
Chapter 2
Rupture Process of the 2008 Wenchuan,
China, Earthquake: A Review

Thorne Lay

Abstract The May 12, 2008, Wenchuan earthquake (MW 7.9,MS 8.1) is the largest
continental intraplate event to strike globally in the last 60 years. It caused great
destruction and loss of life along the steep eastern margin of the Tibetan Plateau,
adjacent to the Sichuan Basin. The event ruptured multiple faults with a mix of
thrust- and right-lateral strike-slip faulting along the northeast-trending Longmen
Shan thrust belt, with an overall oblique compressional deformation. Surface dis-
placements of up to~11m, the distribution of thousands of aftershocks and landslides,
geodetic observations, and seismic wave imaging indicate a total rupture extent of
~280 km, extending unilaterally northeastward from the hypocenter. The primary
slip has a patchy distribution along the segmented out-of-sequence Beichuan fault,
with large-slip patches in the region from Yingxiu to Xiaoyudong, near Beichuan,
and near Nanba. The southwestern segment near Yingxiu, where the hanging wall
is comprised of the high seismic velocity Pengguan massif, has primarily thrust dis-
placement with minor right-lateral component. Strongly oblique slip occurred near
Beichuan and progressively more steeply dipping right-lateral strike-slip dominates
toward the northeast. The large-slip patches are less than 10 km deep, but slip extends
deeper in the southwestern region and the fault appears to have listric extension into a
mid-crustal décollement with shallow dip below 20 km depth. The rupture expanded
with an average rupture velocity of ~2.8 ± 0.2 km/s along this segmented fault zone
with a total rupture duration of ~110 s, with faster rupture speed in the northeast-
ern region, possibly being supershear. Most aftershocks are concentrated from 10 to
20 km deep, below the large-slip zones. Predominantly thrust slip with vertical offset
of ~3.5 m occurred at shallow depth along ~72 km of the imbricate Pengguan fault
located 6–7 km to the southeast of the southern Beichuan fault. Shallower dip of the
Pengguan fault may cause it to converge with the Beichuan fault at depth, and/or to
flatten into the samemid-crustal décollement. Oblique compressional left-lateral slip
occurred on the short conjugate southward-dippingXiaoyudong fault, connecting the
two range-parallel faults. Themoment-scaled radiated energy of theWenchuan event
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is higher than for typical interplate thrust faulting, likely contributing to the extensive
damage.

Keywords Wenchuan earthquake · Rupture process · Slip distribution · Intraplate
faulting · Surface rupture · Aftershocks · Sichuan earthquake

2.1 Introduction and Tectonic Setting

The May 12, 2008, Wenchuan earthquake was an event of profound consequences.
Located along the eastern margin of the Tibetan Plateau, adjacent to the Sichuan
Basin, the large magnitude (MW 7.9, MS 8.1) shallow rupture produced devastat-
ing ground shaking and landsliding, impacting many towns and villages along the
Longmen Shan thrust belt. The Chinese government reports that 69,227 people were
confirmed killed and 17,923 are missing, with 374,643 injured by September 18,
2008. This includes 158 workers killed in landslides while attempting to repair roads
in the source region. The catastrophic event has stimulated new generations of Chi-
nese students to pursue earthquake research, and the impressive quantitative analysis
of the earthquake performed by many Chinese geophysicists evident in this review
demonstrates the high quality of data collection and sophisticated signal analysis
that has been achieved in the Chinese earthquake research community over the past
several decades. The geophysical and field observations of the earthquake have been
extensively studied, and much of the literature addressing the rupture process during
the event is discussed here, prompted by a keynote speech that the author delivered at
the International Conference for the Decade Memory of the Wenchuan Earthquake
held in Chengdu, Sichuan, May 12–14, 2018. This review updates and extends prior
reviews of the earthquake by Zhang et al. (2010) and Yin (2010). The extraordinary
efforts for recovery, reconstruction, and relocation of communities to safer locations
are not discussed here, but stand as a vast national undertaking in China, with the
societal impact motivating the development of comprehensive understanding of the
earthquake rupture process that is highlighted here.

The 2008 Wenchuan earthquake struck during a global increase in the annual
rate of great earthquakes around the world between 2004 and 2014 (Fig. 2.1; Lay
2015). Most of these earthquakes are located around the Pacific and Indo-Australian
plate subduction zone margins, in regions where most global M ≥ 7.9 events have
been recorded throughout the last century. The 2008 event stands out as the largest
continental intraplate event during this time, and it is located within the continental
environment of easternAsiawith themost extensive history of large earthquakes. This
is emphasized in Fig. 2.2, which shows the ISC-GEM catalog distribution of major
(M ≥ 7.0) earthquakes in China and surrounding countries since 1900. The 2008
event is the largest continental intraplate event since the 1957Mongolian earthquake,
and Fig. 2.2 provides a stark reminder that there is broad exposure to events of
this size throughout China and southeastern Eurasia generated by the India-Eurasia
continental collision.
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Fig. 2.1 Global distribution of shallow (depth ≤ 70 km) earthquakes with moment magnitudes,M
≥ 7.9 from the USGS-NEIC/ISC-GEM catalog (green dots) for 1900–1976, and global centroid-
moment-tensor mechanisms for events from 1976 to 2018 shown in green or, for labeled great
events withMW ≥ 8.0 from 2004 to 2015, shown in blue. The centroid-moment-tensor mechanism
for the MW 7.9 May 12, 2008, Wenchuan, China earthquake is shown in red. Modified from Lay
(2015)

The source region of the 2008Wenchuan earthquake has over 4 km of topographic
relief over a ~50 km wide plateau margin, with the rupture extending northeastward
from a region of high topography to lower relief valleys along the Longmen Shan
(Fig. 2.3). The steep, high relief represents a dominance of uplift over erosion. The
long-term rock uplift rate, corrected for denudation, is estimated as 0.7–1.2 mm/yr
(Burchfiel et al. 2008), while the dip-slip shortening ratemeasured fromGPS is about
1± 1mm/yr. Based on an average uplift of 5 m during the 2008 event, Burchfiel et al.
(2008) estimate a recurrence interval for 2008 size events of 2000–10,000 yr. There
is only modest accommodation of compression in the foreland, although a 17.5 km
deep detachment with blind fault splays detected by reflection profiles does appear
to extend into Sichuan Basin (Jia et al. 2010; Li et al. 2010b).

Densmore et al. (2007) studied active faults in the region, asserting that the
Beichuan and Pengguan faults (Fig. 2.4) are dominantly dextral-slip structures with
prior surface ruptures during the latest Pleistocene and Holocene. They estimate a
dextral-slip rate of about 1 mm/yr along the Beichuan fault. Their inference that
there is significant seismic hazard in the region, despite a lack of large historic earth-
quakes in the Longmen Shan overall (e.g., Zhang et al. 2008; Lin et al. 2010), proved
prescient. Ran et al. (2010) examined three trenches in the Beichuan and Pengguan
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Fig. 2.2 Distribution of major (M ≥ 7.0) earthquakes in China and immediately surrounding coun-
tries from 1900 to 2018 from the USGS-NEIC/ISC-GEM catalog. Red dots indicate events withM
≤ 7.8, labeled blue dots are M 7.9 events, and labeled magenta dots are great earthquakes with M
≥ 8.0

faults, finding no evidence for large paleoearthquakes within the last 2300 years,
which corresponds to the historical record in Chengdu. However, occurrence of an
M ~ 8 earthquake along the Beichuan fault with 2–3 m average slip in the late
Tang-Song Dynasty (800–1000 C.E.) has been inferred based on fault exposures by
Lin et al. (2010). The Beichuan fault has experienced some historic activity, with
12 earthquakes with M > 4 since 1168, including the 1958 Beichuan earthquake
withM 6.2. The eastern margin Pengguan fault was historically seismically inactive
but has an uplift rate of ~0.2 mm/yr since the middle Pleistocene (Ma et al. 2005).
The Wenchuan-Maoxian (Maowen) fault to the northwest of the Pengguan Massif
(Fig. 2.4) has experienced some prior seismicity, but did not rupture in 2008.

