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a b s t r a c t
The 12 May 2008 Ms 8.0 Wenchuan earthquake, China, was one of largest continental thrusting events
worldwide. Based on interpretations of post-earthquake high-resolution remote sensing images and ﬁeld
surveys, we investigated the geometry, geomorphology, and kinematics of co-seismic surface ruptures, as
well as seismic and geologic hazards along the Longmen Shan fold-and-thrust belt. Our results indicate
that the Wenchuan earthquake occurred along the NE–SW-trending Yingxiu–Beichuan and Guanxian–
Anxian faults in the Longmen Shan fold-and-thrust belt. The main surface rupture zones along the
Yingxiu–Beichuan and Guanxian–Anxian fault zones are approximately 235 and 72 km in length, respectively. These sub-parallel ruptures may merge at depth. The Yingxiu–Donghekou surface rupture zone
can be divided into four segments separated by discontinuities that appear as step-overs or bends in
map view. Surface deformation is characterized by oblique reverse faulting with a maximum vertical displacement of approximately 10 m in areas around Beichuan County. Earthquake-related disasters (e.g.,
landslides) are linearly distributed along the surface rupture zones and associated river valleys.
The Wenchuan earthquake provides new insights into the nature of mountain building within the
Longmen Shan, eastern Tibetan Plateau. The total crustal shortening accommodated by this great earthquake was as much as 8.5 m, with a maximum vertical uplift of approximately 10 m. The present results
suggest that ongoing mountain building of the Longmen Shan is driven mainly by crustal shortening and
uplift related to repeated large seismic events such as the 2008 Wenchuan earthquake. Furthermore,
rapid erosion within the Longmen Shan fold-and-thrust belt occurs along deep valleys and rupture zones
following the occurrence of large-scale landslides triggered by earthquakes. Consequently, we suggest
that crustal shortening related to repeated great seismic events, together with isostatic rebound induced
by rapid erosion-related unloading, is a key component of the geodynamics that drive ongoing mountain
building on the eastern Tibetan Plateau.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The Ms 8.0 (Mw = 7.9) Wenchuan earthquake, which struck western Sichuan (Fig. 1a); (US Geological Survey (USGS) 2008) China,
on 12 May 2008, resulted in more than 80,000 fatalities and caused
severe damage to infrastructure. This great quake was the most
destructive and far-reaching seismic event to hit China in the past
60 years, and posed extreme difﬁculties in terms of rescuing survivors (Fu et al., 2009a). Seismological studies indicate that the
mainshock was initiated at approximately 20 km southwest of
the town of Yingxiu, with the rupture propagating northeastward
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for about 300 km at an average speed of 2.8 km/s, over a period
of 110–120 s (ERI, 2008; Nishimura and Yagi, 2008; Wang et al.,
2008a,b). Field investigations reveal that the earthquake ruptured
the NE–SW-striking Longmen Shan fold-and-thrust belt, which
marks the eastern edge of the Tibetan Plateau, where the steep
front of the Longmen Shan range meets the Sichuan Basin
(Fig. 1a; Burchﬁel et al., 2008; Fu et al., 2008; Li et al., 2008; LiuZeng et al., 2008, 2009; Xu et al., 2009). In this region, the elevation
shows a rapid increase from 500–600 m within the Sichuan Basin
to 5000 m within the Longmen Shan over a lateral distance of less
than 50 km, representing the steepest topographic gradient upon
the margin of the Tibetan Plateau (Fig. 1b; Clark and Royden,
2000).
Nearly 300 strong aftershocks (M P 4.5) followed the mainshock (yellow circles in Fig. 1a). The distribution of aftershocks deﬁnes a 300-km-long NE–SW-trending zone along the Longmen
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Fig. 1. Shaded-relief topographic map of the eastern margin of the Tibetan Plateau. (a) DEM of eastern Tibet, showing the epicenters of the 12 May 2008 Wenchuan
earthquake and strong aftershocks (>M 4.0) along with their focal mechanism solutions (FMS). The FMS for the main event and strong aftershocks are from the US Geological
Survey’s National Earthquake Information Center and from Zheng et al. (2009), respectively. (b) Topographic proﬁle across the Longmen Shan and Sichuan Basin, following the
dashed line shown in Fig. 1a.

Shan fold-and-thrust belt (Fig. 1a). Most of the aftershocks occur
along the hanging wall of the belt, shallower than 15–17 km deep,
although the focal mechanism solutions of aftershocks are complex
(Huang et al., 2008; Wang et al., 2009). Aftershocks continued for
more than 1 year, although their frequency decreased over time
(Huang et al., 2008; Zheng et al., 2009).
Previous studies have reported that the Longmen Shan Range
combines very high relief with almost no Cenozoic foreland
sedimentation and little evidence of Cenozoic tectonic shortening
(Burchﬁel et al., 1995; Clark and Royden, 2000; Kirby et al., 2000,
2002). Recent GPS measurements indicate a low rate of horizontal
shortening (<3 mm/yr) in the upper crust across the Longmen Shan
fold-and-thrust belt (Chen et al., 2000; Zhang et al., 2004; Gan
et al., 2007; Meade, 2007), leading to the interpretation that eastward ﬂow of ductile middle–lower crust has resulted in crustal
thickening by inﬂation (Royden et al., 1997, 2008; Clark and

Royden, 2000; Kirby et al., 2002; Burchﬁel et al., 2008). In this regard, the 2008 Wenchuan earthquake may provide clues to the
processes currently operating along the eastern margin of the Tibetan Plateau that result in crustal thickening. The model of lowercrustal ﬂow described above is inconsistent with the 2008 thrusting event, and some studies have argued that crustal shortening related to reverse faulting events is a primary driver of uplift and the
main control on topography across the margin of the eastern Tibetan Plateau (Hubbard and Shaw, 2009; Liu-Zeng et al., 2008, 2009).
Thus, to understand the geodynamics of late Cenozoic mountain
building on the eastern Tibetan Plateau, it is important to investigate the formation and maintenance of the remarkable topography
of the Longmen Shan between the Tibetan Plateau and Sichuan
Basin. Indeed, the 2008 Wenchuan earthquake provides us with
an opportunity to evaluate the nature of mountain building
processes at the eastern margin of the Tibetan Plateau.
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In this paper, we describe the nature of co-seismic deformation
associated with the 2008 Wenchuan earthquake, including the
geometry of surface ruptures, based on nearly 2 years of ﬁeld
investigations combined with interpretations of high-resolution
aerial and satellite images acquired before and after the earthquake, as well as information on regional deformation obtained
by synthetic aperture radar interferometry (InSAR) of Japanese
ALOS PALSAR data. We also discuss the geodynamics of ongoing
mountain building of the Longmen Shan fold-and-thrust belt on
the eastern margin of the Tibetan Plateau.

