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0 Introduction

The fine structure of fault zones is of great interest because the factors that control the initiation,
propagation, and termination of rupture are not well understood yet. Observations suggest that fault
zone complexity may segment faul( zones [A&{, 19843 Malin et al. . 1989; Ellsworth, 1990; Beck and
Christensen, 19917 or control the timing of momenrt release in carthquakes | Harris and Day. 1993;
Wald and Heaton, 19917, Rupture models have been proposed that involved variations in pore-fluid
pressiire over the carthquake cyele | Hickman et al. . 1995; Blanpied et al. , 1998]. Other studics pre
dict that most earthquake energy is stored in arcas with less developed fault zones "Mooney and
Ginzburg , 196 or with higher velocity rock outside the fault | Michelini and McEuilly , 19911, Geo-
metrical, structural, and rheological fault discontinuities, caused by the spatial variations in strength
and stress will alfect the earthquake rupture Ce. g, Wesson and Ellsworth, 19735 Dasand Aki, 19775
Rices 19805 Day. 19817, Rupture segmentation is often related to fault bends, step-overs, branches.
and terminations that have been recognized by surface mapping [e. g., Siek e al., 1993, Johnson et
al., 19977, exhumation "e. g , Chester et al., 1993 ], and seismic profiling and tomography _e. g. .
Lees and Matin, 1990; Thurber et al. , 19977,

Because the fault plane is thought 10 be a weakness plane in the carth crnst, it facilitates slip 10 oc-
cur under the prevailing stress orientation. As suggested by laboratory experiments, shear faulting is
highly resisted in brittle rock and proceeds as re-activated faults along surfaces which have already en-
countered considerable damage. Ficld evidence shows that the rupture plane of slip on a mature fault oc
curs at a more restricted position, the edge of damage zone at the plane of contact with the intact wall
rock. Assuming that this is an actual picture of rupture preparation on the major faults. defining the fine
internal structure of active fault zones is a challenging problem to seismologists and geologists,

Structurally. major crustal faults are ofren marked by zones of lowered velocity with a width of a
few Lundred meters 10 a few km le. g. Michelini and McEvilly, 1991; Liet al. , 20001, These low-ve
locity zones are thought 10 he caused by intense fracturing during earthquakes, brecciation, liquid-satu-
ration and possibly high pore-fluid pressure near the fault [ Nur, 1972; Sibson, 1977]. The strength of
the low-velocity anomalies in fault-zone rocks might vary over the carthquake cycle [Vidale et al,
1991; Marone, 1998: Li et al. . 1998a]. As a result ol the seismic velocity reduction, the fault zone
forms a natural low-velocity waveguide o trap and focus seismic encrgy as normal modes when a source
located in or close to the aull zone,

Since (ault zone trapped waves were discovered on active faults at Oroville and Parkfield, Califor-
nia. these waves have enabled us to evaluate the internal structure and material properties of fault zones
at seismogenic depths with a higher resolution than ever before [Li ef af., 1990]. Because fault zone
trapped waves arise from coherent multiple reflections at the boundarics between the low-velocity fault
zone and the high-velocity surrounding rock, the amplitudes. frequencics and dispersive waveforms of
trapped modes strongly depend on the fault geometry and physical properties [Li and Leary . 1990; Li
and Vidale, 19965 BenZion, 1998]. Observations and numerical modeling of fault-zone trapped waves
at the San Andreas fault, San Jucinto fault and rupture zones of the 1992 M7, 4 Landers and 1999 M7, 1
Heetor Mine earthquatkes in California and the 1995 M6, 9 Kobe earthquake in Japan. have documented a
detailed internal structure and physical properties of fault zones at seismogenic depths [Lief af. , 1994a,
by Liet al. , 1997a, by Liet al., 1998b]. These active faults are marked by a low-velocity zone abaut
tens to a few hundred meters wide where the shear velocity is reduced by 30%~~50% from the wall-rock
velacities and Q is about 10~-60. From the point view of fracturc mechanics [e. g, Rice. 1980: Pupa-
georgiou and Aki, 19835 Scholz. 1990 ], we interpreted the low-velocity waveguide inferred by faule-
zone trapped waves as a remanent of damage zone (break-down zone, process zonc) in crustal rock dur-
ing dynamic rupture in the recent major carthquakes while it probably also represents the accumulared
wear zone from many historical earthquakes on them.

