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Summary of the Proposal: 

This proposal is a continuous effort to investigate near-fault crustal properties, evaluate fault 
structural complexity, and develop constraints on crustal structure and state of stress through a detailed 
study of the on- and near-fault damage and healing at the San Andreas fault (SAF) Parkfield and the 
Longmen-Shan Fault (LSF) in Sichuan, both of which ruptured in the recent major earthquakes. We 
extend the data sets collected from (1) the records at SAFOD mainhole (MH) and pilot-hole (PH) 
seismographs for ~350 aftershocks of the Parkfield M6 in Fall of 2004 and later, and (2) the records at 8 
near-rupture stations for ~5,000 aftershocks of the 2008 M8 Wenchuan earthquake and hundreds of local 
earthquake recorded in 2006 to early 2008.  

In this study, we focus on the properties of fault cores and damage zones along the SAF and LSF, and 
characterize their variability with depth and along strike to provide constraints for theoretical and 
laboratory studies, including width and particle composition of actively shearing zones, signatures of 
temperature variations, extent, origin and significance of on- and off-fault damage, healing, and 
poromechanical behavior (SCEC3 Science Priority Objectives A7-A11). 
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Project Outcomes: 

Through the funding support of SCEC, we have completed most part of our proposed 
research targets to further characterize and understand on- and near-fault damage extent at seismogenic 
depths in earthquake source region. The results from this study produced 2 refereed papers, one has been 
published and another is in press. 

 
1. Li, Y. G., P. Malin, and E. Cochran, High-Resolution Characterization of the Damage Zone on the 

Parkfield San Andreas Fault at Depth from Fault-Zone Trapped Waves, Book of Frontiers in Seismology, 
China High-Education Press, Beijing , in press, 2011. 

2. Li, Y. G., Fault Damage in the 2008 M8 Wenchuan Earthquake Epicentral Region, Academic 
Prospective, ISSN 1936-1246, Volume 6, 2-16, 2010. 

 
We report these results in the following sections of this report. 

 
I. High-Resolution Characterization of the Damage Zone on the Parkfield San 

Andreas Fault at Depth from Fault-Zone Trapped Waves 
Highly damaged rocks within the San Andreas fault (SAF) at Parkfield form a low-velocity waveguide to 
trap seismic waves. The amplitudes and dispersion feature of trapped waves are sensitive to the geometry 
and physical properties of the fault zone due to the constructive interference conditions of these waves. 
We use fault-zone trapped waves (FZTWs) generated by earthquakes and explosions and recorded at a 
cross-fault surface array and borehole seismographs at the San Andreas Fault Observatory at Depth 
(SAFOD) site to document fault zone structure and rock damage at seismogenic depths with high-
resolution. Observations and 3-D finite-difference simulations of these FZTWs at dominant frequencies 
of 2-10 Hz show the downward tapering SAF characterized by a 30–40-m wide fault core with the 
maximum velocity reduction up to ~50% embedded in a 100–200-m wide zone with velocities reduced by 
25-40% in average from wall-rock velocities. The width and velocity reduction of the damage zone at 3 
km depth delineated by FZTWs are verified by the direct measurements in SAFOD drilling and logging 
studies at this depth [Hickman et al., 2007]. The results indicate the localization of severe rock damage on 
the SAF likely reflects pervasive cracking caused by historical earthquakes on it. The magnitude of 
damage varies with depth and along the fault strike due to rupture distributions and stress variations over 
multiple length and time scales. The damage is not symmetric across the main slip plane but extends 
farther on the southwest side of the main fault trace. Based on the depths of earthquakes generating 
prominent FZTWs, we estimate that the low-velocity damage zone along the SAF at Parkfield extends at 
least to depths of ~7-8 km. 
 
Fault-Zone Trapped Waves at the SAFOD Site 

We systematically analyzed the data recorded at the dense linear surface array that was deployed 
across and along the San Andreas fault near the SAFOD site in the fall of 2003 for ~120 local 
earthquakes.  We then combine these results with the data of ~350 aftershocks of the 2004 M6 Parkfield 
earthquake recorded at the SAFOD borehole seismographs for fault zone trapped waves. Fig. 1 and Fig. 2 
show the location of SAFOD site, approximately 14.5 km northwest of Parkfield, California and 1.7 km 
southwest of the surface trace of the San Andreas Fault (SAF). At this location, the SAF separates Pacific 
Plate Salinian rocks from North American Plate Franciscan mélange (Fig. 2a). Vertical seismic profiling 
(VSP) in the SAFOD Pilot-Hole from nearby micro-earthquakes contain signals scattered by the local 
geologic structure,  the strength of which suggests large contrasts in material properties, as in cracks and 
fluids of the SAF at depth [Chavarria et al., 2003; Malin et al., 2006]. Additionally, it is the transition 
between the creeping and locked segments of the SAF [Nadeau and McEvilly, 1997]. SAFOD’s goal is to 
investigate small, persistently repeating earthquakes (“target” earthquakes), as well as the structure and 
mechanics of this unique section of fault. 
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Fig. 1 Location of the study area (box in inset map). 
Circles denote ~350 aftershocks of the 2004 M6 
Parkfield earthquake, signals from which were recorded 
at the SAFOD borehole seismographs. The aftershocks 
marked by black outlines occurred within the fault zone 
and are divided into 5 groups based on epicentral 
distance from the SAFOD site. Grey dots are 120 
microearthquakes and stars are 5 explosions SP1-SP5, 
signal from which were recorded at the surface seismic 
array deployed near the SAFOD site in 2003. Event A, 
the SAFOD drilling target, occurred at ~3 km depth 
while Events B, C and D are deep events occurring 
within and away from the fault zone were recorded at 
the SAFOD surface array in 2003. Two explosions 
PMM and PARK detonated within the fault zone, 
signals from which were recorded at the cross-fault 
array deployed ~1.5 km northwest of the town of  
Parkfield in the experiment in 2002 [Li et al., 2004]. 
Event E is an aftershocks recorded at the Parkfield 
surface array in 2004, seismograms from which are 
shown in Fig. 18a. 

 
The SAFOD Surface Array 

In the fall of 2003, as part of a seismic characterization program, we deployed a dense linear seismic 
array of 31 PASSCAL RT130 seismometers across the San Andreas Fault near the SAFOD site ~15 km 
NW of Parkfield (Fig. 1).  

 

 
 

Fig. 2 (a) SW-NE cross-section along the SAFOD Main Hole towards the 
surface trace of the SAF.  The borehole seismographs installed in the Main 
Hole (MH) and Pilot Hole (PH) (denoted by red and blue triangles). The 
geological interpretation is based on the results of a Drill Bit Seismic 
reflection profile gathered during the 2004 Phase 1 drilling [Ellsworth and 
Malin, 2006]. Ksgr = Gabilan Granite; pKgv = pre-Cretaceous Great Valley 
formation; Kf = Franciscan mélange; Tsw and Tn = Tertiary cover SW and 
NE of the SAF surface trace; Tun = unnamed tilted Tertiary encountered 
along MH drilling. (b) A cross section through cells of migrated 
microearthquake VSP signals assuming P-to-S scattered waves recorded at the 
array of 32-levels of seismographs (shown by squares) installed in the 
SAFOD PH [Chavarria et al., 2003; Malin et al., 2006]. The sections intersect 
a grid of 141*124 cells, each 40 m on a side.  The solid line at x = 0 km is the 
extension of the surface trace of the SAF to depth. Microearthquakes located 
>4.5 km away and underneath the PH were used in the migration. The colors 
indicate the amplitude of scattered energy. The highest energy scattering cells 
(black dash-line) correlate is interpreted as the downdip extension of the San 
Andreas fault. Interpreted faults from other scattering modes (grey dash-line) 
are  included included. 

The array recorded fault-zone trapped waves (FZTWs) to provide site characterization prior to the 
start of SAFOD drilling. Station spacing was 25 m for central part of the array near the main fault trace at 
the surface, and increased to 50 m, 100 m or more for stations located farther away from the fault. A 
three-component 2 Hz L22 sensor was buried at each station site. Station ST0, the center of the linear 
array, was located at the main trace of the SAF at the surface. The three-components of the sensor were 
oriented vertical, parallel and perpendicular to the fault strike. Seismometers were powered by deep-cycle 
batteries charged by solar panels. Locations and internal clocks of seismometers were synchronized by 
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GPS. We recorded ~120 local earthquakes with hypocentral depths between 2 and 12 km over roughly 
two months and 5 explosions in a fan-geometry detonated by the USGS. FZTWs generated by near-
surface explosions are used to delineate the low-velocity structure on the SAF at shallow depth and then 
microearthquakes occurring at greater depths first are used to examine depth extent of the damage zone. 

Fig. 3 shows seismograms of 3 shots detonated within and outside of the fault zone ~3 km NW of 
SAFOD and recorded at the surface array deployed across the SAF main trace. We observed prominent 
FZTWs with large amplitudes for shot SP20 detonated within the fault zone, at stations located within a 
150-200-m wide zone near the main trace, but FZTWs are much weaker for shot SP13 detonated ~2 km 
away from the fault zone. The FZTWs are characterized by relatively high amplitude, low frequency, 
long-duration wavetrains with slight dispersion following the S-arrivals and result from constructive 
interference of critically reflected waves [Li and Leary, 1990; Ben-Zion, 1998]. Their presence indicates a 
velocity reduction within the fault zone where seismic energy is trapped, known to be confined to faults 
with low-velocity cores. Our observations of FZTWs generated by the shot detonated within the fault 
zone indicate a distinct low-velocity zone exists along the SAF, at least for shallow depths. We note that 
the low-velocity damage zone is asymmetric with the main fault trace, with the LVZ extending farther on 
the southwest side. This observation is consistent with our previous study near the town of Parkfield, ~15 
km southeast of the SAFOD site [Li et al., 2004]. The asymmetry may imply that the fault zone has a 
significant cumulative damage due to previous large earthquakes on the SAF. When a fault ruptures, it 
may preferentially damage the already weakened rocks in the zone, even though those rocks are not 
symmetrically distributed on either side of the main slip plane [Chester et al., 1993]. 
 

 
Fig. 3 Three-component seismograms for shots SP20 and 
SP13 detonated within and away from the fault zone 

recorded at the surface array (see Fig. 1). Station 
ST0 of the array was located on the SAF main 
fault trace.  Seismograms have been low pass 
filtered at 3 Hz and are plotted using a fixed 
amplitude scale for each event. The recordings 
have been deconvolved by the sensor and 
instrument responses. Prominent fault-zone 
trapped waves (FZTWs) with large amplitudes 
and long wavetrains (marked by brackets) 
following S-arrivals are observed on seismograms 
for shot SP20 at stations located close to the fault 
trace, within ~200 m,  as marked by the vertical 
grey bar. In contrast, body waves with brief 
wavetrains are dominant in seismograms for shots 
SP22 and SP13 although some scattering of 
seismic energy is shown at stations located within 
the fault zone. 

 Seismograms for ~35 events in our records in 2003 show clear fault-zone trapped wave energy. Fig. 
4a shows 3-component seismograms for 3 micro-earthquakes (events A, C and D in Fig. 1 and Fig. 5). 
These events occur over a range of source and-receiver paths, which can be used to determine the velocity 
structure of the SAF at SAFOD. The first observation is that events A and C whose source-and-receiver 
points are closest to the projected fault trace generate the most prominent, longest lasting, fault-zone 
trapped waves. The second observation is that the time duration of these signals is a strong function of 
event depth. Seismic envelopes recorded within the fault zone for these 3 earthquakes show a correlation 
of longer duration FZTWs with increasing event depth (Fig. 4b). Taken together, these two characteristics 
imply that the FZTWs result from a relatively continuous low velocity zone between the surface and 
events at seismogenic depths along these source source-receiver paths. Again, we note that the damage 
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zone is not symmetric, but is broader on the southwest side of the main fault trace. In addition, some 
seismic energy appears to be trapped within a secondary fault that passes near stations W12 and W14 
located ~850-1050 m southwest of the SAF main trace (Fig. 4a). 
 

  

Fig. 4 (a) Three-component seismograms for 3 micro-
earthquakes A, B and C (locations shown in Fig. 1 and Fig. 
5) recorded at the surface seismic array. Seismograms have 
been low-pass filtered at 6 Hz and plotted using a fixed 
amplitude scale. Prominent fault-zone trapped waves 
(FZTW) with large amplitudes and long wavetrains are 
observed following the S-arrivals for on-fault events A and 
C. FZTWs are observed in a ~200-m wide zone across the 
SAF between stations E6 through W4. Vertical arrows 
indicate FZTW arrivals. The FZTW durations for event C, 
occurring at ~11 km depth, is ~2.2 s long; much longer 
than the FZTW durations (1.2s) for event A that occurred 
at 3 km depth. The wavetrain for the off-fault event D is 
much lower amplitude and shorter in duration. (b) 
Normalized envelopes of vertical-component seismograms 
for 5 stations (ST0-W4) located within the fault zone. 
Longer duration FZTWs energy is observed for the deeper 
event (black lines) than for the shallower (dark grey lines) 
and the off-fault events (light grey lines). Envelopes are 
aligned on the S-arrivals. Horizontal bars denote FZTW 
durations for FZTW amplitudes greater than twice 
background noise amplitude. 

 

 

Fig. 5 (a) Vertical section across the SAF near the 
SAFOD main-hole (grey line) shows locations of 
micro-earthquakes (circles) recorded at our seismic 
array in 2003. Solid (open) circles denote events 
showing FZTWs with long wavetrains. Waveforms 
of events A-D are shown in Fig. 4. The branch 
fault (thin dashed lines) may connect to the main 
fault at depth. (b) Vertical-component 
seismograms and envelopes at station ST0 on the 
SAF main trace for 11 on-fault earthquakes show 
an increase in wavetrain length (marked by solid 
horizontal bars) of FZTWs as event depths 
increase. S-arrivals for these events are aligned at 
the same time. Seismograms have been <6 Hz 
filtered. (c) The same plot but for 11 off-fault 
events in the similar range of depths. (d) The 
measured FZTW wavetrain lengths versus focal 
depths for on-fault (black circles) and off-fault 
(grey circles) events recorded at stations within and 
out of the fault zone. Each data point is averaged 
from measurements at 4 stations for the event. 
Error bars are standard deviations. Curves are 
polynomial fits to the data. Grey crosses denote the 
data at off-fault stations for all these events. 

 
It would seem that the newly discovered fault must be connected to the main fault section to the 

northeast, but below the SAFOD target earthquake at ~3 km depth. This is likely the result of the flower 
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structure of the Middle Mountain segment of the SAF, characterized by divergent fault splays and a 
synclinal formation, typical of strike-slip fault zones. It is not surprising that this branch has not been 
identified until now, given that any obvious surface expression would be hidden; rapid uplift has left 
much of Middle Mountain’s flanks covered with landslides [M. Rymer, unpublished data, 2005]. 

In order to examine the depth extension of the low-velocity zone on the SAF, we used the data from 
33 local earthquakes located within the fault zone at different depths with the raypath incidence angles to 
the array smaller than 30o from vertical (Fig. 5a). Fig. 5b illustrates seismograms and envelopes at station 
ST0 located on the main fault trace for 11 on-fault events at different depths near SAFOD site, showing a 
move-out of trapped energy in traveltime with travel distance [Li and Malin, 2008]. The time duration of 
fault-zone trapped wavetrains following S-arrivals progressively increases from ~1.2 s to ~2.4 s as the 
event depths increase from 2.6 km to 11.7 km. In contrast, seismograms and envelopes recorded at the 
same station for 11 other events located away from the fault zone in the similar depth range show much 
shorter wavetrains (<1.5 s) after S-arrivals and without move-out (Fig. 5c).  

Fig. 5d shows the measured wavetrain lengths of FZTWs registered at stations within the fault zone 
for 33 on-fault events and 13 off-fault events at depths between 2 km and 12 km.  The lengths (time 
durations) of FZTWs for on-fault events increase from ~1.0 s to ~2.2 s as the depth increases from ~2 km 
to ~12 km, but shorter wavetrains with flat depth-dependent changes are measured at the same stations for 
off-fault events. Stations located out of the fault zone registered much short wavetrains after S-arrivals for 
all the events. These observations indicate that the low-velocity waveguide formed by damaged rocks on 
the SAF extends across seismogenic depths to at least ~7 km although the velocity reduction (damage 
magnitude) within the zone becomes smaller with depth due to the larger confined stress at greater depths. 