2. Geological setting
The Tibetan Plateau was produced by collision between the Indian and Eurasian plates at about 50 Ma, and by the subsequent
northward indentation of India into the interior of the Eurasian
continent (Molnar and Tapponnier, 1975; Tapponnier et al.,
1982; Tapponnier et al., 2001).
The NE–SW-trending Longmen Shan fold-and-thrust belt,
which is located at the boundary between the Sichuan Basin and
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the eastern margin of the Tibetan Plateau (Densmore et al.,
2007), is generally considered to have resulted from westward
movement of the crust of the high Tibetan Plateau, resisted by
the strong and stable continental lithosphere that underlies the
Sichuan Basin of the Yangtze block, as revealed by passive source
seismic proﬁling (Zhang et al., 2009, 2010) and seismic tomography (Yao et al., 2008; Lei and Zhao, 2009).
The Longmen Shan fold-and-thrust belt, which is approximately
500 km long and 30–60 km wide, is dominated by four sub-parallel
faults and associated fault-propagation folds, with thrusting occurring to the southeast over the rigid Sichuan block, and dextral motion recorded during the late Quaternary (Deng et al., 1994;
Burchﬁel et al., 1995; Densmore et al., 2007; Godard et al.,
2009a). The four main faults are the Wenchuan–Maoxian (F1),
Yingxiu–Beichuan (F2), Guanxian–Anxian (F3), and Qingchuan (F4)
faults (Fig. 2). It is generally accepted that at least two major orogenic events have affected the Longmen Shan fold-and-thrust belt
since the Mesozoic: a Late Triassic compressional event (Indosinian
orogeny) and a Cenozoic deformation related to India–Asia collision (Burchﬁel et al., 1995; Chen and Wilson, 1996; Wallis et al.,
2003). However, the timing of the complex deformation structures

Fig. 2. Landsat TM image of the Longmen Shan and Sichuan Basin, showing active faults (F1–F6) and surface rupture zones. F1, Wenchuan–Maowen Fault; F2, Yingxiu–
Beichuan Fault; F3, Guanxian–Anxian Fault; F4, Qingchuan Fault; F5, Minjiang Fault; F6, Huya Fault. Surface rupture zones associated with the Wenchuan earthquake (yellow
lines) occur mainly along the pre-existing Yingxiu–Beichuan and Guanxian–Anxian faults.
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of the Longmen Shan fold-and-thrust belt is a topic of ongoing debate (Xu et al., 1992; Deng et al., 1994; Burchﬁel et al., 1995; Chen
and Wilson, 1996; Tapponnier et al., 2001; Li et al., 2003; Wallis
et al., 2003; Densmore et al., 2007). Previous studies have emphasized the fact that deformation of the upper crust in the belt is almost entirely Mesozoic in age (Burchﬁel et al., 1995; Kirby et al.,
2002), indicating that minor large-scale shortening has occurred
during the Cenozoic (Burchﬁel et al., 2008). The amount of late
Cenozoic shortening across the belt may be just 10–20 km (Kirby
et al., 2002; Burchﬁel et al., 2008). The long-term rates of convergence and horizontal slip across the thrust zone are inferred to
be 2 and 3 mm/yr, respectively (Li et al., 2006; Densmore et al.,
2007).
Seismic reﬂection proﬁles show that the Longmen Shan foldand-thrust belt and the western Sichuan Basin contain several
northwest-dipping thrust sheets and imbricate faults involving
Cambrian–Jurassic rocks (Xu et al., 1992; Chen and Wilson, 1996;
Liu et al., 2009).
The eastern Tibetan Plateau has experienced devastating earthquakes in the past, including the 1933 Diexi earthquake (estimated
magnitude, 7.5) that caused large landslides and subsequent catastrophic draining of lakes impounded behind landslide-dams,
resulting in 9300 fatalities. The 1976 Songpan–Pingwu earthquake
(magnitude 7.2) struck the Songpan and Pingwu regions on 16
August 1976, followed by large aftershocks on 22 August (M 6.7)
and 23 August (M 7.2) (Deng et al., 1994). The average recurrence
interval of great earthquakes along the Longmen Shan fold-andthrust belt, such as the 2008 Wenchuan earthquake, has been estimated to be longer than 2000 years (Burchﬁel et al., 2008, Zhang
et al., 2008; Shen et al., 2009; Ran et al., 2010), because no earthquakes larger than magnitude 7 have been recorded along the belt
in the past 2000 years.

3. Surface rupture zone and co-seismic deformation
3.1. Co-seismic surface rupture zone
Observations of co-seismic surface deformation features associated with the 2008 Wenchuan earthquake provide a rare opportunity to investigate the surface deformation associated with oblique
thrust faulting. We undertook ﬁeld investigations on more than 10
occasions after 17 May 2008 to map the distribution of surface coseismic deformation and surface ruptures associated with the
Wenchuan earthquake (Fig. 2). Given the difﬁculties encountered
with access in mountainous regions (average elevation of
3000 m) affected by earthquake-induced landslides, slope collapse,
and earthquake-dammed lakes, we mapped the surface deformation features with the aid of high-resolution post-earthquake aerial
photographs (Fig. 3). To assist ﬁeld-based studies, the Chinese
Academy of Sciences (CAS) sent two remote-sensing aircraft to
the quake-hit region on 14 May 2008 to carry out aerial photography surveys with the aim of disaster monitoring and evaluation.
These surveys yielded high-quality and high-resolution images
(ground resolution of 0.5–2 m) for the mapping of surface deformation features (Fig. 3a and b).
The ﬁeld investigations, together with interpretations of postearthquake remote sensing images, reveal that the Wenchuan
earthquake ruptured multiple strands of the NE–SW-striking Longmen Shan fault zone. The surface ruptures (yellow lines in Fig. 2)
appear as complex, discontinuous zones that largely follow the
pre-existing NE–SW-trending Yingxiu–Beichuan and Guanxian–
Anxian faults (Fig. 2). We identiﬁed two main zones of surface ruptures, which we named the Yingxiu–Donghekou (YD) and
Tongji–Hanwang (TH) rupture zones. In addition to these two
major rupture zones, we also identiﬁed the NW–SE-trending