This paper illuminates the high resolution delineation of rupture zomes of the 1992 M7. 4 Landers
and 1999 M7. 1 Hector Mine carthquakes in 3-12 using fault-zone trapped waves, and shows the post-
seismic fault healing (strength recovery with time) on the rupture zones. It concentrates on the fault
segmentation, depth-dependent damage degree and cxtent of fault zone 10 adjacent rocks as well as fault
zone rock rigidity and strength recovery with time. The knowledge of spatial and temporal (4-1)) pat-
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The explosion exciting trapped waves were first combined with those gr-nr-ml(r by altershocks 1o docu-
ment the depth dependent structure of the rupture zone {Lier al. 1999, 2000]. With the added itera-
tions, these data were used for probing the fault healing with time.

For example. Fig. 2a exhibits seismograms recorded at the cross-fault array on Line | for 3 alier
shocks Cevents A, By and C in Fig. 1b) occurring at depths of $~1¢ km within and out of the Landers
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Fig. 2 {(a) Parallel-fanlt component seismograms recorded at Line | across the JVT for 3 altershocks (Events A,
B. and C in Fig. 1b). Station ST0 of the array was located on the main fault trace. Station names beginning with E or
W denote the station located cast or west of the fault trace, Station spacings ate not even, 25 m for stations close to
the fanlt and 30~ 100 m for fariher stations. Depths and hypocentral distances (range in km) of aftershocks are plot-
ted for each event. Vertical grey lines align with § wave arrivals, Fault-zone trapped waves (Fz) are prominent (de-
noted by red arrows) at stations located near the surface fault trace for events A and € occurring within the rupture

zone but not for event B {ar away from the rupture zone. Solid bars mark the rupture zone width in which fault zone
trapped waves are dominant. (b) Vertical component scismograns recorded at Line 2 along the JVF for shot SP3
detonated within the rupture zone at 1.5 km north of the array. Station spacing was 500 m, scismograms are plotied
in trace normalized profile. Trapped waves are clear in low-pass (<3 Hz) filtered seismograms. Grey lines align
with arrivals of P, Sand dominant trapped waves, Synthetic fault-zone guided wa ing mode! parameters in Fig.
4h are comparable to observations. Coda-normalized amplitude spectra of seismogratus are plotted using a logarithmic
seales {rom which @ values of fault-zone rocks could be estimated
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rupture zone. respectively. The array was 850 m long and included 22 three-component stations with un-
cven station spacing of 25 and 50 m. Trapped waves with large amplitudes and long-duration wavetrains
at 3~5 Hz following S waves appearced at stations between W2 and E6 located close to the main fault
trace for events A and C occurring on the JVE, but not lor event B occurring ~5 km away [rom the fault
zone. Stations located oul of the ruplure zone registered a brief S wave, without signilicant trapped
waves for 3 events. These observations show the existence of a low-velocity waveguide on the JVT 1o
trap and focus scismic cnergy within it, Based on the distance between stations W2 and E6 in which
trapped waves were prominent, we estimated the widih of the low velocity rupture zone on the JVL to
be 250 m at surface, consistent with the widih of the shear zone spanning all surfacc breaks in rupture
zone on hoth sides of the main fault trace mapped by Johnson et al, ~1997] after the Landers earth-
quake, Ttis noted that the rupture zone is not symmetry with the main fault trace that is located closer to
the west edge of the rupture zone,

Fig. 2b illustrates seismograms recorded at Line 2 along the JVF lor a near surface explosion SP3
located within the rupture zone, Line 2 was 8 km long and consisted of 16 3-channel REFTEK recorders
with the station spacing of 500 m. SP3 used 400 kg chemical explosives in a 40 m deep shot-hole drilled
within the rupture zone 1,5 km north of Line 2. Explosion-exciting trapped waves show large amplitude
and long-duration wavetrains following S wav similar 10 those generated by aftershocks but at lower
{requencies (1~3 Hz), indicating that the waveguide on the shallower part of the JVF is slower and
probably wider than the deep part of the fault zone. The separation beiween the S waves and dominant
trapped waves increases nearly constantly with distance between the shot and station, as expected {or
trapped waves traveling along a continuous rupture zone with slower velocities than surrounding rocks,
Trapped waves at lower [requencies travel faster than at higher frequencies, showing dispersion of
trapped waves, The spectral amplitudes of trapped waves were also compured and normalized by coda
waves. We computed amplitude spectra of fault-zone guided waves in a 5 s time windows following $ ar-
rivals and divided them by the coda wave spectra in a time window with the same length to reduce the
source and reeciver site affects  Lier al. 19997, The coda-normalized spectra of guided waves show a
decrease in amplitude with distance along the rupture zone (Fig. 2b). from which the Q value of fault-
zone rock was measured to be ~20 at 2~3 Iz within the shallow Landers rupture zone,