 
The SAFOD Borehole Seismographs 

In the following section, we examine aftershock data from the 2004 Parkfield earthquake recorded at 
the SAFOD borehole seismographs. The SAFOD observatory currently consists of two boreholes (Fig. 
2a). The vertical 2.1-km-deep pilot-hole (PH) was drilled in summer 2002 and operated as both a seismic 
monitoring station and instrument test bed.  The deviated main-hole (MH) was drilled vertically for about 
2 km, then the drill string was deviated ~55° from vertical and steered toward the target earthquakes, 
which were thought to lie near the vertical down-dip extension of the SAF surface trace. In the fall of 
2004, the bottom of the MH was ~0.7 km west of the surface trace, passing a highly fractured lithological 
contact seen in the recovered drill core [Solum et al., 2007].  The MH reached a depth of 3.1 km in the 
summer of 2005. 

 Following completion of the PH, a multi-level array (consisting of 3-component seismographs 
spaced 40 meters apart) was installed in the deepest portion of hole. SAFOD investigators have studied 
the PH data extensively in an effort to locate the drilling program’s “target” earthquakes [Thurber et al., 
2004]. The PH data from microearthquakes has been used to produce a 2-D tomographic P-wave velocity 
cross-section through the drill site and SAF. The tomographic model detail was improved [Chavarria et 
al., 2004] using results from a 2003 refraction line along this same section. These data show that a zone of 
low seismic velocities exists between the drill pad and the SAF with its southwest edge ~0.7 km west of 
the surface trace (Fig. 2b).  These data imply that the structure seen in the migration image and drill core 
is a fault zone that enables trapping of seismic waves from the aftershocks occurring on the main SAF at 
depths beneath the MH seismograph. 

In December of 2004, a 3-component, 4.5 Hz seismograph was installed in the SAFOD MH at ~3 km 
depth where the highly fractured and low velocity zone of the SAF was found in the SAFOD drilling and 
well logs [Hickman et al., 2007]. The MH seismograph and a smaller group, consisting of the seven levels 
of the original array in PH, recorded ~350 aftershocks of the 2004 M6 Parkfield earthquake that occur 
over a range of hypocentral distances and depths (Fig. 1 and Fig. 6a). Of these data, ~80 aftershocks 
contain clear fault-zone trapped waves (Fig. 6b). In order to relate the amplitude and dispersive feature of 
FZTWs to travel distance, we sorted those aftershocks showing clear FZTWs into 5 groups at the 
epicentral distance ranges of 1-2 km (G1), 4-6 km (G2), 8-10 km (G3) and 14-16 km (G4) southeast of 
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the SAFOD site and 3-5 km (G5) northwest of the site (Fig. 6). These aftershock data are used in this 
study to investigate the detailed internal structure and rock damage of the SAF at seismogenic depths. 
Accurate aftershock locations were made available in the Northern California Seismic Network catalog. 

 

  

Fig. 6 (a) Cross-section parallel to SAF 
strike showing the locations of ~350 
aftershocks (circles) of the 2004 M6 
Parkfield earthquake recorded the SAFOD 
MH seismograph (red square) located at ~3 
km depth on the SAF. The aftershocks in 
five groups G1-G5 (denoted by red, black, 
pink, blue and green colors, respectively) 
used in the waveform analysis are also 
shown. Other aftershocks are denoted by 
cyan color. Small black dots denote the 
micro-earthquakes recorded at the surface 
array across the SAF near the SOFOD site 
in 2003. (b) Cross-section across the SAF 
showing the location of ~350 aftershocks 
(circles) recorded at SAFOD borehole 
seismographs. The red, black, pink, blue 
and green circles denote the on-fault 
aftershocks for Groups 1-5. Other notations 
are same in (a). 

 

 Fig. 7 (a) 3-component MH seismograms for 4 clustered on-fault 
aftershocks at ~4.4 km depth in group G2 with epicentral distances of 4-6 
km from the SAFOD site show prominent FZTWs. Seismograms have  

been <10 Hz filtered and are trace-
normalized in plot. The recordings 
have been deconvolved by the sensor 
responses.  (b) The same as in (a) but 
for 3 clustered on-fault aftershocks at 
~8.4 km depth in Group 2 shows 
longer time durations of FZTWs after 
S-arrivals than those for shallower 
events at ~4.4-km depth, indicating a 
continuous low-velocity zone formed 
by damage rocks on the SAF 
extending to the depth at least below 
the aftershock at 4.4-km depth. (c) 
PH seismograms show high-
frequency body waves at high 
frequencies for the same aftershocks 
in (b). (d) Normalized envelopes of 
amplitudes derived from MH (red 
line) and PH (blue line) seismograms 
for these aftershocks. The horizontal 
bars denote the time duration of 
FZTW wavetrains after S waves, 
within which the amplitudes of 
FZTWS are at least twice higher than 
the amplitude of later coda waves. 

For example, Fig. 7 shows seismograms recorded at the SAFOD borehole seismographs for clustered 
aftershocks in group G2 occurring within the fault zone at ~4.4 km depth and 8.4 km depth. We observed 
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prominent FZTWs with large-amplitudes and long wavetrains at low frequencies following S-arrivals at 
the MH seismograph. In contrast, the PH seismograph registered brief body waves with short wavetrains 
at high frequencies for the same events. The amplitude envelopes of MH seismograms for aftershocks at 
the 8.4 km depth show longer time duration (~1.5 s) of FZTW wavetrains than those (~1 s) for events at 
the 4 .4 km depth, indicating that a continuous low-velocity waveguide formed by damage rocks on the 
SAF extends to the depth at least below ~5 km. 

To more clearly show the variation in FZTW duration with depth, Fig. 8a shows MH and PH 
seismograms for 6 on-fault aftershocks in group G5 occurring at different depths northwest of the 
SAFOD site. Prominent FZTWs with long wavetrains after S-arrivals are observed in the MH 
seismograms. The time duration of FZTWs increases from ~0.7 s to 1.8 s as the event depth increase from 
2.7 km to 8.2 km. However, the PH seismograms show high-frequency body waves with short wavetrains 
and flat changes in duration for the same aftershocks. The resulting observations indicate that a low-
velocity waveguide formed by damage rocks on the SAF connects the MH seismograph and these on-
fault events. The low-velocity waveguide likely extends to the depth of at least ~7 km near the SAFOD 
site. We compared the SAFOD borehole data recorded for on-fault and off-fault aftershocks. For 
example, Fig. 8b shows the seismograms for two M1.3 events occurring at the similar depths of ~5 km 
and similar epicentral distances of ~4 km northwest of the SAFOD site. One aftershock was located 
within the fault zone while another aftershock occurred ~3 km away from the fault. The MH 
seismographs show prominent FZTWs with large amplitudes and long wavetrains (~1.6 s time duration) 
after S-arrivals for the on-fault event while the body waves with brief wavetrains are dominant in PH 
seismograms for the same event. In contrast, both MH and PH seismograms show short wavetrains after 
S-arrivals for the off-fault event. These observations confirm the existence of a low-velocity waveguide 
formed by damage rocks on the SAF that connects the SAFOD MH seismograph at ~3 km depth and the 
on-fault aftershocks occurring beneath it. 

 
Fig. 8a 3-component seismograms recorded at the SAFOD MH and PH seismographs for 6 on-fault 
aftershocks in group G5 located at 3-5 km northwest of the SAFOD site and at different depths show 
prominent FZTWs in the MH seismograms with long wavetrains after S-arrivals while high-frequency 
body waves with brief wavetrains are dominant in the PH seismograms. H1 and H2 denote two 
horizontal components of seismograms. The event date, index and focal depth of these aftershocks are 
plotted at the top of seismograms. Seismograms have been <10 Hz filtered and are plotted in trace-
normalized. FZTWs travelling longer distances from the deeper events show longer durations (marked by 
two vertical bars) than those from the shallower events, indicating a low-velocity waveguide formed by 
damage zones on the SAF extending to deep seismogenic depths. 
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Fig. 8b 3-component 
seismograms recorded at the 
SAFOD MH and PH 
seismographs for on-fault (left) 
and off-fault (right) aftershocks 
at ~5-km depths. The waves from 
the on-fault aftershock in Group 
G5 show prominent FZTWs with 
long wavetrains after S-arrivals 
in MH seismograms while waves 
from the off-fault event occurring 
3 km away from the fault zone 
show much shorter wavetrains 
after S-arrivals. Seismograms 
have been <10 Hz filtered and 
amplitudes are normalized.  

 

  

Fig. 9 Vertical and horizontal 
seismograms recorded at the MH and 
PH for aftershocks occurring within 
the fault zone at different depths in 4 
groups with different epicentral 
distance ranges. (a) group G1 located 
1-2 km SE of the array, (b) group G2 
located 4-6 km SE of the array, (c) 
group G3 located 8-10 km SE of the 
array, (d) group G4 located 14-16 
km SE of the array. Earthquakes are 
ordered by source depth and aligned 
on the S-arrival. Event index and 
focal depths are listed above the 
seismograms. Seismograms have 
been <6 Hz filtered and are 
normalized by amplitude. Prominent 
FZTWs with large amplitudes and 
long wavetrains are observed after S-
arrivals in MH seismograms while 
the high-frequency body waves with 
brief wavetrains are dominant in PH 
seismograms. (e) Raypaths from 
aftershocks in 4 groups shown in (a) 
– (d) to SAFOD MH seismograph. 

 
We also compared the waveforms recorded at the SAFOD MH and PH seismographs for aftershocks 

in Groups G1-G4 (Fig. 9). Fig. 9a and 9b illustrate seismograms for four on-fault aftershocks in groups 
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G1 and G2, respectively, near the SAFOD site to show the variation in wavetrain durations of FZTWs 
with epicentral distance and depth. Prominent FZTWs with large amplitudes and long wavetrains appear 
after S-arrivals in the MH seismograms while the PH seismograms are dominated by body waves with 
brief wavetrains for the same events. The time duration of FZTW wavetrains increases as the travel 
distance between the MH seismograph and the on-fault event increases. FZTWs from deeper aftershocks 
in groups G1 and G2 occurring at 7-8 km depths exhibits longer duration (~1.2 s) of wavetrains after S-
arrivals than those (0.5-1 s) from shallower events at 4-5 km depths and the deepest events at 13-14 km 
depths does the longest duration (~1.5-2 s) of wavetrains. In contrast, PH seismograms show much 
shorter wavetrains (less than 0.5 s) with flatter changes for events at different depths, indicating that a 
low-velocity waveguide (damage zone) on the SAF likely extends to the depth of at least 7-8 km.  

Fig. 9c and 3-9d show the data recorded for aftershocks in groups G3 and G4 with epicentral 
distances between 8-10 km and 14-16 km southeast of the SAFOD site, respectively, to illustrate 
prominent FZTWs in the MH seismograms. The wavetrains of FZTWs show 1.8 s to 2.6 s duration after 
S-arrivals, longer than those for aftershocks in groups G1 and G2 located at shorter epicentral distances 
from the array site. Note that the FZTW wavetrains for the events in G4 are even longer than those for the 
events in G3 at similar depths. These observations indicate that the low-velocity waveguide formed by 
damage rocks on the SAF at seismogenic depths extends at least ~20 km along strike of the SAF passing 
through the town of Parkfield and the SAFOD site [Langbein et al., 2005]. Also note that the duration of 
FZTW wavetrains for the deeper aftershocks are longer than those for shallower events. This trend is not 
as obvious for G4 because the ray paths from the shallower events to the MH seismograph are sub-
horizontal and mostly travel in the top part of the fault zone with lower velocities. This difference 
suggests that the velocity structure on the SAF is depth-dependent. 

In order to further examine the depth extension of the low-velocity zone on the SAF, we used the 
SAFOD borehole data for aftershocks occurring at different depths within the fault zone and with short 
epicentral distances. The ray-path incidence angles from these events to the seismic array smaller than 30o 
from vertical. Fig. 10a shows seismograms recorded at MH and PH seismographs for 9 on-fault 
aftershocks of the 2004 M6 Parkfield earthquake, occurring at depths between 3.8 km and 14.4 km. We 
measured time duration of FZTW wavetrains after S-arrivals from MH seismograph, in which wave 
amplitudes are above twice background level in later coda (Fig. 10b). The measured durations of these 
wavetrains progressively increase from ~0.5 s to ~1.9 s as the event depths increase, showing a move-out 
of trapped wave propagation in traveltime with event depth. In contrast, much shorter wavetrains (less 
than 1 s) with flat changes in duration time after S-arrivals are registered at the PH seismograph for these 
same events at different depths. These observations indicate that the low-velocity waveguide formed by 
the damaged rock on the SAF likely extends from the ground surface across the seismogenic depths. We 
note that FZTWs recorded at the surface station (Fig. 5) show longer wavetrains than those recorded at 
the SAFOD main-hole seismograph for the events located at the similar depths and epicentral distances, 
indicating that the low-velocity waveguide formed by damage rocks on the SAF is more prominent at the 
shallow depth. 

In summary, we measured time durations of FZTWs for ~80 Parkfield aftershocks in 5 groups G1 – 
G5 occurring within the fault zone at different depths and epicentral distances and recorded at the SAFOD 
MH seismograph. Fig. 10c illustrates the measured time durations of FZTW wavetrains versus event 
distance from the SAFOD borehole, showing that the duration of FZTWs scales with epicentral distance. 
These observations indicate that a roughly continuous low-velocity waveguide formed by the severely 
damaged rocks exists along the SAF over the distance of at least ~20 km in the Parkfield area. This low-
velocity waveguide extends from the surface to depths of at least 7-8 km, likely extending across the 
entire seismogenic zone. We note that the trend of increasing length of FZTW wavetrains with increasing 
travel distance is larger for aftershocks at shallower depths than that for deeper aftershocks, suggesting 
that greater velocity contrasts and lower seismic velocities occur within the shallowest portion of the fault 
zone. Therefore, it implies that the fault-zone rocks at the shallowest depths experienced greater damage 
during earthquake ruptures. The smaller velocity reduction within the deeper portion of the fault zone is 
probably due to the closure of cracks under the larger confining stress at greater depths. 
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In order to evaluate Q values of the fault rock in the rupture zone, we calculated coda-normalized 
spectral amplitudes of FZTWs recorded at the MH seismograph versus hypocentral distances for 
aftershocks in 5 groups. We used the same method to estimate Q values of fault-zone rock at the rupture 
zones of the 1999 M7.2 Hector Mince earthquake [Li et al., 2002]. Normalized spectral amplitudes of 
FZTWs decrease with the hypocentral distance of these events along the rupture zone.  Each point in Fig. 
3.10d denotes the mean of spectral amplitude peaks between 4 Hz and 8 Hz for aftershocks in each group.  
The error bar at each point denotes the standard deviation of measurements.  The large standard deviation 
may be due to the contamination of other phases, such as direct S-waves in seismograms, and the 
heterogeneity of the fault zone.  We divided the measurements of normalized spectral amplitudes into two 
groups for aftershocks at shallow depths of 4-7 km and at deep depths of 8-13 km.  We fit the data using 
the formula ln(A1 / Ai ) f (ri r1) /QVs , where Ai  is the normalized spectral amplitude for the event 

located at distance ri  to the array.  The amplitude Ai  has been multiplied by a factor 1 / ri  to correct 

for geometrical spreading for trapped waves.  For shallow events, shear velocity V s  is assumed to be 1.5 

km/s and frequency f is 5 Hz.  For deep events, V s  is assumed to be 2.0 km/s and f is 7 Hz.  We obtained 

the best fit to the data using a Q of 30 for shallow events and a Q of 60 for deep events, showing that fault 
zone Q increases with depth. The measured Q values have been used as a constraint in modeling of 
FZTWs. 

