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We establish a reasonable 3D complex fault model. The Global Positioning System (GPS) data is adopted to reproduce the slip
distribution of the 2008 Mw7.9 Wenchuan earthquake. Utilizing the nonnegative least square method, the slip distribution of
the fault plane is recovered. The results are as follows: (1) The released seismic moment of Wenchuan earthquake is 0:959 ×
1021 N · m. The deep of the rupture is mainly within 15 km. (2) The rupture mainly occurred along the Beichuan fault,
indicating that the Beichuan fault is the main rupture fault. On the southern section of the Beichuan fault, the rupture is
concentrated from Yingxiu to Longmenshan and from Yuejiashan to Qingping areas, with mainly thrust slip. On the northern
section of the Beichuan fault, the slip is concentrated near the surface of Beichuan and Nanba areas, with thrust and strike slip.
On the Pengguan fault, the slip is mainly located near Hanwang with thrust and strike slip. (3) The GPS data are useful for
defining the slip in the shallow part but are useless to determine the slip in the deep part. Meanwhile, the time information of
the rupture cannot be reproduced.

1. Introduction

The 2008 Mw7.9 Wenchuan earthquake caused a large num-
ber of casualties and property losses in China, producing an
extremely complex fault along Longmen Shan. The Long-
men Shan fault zone where the seismogenic fault is located
is of a complex structure, mainly composed of four reverse
faults [1]. The earthquake produced a 300 km fault plane;
two faults Beichuan Yingxiu fault (Beichuan fault) and
Guanxian Jiangyou fault (PengGuan fault) close to parallel
in space are formed [2, 3]. The two main rupture zones have
surface fractures in the Beichuan Yingxiu fault (BCF) and
Pengguan fault (PGF). The former is 240 km long, while
the latter is 72 km long [1, 3, 4]. The complex fault and sur-
face rupture show that the rupture process of the Wenchuan
earthquake is very complex. Abundant observation records
have been obtained after the earthquake, including seismic
records, geodetic data (GPS data), and interferometric syn-
thetic aperture radar (InSAR). After the Wenchuan earth-
quake, abundant research results were obtained. There are
very few examples of such rich research results before the
Wenchuan earthquake.

For this earthquake, a great deal of researchers have
given the rupture history [2, 5–17, 20–23]. These studies give
the main characteristics of the rupture: the Wenchuan earth-
quake is mainly characterized by thrust slip. The length of
the fault plane is about 300 km. The rupture duration is
about 100 s. The distribution of the slip on the fault plane
is very uneven, and the two areas with the largest slip are
located in the Yingxiu and Beichuan areas with the most
serious earthquake damage.

The role of GPS data in source rupture inversion is a
research hotspot. In the existing studies using GPS data, the
south section of BCF mostly adopts a single dip model. This
is different from the real situation. The dip angle of the south-
ern segment of BCF increases gradually from deep to shallow.
In order to reveal the effect of GPS data for the Wenchuan
earthquake, we adopt a 3D complex fault model and a large
amount of GPS data to obtain the slip distribution of this
earthquake. Based on the research results about the three-
dimensional fault model, aftershock distribution, and surface
rupture investigation, the 3D complex fault model is estab-
lished. The south section of BCF adopts the model with dip
angle gradually increasing from deep to shallow. The main
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purpose of this study is to research whether GPS data can dis-
tinguish slip on a complex fault.

2. Fault Rupture Model

According to the results of [1, 3] and Hubbard et al. (2009,
2010), the seismogenic fault of the Wenchuan earthquake
has obvious segmentation characteristics. The source rup-
tured towards the northeast, and the dip angle gradually
increased. In the southern part of the fault, the dip angle
gradually increases from deep to shallow. On the basis of this
research, a 3D complex fault model is established [17]. Here,
the 3D fault model is adopted (Figure 1). The model con-
tains the Beichuan fault (BCF) and the Pengguan fault
(PGF). The southern part of the BCF fault has four seg-
ments: BCF1, BCF2, BCF3, and BCF4 with the dip angles
of 65°, 50°, 33°, and 20°, respectively. The northern part of
the BCF fault is BCF5 with a dip angle of 60°. The dip angle
of PGF is 33°. The sizes of BCF1, BCF2, BCF3, and BCF4 are
132 km × 6 km, 132 km × 6 km, 132 km × 12 km, and 132
km × 15 km, respectively. The sizes of BCF5 and PGF are
180 km × 30 km and 132 km × 18 km, respectively. The size
of the subfault is 5 km × 3 km. The number of subfaults of
BCF1, BCF2, BCF3, BCF4, BCF5, and PGF is 52, 52, 104,
130, 360, and 156, respectively.