In order 10 measure the group velocities of fault-zone guided waves, we used multiple band-pass (il-
tering technique. Fig. 3a illustrates group velocities of guided waves derived from seismograms recorded
at the along-fault Line 2 for shot SP3. The measured group velocities are well agreeable with synthetic
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Fig, 3 (a) Computed dispersion curves lor fault-zone guided waves using 2 D and 3-D model parameters given in
Fig. b, Stars are measured group velocities on Line 2 along the Landers rupture zone for shot SP3, (b) Multiple band-
pass filtered fault-parallel component seismograms and computed envelopes at station ST0 of Line 1 for an afrershock
(event 8 in Fig. 1band Fig, 1) are plotted using trace normalized scale. The guided waves at lower frequency travel fas-
ter than those a higher frequency, showing dispersion of guided waves
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dispersion curves of trapped waves in terms of a fault-zone waveguide model that will be discussed later
for details, The dispersion of trapped waves is shown clearly in the multiple band-pass filtered seismo-
grams, For example, Fig. 3b exhibits seismograms at station STO of Line 1 located within the fault zone
{or an aftershock (event A in Fig. 1h). Seismograms have been lilicred in 12 frequency bands between
1.3 and 5. 5 Hz. Tauli-zone trapped waves at lower frequencies travel faster than those at higher fre
quenci "rapped waves at 4~5 Hz travel most slowly and show peak amplitudes. Because of this dis-
persion and concentration of fault-zone trapped waves within the low-velocily waveguide, these waves
can he used to document the internal fine structure and rock physical properties in the fault zone.

Tig, 1a shows group velocities of fault-zone guided waves from multiple band-pass filtered seismo-
grams for 3 explosions and 7 aftershocks (Fig, 1b) located at diffcrent depths within the Tanders rup-
tare zone [Li ez al, « 20007, The measured group velocitics range from 1.9 km,’s at 4 Hz to
1 Hz for shallow events, but range from 2. 3 km s at 4 Hz to 3. | km:s at 1 Hz for deep events. showing
the depth dependent veloeity structure within the rupture zone. A depth-dependent fault zone structure
is expectled because the increasing pressure with inereasing depth will sirongly affect the crack density.
fluid pressure, and amount of fluids in the fault-zone rock. as well as the rate of healing of rock damage
caused by earthquakes [ Sibson, 19773 Byerlee, 1990 ]. It may also influence the development of fault
gouge _Scholz, 1990: Marone. 1998]. For all these reasons, a realistic fault zone in crust is not uniform
with depth.

Fault zone velocity can be estimated by considering the time lag of the fauli-zone trapped waves be-
hind the § wave. Fault zone width comes [rom the frequency content and dispersion of the trapped
waves. and @ comes from the amplitude of trapped waves versus distance. Based on the measured group
velocitics. @ values and the width of the low-velocity zone inferred by trapped waves, we have consttuc-
ted a depth-dependent structural model for the Landers southern rupture segment on the JVF (Fig. 1b).
This model is derived by estimating the top 1~2 km of fault zone structure with profiles from explosions
first. Then. the deeper structure is cstimated by modeling the arrival time. amplitude. and dispersion of
trapped waves from aftershocks, Combined with the results from trapped waves generated by cxplosions

and aftershocks, Landers rupture zone is characterized by the depth-variable structure, In this structural
model. the rupture zone is marked by a low velocity and low Q waveguide, 250 m wide at the surface and
tapering to 100 ni at the 10 km depth. in which shear velocities of fault-zone rock are reduced by 402~
30% from wallrack velocities and Q of 20~60, For example, we computed synthetic seismograms and
dispersion curves of fault zone guided waves using the phase-shilt technigue based on propagator-matrix
method [Li and Leary, 19907 and Green's function for Love-type waves _A&i and Richards , 19807 in
terms of the best-fit model parameters given in Fig. 4b for the along-fault array on Line 2 and shot 8P3.
“The synthetics matched observed trapped waveforms and group velocities quite well (see Fig, 2b and
Fig. 3. Fig. 4e shows 3-D finite difference syntheti mograms at the cross-faull atray on Line 1 for
six aftershocks Cevents 3 10 10 in Fig. 1b) oceurring within the Landers rupture zone at different depths
and hypocentral distances, ‘The 3 1) finite-difference code is second order in time and fourth order in
space _Vidale . 19895 Graves, 19961, Tt propagates the complete wavefield through elastic media with a
free surface boundary and spatially variable anelastic damping. The details in « trial-and-crror {forward
modeling procedure for simulations of Landers fault-zone trapped waves have been discussed by Lief al.
[20007. The synthetic 3-D F1) seismograms in Fig. dc fit observations very well, showing that the
depth dependent structural model in Fig. b is applicable to the Landers rupture zone. Although the
model parameters obtained from a forward modeling of trapped waves are not unique because there is a
trade off among them Ce. g Li und Vidale, 19961, the error in parameters can be reduced when inde-
pendent measurements of group velocities and Q values are used as constraints.