 

 
Fig. 3.10 (a) Vertical-component seismograms recorded at the SAFOD 
MH and PH seismographs for 9 on-fault aftershocks at different depths in 
groups G1 and G2. The incidence angles of ray paths from these events to 
the MH seismograph are smaller than 30o to vertical and traces are aligned 
on S-arrivals. Seismograms have been <6 Hz filtered. Horizontal bars 
denote FZTW durations for FZTW amplitudes greater than twice 
background noise amplitude.  (b) Measured FZTW durations from the MH 
(black dots) and PH (grey crosses) seismograms plotted versus focal 
depths for 9 on-fault aftershocks in groups G1 and G2. Each data point is 
the average FZTW duration measurements on the 3 component earthquake 

data. Error bars indicate standard 
deviations of the measured 
durations.  (c) Measured FZTW 
durations from MH seismograph for 
~80 aftershocks in groups G1 – G5 
versus epicentral distance from the 
SAFOD site. Each data point is the 
averaged for all on-fault aftershocks 
in each group. Violet and red dots 
denote the measurements for 
aftershocks occurring at depths of 4-
7 km and 8-13 km, respectively. 
Error bars indicate standard 
deviations of the measured durations 
in each group. (d) Normalized 
spectral amplitudes of FZTWs 
versus hypocentral distances for 
aftershocks in 5 groups G1 – G5.  
Each point denotes the mean of 
coda-normalized spectral amplitude 
peaks at 4-8 Hz at the SAFOD MH 
seismograph. We fit the 
measurements using the formula 
ln(A1 / Ai ) f (ri r1) /QVs .  

Spectral amplitudes of trapped 
waves are multiplied by a factor of 
(ri/r1)

1/2, i = 1, ..., n, to correct for 
geometrical spreading.  The light 
line fits the data for shallow events 
at depths of 4-7 km using Q of 30 
while the black line fits the data for 
deep events at depths of 8-13 km 
using Q of 60. 
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Finite-Difference Simulation of Fault-Zone Trapped Waves at SAFOD Site 
Based on our observations of fault-zone trapped waves at the SAFOD borehole seismographs and the 

cross-fault surface array and compared with our previous velocity models at Parkfield [Li et al., 2004], we 
construct a velocity and Q model of the SAF near the SAFOD site as shown in Fig. 3.11a. Model 
parameters are listed in Table 1. The width and velocities of the fault zone at 3 km depth in this model are 
constrained by the logging measurements in the SAFOD mainhole (Fig. 11b) [Hickman et al., 2007]. The 
wall-rock velocities are constrained by the velocity contours from travel-time tomography at Parkfield 
(Fig. 11c) [Thurber et al., 2004]. Using a 3-D finite-difference code [Graves, 1996], we simulate FZTWs 
generated by explosions and recorded at the surface array to determine the shallow 1-2 km fault zone 
structure. Then, we simulate trapped waves generated by earthquakes at different depths and epicentral 
distances that are recorded at the borehole seismograph and surface array to obtain a model of the SAF 
with depth-variable structure at seismogenic depths. 
 

Fig. 11 (a) Cross-section of the S-wave 
velocity model across the SAF used to 
compute synthetic fault-zone trapped waves 
(FZTWs).  The velocities within the 100-200-
m wide waveguide on the SAF and 
surrounding rocks were found by 3-D finite-
difference fits to the FZTWs generated by 
explosions and aftershocks. Model 
parameters are listed in Table 1.  (b) SAFOD 
drilling log data showing a 40-m fault core 
surrounded by a 200 m low velocity zones 
[Hickman et al., 2007]. The red line indicates 
the location where fault creep is deforming 
the borehole casing. (c) The cross-section 
through the SAFOD site from the 
tomography DD 3D velocity model [Thurber 
et al., 2004]. Earthquakes within 1 km of the 
section are shown (filled circles), and the 
positions of the Pilot Hole (PH) and SAF 
trace (SAF) are indicated. Depths are relative 
to sea level. The 0.2 contour of the diagonal 
element of the model resolution matrix is 
shown in the result (dashed line). 

The 3-D finite difference computer code is second order in time and fourth order in space. It 
propagates the complete wave field through elastic media with a free-surface boundary and spatially 
variable anelastic damping (an approximate Q). The grid spacing is 12.5 m. The grid volume was changed 
based on the distance and depth of the events to receivers to minimize computer run time and memory. 
The fault zone waveguide is sandwiched between wall rocks, and placed in the center of the grid. We use 
a double-couple source for aftershocks and an explosion source for shots. The source was placed within 
or close to the rupture zone. To find model parameters that best fit observed trapped waves, we tested 
various values for the fault zone width, velocity and Q, the wall rock velocity and Q, the layer depths, and 
the source location. To test the various model parameters, we changed the waveguide width by a step of 
one grid, velocity by 0.2 km/s, and Q by 5 in the test ranges, respectively. When the fault zone width 
varies two grids, or S velocity varies 0.2 km/s, or Q value varies 10, or source offset varies 2 grids from 
the fault, or the fault zone depth is only a few kilometers for aftershocks at deeper levels, the amplitudes 
and dispersion of trapped waves change observably.  

To better match P and S arrival times, we allow the hypocentral distances to float by up to 0.5-1.0 km 
from catalog locations to account for possible location error and also the lateral heterogeneity along the 
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fault zone. We also note that synthetic P waves show smaller amplitudes than recorded P waves, while 
synthetic S and trapped waves match observations quite well, indicating that the waves might be scattered 
by near-fault heterogeneities (e.g., asperities, barriers, step-over, and multiple slip planes), which are not 
included in our model. 

The SAFOD fault-zone trapped waves can be well-fit using a tapered, 35–40 m wide fault core with 
velocities reduced by 40-50% inside a wider, 100–200 m zone with velocities reduced by ~20-30%. The 
relatively intact wall rocks surrounding this composite damage zone have different velocities on the east 
and west sides the SAF to match the geologic material velocities determined from tomographic modeling. 
Further, by matching the observed increase in FZTW duration with event depth, it would appear that the 
main low velocity zone, and probably its interior core, extends downward to at least 7 km depth. This is 
the depth is determined using the most clearly resolved and best fit FZTWs seen in the SAFOD borehole 
seismograms modeled in this study. 

 
Table 1. Parameters for the SAF near Parkfield         
Parameters  Layer No.            1          2          3           4          5 ______  
Depth of the layer, km 0.5 1.0 2.0 6.0 12.0 
Waveguide width, m 
(Damage zone/core) 200/40  200/40  150/40  125/25  100/25 
Waveguide Vs, km/s 0.6 1.0 1.3 1.8 2.3 
Waveguide Vp, km/s 1.5 2.0 2.8 3.8 4.5 
Waveguide 10 25 30 50 80 
NE wall-rock Vs, km/s 1.1 1.8 2.1 2.8 3.2 
NE wall-rock Vp, km/s 2.2 3.5 4.2 5.5 6.0 
SW wall-rock Vs, km/s 1.3 2.0 2.5 3.1 3.5 
SW wall-rock Vp, km/s 2.5 4.0 5.0 6.0 6.3 
Wall rock Q 30 50 60 100 200  

 

 

Fig. 12 Comparison of observed 
and synthetic seismograms from the 
SAFOD MH for Groups 1-5. The 
observed seismograms are shown in 
redand synthetic seismograms are 
shown in blue. Synthetic seismograms 
arecomputed using 3-D finite 
difference techniques, as described in 
the text, and the velocity model shown 
in Fig. 11a and listed in Table 1. 
Observations and synthetics are shown 
for a range of source depths from 2.8 – 
13km. The model adequately 
reproduces the observed FZTW 
amplitudes and durations. Data have 
been low-pass filtered at 6 Hz.   

 

For example, Fig. 12a shows 3-D finite-difference synthetic waveforms using the model in Fig. 11a to 
fit seismograms recorded at the SAFOD MH seismograph for 4 on-fault aftershocks in group G1 at 
depths of 3.8 km, 5.4 km, 7.9 km and 13 km, respectively. The ray paths from these aftershocks to the 
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MH seismograph are nearly vertical. The synthetic FZTWs fit the amplitudes and wavetrains of observed 
ones quite well. The fault zone in the model extends to 13-km depth. A double-couple source is used for 
aftershocks at certain depths within the fault zone. The increase in time duration of FZTW wavetrains 
after S-arrivals versus event depth for these on-fault aftershocks show that the low-velocity damage zone 
on the SAF likely extends across the entire seismogenic depths although the velocity reduction within the 
deeper portion of the fault zone is smaller than those at the shallower depth. 

Fig. 12b to Fig. 12e show observed and best-fit synthetic MH seismograms using the model in Fig. 
11a for on-fault aftershocks at different depths in groups G2-G5 with different epicentral distances to the 
SAFOD site, including 2 events at depths of 4.1 km and 10.6 km in group G2, 2 on-fault aftershocks at 
depths of 7.4 km and 11 km in group G3, and 2 events at depths of 7.9 km and 13 km in group G4 located 
southeast of the SAFOD site as well as 2 events at depths of 2.8 km and 5.5 km in group G5 located 
northwest of the SAFOD site. The synthetic waveforms fit observed FZTWs with large amplitudes and 
long wavetrains which elongate either as the event depths or epicentral distances increase.  

We further tested the effect of the fault-zone depth on the feature of FZTWs. Fig. 13 shows 3-D 
finite-difference MH seismograms for the 2 on-fault aftershocks occurring at depths of 8.4 km and 10.5 
km in group G2, using a 12-km deep low-velocity fault zone. The synthetic seismograms are agreeable 
with observed FZTWs with long-duration wavetrains after S-arrivals. However, as the fault zone in the 
model is truncated at the depth of 4 km, the computed seismograms show short wavetrains after S-
arrivals, which cannot match the long wavetrain of observed FZTWs. This test manifests that the low-
velocity waveguide formed by damage rocks on the SAF at Parkfield likely extends to the depth of ~8 km 
or more. 
 

  

Fig. 13 Comparison of synthetics 
computed using a 12 km and 4 km 
deep fault zone for an earthquake 
that occurs at 8.4 km depth. The 
observed seismogram is shown in 
red. Synthetic seismograms 
computed using a 12 km deep LVZ 
are shown in blue and those 
computed using a 4 km deep LVZ 
are shown in light grey. The 12 km 
deep fault zone provides a better 
match to the observed data. 

We then simulated seismograms at the SAFOD MH seismograph for 9 Parkfield aftershocks 
occurring within the fault zone at different depths between 3.8 km and 14.4 km (Fig. 14a), and 
seismograms at station ST0 of the SAFOD surface array for 11 on-fault microearthquakes at depths 
between 3.6 km and 11.2 km (Fig. 14b), using the model with a deep fault zone in Fig. 11a. Synthetic 
seismograms show that wavetrain lengths of FZTWs increase with focal depths, matching the observed 
move-out of trapped waves in traveltime with event depth. In contrast, the synthetic seismograms for the 
same events but using a shallow fault zone truncated at 4 km depth show shorter wavetrains after S-
arrivals and flat change in their wavetrain length with event depth larger than 4 km, mismatching 
observations (Fig. 14c). These modeling results further indicate that the low-velocity waveguide formed 
by damage rocks on the SAF at the SAFOD site likely extends across entire seismogenic depths although 
the magnitude of rock damage is smaller below 7-8 km depth due to greater confining stress. 

The velocity model (in Fig. 11a) derived from FZTWs recorded at the SAFOD surface array and MH 
seismograph represents a gross average of the fault-zone damage structure of the San Andreas fault near 
the SAFOD site at seismogenic depths. The actual structure in 3-D will certainly be more complicated. 
The damage magnitude and extent may vary along fault strike and with depth due to rupture distributions 
and stress variations over multiple length and time scales. For instance, the model in Fig. 11a does not 
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include velocity variations along the fault strike, which have been implied in observed variations of fault 
slip and rock damage along the SAF at Parkfield [Langbein et al., 2005; Li et al., 2006, 2007; Lewis et al., 
2010]. The along-fault heterogeneity is discussed in the section below. 

 

 
Fig. 14 (a) Observed (red lines) and synthetic (blue lines) vertical-
component seismograms at the SAFOD MH seismograph at ~3 km 
depth for 9 on-fault aftershocks in groups G1 and G2 (with stars) at 
depths between 3.8 km and 14.4 km. The S-arrivals for these events 
are aligned at the same time. The focal depth is plotted for each event. 
The finite-difference synthetic seismograms were computed using the 
model in Fig. 11a. Seismograms have been low-pass filtered below 8 

Hz and are plotted trace-normalized. 
Bars denote the post-S wave 
durations, in which amplitude 
envelopes of guided waves are 
above twice the level of the 
background noise coda.  (b) 
Observed and syntheticvertical-
component seismograms at station 
ST0 of the cross-fault surface array 
for 11 on-fault microearthquakes 
with magnitudes of M0.5–2.3 at 
different depths between 2.6 km and 
11.7 km. The focal depth and 
epicentral distance from ST0 are 
plotted for each event. (c)  Synthetic 
seismograms at ST0 for 11 on-fault 
events using a 4-km shallow fault 
zone for comparison with 
observations. The synthetic 
waveforms with short wavetrains for 
events at depths below 4 km cannot 
match the long wavetrain of 
observed FZTWS. 

. 

 

Fig. 15 Comparison of 
observed (red lines) and 
synthetic (blue lines) 
seismograms at the surface 
array for (a) shot SP20, (b) 
the SAFOD drilling target 
event at ~3 km depth and 
(c) a micro-earthquake 
occurring at 7 km depth and 
0.5 km epicentral distance 
from the surface array. An 
explosive source is used for 
the shot and a double-
couple source is used for 
the earthquakes. 
Seismograms have been 
low-pass filtered at 6 Hz 
and are plotted using a 
fixed amplitude scale. 

 
Finally, Fig. 15 illustrates observed and synthetic seismograms at the SAFOD surface array for the 

near-surface explosion SP20 detonated within the fault zone at ~3 km northwest of the SAFOD site, a 
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SAFOD drilling target event occurring at ~3 km depth, and a deep microearthquakes at 7-km depth near 
the array, using the model in Fig. 11a. Note that FZTWs generated by explosion SP20 travel slower and 
show longer wavetrains than those generated by earthquakes at depth, indicating the lower seismic 
velocity and larger velocity reduction within the shallower portion of the fault zone formed by more 
fractured rocks. Fig. 16 shows observed and synthetic seismograms at the SAFOD surface array for other 
two deep microearthquakes at depths of 6.9 km and 11 km (events B and C in Fig. 1 and Fig. 5). In 
modeling, we computed seismograms using a shallow fault zone truncated at 4-km depth for the deep 
event C occurring at 11-km depth, showing much shorter wavetrains after S-arrivals than observed long-
duration FZTWs. This test illuminates a deep low-velocity zone formed by the damage rocks on the SAF 
at the SAFOD site. 

 

 
Fig. 16 Observed (red lines) and synthetic (blue lines) seismograms 
at the surface array for 2 deep microearthquakes at depths of 6.9 km  

with 1 km epicentral distance and at 11 km 
with 3.5 km epicentral distance (events B 
and C in Fig. 1 and Fig. 5). Synthetics were 
computed using the velocity model shown 
Fig. 11a. Other notations are same as in 
Fig. 15. The fault zone extends to 12-km 
depth. A double-couple source is used for 
earthquakes located within the fault zone at 
the focal depth. In contrast, the computed 
seismograms using a shallow ault zone 
truncated at 4-km depth for event C show 
much shorter wavetrains of FZTWs than 
those in recorded seismograms for this 
earthquake. 

 
 
Fault-Zone Trapped Waves at the Surface Array near Parkfield Town 

In our previous experiment conducted in 2002, we deployed linear seismic arrays across and along 
the SAF near the town of Parkfield (called the Parkfield array), ~15 km southeast of the SAFOD site and 
recorded FZTWs generated by explosions detonated within the fault zone and the on-fault 
microearthquake [Li et al., 2004]. 3-D finite-difference simulations of the FZTWs recorded at the 
Parkfield array delineate a distinct low-velocity distinct low-velocity waveguide formed by damaged 
rocks along the Parkfield SAF segment at depths. The best-fit model parameters used in simulations of 
these FZTWs are shown in Table 2. 
 