3. Data

After the Wenchuan earthquake, the Working Group of the
Crustal Motion Observation Network of China Project
(WGCMONCP) obtained detailed GPS observation data
[24]. GPS data represents the static displacement of the
ground surface and does not involve time information. Con-
sidering the distribution of stations and the quality of
records, stations distributed on both sides of the fault with
good record quality are selected. The horizontal coseismic
displacements recorded by 120 stations are selected as inver-
sion data, and the location of these stations is shown in
Figure 2. The location information of these stations can be
obtained from the WGCMONCP [24]. The horizontal dis-
placement observed at the H035 station near Beichuan is

the largest, with the East-West displacement of 2.379m
and the North-South displacement of 0.481m. The station
is about 2 km away from the surface rupture. At the southern
end of the surface rupture, the East-West displacement of
the H049 station is 1.276m, and the North-South displace-
ment is 0.801m. At the north end of the surface rupture,
the East-West displacement of the H010 station is 0.415m,
and the North-South displacement is 1.005m. With the
increase of fault distance, the observed permanent displace-
ment decreases rapidly. The location of station 2037 is
located in the footwall, with fault distance of 100 km. The
observed East-West displacement is 0.115m, and the
North-South displacement is only 0.026m. The H034 sta-
tion, which is located in the hanging wall with a fault dis-
tance of about 90 km, has an East-West displacement of
0.209m and a north-south displacement of only 0.055m.

From the distribution of these stations, there is a certain
amount of GPS stations in the area close to the seismogenic
fault. There are QLAI, H060, 2049, Z246, PIXI, H050, H049,
and H044 in the south section of the Beichuan fault and
PGF. There are the H035 and Z122 stations near Beichuan,
2020 and H032 stations near Nanba, and the H010 station
near the north end of the fault. The GPS observation values
of these stations are large, and in the inversion, the observa-
tion GPS data is not normalized. So, the observation GPS
data with large values are very important to constrain the
slip distribution on the fault plane.

4. Method

The nonnegative least-square inversion method is utilized
for this inversion [25]. The fault is divided into the subfaults
with size 5 km × 3 km according to the result of Hartzell
et al. [9]. The slip of these subfaults is the matrix x. The
observed data of stations is matrix b. The calculation of
Green’s function of the GPS station is based on the program
of psgrn and pscmp of Wang et al. [26]. A 1D crustal veloc-
ity model (Table 1) is selected according to Hartzell et al. [9].
Matrix A is the green function. The inversion function is as
follows.
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Figure 1: The 3D complex fault model of the Wenchuan earthquake.

2 Geofluids



A

λ1M

λ2S

2
664

3
775 x½ � ≅

b

0
0

2
664

3
775: ð1Þ

The inversion is stabilized by appending smoothing, S,
and moment minimization, M, constraints to the least-
square problem (Hartzell et al. [9]). The matrix of M is a
unit diagonal matrix utilized to minimize moments by let-
ting xi = 0. The smoothing constraint matrix of S is utilized
to minimize differences of slip between adjacent subfaults.
The weights λ1 and λ2 can control the trade-off between sat-
isfying these constraints and fitting the data. The values of λ1
and λ2 can be obtained by trial and error.

Compared with seismic data inversion, GPS data inver-
sion is relatively simple, because it does not involve the time
process of rupture. The subfault contains only one time win-
dow, and it does not matter with source time function. For
calculating Green’s function, the displacement at the station
can be obtained by assuming that the subfault has slip 1m
along the strike and dip direction. The observed GPS data
has certain error, about 1-5mm [24]. The observed values
of the stations far away from the fault are small and may
have great uncertainty (Shen et al. [13], Hartzell et al. [9]).
The error of observed GPS data is caused by the observation
instrument or the observation method itself [24]. So, the
records with small observed values may have greater uncer-
tainty. In the inversion, the data is not normalized; the
records with small observed values occupy a small weight
in inversion. In the inversion, the data is not normalized,
so the records with small observed values and greater uncer-
tainty occupy a very small weight. In the inversion, the num-
ber of equations is 240, and the number of parameters is
1708. The number of equations is less than the number of
parameters. In inversion, it is necessary to apply limiting
conditions to obtain a stable solution. The limiting condi-
tions is the matrix of M and S in formula (1).