Locations of altershocks for which prominent fault zone (rapped waves have been recorded at the
Landers ruptire zone showed the existence of low-velocity waveguides on the Landers faults. They also
delineated the discontinuity between rupture segments. For instance, the gmded wave inferred
waneguicles are disconnected at a fault stepover between the JVIF and HVF (Tig, 1b). where the slip in
the Lanclers carthquake was minimum and rupture velocity was reduced in the mainshock [Walder and
Heaton. 19947, This discontinuity is probably due to transient fluid pressure reductions in rocks at the
dilational stepover that could arrest the rupture _Sitson, 1985; Harris and Day, 19937, The Landers
ruptutre appears 10 be a combination of rapid ruptare on planar fault surface along the JVE and hesitation
at fault irregularity between the JVIF and the HVE. This complex in rupture process is consistent with
the fault segmentation delincated by fault-zone guided waves acquired at landers faulis LLietal.,
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cach puir of recordings for the same shot and same seismometer to obtain traveltime differences hetween
recordings in the repeated experiments, Fig. for example. shows seismograms recorded at station
s—corrclation between recordings. The peaks of the cross-correlation arc almost
one. indicating wavelorm similarity between repeated experiments,  Cross-correlations revealed that
traveltimes of I, S. and trapped waves decreased by 26, 35, and 30 ms between 1991 and 1996 and [ur-
ther decreased by 15. 25, and 35 ms between 1996 and 1998, but increased by 7. 12, and 16 ms between
1998 and 2000. The latest experiment in 2001 showed that traveltimes for Py S, and trapped waves de-
creased again by 7, 11. and 20 ms between 2000 and 2001, For another example. Fig, 5b displays pro-
files at Line 1 for shot SP3 detonated within the Landers rupture zone 1. 8 km north of the array in 1991,
1998. 2000. and 2001, Again. similar waveforms of P. $, and (rapped waves were recorded in the re
peated experiments. The waveform cross correlations between repeated recordings at station 10 show
that traveliimes of these waves advanced by several 1ens of milliseconds between 1994 and 1998 (Fig,
6b). Ttis noted that the traveltime advance increases progressively with longer traveltimes for Py 8§, and
trapped waves, P waves arrived 10 ms earlier while S and trapped waves arrived 63 and 82 ms earlier, If
the velocity were uniform through the crust that was sampled by these waves, 1he decrease in traveltime
would be straightforward to interpret. In this example. the traveltime of the P wave was ~1, 3 s. so the
P wave velocity inereased by 2.6 % hetween 1994 and 1998, Similarly. traveltimes of the S and trapped
waves were 3,1 s and 4.2 5, rtape(\l\ely. 0 the S and trapped wave velocities increased by ~2% be-
tween 1991 and 1998, However. the trend in velocity inerease was interrupred afrer 1998, Waveform
crosscorrelations at $TO show that wave velocities deereased by ~0. 4% between 1888 and 2000, but
they increased again by ~0. 5 between 2000 and 2001,

ST0, and auto-and cros

Tn Fig. 7as the 3-D finite-difference synthetic fault zone trapped waves at Line 1 for shot SP3 are
compared with those observed in the repeated surveys in 1994 and 1998, The model parameters in Fig,
I are used [or simulation of lra])ped wavex in l‘)91 The trapped waves in 1998 are then computed using
the same model but with a velocity increase of 2 for faulr zone rock and 0. 5% for the wall rock. Over-
lapping synthetic seismograms for 1994 and 1998 show that trapped waves traveled faster in 1998 than in
s consistent with obscervations. For further comparison, (he crass-correlation of synthetic trapped
waves at station ST exhibits 80 ms advance in traveltime between 1991 and 1998, agreeable well with
ccordings in repeated surveys in 1094 and 1908, Tt is also evident that the fault-
zone structural model with physical properties of fault-zone rock given in Fig, b ix applicable to the
Landers rupture zone,

