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On12May 2008, theWenchuan earthquake (Mw7.9) produced complicated thrust-type co-seismic surface rup-
ture zones, which encompass the dextral-slip thrust of the Yingxiu–Beichuan fault, the approximately pure
thrust of the Guanxian–Anxian fault, and the sinistral-slip thrust of the Xiaoyudong rupture zone located be-
tween the former two. In order to understand the faulting mechanism, we discuss the rupture process by exam-
ining the segmentation and kinematics of the surface rupture zones, together with the co-seismic fault striations
at various sites. Based on the two along-strike main displacement peaks (6–6.5 m and 11–12 m) and on the dif-
ferent geometric and kinematic patterns for the southern and northern segments of the surface rupture zones,
we find that the Wenchuan earthquake might have consisted of two rupture stages, which is in agreement
with seismic wave inversion results. By comparing the kinematics of fault striations occurring in the Bajiaomiao
and Beichuan areas, it suggests that during the first stage, thrusting along both the Yingxiu–Beichuan fault and
Guanxian–Anxian fault produced the ~80–100 km-long Yingxiu–Qingping surface rupture segment and the
~80 km-long Guanxian–Anxian surface rupture zone, respectively. Then, faulting was triggered along the
Yingxiu–Beichuan fault by the first rupture process, yielding the second rupture stage, which was characterized
by dextral strike-slip (or dextral oblique thrusting). Due to the overlap between the two rupture stages, the
southern segment (Yingxiu–Qingping) of the Yingxiu–Beichuan rupture zone comprises two different processes
while the northern segment (Gaochuan–Beichuan–Shikan) only suggests one rupture phase.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Geophysical studies of the rupture process of an earthquake are
based on the assumption that slip on fault planes varies through time
and space (e.g., Chen et al., 2008; Y. Zhang et al., 2009a). The rupture
process of an earthquake is related to a single fault, meaning that the
seismogenic fault is a single fault. If the rupture process is related to dif-
ferent faults, the focal mechanism of the earthquakewill change during
the rupture propagation (Y. Zhang et al., 2009b), and the rupture pro-
cess indicated from seismic wave inversion based on one seismogenic
fault will be too simple to be realistic. The properties and distribution
of surface rupture zones should be considered in the rupture process
models of an earthquake. Surface rupture traces are the most direct
evidence of an earthquake rupture process at the surface. Studying the
surface ruptures can allow rupture process models from seismic wave
Academy of Geological Sciences,
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inversion, and is important to understand the rupture mechanism and
rupture process of an earthquake.

On 12 May 2008, the catastrophic Wenchuan earthquake
(Mw 7.9) occurred in the Longmenshan thrust belt, which separates
the Tibetan Plateau from the Sichuan Basin. This earthquake formed
~270 and ~80 km-long co-seismic surface rupture zones along the
Yingxiu–Beichuan fault and Guanxian–Anxian fault, respectively, and
a 6–8 km-longXiaoyudong surface rupture zonewhich links the former
two (Fu et al., 2008, 2011; H.B. Li et al., 2008a,b, 2009, 2013; Liu et al.,
2008; Liu-Zeng et al., 2009; Xu et al., 2008, 2009; Y. Li et al., 2008,
2009) (Fig. 1). The Yingxiu–Beichuan surface rupture zone is character-
ized by thrusting with dextral slip, while the Guanxian–Anxian surface
rupture zone is nearly pure thrust, and the Xiaoyudong surface rupture
zone is a thrust with sinistral strike-slip. How can such complex surface
rupture zones form in a single earthquake?What is the rupture process
of the Wenchuan earthquake? These questions are crucial to under-
stand the mechanism of the Wenchuan earthquake. Slip-partitioning
has been suggested to explain why the two main sub-parallel rupture
zones have different kinematic properties (e.g., Hubbard et al., 2010;
Liu-Zeng et al., 2009). Geophysicists and geologists have studied the
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Fig. 1. Longmenshan fault belt along the eastern margin of the Tibetan Plateau and distribution of the surface rupture zones of the Wenchuan earthquake (Mw7.9).
W–M.F.: Wenchuan–Maoxian fault; Y–B.F.: Yingxiu–Beichuan fault; G–A.F.: Guanxian–Anxian fault; P–Q.F.: Pingwu–Qingchuan fault; M.F.: Minjiang fault; H.F.: Huya fault;
L.F.: Longquanshan fault. The four stereographic projections indicate the characteristics of the surface rupture planes and the co-seismic fault striations at Longchi, Bajiaomiao, Beichuan,
and Nanba.
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rupture process of the Wenchuan earthquake from different perspec-
tives, but neither seismic wave inversion results (Chen et al., 2008; Ji,
2008; Nakamura et al., 2010; Wang et al., 2008; Y. Zhang et al., 2009a,
b; Zhao et al., 2010) nor field investigation from the surface rupture
zones (Dong et al., 2009; H.B. Li et al., 2008a,b; Y. Li et al., 2008; Z.Q. Li
et al., 2008) give a comprehensive understanding of the rupture pro-
cess. Aiming at understanding the faulting mechanism, we discuss the
rupture process of the Wenchuan earthquake by examining the geom-
etry and kinematics of the surface rupture zones, the co-seismic fault
striations at various sites, together with seismic wave inversion results.