5. Result

5.1. Observed and Synthetic GPS Data. Form the comparison
between observed and synthetic GPS data (Figure 3), the
large amplitude of these stations near the fault are well
explained, such as H050, Z246, 2049, PIXI, H049, H044,
Z122, H035, H032, 2020, H010, H011, and H012. On the
other hand, the observed data for the stations with large fault
distance are not well simulated. These stations with small
fault distance are important to recover the slip distribution.
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Figure 2: The position of 120 horizontal GPS observation stations; red and black squares indicate the footwall and hanging wall stations,
respectively. The rectangle box is the projection of the fault, and the pentagram is the epicenter. The blue circles indicate towns.

Table 1: The structural mode.

Sichuan
(footwall)

Vp

(km/s)

Vs
(km/
s)

Density
(g/ml)

Thickness
(km)

Qp Qs

4.8 2.7 2.2 6 200 100

6.0 3.4 2.4 4 600 300

6.2 3.5 2.6 15 600 300

6.6 3.8 2.8 15 600 300

8.08 4.47 3.37 — 800 400

Tibet(hanging
wall)

6.0 3.4 2.4 10 600 300

6.2 3.5 2.6 15 600 300

5.9 3.1 2.6 20 600 300

6.6 3.8 2.8 10 600 300

8.08 4.47 3.37 — 800 400
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5.2. Slip Distribution. The result are shown in Figure 4 and
Table 2. The seismic moment is 0:959 × 1021 N · M. Accord-
ing to the consistency between the magnitude and direction
of the result, the synthetic records are in good agreement
with the observed horizontal deformation vectors. The slip
is mainly distributed in the shallow part of the fault. On
the Beichuan fault, the slip is concentrated near the surface
point of Hongkou, Qingping, Beichuan, and Nanba, which
have large coseismic displacement. The slip on PGF is much
smaller, which is distributed at the bottom of the southern
end of the fault and the area from Bailu to Hanwang.

The maximum slip of the south section of Beichuan fault
is 8.6m, which is located near the surface of Hongkou. The
seismic moment is 0:423 × 1021 N · M, accounting for 44%
of the total seismic moment. The near surface area of Hon-
gkou is dominated by thrust, and the area near Qingping is
also dominated by thrust dislocation. The maximum slip of
PGF is 5.8m, and the released seismic moment is 0:159 ×
1021 N · M, accounting for 17% of the total seismic moment.
The slip on the fault is dominated by thrust. The maximum
slip on BCF5 is 8.8m, and the released seismic moment is
0:377 × 1021 N · M, accounting for 39% of the total seismic
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Figure 3: Comparison between observed GPS data (blue curves) and synthetic data (red curves).
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Figure 4: The slip distribution of the 3D model of Wenchuan earthquake based on inversion of GPS data. The characters are the towns. BL:
Bailu; HW: Hanwang; YX: Yingxiu; HK: Hongkou; LMS: Longmenshan; YJS: Yuejiashan; QP: Qingping; GC: Gaochuan; BC: Beichuan; NB:
Nanba; QC: Qingchuan.

Table 2: The inversion result.

PGF BCF1-4 BCF5
Moment (1021 N·m)

Slip/m Moment (1021 N·m) Slip (m) Moment (1021 N·m) Slip (m) Moment (1021N·m)

5.8 0.159 8.6 0.423 8.8 0.377 0.959
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moment. Near the surface of Beichuan and Nanba, there are
strike and thrust dislocation.

In general, the slip is mainly distributed at a depth of
above 15 km. In the south section of the Beichuan fault,
the slip is concentrated from the Yingxiu to Longmen-
shan and from the Yuejiashan to Qingping areas with
high dip angles. On BCF5, the slip is concentrated near
the surface of Beichuan. In the area of Nanba and the
north of Nanba, the dislocations are distributed in the
range of about 35 km from the near surface of Nanba to
the north side of Nanba. The slip under Nanba is strike
slip. On the PGF, the slip is concentrated in the area near
the surface of Hanwang and the area under the Bailu. The
slip is thrust near Hanwang. The slip in the deep area is
very small.

5.3. Coseismic Displacement and Slip Near Surface Area. The
comparison between coseismic displacement and slip of the
subfaults near the surface area is shown in Figure 5. The
comparison of results shows that for the points where coseis-
mic displacements are observed, the slip of the subfaults near
the surface area is in good agreement with the observed
coseismic displacement. For PGF, there is slip near the sur-
face in the southern part. But the observed data is not
obtained. Near BL, these two data are equal. Near the MZ
(Mianzhu), the inversion data is larger than the observed
data. On BCF, the amplitude of the inversion data is almost
the same as that of the observed value. Near YX, BC, and
NB, the inversion data is a little bigger than the coseismic
displacement.

