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Summary of the Proposal: 
 

The NNE-trending Longman-Shan fault (LSF) located at the east margin of the Tibetan Plateau is 

featured by active tectonics [Densmore et al., 2007; Zhang et al., 2004]. It is the southern part of the 

“North-to-South Seismic Belt”, a highly risky region in China’s seismic hazard model, evaluated by 

Applied Insurance Research (AIR). In the past 200 year, 4-5 M>7 earthquakes occurred on it, with the 

latest M7.5 event in 1933. The 2008 M8 earthquake ruptured in total length of 300 km with the maximum 

slip of ~9 m and most part of ruptures emerged at the ground surface. More than 30,000 aftershocks were 

recorded at Sichuan Seismological Network. The results from moment-tensor inversion of the telemetry 

data show multiple events in this big earthquake with the reverse-thrusting on the south LSF at the first 

stage and then becoming the strike-slip gradually northward [Chen et al., 2008]. The southern rupture 

shows bifurcation, consistent with the branching structure of the LSF zone in geological map (Fig. 1a). 

The main fault dips SWW at a high angle near the surface and becomes low angles at seismogenic depths. 

The aftershock zone extends ~300-km along the LSF and to the depth of ~30 km (Fig. 1b, c). 

The purpose of this proposal is to document the magnitude and extent of rock damage on the LSF 

caused by the M8 Wenchuan earthquake and the healing rate after the mainshock using fault-zone trapped 

waves (FZTWs). In order to pursue this purpose, we used the data recorded at Sichuan Seismic Network 

(SSN). In the present study, we focus on the data recorded at 8 SSN stations and a linear seismic array 

deployed across the LSF after the 2008 Wenchuan earthquake in the source region of the M8 mainshock 

(Fig. 1d, e). The preliminary results from the data collected at the Longmen-Shan Fault are compared 

with those obtained from our previous study at the Parkfield San Andreas Fault and rupture zones of the 

1992 M7.4 Lands and 1999 M7.2 Hector Mine earthquakes for further understanding the origin and 

mechanisms of fault damage-healing and their implications for heterogeneities in stress and seismic 

hazard over multiple length and time scales in earthquake cycle. This proposal matches SCEC Science 

objectives A7, A10 and D3. 

 

 

Project Outcomes: 
 

Data Collection 

 

With the funding provided by SCEC and NSF and collaboration of researchers in Seismological 

Bureau of Sichuan Province of China, the PI (YGL) of this proposal has collected waveform data for 

~6,000 Wenchuan aftershocks and the data for ~300 local earthquakes in 2006, 2007 and early 2008 

before Wenchuan M8 mainshock recorded at Sichuan Seismic Network (SSN) stations located around the 

Longman-Shan fault (Fig. 1e). YGL also surveyed ruptures along the Longman-Shan fault and worked 

with researchers of Chinese Earthquake Administration (CEA) to deploy dense linear seismic arrays 

across the ruptures immediately after Wenchuan earthquake in 2008 (Fig. 2). The data recorded at 8 SSN 

stations and a part of data recorded at the portable array in the Wenchuan earthquake source region are 

used in the present study (Fig. 3). 
Stations MZP, BAJ and LYS are close to the main rupture of the 2008 M8 Wenchuan earthquake along the 

Yingxiu-Beichuan fault of the LSF zone while station YZP is close to the branch rupture along the front-hill 

fault. Stations BAY and ZDZ are located between the main and branch ruptures. Stations GHS and TZP are 

located on the hanging-wall and away from the surface ruptures. The dense seismic array was deployed across 

the main rupture of the LSF zone after the Wenchuan earthquake. The array consisted of 16 stations with the 

station spacing of 25 m in the central part of the array and 50 m in the end parts of the array. It worked for 

about one month. 
The raw data collected from SSN are continuous recordings. We sorted the data of interesting 

events among ~6,000 Wenchuan aftershocks and pre-shocks for the present study. The locations 

of these events are provided by the SSN Catalog; a part of aftershocks occurring in the early 

stage has been re-located using D-D method (Fig. 3). The raw data were saved originally in the 