2. Geometry, kinematics, and segmentation of the surface
rupture zones

2.1. The Yingxiu–Beichuan rupture zone

The Yingxiu–Beichuan fault is the central fault of the Longmenshan
thrust belt (Li et al., 2006). Comprising several NE30°–70° striking sec-
ondary faults, this fault has been active since the Late Pleistocene (Chen
et al., 2007; Densmore et al., 2007; Li et al., 2006; Yang et al., 1999; Zhao
et al., 1994). The fault can be divided into Yangjing–Wulong fault,
Yingxiu fault, and Beichuan fault, based on the geometry, tectonic
geomorphology, and kinematics.

The Yingxiu–Beichuan rupture zone extends along the Yingxiu fault
and Beichuan fault. Surface rupture traces start near the town of Yingxiu
in the southwest, and end near the town of Muyu in the northeast, with
a total length of 270–300 km (Jia et al., 2009; H.B. Li et al., 2008a,b; Lin
et al., 2009), or 220–240 km (Fu et al., 2011; Liu-Zeng et al., 2009; Xu et
al., 2009; Y. Li et al., 2008).

Located in Shaba village, Qushan town in BeichuanCounty, the largest
vertical displacement and the maximum horizontal displacement are
both ~12 m (H.B. Li et al., 2008b, 2009) along the Yingxiu–Beichuan sur-
face rupture zone. Splitting at Qingping Town, this rupture zone can be
separated into a southern and a northern segment, based mostly on the
geometry and slip magnitude distribution of the surface rupture (Fig. 1,
H.B. Li et al., 2009). The southern segment goes through the towns of
Yingxiu, Hongkou, and Qingping, while the northern segment extends
through those of Gaochuan, Beichuan, and Shikan (Fig. 1). Our segmenta-
tion of the surface rupture zone is consistentwith the suggestion that the
structure of the Beichuan and Yingxiu faults are different, which was
already proposed from seismic reflection profiles (Jia et al., 2009).

2.1.1. The southern segment (Yingxiu–Hongkou–Qingping)
The southern segment of the Yingxiu–Beichuan rupture zone can be

subdivided into the Yingxiu–Hongkou–Bajiaomiao part to the south
and the Bajiaomiao–Qingping part to the north because of their differ-
ent geometry.

(1) The two Yingxiu–Nanyue and Matou–Shenxigou–Bajiaomiao
branches form the Yingxiu–Hongkou–Bajiaomiao rupture. Characterized
by reverse fault scarp structures, the former branch propagates to the
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Fig. 2. Photos showing pure thrust characteristics along the Yingxiu surface rupture zone. (a) Aerial photo of Yingxiu town after the Wenchuan earthquake. Red arrows indicate
location of the surface rupture zone; (b, c) reverse fault scarp on the road in Yingxiu town, with a vertical displacement of 2.5 m, without horizontal offset; (d) fault scarp at Yuzixi
site, with a vertical displacement of 1.7 m, without horizontal offset; (e) fold bending scarp of the road in Nanyue village, with a vertical displacement of 1.6 m, without horizontal
offset.
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northeast and merges with the latter branch near Hongkou. The
~15 km-long Yingxiu–Nanyue branch is a nearly pure thrust without
horizontal component (Fig. 2). The northwestern wall is uplifted, with
a maximum vertical displacement of 3 m along the Yingxiu–Nanyue
branch. Fault scarps are well-developed along the ~35 km-long
Matou–Shenxigou–Bajiaomiao branch, which is characterized by thrust-
ing with right-lateral strike-slipmovement (Fig. 3). Themaximumverti-
cal and horizontal displacements observed at Shenxigou are 6 and 5 m,
respectively (Fu et al., 2008; H.B. Li et al., 2008a,b; Liu et al., 2008; Xu
et al., 2008, 2009; Y. Li et al., 2008, 2009) (Fig. 3a). At Bajiaomiao, the
largest vertical displacement of ~6 m and a horizontal offset of 2–3 m
along the southern segment of the Yingxiu–Beichuan rupture zone
have been measured (H.B. Li et al., 2008b; Liu et al., 2008; Liu-Zeng et
al., 2009; Y. Li et al., 2008).

(2) The 60 km-long surface rupture along the Baijiaomiao–Qingping
branch can only be observed at a few sites because of the high relief and
due to the presence of numerous landslide deposits. Distribution of
surface ruptures can be inferred from the linearly distributed landslides
on the satellite images that occurred right after the earthquake. At the
site located 6 km northeast of the town of Longmenshan, the road is
vertically offset by 2.2 m with a right-lateral offset of 2.6 m, yielding a
waterfall in the river.

It is clear that along the southern segment of the Yingxiu–Beichuan
surface rupture zone, all ruptures show the characteristics of thrusting
with right-lateral strike-slip, except the pure thrusting along the
Yingxiu–Nanyue branch.
(b)

~2.4 m

NE SW
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SW

~5 m

~3

Fig. 3. Photos showing thrusting with dextral slip characteristics along the Shenxigou–H
displacement of 3.2 m and dextral horizontal offset of 5 m. The maximum vertical displacem
displacement of 1.1 m, and dextral horizontal offset of 2.4 m; (c) fault scarp at Baijiaomiao
2.5 m.
2.1.2. The northern segment (Gaochuan–Beichuan–Shikan)
Striking NE45°, the ~160 km-long northern segment of the

Yingxiu–Beichuan rupture zone goes continuously through the towns
of Gaochuan–Beichuan–Shikan, and fades away to the northeast. A set
of NE45° striking dextral shear cracks, which should be visible at the
northern end of the surface rupture zone, were observed along the
road west of Muyu (H.B. Li et al., 2008b).