The inversion result shows that the slip near surface sub-
faults is almost the same as the observed value. For the
inversion conducted by the seismic record, the result is
worse than the GPS data.

5.4. Comparison with Other Research Results. From the
results of other researches on the utilized GPS data [6, 7, 9,
13], the locations of the rupture and slip type in the fault
are similar. Although the fault models and number of GPS
data are different, the rupture is mainly occurred near the
start rupture point, Yingxiu, Yuejiashan, Beichuan, and
Nanba areas. The slip in the PGF is smaller than BCF. But
the value of the slip and size of the slip area are different.

Feng et al. [7] obtained the coseismic fault slip from the
joint inversion of InSAR and GPS data. The fault model of
BCF contained three segments with different dip angles.
The southern segment of BCF has a dip angle of 47°

(Figure 6). In this paper, the fault of the southern segment
of BCF has different dip angles from deep to shallow with
20°, 33°, 50°, and 65°. Both results showed that the slip is
mainly distributed near Hongkou and Qingping areas. The
slip pattern near Hongkou is the dip slip with maximum slip
value. The slip near Qingping is mainly the dip slip with a
small amount of strike slip. Feng et al. [7] obtained that
the slip near the south end of BCF in Figure 6 has a certain
amount of slip. It is worth noting that the results in this
paper showed that there is no sliding in this region. There
is certain sliding at the lower side of the south section of
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PGF fault with the same slip pattern. GPS data do not easily
distinguish the slip on two faults that are very close in space.

It is noteworthy that the change trend of the slip near
surface subfaults is coincident with the observed coseismic
displacement for various researches. The GPS data is useful
to determine the slip in the shallow part.

6. Discussion

In order to demonstrate the strengths and limitations of geo-
detic in the inversion of rupture process, the rupture history
of the Wenchuan earthquake is obtained by a large number
of observation records. From the comparison between
observed and synthetic GPS data, the coincidence degree of
near fault stations with a large amplitude is better than that
of stations with small amplitude faraway form the fault. The
amplitude of observation record decreases sharply with the
increase of distance. Therefore, it is very important to select
stations close to the fault with large amplitude for limiting
the inversion result. The observed values have the range 2-
5mm uncertainties [13]. So, the stations far away from the
fault have larger uncertainties. In the inversion, it is not nec-
essary to normalize the observation records. The smaller
values with larger uncertainty have less weight in the
inversion.

In our inversion, the strengths and limitations of geo-
detic data are obvious. The inversion is very easy to achieve,
because it includes the simple point measurement data with
no time dimension. Because the observations represent real
ground motion, the observed data can accurately limit the
location of the slip.

The results of GPS data can only reflect the slip in the
shallow part and cannot reveal the fracture in the deep part.
We only take the slip values of some fault areas and synthe-
size GPS data through the forward modeling method, so as
to analyze the contribution of slip in different areas to the
synthetic records. The reliability analysis of the results shows
that the slip of the shallow part on the fault plane is the main
contribution to the synthetic record of the stations near the
fault, such as H035, H049, and H010. The contribution of
the deep regional slip to synthetic records is much smaller.
From the result of geodetic inversion, the slip is mainly con-
centrated in the shallow areas. Then, the GPS data are cru-
cial for controlling the slip on the shallow part but are
insensitive to deeper faulting.

7. Conclusion

For the purpose of reproducing the slip distribution of the
Wenchuan earthquake, the GPS data and 3D fault model
are adopted. The results show that the Beichuan fault is
mainly the rupture plane for this earthquake. The maximum
slip is about 9.0m. The Beichuan fault has five large slip
areas (asperity). One is located near the start rupture point.
The two asperities near Hongkou and Beichuan have large
slip values. Near Yuejiashan and Nanba are the rest asperi-
ties. In total, the slip changes from thrust to thrust and strike
slip from south to north. Although the fault models and GPS
data are different for the researches, the inversion results of

GPS data are similar. The slip is mainly concentrated near
the surface of Beichuan fault, near Hongkou, Qingping, Bei-
chuan, and Nanba area.

It can be seen from the comparison between the slip near
surface area and coseismic displacement that for the points
where coseismic displacements are observed, the slip of the
subfaults near surface area are in good agreement with these
observed coseismic displacements. It shows that the inver-
sion result of GPS data is relatively stable and the data is very
important for constraining the slip dislocation in the fault
plane.
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