SSN format so that we converted the raw data to standard formats, i.e. SEGY, SAC or SED for 

waveform analysis.      
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Fig. 1 Left: (a) 3-D geological structure models of the southern Longman-Shan fault (LSF) of the M8 
Wenchuan earthquake (red circle) show the thrust-faulting and bifurcation of ruptures. The main rupture dips 
at a high angle at shallow depth, but dips at low angles at lower depths. (b) and (c) Map view and depth section 
show locations of part of ~6,000 aftershocks recorded at 8 stations (located in the area denoted by a blue 
square) of Sichuan Seismological Network (SSN). (d) Locations of 8 stations (red triangles) in the sub-array, 
the data from which are used in this study. Stations MZP, BAJ and LYS are close to the main rupture along the 
LSF while station YZP is close to the branch rupture along the front-hill fault. Stations BAJ and ZDZ are 
located between the main and branch ruptures. Stations GHS and TZP are located on the hanging-wall away 
from surface ruptures. The red line denotes the dense seismic array deployed across the main rupture on the 
LSF after the Wenchuan earthquake. (e) Red triangles denote Sichuan Seismic Network d(SSN) stations.  
 
 
 

 
 
Fig. 2 Top Left: The nearly vertical scarp of the Yingxiu-Beichuan 
fault at the surface along the main rupture segment of the southern 

Longman-Shan Fault Zone in the 
2008 M8 Wenchuan earthquake. 
The maximum slip at this site is 
~4-5 m. Top Right: The PI YGL 
with researchers of CEA deployed 
a dense linear seismic array across 
the rupture at this site after the 
Wenchuan earthquake in 2008 to 
record fault-zone trapped waves 
generated by aftershocks. Bottom 
Left: The severe damage zone of 
several hundred meters wide 
along the ruptured LSF passing 
the road near Yingxiu town. 
Bottom Right: The branch 
rupture on the front-hill fault 
dipping at a low angle at Baile 
High-School. The dip angles of 
slips at surface seen at the 
Yingxiu-Beichuan fault and the 
front-hill fault are consistent with 
those in the geological map (Fig. 
1a). 
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Fig. 3 Left: Map view shows locations of 8 SSN stations (blue triangles), the linear dense seismic array (red 

line), surface ruptures (green lines), aftershocks (stars) and local earthquakes in 2006 (circles) and in 2007 

(diamonds) recorded at 8 stations (blue triangles) in the source region of the 2008 M8 Wenchuan earthquake. 

Waveform data from these pre- and aftershocks have been collected from SSN by PI (YGL) and part of them 

have been examined in this study. Black stars denote aftershocks generating prominent fault-zone-trapped 

waves (FZTWs) that appeared at stations close to the main rupture along the Longman-Shan fault (LSF). Grey 

stars denote events for which all 8 stations did not register clear FZTWS. Orange dots denote relocated 

aftershocks using D-D method.  Right: A 3-D volume shows these Wenchuan aftershocks and pre-shocks.   

  
Examples of Waveform Data 
 

For example, Fig. 4 shows waveforms recorded at SSN stations MZP and GHS for 3 

Wenchuan aftershocks occurring within the rupture zone at depths of ~10 km and epicentral 

distances of 5-25 km from the stations. We observed prominent fault-zone trapped waves 

characterized by large amplitudes and long wavetrains after S-waves at station MZP located 

close to the main rupture along the LSF, but only brief wavetrains at station GHS located on the 

hanging-wave and away from the LSF for the same events. The wavetrains of FZTWs elongate 

as traveltimes between station MZP and the aftershocks increase, indicating a low-velocity 

waveguide formed by highly fractured rocks during Wenchuan M8 mainshock on the southern 

LSF that extends at least 25 km along the fault strike and to 10 km depth.  

Fig. 5 shows cross-fault profiles of seismograms recorded at the dense linear array deployed 

across the main rupture of the Wenchuan earthquake near Yingxiu (Fig. 1) in 2008 for an 

aftershock occurring within the rupture zone at 16.5 km depth and ~25 km from the array. 

Prominent FZTWs appeared at stations within the ~200-m-wide zone along the southern LSF 

where the main rupture with nearly-vertical slips of ~4 m emerged at surface and rocks were 

severely damaged. The amplitudes of FZTWs decayed rapidly at stations away from this fault 

core zone. The time durations of FZTWs after S-waves are ~5 s. These observations indicate a 

distinct low-velocity wave guided formed by severely damage rocks in the M8 mainshock 

existing along the southern LSF. The width of the core zone is about 200-m wide and seismic 

velocities within the zone are reduced by at least 30% from surrounding rocks in the Wenchuan 

source region. The more accurate subsurface structure of the rupture zone along the LSF will 

come from a systematic waveform analysis and numerical modeling. 
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Fig. 4 Seismograms recorded at SSN 

