GPS observation. Therefore, using the geodetic

data to research tectonic movement, we should not

only consider the coseismic effects caused by earth-

quake, but also take the viscoelastic relaxation effect

into account.

One thing needs to pay attention is that the complexities

of rupture have a significant impact on the model compu-

tation, which will cause some uncertainties of the result. If

enough field observations, more geodetic data and higher

precise rupture model are available in the future, a better

result should be expected.

Acknowledgments We would like to thank Prof. Wang Rongjiang

for providing calculation software. The figures were made using by

GMT (Generic Mapping Tools) software. This work is supported by

NSFC Grant Nos 41021003, 41174086, 41074052, and key Program

from Chinese Academy of Sciences Grant No KZZD-EW-TZ-05.

References

Bassin C, Laske G, Masters G (2000) The current limits of resolution

for surface wave tomography in North America. EOS Trans

AGU 81:897

Ji C, Wald DJ, Helmberger DV (2002) Source description of the 1999

Hector Mine, California earthquake. Part I. Wavelet domain

inversion theory and resolution analysis. Bull Seismol Soc Am

92:1192–1207

Kirby SH, Kronenberg AK (1987) Rheology of the lithosphere:

selected topics. Rev Geophys 25:1219–1244

Liu CL, Shan B, Zheng Y, Jiang Y, Xiong X (2011) Modeling of co- and

post-seismic surface deformation and gravity changes of MW6.9

Yushu, Qinghai, earthquake. Earthq Sci 2011(24):177–183.

doi:10.1007/s11589-010-0782-y

Liu CL, Zheng Y, Ge C, Xiong X et al (2013) Rupture process of the

MS7.0 Lushan earthquake, 2013. Sci China Earth Sci

56(7):1187–1192

Ryder I, Parsons B, Wright TJ et al (2007) Post-seismic motion

following the 1997 Manyi (Tibet) earthquake: InSAR observa-

tions and modelling. Geophys J Int 169(3):1009–1027

Earthq Sci (2013) 26(3–4):207–212 211

123

http://dx.doi.org/10.1007/s11589-010-0782-y


Shan B, Xiong X, Zheng Y et al (2013) Stress changes on major faults

caused by 2013 Lushan earthquake, and its relationship with

2008 Wenchuan earthquake. Sci China Earth Sci 56(7):1169–

1176. doi:10.1007/s11430-013-4642-1

Shao ZG, Fu RS, Xue TX, Huang JH (2008) The numerical

simulation and discussion on mechanism of post seismic

deformation after Kunlun MS 8.1 earthquake. Chin J Geophys

51(3):805–816 (in Chinese with English abstract)

Shen CY, Li H, Tan HB (2008) Simulation of co-seismic gravity

changes and deformation effect of Wenchuan MS8.0 earthquake.

J Geodesy Geodyn 28(5):6–12 (in Chinese with English abstract)

Tan HB, Shen CY, Li H, Li J, Xuan SB, Xing LL (2009) Simulation

of post-seismic gravity change and deformation of the Wench-

uan earthquake based on viscoelastic layered half-space model.

Acta Seismol Sin 31(5):491–505 (in Chinese with English

abstract)

Tapponnier P, Peltzer G, Dain AYL, Armijo R (1982) Propagating

extrusion tectonics in Asia: New insights from simple experi-

ments with plasticine. Geology 10:611–616

Wang R (1999) A simple orthonormalization method for the stable

and efficient computation of Green’s functions. Bull Seismol Soc

Am 89:733–741

Wang R, Kuempel HJ (2003) Poroelasticity: efficient modeling of

strongly coupled, slow deformation processes in a multi-layered

half-space. Geophysics 68(2):705–717

Wang R, Lorenzo F, Roth F (2003) Computation of deformation

induced by earthquakes in a multi-layered elastic crust—

FORTRAN programs EDGRN/EDCMP. Comput Geosci

29:195–207

Wang R, Lorenzo F-Martin, Roth F (2006) PSGRN/PSCMP: a new

code for calculating co- and post-seismic deformation, geoid and

gravity changes based on the viscoelastic-gravitational disloca-

tion theory. Comput Geosci 32(4):527–541

Wen XZ, Xu XW, Zheng RZ, Xie YQ, Wan C (2003) The average

slip rate of Ganzi-Yushu fault and modern earthquake rupture.

Sci China Ser D-Earth Sci 33(Suppl):199–208 (in Chinese with

English abstract)

Wen Y, Li Z, Xu C, Ryder I, Bürgmann R (2012) Postseismic motion

after the 2001 Mw 7.8 Kokoxili earthquake in Tibet observed by

InSAR time series. J Geophys Res 117:B08405

Xie ZJ, Jin BK, Zheng Y, Ge C, Xiong X et al (2013) Source

parameters inversion of the 2013 Lushan earthquake by combing

teleseismic waveforms and local seismograms. Sci China Earth

Sci 56(7):1177–1186

Xu J, Xun JQ, Sun HP, Wu JC (2010) Simulation of deformation and

gravity field of Wenchuan MS8.0 earthquake. J Geodesy Geodyn

30(1):27–32 (in Chinese with English abstract)

Zhang PZ, Deng QD, Zhang GM, Zhang GM, Ma J, Gan WJ, Min W,

Mao FY, Wang Q (2003) Active tectonic blocks and strong

earthquakes in the continent of China. Sci China Ser D-Earth Sci

46(Suppl II):13–24

Zhang Z, Wang Y, Chen Y et al (2009) Crustal structure across

Longmenshan fault belt from passive source seismic profiling.

Geophys Res Lett 36:L17310. doi:10.1029/2009GL039580

Zhang Z, Yuan X, Chen Y et al (2010) Seismic signature of the

collision between the east Tibetan escape flow and the Sichuan

Basin. Earth Planet Sci Lett 292(3):254–264

Zheng Y, Ge C, Xie ZJ, Yang YJ, Xiong X et al (2013) Crustal and

upper mantle structure and the deep seismogenic environment in

the source areas of the Lushan earthquake and the Wenchuan

earthquake. Sci China Earth Sci 56(7):1158–1168

212 Earthq Sci (2013) 26(3–4):207–212

123

http://dx.doi.org/10.1007/s11430-013-4642-1
http://dx.doi.org/10.1029/2009GL039580

	Abstract
	Keywords
	1 Introduction
	2 Theory and applied models
	3 Results of coand post-seismic deformation and gravity changes on the surface
	4 Discussion and conclusions
	References