South of the town of Leigu, where the left-stepping area of the two
branches of the Beichuan fault is located, the surface ruptures stretch
along themountain front, and the strike changeswith the local topogra-
phy. Vertical displacements of ~6 m were observed near Leigu town.
Additionally, three co-seismic fault scarps with a total vertical displace-
ment of 8.5 mwere discovered (H.B. Li et al., 2009). Right-lateral offsets
in this area are about 6 m (Fu et al., 2008; H.B. Li et al., 2008a, 2009; Liu
et al., 2008; Xu et al., 2008, 2009; J.L. Zhang et al., 2009). The highest
fault scarp within this segment was found in Shaba village of Qushan
Town, with a vertical displacement of 10–12 m (Fu et al., 2009; H.B. Li
et al., 2008b, 2009; Liu et al., 2008), which is the maximum vertical
displacement observed in the entire Wenchuan earthquake surface
rupture zone. More importantly, this is the highest vertical displace-
ment caused by a single earthquake yet reported in the world. East of
Maojiaba middle school in Qushan town, a rock wall on the slope was
dextrally offset by 8–10 m, with a mean of ~9 m (H.B. Li et al., 2009).
The maximum right-lateral offset deduced from high-resolution
aerial photos is about 12 m (H.B. Li et al., 2008b, 2009). To the north,
the surface rupture is mainly present on the river terraces all along
(c)

(a)

~2.5 m

~4.5 m

NESW

NE

.2 m

ongkou–Bajiaomiao surface rupture zone. (a) Fault scarp at Shenxigou, with vertical
ent of 6 m is located south of this site; (b) fault scarp at Gaoyuan village, with vertical
of Hongkou town, with vertical displacement of 4.5 m, and dextral horizontal offset of
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Chenjiaba–Pingtong–Nanba–Shikan,with 1–4 mvertical displacements
and similar or higher right-lateral offsets. Vertical displacement values
decrease to the south from Pingtong, and drop to the north, while hor-
izontal offset measurements increase from Chenjiaba to Nanba, indicat-
ing that dextral strike-slip gradually becomes the main kinematics
along the northern segment of the Yingxiu–Beichuan rupture zone.

2.2. Guanxian–Anxian rupture zone

Located 10–15 km east of the Yingxiu–Beichuan fault, the
Guanxian–Anxian fault is the frontal fault of the Longmengshan thrust
belt (Li et al., 2006). This fault is composed of the Majiaoba fault in
the northeastern segment, the Guanxian–Anxian fault (or Guanxian–
Jiangyou fault) in the central segment and the Dachuan–Shuangshi
fault in the southwestern segment.

TheWenchuan earthquake ruptured not only the Yingxiu–Beichuan
fault, but also the Anxian–Guanxian fault, forming an ~80 km-long sur-
face rupture zone (Fu et al., 2008, 2011; H.B. Li et al., 2008a,b; Liu et al.,
2008; Liu-Zeng et al., 2009; Xue et al., 2008, 2009) (Fig. 1). The surface
rupture propagated northeastward from the Zipingpu reservoir, which
is located about 6 km northwest of Dujiangyan City, discontinuously
to the northwest of Cifeng and Tongji of Pengzhou City, thenwentwith-
out interruption along Bailu, Jiulong, and Hanwang. The rupture mainly
developed along the pre-existing thrust fault between the Triassic sand-
stone and the Jurassic sandstone-conglomerate. StrikingN40°–70°E, the
rupture is mainly composed of folding structures. In some areas, the
rupture fault plane dips 30°–50° to the NW, with a significantly lower
dip angle compared to the Yingxiu–Beichuan rupture. The rupture is
characterized by almost pure thrust motion that uplifted the surfaces
of roads, school buildings, rivers, terraces and cultivated fields (Fig. 4).
The vertical displacement averages 2–3 m, with a maximum of ~4 m
(Fu et al., 2008, 2011; H.B. Li et al., 2008a,b; Lin et al., 2009; Liu et al.,
2008; Liu-Zeng et al., 2009; Xue et al., 2008, 2009).

2.3. Xiaoyudong rupture zone

Between the Yingxiu–Beichuan and the Guanxian–Anxian rupture
zones, a 6–8 km-long, NW290–330° striking surface rupture zone can
be seen near Xiaoyudong town (Fig. 1). It is mainly composed of
folding structures, and characterized by thrusting from SW to NE
with left-lateral strike-slip component (Fig. 5). This fault links the
Yingxiu–Beichuan and the Guanxian–Anxian ruptures as a lateral
ramp or tear fault between the two NE-SW striking thrusts. The vertical
and left-lateral horizontal offsets reach ~1–2 m and ~1–3 m, respec-
tively, along the rupture zone (Fu et al., 2008, 2011; H.B. Li et al.,
2008a,b; Lin et al., 2009; Liu et al., 2008; Liu-Zeng et al., 2009; Xue et
al., 2008, 2009). In general, left-lateral horizontal displacements are
equal to or are slightly larger than the vertical displacements (H.B. Li
et al., 2008b; Liu et al., 2008; Y. Li et al., 2009). The rupture mainly
~2.0 m

(a)

SENW

Fig. 4. Photos showing pure thrust characteristics of the Anxian–Guanxian surface rupture z
izontal offset; (b) fault scarp at Jiulong, with vertical displacement of 2.5 m, without horizo
propagated along the river or its terraces, and is represented by col-
lapse, landslides or fissures along the mountain slopes. This rupture ap-
pears to be a new fault generated by the Wenchuan earthquake, since
there is no evidence of pre-existing fault (J.L. Zhang et al., 2009). Anoth-
er interpretation is that the Xiaoyudong rupture zone has developed
along a pre-existing fault (Y. Li et al., 2009), and formed because of
the differential thrust motion of the thrusting blocks during the
Wenchuan earthquake (H.B. Li et al., 2008b; Y. Li et al., 2009). How
did the Xiaoyudong rupture formed and was it generated by a
pre-existing fault are questions that are still debated and need to be
addressed.