The decrease in travel time of I, 8. and trapped waves measured {rom cross-correlations of seismo-
grams at all stations of Line 1 and Line 3 for shots at SI’3. SP4, and SP5 between 1994 and 1996, and
1996 and 1998 are summarized in IFig. 7b. In average. the traveltimes of shear and (rapped waves within
the rupture zone decreased by ~1. 2% hetween 1994 and 1996. and decreased further by ~0. 7% he-
tween 1996 and 1998, Tn contrast, smaller changes in traveltimes of these waves occurred in the sur-
rounding rocks. Fig. 7¢ shows the shear velocity increases around the JVI determined from the meas-
urements of traveltime decreases for all shot-receiver pairs between 1991 and 1998, The greater velocity
increase within the rupture zone indicates that the fault has been healing (strengthening) by the rigidity
increase of fault zone rock alter the Landers carthquake, most likely due to the closure of cracks that
opened during the 1992 mainshock, This process may be interpreted as reductive dilatancy in the rock
[Nur, 1972

The change in velocity duc 1o the change in the density of eracks can he caleulated tsing equations in
which the elastic constants of fractured rock are functions of the crack density [’ Conmell and Budian-
skv. 19717, The apparent crack density is defined by e= N(e®) 'V, where « is the radius of the flat pen-
ny shaped crack and N is the number of eracks in a volume V. Assuming randomly oriented cracks 1o be
partially water filled and Poissor's ratio o be 0. 33, Using an average vy —2. 0 km/s and 1.0 km-'s
for the fault-zone rock at shallow depth, which have been determined from explosiomexciting trapped
waves, the calculations revealed that the appareni crack density within the Landers rupture zone de-
creased by 0. 03 between 1994 and 1998, which caused ~ 1% increase in shear rigidity of the fault zone
rock.

Fig. 7d shows cumulated velocity variations of Py 8. and trapped waves measured from waveform
cross-correlations of recordings at stations located within the rupture zone for shots SP3. SP4, and ST
in the repeated experiments in 1994, 1996. 1997, 1998, 2000, and 2001, The annual changes in velocity

with time have been caleulated from these data. The average annual increase in velocity within the Lan
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average and standard deviation of cumulative velocity changes between 1994 and 2001 from combing the six shot-array
paths. The left bottom panel shows the estimated annual increase and standard deviation in velocity with time, The
right bottom panel shows the ratio of ' 10 S trave! time changes with time, which is sensitive to the degree of Auid
saturation in cracks. Horizontal dashed lines show the ratios predicted for a range of water saturation percentages.
(e) Depth section on the JVF shows the depth-dependent S velocity increases measured within the Landers rupture
zone. Approximate depth of seismic ray penetration and inferred accurnulated healing at each depth, ({3 Model of ve-
lotity as 4 function of {ime due to damage from the Landers rupture. the Heetor Mine shaking, and the sum of the
two compared with observations. Healing as the logarithm of time is shown, although details just after each event and
extrapolating into the future are not well constrained. The velocity before the Landers earthquake was not measured
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ders rupture zone was ~0. 8% for P waves and ~0. 6% for S and trapped waves in the carly stage, but
became smaller to ~-0. 3% and ~0. 2)% in the late stage between 1994 and 1998, indicating that the
healing ratc is not constant but decreasing with time, However, P and S velocities decreased by ~0, %
between 1998 and 2000, and then increased again by about ~0, 5% from 2000 to 2001, The decreasc in
velocily between 1998 and 2000 might be caused by the M7. 1 Hector Mine earthquake occurring ~ 25
km east of the Landers rupture zone. The Hector Mine earthquake could have caused the observed
change in scismic wave speed in two ways, Thesc involve dynamic and static siresses, which have al-
ready been cited as possible mechanisms for (riggering distant aftershocks and inducing deformation on
[aults. Dynamic stresses during the Hector Mine earthquake on the JVEF were a few MPa while static
stress changes due to the earthquake are perhaps half an MPa [ Fialko et al. , 2002). Thus, most proba-
bly, the dynamic stresses during the strong shaking cracked conncctions in the rock, as we infer the
Landers mainshock did in 1992, but to a lesser degree. This damage is healing in subsequent years. just
as we observe the main shock damage to be healing. The conceptual model is illustrated in Fig. 7f
[Vidale and Li, 2003]. Alternatively, the static stress change doesn't work as well as the shaking from
dynamic waves although it remains viable. The strain observed around the faults was a step-function in
time, but the velocity changes were mare protracted. However, the observation of strain concentrated
on fault zones [ Fialkoet al., , 2002] is consistent with our interpretation of dynamic shaking as the cause
of the rock damage, because coricentrated deformation may help cause damage of comphiant rock, and
Tow-strength fault zones are sensitive to damage due 1o their fractured nature and the wave amplification
caused by their low impedance.