The large-scale crustal deformation driving the uplift of the Pengguan Massif
bounded by the Wenchuan and Beichuan faults is the subject of continuing debate.
Royden et al. (2008) argue that rapidly eastward-flowing deep crust in a channel
under eastern Tibet inflates in the mid-lower crust to give upthrust of the Massif,
accounting for the presence of strong topography despite low present-day conver-
gence rate, modest shortening and little accommodation by large-scale low-angle
thrusts. Hubbard and Shaw (2009) and Hubbard et al. (2010) balance geologic cross
sections including the blind structures extending into the Sichuan Basin and argue
that the observed crustal shortening and associated folding and faulting are compat-
ible with the structural relief, with no need for inflation of low-viscosity material
in the lower crust. Modeling by Zhu and Zhang (2013) with a viscoelastic finite
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Fig. 2.3 Aftershock distribution for the May 12, 2008, Wenchuan earthquake from the USGS-
NEIC catalog (through May 26, 2008) along with global centroid-moment-tensor (GCMT) source
mechanisms (through September 12, 2008) plotted at their centroid locations. Note that the main-
shock centroid location is located northeast of the NEIC epicenter, which is at the southwestern end
of the aftershock zone. Figure courtesy of C. J. Ammon

element method for the interseismic and coseismic deformation around the 2018
event indicates that the lower crust in eastern Tibet and in the Sichuan Basin does not
accumulate large elastic strain energy, while the Longmen Shan fault zone does, with
concentrated uplift along high-angle listric reverse faults. Li et al. (2018) integrate
2-D and 3-D structural constraints from seismic reflection profiles, borehole data,
and field observations to infer the subsurface structural architecture. They estimate
that the eastern Tibet margin has experienced east–west shortening since 5–2 Ma,
oblique to the Longmen Shan. The regional fault geometries are inferred by Xu et al.
(2009d) to not be favorably oriented for frictional slip from the horizontal com-
pression, resulting in long recurrence times. This tectonic setting is thus less well
constrained and has slower deformation rates than the subduction zone context for
most of the great earthquakes shown in Fig. 2.1 and reflects the challenge for seismic
hazard assessment common to all of the intraplate deformation regions shown in
Fig. 2.2.
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Fig. 2.4 Base map of theWenchuan earthquake source region. Surface rupture along the Beichuan,
Pengguan, and Xiaoyudong faults is indicated in red. The USGS-/NEIC epicenter is the red dot.
Other large mapped faults in the Longmen Shan thrust belt are marked with black lines. The
Pengguan and Jiaoziding massifs are outlined in brown. The Zipingpu Reservoir is indicated in
cyan. Modified from Zhang et al. (2010)

2.2 Surface Rupture and Landslide Constraints on Fault
Geometry

Extensive surface rupturing occurred during the 2008 Wenchuan earthquake, and
field mapping provides important constraints on the overall rupture process (e.g.,
Dong et al. 2008; He et al. 2008; Li et al. 2008a, b; Xu et al. 2008, 2009a, b;
Chen et al. 2009a; Jia et al. 2010; Li and Wei 2009; Liu et al. 2008, 2009, 2010;
Lin et al. 2009; Wang et al. 2009a, c, 2010a; Wu et al. 2009a, b; Densmore et al.
2010; Li et al. 2010a; Yu et al. 2010; Zhou et al. 2010; Fu et al. 2011; Pan et al.
2014). Rupture occurred on three primary faults; the multi-segment Beichuan fault,
the parallel Pengguan fault, and the Xiaoyudong cross-fault (Fig. 2.4). These field
studies detected right-lateral reverse faulting along the Beichuan fault over ~240 km
extending from the epicenter to near Donghekou, finding oblique slip of up to 7.6 m
near Yingxiu, 5–6 m near Hongkou, 6.6 m near Beichuan, 4.4 m near Pingtong, and
2.5 m near Nanba. A localized peak vertical offset of 11 m occurred near Beichuan
(Liu et al. 2009), but this reduces rapidly to about 6mwithin 1–2 kmalong strike. Pure
reverse faulting along the more shallowly dipping Pengguan fault extended ~72 km
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with maximum vertical offset of 3.5 m. The northwest-trending, 30°–45° southwest-
dipping Xiaoyudong fault, which had not been recognized before 2008, experienced
left-lateral slip of up to 2.2 m, and a scarp height of 3.5 m at the northwestern end
diminishes to less than 0.2 m near the Pengguan fault (Liu et al. 2012). This salient
appears to have strongly influenced the rupture segmentation (Chang et al. 2012).
There are offsets of 3–4 km in the Beichuan fault and 2–3 km in the Pengguan fault
near the intersections with the cross-fault (Fig. 2.4). Of 20 mapped surface ruptures,
the rupture zone is <40 m wide for 17 cases, with 3 zones up to 59 m wide (Zhou
et al. 2010).

The rough topography and variability of scarps due to inheritance of shallow
southeast-dipping faults (e.g., Liu et al. 2010; Yu et al. 2010) make interpretation of
many of the surface ruptures uncertain. For example, Lin et al. (2009) reported left-
lateral slip of <2 m on the southern Beichuan fault, but this is not supported by other
field studies or by geodesy. Lin et al. (2009, 2012) reported 0.3–0.6 m right-lateral
strike-slipwith 0.2–0.5mvertical slip on theQingchuan fault, but this small slip is not
confirmed by InSAR or aftershock distributions so it is not clear whether it represents
coseismic slip during the mainshock. The Qingchuan fault does appear to be active,
with an estimated 3–5 mm/yr deformation rate in the late Pleistocene-Holocene (Lin
et al. 2014).

Some of the fault exposures have been analyzed for surface roughness using
portable laser scanners, displaying self-affine roughness with power spectral density
and rms roughness having power law relationships with length of the profiles (Wei
et al. 2010). Roughness is greater perpendicular to the slip direction than along the
striations. Two boreholes were drilled through the Beichuan fault zone 400 m and
1 km west of a 4.3 m nearly vertical surface rupture, intersecting the inferred fault
zone at depths of ~589 and 1230 m, respectively (Li et al. 2013, 2014a). Repeated
temperature measurements were made in the first of these boreholes from 1.3 to
5.3 years after the rupture in an effort to detect frictional heating (Li et al. 2015).
Multiple cataclasites intersect the borehole and it is ambiguous to identify the precise
2008 rupture surface in the vicinity of 576–589 m depth, with a zone of breccia
extending down to 760 m. The lack of any thermal anomaly (<0.02 °C) near the
assumed rupture surface bounds the dissipated heat energy to <1.2MJ/m2, suggesting
an effective coefficient of dynamic friction of <0.02 during rupture. Tidal response of
water level in the deep borehole tracks changes in permeability over 18 months and
indicates a high hydraulic diffusivity in the damage zone of 2.4 × 10−2 m2/s (Xue
et al. 2013). The permeability appears to decrease with time due to fault healing, but
is apparently intermittently increased by shaking from remote earthquakes.

A 16 station 400-m-long seismic array was deployed across the shallow fault
rupture zone to record fault zone-trapped waves for aftershocks, supplemented by
recordings of the Sichuan Seismic Network (Li et al. 2012, 2014b). The waveforms
show complexities that can be well modeled by 3D finite-difference calculations
with a 200-m-wide fault core zone within a 400-m-wide damage zone with seismic
velocities in the damage zone reduced by 30–55% relative to the wall rock, extending
to ~10 km deep, with the slowest velocities near the surface. The shallower dipping
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Pengguan fault is unlikely to favor fault zone-trapped waves based on modeling for
a wide range of fault zone dip.