3. Co-seismic fault striations

3.1. Types of fault striations

Fault striations are parallel grooves or scratches located on the
fault plane, and are formed by relative motion of the two walls of
the fault. The grooves or scratches are wide and deep at one end,
while narrow and shallow at the other end. The hanging wall and
footwall direction of motion can be identified from the extending
direction and the shape of the striations (Means, 1987).

Co-seismic fault striations arewell-preserved on different segments of
the surface rupture zone. Clear fault striations can be seen on the rupture
plane at many sites such as Longchi tunnel, Bajiaomiao, Shangping,
Qushan, Nanba, Shikan, located along the Yingxiu–Beichuan rupture
zone, and at Jiulong along the Guanxian–Anxian rupture zone. These stri-
ations can be classified into two types (Fig. 6): (1) Tracks on the fault
gouge which are formed by hard material on the surface or at shallow
depth scraping the soft surface of the rupture plane (Fig. 6a). This kind
of striations is characterized by relatively large single tracks of limited
widths, and curved at places. (2) Parallel micro-scratches formed by
scratching and polishing between the rocks of the hanging wall and the
footwall (Fig. 6b). A single track of this type is small,while all striations to-
gether normally compose a large-scale slickenside. These striations are
normally penetrative, meaning that different layers on the fault plane
have similar striations. Resembling stretching lineations, these striations
reflect high temperature friction (Power and Tullis, 1989; Spray, 1989).
It is clear that this kind of striation was generated at depth by previous
earthquakes, and was mixed with new co-seismic striations, with similar
slip directions. These co-seismic striations can not only indicate the slip
directions, but also reflect the dynamic process of the surface rupture.

3.2. Characteristics of the co-seismic fault striations

Co-seismic fault striations observed along the Guanxian–Anxian
rupture zone and the southern segment of the Yingxiu–Beichuan rup-
ture zone are different from those observed along the northern segment
of the Yingxiu–Beichuan rupture zone.
SW NE

~2.5 m

(b)

one. (a) Fault scarp at Hanwang town, with vertical displacement of 2 m, without hor-
ntal offset.
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Fig. 5. Photos showing thrust with sinistral strike-slip characteristics along the Xiaoyudong surface rupture zone. (a) The Xiaoyudong surface rupture zone is indicated by the red
line; (b) the ditch was sinistrally offset by 2.1 m, with a vertical displacement of 1.2 m.
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3.2.1. The southern segment of the surface rupture zones
Co-seismic fault striations can be found at two main sites along

the southern segment of the surface rupture zones: in Jiulong Town
of Mianzhu City, along the Guanxian–Anxian rupture zone, and in
Bajiaomiao (Hongkou Town), located on the southern segment of the
Yingxiu–Beichuan rupture zone where most of the rupture planes
have collapsed because of rain and gravity of the scarp.

3.2.1.1. Bajiaomiao site. At Bajiaomiao in Hongkou Town, the fault
plane dips 75°–84° to the NW. Two groups of striations developed
on the rupture surface of the hanging wall (Fig. 7), with pitch angles
of 30°–50° and 75°–80° (Fig. 7c). These two groups of striations have
been the focus of many studies, but their incision relationship and the
reported fault properties are still debated (Deng et al., 2008; Dong
et al., 2009; Du et al., 2009; H.B. Li et al., 2008a,b; Lin et al., 2009;
Liu et al., 2010; Wang et al., 2009; Xu et al., 2008; Y. Li et al., 2008;
Z.Q. Li et al., 2008).

After a detailed observation, some people found that the low pitch
angle group striations incised the high pitch angle group striations
(e.g., Dong et al., 2009; H.B. Li et al., 2008b; Y. Li et al., 2008), while
others have opposite ideas (e.g., Liu et al., 2010; Xu et al., 2008,
2009). To identify the incision relationship between different groups
of striations, one cannot just rely on whether they are continuous
on the surface or not. The idea that the continuous group of striations
is formed in the latter period, and that the discontinuous group is
formed earlier, can only be correct if all of the striations belong to
the same plane. However, at the Bajiaomiao site, the two groups of
striations are not exactly on the same plane. What we observe here
on the surface rupture is that the fault gouge is deeply scratched by
the continuous high pitch angle group striations, while the discontin-
uous low pitch angle group striations have shallow scratches. Small
pieces of gouge on the side of the high angle group striations are
(a)

Fig. 6. Different types of co-seismic striations produced by the Wenchuan earthquake. (a) St
low depth scraping the soft surface of the rupture plane; (b) striations formed by scratchin
scratched off by the low angle group striations, forming grooves on
the side (Figs. 7c and 8). It is clear that the low angle group striations
incised those of the high angle group (Fig. 8). Additionally, the high
angle group striations can be seen successively from the surface to
depth on the fault plane, while the low angle group striations can only
be seen about 2 m below the surface. This indicates that the high
angle group striations formed first and were uplifted by 2 m, then the
low angle group striations formed (Fig. 7c).

Both groups of striations are curved. The pitch angle of the high
angle group striations changes from 80° to 75° downward (Fig. 7c).
Curves of the low angle group striations are not as clear as those of
the high angle group because of their discontinuous extension, but
can be seen from pitch angle variations (Fig. 7c).

