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Simulation of co-seismic gravity change and deformation of

Wenchuan Ms8. 0 earthquake
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Abstract; Surface co-seismic gravity changes and displacements caused by the Wenchuan Ms8. 0 earthquake
are calculated on the basis of the hall-space dislocation theory and two fault models inversed, respectively, by
Institute of Geophysics, CEA and USGS. The results show that 1)the dislocation consists of dip slip and right-
lateral strike slip;2 ) the co-seismic gravity change shows a four-quadrant pattern, which is greatly controlled by

the distribution of the vertical displacements, especially in the near-filed ;3 ) the gravity change is generally less
than 10 x 10 ~® ms 2 in the far-field , but as high as several 100 x 10 ~® ms ~*in the near-filed. These results ba-

sically agree with observational results.
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1 Introducion

The Wenchuan Ms8B. 0 earthquake that occurred at 14 :
28( Beijing time)on May 12,2008 ,is located at a sec-
ondary fault,the Longmenshan fault, of the most active
earthquake-fault zone, the North-South Fault Zone, in
Chinese mainland'''. The Longmenshan fault zone con-
sists of several parallel imbricate thrusts, characterized
by a typical thrust nappe siructure,and has developed
into Wenchuan-Wenmao fault, Beichuan fault, Peng-
guan fault and Dayi fault from west to east'”]. As indi-
cated by the shrinkage beiween the north-east and
south-west sides of the Songpan-Ganzi fold belt, the
nappe probably developed from north-west to south-
east, and the fault type evolved from normal to
thrust* =% .

Mobile gravity measurements were made in 1998,
2000,2002 ,2005,2007 in and ncarby the earthquake
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region by the Crustal-Movement Observation Network
and the Digital Earthquake Observation Neiwork of
China. Similar measurements were also made by several
small local networks in Ganzi, Xichang and Chendu in
1987, 1989 and 1996. Since the earthquake occur-
rence , we have made two sets of measurement with the
local networks. By adopting control with absolute gravi-
ty measurement and by adding several temporary sta-
tions, we have obtained a relatively large amount of
gravity data in the earthquake region.

To clarify the earthquake’ s development process and
the mechanism,it’ s necessary to analyze and synthe-
size data and theoretical results obtained from different
approaches and points of view. This paper gives a theo-
retical simulation of the co-seismic gravity and deform-
ation effects, which may be helpful for explaining the
development process of the earthquake.

2 Theoretical formula

Based on the elastic dislocation theory'®'™ ,an earth-
quake is described as a finite rectangular dislocation in

a homogeneous isotropic elastic half-space. For any
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earthquake, the dislocation is rather complicated, with
different amplitudes and directions in different locations
of the fault plane. To minimize simulatien errer intro-
duced by the classical rectangular dislocation , we make
use of the idea of fault differentiation and regard a com-
plex fault as a composition of multiple small rectangular

faults to approximate a realistic model.
2.1 For a single fault

For a homogeneous rectangular fault( Fig. 1) ,the gravi-
ty change AS and deformation Au on the surface point

(%,,%,,0) can be expressed as follows!™™ ;

Ag(x,,%,) = {PG[ U1S5(§,71) +U2Dg(§!‘r’) +
UBTg(f!'ﬂ)] +APGUSCQ(§!17) }
I -BAR(z, ,x,) (1)

Au(,m) =5 [U,S(6,m) +U,D(E,m) +
UTEm | 2)

Where L denotes the length; W, the width;§, the dip
angle; I/, , U, and U, , respectively, the strike slip, the
dip slip,and the tensional component; d,the depth to
the bottom of the fault; G,the gravitational constant;p,
the medium density ;Ap ,the density difference between
the media inside and ocutside the fracture zones;S, (£,
1),D,(¢,m),T,(£,7m),C.(£,7),8(&,9),D(£,9)
and T(£,7) ,elastic moduli’®™!;8=0.309 x10~° m/
s* , the free-air gravity gradient;and Ak ,the surface ele-
vation change'®!. The final result in brief form is given
below ,using Chinnery’ s notation || to represent sub-
stitution.

f(E!S) ” =f(x,P) _f(x!P_W) _f(x_L!P) +
f(x-L,p-W) (3)

Where p = ycosd + dsind (4)

2.2 For multiple faults

Assuming a surface coordinate system O-XYZ (X axis
pointing to the east, ¥ axis to the north, and Z axis is
downward) ,where S(s,,S,,0)is the midpoint of the
surface trace ( or projection line) of the fault ( fig. 2) ,
and is the fault’ s azimuth,the gravity change and de-

formation on a surface point{x,y,0)can be expressed
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Figure 2 Surface coordinate system for fault movement

as the superposition of several faulis;
N
AG = ZAgi(x,ysO;UlyUZ!Uii!L,W)dsaya!sz!sy)
i=1
(5)
N
u = ZAui(x’y’OEUl ’Uz;Us’L’W’dt’Ssasszst’)
i=1

(6)

From the above relations, it may be seen that the sur-
face gravity change and deformation are related to the
component faults’ dimension , position , altitude and dis-
location. The superposition of the effects of all the com-
ponent faults gives the simulated gravity change and
deformation, which are enhanced if the components

have the same signs,and reduced, if otherwise.

