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Near-field co-seismic GPS data were used to derive the slip distribution of the 12 May 2008 Wenchuan
earthquake. Based on field measurements and geological observations, the earthquake is represented by ruptures
on the Beichuan fault and a neighboring fault from Pengxian to Guanxian, both dipping with a decreasing angle
with depth. Using a layered elastic crust model, we obtained a slip model that not only best fits the co-seismic
GPS data but which also shows general consistency with the surface ruptures observed from the field survey. The
slip maxima are dominant at a very shallow depth near Beichuan and Jiangyou, although the exact peak value of
the slip distribution is not well constrained due to the inhomogeneous data coverage in the near-fault area. The
maximum slip in our inversion is thus limited to about 9 m, as estimated from the field measurement, but no
strict restriction is applied to the slip direction, i.e., the rake angle. The slip model yields a moment magnitude
that is very close to Mw = 7.9, which is the estimate based on teleseismic observations. Near the hypocenter,
the slip exhibits reverse behavior. The major rupture near Beichuan involves both right-lateral strike-slip and
reverse components. Slip on the secondary fault is dominated by the reverse component with a maximum of
approximately 2–3 m.
Key words: Wenchuan earthquake, slip model, inversion, GPS data.

1. Introduction
The 12 May 2008 Mw 7.9 Wenchuan earthquake oc-

curred in Sichuan province, southwest China. It is con-
sidered to be one of the most destructive events that have
occurred in China during the last 50 years, at least 80,000
killed, more than 350,000 injured and countless homeless.

The Wenchuan earthquake ruptured the NE-SW striking
and north-west dipping Longmenshan fault belt, which was
formed by the continuing eastward extrusion of the Tibet
plateau to the western edge of the Sichuan Basin (Zhang
et al., 2008). The Longmenshan fault belt comprises three
main faults; from NW-SE, these are the Wenchan-Maowen
fault, the Yingxiu-Beichuan fault and the Dujiangyan-
An’xian fault. Both the geological study by Burchfiel et
al. (2008) and the GPS observations by Zhang (2008) in-
dicate that long-term movement on the Longmenshan fault
changes from the reverse slip in the SW to the right-lateral
strike-slip in the NE. The field survey revealed that the
Wenchuan earthquake mainly occurred on the Beichuan
fault, with a rupture length more than 200 km, and on a
neighboring secondary fault from Pengxian to Guanxian,
with a rupture length over 60 km (Liu et al., 2008; Zhang et
al., 2008).

The rupture process and the slip distribution have been
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estimated by Ji and Hayes (2008) and Nishimura and Yagi
(2008) from teleseismic waveform inversion. They found
that the best-fit strike and dip angles are 229◦ and 33◦,
respectively, and the maximum slip reaches up to 9 m.
Teleseismic body waves, which contain information on the
moment release rate and focal mechanism, can be used to
provide smoothed estimates of slip distribution, but they do
not provide near-field information, such as the static offsets,
which is critical in co-seismic slip inversion (Miyazaki et
al., 2004).

Geodetic inversion has been improved from being an
averaged slip estimation of one or several fault planes to
slip distribution estimation of multiple finite discrete fault
patches, based on sufficient near-field constraints (Segall
and Davis, 1997). That is to say, slip distribution can be
estimated with high spatial resolution from the geodetic
data, which may compensate for the deficiency of near-field
information in the teleseismic waveform data. Moreover,
a more highly resolved slip model is particularly useful
for estimating the Coulomb stress change on surrounding
faults and, consequently, for assessing seismic hazard. In
this paper, we derive the slip distribution of the Wenchuan
earthquake from the near-field co-seismic GPS observation
by employing a listric fault geometry and a layered earth
model.