3.2.1.2. Jiulong site. Few fault striations can be seen along the
Guanxian–Anxian rupture zone besides at the Jiulong site, as there
are not many fault plane outcrops. At the Jiulong site, the riverbed
has been uplifted, forming a fault scarp. Fault striations were observed
on the fault gouge which formed during earlier earthquake activities
(Fig. 9). The fault planes here strike NE10°, and dip 55° to the west.
The pitch angle of the striation here is 85–90°, indicating an almost
pure thrust motion of the fault.

3.2.2. The northern segment of the surface rupture zones
Co-seismic fault striations can be seen atmany sites along the north-

ern segment of the surface rupture zones, for example at Leigu and
Qushan towns in Beichuan County, and at Nanba and Shikan towns in
Pingwu County. Along the surface rupture in Qushan, the co-seismic
fault planes outcrop at the surface, forming fault scarps (Fig. 10), and
co-seismic fault striations were observed on many of the fault planes.
These clear and continuous striations are the most well-preserved stri-
ations along the rupture zone of the Wenchuan earthquake, and give
(b)

riations on the fault gouge which are formed by hard material on the surface or at shal-
g and polishing between the rocks of the hanging wall and the footwall.
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~4.3m
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(c)

Fig. 7. Wenchuan earthquake fault plane at Bajiaomiao, Hongkou town and co-seismic striations on the fault plane. (a) Fault plane outcrop at Bajioamiao and fault striations on the
fault plane. The height of the fault scarp is about 4.3 m; (b) the steep fault plane with a dip angle of 78° at the Bajiaomiao site; (c) Two groups of co-seismic striations on the fault
plane. The earlier phase striations are in blue and the later phase striations are in yellow.
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information on the kinematics of the northern segment of the surface
rupture zone.

The fault planes trend N40°–55°E, and dip 60°–75° to the SE. The
hangingwall in the NWwas uplifted, and the footwall in the SE subsid-
ed, shaping a “normal fault” at the surface. This landform is formed by
the overturned co-seismic oblique thrust fault plane (H.B. Li et al.,
2009). At some sites, the dip direction changes from SE at the surface
to NW at the bottom, confirming the overturning of the fault. The stria-
tions pitch 10°–50° to the SW (Figs. 11 to 13), indicating oblique thrust
motion (with right-lateral strike-slip). The ratio between the strike-slip
component and the thrust component vary at different sites. When the
pitch angle is low, the dextral slipmotion dominates (Fig. 11), while the
strike-slip component is nearly equal to the thrust component where
the pitch angle is high (Fig. 12). At the site NE of Maoba middle school,
the pitch angle of the striations increases gradually from ~5°, 10°, 20°,
25° to ~50° downwards (Fig. 11e). Curving of the striations here is dif-
ferent from those at the Bajiaomiao site. The pitch angle of the striations
is 50°–70° where the dip direction of the rupture plane turns to the NW
(Fig. 12f). Some of the fault planes are composed of thin parallel sheet
layers in the Beichuan area, with striations having developed on each
of the sheet layers (Fig. 13b, d, f). These striations were formed by earth-
quake activities prior to the Wenchuan earthquake, with similar direc-
tions to the co-seismic striations (Fig. 13b, d), indicating a long-term
consistent kinematics of the different earthquakes. To the north along
the rupture zone, co-seismic striations pitch 25°–35° to the SW
(Fig. 14b, c), also reflecting the main strike-slip motion of the fault.
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Fig. 8. Incision relationship between the two groups of co-seismic striations on the earthquake fault plane at Bajiaomiao. (a, b) Small pieces of gouge on the side of the high angle
group striations are scratched off by the low angle group striations, forming grooves on the side, indicating that the low angle group striations incised those of the high angle group;
(c, d) explanation of (a) and (b). The earlier phase striations in blue are incised by the later phase striations in yellow.
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Pitch angles of the striations at different sites in the Beichuan area clearly
vary, suggesting a complicated dynamics of the earthquake rupture pro-
cess. These observations reveal that the northern segment of the surface
rupture zone is characterized by oblique thrust motion with a dominant
strike-slip component.

3.3. Comparison of the striations between the southern and northern
segments of the surface rupture zone

Comparing the co-seismic striations at the Bajiaomiao site with
those in the Beichuan area, we found that the kinematics of the south-
ern and northern segments of the surface rupture zone is different.
Both groups of striations at Bajiaomiao site are curved. Especially,
curves of the high pitch angle group striations are continuous and
rotate from top to bottom. The low pitch angle group striations at
the Bajiaomiao site are consistent with those along the northern
Fig.9b

(a)

W E

~2.2 m
~1.8 m

~4.2 m

Fig. 9. Striations along the Guanxian–Anxian rupture zone. (a) Surface ruptures at Jiulong
(b) Nearly vertical striations on the fault plane at the Jiulong site.
segment of the surface rupture zone, except the curving of the
co-seismic striations at Qushan town of Beichuan County which is
clearer (Fig. 11e).