Table 2. Parameters for the SAF near Parkfield       
Parameters  Layer No.       1            2            3             4        
Main fault  NW/SE of Parkfield array: 
Depth of the layer, km  0.25  1.0  2.0  5.0 
Waveguide width, m  175/150  175/150  150/125  125/100 
Waveguide Vs, km/s        0.5/0.35  0.65/0.55 1.0/0.9  1.7/1.4 
Waveguide Vp, km/s  1.3  1.8  2.3/2.1  3.5/3.0 
Waveguide Q   10  25  30  50 
NE wall-rock Vs, km/s  0.8/0.6  1.0/0.9  1.5/1.4  2.3/2.0 
NE wall-rock Vp, km/s  2.0/1.5  2.5/2.2  3.3/3.0  5.0/4.2 
SW wall-rock Vs, km/s  0.8/0.6  1.0/0.9  1.6/1.5  2.5/2.2 
SW wall-rock Vp, km/s  2.0/1.5  2.5/2.2  3.5/3.2  5.2/4.5 
Wall rock Q   20  50  60  100  

 
It is noticed that seismic velocities of the waveguide southeast of the Parkfield array are remarkably 

lower by ~20% in average than waveguide velocities northwest of the array, indicating the heterogeneity 
in rock damage magnitude on the SAF near the SAFOD site. The along-fault variations are evident in the 
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FZTWs recorded at the Parkfield array for two explosions PMM and PARK detonated within the fault 
zone at distances of 7 km northwest and 4.2 km southeast from the array, respectively, in 2002 (Fig. 17). 
The distance from the array to short PARK is much shorter than the distance to short PMM, but the 
FZTWs for these two shots show nearly the same time durations (~5-6 s) after S-arrivals, indicating the 
lower velocities and higher damage magnitude of fault rocks within the SAF segment between the array 
and Shot PARK where the highest surface slip was found in the 2004 M6 Parkfield earthquake [Langbein 
et al., 2005; Ammon et al., 2005]. It is noted that seismograms in Fig. 3 show only ~2 s duration of 
FZTWs after S–arrivals for short SP20 detonated ~3 km northwest of the SAFOD surface array, 
indicating the lower velocities and higher damage magnitude of fault rocks near Parkfield town than those 
near the SAFOD site. 

Immediately after the M6 Parkfield earthquake on September 28, 2004, we re-deployed the Parkfield 
array to record aftershocks and repeated shot PMM at the same places in our experiment at Parkfield in 
2002 for study of the co-seismic damage and after-mainshock healing of the SAF [Li et al., 2006, 2007]. 
Waveform cross-correlations of repeated shots and microearthquakes recorded at the Parkfield array 
deployed in 2002 and 2004 show a peak of an approximately 2.5% decrease in seismic velocity at stations 
within the fault zone, most likely due to the co-seismic damage of fault-zone rocks during dynamic 
rupture of the 2004 M6 Parkfield earthquake. The width of the damage zone characterized by larger 
velocity changes is consistent with the width of the low-velocity waveguide along the Parkfield SAF 
delineated by FZTWs recorded at the Parkfield surface array (Table 2). The data from repeated 
aftershocks show that seismic velocities within the fault zone increased by ~1.2% in the following 3–4 
months after the mainshock, indicating that the recovery (or healing) of damaged rocks with time. We 
also observed that the magnitude of fault damage and healing varied across and along the rupture zone, 
showing that the greater damage was inflicted and thus greater healing is observed in regions with larger 
slip in the mainshock. 

 

 

 Fig. 17 Observed and 3-D finite-difference 
simulations of seismograms for shots PMM 
and PARK detonated within the fault zone at 
distance 7 km NW and 4.2 km SE from 
Parkfield surface array across the SAF ~1.5 
km NW of the town of Parkfield in 2002 (see 
Fig. 1). Stations ST0 and E14 of the array 
were located on the SAF main trace (SAFm) 
and north strand (SAFn).  Seismograms have 
been <3 Hz filtered and are plotted using a 
fixed amplitude scale for each event. 
Prominent fault-zone trapped waves (FZTWs) 
with large amplitudes and long wavetrains 
(marked by brackets) following S-arrivals are 
observed at stations located close to the fault 
trace, within ~200 m. Other notations are the 
same as in Fig. 4 and Fig. 14. 

 
Fig. 18a illustrates FZTWs with large amplitudes and long wavetrains after S-arrivals recorded at the 

Parkfield array for an on-fault aftershock (ID 325003619) occurring at 7.5 km depth and 5 km southeast 
of the array on October 23, 2004, showing a remarkable low-velocity fault-zone waveguide southeast of 
Parkfield town. In order to examine the depth extension of the damage zone on the Parkfield SAF 
segment, we measured FZTW wavetrain lengths after S-arrivals recorded at the on-fault station ST0 of the 
Parkfield array for 14 on-fault Parkfield occurring at different depths and with epicenters less than 3 km 
from the array (Fig. 18b). The measured FZTW wavetrain durations increase from 1.5 s to ~3.2 s with an 
obvious move-out as event depths increase from 3.6 km to 11.3 km, showing that the low-velocity 
damage zone on the SAF near Parkfield likely extends across the seismogenic depths although the 
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magnitude of rock damage in the deeper portion of the fault zone is smaller due to the higher confined 
stress. It is also noted that FZTWs recorded at the Parkfield array show longer wavetrains than those 
recorded at the SAFOD surface array (Fig. 5) for the events at similar depths, indicating the lower 
velocities and greater damage magnitude on the SAF Parkfield segment where the larger slip and 
anomalous high peak acceleration are documented at Turkey Trail road ~2 km SE of Parkfield [Shakal et 
al., 2005].  

Finally, we simulated FZTWs using the model parameter in Table 2 to fit seismograms recorded at 
the Parkfield array for shots PMM and PARK (Fig. 17) and the aftershocks (Fig. 18). The best-fit model 
parameters in Table 1 and Table 2 illuminate the heterogeneity of fault zone properties with an increase 
trend in rock damage magnitude along the SAF from the SAFOD site southeastward to Parkfield town. 
 

  

Fig. 18 (a) Observed and synthetic vertical-
component seismograms recorded at the array 
near Parkfield for an on-fault aftershock (event 
E in Fig. 1), showing fault-zone guided waves 
with large amplitudes and long-duration 
wavetrains after S-arrivals at stations close to 
the main fault trace. Seismograms have been 
<6 Hz filtered. (b) Observed and synthetic 
vertical-component seismograms and 
envelopes at the on-fault station ST0 of the 
Parkfield array for 14 on-fault aftershocks near 
the array at different depths show an increase 
in wavetrain length (marked by solid 
horizontal bars) of FZTWs as event depths 
increase.  Other notations are same as in Fig. 
5b. (c) The measured FZTW wavetrain lengths 
versus focal depths for these 14 aftershocks 
recorded at on-fault (black circles) and off-
fault (grey crosses) stations. Each data point is 
averaged from measurements at 4 stations 
within or away from the fault zone for each 
aftershock. Error bars are standard deviations. 
Curves are polynomial fits to the data.  

Conclusion and Discussion 
Observations and modeling of fault-zone trapped waves recorded at the SAFOD surface array and 

down-hole seismograph installed in the SAFOD mainhole (MH) show the existence of a distinct low-
velocity damage zone along the SAF near the SAFOD site, consistent with our previous results from 
FZTWs recorded at the Parkfield array near the town of Parkfield [Li et al., 2004; Li and Malin, 2008]. 
The borehole data, recorded at 3-km depth in the SAFOD MH, provide high-quality records of 
earthquakes with a wide range of magnitudes that occur deep on the SAF, within the damage zone. The 
MH seismograph allows us to avoid some of the complexity of the near surface geology, and wave 
scattering due to near-surface effects. With these data, we obtain a high-resolution image of the detailed 
internal structure of the SAF at seismogenic depths near the SAFOD drilling site.  

In the modeling procedure, we use the 3-D finite-difference method to simulate FZTWs recorded in 
the borehole and at surface. The model parameters for the SAF at shallow depth is determined by 
simulation of FZTWs generated by explosions and recorded at the surface array and  shallow earthquakes. 
The deep structure of the SAF is determined from FZTWs generated by deep earthquakes and recorded at 
the SAFOD MH seismograph and the surface array. The structure of the narrow fault core zone with 
highly damaged rocks is mainly constrained by FZTWs recorded at the MH, which show higher 
frequencies than those recorded at the surface array. To best fit the amplitude, frequency, and travel-time 
characteristics of observed FZTWs, the SAF is modeled as a downward tapering, 30-40-m wide fault-core 
embedded in a 100-200-m wide low velocity zone. The fault core is thought to be a zone in which 
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material has been severely damaged due to high on- and near-fault strains produce during dynamic 
rupture of major earthquakes at Parkfield. Compared with the wall-rock velocities, the seismic velocities 
are reduced by ~40-50% in the fault core and by ~20-30% in the surrounding damage zone. The width 
and velocities of the SAF damage zone at 3 km depth in our model resolved by FZTWs (Fig. 11a), has 
been verified by the SAFOD drilling and logging data (Fig. 11b) which show a ~200 m-wide zone of high 
porosity material, with multiple slip planes and average velocity reductions of ~25-35% is at ~3 km depth 
[Hickman et al., 2007]. It is plausible for downward tapering of the damage zone with high porosity rocks 
because the confining stress increases with depth.  

This distinct low-velocity zone is interpreted as an accumulation of damage caused by intense 
fracturing during successive earthquakes. Alternatively, the low velocity zone may reflect high pore-fluid 
pressure near the fault, given the observation of fluid in the SAFOD well. However, fluids are a less-
favored explanation as permeability variation in faults is complex with higher permeability observed 
within the near-fault damage zone but very low permeability across the main slip plane [Lockner et al., 
2000]. We expect a combination of in-situ seismic observations and stress measurements with laboratory 
studies on fault rock, fluids and hydrologic conditions to provide more detailed information about the 
physical and chemical processes controlling faulting and earthquake generation. Furthermore, the damage 
zone on the SAF at Parkfield imaged by FZTWs recorded at the across-fault surface array shows 
asymmetry, extending farther on the southwest side of the main fault trace. The asymmetry may reflect 
the different strength of the material on each side of the SAF or a preferred rupture direction. When a 
fault ruptures, it may preferentially damage the more compliant rocks in the zone; increased compliance 
may be the result of different geologic material juxtaposed across the fault or weakness resulting from 
accumulated damage by previous events [Chester et al., 1993]. Alternately, preferred rupture direction 
would result in asymmetric damage, with greater damage occurring in the extensional quadrant of the 
earthquake rupture [Andrews, 2005].   

We note that the subsurface structure of the fault-zone simply obtained from forward modeling of 
FZTWs would be not unique due to a trade-off in the model parameters (e.g., the fault zone width, 
velocity contrast between the fault wall rocks, Q value, source location within the fault zone, and travel 
distance along the fault zone). This non-uniqueness and other 3-D effects have been discussed in previous 
numerical studies of fault zone structure using trapped waves [e.g., Li and Leary, 1990; Li and Vidale, 
1996; Igel et al., 1997; Ben-Zion, 1998]. For instance, either increasing the waveguide width or 
decreasing the waveguide velocity in modeling will lower the dominant frequency of trapped waves. Low 
values of Q also affect the dominant frequency and duration of trapped waves. Reducing Q causes a 
shorter duration of trapped waves at lower frequencies.  Smaller velocity contrasts between the 
waveguide and surrounding rocks also reduces the duration of trapped waves. Moving the source from the 
middle to the edge of the waveguide will reduce the amplitudes of trapped waves with respect to the P 
and S waves. However, the trade-offs among the model parameters could be reduced by constraints with 
multiple observations with various methods. At Parkfield, we use the velocities and width of the SAF 
directly measured by well log in the SAFOD mainhole at 3-km depth [Hickman et al., 2007] and the 
velocity structure in the Parkfield region determined using P-wave tomography [e.g. Thurber et al., 2006] 
as constraints in our FZTWs modeling.  

The model parameters in Table 1 and Table 2 reflect variations in velocity and damage magnitude 
along the SAF from the SAFOD site southeastward to Parkfield town where the fault zone has slower 
seismic velocities. For instance, seismograms recorded at the Parkfield array for shot PARK detonated 
within the SAF at 4.2 km southeast of the array show remarkable low velocities (Fig. 17). Accordingly, 
anomalous large slip and higher peak acceleration were documented at Turkey Trail road ~2 km SE of 
Parkfield town [Shakal et al., 2005]. The along-fault variations in fault zone properties are also indicated 
in our observations of fault rock damage and healing associated with the 2004 M6 Parkfield earthquake 
observed [Li et al., 2006, 2007], and observations and modeling of head-waves at Parkfield [Lewis and 
Ben-Zion, 2010]. 

Although a shallow low-velocity zone along the SAF at SAFOD was well-known from surface 
observations of FZTWs, its extension into the seismogenic zone (> 3 km) has been controversial. Some 
researchers argue that the low-velocity damage zone on faults is a near-surface feature that reaches only 
down to the top of seismogenic zone at ~ 3 km [e.g. Ben-Zion et al. 2003; Lewis et al. 2010]. Others argue 
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that it extends across the seismogenic zone at depths from 3 km to 10 km [e.g. Korneev et al. 1993; Li & 
Malin 2008; Wu et al., 2010].   The differing conclusions illustrate the non-uniqueness of FZTWs 
interpretations based on surface measurements. Recently, Ellsworth and Malin [2010] document a 
profound zone of rock damage on the SAF downwards to at least half way (> 5-6 km) through the 
seismogenic crust at Parkfield using both Rayleigh-type and Love-type of FZTWs recorded at the 
SAFOD MH seismograph. Wu et al. [2010] also show that the low-velocity waveguide on the SAF at 
Parkfield extends to the depth > 10 km using SAFOD borehole data. A comprehensive analysis of 
FZTWs recorded at Parkfield surface and borehole stations in our present study shows that the low-
velocity zone on the SAF at Parkfield extends to the depth of at least ~7 km or deeper although the 
velocity reduction within the damage zone decreases with depth due to the increasing confining pressures. 

The 100-200 m width of the low-velocity damage along the SAF at Parkfield delineated by the 
FZTWs is similar to the width of the damage zone observed along the 1992 M7.4 Landers and 1999 M7.1 
Hector Mine earthquake ruptures [Li et al., 2000; 2002]. However, a 1.2-1.5 km wide low-velocity zone 
with greater velocity reduction in a 400-500-m wide fault zone was documented at the Calico fault 
[Fialko, 2004; Cochran et al., 2009]. The difference in width of low-velocity fault-zone might reflect the 
evolution of fault zones over the seismic cycle. The studies at Parkfield, Landers and Hector Mine were 
initiated following a large mainshock rather than late in the interseismic period like on the Calico fault. 
The wider low-velocity zone observed at the Calico fault might be attributed to complex fault geometry 
where strain is distributed across several fault strands. Alternatively, it might imply the width variations 
of damage zones on the different faults, and the variations along the fault strike.  

 Our observations and modeling of FZTWs at multiple arrays deployed at different places along the 
SAF show seismic velocity variations along the fault line suggestively due to rupture distributions and 
stress variations over multiple length and time scales. Detailed mapping of near-field fault structure and 
strain accumulation will provide further insights into the ubiquity and spatial variability of permanent 
damage around active faults. Our present study contributes essential information towards further 
understanding of faulting mechanics and earthquake hazards along mature faults like the SAF.  

 
Acknowledgments. This research was supported by the Southern California Earthquake Center 
(contribution number 1321), USGS Grant NEHRP20060160, and NSF Grant EAR-0910911. 
 
References 
Aki, K. (1984), Asperities, barriers, characteristic earthquakes, and strong motion prediction, JGR, 89, 5867-5872. 
Andrews, D. J. (2005), Rupture dynamics with energy loss outside the slip zone, JGR., 110, B01307, dio: 0.1029. 
Angevine, C. L., D. L., Turcotte, and M. D. Furnish (1982), Pressure solution lithification as a mechanism for the 

stick-slip behavior of faults, Tectonics, 1, 151-160. 
Ben-Zion, Y. (1998), Properties of seismic fault zone waves and their utility for imaging low velocity structures, J. 

Geophys. Res., 103, 12567-12585. 
Ben-Zion, Y., Z. Peng, D. Okaya, L. Seeber, J. G. Armbruster, N. Ozer, A. J. Michael, S. Barris, and M. Aktar 

(2003), A shallow fault zone structure illuminated by trapped waves in the Karadere-Dusce branch of the North 
Anatolian Fault, Western Turkey, Geophys. J. Int., 152, 699-717. 