Xiaoyudong rupture zone (7–8 km long), which is oriented approximately perpendicular to the YD and TW rupture zones. The YD
rupture, which is the primary surface rupture zone, occurs along
the Yingxiu–Beichuan Fault (F2 in Fig. 2), and extends from southwest of Yingxiu, Wenchuan County, to approximately 3 km northeast of Donghekou village, Qingchuan County, over a distance of
approximately 235 km (Fig. 2). The TH rupture, the second major
surface rupture zone, occurs along the pre-existing Guanxian–
Anxian Fault (F3 in Fig. 2), and is oriented sub-parallel to the YD
rupture zone. The TH rupture extends from approximately 1 km
northeast of Tongji town, Pengzhou city, to Sangzao town, Anxian
County, over a distance of approximately 72 km.
3.2. Displacements caused by co-seismic deformation
As part of our ﬁeld studies, we measured the vertical and horizontal displacements along surface rupture zones. Fig. 4 shows the
co-seismic displacements along the YD and TH rupture zones.
There exist four peaks in horizontal displacement and vertical uplift along the YD rupture: at around Hongkou town, between
Baishuihe and Gaochuan, at around Beichuan, and near Nanba
(Fig. 4a and b). There exist two peaks in vertical displacement
along the TH rupture zone (Fig. 4c): around Bailu (maximum displacement, 2.4 m), and around Jiulong town, Mianzhu County
(maximum displacement, 3.5 m).
The co-seismic deformation is characterized by reverse faulting
and scarps developed upon ﬂexure folds (Figs. 5–9). Figs. 5–7 show
photographs of typical deformation features along the YD rupture
zone. At Shenxigou, the surface rupture zone is marked by a tilted
road, folding, and fault scarps (Fig. 5a and b). The surface rupture
extends to Bajiaomiao village, Hongkou town, where we observed
a NE–SW-trending (southeast-facing) scarp of 4.3–4.8 m in height
developed along a steep fault plane (Fig. 5c and d). The fault plane
contains slickenside striations with a high rake angle (75–80°)
(Fig. 5d). The surface rupture passes through the central part of
Qushan town (Beichuan County), which was largely buried by large
landslides (Fig. 3b). A prominent scarp (3 m high and with 2.8 m of
dextral offset) associated with ﬂexural folding developed in front
of the Beichuan Hotel, causing major damage (Fig. 5e and f). Northeast of Beichuan, the co-seismic surface deformation has a greater
dextral component, and the horizontal offset is equal to or slightly
larger than the vertical uplift. For example, near the Shikan
Gasoline Station, where Paleozoic carbonaceous shale abuts Quaternary gravel along a steep contact, a surface rupture trending
N55°E displaces a road with a vertical displacement of 1.6 m and
a dextral offset of 1.8 m (Fig. 5g and h).
Farther northeast, the surface rupture zone is marked by dextral
displacement of surface features, a pressure ridge, displaced rows
of trees (Fig. 6a, b, and d, respectively), and slickenside striations
with a rake angle of 20–30° (Fig. 6c), suggesting a large component
of horizontal displacement along the northeast segment of the YD
rupture zone. In this area, the fault motion is mainly reverse faulting, as also observed around Donghekou village (Fig. 6e). The largest vertical displacement (9–11 m) is observed around Shaba
village, 2–3 km northeast of Qushan town, Beichuan County
(Fig. 7). A large SE-facing scarp extends continuously for 100–
150 m along the NE–SW-striking surface rupture zone, where the
fault plane is overturned toward the SE, with a dip of 50–60°
(Fig. 7a and c). Several houses are located along the surface rupture
zone (Fig. 7a), with most of the houses on the hanging wall (NW
side) of the thrust fault being severely damaged; in contrast, a
three-storey building on the footwall side was largely undamaged
(Fig. 7a).
The TH rupture zone is developed mainly in an Upper Triassic
coal-bearing layer within the Xujihe Formation (Fu et al., 2009b;
Wang et al., 2009). The co-seismic deformation is characterized
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Fig. 3. Post-earthquake aerial photographs showing co-seismic deformation and large-scale landslides along the surface rupture zone. (a) Area around Yingxiu town,
Wenchuan County. Massive landslides (pale yellow areas) triggered by strong seismic shaking are largely restricted to the northwest side of the surface rupture zone. (b) Area
around Qushan town, Beichuan County. Massive landslides and rock collapse (pale yellow areas) triggered by strong seismic shaking are largely restricted to the northwest
side of the surface rupture zone. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. Distribution of co-seismic slip along the strike of surface rupture zones, showing horizontal displacement (a) and the height of fault and fold scarps (b) along the
Yingxiu–Donghekou (YD) rupture zone. (c) Height of faulting and folding scarps along the Tongji–Hanwang (TH) rupture zone.