Pitch angles of the high angle group striations at Bajiaomiao site
decrease downward, while pitch angles of the co-seismic striations in
the Beichuan area increase downward. It is clear that the curving of
the co-seismic striations along the southern and northern segments of
the surface rupture zone is quite different. These co-seismic fault stria-
tions are tracks formed by the relative motion of the two walls of the
fault during an earthquake. Therefore, they record the rupture process
where theywere at that time. These two different striationswith differ-
ent curving characteristics represent two different rupture processes
(Fig. 15). The distribution of stress on the fault plane is not homoge-
neous. As a result, not only the striations on the surface fault plane are
curved, but also the slip directions determined from seismic wave
data are curved (Fig. 16).
(b)

NE SW

town of Mianzhu City. Measured vertical displacement range from ~1.8 m to ~4.2 m.
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Fig. 10. Aerial photo showing the Wenchuan earthquake co-seismic surface rupture zone in Eastern Beichuan County. Black spots show the location of Figs. 11, 12 and 13. The
yellow arrows indicate the surface rupture zone.

fig.11b

fig.11f

fig.11e

fig.11c

Fig. 11. Field photos showing subsurface co-seismic striations on the earthquake fault plane east of Beichuan County. (a) Surface rupture observed east of the Maoba middle school.
The dextral horizontal offset is 8–10 m, with a vertical displacement of ~2.5 m; (b) co-seismic fault striations observed on the fault plane, with a pitch angle of ~20°; (c) the 18–20°
striations observed on the fault plane. The black arrow indicates co-seismic striations, and the yellow arrow represents striations formed by previous earthquakes. (d) Fault scarp
with a vertical displacement of ~3 m; (e) curved striations observed on the fault plane shown in (d); (f) local details of the 5–10° striations shown in (e).
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Fig. 12. Co-seismic striations at the bottom of the earthquake fault plane east of Beichuan County. (a) Fault scarp formed in the bedrock. Striations with pitch angle of 20–30° were
observed on the scarp; (b) the overturned thrust forms a normal fault landform, with a vertical displacement of 6–7 m; (c) the co-seismic striations observed on the fault plane with a
pitch angle of ~40°; (d) the overturned thrust surface rupture; (e) co-seismic striations on the bedrock, with a pitch angle of ~50°; (f) the 40–60° striations on the overturned thrust.
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Liu et al. (2010) suggested that the two groups of striations at
Bajiaomiao site were formed by the transfer of the fault motion to
the surface, which means that the two groups of striations do not
reflect two rupture stages, but only a local instantaneous phenomenon
formed during a single rupture. It is difficult to explainwhy there are no
such two groups of fault striations at Qushan Town of Beichuan County.
The scenario that two groups of striations at Bajiaomiao site may repre-
sent two different rupture stages is more credible.

4. Rupture process and slip direction indicated by seismic
wave inversion

Geophysicists have studied the rupture process of the Wenchuan
earthquake by seismic wave inversion, with contrasting results
(e.g. Chen et al., 2008; Ji, 2008; Nakamura et al., 2010; Wang et al.,
2008; Y. Zhang et al., 2009a,b; Zhao et al., 2010). The rupture propagat-
ed from the source located SW of the Yingxiu–Beichuan fault to the NE
in a single direction, and lasted for 90–120 s (Chen et al., 2008; Ji, 2008;
Nakamura et al., 2010; Wang et al., 2008; Y. Zhang et al., 2009a,b; Zhao
et al., 2010). The Yingxiu–Qingping and the Guanxian–Anxian surface
rupture zoneswere formed along theYingxiu and theGuanxian–Anxian
fault, respectively, in the first 40 s of the rupture process, then
the Beichuan fault ruptured and formed the 240–270 km-long
Yingxiu–Beichuan surface rupture zone in the next 50–80 s (Chen
et al., 2008; Ji, 2008; Wang et al., 2008; Y. Zhang et al., 2009a,b).

Regardless of how many sub-events were inverted from seismic
wave data, the fault rupture formed two main slip zones (Fig. 16). The
first one, which is pure thrust or thrust with strike-slip, is located in
the Hongkou area, 40–80 km northeast of the source area. The second
one is located in the Beichuan–Qingchuan area, 140–240 km northeast
of the source, and ismainly strike-slip. Locations and slipmagnitudes of
the two main slip zones are different in different studies. The 6 m slip
along the southern segment of the surface rupture zone has been
revealed by most studies, whereas the slip along the northern segment
of the surface rupture zone is still controversial, especially the 11 mver-
tical slip measured in the field, which is different from seismic wave
inversion results (Fu et al., 2009; H.B. Li et al., 2008b, 2009; Liu-Zeng
et al., 2009). This is an important question that both geologists and geo-
physicists should try to address.

The slip direction changed dramatically during the rupture process,
as shown in the inverted slip distribution cross section (Fig. 16).
Ji (2008) provided a continuously varying slip direction. Near the
Dujiangyan–Hongkou area, the slip is characterized by oblique thrust-
ing with more horizontal component than vertical component at the
surface, and oblique thrusting at depth. The 9 m slip peak in this area
is at depth (8–14 km). In the Beichuan area, slip near the surface is
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Fig. 13. Early phase striations on the earthquake fault plane in the bedrock east of Beichuan County, with a pitch angle ranging from 30° to 45°.
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mainly thrust, while oblique thrusting or strike-slipmotion occurs in the
subsurface (Fig. 16a). Slip directions of the twomain slip zones given by
Wang et al. (2008) are almost identical, i.e. thrust-oblique thrust near the
surface and horizontal movement at depth (Fig. 16c). Inversion results
of Zhao et al. (2010) show a pure thrusting rupture pattern near
Dujiangyan–Hongkou from the surface to 15 km depth, and the slip be-
comes oblique thrust at 15–26 km, then thrust below 26 km (Fig. 16b).
There is only a horizontal slip without any vertical component from
the surface to 10 km depth near Beichuan (Fig. 16b), which is inconsis-
tent with the 6–11 m vertical displacement observed in the field. The
slip vector changes with horizontal distance and vertical depth in each
inversion, anddifferent studies at the same location give different results.
This indicates that the rupture of an earthquake is a complicated dynam-
ic process, and the rupture process inversion has multiple explanations.