3 Fault models

The dislocation-model parameters of slip distribution a-
long the seismogenic-faull plane are determined mainly
from the analysis of seismic data. Shortly after the Wen-
chuan earthquake, groups of scientists in China,
America and Japan inversed the earthquake-rupture
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process from seismic data,and published the results on

the internet!''**]

. The different results are basically
consistent with one another, showing that the faulting
consists of mainly a dip slip and secondarily a right-
lateral strike slip. This feature is in agreement with the
characteristics of Longmenshan fault and the distribu-
tion pattern of the aftershocks. Here we have chosen to

use two results, given by the Institute of Geophysics,
China Earthquake Administration ( IGCEA ) and the

United States Geological Survey (USGS).
3.1 The IGCEA model

In this model, which is inversed by Chen Yuntai, Xu
Lisheng, et al'’! | the fault plane and the slip are in the
same direction. The distribution of static dislocation in
the fault plane is shown in Fig. 3 (The large white an-
gular symbol indicates the location of hypocenter and

the white circles, the aftershocks projected on the fault
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Figure 3 The distribution of static dislocation on the fault plane( IGCEA model )
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Figure 4 The cross section of the seismogenic fault, including movement distribution
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plane) . The maximum static displacement on the fault
is 6.7 m, whereas the average value is 1.5 m. The
composite fault parameters we used are as follows: The
strike is 230°;dip angle,39°;slip angel ,120°;the fault
is represented by 31 x5 sub-faults along the strike and

dip,and each sub-fault is 20 km % 10 km in dimension.
3.2 The USGS model

In this model, which is inversed by Chen Ji ( UCSB)
and Gavin Hayes ( NEIC) , the slip direction is not in
the fault plane(Fig. 4 ). Red star represents the epicen-
ter; different colors indicate different amounts of slip;
arrow , movement direction of hanging wall relative to
footwall ; dark lines, rupture times). The optimum fault
parameters are as follows: strike,229°; dip angle,33°;
number of sub-faults, 21 x 8 blocks along strike and
dip, respectively;and each sub-fault,15 km x5 km.

4 Simulated surface co-seismic gravity
change

Our simulation covers the region of 99° — 107°E and
28° — 36°N, with a grid size of 0. 025° x 0. 025°, in
accordance with the coverage of the regional gravity

network.
4.1 IGCEA -model result

The surface gravity change calculated with IGCEA
model( Fig. 3) and the theoretical formula is shown in
Fig. 5 (a). The co-seismic gravity change exhibits a
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symmetric four-quadrants pattern. In the far-field, the
gravity change is negative in the northwest and south-
east quadrants,and positive in the northeast and south-
west quadrants. In the near-field, zones of opposite

signs appear alternately in space, with extreme values
of -530 x10° ms > and +110 x10° ms >,

4.2 USGS-model result

The co-seismic gravity change calculated with the
USGS model ( Fig. 4 )is shown in Fig. 5(b). Comparing
with Fig. 5(a) , it may be seen that the characteristics
are basically the same, except a small difference in am-
plitude range( most in the near field) ; the extreme val-
ues in this case are about —420 x10™® ms > and +80

x 102 ms 2,

5 Simulated surface deformation

In order to beiter understand the characteristics of the
co-seismic gravity changes, the co-seismic surface de-
formations caused by the above rupture models were
calculated also(Fig. 6). Fig. 6 shows that the simula-
tion results obtained with the two different models basi-
cally have the same displacement pattern,but a signifi-

cantly different amplitude range in the near field ( these

differences are caused by the difference between the
fault models; for example, the IGCEA model breaks
through the earth’ s surface whereas the USGS model
doesn’ t;the IGCEA model’ s length is obviously longer
than that of the USGS model. )
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Figure 5 Co-seismic surface gravity changes caused by the fault dislocation of Wenchuan Ms8. 0
earthquake (left; IGCEA; right: USGS; unit:10 ® ms2)
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Figure 6 Co-seismic surface deformation caused by Wenchuan Ms8. 0
earthquake (left,IGCEA model ;right USGS model ; unit; cm)
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The pattern of horizontal longitudinal displacement
(Fig. 6(a) )is divided into northwestern and southeast-
ern areas, bordering along the rupture zone. The iso-
displacement lines are symmeiric, with positive values
in northwest area( upper wall of the fault has an east-
ward thrust component), and negative values in the
southeast area( bottom wall has a westward dive compo-
nent) . The amplitude decreases rapidly with epicentral
distance in the near field (IGCEA model: -50 — 150
em, +70 — +250 cm;USGS model; —40 — 60 cm, +60
— +280 cm) , but slowly in the far field.