TheWenchuan earthquake triggered landslides over a broad area,with earthquake-
induced mass wasting contributing significantly to the overall erosion rate. Ouimet
(2010) characterizes a 240-km-long area along the Beichuan and Pengguan faults
where >10% of the surface is affected by landslides. The strongly affected zone
is 25–30 km wide in the southwestern region and 3–5 km wide in the northeast.
Dai et al. (2011) identify 56,000 triggered slides along the rupture zone, with some
located 50–100 km to the northwest. Gorum et al. (2011) use satellite images and
air photographs to map 60,000 landslide scarps, 57% of which are in the Pengguan
Massif hanging wall of the Beichuan fault and 13% in the Pengguan fault hanging
wall. Of particular note is the Donghekou rock avalanche, near the northeastern end
of the rupture (Fig. 2.4). This so-called ejection landslide involved 10–15 × 106 m3

of rock that experienced as much as 700m drop and 2400m runout, resulting in great
loss of life in Donghekou. The landslide appears to have started with material being
ballistically ejected by large local seismic acceleration, launching large boulders
with parabolic trajectories (Yuan et al. 2010). The steep topography and lithologic
structuresmay have influenced this, but it is also possibly amanifestation of enhanced
ground motion from a mach cone produced by supershear rupture velocity in the
northeastern steeply dipping dextral shearing portion of the rupture.

2.3 Seismological Constraints

The 2008 Wenchuan earthquake has been analyzed by a wide range of seismologi-
cal approaches, including hypocentral location, seismic velocity tomography of the
source region, moment tensor determination, aftershock analysis, back-projection
and directivity analysis, strongmotionmodeling, and teleseismic inversion for finite-
fault rupture process. Many of these constraints on the source process are noted here.

The USGS National Earthquake Information Center (NEIC) located the
May 12, 2008 hypocenter at 31.002°N, 103.322°E, 19 km deep at 06:28:01.6
UTC (https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650#executive).
The NEIC also reports MS = 8.1 based on observations from 199 stations. Using
local data from the Sichuan Province Seismic Network and the Zipingpu Reser-
voir Seismic Network, Yang et al. (2012) relocated the hypocenter as 31.018°N,
103.365°E, 15.5 km deep at 14:27:57.59 local time. An et al. (2010) relocated the
event at 31.001°N, 103.280°E, 17 km deep. Various other estimates of the hypocen-
tral location (most being slightly south of the values above), origin time, and MS

have been reported (e.g., China Earthquake Administration; Chen et al. 2009a, b).
The crustal structure around the source region is clearly heterogeneous (Fig. 2.3),

and regional tomography indicates high P and S wave velocity in the upper 15 km of
the Pengguan Massif, which forms the hanging wall of the southern Beichuan fault
(e.g., Wang et al. 2009c; Wu et al. 2009a; Pei et al. 2010; Xu et al. 2010b). Wang
et al. (2009c) analyzed 200,000 local P and S travel times, detecting some offsets in

https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650#executive
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structure between segments of the Beichuan fault. The rupture initiated in a region
of high Poisson’s ratio in the southwest that extends to the lower crust around 20 km
deep, where velocities are low.

2.3.1 Focal Mechanisms and Aftershock Distribution

Point-source focal mechanisms for large earthquakes provide an overall measure
of the strain release. The global centroid-moment-tensor (GCMT) solution for the
2008Wenchuan earthquake has a predominantly (93%) double-couple solution with
strike 231°, dip 35°, rake 138°, centroid time shift 38.8 s, centroid depth 12.8 km and
seismic moment 8.97 × 1020 Nm (MW 7.9) (http://www.globalcmt.org/CMTsearch.
html). The W-phase solution from Duputel et al. (2012) has a much smaller (48%)
double-couple component, with the best double couple having strike 222°, dip 29°,
and rake 152°, and seismic moment 1.19 × 1021 Nm (MW 8.0). These mechanisms
both indicate an overall oblique thrustingmoment tensor with significant right-lateral
component.

A vigorous aftershock sequence followed the 2008 rupture, with many events
being located by the USGS-NEIC (Fig. 2.3), and many more located by regional
networks and portable seismometer deployments (Zhang et al. 2010). Huang et al.
(2008) relocated 2553 events with M > 2 using double-difference locations. The
events are distributed along 330 km from southwest to northeast, with some indi-
cation of listric faulting around 20 km deep in the southwest. Double-difference
relocations of 3622 events with a 350-km-long distribution were also performed by
Chen et al. (2009b) using data from a movable seismic array. Most aftershocks are in
the depth range 10–22 km. They found narrower aftershock distribution in the north-
east consistent with more steeply dipping fault and broader aftershock distribution
along the Pengguan Massif extending from 4 to 24 km deep.

After relocating aftershocks, Zheng et al. (2009) used regional Chinese network
waveforms in the Cut-and-Paste method to estimate focal mechanisms and source
depths of larger (M ≥ 5.6) aftershocks. Thrust faulting dominates overall, even in the
northeast, with few strike-slip solutions. 2878 aftershocks were located by double-
difference using a temporary network deployed from July to October 2008 by An
et al. (2010). They found that most aftershocks are shallower than 20 km. A region
of low seismicity through Yingxiu Town separates two blocks along the Beichuan
fault. Cai et al. (2011) used an 89 station network to locate 1376 aftershocks from
May 12 to August 3, 2008, by cross-correlation, and then determined 89 P wave
first-motion mechanisms showing sub-horizontal compression axes, with a mix of
thrust and strike-slip faulting. Moment tensor inversions for 160 events with M ≥
4 from May 12 to September 8, 2010, were obtained by Lin et al. (2018), again
with a mix of reverse and strike-slip mechanisms and a handful of normal faulting
solutions. Yin et al. (2018) used data from a temporary array and 1273 events in a
relocated catalog as templates to search the first 7 days after themainshock, detecting
12,914 events. Most aftershocks are below 10 km depth and in the regions down-dip

http://www.globalcmt.org/CMTsearch.html
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of peak mainshock slip. Migration with time along strike suggests afterslip at depth.
The locations support the possibility of high-angle listric faulting shallowing into a
20-km-deep décollement for both the southwestern Beichuan and Pengguan faults.
The northeastern segment of the Beichuan fault is steeply dipping. The Xiaoyudong
cross-fault shows some post-seismic deformation. The overall aftershock distribution
extends southwest of the epicenter by about 20 km and northeast of Donghekou to
beyond the Qingchuan fault (Fig. 2.4), suggesting extension of the Beichuan fault
into the Bikou Massif to the northeast (Zhang et al. 2010). Minor activity spreads
along the Qingchuan fault, possibly related to the small surface slip noted earlier.
While there is clearly segmentation along the Beichuan fault, the aftershocks and
surface ruptures of theWenchuan event indicate a generally continuous rupture along
the fault zone.

The abundant aftershock recordings enable examination of period and amplitude
parameters for P waves of 24 events, allowing some calibration of potential early
warning applications for future events (Wang et al. 2009b). This is particularly rele-
vant as activation of nearby faults in the Longmen Shan due to stress adjustments to
the 2008 event is a serious concern, as discussed below.