Byerlee, J. (1990), Friction, overpressure and fault-normal compression, Geophys. Res. Lett.., 17, 2109-2112. 
Chavarria, J. A., P. E. Malin, E. Shalev, and R. D. Catchings (2003).  A look inside the San Andreas Fault at 

Parkfield through Vertical Seismic Profiling.  Science, 302, 1746-1748. 
Chen, Q., and J. Freymueller (2002), Geodetic evidence for a near-fault compliant zone along the San Andreas fault 

in the San Francisco bay area: BSSA, 92, 656–671, doi:10.1785/0120010110. 
Chester, F. M., J. P. Evans, and R. L. Biegel (1993), Internal structure and weakening mechanisms of the San 

Andreas fault, J. Geophys. Res., 98, 771-786. 
Cochran, E. S., Y. G Li, P. M. Shearer, S. Barbot, Y. Fialko, and J. E. Vidale (2009), Seismic and geodetic evidence 

for extensive, long-lived fault damage zones, Geology, v9.37; no. 4, 315–318, doi:10.1130/G25306A.1; Data 
Repository item 2009082. 

Dieterich, J. H. (1997), Modeling of rock friction: 1. Experimental results and constitutive equations, J. Geophys. 
Res., 84, 2161-2168. 

Duan, B. C. (2010), Inelastic response of compliant fault zones to nearby earthquakes, Geophys. Res. Lett., L16303, 
doi:10.1029/2010GL044150. 

20



 
Ellsworth W. L., P. E. Malin, K. Imanishi, S. W. Roecker, R. Nadeau, V. Oye, C. H. Thurber, F. Waldhauser, N. L. 

Boness, S. H. Hickman and M. D. Zoback (2007), Scientific Drilling, Part 4: The Physics of Earthquake Rupture, 
Special Issue No. 1, doi:10.2204/iodp.sd.s01.04.2007. 

Ellsworth W. L. and P. E. Malin (2010), Deep rock damage in the San Andreas fault revealed by P- and S-type fault 
zone guided waves, Sibson’s volume, New Zealand, in press. 

Fialko, Y. (2004), Probing the mechanical properties of seismically active crust with space geodesy: Study of the 
coseismic deformation due to the 1992 Mw7.3 Landers (southern California) earthquake: J. Geophys. Res., 109, 
B03307, doi: 10.1029/2003JB002756. 

Graves, R. W. (1996), Simulating seismic wave propagation in 3D elastic media using staggered-grid finite 
differences, Bull. Seismol. Soc. Am., 86, 1091-1106. 

Hickman, S., R., Sibson, and R. Bruhn (1995), Introduction to special section: mechanical involvement of fluids in 
faulting, J. Geophys. Res., 100, 12831-12840. 

Hickman, S. H., M. D. Zoback, W. L. Ellsworth, N. Boness, P. Malin, S. Roecker and C. Thurber (2007), Structure 
and Properties of the San Andreas Fault in Central California: Recent results from the SAFOD experiment, 
Scientific Drilling, Special Issue,  No.1, doi:10.2204 /iodp.sd.s01.39.2007,  29-32. 

Igel, H., Y. Ben-Zion and P. Leary (1997), Simulation of SH and P-SV wave propagation in fault zones, Geophys. J. 
Int., 128, 533-546. 

Kanamori, H. (1994), Mechanics of earthquakes, Ann. Rev. Earth Planet., Sci., 22, 207-237. 
Korneev, V. A., R. M. Nadeau, and T. V. McEvilly (2003), Seismological studies at Parkfield IX: Fault-zone 

imaging using guided wave attenuation, Bull. Seism. Soc. Am. 80, 1245-1271. 
Langbein, J., R. Bocherdt, D. Dreger, J. Fletcher, J. L. Hardbeck, M. Hellweg, C. Ji, M. Johnston, J. R. Murray, R. 

Nadeau, M. J. Rymer, and J. A. Trieman (2005), Preliminary report on the 28 September 2004, M 6.0 Parkfield, 
California earthquake, Seism. Res. Lett. 76, No. 1, 10-26. 

Lewis, M. A. and Y. Ben-Zion (2010), Diversity of fault zone damage and trapping structures in the Parkfield 
section of the San Andreas Fault from comprehensive analysis of near fault seismograms. Geophys. J. Int., doi: 
10.1111/j.1365-246X.2010.04816.x. 

Li, Y. G., P. C. Leary, K. Aki, and P. E. Malin (1990), Seismic trapped modes in Oroville and San Andreas fault 
zones, Science, 249, 763-766. 

Li, Y. G., and P. C. Leary (1990), Fault-zone trapped seismic waves, Bull. Seism. Soc. Am., 80, 1245-1271. 
Li, Y.-G, K. Aki, D. Adams, A. Hasemi, and W. H. K. Lee (1994a). Seismic guided waves trapped in the fault zone 

of the Landers, California, earthquake of 1992, J. Geophys. Res. 99, 11705-11725. 
Li, Y.-G., J. E. Vidale, K. Aki, C. Marone, and W. H. K. Lee (1994b). Fine structure of the Landers fault zone; 

segmentation and the rupture process, Science 256, 367-370.           
Li, Y. G., W. L. Ellsworth, C. H. Thurber, P. E. Malin, and K. Aki (1997), Observations of fault-zone trapped waves 

excited by explosions at the San Andreas fault, central California, Bull. Seism. Soc. Am., 87, 210-221. 
Li, Y. G., K. Aki, J. E. Vidale, and M. G. Alvarez (1998), A delineation of the Nojima fault ruptured in the M7.2 

Kobe, Japan, earthquake of 1995 using fault zone trapped waves, J. Geophys. Res., 7247-7263, 103. 
Li, Y. G., J. E. Vidale, K. Aki, F. Xu, and T. Burdette (1998), Evidence of shallow fault zone strengthening after the 

1992 M7.5 Landers, California, earthquake, Science, 279, 217-219. 
Li, Y. G., J. E. Vidale, K. Aki, and F. Xu (2000), Depth-dependent structure of the Landers fault zone from trapped 

waves generated by aftershocks, J. Geophys. Res., 105, 6237-6254.  
Li, Y. G., J. E. Vidale, S. M. Day and D. Oglesby (2002), Study of the M7.1 Hector Mine, California, earthquake 

fault plan by fault-zone trapped waves, Hector Mine Earthquake Special Issue, BSSA, 92, 1318-1332. 
Li, Y. G., J. E., Vidale, and S. E. Cochran (2004), Low-velocity damaged structure of the San Andreas fault at 

Parkfield from fault-zone trapped waves, Geophy. Res. Lett., 31, L12S06. 
Li, Y. G., P. Chen, E. S. Cochran, J. E., Vidale, and T. Burdette (2006), Seismic evidence for rock damage and 

healing on the San Andreas fault associated with the 2004 M6 Parkfield earthquake, Special issue for Parkfield 
M6 earthquake, Bull. Seism. Soc. Am., 96, No.4, S1-15, doi：10.1785/0120050803. 

Li, Y. G., P. Chen, E. S. Cochran, and J. E. Vidale (2007), Seismic velocity variations on the San Andreas Fault 
caused by the 2004 M6 Parkfield earthquake and their implications, Earth, Planets and Space, 59, 21-31. 

Li, Y. G. and P. E. Malin (2008), San Andreas Fault damage at SAFOD viewed with fault-guided waves, Geophys. 
Res. Lett., 35, p1-6, L08304, doi:10.1029/2007GL032924.  

Li, Y. G. and P. E. Malin, P.  (2008), San Andreas Fault damage at SAFOD viewed with fault-guided waves, 
Geophys. Res. Lett., 35, L08304, doi: 10.1029/2007GL032924. 

Li, Y. G., P. Malin, and E. Cochran, High-Resolution Characterization of the Damage Zone on the Parkfield San 
Andreas Fault at Depth from Fault-Zone Trapped Waves, Book of Frontiers in Seismology, China High-Education 
Press, Beijing , in press, 2011. 

21



 
Lockner, D. A., H. Naka, H. Tanaka, H. Ito, and R. Ikeda (2000), Permeability and strength of core samples from the 

Nojima fault of the 1995 Kobe earthquake, in Proceedings of the International Workshop on the Nojima Fault 
Core and Borehole Data Analysis, Tsukuba, Japan, Nov 22-23, 1999, USGS Open file Report 00-129, edited by 
H. Ito, K. Fujimoto, H. Tanaka, and D. A. Lockner, 147-152. 

Malin, P. E., M. Lou and J. A. Rial (1996), FR waves: a second fault-guided mode with implications for fault 
property studies, Geophysical Research Letters, 23, 3547–3550. 

Malin, P., E. Shalev, H. Balven, and C. Lewis-Kenedi (2006), Structure of the San Andreas Fault at SAFOD from P-
wave tomography and fault-guided wave mapping, Geophys. Res. Lett., 33, L13314, doi:10.1029/2006GL025973. 

Marone, C. (1998), The effect of loading rate on static friction and the rate of fault healing during the earthquake 
cycle, Nature, 391, 69-72. 

Massonnet, D, W. Thatcher, and H. Vadon (1996), Detection of postseismic fault-zone collapse following the 
Landers earthquake, Nature, 382, 612-616. 

Michelini, A. and T. V. McEvilly (1991). Seismological studies at Parkfield. I. Simultaneous inversion for velocity 
structure and hypocenters using cubic B-splines parameterization, Bull. Seism. Soc. Am. 81, 524-552. 

Mooney, W. D., and A. Ginzburg (1986), Seismic measurements of the internal properties of fault zones, Pure Appl. 
Geophys., 124, 141-157. 

Nadeau, R. M. and T. V. McEvilly (1997), Seismological Studies at Parkfield V: Characteristic microearthquake 
sequences as fault-zone drilling targets, Bull. Seism. Soc. Am., 87, 1463-1472. 

Olsen, M., C. H. Scholz, and A. Leger (1998), Healing and sealing of a simulated fault gouge under hydrothermal 
conditions for fault healing, J. Geophys. Res., 103, 7421-7430. 

Rice, J. R., The mechanics of earthquake rupture, in Physics of the Earth's Interior, edited by A. M. Dziewonski and 
E. Boschi, pp. 555-649, North-Holland, Amsterdam, 1980.  

Rice, J. R. (1992), Fault stress states, pore pressure distributions, and the weakness of the San Andreas fault, in 
Fault Mechanics and Transport Properties of Rocks, edited by B. Evans and T.-F. Wong, 475-503, Academic, 
San Diego, Calif. 

Richardson, E., and C. Marone (1999), Effects of normal stress vibrations on frictional healing, J. Geophys. Res. 
104, 28,859-28,878. 

Scholz, C. H. (1990), The Mechanics of Earthquakes and Faulting, Cambridge Univ. Press, New York. 
Shakal, A. F., V. G. Graizer, M. Huang, R. Borcherdt, H. R., Haddadi, K. W. Lin, C. Stephens, and P. Roffers 

(2005), Preliminary analysis of strong-motion recordings from the 28 September 2004 Parkfield, California 
earthquake, Seismo. Res. Lett. V76, No. 1, 27-40. 

Sibson, R. H., J. M. Moore and A. H. Rankin (1975), Seismic pumping – A hydrothermal fluid transport 
mechanism: Geological Society of London Journal, 131, 653-659. 

Solum, J.G., Hickman, S., Lockner, D.A., Tembe, S., Evans, J.P., Draper, S.D., Barton, D.C., Kirschner, D.L., 
Chester, J.S., Chester, F.M., van der Pluijm, B.A., Schleicher, A.M., Moore, D.E., Morrow, C., Bradbury, K., 
Calvin, W.M., and Wong, T.-F. (2007), San Andreas fault zone mineralogy, geochemistry and physical properties 
from SAFOD cuttings and core. Scientific Drilling Special Issue,  No. 1, doi:10.2204 /iodp.sd.s01.34.2007, 64–67. 

Taira T., Paul G. Silver, F. Niu, and R. M. Nadeau (2009), Remote triggering of fault-strength changes on the 
Parkfield, Nature, 461, 636-639, dio:10.1038/nge:10.1038/nature08395. 

Thurber, C., S. Roecker, H. Zhang, S. Baher and W. Ellsworth (2004), Fine-scale structure of the San Andreas fault 
zone and location of the SAFOD target earthquakes, GRL, 31, L12S02, doi:10.1029/2003GL019398. 

Thurber, C., H. Zhang, F. Waldhauser, J. Hardbeck, A. Michael and D., Eberhart-Phillips (2006), Three-dimensional 
compressional wavespeed model, earthquake relocations, and focal mechanisms for the Parkfield, California, 
region, Bull. Seism. Soc., 96, S38-S49, dio:10.1785/0120050825. 

Unsworth, M., P. Malin, G. Egbert, and J. Booker (1997), Internal structure of the San Andreas fault at Parkfield, 
CA, Geology, 356-362. 

Vidale, J. E., W. L. Ellsworth, A. Cole, and C. Marone (1994), Rupture variation with recurrence interval in 
eighteen cycles of a small earthquake, Nature, 368, 624-626. 

Vidale, J. E. and Li, Y. G. (2003), Damage to the shallow Landers fault from the nearby Hector Mine earthquake, 
Nature, 421, 524-526. 

Wu, J., J. A. Hole, and J. A. Snoke, (2010), Fault-zone structure at depth from differential dispersion of seismic 
guided waves: Evidence for a deep waveguide on the San Andreas fault, , Geophys. J. Int., 182, 343-354, doi: 
10.111.j.1365-246X.2010.04612.x. 

Yasuhara, H., C. Marone, and D. Elsworth (2005), Fault zone restrengthening and frictional healing: The role of 
pressure solution, J. Geophys. Res., 110, B06310: doi:10.1029/2004JB003327. 

 
  

22



 

II. Fault Damage in the 2008 M8 Wenchuan Earthquake Epicentral Region Viewed 
with Fault-Zone Trapped Waves 

Abstract 
Observations and 3-D finite-difference simulations of fault-zone trapped waves (FZTWs) recorded at 

Sichuan Seismic Network and portable stations in the epicentral region show a distinct low-velocity 
waveguide (LVWG) along the Longmen-Shan Fault (LSF), which ruptured in the M8 Wenchuan 
earthquake on May 12, 2008. The LVWG is a few hundred meters wide, in which seismic velocities are 
reduced by ~30-60% at seismogenic depths. Because the amplitudes and dispersion features of FZTWs 
are sensitive to the source location with respect to the LVGW, these waves allow us to delineate the 
principal slip plan of the Wenchuan earthquake accompanied by a severely fractured rocks at depth based 
on locations of aftershocks which generate prominent FZTWS. We interpret this remarkable LVGW as 
being a break-down zone accumulating damages caused by dynamic ruptures in historical major 
earthquakes, including the 2008 M8 earthquake. By examining the changes in amplitude and dispersion of 
FZTWS recorded at the same station for similar earthquakes occurring before and after the 2008 
Wenchuan earthquake, we estimate that the seismic velocities within the south rupture zone was reduced 
by at least ~10-15% due to the rock damage (rigidity weakening) caused by the 2008 M8 mainshock. The 
moving-window cross-correlations of waveforms of repeated aftershocks show that seismic velocities 
within the rupture zone increased by ~5% in the first year after the Wenchuan earthquake, indicating the 
post-mainshock heal with rigidity recovery of rocks damaged in the mainshock. The magnitude of rock 
damage and heal observed at the Longman-Shan fault is larger than those observed at the San Andreas 
fault ruptured in the 2004 M6 Parkfield earthquake and rupture zones of the 1992 M7.4 Landers and 1999 
M7.1 Hector Mine earthquakes in Southern California, probably related to the different sizes of slip and 
stress drop, and faulting mechanism. Results from this study will aid in selection of sites for re-
construction of cities and towns which had been destroyed in the 2008 Wenchuan earthquake. 
 
Geological Setting and Scientific Significance 

The NNE-trending Longmen-Shan fault (LSF) located at the east margin of the Tibetan Plateau is 
featured by active tectonics [Burchfield et al., 2008; Densmore et al., 2007; Zhang et al., 2004]. The 
tectonic setting of China is dominated by the boundary between the Indian and Eurasian plates, the largest 
continental collision zone in the world. India plate began moving northward about 200 million years ago 
at the rate of about 90mm/year. When it ultimately collided with the Eurasian plate some 50 million years 
ago, its pace slowed, but the northeastward motion continues at about 40mm/year. This Indo-Asia 
collision uplifted the Tibetan Plateau, created the still growing Himalayas and Tien-Shan mountains, and 
resulted in many large thrust and strike-slip faults in Western China. The deformation associated with the 
collision is expressed in a north-south shortening of the Himalayas and an eastward movement of crustal 
materials. Most, if not all, of the deformation in continental China is attributed to this monumental 
collision. The LSF 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).  