2. Data Compilation
We use the static coseismic GPS displacement data ob-

tained by the Working Group of the “Crustal Motion Ob-
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Fig. 1. Observed and predicted coseismic horizontal displacements of the 122 GPS stations and vertical displacements of 44 GPS stations used in
the study. Some vectors with displacements of a few millimeters that are far from the rupture are not shown in the figure. Error ellipses indicate
50% confidence intervals. (a) Horizontal displacements (b) Vertical displacements. Black star is the epicenter. Dashed rectangles show the surface
projection of the model fault planes. The two solid black lines denote the main rupture on the Beichuan fault (Beichuan f) and the secondary rupture
on the Pengxian-Guanxian fault (PG f). Tectonic setting of the Longmenshan fault is shown in the inset of (a), TR: Tarim Basin; TB: Tibet; SB:
Sichuan Basin; NC: North China; SC: South China.

servation Network of China” Project (2008) with the obser-
vations carried out before and after the earthquake in the
earthquake area (Fig. 1). These GPS data were processed
by the GAMIT software based on the double difference
model and IGS precision ephemeris. As a result, the hor-
izontal components of the coseismic displacement could be
determined at 122 GPS s. However, due to uncertainties
of antenna setups and/or low signal-to-noise ratios at some
campaign-surveyed GPS stations, the vertical component is
only available at 44 stations. Some campaign-surveyed sta-
tions were manned a few days after the earthquake. There-

fore, the obtained coseismic displacements may include a
small part of the postseismic deformation, which may lead
to an overestimated coseismic slip.

In general, the co-seismic displacements of the
Wenchuan earthquake are consistent with the tectonic fea-
tures of the Longmenshan fault: convergence between the
eastward-extruding Tibet plateau and the relatively rigid
Sichuan basin that is on the footwall side of the fault. The
GPS stations were found to displace in the NW direction
uniformly with the magnitude slowly decreasing with in-
creasing distance from the fault. In contrast, the displace-
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Table 1. Parameters of the layered earth model.

Layer Thickness (km) Vp (km/s) Vs (km/s) Density (kg/m3)

1 1.5 2.5 1.2 2100

2 6.5 4.5 2.6 2500

3 9 6.2 3.6 2800

4 12 6.4 3.9 2850

5 ∞ 6.8 3.8 2950
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Fig. 2. (a) Plane view of the slip distribution on the main fault (bottom) and on the secondary fault (top right). White arrows denote the slip vectors.
Red star is the hypocenter. (b) Three-dimensional geometry of the main fault and discrete slip on patches. The white dots show aftershocks up to 22
July 2008 (Huang et al., 2008).

ments of stations on the hanging wall are more complex.
The maximum GPS displacement is 2.5 m, measured near
Beichuan. Most large displacements were measured in
Jiangyou, Qingchuan and Wenchuan, with a magnitude of
approximately 1–2 m.

3. Method
3.1 The gradient method with a priori constraints

We derive the slip distribution from the co-seismic GPS
data using the inversion code SBIF (sensitivity-based itera-
tive fitting) proposed by Wang et al. (2006). The technique
used in this code is similar to the constrained gradient ap-
proach as used by Ward and Barrientos (1986) to minimize
the misfit function under a priori constraints. The misfit
function, also called the cost function, is defined by

f (s) =
n∑

i=1

{
yi −

m∑
j=1

(
Gx

i j sx
j + G y

i j s y
j

)}2

(1)

where yi (i = 1, · · · , n) are n GPS data, and s j =
(sx

j , sy
j )( j = 1, · · · , m) are m discrete slip vectors with

two components along the strike and dip directions, respec-
tively. The a priori constraint is given in the following gen-
eral form

|s j | ≤ smax, ϕmin ≤ arctan

(
sy

j

sx
j

)
≤ ϕmax (2)

where smax is the estimated maximum slip amplitude, and
ϕmin and ϕmax are the minimum and maximum rake angles,
respectively. In many cases, particularly when a large num-
ber of discrete slips are selected, the a priori constraint may
not be sufficient for a unique solution of the slip distribu-
tion. Even if such a unique solution exists, it may be unsta-
ble and physically unreasonable. Therefore, additional arti-
ficial constraints are often necessary. A commonly applied
approach in various inversion methods is to add a penalty
term to the cost function so that certain physical properties,
such as the roughness of the slip distribution, are minimized
at the same time. In the SBIF method, the solution is found
by iteratively minimizing the misfit function (Eq. (1)) under
the a priori condition (Eq. (2)). The iteration is terminated
when the misfit is acceptable, and the approximated slip dis-
tribution is reasonably smooth.
3.2 Parameter setting