stations MZP and GHS for 3 on-fault 

aftershocks occurring at 10-11 km 

depths and various epicentral distances 

show prominent fault-zone trapped 

waves (FZTWs) with large amplitudes 

and long wavetrains after S-arrivals at 

station MZP, which is located close to 

the main surface rupture along the 

LSF, but brief S-waves with much 

shorter wavetrains at station GHS, 

which is located far away from surface 

ruptures for the same events. Note that 

the time duration (marked between 

two vertical red lines) of FZTWS 

registered at station MZP increases 

with the event epicentral distance 

while the wavetrain of S-waves 

registered at station GHS does not 

vary significantly with the epicentral 

distance for these events, indicating a 

distinct low-velocity waveguide 

formed by severely damaged rocks 

existing along the LSF. The 

amplitudes of FZTWs between the two 

vertical red lines are above twice the 

level of background noise coda. 
 

 
Fig. 5 Vertical-component seismograms recorded at the dense linear array of 16 stations across the main rupture 

along the Longman-Shan fault (LSF) for a M2.1 aftershock occurring at 16.5 km depth within the rupture zone 

on July 21, 2008. The epicentral distance of this aftershock is ~25 km NNE of the array. The station spacing is 

25 m in the central part of the array, but 50 m for the end-members. The red arrow denote the principal slip plan 

of the 2008 M8 Wenchuan earthquake, which exposed at the surface at the array site (refer to Fig. 2). 

Seismograms in the left panel are raw data and low-pass (< 3 Hz) filtered in the right panel. Prominent fault-

zone trapped waves (FZTWs) with large amplitudes and long wavetrains (denoted by a horizontal blue bar) 

after S-arrivals appearing at stations in a 200-m-wide zone (marked by a vertical red bar) on the LSF, within 

which rocks were severely damaged during the M8 mainshock. Bars denote the post-S wave durations, in which 

amplitude envelopes of FZTWs are above twice the level of the background noise coda. 
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Seismograms in Fig. 4 and Fig. 5 show the sensitivity of amplitudes and wavetrain length of FZTWs 

to the locations and distance of the source and receiver with respect to the low-velocity waveguide formed 

by the damaged fault-zone rocks. We have examined waveforms for ~300 Wenchuan aftershocks and 

divided them into two groups. The first group includes aftershocks showing prominent FZTWs with large 

amplitudes and long wavetrains at stations MZP, BAJ and LYS close to the main rupture along Yingxiu-

Beichuan fault and station YZP close to the branch rupture along the frontal-hill fault (Fig. 2). The second 

group includes aftershocks for which all 8 stations did not register significant FZTWs, but brief S-waves 

with short wavetrains. Fig. 5 shows locations of these two groups of aftershocks. We interpret the zone 

where aftershocks in the first group showing prominent FZTWs are located being as the damage zone 

(process zone) in dynamic rupture of the 2008 M8 Wenchuan earthquake, within which the principal slip 

plane of the mainshock passes. Note that this damage zone dips at a low angle, agreeable with the reverse-

thrusting LSF at depths in the geological map (Fig. 1). Also, note that the damage zone likely shows a 

bifurcation at the shallow depth, co-incident with the branching structure in the geological map.     

      

 

  

 
 
Fig. 6 Locations of ~300 Wenchuan aftershocks which waveforms have been examined. Red circles denote 

aftershocks for which we observed fault-zone trapped waves with large amplitudes and long wavetrains at 

stations located close to surface ruptures, but not at stations away from ruptures. Blue circles denote 

aftershocks for which we did not observe clear fault-zone trapped waves at both near-fault and away-fault 

stations. Green rectangular boxes include locations of aftershocks which generated clear fault-zone trapped 

waves, indicating the possible main and branch rupture zones, respectively on the Longman-Shan fault and the 

front-hill fault (refer to Fig. 1a) at seismogenic depths. The principal slip plane of M8 Wenchuan earthquake 

likely lies in the main rupture zone. 

 

 

 

Since the fault zone is thought to be a weak zone in the earth crust, it facilitates slip to occur under the 

prevailing stress orientation. As suggested by laboratory experiments, shear faulting is highly resisted in 

brittle material and proceeds as re-activated faults along surfaces which have already encountered 

considerable damage. Field evidence shows that the rupture plane of slip on a mature fault occurs at a 

more restricted position, the edge of damage zone at the plane of contact with the intact wall rock. 