The 2008 May 12 M8 Wenchuan 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 [Xu et al. 2008; Ji et al., 2008; Lin et 
al., 2009]. Its length, slip and magnitude are comparable with those in the 1857 M8 Tejon Pass 
earthquake and M7.9 San Francisco earthquake in 1906. This devastating earthquake causing ~90,000 
lives dead, 340,000 people injured, and 1,500,000 people homeless, is the worst natural disaster in China 
after the M7.8 Tang-Shan earthquake in 1996. 

Results from moment-tensor inversion of the data recorded at Global Broad-Band Seismic Network 
show multiple events in this big earthquake [Chen et al., 2008]. The source mechanisms from waveform 
inversion show the reverse-thrusting at the first stage after initiation of this earthquake and then become 
strike-slipping gradually, indicating the complexity in faulting mechanism and stress heterogeneity along 
the LSF. The aftershock zone of the Wenchuan earthquake extends over 300 km along the fault strike and 
to a depth of ~30 km (Fig. 1). More than 30,000 aftershocks were recorded at Sichuan Seismological 
Network in the first 2 years. The southern rupture shows bifurcation, consistent with the branching 
structure of the LSF zone in geological map (Fig. 1a). The main fault dips NWW at a high angle near the 
surface and becomes low angles at seismogenic depths. The aftershock zone extends ~300-km along the 
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LSF and to the depth of ~30 km (Fig. 1b, c). In order to document the subsurface extent and magnitude of 
rock damage on the Longmen-Shan fault (LSF) caused by the M8 Wenchuan earthquake and the healing 
rate after the mainshock, we used fault-zone trapped waves (FZTWs) recorded at a sub-array of 8 stations 
of Sichuan Seismic Network (SSN) and a linear seismic array deployed across the LSF in the earthquake 
source region after the 2008 Wenchuan earthquake (Fig. 1d, e). 

 

 
 
Fig. 1 Left: (a) 3-D geological structure models of the southern Longmen-Shan 
fault (LSF) of the 2008 M8 Wenchuan earthquake show the thrust-faulting and 
bifurcation of ruptures. The rupture along the main fault (Yingxiu-Beichuan fault) 
dips to NWW at a high angle at shallow depth and becomes lower angles at the 

deeper portion. The branch 
rupture along front-hill 
fault (Guangxian-Anxian 
fault) dips at lowest angle.  
(b) and (c) Map view and 
depth section along the LSF 
show epicenters and 
hypocenters of part of 
~6,000 aftershocks 
recorded at 8 stations 
located in the study area 
(blue square) of Sichuan 
Seismological Network 
(SSN) in the first year after 
Wenchuan earthquake. (d) 
Locations of 8 stations (red 
triangles) labeled by names, 
the data from which are 
used in this study. The red 
line denotes the dense 
linear seismic array of 16 
stations deployed across the 
main rupture on the LSF 
after the 2008 M8 
Wenchuan earthquake. (e) 
Red triangles denote entire 
Sichuan Seismic Network 
(SSN) stations used for 
locating earthquakes in the 
region.

.  
First, we have recognized FZTWs with large amplitudes and long wavetrains following S-arrivals in 

seismograms registered at near-fault stations for aftershocks occurring within the rupture zone. These 
FZTWs illuminate the coherent interference phenomenon of wave propagation in a highly fractured low-
velocity fault zone bounded by high-velocity crustal intact or less fractured rocks to form a waveguide 
structure. Then, we tested the trapping efficiency of a thrusting fault with various geometry and velocities 
using a 3-D finite-difference computer code.  Finally, we used the testing result as a guideline to simulate 
observed FZTWs recorded at the across-fault array and network stations near the LSF for on-fault 
earthquakes at different depths and epicentral distances. Eventually, we obtained the best-fit model 
parameters for the subsurface rupture zone of the 2008 Wenchuan earthquake along the south LSF zone in 
the source region.  

We also examined the data for fault zone co-seismically weakening during the 2008 Wenchuan 
earthquake and subsequently healing on the LSF using similar earthquakes occurring before and after the 
Wenchuan earthquake. The preliminary results suggest that seismic velocities within the south rupture 
zone were co-seismically reduced by more than ~10% due to the rock damage caused by the M8 
mainshock. The moving-window cross-correlations of waveforms for body waves and FZTWs from 
repeated aftershocks show that seismic velocities near the LSF increased by ~5% or more in the first year 
after the Wenchuan earthquake, indicating the post-mainshock heal with rigidity recovery of fault-zone 
rocks that damaged in the M8 mainshock. The preliminary results are not conclusive due to large scatter 
in measurements owing to large location errors of Wenchuan aftershocks in SSN Catalog. We are making 
efforts to improve the event locations and are doing a systematic statistic analysis using the wave-
equation (double-difference) travel-time (TT) tomography and full-3D waveform tomography (F3DT) 
methods [Chen et al., 2007] in our continuing research on this topic. The current results will provide a 
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starting model with the first-order constrains for full-3D tomography for fault-zone velocity and 
attenuation structure which will potentially provide important additional constraints to improve the 
understanding of fault-zone processes and remove much of the uncertainty associated with 
focusing/defocusing and scattering in previous studies. 

The significance of this investigation is to illuminate the in-situ fault-zone rock damage and healing at 
seismogenic depths associated with a M8 big earthquake. The wealth of unexpected data from the 2008 
Wenchuan earthquake allows us to improve the resolution in our study of the spatio-temporal variations 
in properties of the active faults and the depth extent of the damage zone. The spatial extent of fault-zone 
damage and the loss and recouping of strength across the earthquake cycle are critical ingredients in 
understanding of fault mechanics and physics. The results from the reverse-thrusting Longmen-Shan 
Fault are compared to those we have obtained from the strike-slipping faults in California [Li et al., 1990-
2010, see references]. It allows us to examine if different faulting mechanisms have different effects on 
the fault damage and heal in the earthquake cycle. With a comparison of this big earthquake in Sichuan 
with those in California, the most basic information on the in-situ state of the fault zone aids the 
understanding of earthquake processes and hazards globally. This investigation will help us to determine 
the evolution of fault-zone physical properties with a big earthquake, document characteristics of 
damaging earthquakes and evaluate potential earthquake risk in seismogenic regions in USA and China.  

 
The Data and Results 
Data Collection 

Immediately after the M8 Wenchuan earthquake on May 12, 2008, the author of this paper with 
researchers of Chinese Earthquake Administration surveyed the rupture zone between Yingxiu and Nanba 
to select the candidate sites for deployment of portable seismic arrays to record fault-zone trapped waves. 
A dense linear array of 16 stations was deployed across the main rupture where ~4-m vertical slip 
exposed at the surface (Fig. 2).  The station spacing is 25 m in the central part of the array and 50 m in 
end parts of the array. Three-components of the 4-Hz sensor were oriented in the vertical, north-south and 
east-west. The array site is ~30 km northeast of the mainshock epicenter. The location of each station was 
measured by internal GPS. The array worked for a couple of weeks with the sample rate of 100 samples 
per second to record aftershocks [Li et al., 2010].  
 

 

Fig. 2 Map view shows locations of 8 
stations (blue triangles) among Sichuan 
Seismic Network (SSN), the linear dense 
seismic array (red line) deployed across 
the main rupture, pre-shocks in 2006-2008 
and aftershocks (color dots) in the first 
year after the mainshock recorded at 8 
SSN stations in the Wenchuan earthquake 
source region. Waveform data from these 
preshocks and aftershocks are used in this 
study. Black stars denote aftershocks 
generating prominent fault-zone-trapped 
waves (FZTWs) that appeared at stations 
close to the ruptures along the Longmen-
Shan fault zone. Green lines denote faults 
and surface ruptures in the May 12, 2008 
M8 Wenchuan earthquake, adapted from 
Xu et al. [2008] and Zhang et al. [2010].  
Inset: A 3-D volume shows these pre-
shocks and aftershocks, indicating the 
earthquake source zone dipping to 
northwest at seismogenic depth. 

 
The author also collected the waveform data for ~6,000 Wenchuan aftershocks and ~500 local 

earthquakes occurring in 2006, 2007 and February of 2008 recorded at 8 stations of Sichuan Seismic 
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Network (SSN) around Zipingpu reservoir in the source region of Wenchuan earthquake (Fig. 2). FBS-3B 
seismometers with 0.05-40 Hz frequency band are installed at these stations. The sample rate of 24-bit 
EDAS recorders is 100 samples per second. All these stations are located on the outcrops of hard rock at 
surface [Zhang et al., 2010]. Stations MZP and LYS are located close to the north and south strands of the 
escarpment, respectively, along the Yingxiu-Beichuan fault (YBF) in Shenxigou Valley. The escarpment 
was formed by the 2008 M8 mainshock. Station BAJ is located near the southern segment of the 
Longmen-Shan fault (LSF), on which there were no obvious slips were observed in the 2008 Wenchuan 
earthquake. Stations BAY and ZDZ are located on the hanging wall of Guangxian-Anxian fault (GAF) 
which dips at low angle less than 20o. Stations GHS and TZP are located on the hanging wall of LSF 
while station YZP is located at the foot-wall of the GAF; these three stations are far away from the 
rupture zone. The waveform data collected from network stations are continuous recordings. We sorted 
the data for interesting events used in this study. The locations of these events are provided by the SSN 
Catalog; part of them occurring in the early stage has been re-located using D-D method.  
 
Examples of Waveform Data 

Fig. 3 exhibits cross-fault profiles of seismograms recorded at the dense linear array deployed across 
the main rupture along the Yingxiu-Beichuan fault (YBF) which ruptured in the 2008 M8 Wenchuan 
earthquake for a M2.5 aftershock occurring within the rupture zone at ~10 km depth and ~45 km from the 
array on July 21, 2008. Prominent fault-zone trapped waves (FZTWs) with large amplitudes and long 
wavetrains following S-waves appeared in low-pass filtered seismograms recorded at array stations 
located within the  rupture zone along the escarpment along the YBF in Shenxigou Valley where nearly-
vertical slips of ~4 m are accompanied by severely fractured rocks nearby the surface fault trace [Xu et 
al., 2008; Zhang et al., 2010]. The amplitudes of FZTWs decayed rapidly at stations away from this 
damage zone. The duration time of FZTWs after S-arrivals is approximately 5 s. These observations 
indicate the existence of a distinct low-velocity wave guided formed by severely damage rocks along the 
southern YBF. The width of the damaged core zone is ~200-m wide at the array site and seismic 
velocities within the damage zone are reduced by up to 50% from surrounding rocks in the earthquake 
source region. We found that the damage zone is not asymmetry, but wider as it extends northwestward to 
the hanging wall of the reverse-thrusting LSF. 

 

 
Fig. 3 Vertical-component seismograms recorded at the dense linear array of 16 stations across the Yingxiu-
Beichuan fault (YBF) ruptured in the 2008 M8 Wenchuan earthquake for a M2.1 aftershock occurring at ~10 km 
depth within the rupture zone on July 21, 2008. The epicentral distance of this aftershock is ~40 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 Wenchuan earthquake (escarpment in Shenxigou Valley formed by the M8 
mainshock), which exposed at the surface at the array site (refer to Fig. 2). Seismograms in the left panel are raw 
data and <3Hz 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 recorded at stations located in a ~200-m-wide 
zone (marked by a vertical red bar) along the YBF, within which rocks were severely damaged caused by the 2008 
Wenchuan earthquake. Blue 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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We then examined the data recorded at 8 stations of Sichuan Seismic Network located in the 

Wenchuan earthquake source region (Fig. 2). For example, Fig. 4 illustrates seismograms recorded at 
stations MZP and GHS for 3 Wenchuan aftershocks occurring within the rupture zone at similar depths of 
~10-11 km and different 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 (among 8 SSN stations in the study area) MZP located closest to the 
main rupture along the LSF, but only brief wavetrains after S-arrivals registered at station GHS located on 
the hanging-wall of the reverse-thrusting LSF and away from the rupture zone for the same aftershocks. 
We note that the wavetrains of FZTWs arriving at station MM elongate from ~2.5 s to ~6.5 s (move-out 
in traveltime) as the epicentral distances of the aftershocks increase from 6 km to 25 km, indicating the 
existence of a distinct low-velocity waveguide formed by highly fractured rocks along the southern LSF 
which ruptured in the M8 Wenchuan earthquake. The low-velocity damaged zone on the south LSF 
extends at least 25 km along the YBF and likely to the depth of 14 km or more in the study area.  In 
contrast, station GSH registers much shorter wavetrains after S-waves with flat changes (no move-out) for 
these 3 events occurring within the rupture zone at different hypocentral distances. 

 

 
 

Fig. 4 Vertical and north-south components 
of seismograms recorded at Sichuan Seismic 
Network stations MZP and GHS for 3 on-
fault aftershocks occurring at 10-11 km 
depths and different epicentral distances 
show fa FZTWs with large amplitudes and 
long wavetrains after S-arrivals at station 
MZP located close to the main surface 
rupture along the YBF, but brief S-waves 
with much shorter wavetrains at station GHS 
located far away from ruptures for the same 
events. Seismograms have been <3Hz 
filtered. Time durations (marked by two 
vertical red lines) of FZTWS recorded at 
station MZP increase with epicentral 
distances of these aftershocks while the 
wavetrains registered at station GHS do not 
show such a move-out in traveltime with 
travel distance for these events, indicating 
existence of a distinct low-velocity 
waveguide formed by severely damaged 
rocks along the YBF. Amplitudes of FZTWs 
between the two vertical red lines are above 
twice the level of background noise coda. 

In the following examples of seismograms recorded at 6 stations of the SSN for 2 on-fault Wenchuan 
aftershocks at depths of 14 km and 25 km, respectively, and an off-fault aftershock at 14 km depth show 
the trapping efficiency of the low-velocity waveguide to the seismic waves (Fig. 5). We observed 
prominent FZTWs with long wavetrains for the on-fault aftershocks at station MZD located close to the 
main rupture along the Yingxiu-Beichuan fault (YBF), at station LYS located close to the branch strand 
of the YBF, and at station BAJ located close to the southern LSF segment on which there were no 
significant surface slips observed in Wenchuan earthquake. In contrast, shorter wavetrains after S-arrivals 
were registered at stations ZDZ and BAY located on the hanging wall of the Guangxian-Anxian fault 
(GAF), and shortest wavetrains appeared at stations GHS and TZP located on the hanging wall of the 
southern LSF and far away from the rupture zone.  Seismograms recorded at all these stations for the off-
fault aftershock are lack of FZTWs while body waves with short wavetrains are dominant in 
seismograms. We also note the longer wavetrains of FZTWs recorded at station MZD for the on-fault 
aftershock 08022248 occurring at 14-km depth with greater epicentral distance (30 km) than those for 
another on-fault aftershock 08022311 occurring at 25-km depth but with shorter epicentral distance (20 
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km) although the hypocentral distances between the two events and station MZD are similar (~35 km). 
These observations show that the amplitude and duration of trapped waves are sensitive to the locations of 
source and receiver with respect to the fault-zone low-velocity waveguide. These observations also imply 
the depth-dependent damage structure on the LSF, with the larger magnitude of rock damage (seismic 
velocity reduction) at the shallower depth within Wenchuan rupture zone. 
 
 (a) 

 
 

(b)   

 
 

(c)

 
(e) 

(d)

 
(f)
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(g)

 

(h)

Fig. 5 (a) Raw and low-pass (<3 Hz) filtered three-component seismograms recorded at stations MZP and GHS for 
a M1.9 on-fault aftershock occurring (on August 2, 2008, 22 hr 48 minute) at 14 km depth and ~30 km north of the 
stations show prominent fault-zone trapped waves (FZTWs) with large amplitudes and long wavetrains (denoted by 
two vertical bars) after S-arrivals at station MZP located closest to the main rupture along the Yingxiu-Beichuan 
fault (YBF), but much shorter wavetrains after S-arrivals at station GHS far away from the rupture zone. (b) Same as 
(a) but for a M2.8 on-fault aftershock occurring (on August 2, 2008, 23 hr 11 minute) at 25 km depth and ~20 km 
north of the stations show prominent FZTWs at station MZP, but not at station GHS. (c) & (d) Same as (a) and (b) 
but for stations ZDZ and LYS. FZTWs appear at station LYS located closer to the YBF show longer wavetrains than 
those registered at station ZDZ located on the hanging wall of the GAF, but shorter than those observed at station 
MZD. (e) & (f) Seismograms recorded at stations MZD, GHS, LYS and ZDZ for a M2.3 off-fault aftershock 
occurring (on August 2, 2008) at 15 km depth and ~15 km north of the stations show shorter wavetrains after S-
arrivals at all these 4 stations. (g) & (h) Seismograms recorded at station BAJ and BAY for the on-fault aftershock 
in (a), and for the off-fault aftershock in (f). Note that FZTWs recorded at station BAJ located close to the unbroken 
southern segment of the LSF in Wenchuan earthquake show shorter wavetrains of FZTWs observed at stations MZD 
and LYS, but longer than those registered at stations GHS and ZDZ for the on-fault aftershocks. 
 