2.3.2 Back-Projection and Surface Wave Finiteness
Constraints

Constraints on the rupture velocity and directivity for the 2008 Wenchuan earth-
quake have been obtained by back-projection of teleseismic short-period P waves
and directivity analysis of global Rayleigh waves. These constraints are valuable for
constraining finite-fault inversions. Du et al. (2009) analyze high-frequency energy
in Alaska to infer a 90-s-rupture process with northeastward expansion. They infer
an average speed of 2.2 km/s during the 50 s, with rupture extending about 110 km,
and then faster, supershear rupture at 4.8 km/s for the next 40 s, with rupture extend-
ing another 190 km. The possibility of supershear rupture of the northeastern pre-
dominantly strike-slip region of faulting is supported by finite element modeling
by Zhu (2018), who finds that as dynamic rupture models traverse the Gaochuan
bend (Fig. 2.4), rupture speed can increase to 5.02 km/s. Xu et al. (2009c) ana-
lyzed P wave data in large aperture networks of global, Alaskan, Australian, and
European stations, inferring unilateral rupture extending ~300 km to the northeast of
the epicenter with a duration of about 110 s, with average rupture speed of 2.8 km/s.
Similarly, Zhang and Ge (2010) analyzed Australian data, finding a 98 s duration and
rupture length of 290 km, with rupture speed of about 3 km/s. These studies detected
bursts of coherent short-period energy along strike, but these need not correspond
to large-slip regions. Wang et al. (2016) back-project short-period data from net-
works in Europe and Alaska and infer an overall process with a rupture velocity of
1.8 km/s during the first 40 s of rupture and 3.5 km/s during the next 60 s of rupture.
They note that even faster speed of the latter portion of the rupture at about 4.3 km/s
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Fig. 2.5 Rayleigh wave source time functions obtained by iteratively deconvolving point-source
synthetic waveforms from corresponding observations for theMay 12, 2008,Wenchuan earthquake.
The deconvolutions use a positivity constraint and are aligned on the origin time of the earthquake.
The slanted line is an approximate fit to the termination of the source time functions, which are
plotted as a function of unilateral directivity parameter assuming a rupture azimuth of 51°. Figure
courtesy of C. J. Ammon

is indicated by moment release from near-field strong motion inversion by Zhang
et al. (2012). Okuwaki and Yagi (2018) apply a hybrid back-projection method, find-
ing concentrations of high-frequency radiation near fault segment boundaries and
fault steps. Huang and Yao (2018) apply compressive-sensing back-projection to
detect frequency-dependence of the along-strike rupture, with low-frequency radia-
tion along smooth rupture segments and concentrations of high frequency near the
complexities like the Xiaoyudong cross-fault and the Nanba fault step-over. Rupture
speed accelerates near the complexities.

Rayleigh waves also exhibit strong directivity toward the northeast. Hwang et al.
(2011) analyzed 100-s period Rayleigh wave phase velocity delay time, inferring a
unilateral rupture azimuth of N59°E, with a rupture length of 210 km, a rise time of
9.3 s, and duration of 70 s, giving an average rupture velocity estimate of 3 km/s.
Figure 2.5 displays the clear Rayleigh wave directivity apparent in Rayleigh wave
relative source time functions (RSTF), which have been obtained by iterative decon-
volution of point-source synthetic seismograms computed at the hypocenter with the
GCMT focal mechanism. A positivity constraint was used. The data are aligned with
respect to the directivity parameter, Γ = cos(φsta – φrup)/c, where φsta is the station
azimuth, φrup is an assumed unilateral rupture azimuth (N51°E), and c is a reference
phase velocity of 4 km/s. Assuming a simple unilateral rupture, the maximum RSTF
duration is Tmax = 170 s and the minimum is Tmin = 50 s, giving an average total
rupture duration of T avg = 110 s. The estimated fault length, L = (c/2) × (Tmax −
Tmin) = 240 km. Assuming a rise time of 0.2 × T avg, these values give an average
rupture velocity of ~2.7 km/s.
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2.3.3 Strong Motions Observations

An extensive data set of strong motion observations was produced by the Wenchuan
earthquake. A preliminary summary of the observations by Li et al. (2008b) doc-
umented 460 free-field stations in 17 provinces, municipalities, and autonomous
regions, along with several arrays and portable deployments after the mainshock.
Among the 1400 components recorded, the largest peak acceleration is 957.7 gal,
and there are 7 values larger than 600 gal. Initial numerical simulations of the strong
motions were explored by Wei et al. (2008).

Bjerrumet al. (2010) used three early finite-slipmodels fromKoketsu et al. (2009),
Ji (2008), and Nishimura and Yagi (2008) for deterministic and semi-stochastic
simulation of strong motion. They found that the models predict large variation in
ground shaking due to the slip heterogeneity and width of the fault plane. Similarly,
strongmotionswere simulated using stochastic finite-faultmodelswith two segments
with two large asperities 45 and 170 km northeast of the hypocenter byGhasemi et al.
(2010), evaluating predictions against the observations from 108 accelerograms at
54 stations within 150 km. An empirical Green’s function (EGF) method using
records from an event in Japan was applied by Kurahashi and Irikura (2010) in
hybridmodelingwith themodel ofKoketsu et al. (2009),with three asperity locations.
Directivity in the strongmotionswas overpredicted by the assumed kinematic effects.

In a more deterministic analysis, a multi-time window finite-fault inversion using
26 strongmotion recordings was performed by Zhang et al. (2012). Using an average
rupture velocity of 3 km/s, they found large slip 20–50kmnortheast of the hypocenter,
with rupture spreading around a large asperity that broke abruptly about 25 s after
rupture initiation. Their model had variable dip along a three-segment model of the
Beichuan fault and included slip on the Pengguan fault.

2.3.4 Teleseismic Inversions with 1D Green’s Functions

Far-field seismic waves intrinsically provide limited resolution of the details of earth-
quake ruptures, but in the case of a long unilateral rupture like the 2008 Wenchuan
event, the overall slip distribution can be quitewell determined. Early inversions (e.g.,
Yamanaka 2008; Nishimura and Yagi 2008; Ji 2008; Yagi et al. 2012) assumed a sin-
gle uniformly dipping (30°–33°) fault plane adopted from the point-source moment
tensor estimates. These models had one or two large-slip patches along strike, but
limited detail. For example, the model of Ji (2008) used 17 P waves, 15 SH waves,
and 30 surface waves, finding large-slip regions 30–40 and 170–180 km from the
hypocenter about 10 km deep, along a 33° dipping plane striking 229°, with an aver-
age rupture velocity of ~2.4 km/s. Teleseismic and strong motion data were inverted
by Koketsu, et al. (2009) giving comparable models.

An example of the author’s early teleseismic body wave inversion for a single-
plane rupture model with a dip of 35° is shown in Fig. 2.6a. This model was obtained
by linear least squares multiple time window inversion of 35 P and 20 SH waves.



2 Rupture Process of the 2008 Wenchuan, China, Earthquake: A Review 43

Minor, poorly resolved, slip is found southwest of the hypocenter, and a large-slip
patch with predominantly oblique thrust motion is located 40–60 km northeast of the
hypocenter, with increasingly right-lateral strike-slip motion to the northeast. The
subfaults all have six 2.0-s rise-time triangles, and the estimated seismic moment
is 1.12 × 1021 Nm. A two-segment fault model obtained by inversion of the same
data set is shown in Fig. 2.6b, with dip in the northwestern segment increased to 70°.
This causes rake to vary with depth. The effect of listric reduction of dip with depth
for a two-segment model is shown in Fig. 2.6c. In the southwestern region, the fault
dip smoothly decreases from 45° at the surface to 25° at a depth of 22 km. In the
northeastern region, the fault dip smoothly decreases from 80° to 60°. The inverted
slip model is very similar to the uniformly dipping case in Fig. 2.6b, suggesting
that there is little resolution of listric geometry from the teleseismic body wave data.
Comparison of observed and predictedwaveforms for themodel in Fig. 2.6c is shown
in Fig. 2.7. Major features in the waveforms are well matched; the model accounts
for ~80% of the power in the signals, but small features are not matched.