Assuming that this is an actual picture of rupture preparation on the major faults, defining the fine internal 

structure of active fault zones is helpful for earthquake prediction. 
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3-D Finite-Difference Investigations of Trapping Efficiency at the Thrusting Longman-Shan Fault 

of the Wenchuan Earthquake 

 

Highly damaged rocks on the Longman-Shan Fault (LSF) that ruptured in the 2004 M8 Wenchuan 

earthquake in China create a distinct low-velocity waveguide to trap seismic waves from earthquakes 

occurring within or close to the fault zone. The amplitudes and dispersion feature of fault-zone trapped 

waves (FZTWs) formed due to constructive interference of reflected waves from the boundaries between 

the low-velocity fault zone and high-velocity surrounding rocks are sensitive to the geometry and physical 

properties of the fault zone. We have used FZTWs to characterize the subsurface structures of the strike-

slipping San Andreas fault at Parkfield and other active faults in California, which are nearly vertical. 

However, the southern LSF shows reverse-thrusting at varying dip angles at depths. This geometry may 

affect observations of FZTWs at surface stations adversely.  

In this project, we used 3-D finite-difference code to systematically investigate effects of a dipping 

fault zone with various shapes (kink, branch and layering) and material properties (velocity reduction and 

Q values) on observation of FZTWs at the surface array across and along the fault strike. This numerical 

study helps us to identify the FZTWs in seismograms recorded at stations near the LSF and to design the 

future field experiment to record significant FZTWs at the thrusting fault. Carefully designed field studies 

may provide dramatic improvements in our knowledge of fault-zone structure at seismogenic depths. The 

following examples show the trapping efficiency of a low-velocity fault zone dipping at different angles 

at depths for the source located within and away from the fault zone. 
 
 

 
Fig. 7 (a) 3-D finite-difference three-component seismograms for fault-zone 

structural models (at the upper-left of each panel) with a low-velocity fault 

zone (brown color) dipping at different angles (15
o
, 30

o
, 45

o
, 60

o
, 75

o
, 90

o
 

with respect to horizontal). A double-couple source (denoted by a star) is 

located within the fault zone at the epicentral distance of 5 km from the 

receiver array across the fault zone. The velocities within the 400-m-wide 

fault zone are reduced by 30-50% from wall-rock velocities, with the lower 

velocities in the 200-m-wide 

fault core zone and at 

shallower depths. Q values 

are 10-60 within the fault 

zone with the lower values 

in the fault core zone and at 

shallower depth. 

Seismograms have been <3 

Hz filtered and are plotted 

using a fixed amplitude 

scale for each panel. The 

station spacing is 50 m. 

Fault-zone trapped waves 

(FZTWs) with large 

amplitudes and long 

wavetrains (denoted by red 

bars) are dominant in 

seismograms at stations 

located in 400-m-wide fault 

zone, with the maximum 

amplitude and longest 

wavetrain in the 200-m-

wide fault core zone. Note 

the weaker trapping 

efficiency of the fault 

dipping at angles lower than 

30
o
, and the asymmetry of 

amplitudes in seismograms 

at stations located on the 
hanging-wall and foot-wall 

of the dipping fault.  
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Fig. 7 (b) 3-D finite-difference 

seismograms for fault-zone 

structural models with a low-

velocity fault zone dipping 75
o
 

at shallow depth and 45
o
 at 

deep level. Prominent FZTWs 

arrive at stations within the 

200-m-wide fault core zone for 

the source located within the 

fault zone. When the source 

moves away from the low-

velocity fault zone, the 

amplitudes and wavetrains of 

FZTWs become smaller and 

shorter. Note different trapping 

efficiencies of the low-velocity 

fault zone for the different 

source epicentral distances.  

 

 

 

 

Fig. 7 (c) 3-D finite-difference 

seismograms at stations of a 

seismic array along the strike 

of a fault-zone dipping at 

varying angles with depth for 

the source within and away 

from the fault zone. Prominent 

FZTWs arrive at all stations 

within the 200-m-wide fault 

core zone for the source 

located within the fault zone. 

When the source moves away 

from the low-velocity fault 

zone, the amplitudes and 

wavetrains of FZTWs become 

smaller and shorter.  