We use a vertically stratified and laterally homogeneous
crust model in this study. The parameters are taken from
CRUST2.0 (Mooney et al., 1998) (see Table 1). Based
on the aftershock distribution (Huang et al., 2008) and the
mapped surface ruptures identified in the field survey (Liu et
al., 2008; Zhang et al., 2008), we then design a double-fault
source model. The main Beichuan fault is divided into two
segments: the NE segment is 120 km, striking N228.5◦E,
and the SW one is 220 km, striking N224◦E. The secondary
fault, which is about 70 km long, extends from Pengxian
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Fig. 3. Surface projection of the slip distribution. The thick brown lines illustrate the surface rupture from the field measurements of Liu et al. (2008)
and Zhang et al. (2008). Purple squares represent badly damaged cities near the fault.
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Fig. 4. Comparison between the estimated fault slip and the surface ruptures (Liu et al., 2008). The black solid line is the estimated fault slip and the
black dashed line is the surface rupture. (a) The main rupture of the Wenchuan earthquake. (b) The secondary rupture to the SE of the main rupture.
The zero point of (a) is the projection of the epicenter and the zero point of (b) is the SW endpoint of the secondary fault. The direction of the X -axis
is from the SW to the NE along the two faults. The cities in the figure correspond to those represented in Fig. 3.

to Guanxian, with the strike N228.5◦E (Fig. 1). Geological
studies (e.g., Burchfiel et al., 2008) have revealed that the
Longmenshan fault has a listric geometry, i.e., with a dip
angle decreasing with depth. Accordingly, we set the dip
angle to decrease linearly from 65◦ at the top of the curved
fault plane to 20◦ at the bottom. A fault width of 40 km is
assigned to all three fault segments, which are then divided
into uniformly sized rectangular dislocation patches of 10 ×
10 km. Fixing these geometrical parameters, we then invert
the slip distribution from the GPS data (request for digital
slip model should be addressed to F. Diao).

4. Results and Discussion
The slip model for the Wenchuan earthquake inverted

from the GPS data is shown in Fig. 2. On the main fault
segment, the slip distribution is mainly characterized by re-
verse rupturing, with the maximum amplitude, 5 m, located
near the hypocenter, and an amplitude of approximately 2–
3 m located at the down-dip of the hypocenter. This turns
to a right-lateral strike-slip and reverse slip northeastwards
with an almost uniform rake angle of 135◦, which is con-
sistent with the teleseismic results (Ji and Hayes, 2008).
Most large slips, with a maximum of about 9 m, are lo-
cated at the shallow patches near Beichuan, Jiangyou and
Wenchuan where heavy damage occurred (Fig. 3). Two ar-

eas with large slip are separated by patches with smaller
slip in the central section of the main fault. This seems to
be consistent with the results from the teleseismic analy-
sis which indicate that the earthquake is composed of two
major sub-events. In general, the slip is concentrated at a
shallow depth of less than 15 km, except for some deep
patches near the epicenter. This pattern considerably dif-
fers from that found in all teleseismic models. The slip on
the secondary fault shows reverse behavior with a slip of
approximately 2–3 m occurring near the surface. The seis-
mic moment (Kanamori, 1977) is estimated to be 0.92 ×
1021 N m, which corresponds to Mw ∼ 7.91. This is con-
sistent with the seismic results by Ji and Hayes (2008) and
Nishimura and Yagi (2008), which are 1.15 × 1021 N m and
0.91 × 1021 N m, respectively.

The estimated coseismic slip distribution at the surface
agrees well with the mapped surface ruptures from the field
survey (Liu et al., 2008). However, certain differences are
still found near Yingxiu, Dujiangyan and at the segment
NE of Beichuan (Fig. 4). There are two possible causes
for these differences: firstly, the observed coseismic dis-
placements may include a little postseimic deformation and
thus result in a slightly over-estimated fault slip; secondly,
the mapped surface ruptures may include strong non-linear
local effects, such as landslides.



F. DIAO et al.: SLIP MODEL OF WENCHUAN EARTHQUAKE FROM GPS OBSERVATION 873

Fig. 5. Comparison between forward-modeled displacements from Ji and Hayes’ seismic source model and observed coseismic displacements. Error
ellipses of the observed displacements indicate 50% confidence intervals. (a) Horizontal displacements. (b) Vertical displacements.