WA
1

The calculated ratio of changes in traveltimes for I’ 10 S waves (Afr Ars) decreased from 0. 75 to
0. 55 between 1394 and 2001 (Fig. 7¢) indicates that cracks within the rupture zone were partially water
saturated and became more wet with time [ 1./ and Vidale, 20017, From this cvidence, it appears tha
some partially saturated crustal cracks, which had opened during the mainshock, closed soon thereafter.
Closure of cracks increascs the frictional strength of the fault zone, as well as rock stiffness. This is con-
sistent with the tentalive interpretation of the well-developed low-velocity Landers fault-zone waveguide
as being at least partially created during the mainshock, although it likely also represents a worn zone
that has accumulated over geologic time.

The depth dependence of the inferred healing is illustrated in Fig. 7d. 1t also shows that the healing
rate was greater near the stepover between the | VF and HVF at shallow depth probably related to the
stress controlled fluid redistribution around the fault stepover [ Peltzer et al. , 19987, It is known that
structural and rheological fault variations, as well as spatial and temporal variations in strength and
siress, will alfect the earthquake rupture [e, g. . Wesson and Ellsworth, 1973; Das and Aki, 1977;
Rice, 1980;: Vidale et al. . 1994; Beroza. et al. , 19957, Study of the internal siructure in 4-D at the
Ianders rupture zone holds the key to understanding the physics of earthquakes.

2 At the Hector Mine Rupture Zone

The Hector Mine earthquake on October 165 1999, is the second M7+ quake with surface exposure
in southern California in the past decades. Tt provides another appropriate site for a fault zone trapped
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wave study, The M7. 1 Hector Mine earthquake occurred in the castern California shear zone, only 25
km northeast of the epicenter of the 1892 M7. 5 Landers earthquake, and produced a 40 km-long surface
rupture involving portions of multiple fault zones (Fig, 1a). This patiern of rupture along more than
one mapped fault is similar to that from the Landers earthquake, but more complicated at the depth than
surface breaks, On the Lavic Lake fault (LLF) in the Bullion Mountains, the faulting with the maxi-
mum rightlateral strike slip of 5 m is relatively simple with most of slip on a single trace, or closely
spaced parallel traces within the width range of tens of meters, This pattern is in contrast to the complex
faulting pattcrn with bifurcation in the northern and southern portions of the rupture zone,

The complex multiple-faulting pattern of the Hector Mine rupture zone at seismogenic depths has
been investigated using fault-zone trapped waves generated by near-surface explosions and aftershocks,
and recorded at lincar seismic arrays deployed across the surface rupture [Li et al. , 2002, 2003al. Im-
mediately alter the mainshock, a Geometrics Strata View exploration Seismograph with 20 three-compo-
nent sensors were deployed on a tight mic line across the north LLF in Bullion Mountains [Li,
20007, 4~7 Hz faultzone trapped waves were recorded for aftershocks occurring within the rupture
zone. These trapped waves are similar 10 those observed at the Landers rupture zone but show higher
frequencics, implying a narrower low-velocity waveguide on the Hector Mine rupture zone, For a more
detailed delineation of slip plancs at depth, 3 linear seismic arrays of 60 three-component REFTEK seis-
mometers were deployed across the LLF and the Bullion Fault (BF) 10 record fault-zone trapped waves
gencrated by aftershocks and explosions detonated within the rupture zone. Locations of seismic arrays,
explosions, and aftershocks recorded during the experiment are shown in Fig. Ie. Array 1 was composed
ol 16 three-component stations along a 350 m long line across the north LLF in the Bullion Mountains.
Array 2 and Array 3 were each 500 m long and composed of 20 stations, These two arrays were located
18 km south of the mainshock epicenter and ~1 km apart from each other. Station spacing in the arrays
was not even, with 12,5 m separation for stations close to the main fault trace, and 25 or 50 m spacing
for farther stations. Station $TO, at the center of cach array, was deployed on the main fault trace. The
LLF experienced 4 m right-lateral slip a1 site Array 1, which was ~6 km south of the 1995 M7. 1 Hector
Mine earthquake epicenter. The rupture zone at the surface is ~75 m wide, including one major and sev-
eral minor parallel faults with the mainshock slip. The lateral slips were ~1 m at site Array 3 across the
south LLF, and 0.5 m at Array 2 across the southeast BF. The rupture extended 10 km further along
the south L.LF while ship diminished guickly to the south on the southeast BF. The recurrence interval of
{aulting on the LLF and BF is thousands of years.