Seismograms recorded at the cross-fault array and network stations around the source region of the 
M8 Wenchuan earthquake (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 (LVWG) formed by the damaged fault-zone rocks. We have examined waveforms for ~350 
Wenchuan aftershocks and divided them into two groups. The first group includes aftershocks showing 
prominent FZTWs with large amplitudes and long wavetrains in three-component seismograms recorded 
at stations MZP, LYS and BAJ close to the main rupture along the Yingxiu-Beichuan fault and the 
southern LSF. The second group includes aftershocks for which all 8 stations register brief S-waves with 
short wavetrains but without significant FZTWs. In addition, stations BAY and ZDZ located on the 
hanging wall of the GAF registered mild FZTWs with wavetrains longer than those registered at station 
GHS and TZP farther away from the rupture zone but shorter than those observed at stations MZD and 
LYS closer to the main rupture for some aftershocks, likely due to the bifurcation of trapping energy 
along with the branch rupture zone on the GAF.  

Fig. 6 shows locations of these two groups of aftershocks. We interpret the zone including aftershocks 
in the first group showing prominent FZTWs being as the damage zone formed by severely fractured 
rocks caused by dynamic rupture of the 2008 Wenchuan earthquake. This zone with highly damaged 
rocks includes the principal slip plane of the M8 mainshock. The zone extends to depth at least 10 km and 
likely cross the entire seismological depth. An et al. [2010] have present deep ruptures around the 
hypocenter of the 2008 Wenchuan earthquake deduced from aftershock observations. Recently, Fu et al. 
[2011] have computed the possible rupture depth of Longmen-Shan fault in the 2008 M8 earthquake to be 
~23 km from zero-strain points of co-seismic surface deformation.  

Locations of aftershocks with FZTWs also show that the damage zone dips westward at a low angle 
at seismogenic depth, agreeable with the reverse-thrusting LSF in the geological model. The results from 
drilling near the main rupture on the YBF by Chinese Academy of Geological Science (CAGS) after the 
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2008 Wenchuan earthquake show the westward-dipping fault zone with a thin fault clay layer sandwiched 
by severely fractured rocks in the width range of about ~150 m at drilling depths of 650-1000 m [Xu et 
al., 2008a, b]. Locations of aftershocks with FZTWs likely show a bifurcation at shallow depth, co-
incident with rupture branches along the YBF and GAF mapped after Wenchuan earthquake.     

 

 
Fig. 6 (a) The geological structure model of the southern Longmen-Shan fault (LSF) zone shows the thrust-faulting 
and bifurcation of ruptures along the Yingxiu-Beichuan fault (YBF) and Guangxian-Anxian fault (GAF). The main 
rupture on the YBF dips at a high angle at shallow depth, but becomes low angle at deeper levels. (b) Locations of 
~350 Wenchuan aftershocks which waveforms have been examined in this study. Red circles denote aftershocks for 
which we observed fault-zone trapped waves (FZTWs) 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 FZTWs at both near-fault and away-fault stations. Green bars delineate locations of aftershocks for 
which prominent FZTWs have been observed to interpret the principal slip plane of the 2008 M8 Wenchuan 
earthquake at seismogenic depth. Locations of aftershocks with FZTWs likely show the main rupture along the GBF 
and branch rupture along the GAF at shallow depth mapped in the geological model. This bifurcation structure will 
be further refined using re-locations of aftershocks with high accuracy. The brawn bar denotes the CAGS borehole.   
 
3-D Finite-Difference Investigations of Trapping Efficiency at the Thrusting Fault 

Highly damaged rocks on the Longmen-Shan Fault (LSF) caused by the 2004 M8 Wenchuan 
earthquake in China form a distinct low-velocity waveguide which may trap seismic waves as 
earthquakes occur within or close to the fault zone. Because fault-zone trapped waves (FZTWs) are 
produced by constructive interference of reflected waves from the boundaries between the low-velocity 
fault zone and high-velocity surrounding rocks, the amplitude and dispersion feature of FZTWs 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 [e.g. Li et al., 1990; 1994; 2001; 2004]. However, the southern LSF 
shows reverse-thrusting and dips at low angles at seismogenic depths. This geometry may affect 
observations of FZTWs at surface stations adversely.  

Based on geological mapping of the Longmen-Shan fault zone before and after the 2008 M8 
Wenchuan earthquake [Investigation Report of Surface Ruptures in the Wenchuan Earthquake provided 
by The Emergency Science and Research Team of Chinese Earthquake Administration, 2008] and drilling 
at the southern Longmen-Shan fault [Xi et al., 2008a, b], we constructed depth-dependent fault zone 
velocity models for the Longmen-Shan fault (Fig. 7) used for numerical simulation of observed FZTWs. 
Velocities of surrounding rocks are constrained by Sichuan Province velocity model [Sun et al., 2004; An 
et al., 2009].  
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Fig. 7 Vertical sections of velocity and 
Q models across a dip fault used in 
numerical test of trapping efficiency of 
a dip fault with various geometry and 
material properties. A 200-m-wide 
fault core is sandwiched in the 400-m-
wide fault zone. The velocities within 
the fault core are reduced by 25-50% 
from wall-rock velocities with the 
maximum reduction within the fault 
core at shallow depth. Top: The fault 
dips at 45o. Middle: The fault dips at 
90o above 2 km depth and 45o below. 
Bottom: The fault dips at 75o above 4 
km and 45o below. The model 
parameters shown at right to the model 
are depth dependent, but uniform along 
the fault strike.  

 
We used a 3-D finite-difference code to systematically investigate the trapping efficiency of a dipping 

fault zone with various shapes (kink, branch and layering) and material properties (velocity reduction and 
Q values) for the surface receiver array across and along the fault strike. This numerical study helps us to 
identify the FZTWs in seismograms recorded at stations along the Longmen-Shan fault zone and design 
the field experiments 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.  

 

 
 

Fig. 8a 3-D finite-difference 
synthetic seismograms 
generated by an on-fault 
event located at 16.5 km 
within (left) a vertical fault 
and (right) a 45o-dipping 
fault with 0-km, 5-km, and 
10-km epicentral distances. 
A double-couple source is 
used. The fault geometry is 
shown left to seismograms. 
Model parameters are given 
in Fig. 7 (top). The station 
spacing of the cross-fault 
array is 50 m. FZTWs 
appear at stations located in 
the 200-m-wide fault core 
zone. The red bar denotes 
time duration of FZTWs. 
Seismograms have been <3 
Hz filtered and are plotted 
using a fix amplitude scale 
for each panel. 

First, we tested the trapping efficiency of a low-velocity fault zone with various geometries at 
different dipping angles for a double-couple source located within and away from the fault zone. The 
following figures show examples of 3-D finite-difference synthetic seismograms using models given in 
Fig. 7. We examined the difference between the FZTWs generated by an on-fault event located at 16.5 
km within the low-velocity wave-guide on a vertical fault and a 45o-dipping fault with 0-km, 5-km, and 
10-km epicentral distances from the array of seismic stations (Fig. 8a). The large amplitudes and long 
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wavetrains of FZTWs for the vertical fault zone are more significant than those for a dip fault zone. Fig. 
8b shows the affect of fault kink at shallow depth on FZTWs. Note that the amplitude and wavetrain 
length of FZTWs decrease rapidly as the source moves away from the low-velocity fault zone. Also note 
that the vertical portion at the top of fault zone is able to trap some FZTWs which show large amplitudes 
but much shorter wavetrains after S-arrivals even if the source is located away from the fault zone but 
right beneath the receivers. Such phenomenon of FZTWs have been discussed for the source located 
within and out of shallow vertical fault zone [Igel et al., 2002]. 

 

 

Fig. 8b Same as in (a) but for the 
events located at 10 km depth 
and 10 epicentral distances 
within fault zone, and 2-km and 
10-km away from the fault.  
Model parameters are given in 
Fig. 7 (top and middle). . The 
200-mwide fault core with 
maximum velocity reduction is 
sandwiched by a 400-m-wide 
pocket with mild velocity 
reduction. Note that the vertical 
portion of the fault-zone at 
shallow depth is able to trap 
seismic waves even although the 
source is located away from the 
fault zone. Other notations are 
the same in Fig. 8a. 

   
 

  

Fig. 8c Synthetic seismograms 
at the cross-fault array for fault-
zone structural models with a 
low-velocity fault zone dipping 
at different angles of 15o, 30o, 
45o, 60o, 75o, 90o with respect to 
horizontal. The fault geometry is 
plotted for each case. The 200-
mwide fault core with maximum 
velocity reduction is sandwiched 
by a 400-m-wide pocket with 
mild velocity reduction. A 
double-couple source (marked 
by a star) is located within the 
fault zone at 5 km epicentral 
distance from the cross-fault 
array. Velocities within fault 
zone are reduced by 25-50% 
from wall-rock velocities. 
Model parameters are shown in 
Fig. 7. Other notations are the 
same as in Fig. 8a. 
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Fig. 8c exhibits synthetic seismograms m for the fault at different dipping angle. Note the weaker 
trapping efficiency of the fault dipping at angles lower than 30o with respect to vertical. Also note the 
asymmetry of amplitudes of FZTWs in the hanging-wall and foot-wall. These simulations suggest that it 
is not favor to record fault-zone trapped waves for the dipping fault at angles smaller than 30o, like the 
Guangxian-Anxian fault. 

Fig. 9 shows more examples of synthetic seismograms for the seismic source located within the low-
velocity fault zone at different focal depths and epicentral distances using the model in Fig. 7 (bottom). 
Prominent FZTWs with large amplitudes appear at stations located within the ~200-m wide fault core 
zone. The time duration of FZTW wavetrains after S-arrival increases as the source depth or epicentral 
distance increases. The move-out of the arrival times of the peak amplitude of FZTWs increases with the 
focal depth non- linearly because the velocity reductions within the fault-zone vary with depth in the 
model.  

Through a thorough numerical test procedure of trapping efficiency for dip faults with various 
geometries and physical properties, we obtained necessary experiences to simulate fault-zone trapped 
waves (FZTWs) recorded at the Longmen-Shan fault in our study area. 

 

Fig. 9a Left: Three-component synthetic seismograms at the cross-fault array in terms of the fault-zone model in 
Fig. 7 (bottom) for a double-couple source located within the fault zone at focal depth 10 km and epicentral 
distances of 10 and 30 km, respectively, from the array. Red brackets denote the post-S wave durations, in which 
amplitude envelopes of FZTWs are above twice the level of the background noise coda. The time duration of FZTW 
wavetrains after S-arrival increases as epicentral distance increases.  Right: Vertical-component synthetic 
seismograms at the cross-fault array in terms of the fault-zone model in Fig. 7 (bottom) for a double-couple source 
located within the fault zone at different focal depths of 5, 10 and 15 km, and epicentral distances of 5 and 10 km, 
respectively, from the array. The time duration of FZTW wavetrains after S-arrival increases as focal depth and 
epicentral distance increases. 
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Fig. 9b Synthetic seismograms at the cross-fault array in terms of the fault-zone model in Fig. 7 (bottom) for a 
double-couple source located within the fault zone at focal depth 10 km and different epicentral distances of 0, 5, 10, 
20, 30, and 40 km from the array. Other notations are the same as in Fig. 8. The time duration of FZTW wavetrains 
after S-arrival increases as epicentral distance increases.  
 
Results from 3-D Finite-Difference Simulations of FZTWs at Longmen-Shan Fault  

Taking the results from geological mapping of the surface ruptures conducted by researchers of 
Chinese Earthquake Administration [The Emergency Science and Research Team of Chinese Earthquake 
Administration, 2008] and fault-zone drilling at the southern LSF by Chinese Academy of Geological 
Science [Xu et al., 2009] as additional constraints, we construct a depth-varying structural model for the 
LSF at seismogenic depth (refer to the model at bottom in Fig. 8) to simulate FZTWs observed at the 
rupture zone in Wenchuan earthquake source region. 

 Fig. 11a shows the geometry of the model, in which the fault-zone dips at 75o above 2 km and then 
dips at 45o 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. The fault core is sandwiched by 
a 400-m-wide zone with milder 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 is formed by 
severely damaged rocks along the LSF during the 2008 M8 Wenchuan earthquake. Fig. 11b show 3-D 
finite-difference synthetic seismograms using this model to fit the seismic profile 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.  Prominent FZTWs with large amplitudes and long wavetrains appear at stations within the 200-m-
wide fault core-zone. We obtained a good fit of synthetics to observations in this example. 

We then simulated fault-zone trapped waves (FZTWs) recorded at the Sichuan Seismic Network 
(SSN) stations for Wenchuan aftershocks. Fig. 11c shows 3-D finite-difference synthetic seismograms to 
fit recordings at stations BAJ, MZP, LYS and ZDZ for a M2.3 on-fault aftershock occurring at 7-km 
depth near the Wenchuan M8 mainshock epicenter. We note that the wavetrain lengths of FZTWs 
registered at these stations are roughly a function of the station location from the rupture zone along the 
LSF. Stations MZD and LYS located close to the main rupture on the Yingxiu-Beichuan fault registered 
the longest wavetrains of FZTWs with respect to travel distances, indicating that the severely fractured 
rocks were localized in a narrow zone along the YBF which ruptured in the 2008 M8 Wenchuan 
earthquake. FZTWs recorded at station BAJ located close to the geological fault trace of the southern LSF 
show moderate wavetrain length, indicating the existence of a low-velocity waveguide with mild velocity 
reduction on this fault segment which was not damaged severely in the 2008 Wenchuan earthquake. The 
shortest wavetrain after S-arrival is registered at station ZDZ because it is located farthest away from the 
main rupture among these 4 stations.  
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Fig. 11 (a) The fault-zone model used for simulations of FZTWs recorded at the Longmen-Shan fault zone. The 
fault-zone dips at 75o above 2 km and then dips at 45o at lower depths. The 200-m-wide fault core with maximum 
velocity reductions is sandwiched by a 400-m-wide damage zone with milder velocity reductions. The depth-
dependent model parameters are shown below the model. (b) 3-D finite-difference synthetic seismograms (red lines) 
using the model in (a) to fit observations (blue lines) at the cross-fault dense array for a M2.1 near-fault aftershock 
occurring at depth of ~10 km and ~45 km from the array.  Seismograms have been <3Hz filtered. Prominent fault-
zone trapped waves (FZTWs) appear at stations within the 200-m-wide fault core (marked by vertical red bar at 
right). The horizontal 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 (denoted by 
blue bars) at stations BAJ, MZP and LYZ located closer to the main surface rupture along the YBF and the 
geological surface trace of the southern LSF. S-arrivals at 4 stations are aligned at the same time in plot. 
 