We compared the inverted slip direction with the fault striations
(Fig. 16d) measured along the surface rupture zone in the field. The
inverted slip direction in Fig. 16c is inconsistentwith the fault striation di-
rections near the surface, but becomes similar from6 kmdepth. Although
the slip direction in Fig. 16b varies, the inversion results are similar to the
field investigation data near Beichuan. The inverted slip direction near
Dujiangyan–Hongkou area (Fig. 16b, c) shows oblique thrust overlapping
on pure thrust, which is similar to the co-seismic fault striations along the
surface rupture zone at Hongkou–Bajiaomiao (Fig. 16d). Seismicwave in-
version data give the slip field from the surface to depth, while striations
represent the trace of slip vectors at the surface. That theymay be related
to each other is a significant question.

5. Discussion

5.1. Relationship between the fault striations and the rupture event

The two groups of striations on the fault plane of the Wenchuan
earthquake at Baijiaomiao site in Hongkou Town have been studied
by many scientists. Different ideas on the kinematics and seismologi-
cal significances of the striations have been proposed (Deng et al.,
2008; Dong et al., 2009; Du et al., 2009; H.B. Li et al., 2008a,b; Lin et
al., 2009; Liu et al., 2010; Xu et al., 2008; Y. Li et al., 2008; Z.Q. Li et
al., 2008). Most people believe that the low angle group striations in-
cised the high angle group one, and that the two groups of striations
were formed by two different rupture phases during the Wenchuan
earthquake (Dong et al., 2009; H.B. Li et al., 2008a,b; Lin et al., 2009;
Y. Li et al., 2008). Some other scientists suggested that the low
angle group formed first, and then was incised by the high angle
group one (Du et al., 2009; Xu et al., 2008). Another idea is that
these striations can be divided into three groups, indicating three
rupture phases (Deng et al., 2008; Z.Q. Li et al., 2008). Liu et al.
(2010) suggested that the low phase striations are just a local instan-
taneous phenomenon formed in one single rupture.
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Fig. 14. The characteristics of the Wenchuan earthquake co-seismic striations in the Nanba–Shikan area. (a) Fault plane of the Wenchuan earthquake at Nanba town; (b) co-seismic
fault striations on the fault plane at Nanba town, with a pitch angle of 35°; (c) co-seismic fault striations on the fault plane at Shikan town, with a pitch angle of 25°.
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Fig. 15. Sketch map showing the co-seismic striations and blocks moving along the southern and northern segments of the surface rupture zone of the Wenchuan earthquake. The
black lines represent the traces of the striations. At the southern segment, the Yingxiu fault undergoes the first pure thrust sub-event (b) and the second oblique thrust sub-event
(c’). The second sub-event not only curves the striations formed earlier (c’), but also generates new striations, causing the two group striations to overlap at the surface (c). Along
the northern segment, the Beichuan fault undergoes only the oblique thrust sub-event (b’), forming the low pitch angle striations on the surface.
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Themain discrepancies between these different ideas are the incision
relationship between the two group striations andwhether the striations
represent one rupture phase or several phases. The incision relationship
between the striations has been explained above. It is clear that the low
angle group striations incised that of the high angle group. The reason
why some people have opposite ideas is that part of the latter group stri-
ations fell off, making the key informationmissing or unclear. So the only
discrepancy that needs to be discussed here is that whether the two
groups of striations are formed by a single rupture phase or overlapping
distinct rupture phases. The stress is inhomogeneous from the hypocen-
ter deep down to the surface. Themagnitude and direction of slip change
with depth, showing a curved trace (Fig. 16). The ratio of stress drop and
initial stress is an important factor that will influence the variation of slip
vector (Guatteri and Spudich, 1998). Co-seismic fault striations on the
fault plane surface have similar curvature with the slip vector at depth.
The pitch angle of the high angle group striations turns from 80° to 75°
downwards (Fig. 7). This group of striations is continuous and runs
through the fault plane. The low angle group striations developed 2 m
below the surface. Though discontinuous, they incised the earlier high
angle group striations, but are not connected to them. Thus the idea
that the two groups of striations were formed by transition of the fault
motion at the surface in one single rupture phase (Liu et al., 2010) is
not credible. The low pitch angle striations at Baijiaomiao site are similar
to those in the Beichuan area. If they have the same kinematics andwere
formed by the same rupture phase, then the two groups of co-seismic
striations at the Bajiaomiao site could represent two different rupture
phases. The high angle striations represent the earlier thrust rupture
phase, while the low angle striations represent the later strike-slip rup-
ture phase.

5.2. The relationship between segmentation of the surface rupture zone
and the rupture phase

There are two co-seismic displacement peaks along the southern
and northern segments of the Yingxiu–Beichuan rupture zone. Located
around Shenxigou–Hongkou, the maximum vertical displacement of
the southern peak is 6.0–6.5 m. The northern peak centers at Qushan
town of Beichuan County where the maximum vertical displacement
is 11–12 m (H.B. Li et al., 2009). These two displacement peaks, com-
bined with the geometry and kinematics of the surface ruptures, indi-
cate that the surface rupture zones of the Wenchuan earthquake can
be divided into a southern segment and a northern one. The southern
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segment is composed of the NE striking Yingxiu–Qingping and
Guanxian–Anxian rupture zones, and the NW-trending Xiaoyudong
rupture zone. The southern segment kinematics is mainly thrust with
a dextral strike-slip component (except the pure thrust along the
Guanxian–Anxian rupture zone). Vertical displacement is greater than
the horizontal offset along the southern segment of the earthquake
rupture zones. The northern segment is characterized by oblique
thrusting with nearly equal vertical displacement and horizontal offset
(horizontal offset is larger at a few sites). The southern and northern
segment of the surface rupture zone thus correspond to the two rupture
phases inverted from seismic wave data (Chen et al., 2008; Ji, 2008;
Wang et al., 2008).