by thrust faulting with a minor right-lateral strike-slip component
(Fig. 8). Surface ruptures generally have a SE-facing scarp. The
highest scarp was observed around Jiulong village, Mianzhu
County, in the central part of the TH rupture zone, where the
northwest wall (hanging wall) was uplifted by 3.0–3.5 m (Fig. 8e
and f). At several localities, the fault plane along the TH rupture
zone dips at 35–40°, at a much lower angle than that observed
along the YD rupture zone (Fig. 5d and h).
The newly mapped Xiaoyudong rupture zone strikes N35°W to
N40°W (Fig. 2). Co-seismic deformation along the zone is characterized by upward thrusting of the SW wall, with a maximum

left-lateral strike-slip offset of 3.0–3.5 m (Fig. 9). This zone is interpreted as a tear fault that connects the YD and TH co-seismic rupture zones, in response to NW–SE-directed shortening between
two major NE–SW-striking rupture zones (Xu et al., 2009).
3.3. Surface deformation revealed by differential interferometry SAR
Synthetic aperture radar (SAR) interferometry can play an
important role in analyses of surface deformation in large-scale remote areas (Hashimoto et al., 2010). Fig. 10 shows ALOS PALSAR
differential interferometry along the Longmen Shan and western
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Fig. 5. Photographs of typical surface deformation produced by the Wenchuan earthquake, as observed along the Yingxiu–Donghekou (YD) rupture zone. (a) Tilted road at
Shenxigou, Hongkou (Loc. 2 in Fig. 11a). (b) Fault scarp of 3.8 m in height observed around Shenxigou. The road that crosses the surface rupture was displaced 4.5 m dextrally
(Loc. 2 in Fig. 11a). (c) Fault scarp (4.3 m high) developed 5 km northeast of the town of Hongkou, Dujiangyan city (Loc. 3 in Fig. 11a). (d) Close-up view of a fault plane within
Triassic coal seams, at the scarp shown in (c). Note the near-vertical slickensides upon the fault plane. (e) Flexure scarp of 3 m in height developed in front of the Beichuan
Hotel, Qushan town (Loc. 12 in Fig. 12a). (f) A man-made riverbank was displaced 2.8 m dextrally across the surface rupture, close to the site shown in Fig. 5e. (g) Fault scarp
of 1.8 m in height cutting a road, and (h) fault plane between Paleozoic carbonaceous shale and Quaternary pebbles, as observed at the Shikan Gasoline Station, Pingwu
County (Loc. 15 in Fig. 12a). The fault strikes N55°E and dips 66° to the northwest.
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Fig. 6. Representative photographs of dextral offset along the YD rupture zone. (a) Fault scarp of 3.6 m in height, recording a dextral offset of 3.8 m (3 km northeast of the
town of Qushan, Beichuan County; Loc. 14 in Fig. 12a). (b) Eyebrow-like structure at Kuangpingzi, Shuiguan town, Pingwu County. The fault scarp is approximately 1.9 m high
and the amount of dextral offset is approximately 2.3 m (Loc. 16 in Fig. 12a). (c) Close-up view of the fault plane formed along the slip zone. The rake angle of slickensides
upon the fault plane shown in (b) is 25–30°. (d) Right-lateral displacement (approximately 3.5 m) of a row of trees near Woqian village (Loc. 17 in Fig. 12a). (e) Fresh fault
plane observed near Donghekou village (Loc. 18 in Fig. 12a).

Sichuan Basin, based on SAR data acquired by an L-band PALSAR
sensor housed on ALOS during 2007 and 2008, from ascending
tracks 471–477. Each fringe or color cycle in the ﬁgure represents
a change in range of 11.8 cm. ALOS ﬂight direction is generally
northward, with observations to the east; consequently, an increase in range (i.e., the distance between the satellite and a target
on the Earth’s surface) corresponds to an eastward shift of the surface, subsidence, or some combination of the two. The mean incidence angle was approximately 39°.
The most prominent feature in the InSAR image is an approximately 280-km-long NE–SW-trending decorrelation zone (black
color in Fig. 10) oriented parallel to the Longmen Shan fold-andthrust belt, reﬂecting a large amount of displacement. The zone becomes narrower toward the northeast, becoming much narrower
northeast of Beichuan, along the strike of the Longmen Shan
fold-and-thrust belt, and terminating around Donghekou village,
Qingchuan County. The distribution of the decorrelation zone is
consistent with the distribution of the hanging wall of two major
NE–SW-striking surface rupture zones (Fig. 10).
Many fringes are apparent around the Longmen Shan range,
with some being parallel to faults and some being locally concentric (Fig. 10). One distinct feature of the image is a concentric elliptical fringe region with a radius of approximately 100 km, located
immediately north of the epicenter in paths 476 and 477. Toward
the center of these fringes, the range increases, indicating subsidence or eastward motion. The fringes are located on the hanging-wall side of the fault, indicating a relation with crustal
shortening associated with co-seismic reverse faulting and folding.
Also prominent in Fig. 10 are far-ﬁeld fringes oriented parallel
to the Longmen Shan fold-and-thrust belt. The range increases to-

ward the fault on the northern side of the fringes, suggesting subsidence or horizontal motion toward the ENE. However, the range
decreases toward the fault system on the southern side of the
fringes, indicating uplift or horizontal motion toward the WSW.
In the western Sichuan Basin, we can observe 6 or 7 cycles,
equivalent to a decrease in range of 70–80 cm between Chengdu
and Guangyuan, located approximately 50 km from the fault zone
(Fig. 10). These cycles are located on the footwall sides of reverse
faults, where uplift did not occur; therefore, the cycles may indicate a shift of the Earth’s surface toward the WSW.
The northeastern part of Donghekou contains up to 10 concentric fringes, suggesting a local minimum or maximum in the ﬁeld of
range change. Some of the fringes correspond to the epicenters of
distinct aftershocks with magnitudes greater than 6 (Fig. 1a). One
isolated concentric cycle (path 471) in particular, which shows a
decrease in range (Fig. 10), is attributed to the M 6.0 aftershock
of 25 May 2008 that occurred around Qingchuan (Fig. 1a).
3.4. Geometry and segmentation of the YD rupture zone
The results of ﬁeld mapping, together with interpretations of remote sensing images, enabled us to trace the geometry of surface
ruptures in detail (Figs. 3, 11, and 12a). In satellite images, the trace
of the YD surface rupture zone occurs mainly along the preexisting Yingxiu–Beichuan fault zone (Figs. 11 and 12a). The
2008 surface rupture zone can be divided into four ﬁrst-order segments based on the geometry of the surface rupture zone (Figs. 11
and 12a), the distribution of co-seismic displacement (Fig. 4a and
b), and long-term geomorphic and structural features of the
Yingxiu–Beichuan fault zone. These segments are as follows (from
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Fig. 7. Photographs of the area of maximum vertical displacement produced by the Wenchuan earthquake along the YD rupture zone. (a) Fault scarp of 10 ± 0.5 m in height,
located 2 km northeast of Qushan town, Beichuan County (Loc. 13 in Fig. 12a). (b) Sketches showing the geomorphology of the rupture zone before and after the earthquake.
(c) Surface rupture zone along a fault scarp of 11 ± 0.5 m in height located approximately 50 m southwest of the area shown in Fig. 7a (Loc. 13 in Fig. 12a). (d) Sketch showing
the structural and geomorphic features of the surface rupture.