The pattern of horizontal latitudinal displacement
(Fig. 6 (b)) is divided also into northwestern and
southeastern areas, bordering along the rupture zone.
The ise-displacment lines show certain symmetry, but
the two models’ resulis are a litile more different. In
the northwestern area, the values are negative; the
upper wall of the fault has a southward thrust compo-
nent, while the bottom wall has a northward dive
component. The amplitude decreases rapidly with ep-
icentral distance in the near field{ IGCEA model; -
20 - -100 em, +20 — +120 cm; USGS model; -
30 - -70 ¢cm, +30 — +170 c¢m) , but slowly in the
far field. The differences between the two results are
mainly that, relative to the IGCEA result, the lines in
the USGS result shrink toward the seismogenic rup-
ture area,and the lines in the southeastern area is ro-
tated 60 degrees counter-clockwise.

The pattern of vertical displacement( Fig. 6 (¢) )is
also divided into northwestern and southeastern are-
8s. The iso-displacement lines are symmetric, and the
amplitude changes mainly in the near field ( IGCEA
model; -5 — — 50 em, + 10 — + 290 cm; USGS
model; —10 — - 50 em, + 10 - + 210 ¢m), but
very little in the far field (0 — 10 cm). The vertical
displacement is positive( uplift) along the fault in the
middle of the near field ,but decreases rapidly to zero
and then becomes negative in the surrounding area.
By comparing with the pattern of surface gravity
changes, one may see that the near-field gravity
changes are mainly affected by vertical surface dis-

placement.
6 Analysis and conclusion

1) The co-seismic gravity changes from the simula-

tion studies show that the earthquake faulting con-
sists of mainly dip slip and secondarily right-lateral
strike slip. The co-seismic gravity changes in the far-
field show a symmeiric four-quadrant distribution
bordered along the fault. The changes in northwest
and southeast quadrants are negative, whereas those
in the northeast and southwest quadrants are posi-
tive. The amount of changes is generally less than 10
% 10 "® ms ~2. However, in the near-field, the chan-
ges are large in zones of opposiie signs that appear
alternately in space.

2} The co-scismic deformations caleulated with the
two different models are similar. The near-field verti-
cal deformation has a significant effect on the gravity
change , whereas the horizontal surface deformation
does not.

3) Our simulation result is in good agreement with
that of Chen Yuntai, Xu Lisheng, et. al'*! , who have
simulated the surface deformation in a homogeneous
elastic half-space, indicating the reliability and rea-
sonableness of our result.

4) To compare with the actually cbserved data, Ta-
ble 1 lists both the simulation results and the abso-
lute gravity and GPS results observed at the Pixian
station{ 103. 7°E ,30. 91°N) . The simulation results
based on the IGCEA model are generally close to the
observed resulis in gravity change, latitudinal de-
formation and vertical deformation, but much differ-
ent in longitudinal deformation. But the results based
on USGS model are quite different from the observed
resulis. This may suggest that the IGCEA model is
more realistic. Currently, earthquake rupture models
are mainly inversed from seismic data,and are not u-
nique. To reduce this non-uniqueness, the use of co-
seismic gravity change and deformation to check the
rupture models may prove to be a worthwhile re-
search effort.

5) 1t is fairly obvious that the earthquake has in-
troduced significant density changes in the under-
ground media. Qur simulation resulis indicate that,
by using USGS model, the co-seismic gravity change
and vertical deformation at the Chendu-Pixian station
are , respectively, 23. 0 x 10 * m/s’ ( decrease) and
- 9.1 cm ( sink, which is equivalent to a gravity
change of —5.1x10® m/s). This indicates a co-seismic
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Table 1 Comparison between simulation and actually observed results at the Pixian station

Gravity change Lonsitudianl deformation Latitudinal deformation Vertical deformation
(1x10-% ms2) (em) {cm) (cm)
CEA mdoel 2.4 49.4 34.3 2.9
USGS madel 23.0 -21.2 2.4 -9.1
Absolute gravity'4! 0.0x2.5 - - -
GPS - -56.4 =0, 14 42.6=0,13 0.53 £0.25

gravity change of —5.1 x107* m/s* caused by under-
ground medium change. By using the IGCEA model,
these changes are, respectively,2.4 x 10 ~* m/s* (in-
crease) and 2.9 cm (uplift, which is equivalent to a
gravity change of —8.9 x10® m/s*) ,indicating a co-
seismic gravity change of 11.3 x 10 ~* m/s” caused by
underground medium change.

6) The preliminary results of regional mobile gravity
surveys made before and after the earthquake indicate a
four-quadrants pattern of the actual gravity changes.
Compared with the similar patterns of the simulating re-
sulis,it is different in orientation, and amplitude. The
difference might be due to the survey-station distribu-
tion and several other factors. The simulation is only for
a case of instantaneous effect of an elastic dislocation,
whereas the actual results were obtained during a lon-
ger period and thus might be affected by many factors,
including not only co-seismic, but also pre-earthquake
( about one year) and post-earthquake ( about 10 days)
gravity changes, involving non-seismic effects { for ex-
ample , mass transport) .

7) Because of the simplicity of the theoretical mod-
els ,which have not taken into account the heterogeneity
and viscoelastic property of materials at depth,the sim-
ulation results are bound to be somewhat inaccurate.
However,the basic features are probably credible, and

may be used as a reference for studying the mechanism

of the Wenchuan earthquake.
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