Fig. 8a shows three-component seismograms recorded at Array 1 acrass the north LLF for 2 ML 7
aftershocks (events 7 and 11 in Fig. le) occurring at the depth of 4.5 km and 9 km from the array.
Prominent fault-zone guided (trapped) waves with large amplitudes and long duration alter $ waves were
recorded at stations between E3 and W3 close to the LLF main fault trace for event 7 located within the
rupture zone, but not for event 11 occurring ~5 km away from the rupture zone. Stations out of the
rupture zone registered brief wavetrains of P and S waves for both events, The duration of trapped wav-
etrains after S waves in three components are not the same. probably due to the anisotropy of fault-zone
rock. Fig. 8b exhibits seismograms at Array 1 for other three M~~1. 5 aftershocks (events 3, 13, and 23
in Fig. 10) occurring at depths of 3, 7. 6, and 11,7 km within the rupture zonc near Array 1. Agein,
significant trapped waves appeared at stations close to the fault trace, The duration of (rapped waves af-
ter S waves increascs with hypocentral distance of the event, showing a continuous low-velocity
waveguide on the LLF to seismogenic depth. Tt is noted that the scparation time between S and dominant
trapped waves is not linearly proportional to the depth, indicating the less velocity reduction within the
narrower wavegtide at decper level of the rupture zone. The multiple band-pass filtered seismograms at
station STO in 9 frequency bands between 3. 3 and 7. 5 11z and their envelopes for these events show the
dispersion of trapped waves with the slower speed at higher frequencies. In contrast, there is no disper-
sion with § waves, The group velocities of trapped waves have been derived from hand-pass filtered seis
mograms, They range from ~2. 5 km/s at 3. 3 Hz to ~1, 8 km/s at 6 Hz for event 23, from 3 km/s at
3.3 Hz to 2. 0 km/s at 6 11z lor event 13, and from 3. 3 kin/s at 3.3 Tz 10 2. 4 km/s at 6 Hz for event 3.
The measured group velocities show a depthdependent velocity structure within the Hector Mine rupture
zone similar (o the Landers rupture zone.

A systematic waveform analysis for aftershocks cccurring in the rorthern Hector Mine epicentral ar-
en revealed two groups of aftershocks that generated prominent fault-zone trapped waves. Aftershocks in
the first group occurred on the north LLF which broke to the surface in the 1999 M7. | mainshock. Af-
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Cross-Fault Profiles at Array 1
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Fig. 8 (a) Three-component seismograms recorded at Array 1 across the Lavic Lake fault for 2 aftershocks (events
7, and 11 in Fig. le). occurring within and ~3 km away from the Hector Mine rupture. respectively. Station $10
was located at the main fault trace. The distances of other stations from the fault trace are plotted ar right t pro-
files, The depth and hypocentral distance (range in km) of the events are shown at the upper right of each plot. Seis-
mograms have been low-pass (<7 Hz) filiered and are plotied using a fixed amplitude scale in each profile, Promi-
nent fault-zone guided waves (Fz) were recorded for event 7 but not for event 11 although they had almost the same
depths and distances {rom the array. Solid bars mark the rupture zone width inferred by trapped waves. within which
ane major and several minor faults were seen at this site. Other notations are the same as in Fig. 2. (b) Left; Fault-
parallel component seismograms at Array 1 for 3 aftershocks (events 3, 13. and 23 in Fig. 1¢) occurring within the
rupture zone at the same location but different depths. Vertical dashed lines align with the S arrivals, Arrows denote
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the dominant guided waves. The separation between S and guided wave arrivals increases with the distance between
the event and array. Middle; Parallcl-fault component seismograms at station STO of Array 1 for events 3, 5. and 13
are filtered in 9 frequency bands between 3.3 and 7.5 Hz. Multiple band-pass fillered seismograms are plotted in the
trace-normalized profile, Right, Computed envelopes of filtered seismograms. The peak of envelope marked by a cir-
cle denotes the artival of fault-zone trapped energy at the specified frequency band, showing dispersion of guided
waves, Small circles denote the amplitudes of S waves, showing without dispersion
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tershocks in the second group were located along a buried unknown fault with more northerly direction
from the mainshock cpicenter (Fig. 1c). In contrast, aftershocks occurring elsewhere did not generate
significant fault-zone guided waves. Fig. 9a exhibits scismograms recorded at Array 1 for 3 aftershocks
(events 16, 4. and 9 in Fig. 1c) located at ~15 km north of the array. Fault-zone trapped waves with
large amplitudes and long duration after 8 waves appeared at stations within the rupture zone for events
16 and 1 occurring on the north LLF and the buried fault, respectively, but not for event § oceurring be-
tween them. Fig, 9b shows lurther examples of fault zone trapped waves recorded at Array 1 for 6 afte
shoeks (events 1, 2, 5. 17, 19, and 21 in Fig. 1c) occurring aleng the north LLF and buried fault at di
ferent distances. The separation between arrival times of $ and dominant trapped waves increases with
the hypocentral distance of these events, showing the existence of low-velocity waveguides on the north
LLLF and also on a buried fault. Since trapped waves gencrated by the events on the north LLF and the
buried [ault showed similar fcatures, we interpret that this buried fault ruptured at depth in the 1999
earthquake although it did not break to the surface.