southwest to northeast): the Yingxiu–Hongkou, Baishuihe–
Qingping, Gaochuan–Leigu, and Beichuan–Donghekou. The segments, each 35–85 km long, are linked by step-overs or bends that
are 5–10 km long and 1–2 km wide (Figs. 11 and 12a). This geometry of surface rupture zones produced by oblique reverse faulting
during the Wenchuan earthquake is similar to that produced by
left-lateral strike-slip faulting during the 2001 Kunlun earthquake,
which also produced multiple segments separated by discontinuities that appear as step-overs or bends in map view (Fu et al.,
2005a). The geometry of each segment is summarized below.
The most notable geometric complexity in the surface ruptures
is seen in the Yingxiu–Hongkou segment, where two northeastward propagation ruptures appear as a horse-tail shape that combine to form a single major rupture zone southwest of Shenxigou
(Fig. 11a). These two ruptures may merge at depth near the epicen-

ter region (Lei, 2011). Northwest of Xiaoyudong, a step-over in leftstepping occurs between the Yingxiu–Hongkou and Baishuihe–
Qingping segments (Fig. 11a and b), with no apparent co-seismic
surface ruptures. On a satellite image, the Baishuihe–Qingping segment indicates the occurrence of a linear fault trace (Fig. 11b). The
Pre-Cambrian Pengguan Massif occurs in the hanging-wall along
the fault zone. Near Qingping, another right-stepping step-over
occurs, between the Baishuihe–Qingping and Gaochuan–Leigu segments (Fig. 11b). Within the Gaochuan–Leigu segment, co-seismic
fault scarps occur around Gaochuan; however, it is difﬁcult to
access the high mountainous region northeast of Gaochuan. The
detailed distribution of co-seismic displacements in this region remains unclear, although interpretations of post-earthquake highresolution aerial images, combined with limited ﬁeld mapping,
conﬁrm that a surface rupture zone occurs along this segment
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Fig. 8. Photographs of typical surface deformation produced by the Wenchuan earthquake along the TH rupture zone. (a) Fault scarp of 2.3 m in height located 1 km northeast
of the town of Tongji, Pengzhou city (Loc. 7 in Fig. 11a). (b) Prominent fault scarp of 1.9–2.1 m in height developed between two buildings at Bailu Central School (Loc. 8 in
Fig. 11a). (c) Surface rupture zone at an uplifted riverbed and terrace with a 2.3-m-high fault scarp (Bailu town; Loc. 9 in Fig. 11a). (d) The surface rupture zone deformed a
road (arrowheads) and formed a 1.9-m-high fault scarp (Bajiao town, Shifang County; Loc. 10 in Fig. 11). (e) The surface rupture zone deformed a road (arrowheads) and
formed a 2.4-m-high fault scarp near Jiulong town (Loc. 11 in Fig. 11b). (f) Surface rupture across a riverbed at Jiulong town, Mianzhu County (Loc. 11 in Fig. 11b), along the TH
rupture zone. The fault scarp is approximately 3.5 m high.

(Fig. 11b). The satellite image in Fig. 11b reveals a prominent compressional bend southwest of Leigu town. In the town itself, the
surface rupture zone has a relatively complex geometry, as

mapped from post-earthquake high-resolution aerial images (Fu
et al., 2009b). Farther northeastward, to Qushan town in Beichuan
County, the surface rupture zone has a linear trace on remote
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Fig. 9. Photographs of typical surface deformation produced by the Wenchuan earthquake along the Xiaoyudong rupture zone. (a) Fault scarp striking N35°W and of 1.5 m in
height, recording 2.5 m of left-lateral displacement, located 1 km northwest of the town of Xiaoyudong, Pengzhou city (Loc. 4 in Fig. 11a). (b) Fault scarp of 1.6 m in height in
farmland around Xiaoyudong town, Pengzhou city (Loc. 5 in Fig. 11a).

sensing images (Figs. 3b and 12a). Finally, the zone ends at approximately 3 km northeast of Donghekou village, Qingchuan County
(Fig. 12b). In the ﬁeld, the northeasternmost termination of the
surface rupture zone is marked by tensile normal fault that record
20–30 cm of vertical and horizontal displacement (Fig. 6e).

4. Rapid erosion caused by large-scale landslides
The 2008 Wenchuan earthquake triggered about 56,000 landslides (Dai et al., this issue), mainly rock falls and debris falls,
although also translational rock and debris slides, over an area of

13,000 km2. The large number of landslides is attributed to the
large magnitude of the earthquake, the shallow hypocenter,
the occurrence of multiple thrust-related surface ruptures, and
the dominance of high mountains and deep river valleys in the
region (Fu et al., 2009b). It is commonly the case that large earthquakes associated with thrusting or reverse faulting produce large
numbers of landslides; e.g., the 1999 Taiwan Chichi and 2005
Kashimir earthquakes (Chen et al., 2003; Dadson et al., 2003; Owen
et al., 2008).
To identify co-seismic deformation related to subsurface structures, we determined the distribution of landslides from postquake remote sensing images (Figs. 3 and 12b) as well as ﬁeld
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Fig. 10. InSAR interferogram mosaic image derived from ALOS PALSAR data, showing co-seismic surface deformation throughout the Longmen Shan and western Sichuan
Basin, eastern margin of the Tibetan Plateau. Note that the NE–SW-striking decorrelation zone (black color) is consistent with the hanging wall of two major NE–SW-striking
surface rupture zones.