Zhang et al. (2009) used 21 long-periodPwaves for a single-dip (39°) fault model,
finding average slip of 2.4 m along a 300 km long fault with strike 225°. Their model
indicates large-slip patches near Yingxiu, Beichuan, Kandig, and Qingchuan. They
estimate an 18 MPa average stress drop. Nakamura et al. (2010) inverted teleseismic
bodywaves for a faultmodelwith two segments, finding predominantly thrustmotion
near the epicenter and strike-slip motion from 110 km northeast to the end of the
fault. The maximum slip was 11 m, and the seismic moment is 1.2 × 1021 Nm. They
used the slip model to simulate broadband waveforms using 3D spectral element
calculations, supporting the basic model. Zhao et al. (2010) inverted 39 P and SH
waveforms for a 100 s durationmodel with dip of 42° extending 280 km long. Similar
to the model in Fig. 2.6a they found large oblique slip in the southwest with nearly
pure dip-slip at shallow depth and horizontal slip in the northeast from Beichuan to
Qingchuan with 5 large-slip subevents distributed along strike.

An updated version of the inversion of Ji (2008) using the same data set (https://
earthquake.usgs.gov/earthquakes/eventpage/usp000g650#finite-fault) is posted on
the USGS-NEIC Web site. This model has two segments representing the Beichuan
fault, dipping 46° and 50° from southwest to northeast, along with a 28° dipping
plane representing the Pengguan fault. The hypocenter is on the latter fault, near its
intersection with the Beichuan fault 14 km deep. The seismic moment estimate is
8.8 × 1020 Nm, and there are 4 large-slip patches along the Beichuan fault.

Deconvolution of teleseismic waves using three thrust and strike-slip aftershocks
to obtain empirical Green’s functions for teleseismic waves was performed by Wen
et al. (2012). Their fault model has three segments with high spatial variability of
slip and rupture velocity. They infer that the rupture starts with thrust motion and low
rupture velocity of 1.7 km/s, and the rupture speed increases to 3.1–3.3 km/s with
large slip in a region of overlapping fault segments, then it slows to 2.5–2.9 km in the
northeastern strike-slip region. The total rupture extends 300 km with 2.6–2.9 km/s
average rupture speed. A linear inversion of teleseismic signals then gives a final
slip model with variable rupture velocity with three large-slip patches near Yingxiu,
Beichuan, and Nanba.

https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650#finite-fault
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Fig. 2.6 Early finite-fault slip inversions using teleseismic P and SH data for a a single planar
fault model dipping 35°, b two fault segments (separated by the vertical dashed line) with 35° dip
in the southwest and 70° dip in the northeast, and c two fault segments (separated by the vertical
dashed line) with listric decreases in dip as depth increases, from 45° to 25° in the southwest and
from 80° to 60° in the northeast. In all cases, the strike is 231° and the rupture expansion velocity
is 2.8 km/s, with the hypocenter being 12.8 km deep. The source time function for each subfault is
comprised of six 2-s rise-time symmetric triangles staggered by 2-s, allowing up to 14 s subfault
source durations. The magnitude of slip is contoured, with the peak slip indicated in each case and
the arrows indicating variability of average rake on each subfault. The focal mechanism indicates
the average fault geometry for model (a) and shows the azimuthal distribution of P wave data used
in the inversion. Figure 2.7 shows comparisons of the observed and predicted data P and SH data
for the listric model in (c). All three models have residual waveform misfit power of about 0.2
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Fig. 2.7 Comparisons of observed P and SH data (bold lines) and model predictions for the finite-
fault inversion solution with listric faulting and variable dip along strike shown in Fig. 2.6c. The
peak-to-peak amplitude in microns is shown above each station name and the azimuth is shown
below. SH waves were given 0.2 times the weight of P waves in the inversion

2.3.5 Teleseismic Inversions with 3D Green’s Functions

The 2008 Wenchuan earthquake occurred in a region of acute crustal heterogeneity
and surface topography, raising the issue of how the 3D surface topography affects
seismic wave ground motions both locally and teleseismically. Chavez et al. (2010)
computed finite-difference calculations of local ground motion velocity predictions
using 3D structure and the model of Ji (2008). Patterns of along-rupture ground
velocities demonstrate the effects of northeastward directivity that correspond with
asymmetry in intensity isoseismals.

The influence of rough surface topography along the rupture on teleseismic body
waves used in finite-fault inversions presents a difficult challenge, particularly given
the extent of the rupture and magnitude of the surface roughness. Calculation of tele-
seismic P wave Green’s functions using a hybrid approach was performed by Avants
(2014). The 3D finite-difference code WPP, from Livermore National Laboratory,
was used to compute displacement and stress time series on a dense grid near the
bottom of the computational model below the rough surface topography along the
fault. The representation theorem was then used to compute far-field P wave Green’s
functions including the pP and sP interactions with the rough surface topography, for
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Fig. 2.8 Schematics of the modeling procedure for including rough surface topography in the cal-
culation of Green’s functions for teleseismic P wave inversion for finite-fault models for the 2008
Wenchuan event. a Depiction of the rough surface topography, which ranges over 4 km above the
westward dipping faults beneath the Longmen Shan and the flat Sichuan Basin. A finite-difference
method is used to calculate the wavefields from a grid of source locations on specified faults collect-
ing the space and time history of stress and displacement at each point on the horizontal sampling
grid at depth below the source region. b The space-time varying stress and displacement wave-
fields computed on the sampling grid are then used in the representation theorem with generalized
ray theory to predict the far-field P wave observations at teleseismic station locations, applying
corrections for attenuation and geometric spreading

generalized ray theory first-motion approximations, including geometric spreading
and attenuation operators (Fig. 2.8). This approach is only able to compute about
20 s duration Green’s functions to avoid interference of down-doing S waves from
the source, but it does predict the effects of the free surface interactions in the P
wave packet. Comparison of Green’s functions for teleseismic P waves at different
azimuths for a flat free surface and a rough free surface is shown in Fig. 2.9 for strike,
dip and rake values used in fault segments along the rough topography. Steeper dip
of 70° is used in the northeast, 50° dip is used in the central fault, and 35° dip is used
in the southwestern portion of the fault.

Linear inversions using 40 teleseismic P waves for a relatively coarse fault model
grid with 3 subfaults along dip and 19 along strike, with three planar segments having
varying dip from 35° to 70°, are shown in Fig. 2.10. A model is shown for Green’s
functions with a flat free surface (Fig. 2.10a) and for Green’s functions for the 3D
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Fig. 2.9 Examples of individual station teleseismic P wave Green’s function for a source depth of
18 km for a flat surface uniformhalf-space (HS) and for the 3D rough surface over uniformhalf-space
(3D) case. The Green’s functions span the range of dip (35°–70°) and rake (90°–180°) considered
in the finite-fault inversions at appropriate along-strike positions under the 3D topography. The P
wave signals include direct down-going P, pP, and sP surface reflections, and any early out of plane
scattering for the 3D case
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topography (Fig. 2.10b). The rupture velocity is 2.8 km/s for both cases. Two large-
slip patches are found along strike, with oblique thrusting in the southwest and more
strike-slip motion in the steeper dipping northeast, similar to models in Fig. 2.6.
The effect of the laterally varying 3D topography on the slip inversions is rather
subtle, despite the substantial differences in Green’s functions apparent in Fig. 2.9.
This is due to the intrinsic low-pass nature of projection of data into the slip model,
with rapidly varying differences in far-field Green’s functions from finite wavelength
interactions with the rough free surface tending to be averaged over in the finite-fault
imaging. The moment rate functions are quite similar, although the 3D model does
recover a somewhat lower total moment. This is a first-cut approach, at the time it
was perhaps the first use of truly 3D Green’s functions for teleseismic distances for
developing a finite-fault model for a large earthquake. A method that can account
for the later coda generated by the rough topography (longer Green’s functions)
may lead to stronger systematic effect of the 3D structure in the finite-fault imaging.
The rather subtle differences in models obtained with 1D and 3D Green’s functions
do provide some assurance that the first-order features of the models based on 1D
calculations are relatively stable.