Fault zone trapped waves were also successfully generated by explosions detonated at the Hector
Mine rupture zone, Fig. 10a exhibits prominent guided waves recorded at Array 1 for explosion SP2 lo-
cated at the middle LLF, 7.5 km south of the array (Fig. 1c). Trapped waves appeared at stations with-
in the rupture zone between 4.5 and 6 s but continue until 9 s, showing multiple trapped wavetrains.
‘The coda normalized amplitude spectra of trapped waves [or a 3 s time window starting from the S arri-
vals show a maximum at about 3~1 Hz at stations within the rupture zone, which decreases with station
offsct from the fault trace. The dominant frequency of cxplosion-exciting trapped waves is lower than
those generated by aftershocks. indicating that the rupture zone is wider and softer at the shallow depth.
Explosion-exciting fault-zone trapped waves show dispersion in the multiple band-pass filtered seismo-
grams al 5 frequency bands: 1.0~8. 0 Hes 1, 8~2.0 Hz, 2, 8~3.0 Hzy 3, 8~4.0 Hz, and 4.8~5.0
Iz, T'rapped waves at higher frequencics travel more slowly but more concentrated within the rupture
zone than those at lower frequencies, The lower frequency energy is apt to penetrate into the wall-rocks.
Fig. 10b shows the clearer dispersion of guided waves in multiple band-pass filtered seismograms in 9
frequency bands between 1. 8 and 6. 0 Hz at station STO. The peak of computed envelope of filtered seis-
mograms using a Hilbert transformation in the envelope indicates the attival of energy in the specified
[requency hand. Trapped waves at 3~4 Hz are dominant in the truc-amplitude profile. Again, we sec
that trapped waves at higher frequencies travel slower than those at lower frequencies. In contrast, S
waves are lack of dispersion, From multiple band-pass filtered seismograms registered at stations located
within the rupture zone for shot SP2, the measured group velocities of fault-zone guided waves range
from ~1.7 kmys at 1. 8 Hz to ~1. 3 km/s at 6 Hz. Group velocities of guided waves were also measurcd
for other shots and arrays, and used as constraints for the shallow [(ault zone structure in modeling.

In order 10 minimize the source and site affects on trapped wave analysis. amplitude spectral ratios
of trapped waves 1o P waves have been computed, For cxample, Fig. 1la exhibits the amplitude ratios
of trapped waves to P waves for 10 Hector Minc aftershocks. For events within the rupture zone, the ra-
tios show a maximum peak at 1~6 Hz at stations close to the fault trace, which decreases rapidly with
the distance [rom the fault trace. In contrast, the ratios for events occurring away from the rupture zone
are nearly the same at all stations because these events did not generate significant fauli-zone trapped
waves, The pattern of spectral ratios allow us 10 determine which aftershocks occurred within or out of
the rupture zone so that they arc helpful for a delineation of fault zone branches.

The bilurcation of the northern Hector Mine rupture zone at depth delincated by trapped waves is in
accord with the complex pattern of aftershock distribution { Hauksson et al. . 2002], and the rupture
model of inversion of ground motion, telemetry, geodetic data and surface breaks [Jietal., 2002). The