observations. Most of the large landslides caused by the main
earthquake and aftershocks are located in the hanging wall of surface rupture zones (Fig. 3a and b), within a zone of about 5–10 km
in width. Tragically, a number of towns were completely buried by
such landslides (Fig. 3b; Fu et al., 2009b), which also blocked rivers,
forming natural dams that later failed, releasing ﬂoodwaters to
downstream areas.
The 2008 Wenchuan earthquake was followed by heavy rainfall
during the summers of 2008–2010 (the annual average precipitation in the area is 1500 mm), resulting in rapid erosion of the newly exposed rock and soil, triggering large-scale debris ﬂows
(Fig. 13a; Tang et al., 2009). These changes resulted in higher rates
of erosion in the Longmen Shan than in other regions along the
eastern margin of the Tibetan Plateau. The eroded sediment is
transported directly to the Sichuan Basin and Yangtze River via
several large drainage systems, including the Minjiang, Fujiang,
Tujiang, and Jialingjiang rivers (Fig. 2).
5. Discussion
5.1. Geomorphic growth of the fault zone by repeated earthquake
events
Previous workers have proposed that fault-bounded geologic
structures grow by repeated seismic events (e.g., King et al.,
1988; Bilham and King, 1989; Yeats et al., 1997), which is a view

supported by ﬁeld studies (Stein et al., 1988; Fu et al., 2005b).
For example, Fu et al. (2005b) reported a temporal increase in
the amount of lateral offset of a stream across the left-lateral
strike-slip Kunlun Fault. Reverse faulting or oblique thrusting result in the progressive formation of landforms such as fault escarpments, tilted fault blocks, folded terraces, pressure ridges, and
linear warps, with a complex array of geomorphic expressions
(e.g., Yeats et al., 1997). The morphology of reverse fault scarp
differs from that of normal fault scarps because the hanging-wall
blocks override the footwall blocks and may collapse onto or roll
over the footwall. Commonly, such faults do not break the surface,
instead having a surface expression of a broad warp. This situation
generally gives rise to the development of ﬂexural scarps at
the front of fold-and-thrust belts, as reported from locations
worldwide (e.g., Yeats et al., 1997). Such scarps may result from
the warping of strata at the shallow tip of a blind trust (faultpropagation fold) or in a fault-bend fold. Such near-surface
deformation is commonly expressed by ﬂexure–pressure ridges
or ﬂexural slip folding.
The Longmen Shan is a region of active tectonics, and the geomorphic features associated with reverse faulting are difﬁcult to
identify because of the high rates of erosion and the occurrence
of dense vegetation. Fortunately, we observed some typical geomorphic features associated with reverse faulting along the 2008
rupture zone (Fig. 14). In the southwestern part of the YD surface
rupture zone, the 2008 co-seismic ﬂexural folding scarp (2.3 m
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Fig. 11. Satellite images showing the geometry of surface rupture zones along the southwest and central segments of the fault zone of the 2008 Wenchuan earthquake. (a)
Surface ruptures showing a complex geometrical pattern in the southwestern part of the fault zone, where multiple surface ruptures displace the pre-existing Yingxiu–
Beichuan and Guanxian–Anxian faults. Note that an 8-km-long NW–SE-trending surface rupture occurs around Xiaoyudong. (b) In the central segment of the earthquake fault
zone, two prominent surface rupture zones are developed parallel to the pre-existing Yingxiu–Beichuan and Guanxian–Anxian faults. Note the occurrence of a large rightstepping step-over (8 km long and 2 km wide) around Qingping and Gaochuan.

high) intensively deformed the T0 terrace at Minjiang River, close
to Yingxiu town (Fig. 14a). The scarp also cuts older terraces, with
accumulated vertical offsets of 4.7, 10.2, 35, and 41.7 m on the T1,
T2, T3, and T4 terraces, respectively (Fig. 14a and b). These displaced terraces may record multiple rupture events, including
the 2008 earthquake. These types of duplicate fault scarps suggest
that large seismic faulting events have occurred repeatedly upon

the same fault zone. Similarly, we found a fresh fault scarp
(2.5 m high) upon terrace deposits around Donglinshi village, Baishuihe (Fig. 14c), just 100–150 m southwest of a remarkable saddle-like fault scarp with a height of 295 m (Fig. 14c), which
represents long-term geomorphic growth caused by repeated,
large seismic events along the Yingxiu–Beichuan fault zone during
the late Quaternary.
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Fig. 12. (a) Satellite image showing the geometrical features of surface rupture zones along the northeastern segment of earthquake fault zones. The YD rupture zone appears
as a linear feature located northeast of Beichuan, terminating around Donghekou village, Qinchuan County. The TH rupture zone ends at approximately 20 km northeast of
Hanwang town. (b) Post-earthquake aerial image showing extensive landslides and dammed rivers around Donghekou village. The surface rupture gradually disappears to
the northeast.

5.2. Geodynamics of mountain building along the Longmen Shan
The geodynamics of mountain building within the Longmen
Shan is a topic of ongoing debate (Tapponnier et al., 1982; Clark

and Royden, 2000; Burchﬁel et al., 2008; Royden et al., 2008;
Hubbard and Shaw, 2009). Two main models have been proposed
to explain the remarkable topography between the Longmen Shan
range and the Sichuan Basin (Tapponnier et al., 2001; Royden et al.,
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Fig. 13. Field photographs showing evidence of high rates of erosion related to landslides. (a) Large-scale landslides observed at Donghekou, Qingchuan County. Note that the
river channel has been ﬁlled by landslide material. (b) Rugged topography of the Longmen Shan at the eastern margin of the Tibetan Plateau. The Qianjiang River carries a
large amount of suspended sediment during the rainy season.