Fig. 12 shows further examples of 3-D finite-difference synthetic seismograms to fit observations at 
stations MZD and GHS for 2 Wenchuan on-fault aftershocks in Fig. 6. Synthetic seismograms at station 
MZD close to the main rupture with severely damaged rocks along the YBF show much longer 
wavetrains than those at station GHS far away from the main rupture. We also observe the longer 
wavetrains of FZTWs at station MZD for the aftershock with larger distance along the YBF. Synthetic 
seismograms at other 4 SSN stations in the study area for the on-fault aftershock show again a good fit to 
observations. FZTWs show the longer wavetrains at station LYS closer to the main rupture than those at 
stations BAJ, ZDZ and BAY. 
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Fig. 12 Top: 3-D finite-difference synthetic seismograms fit observations at stations MZD and GHS for 2 
Wenchuan aftershocks occurring within the rupture zone at depths of 14 km and 25 km with epicentral distances of 
32 km and 20 km, respectively. Synthetic seismograms (red lines) at station MZD closest to the main rupture show 
much longer wavetrains than those (blue lines) at station GHS far away from the rupture. Synthetics fit recorded 
seismograms (grey lines). Model parameters are given in Fig. 11 (a). Bottom: Synthetic and observed seismograms 
at other 4 SSN stations for the on-fault aftershock at 14 km depth and 32 km epicentral distance. FZTWs recorded at 
station LYS close to the main rupture along the YBF show longer wavetrains than those at stations BAJ, ZDZ and 
GHS. Seismograms at station LYS show longer wavetrains than those at other 3 stations because it is closer to the 
main rupture. 
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The results from 3-D finite-difference simulations of observed FZTWs at the rupture zone in the 
Wenchuan earthquake source region confirm a ~200-m-wide low-velocity fault core zone formed by 
severely damaged rocks, within which seismic velocities are reduced by 25-60% from surrounding rock 
velocities at seismogenic depths. We interpreted this distinct low-velocity zone remarkably formed by 
damaged rocks in dynamic rupture of the 2008 M8 mainshock although it accumulated damage from 
historical earthquakes. Although the structural model shown in Fig. 11a accounts for the observations of 
FZTWs at the main rupture along the Yingxiu-Beichuan fault, it is likely to represent a gross average of 
the actual rupture zone structure of the 2008 M8 Wenchuan earthquake at seismogenic depths. The true 
structure along the entire length of the  Longmen-Shan fault in will certainly be more complicated, and the 
damage magnitude and extent will vary along the fault strike and with depth due to rupture distributions 
and stress variations over multiple length and time scales. Our 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 zone and its variations along the fault strike and with 
depth. We shall use the results from forward modeling mentioned above to construct a starting model with 
the first-order constraints for full-3D waveform tomography [e.g., Chen et al., 2007a, and b]. We will 
conduct multiple joint inversions for seismic velocity and attenuation structures of the LSF as well as the 
locations of events to obtain more objective constraints on the extend and magnitude of rock damage along 
the LSF at seismogenic depths.  
 
Fault Rock Co-Seismic Damage and Post-Mainshock Heal 

We examined the fault zone co-seismically weakening during the Wenchuan M8 mainshock and 
subsequently healing (partially) on the Longmen-Shan fault (LSF) using similar earthquakes occurring 
before and after the Wenchuan earthquake. Preliminary results suggest that seismic velocities within the 
south LSF zone were likely co-seismically reduced by ~10-15% or even more due to the severe rock 
damage caused by the 2008 M8 Wenchuan earthquake and then increased by ~5% in the first year after 
the Wenchuan mainshock due to fault healing with time. 

For example, Fig. 13a exhibits seismograms recorded at station LYS close to the main rupture along 
the YBF for 2 repeated on-fault aftershocks occurring at ~10-km depth at the same place on May 20 and 
June 24 in 2008 (in SSN catalogue).  The waveforms from the two repeated aftershocks are similar with 
the waveform cross-correlation coefficient is 0.8 (in time window 0-6 s), but the seismic waves from the 
later event travelled faster than the earlier event by ~380 ms. Assuming velocity changes were uniform in 
the crust sampled by these waves, the  traveltime decreases are straightforward to interpret. The S wave 
arrived with a 380 ms advance for the later aftershock, with a traveltime of ~5 s with respect P-arrival, so 
the S wave velocity within the fault zone increased by ~1.3% in a month between May 20 and June 24 in 
2008. Fig. 13b exhibits seismograms at station LYS for 2 repeated on-fault aftershocks occurring at 8-km 
depth on July 10 and September 7, showing similar waveforms but ~300 ms advance in traveltime for the 
later event. We estimated that S wave velocity within the fault zone increased by ~1.5% in the following 2 
months between July and September, 2008. Fig. 13c exhibits seismograms recorded at station YZP on the 
foot-wall of GAF in Sichuan Basin for 3 repeated off-fault aftershocks occurring at 8-km depth on July 
10, August 28 and September 4, showing ~250 ms traveltime advance for the later events. These 
examples show that seismic velocities gradually increased with date after the M8 Wenchuan M8 
mainshock on May 12, 2008, indicating the post-mainshock fault heal (recovery of rock rigidity) with 
time. The healing rate is not constant but logarithmic with the larger healing rate in the earlier stage after 
the mainshock. We also note that the healing rate within the rupture zone is greater than that in the 
surrounding rocks.  

We have examined ~20 pairs of repeated aftershocks in the data set we obtains having similar 
waveforms with the cross-correlation coefficient higher than 0.7 for each pair. We measured traveltime 
advances for the later events in these pairs of repeated aftershocks and derived seismic velocity increases 
within the fault zone versus date after the M8 Wenchuan earthquake on May 12, 2008 (Fig. 13d). The 
data are scattered with low waveform cross-correlation coefficients probably due the variations in rock 
matrix caused by large aftershocks during the measurement time period. We compared the magnitude of 
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rock damage and heal at the Longmen-Shan fault zone caused by the 2008 M8 Wenchuan earthquake with 
those in our previous study at the rupture zones of the 2004 M6 Parkfield earthquake, the 1992 M7.4 
Landers and 1999 M7.1 Hector Mine earthquakes, showing the greater damage of fault-zone rocks caused 
by the larger earthquake. 

 

 
Fig. 13 (a) Seismograms recorded at station LYS close to the main rupture of 2008 M8 Wenchuan earthquake for 2 
repeated M2.2 on-fault aftershocks occurring at 10-km depth and 25-km epicentral distance on May 20 and June 24 
in 2008 show that seismic waves from the later event travelled faster than the earlier event. S-arrivals of 2 repeated 
events are aligned at the same time in plot. We measured the maximum traveltime advance of ~380 ms S coda for 
the later aftershock using the moving-window waveform cross-correlation method with P-arrivals of the 2 repeated 
events aligned at the same time.  (b) Same as in (a) but for 2 on-fault repeated M1.5 aftershocks occurring at 8-km 
depth on July 10 and September 7 showing ~300 ms traveltime advance for the later event; (c) Same as (a) but for 
seismograms recorded at station YZP away from the rupture zones in Sichuan Basin for 3 off-fault repeated M1.5 
aftershocks occurring at 8-km depth on July 10, August 28 and September 4 showing ~250 ms traveltime advance 
for the later event. (d) Seismic velocity increases with date after the M8 Wenchuan earthquake on May 12, 2008 
measured from traveltime advances for repeated aftershocks within the rupture zone along the LSF. Each data point 
in the plot is the average of measurements for pairs of repeated aftershocks with the standard deviation for all pairs 
of repeated events over a 2-month period. For a comparison, we also show our previous observations of rock 
damage and heal at the ruptures of the M6 Parkfield earthquake [Li et al., 2006; 2007], the M7.4 Landers and M7.1 
Hector Mine earthquakes [Li et al., 1998; Vidale and Li, 2003], showing fault heal as a logarithmic function of time, 
but with the greater damage caused by the larger magnitude of the earthquake. 

 
We then tested the possibility of variations in wavetrain length (duration time) of fault-zone trapped 

waves for the aftershocks occurring at the similar locations within the fault zone but different dates. For 
example, Fig. 14 exhibits seismograms recorded at station LYS and GHS for 2 on-fault aftershocks at 
similar locations on September 27 in 2008 and May 9 in 2009, respectively. While the cross-correlation 
coefficient of their waveforms is less than 0.7, we observed longer wavetrains of FZTWs at station LYS 
close to the main rupture along the YBF for the earlier aftershock. In contrast, the wavetrain lengths 
registered at station GHS far away from the rupture zone for these two aftershocks show unchanged. These 
observations indicate that the trapping efficiency of the low-velocity waveguide formed by damaged rocks 
along the YBF decreased probably due to the increase of seismic velocities within the rupture zone by fault 
healing with time after the Wenchuan mainshock.  
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Fig. 14 Seismograms 
recorded at 2 SSN stations 
LYS and GHS for 2 
Wenchuan aftershocks 
occurring at the same place 
(9 km depth, 10 km 
epicentral distance) on 
September 27, 2008 and 
May 9, 2009, respectively, 
show the shorter wavetrain 
of FZTWs (denoted by two 
vertical red lines) at station 
LYS close to the main 
rupture for the later event 
while the S-arrivals and 
wavetrain lengths at station 
GHS far away from the 
LSF do not change 
obviously for these 2 
repeated events. 

  
In order to measure the magnitude of co-seismic damage of fault-zone rocks along the Longmen-Shan 

fault zone caused by the dynamic rupture of the M8 Wenchuan earthquake, we examined the data 
recorded at the Sichuan Seismic Network stations in the source region for the local earthquakes occurring 
at the similar locations before and after the 2008 May 12 Wenchuan earthquake. Because the fault-zone 
rocks were severely fractured in the mainshock, the waveforms for the events occurring at the similar 
locations before and after the mainshock might show quite different waveforms due to the medium 
disturbed by the mainshock. We measured the variations in wavetrain length of fault-zone trapped waves 
rather than travetimes to evaluate the damage magnitude of fault rocks caused by the M8 Wenchuan 
mainshock. For example, Fig. 15a shows seismograms recorded at stations MZD and GHS for a M2.4 
earthquake occurring 9 km depth and ~10 km southwest of stations on June 30 in 2007 and a M2.5 
Wenchuan aftershock occurring at the same location on June 22 in 2008. The prominent FZTWs with 
larger amplitudes (with respect to body-wave amplitudes) and longer wavetrains were registered at station 
LYS close to the main rupture along the YBF for aftershocks than those for pre-shocks in 2007, 
suggesting that seismic velocities along the YBF decreased due to severe co-seismic rock damage caused 
by the M8 Wenchuan mainshock. In contrast, seismograms recorded at station GHS far away from the 
rupture zone show insignificant changes between aftershock and pre-shock. 

Finally, we synthesized seismograms for the similar events occurring before and after the 2008 M8 
Wenchuan earthquake. For example, Fig. 16 shows observed and 3-D finite-difference synthetic 
seismograms at stations MZD close to the main rupture on the YBF and GHS away from the surface 
breaks for 2 earthquakes occurring at the same place before and after the Wenchuan earthquake. We 
computed synthetic seismograms using the structural model given in Fig. 11a but with velocity reductions 
of 25-35% and 35-55% within the damage and fault core zone for the similar events before and after 
Wenchuan earthquake, respectively, to fit FZTW wavetrains for the pre-shock and aftershock. The larger 
velocity reduction within the fault zone indicates that fault-zone rocks along the LSF were severely 
damaged in dynamic rupture of the M8 Wenchuan earthquake. We estimate that velocities within the 
rupture zone along the Yingxiu-Beichuan fault in Wenchuan earthquake source region are reduced by at 
least ~10-15% in average after the M8 mainshock. Liu et al., [2010] also found remarkable temporal 
changes of seismic velocity near the epicenter of the Wenchuan earthquake from ambient noise 
correlation. 
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Fig. 15 (a) Seismograms recorded at 
4 Sichuan Seismic Network stations 
GHS, MZD, LYS and ZDS for a local 
earthquake on June 20 in 2007 and a 
Wenchuan aftershock on June 22 in 
2008, occurring at the similar place 
show larger amplitude (with respect 
to P wave amplitudes) and longer 
wavetrain of FZTWs following S-
arrivals at station MZD and LYS 
closer to the main rupture along the 
YBF. In contrast, shortest wavetrains 
are shown at station GHS located 
farthest from the rupture zone. We 
note that the wavetrain lengths at 
station GHS far away from FZTWs 
recorded at station MZD, LYS and 
ZDZ for the aftershock show longer 
wavetrains than those for the pre-
shock, suggesting the seismic 
velocities within the Longmen-Shan 
fault zone decreased dramatically due 
to co-seismic damage of fault-zone 
rocks in the M8 Wenchuan 
mainshock. 

 

 
 

Fig. 16 Observed (grey lines) and 
3-D finite-difference synthetic 
seismograms at stations MZD and 
GHS located close and away from 
the surface main rupture for 2 
earthquakes occurring at the same 
place on June 30 in 2007 (blue 
lines) and June 22 in 2008 (red 
lines), respectively, show longer 
wavetrains of FZTWs at station 
MZD for the aftershock than those 
for pre-shocks, indicating that fault 
rocks along the YBF were severely 
damaged in dynamic rupture of  the 
M8 Wenchuan earthquake, causing 
the remarkable decrease of seismic 
velocities within the fault zone. 
Synthetic seismograms are 
computed using the structural 
model given in Fig. 11a but with 
fault-zone velocity reductions of 
25-40% for pre-shock but 35-55% 
for aftershock. 

 
Discussion and Conclusion 

We have examined rock damage and heal on the southern Longmen-Shan Fault zone (LSFZ)  that 
ruptured in the 2008 M8 Wenchuan earthquake using the data recorded at Sichuan Seismic Network and 
portable stations in the source region where the south LSFZ is characterized by reverse thrusting. The 
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dominating fault-zone trapped waves (FZTWs) have been recognized in seismograms registered at near-
rupture seismic stations for aftershocks occurred within the rupture zone. These FZTWs illuminate the 
coherent interference phenomenon of wave propagation in a low-velocity zone with severely damaged 
rocks along the Yingxiu-Beichuan fault (YBF) ruptured in the M8 Wenchuan earthquake. 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 YBF, within which the maximum velocity 
reduction is up to ~50% or more at shallow depth. This LVGW likely extends across seismogenic depths 
at varying dip angles with depth.  The deep ruptures have been derived from aftershock observations 
around the hypocenter of the 2008 Wenchuan earthquake [An et al. 2010]. The computation from zero-
strain points of co-seismic surface deformation indicates the possible rupture depth of Longmen-Shan 
fault in the 2008 M8 earthquake to be ~23 km [Fu et al. 2011]. 

Because of the sensitivity of trapped wave excitation to the source location from the LVGW, it 
allows us to depict the principal slip of the M8 Wenchuan earthquake at seismogenic depth inferred by 
locations of aftershocks generating prominent FZTWS. The width, velocity and shape of the LSF at 
shallow depth delineated by FZTWS are generally consistent with the results from geological mapping 
[Burchfield et al., 2008; Xu et al., 2008; Lin et al., 2009] and fault-zone drilling at the southern LSF [Xu 
et al., 2008a, b]. We interpreted this remarkable LVGW as being a damage zone in dynamic rupture that 
accumulated damage from historical earthquakes, mainly from the 2008 M8 Wenchuan earthquake. The 
fault zone co-seismically weakening during the major earthquake and subsequently healing (partially) on 
the LSF have been studied using similar earthquakes occurring before and after the 2008 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. Results suggest 
that seismic velocities within the south LSF zone could be co-seismically reduced by ~10-15% due to 
the rock damage caused by the M8 mainshock on May 12, 2008. The moving-window cross-correlations 
of waveforms for body waves and FZTWs from repeated aftershocks show that seismic velocities near 
the LSF increased by ~5% or even more in the first year after the Wenchuan earthquake, with an 
approximately logarithmic healing rate with time and the largest healing in the earliest stage, indicating 
the post-mainshock healing with rigidity recovery of fault-zone rocks damaged in the M8 earthquake. 
Remarkable temporal changes of seismic velocity have been found near the epicenter of the Wenchuan 
earthquake from ambient noise correlation [Liu et al., 2010]. The magnitude of rock damage and heal 
observed at the Longman-Shan fault is larger than those observed at the San Andreas fault ruptured in 
the 2004 M6 Parkfield earthquake and also on ruptures of the 1992 M7.4 Landers and 1999 M7.1 Hector 
Mine earthquakes. This difference is probably related to the different earthquake magnitude, faulting 
mechanism and stress drop. 
In order to obtain damage structure on the entire length of the Longmen-Shan fault and determine the 
variations in its magnitude along the fault strike and with depth and more objective constraints than the 
results from forward modeling shown above, we plan to use full-3D waveform tomography (F3DT) 
methods [Chen et al., 2007] in our continuous pursue to a realistic subsurface structure of the rupture 
zone of the 2008 M8 Wenchuan earthquake. This investigation will help us to determine the evolution of 
fault-zone physical properties with a big earthquake, document characteristics of damaging earthquakes 
and evaluate potential earthquake. Results from this study provide helpful information to select sites for 
re-construction of cities and towns devastated in the 2008 M8 Wenchuan earthquake.  
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