2.4 Geodetic Constraints

The Wenchuan earthquake provided extensive geodetic observations that have been
analyzed bymany researchers. Continuous observations were not acquired, and there
is some contribution from early post-seismic deformation to the GPS and InSAR
measurements that dominate the geodetic observations. High-rate GPS acquisition
was not yet broadly practiced at the time of the event. With this caveat, the geodetic
data provide high-resolution information about the source process that adds precision
to the smoothed images from the far-field seismic observations.

2.4.1 GPS and InSAR Displacements and Rupture Models

The Working Group of the Crustal Motion Observation Network of China Project
(2008) consolidated early geodetic measurements for the 2008 source, including 435
campaign and 35 permanent GPS sites, 42 spirit leveling vertical displacements and
triangulation sites. Wang et al. (2008) used the GPS data to construct a source model
with a two-segment Beichuan fault and the Pengguan fault. Slip distributions were
derived from122GPS stations byDiao et al. (2010), for Beichuan and Pengguan fault
models with dip decreasing with depth. The peak slip on the Beichuan model had
9 m slip near Beichuan and Jiangyou and involved right-lateral and reverse faulting,
while the Pengguan fault model has 2–3m reverse slip. They assert that listric models
with dip shallowing to 20° in the mid-crust perform better than constant dip models.
They noted that the aftershocks tend to be down-dip of regions with large slip.
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Fig. 2.10 Finite-fault slip inversions using teleseismic P wave data for three-segment models with
dip varying along strike from 35° to 50° to 70° (separated by vertical dashed lines), for a Green’s
functions from a uniform elastic half-space with flat free surface, and b Green’s functions for a
uniform elastic half-space with 3D rough surface topography smoothed from the actual topography
shown in Fig. 2.3. In all cases, the strike is 228° and the rupture expansion velocity is 2.8 km/s,
with the hypocenter being 12 km deep. The source time function for each subfault is comprised
of six 2-s rise-time symmetric triangles staggered by 2-s, allowing up to 14 s subfault source
durations. The magnitude of slip is contoured, with the peak slip indicated in each case and the
arrows indicating variability of average rake on each subfault. The focal mechanism indicates the
average fault geometry in the first segment for model (a) and shows the azimuthal distribution of P
wave data used in the inversion

Wang et al. (2010b) compare the GPS predictions of slip models from teleseismic
inversions by Ji (2008) and Zhang et al. (2009), with those of the geodetic inversion
by Wang et al. (2008), demonstrating the expected greater detail provided by the
geodetic data. They then inverted teleseismic data assuming a listric Beichuan fault
model 308 km long and including the Pengguan fault. As in earlier models, they
found large-slip patches near Hongkou and Beichuan-Pingtong.

InSAR data have also played a significant role for constraining the rupture process
although there were limitations in azimuth offset measures due to strong ionospheric
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signals for much of the data. Early investigations by Sun et al. (2008), Hao et al.
(2009), Kobayashi et al. (2009), Shan et al. (2009a, b), Hashimoto et al. (2010), and
Furuya et al. (2010) used six to eight ascending orbits from L-Band ALOS/PALSAR
differential SAR Interferometry to estimate continuous surface deformations. Unlike
the earliest seismicmodels, these studies clearly detected the deformation on both the
Beichuan and Pengguan faults, as observed by the field observations, with dominant
shallowly dipping thrust component in the southwest and steeper-dipping strike-slip
in the northeast. Pixel-offset methods were used to improve resolution in the decorre-
lated near-fault regions, improving resolution of slip and subfault segmentation along
the Beichuan fault. de Michele et al. (2010a) used a sub-pixel correlation method to
estimate slip along 270 km of the Beichuan fault and 70 km of the Pengguan fault.
Oblique thrustingwith dextral component is observed along the Beichuan fault. They
note that using ascending data only does not provide a unique sense of displacement
and additional data are needed to interpret the data. Qu et al. (2012) extended pixel-
offset tracking for six tracks of ALOS/PALSAR data, inferring slip along 238 km of
the Beichuan fault and offsets on the Xiaoyudong cross-fault.

Combining GPS and InSAR observations helps to retrieve longer wavelength sur-
face displacements, and addition of descending track data less affected by ionospheric
signals improves the resolution of slip. Shen et al. (2009) used data from 158 GPS
sites and ALOS PALSAR range-change data to obtain a fault model with dip varying
from 43° in the southwestern Beichuan fault to 96° in the northeast. Three regions of
high slip near Yingxiu, Beichuan, and Nanba (Fig. 2.4) were detected, with large slip
near fault bifurcations and conjugate junctions. They estimated a seismic moment of
8.03 × 1020 Nm, possibly enhanced by some post-seismic data. GPS, InSAR, and
field observations were incorporated into a fault model by Tong et al. (2010), with
four subfaults with variable geometry and dip. Faults dip 35° in the southwest and
70° in the north. Mainly thrust slip less than 10 km deep is found on the southern
segment of the Beichuan fault with slip up to 13 m, with right-lateral slip of up to
7 m in the northeast. Similarly, Feng et al. (2010) use GPS and six ALOS/PALSAR
ascending orbits with pixel offsets to determine slip on 3 planar fault segments along
the Beichuan fault and a single Pengguan fault. They estimate 6.7 m thrust slip near
Yingxiu and Beichuan, and 4 m strike-slip offset near Pingtong and Nanba. Small
slip on the Pengguan fault is detected. The resolution of strike-slip motion is not as
good as for vertical motion.

Optimal weighting of information from GPS horizontals, GPS verticals, and
ALOS/PALSAR L-band data was evaluated by Xu et al. (2010a). They obtained
a slip model with 4 large-slip patches, with 10 m slip near Hongkou/Yingxiu and
Beichuan and substantial slip near Yuejiashan and Nanba. Right-lateral oblique
thrusting occurred in the southwest and right-lateral slip of 1–2 m occurred in the
northeast. Most slip is shallower than 10 km, but deeper slip may occur in the south-
west. Their estimate of the seismic moment was 8.19 × 1020 Nm.

Slip on theBeichuan andPengguan faultswas also inferred from1521 components
of GPS campaign data, 42 spirit leveling vertical displacements and 342 InSAR line-
of-site range changes from 8 L-band ALOS/PALSAR orbits by Wang et al. (2011).
They allowed for listric fault geometry in the southwest, finding 2–6 m of slip on a
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deep décollement fault. Slip along a two-segment Beichuan fault with southwestern
dip of 55° and northeastern dip of 70° has four large patches above 20 km near
Hongkou, Qingping, Beichuan, and Nanba, in basic agreement with the models
of Shen et al. (2009), Tong et al. (2010), and Feng et al. (2010). The Beichuan
fault and 35°-dipping Pengguan fault both root into the décollement. Zhang et al.
(2011) combined GPS and InSAR data in a linear inversion for slip, stabilizing rake
variations and exploring the effect of crustal layering. They find 3 peak-slip asperities
near Yingxiu, Yuejiashan, and Beichuan, with predominantly thrust in the southwest
and right-lateral strike-slip in the northeast, along with modest pure-thrust slip on
the Pengguan fault. Layered models place 15–20% more slip at greater depth than
half-space models.