1997). First, previous works have proposed that the high mountains formed by crustal faulting and shortening (Tapponnier
et al., 2001; Hubbard and Shaw, 2009). Second, the lack of signiﬁcant Cenozoic–Recent upper-crustal shortening in this region suggests that thickening of the eastern Tibet crust was predominantly
accommodated by viscous deformation at depth. This hypothetical
model states that the growth and maintenance of the Longmen
Shan fold-and-thrust belt resulted from dynamic pressure associated with lower-crustal ﬂow (Royden et al., 1997, 2008; Clark
and Royden, 2000; Meng et al., 2006; Cook and Royden, 2008).
According to this model, the weak lower crust ﬂows in a channel
because the viscosity contrast between the lower crust, and the
upper crust and mantle is sufﬁciently large to conﬁne most, if
not all, of the deformation on the scale of the crust due to horizontal simple shear or contraction associated with horizontal pure
shear (Cook and Royden, 2008). This lower-crustal ﬂow hypothesis
has been supported by geophysical observations (e.g., Yao et al.,

2006; Wang et al., 2008a,b; Lei and Zhao, 2009). However, the large
amount of co-seismic shortening and uplift associated with 2008
Wenchuan earthquake suggests that crustal shortening and uplift
play a major role in the growth of the high topography along the
eastern margin of the Tibetan Plateau (Xu et al., 2008, 2009;
Hubbard and Shaw, 2009; Liu-Zeng et al., 2009).
There are two possible reasons why previous studies have
found no evidence of major Late Tertiary deformation in the Longmen Shan fold-and-thrust belt and in the western Sichuan Basin
(Burchﬁel et al., 1995; Kirby et al., 2000, 2002; Royden et al.,
2008). First, it is possible that extensive Late Cenozoic crustal
shortening caused by reverse faulting and folding is superimposed
on Mesozoic deformation structures, meaning that the younger
deformation cannot be identiﬁed or quantiﬁed in Pre-Cambrian
to Mesozoic deformed rocks. Second, Late Cenozoic to Quaternary
sedimentary sequences are rarely preserved across the Longmen
Shan fold-and-thrust belt and western Sichuan Basin, because of
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high rates of surface erosion and denudation by large-scale landslides during the late Cenozoic (Meng et al., 2006). However, recent
studies have revealed that extensive late Cenozoic deformation
structures and related tectonic relief are well preserved in the
southwestern part of the Sichuan Basin, along the southwest range
front of the Longmen Shan fold-and-thrust belt (Hubbard and
Shaw, 2009). For example, the Pliocene–Early Pleistocene Dayi conglomerates dip steeply westward (at 30–45°), overlying a Cretaceous sequence across an unconformity or disconformity in Dayi
and Qionglai counties, as observed in the ﬁeld during the present
study. Indeed, Cenozoic sequences and surface deformation are
rare across the central and northeast parts of the western Sichuan
Basin. However, the Cenozoic thermal history of the Sichuan Basin,
as calculated using detrital apatite ﬁssion track (AFT) and (U–Th)/
He techniques, reveals an exhumed AFT paleo-partial annealing
zone across much of the basin (Richardson et al., 2008), suggesting
that sedimentary strata within the basin have undergone accelerated cooling since 40 Ma (Champagnac et al., 2009), consistent
with the widespread erosion of 1–4 km of overlying sedimentary
material. This regional-scale erosion was probably a response to
changes in the Yangtze River system, which drains and removes

sediment from the basin. The base-level fall associated with this
erosion contributed to a relative increase in relief across the Longmen Shan fold-and-thrust belt, and may have helped to drive Miocene–Recent incision and unloading of the plateau margin (Xu and
Kamp, 2000; Richardson et al., 2008).
In fact, the Longmen Shan fold-and-thrust belt has experienced
multiple episodes of mountain building, as shown in Fig. 15 (Xu
et al., 1992; Chen and Wilson, 1996; Wallis et al., 2003; Wilson
et al., 2006; Densmore et al., 2007; Burchﬁel et al., 2008). During
the Late Indosinian orogeny, the Longmen Shan was an area of signiﬁcant crustal shortening associated with continental subduction
between the Songpan–Ganzi and Yangtze blocks (Xu et al., 1992;
Burchﬁel et al., 1995; Arne et al., 1997; Wilson et al., 2006). The
resultant loading of the adjacent region of the Yangtze block led
to its ﬂexural subsidence and to the deposition of up to 4 km of
clastic sediment in the Longmen Shan foreland basin (Li et al.,
2006). This Late Triassic foreland basin is a direct consequence of
the closure of the Songpan–Ganzi ocean basin, which lay to the
west of the Longmen Shan (Chen and Wilson, 1996; Burchﬁel
et al., 1995; Li et al., 2006; Xu et al., 2008). Although the climax
of accommodation generation within the Longmen Shan foreland

Fig. 14. Photographs of typical geomorphic features along the fault zone of the 2008 Wenchuan earthquake. (a) Displaced terraces at the Minjiang River around Yingxiu town
(Loc. 1 in Fig. 11a). (b) Field measurements at the site show in (a) indicate displacement of 2.3–41.7 m for the T0–T4 terraces at Minjiang River. (c) Co-seismic deformation
associated with the 2008 event and long-term geomorphic feature along the Yingxiu–Beichuan fault zone at Donglinshi, Penzhou city (Loc. 6 in Fig. 11).
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basin occurred with deposition of the Upper Triassic Xujiahe
Group, there is evidence for later fold-and-thrust activity in the
Longmen Shan throughout the Jurassic and into the Early Cretaceous (Burchﬁel et al., 1995). These persistent mountain-building
episodes are reﬂected not only in a shift of the main sedimentary
depocenter to the northeastern corner of the basin (Meng et al.,
2005; Li et al., 2006), but also in crustal deformation within the
Longmen Shan and Songpan-Ganze regions (Worley and Wilson,
1996; Wallis et al., 2003). The Longmen Shan margin continues
to be tectonically active to the present day, comprising a number
of active fault zones (Chen and Wilson, 1996; Kirby et al., 2000;
Densmore et al., 2007; Godard et al., 2009a).
Since the Late Miocene, the rate of mountain building in this region has shown a marked increase in response to eastward extru-
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sion associated with continental collision between the India and
Eurasia plates (Kirby et al., 2000, 2002). The rate of mountain
building then slowed from 10 Ma until about 4–5 Ma ago (Li
et al., 2006; Godard et al., 2009b), after which the rate increased
once again. The present-day high and steep Longmen Shan foldand-thrust belt probably formed since 3.6 Ma (Li et al., 2006).
The nature of the co-seismic deformation associated the 2008
Wenchuan earthquake indicates that the Longmen Shan foldand-thrust belt continues to be actively uplifted today (Figs. 10
and 14).
Based on the above observations, we suggest that surface processes and tectonic deformation are not independent; instead, they
interact. We propose that a combination of crustal shortening,
rapid surface erosion caused by large seismic events, and isostatic