 

Following this guideline, preliminary simulations of FZTWs observed at the southern LSF result in 

structural models suggesting that the cross section of the fault zone consists of a ~200-m wide fault core 

sandwiched by the surrounding ~400-m wide damage zone.  The damage zone velocities range between 

65-75% of wall-rock velocities, while those of the fault core lower than 50% of the intact rock. The width 

and velocity reduction of the damage zone of the LSF at the shallow depth delineated by the FZTWs are 

agreeable with the results from fault zone drilling in the Wenchuan earthquake source region. 
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Preliminary Results from 3-D Finite-Difference Simulations of FZTWs at the Longman-Shan Fault  

 

Based on a systematic test for the trapping efficiency of the dip fault with various shapes at depth and 

material properties within the fault zone and geological structural interpretation of the Longman-Shan 

fault zone, we constructed a model for simulations fault-zone trapped waves recorded at the dense linear 

array across the LSF and SSN network stations at the Wenchuan rupture zone. Fig. 8 shows examples of 

3-D finite-difference simulations of FZTWs for comparison with observations. Preliminary results from 

observations and 3-D finite-difference simulations of these FZTWs show a distinct low-velocity wave-

guide (LVWG) a few hundred-meters wide on the south LSF, within which the maximum velocity 

reduction is 50% or more at shallow depth. This LVGW likely extends across seismogenic depths at 

varying dip angles with depth. The width, velocity and shape of the LSF at shallow depth delineated by 

FZTWS are generally consistent with the results from geological mapping and fault-zone drilling at the 

southern LSF. We interpreted this LVGW as being a damage zone in dynamic rupture that accumulated 

damage from historical earthquakes, particularly from the 2008 M8 Wenchuan earthquake. The on-going 

numerical simulations of FZTWs for more events  at various depths and epicentral distances will allow us 

to document more detailed subsurface structure (e.g. branching) of the LSF and its variations along the 

fault strike and with depth. 
 

 

 
Fig. 8 (a) The depth-dependent fault-zone model used for simulations of FZTWs recorded at the Longman-

Shan fault. The fault-zone dips at 75
o
 above 2 km and then dips at 45

o
 at lower depths. Velocities within the 

200-m-wide fault core are reduced by 25-60% from wall-rock velocities, with the maximum reduction at 

depths above 2 km (refer to the table). The fault core is sandwiched by a 400-m-wide zone with milder 

9



 

 

 

velocity reductions. The Q values within the fault zone are 10-60, with the lowest value within the fault core at 

shallow depth. This low-velocity waveguide corresponds to the rupture zone along the LSF, in which rocks 

were severely damaged during the 2008 M8 Wenchuan earthquake. (b) 3-D Finite-difference synthetic 

seismograms (red lines) using the model in Fig. 8a to fit the seismic profile (blue lines) recorded at the cross-

fault dense array for a M2.1 near-fault aftershock occurring at depth of 16.5 km and ~25 km from the array.  

Seismograms have been <3Hz filtered. Prominent fault-zone trapped waves (FZTWs) appear at stations within 

the fault core-zone. Red bar denotes the time duration of FZTWs. (c) Observed and synthetic seismograms 

recorded at 4 SSN network stations BAJ, MZP, LYS and ZDZ for a M2.3 on-fault aftershock occurring at 7-

km depth near the mainshock epicenter show prominent FZTWS with large amplitudes and long wavetrains at 

stations BAJ, MZP and LYZ located close to the main surface rupture along the LSF, but short wavetrain after 

S-arrivals at station ZDZ away from surface ruptures.  

 

 

Observations of Fault Heal at the LSF 

 

We study the fault zone co-seismically weakening during the major earthquake and subsequently 

healing (partially) on the LSF using similar earthquakes occurring before and after the Wenchuan 

earthquake. We examined the changes in amplitude and dispersion of FZTWS recorded at the same 

seismic station for earthquakes occurring at the same places between 2006 and 2009. Preliminary results 

suggest that seismic velocities within the south LSF zone were likely co-seismically reduced by ~15% or 

even more due to the rock damage caused by the 2008 M8 mainshock on May 12, 2008 (refer to a paper 

in writing). 

 

 

 
Fig. 9 (a) Seismograms recorded at station LYS for 2 repeated M2.2 on-fault aftershocks occurring at 10-km 
depth on May 20 and June 24 in 2008 show the waves from the later event travelled faster than the earlier 
event by ~380 ms measured using the waveform cross-correlation method.; (b) for 2 on-fault repeated M1.5 
aftershocks with occurring at 8-km depth on July 10 and September 7 showing ~300 ms for the later event; (c) 
for 3 off-fault repeated M1.5 aftershocks occurring at 8-km depth on July 10, August 28 and September 4 
showing ~250 ms for the later events. (d) Observed rock damage and heal on the SAF caused by the M6 
Parkfield earthquake, rupture zones of the M7.4 Landers and M7.1 Hector Mine earthquakes, and the LSF of 
the M8 Wenchuan earthquake shows fault healing as a logarithmic function of time, but with the greater 
damage caused by the larger magnitude of the earthquake. 
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