Use of ascending and descending track SAR data along with geologic data
improves resolution of slip and can overcome some of the ionospheric contamination
of the ascending tracks (e.g., Tong et al. 2010; de Michele et al. 2010b). Tong et al.
(2010) combineL-bandALOS/PALSAR line-of-sight displacements from ascending
track data with descending track ScanSAR ALOS interferograms. Having multiple
radar look directions greatly improves the resolution of slip along a rupture. Jointly
inverting with 109 GPS displacement vectors and geologic scarp height measure-
ments, a 4-fault slip model is obtained, with three segments along the Beichuan fault
with dip varying from 35° in the southwest to 50° in the central segment to 70° in
the northeast, and the Pengguan fault dipping 25°. Maximum slip depth was from 21
to 23 km along the Beichuan fault and 7 km on the Pengguan fault. Maximum slip
was 13 m in the southwestern segment, 12 m in the central segment and 7 m in the
northeastern segment, and 12 m on the Pengguan. The geodetic seismic moment is
6.79 × 1020 Nm. Aftershocks locate below the average slip at shallow depth on each
segment. de Michele et al. (2010b) used C-band and L-band data from ascending
and descending tracks with sub-pixel correlation analyses to constrain 3-D surface
displacements. Their processing of correlograms reduces sensitivity to tropospheric
phase delays. Field measurements from Xu et al. (2009a) were used to validate the
near-fault displacements. The average motion on the southwestern Beichuan fault
has 3.5 m vertical motion, 4.8 m perpendicular to strike, and 3.5 m parallel to strike,
while the northeastern region has up to 5 m of dextral slip. The left-lateral slip on the
Xiaoyudong cross-fault was resolved. The possible role of a blind thrust along the
northeastern portion of the fault to accommodate compression was proposed, but no
slip on such a structure was resolved.

Wan et al. (2017) analyze the available InSAR and GPS data, exploring layered
elastic structure variations across the Beichuan fault, which varies in dip from 36° in
the southwest to 83° at the northeast end of the rupture. 8.4 m of thrust motion and
5 m of dextral slip are found near Hongkou and 6 m of thrust motion and 8.4 m of
dextral slip near Beichuan. Peak slip is located near changes in fault geometry and
complexities that act as geometric barriers.

Reanalysis of the InSAR data to eliminate strong ionospheric signals was per-
formed by Feng et al. (2017). They estimate fully 3D surface displacements
(Fig. 2.11) from InSAR and compare the image offsets with GPS and field observa-
tions. They assert that prior studies using ascendingALOSdata have biased coseismic
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Fig. 2.11 Derived 3Dsurface displacement distribution inferred fromsub-pixel correlation analysis
of combined ascendingALOSand descendingEnvisat synthetic aperture radar data.Displacement is
shown as fault-parallel, fault-normal, and vertical displacement (positive= right lateral/up, negative
= left lateral/(down). Figure from Feng et al. (2017)

deformation maps and dissimilar slip at depth due to strong ionospheric distortions
and that pixel-offset tracking is also affected by ionospheric disturbance. By adding
in post-event SAR data free of strong ionospheric signals, the early long-period con-
tamination can be suppressed, improving consistencywith theGPS data and allowing
use of both range and azimuth SAR image offsets. Their processing indicates some
faulting along a northeastward extension of the Beichuan fault, but no clear rupture
of the Qingchuan fault. They infer that the southern tip of rupture is at 31.065°N,
103.551°E, near the estimates of the hypocentral location, with the northeastern ter-
minus being less clear, but near 32.424°N, 106.126°E. They find vertical slip of up
to 6.5 m with dextral slip of up to 5.5 m on the Beichuan fault and up to 3.5 m on
the Pengguan fault.

2.5 Joint Inversions from Seismic and Geodetic Data

Given that the geodetic data resolve overall faulting offset with no time evolution
and with some contribution of post-seismic deformation, the most comprehensive
representations of the faulting process are obtained by joint inversions of the seismic
and geodetic data. Two fault model solutions from such joint inversions are shown
in Fig. 2.12, with their consistencies and inconsistencies representing what we do
and do not know about the rupture process.
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Fig. 2.12 Multiple-fault slip models from joint inversion of seismic and geodetic data. a The linear,
multiple time window inversion of teleseismic, strong motion, and geodetic data by Hartzell et al.
(2013). The 3D plot shows the placement of each of the three faults, along with the Xiaoyudong
strike-slip cross-fault. Red lines indicate mapped surface slip. The rupture front is shown at times
5, 22, 45, and 52 s after initiation of rupture in the fault slip maps. Slip amplitude is indicated by
the color scale, and slip direction and magnitude are shown in the lower panels. The slip duration
allowed at each position is up to 10 s. The rupture hypocenter is the red star on the Pengguan
fault. b 3D plot of the 5-fault slip model from joint inversion of teleseismic, SAR and GPS data by
Fielding et al. (2013). The Beichuan fault has three segments with dip of 45° in the south, 55° in
the center, and 70° in the north. The Pengguan fault dips 34°; note that it is displayed twice with
the brown offset version clarifying the lack of deep slip. The deep fault dips 5°. The hypocenter is
at the southern end of the S. Beichuan Fault
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Figure 2.12 summarizes the joint inversion of geodetic, teleseismic, and strong
motion data by Hartzell et al. (2013). They applied a linear multiple time window
inversion to obtain slip on the Pengguan and Beichuan faults, connected by the
Xiaoyudong cross-fault. The hypocenter was placed on the Pengguan fault, which
differs from most other studies, and the rupture expansion proceeds to the northeast,
triggering the cross-fault and then spreading bilaterally onto the Beichuan fault. The
overall seismic moment estimate is 1.0 × 1021 Nm. Figure 2.12b summarizes the
kinematic model from inversion of SAR (ALOS and Envisat tracks, with pixel-offset
tracking to constrain the fault placement), GPS and teleseismic data by Fielding et al.
(2013). They find rupture velocity of 2.5–3.0 km/s with 110 s duration. The hypocen-
ter is on the Beichuan fault. Slip is largely thrust in the south along the imbricate
faults, and increasingly right-lateral to the northeast with steeper dip. The southern
Beichuan segment dips 45°, converging with a 34° dipping Pengguan fault about
20 km deep, and then connecting to a 5° dipping décollement fault. The central
Beichuan segment dips 55° and the northern segment dips 70°. The Pengguan fault
is dynamically triggered in this model, but the timing of this is not well resolved, and
could involve post-seismic deformation. A total seismic moment estimate of 9.5 ×
1020 Nm is obtained. In both cases, inversionswere conducted for the various data sets
separately. The geodetic and field data give best constraint on the precise fault geom-
etry, but the seismic data resolve the rupture expansion velocity of 2.8 ± 0.2 km/s.
The estimated amount of slip on the Pengguan fault varies substantially, with large
slip found by Hartzell et al. (2013) but weak slip by Fielding et al. (2013). This is
clearly influenced by choice of placement of the hypocenter. Large-slip patches are
found between Yingxiu to Xiaoyudong, near Beichuan and near Nanba (Figs. 2.4 and
2.12). Generally, these features are compatible with the earlier inversions described
above. Overall, the resolution is most consistent for the segmented Beichuan fault
system, but questions remain about the timing and strength of failure of the Pengguan
fault.

2.6 Triggering Interactions

The 2008 Wenchuan rupture clearly involved dynamic triggering of multiple fault
segments representing a complex fault zone failure.Uncertainty in the precise faulting
geometry at depth complicates assessment of precise offsets of the segments and their
interactions, compounded by the great topographic variation and obscurity of some
of the surface ruptures. Triggering interactions and stress transfer before and after
the mainshock are also of interest.
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2.6.1 Was the Event Triggered by the Zipingpu Reservoir?