Fig. 15. Schematic tectonic evolution of the Longmen Shan and Sichuan Basin since the late Mesozoic. (a) Crustal shortening, accommodated by thrusting and folding, has
occurred since the late Mesozoic. At the end of the Mesozoic or early Tertiary, mountain building resulted from tectonic shortening caused by continental collision between
the Songpan–Ganze and Yangze blocks. (b) Crustal uplift resulted from crustal thickening associated with extensive east–west shortening. (c) Since the Early Pliocene, the
region has been subjected to crustal shortening, high rates of erosion, and denudation caused by large-scale landslides associated with repeated large seismic events in the
Longmen Shan. Isostatic rebound, related to surface erosion and denudation, resulted in the vertical movement of continental crust ‘‘ﬂoating’’ upon the plastic upper mantle.
The removal of surface material from the Longmen Shan resulted in reduced weight of the crust, resulting in turn in isostatic adjustment and upward vertical movement in
the upper mantle. This geodynamic model suggests that surface processes and tectonic deformation are linked rather than being independent processes.
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rebound of the lower crust could provide an alternative explanation of the steep topographic gradient on the eastern Tibetan Plateau. Fortunately, recent ﬁndings based on geophysical imaging
data show that isostatic rebound beneath the Longmen Shan
fold-and-thrust belt probably occurs at around the boundary between the lower crust and upper mantle (Fig. 16; Zhang et al.,
2009, 2010). Many studies have reported evidence in support of
long-standing theories regarding the interactions among climate,
erosion, and tectonics in actively deforming mountain ranges
throughout the world (e.g., Gilchrist et al., 1994; Montgomery,
1994; Avouac and Burov, 1996; Burbank et al., 1996; Pinter and
Brandon, 1997; Kirchner et al., 2001; Reiners et al., 2003; Champagnac et al., 2007; Ouimet et al., 2007; Kirby et al., 2008; Godard
et al., 2009b; Korup et al., 2010).
We speculate that a feedback mechanism exists between erosional processes and repeated large seismic events, reﬂecting the
intimate long-term relationship between tectonically driven
mountain building and surface erosion under the climate of the
Asian monsoon (Fig. 15c) (Kimura et al., 2008). Our model suggests
that the geodynamics of the Longmen Shan range front is indicative of high rates of erosion combined with active deformation. Indeed, the 2008 Wenchuan earthquake revealed that erosion is an
important factor in the uplift of mountain ranges, especially in
mountainous regions that receive heavy rainfall and that are susceptible to large-scale landslides (Fig. 13). The repeated occurrence
of large earthquakes with a recurrence interval of 2000–3000 years
(Ran et al., 2010) promotes surface erosion via large-scale
landsliding.

6. Summary and conclusions
The Ms 8.0 Wenchuan earthquake of 12 May 2008 was one of
largest continental thrusting events worldwide. The results of the
present study indicate that this earthquake occurred on the NE–

SW-trending Yingxiu–Beichuan and Guanxian–Anxian faults in
the Longmen Shan fold-and-thrust belt. The main surface rupture
zones associated with this event are approximately 235 and
72 km in length, respectively, following the Yingxiu–Beichuan
and Guanxian–Anxian fault zones. The surface deformation is characterized by oblique reverse faulting with similar vertical and
right-lateral horizontal displacements (0.5–10 m). The maximum
vertical displacement of approximately 10 m occurred along the
Beichuan segment, along which Qushan town of Beichuan County
was destroyed during the 2008 event.
For the 2008 event, earthquake-related disasters such as landslides have a linear distribution along surface rupture zones and
river valleys. A notable feature is the concentration of landslides
and rock falls on the northwest (hanging-wall) side of the fault.
Analysis of the 2008 Wenchuan earthquake provides several
new insights into mountain building of the Longmen Shan on the
eastern Tibetan Plateau. First, the total crustal shortening accommodated by the 2008 event was as much as 8.5 m, with a maximum vertical uplift of approximately 10 m. These observations
suggest that ongoing mountain building of the Longmen Shan
fold-and-thrust belt is driven mainly by crustal shortening and uplift caused by repeated large seismic events such as the 2008 event.
Furthermore, the large-scale landslides triggered by the mainshock
and strong aftershocks resulted in higher rates of surface erosion,
with the erosion being most intense along rupture zones, as revealed by remote sensing imagery. There may exist a feedback
mechanism between surface erosion and tectonic deformation:
long-term unloading related to rapid surface erosion may induce
isostatic rebound at the boundary between the lower crust and
upper mantle, thereby driving vertical uplift at the surface and
maintaining the high relief of the Longmen Shan fold-and-thrust
belt. We suggest that this kind of feedback mechanism between
surface erosion and tectonic deformation, together with crustal
shortening caused by great oblique reverse faulting events,
may be an important contributor to uplift of the Longmen Shan,

Fig. 16. Migrated crustal receiver function image along the eastern Tibetan Plateau and western Sichuan Basin (modiﬁed from Zhang et al. (2009)). Note that the Moho depth
decreases from the eastern Tibetan Plateau to the western Sichuan Basin, and note the 15–20 km vertical offset of the Moho beneath the Longmen Shan fold-and-thrust belt.
The small triangles in the upper part of the ﬁgure indicate the locations of seismograph stations. Red colors represent positive receiver-function amplitudes, which are related
to an increase in velocity with depth; blue colors indicate negative amplitudes. The star indicates the location of the Ms 8.0 Wenchuan earthquake, and black circles represent
256 aftershocks within 50 km of the line of the section, projected onto the section. Aftershocks are located at depths <20 km, between F1 and F3. The red dashed line refers to
the negative polarity PS conversion in the lower crust. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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representing a new geodynamic mechanism that drives the ongoing mountain building at the eastern margin of the Tibetan Plateau.
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