Geological studies (Burchfiel et al., 2008; Zhang et al.,
2008) indicate that the Longmenshan fault has a listric ge-
ometry with the dip angle decreasing with depth. If a uni-
form dip angle of 33◦ is used, as suggested by the teleseis-
mic results, the misfits between calculated and observed co-
seismic displacements are 2.16 and 3.2 cm in the two hori-
zontal components and 10.32 cm in the vertical component.
If the listric fault geometry is used, however, the misfits de-
crease substantially to 1.28, 1.52 and 4.05 cm, respectively.
The aftershocks are mostly concentrated in the deep patches
with small coseismic slip (Fig. 2). We hypothesize that the
deep segments of the Wenchuan fault only partially rup-
tured during the coseismic rupture process and that the slip
deficit is released by aftershocks or aseismic afterslip. This

phenomenon was demonstrated by Cakir et al. (2003) for
the Izmit earthquake and Hsu et al. (2002) for the Chi-Chi
earthquake. Further study on afterslip based on postseismic
deformation may provide some evidence for this hypothe-
sis.

The slip models from both geodetic and teleseismic in-
versions show a general consistency, including reverse be-
havior near the epicenter and a right-lateral strike-slip with
a significant reverse component in the NE part of the main
fault. However, our slip model differs from the teleseismic
results (Ji and Hayes, 2008) when studied in more detail.
The main discrepancy lies in the location of the maximum
slip, which occurs at a much shallower depth in our model
than in that of Ji and Hayes. In order to test whether—
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or to what extent—the near-field coseismic GPS displace-
ments can be explained by seismic source model, we ran
forward modeling using Ji and Hayes’ slip model (Fig. 5).
We found that the observed near-field coseismic displace-
ments, especially at some stations close to the rupture plane,
cannot be fitted well by Ji and Hayes’ slip model in terms of
both amplitude and direction. It is well known that the tele-
seismic waveform inversion may be robust for determining
the source time function and the average focal mechanism,
while the geodetic inversion is more robust for resolving
the spatial distribution of the fault slip. However, it should
also be noted that most of the geodetic observations were
carried out a few days after the earthquake in this study.
Therefore, the signal is contaminated by postseismic dis-
placements, which may lead to an over-estimated fault slip.
A method integrating both near-field geodetic information
and far-field seismic information should provide more reli-
able results.

The listric double-fault source model can explain most of
the observed coseismic displacements, especially in the hor-
izontal components (Fig. 1). The RMS (root mean square)
misfits are 1.28, 1.52 and 4.05 cm, in the EW, NS and ver-
tical components, respectively. These are still significantly
larger than the mean observation uncertainties (1σ ) of 3.0,
3.0 and 7.0 mm, respectively. In addition, from our com-
parison of observed and forward horizontal displacements
(Fig. 1(a)), we found that the residuals are spatially coher-
ent. The inverted slip model overestimates the footwall dis-
placements at 47 of 60 sites (78%). Many factors may cause
the large residuals, such as the assumption of lateral homo-
geneity in the earth model, the simplicity of the fault geom-
etry, topography and inelastic deformation. For example,
the crustal thickness of the Tibet plateau on the NW side and
the Sichuan basin on the SE side of the Longmenshan fault
are about 70 km and approximately 40–45 km, respectively,
with the mean crustal P velocity of approximately 6.25–
6.30 km/s and approximately 6.45–6.50 km/s, respectively
(Teng et al., 2008). Furthermore, the topographic differ-
ence between the Tibet plateau and the Sichuan basin is
almost 3500 m, which may also influence the surface dis-
placements. The higher misfit in the vertical component
may also be attributed to the lower precision of GPS in the
vertical direction.

5. Conclusion
Constrained by the near-field GPS co-seismic displace-

ments, the slip distribution of the Wenchuan earthquake is
estimated based on the layered elastic dislocation model.
With the introduction of a listric fault geometry, the de-
rived double-fault slip model can explain most of the ob-
served GPS displacements. The results are consistent with
the teleseismic results and the field measurement. The slip
in our model shows reverse behavior, with a slip magni-
tude of approximately 4–5 m near the epicenter, varying to
a right-lateral strike-slip with a significant reverse compo-
nent in the NE, with two slip maxima of up to 9 m located
near Wenchuan and Jiangyou, respectively. The modeling
result is also consistent with the historical fault movement
mapped by GPS and field observations.
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