The Wenchuan earthquake epicenter is within ~12 km from the closest portion of
the Zipingpu reservoir and ~24 km from its dam (Fig. 2.3). This reservoir began
impoundment in September 2005 and rose from 760 m level to a maximum water
level at 875 m in October 2006, followed by seasonal fluctuation in level to no
lower than 817 m. Soon after the earthquake, debate commenced as to whether the
earthquake was triggered by the reservoir (e.g., Lei et al. 2008; Ge et al. 2009; Kerr
and Stone 2009, 2010; Deng et al. 2010; Gahalaut and Gahalaut 2010; Lu et al. 2010;
Lei 2011; Ma et al. 2011; Klose 2012; Sun et al. 2014; Tao et al. 2015). Elastic and
poroelastic calculations have been performed to evaluate the stress changes on the
Beichuan fault prior to the 2008 rupture. This is complicated by uncertainty in the
precise hypocentral parameters, the precise fault geometry of the southern Beichuan
fault, and limited information on the crustal hydrologic properties. Early assessments
of whether the reservoir loading increased driving stress at the hypocenter ranged
from quite skeptical to cautiously probable.

Lei (2011) computes a few tens of kPa increase in driving stress at the hypocenter,
but reported no clear increase in daily event rate close to it, concluding that the
possibility of triggering cannot be ruled out. Sun et al. (2014) used a 3D numerical
finite elementmodelwith poroelasticity to compute pore pressure andCoulomb stress
change on the Beichuan fault, estimating only 1 kPa change at the hypocenter. There
is a clear seismicity increase along a trend between the hypocenter and the reservoir
(Ma et al. 2011), but the events involved are less than M 2.2. Small events prior
to the mainshock are located in regions of predicted increase in Coulomb stress.
Additional 3D poroelastic calculations were performed by Tao et al. (2015), with
seismicity migration indicating a pore pressure front propagation in the direction of
the Beichuan fault following reservoir impoundment. They also computed minor or
no increase of Coulomb stress at the hypocenter, but increase of 9.3–69.1 kPa at
depths from 1 to 8 km on the southwestern Beichuan fault. This corresponds to an
advance in tectonic loading of on the order of 60–450 years. While direct triggering
was considered inconclusive, the weakening effect on the shallow fault may have
facilitated growth of the rupture by cascade from an initial small rupture. At this
time, the issue appears to still be open, and it is not clear how to unambiguously
resolved the question.

2.6.2 Triggering of Nearby Earthquakes

The effect of the 2008 rupture on surrounding faults in China has also received
much attention, both for remote triggering from passage of dynamic waves and for
static stress effects on nearby faults. Remote triggering during the passage of the
mainshock waves was evaluated by Jiang et al. (2010), by high-pass (>5 Hz) filtering
of three component recordings at 271 stations. Comparing the high-frequency signals
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in the hour before and after the earthquake, 17 sites were found to have a statistically
significant increase in activity after the mainshock, with 11 sites located in the north
China block, along the rupture direction. However, many sites were not triggered, so
the effect is subtle.

Static Coulomb stress changes on faults around the rupture zone have been com-
puted byParsons et al. (2008), Toda et al. (2008),Wan et al. (2009), Shan et al. (2009a,
b), Luo and Liu (2010), Wan and Shen (2010), and Nalbant and McCloskey (2011)
using elastic, viscoelastic, or viscoelastoplastic models. Most of these early studies
used relatively simple rupture models from early teleseismic and geodetic inversions
and give generally similar spatial patterns of regional increases or decreased of driv-
ing stress. Neighboring faults to the southwest and northeast show fairly consistent
predictions of increased driving stress. This includes theQingchuan fault in the north.

The occurrence of the April 20, 2013, Lushan earthquake (MW 6.6) on the
Pengxian-Guanxian fault or the Ya’an fault southwest of the Wenchuan rupture zone
has naturally raised the question of whether the event is triggered. Shan et al. (2013)
and Wang et al. (2014b) compute an increase of driving stress on the faults near the
Lushan hypocenter, as found in earlier studies, with the loading clock advanced by
up to 60 years, depending on the friction coefficient. Wang et al. (2014b) estimate
an 85% chance that the event is essentially a delayed aftershock. Jia et al. (2014)
compute an increase in driving stress of 0.25 bar at the Lushan location and report
an increase in local background activity following the Wenchuan event. The confi-
dence level of there being a direct interaction between the Wenchuan and Lushan
event (and the effect on other faults that have not yet ruptured) is dependent on
details of the slip model and geometry of the mainshock as well as the dip angle and
geometry of the receiver fault (e.g., Wang et al. 2014a), all of which have significant
uncertainty in this case. Li et al. (2019, see Chap. 6) examine fault zone-trapped
waves for aftershocks of the Lushan and Wenchuan earthquakes, finding prominent
coda for stations along the Xinkaidian fault which extends southwestward from the
Pengxian-Guanxian fault. They infer rupture of the Xinkaidian fault in 2013, with
continuity of a less-damaged low-velocity fault zone waveguide extending along the
seismic gap between the 2008 and 2013 events. Overall, the case for the timing and
location of the Lushan earthquake being influenced by the Wenchuan event appears
moderately strong, so it can be viewed as a large aftershock of the 2008 event in a
general sense.

2.7 Comparison of Rupture Parameters with Global
Subduction Zone Thrusts

The global context of the 2008 Wenchuan earthquake in Fig. 2.1 raises the issue of
how the faulting in this major continental event compares to that in the abundant
distribution of large events in subduction zones. Figure 2.13 compares the rupture
duration, moment-scaled radiated energy, and apparent stress estimated for the 2008
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Wenchuan event with corresponding measurements for all interplate thrust events
with MW ≥ 7.0 from 1990 to 2016 obtained by Ye et al. (2016). The Wenchuan
event centroid duration, Tc, scaled by the average trend of centroid durations with
seismicmoment is within the upper half of the distribution for interplate thrust events
(Fig. 2.13a). However, the radiated energy (ER = 3.78 × 1013 J, https://doi.org/10.
17611/DP/EQE.1) (Convers and Newman 2011) scaled by the GCMTmoment gives
a ratio near the maximum of interplate thrust events (Fig. 2.13b) and a similarly high
apparent stress. The radiated energy may be even higher, as a relatively short source
duration estimate was used, but even with this value the comparison indicates that
high radiated energymay have influenced the strong shaking andwidespread damage
during the 2008 rupture. Future work can compare the 2008 Wenchuan earthquake
parameters with those of other large continental events to evaluate whether it is
unusual among that population.

2.8 Summary

The ten-year anniversary of the 2008 Wenchuan earthquake has recently occurred,
and this review summarizes much of the intervening advance in our understanding
of the mainshock rupture process. In his introduction to the 2010 special issue in
Tectonophysics, Yin (2010) made a list of unanswered questions, among which was
the detailed slip along the rupture. That is quite well resolved now, with the patchy
distribution of large slip in the multi-segment Beichuan fault being constrained by
field, seismological and geodetic observations that are relatively well reconciled
by the more recent joint inversion analyses. There are remaining questions about
the Pengguan fault slip magnitude and geometry, and the down-dip extension of
the crustal faults into a possible mid-crustal décollement. The recurrence interval
estimate for the 2008 rupture is not really any clearer than it was in 2010; definitive
characterization of past events is very challenging due to the rough topography and
near-surface faulting complexity along the zone. Large-scale issues of deep crustal
inflation versus brittle faulting uplift also remain unresolved.
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Fig. 2.13 Comparison of measurements of rupture duration (a), moment-scaled radiated energy
(b), and apparent stress (c) for the 2008Wenchuan intraplate thrust (black stars) with measurements
for interplate thrusts from subduction zones in the Pacific and Indian Oceans. Modified from Ye
et al. (2016)
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