5.3. Multiple rupture phases in the southern segment of the surface
rupture zone

The southern segment of the surface rupture zones,which constitutes
the Yingxiu–Qingping and the Guanxian–Anxian ruptures, shows com-
plicated geometry and kinematics. As mentioned previously, whether
the complicated surface rupture is produced by one rupture phase or
several phases is still debated. Surface ruptures along Yingxiu–Nanyue
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Fig. 17. Sketch map showing the rupture process of the Wenchuan earthquake. (a) The first
simultaneously, producing the 80–100 km-long parallel Yingxiu–Qingping rupture zone an
along the Yingxiu–Beichuan fault, producing the Beichuan surface rupture zone, and overlap
rupture zones formed by the two different rupture sub-events.
and Guanxian–Anxian are mainly pure thrust, while they are thrust
with dextral strike-slip along Xuanko–Shengxigou–Bajiaomiao. These
complicated surface ruptures are difficult to explain by one single rup-
ture phase. A pure thrust sub-event and an oblique thrust sub-event
are indicated by the different kinematics along the southern segment
surface rupture zone. Seismic inversion results show that two different
rupture phases occurred along the southern and northern segment of
the surface rupture zone (Chen et al., 2008; Ji, 2008; Wang et al., 2008;
Y. Zhang et al., 2009b; Zhao et al., 2010). Then, another question is to
know if the two rupture phases occurred along different faults or partly
overlapped. We conclude that the pure thrust sub-event ruptured the
Anxian–Guanxian fault, while the two sub-events overlapped along the
Yingxiu–Qingping fault. This explanation is consistent not only with
macroscopic kinematics of the surface ruptures, but also with the two
groups of co-seismic striations on the fault plane.

5.4. Single rupture in the northern segment of the surface rupture zone

The northern segment of the surface rupture zone extends northeast-
ward from Qingping along Leigu–Beichuan–Nanba–Shikan toMuyu. It is
not as complicated as the southern segment, with both the surface
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rupture kinematics and the seismic wave inversion results indicating
oblique thrust (with more strike-slip component) motion of the fault.
Although the dextral strike-slip offset and vertical displacement differs
at different sites, the nearly consistent kinematics along the northern
segment of the surface rupture zone indicates a homogenous rupture
phase.

5.5. Rupture process of the Wenchuan earthquake

The discussion above indicates that the surface rupture
zones (~270 km-long Yingxiu–Beichuan rupture, ~80 km-long
Guanxian–Anxian rupture, and ~8 km-long Xiaoyudong rupture) of the
Wenchuan earthquake are produced by a combination of a thrust and
an oblique thrust rupture phase. Originated from14–19 kmunderground
south of Yingxiu, the first pure thrust sub-event ruptured along the
Guanxian–Anxian fault and the Yingxiu fault simultaneously, producing
the 80–100 km-long parallel Yingxiu–Qingping rupture zone and
Guanxian–Anxian rupture zone in about 40 s (Fig. 17a). The ~8 km-long
Xiaoyudong rupture zonehas been also formedduring thefirst sub-event,
butwhether the Xuankou–Shenxigou rupture zone is formed at the same
time remains unclear. The northeastward propagation of the first sub-
event triggered the second sub-event, which was an oblique thrust, pro-
ducing surface ruptures along the Yingxiu–Beichuan fault during the
next 50–80 s. The second sub-event not only ruptured along the northern
segment of the Yingxiu–Beichuan fault, producing the Beichuan surface
rupture zone, but also overlappedwith earlier ruptures along the Yingxiu
fault, forming the Xuankou–Longchi–Shengxigou–Bajiaomiao surface
rupture zone (Fig. 17b).

The two rupture sub-events overlapped along the Yingxiu–Qingping
segment of the surface rupture zone, while only the first sub-event
ruptured along the Anxian–Guanxian fault and the second sub-
event ruptured along the Beichuan fault. This can explain why the
Yingxiu–Beichuan rupture zone is a thrust with dextral strike-slip
component, while the Anxian–Guanxian rupture zone is a pure thrust.
The rupture process discussed here is only a simplified model. The
true rupture process of an earthquake is a much more complicated dy-
namic physical process. This rupture model can explain the geometry
and kinematics of the different surface rupture zones, but still need to
be verified by integrated studies.

6. Conclusions

The Wenchuan earthquake produced a complicated thrust-type
co-seismic surface rupture zone, which encompasses the dextral-slip
thrust of the Yingxiu–Beichuan fault, the approximately pure thrust of
theGuanxian–Anxian fault, and the sinistral-slip thrust of theXiaoyudong
rupture zone located between the former two. Based on the different
geometric and kinematic patterns for the southern and northern
segments of the surface rupture zone, combining the two groups of
co-seismic striations observed in the field at different sites, we conclude
that theWenchuan earthquake consisted of two rupture sub-events. The
first pure thrust sub-event ruptured along the Guanxian–Anxian fault
and the Yingxiu fault simultaneously, producing the Yingxiu–Qingping
rupture zone and Guanxian–Anxian rupture zone. The second sub-
event, which was an oblique thrust (with dextral strike-slip), was trig-
gered by northeastward propagation of the first sub-event, and ruptured
along the Yingxiu–Beichuan fault, producing the Beichuan surface rup-
ture zone and the overlapping Yingxiu–Qingping surface rupture zone.
The rupture model we propose here is well consistent with seismic
wave inversion results.
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