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Abstract. We conducted seismic surveys at the Johnson
Valley fault in 1994, 1996, and 1998. We found that the
shear velocity of the fault zone rock increased by ~1.2%
between 1994 and 1996, and increased further by ~0.7%
between 1996 and 1998. This trend indicates the Landers
rupture zone has been healing by strengthening after the
mainshock, most likely due to the closure of cracks that
opened during the 1992 earthquake. The observed fault-zone
strength recovery is consistent with a decrease of ~0.03 in
the apparent crack density within the fault zone. The ratio
of decrease in travel time for P to S waves changed from
0.75 in the earlier two years to 0.65 in the later two years
between 1994 and 1998, suggesting that cracks near the
fault zone are partially fluid-filled and have became more
fluid saturated with time.

Introduction

Observations and numerical modeling of fault zone
trapped waves generated by aftershocks and near-surface
explosions have allowed us to delineate the fine internal
structure of the Landers rupture zone [Li et al., 1999;
2000]. The rupture zone is marked by a low velocity and
low Q waveguide 250 m wide at the surface, tapering to
100-150 m at 10 km depth. Shear velocities of the rupture
zone are reduced by 40-50% from those of the surrounding
rock. Within the rupture zone, the shear-velocity increases
from 1.0 km/s to 2.5 km/s and Q increases from 20 to 60
with depth. From the view point of fracture mechanics, the
distinct low-velocity waveguide on faults may be a remnant
of the process zone, which is inelastic deformation around
the propagating crack tip during rupture.

The strength of the fault zone may vary over the
earthquake cycle [Vidale et al., 1994; Marone et al., 1995].
Inferred healing is consistent with state- and rate-dependent
healing models [Dieterich, 1978]. Rupture models that
involve variations in fault-zone fluid pressure over the
earthquake cycle have been proposed [Sibson, 1977,
Blanpied et al.. 1992]. Knowledge of spatial and temporal
variations in fault structure may help resolve these
variations and predict the behavior of future earthquakes.

Data and Results

Our repeated seismic surveys using explosions at the
Landers rupture zone in 1994 and 1996 have revealed that
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the waveguide along the Johnson Valley fault which was
weakened by the dynamic rupture in the Landers earthquake
of 1992 has been regaining strength with time [Li ef al.,

1998]. This trend is most likely due to the closure of
cracks that opened during the Landers mainshock. The
closure of cracks increases the stiffness and frictional
strength of the fault zone.

Our continued measurements of the Landers rupture
zone in 1998 allow us to identify and interpret temporal
and spatial variations of the fault-zone properties.
Explosions were detonated in 35-m-deep shot holes drilled
at the same sites SP3, SP4, and SP5 within the rupture
zone as in 1994 and 1996 experiments (Figure 1). Each
explosion used 250-500 kg of chemical emulsions. Signals
generated by explosions were recorded at two 3-km-long
linear seismic arrays perpendicular to the rupture zone (Line
I and Line 3 in Fig. 1). Line 1 had 36 stations and Line 3
had 21 stations, using Mark product L22 sensors with
REFTEK seismometers from PASSCAL Instrument
Center. All stations were at the same locations in repeated
experiments. Line 1 and Line 3 were located 9 km north
and 4 km south of the Landers mainshock epicenter. Line |
is centered at the region that experienced the 3 m maximum
amount of slip on the Johnson Valley fault during the
Landers earthquake. Slip was smaller near Line 3.
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Figure 1. Map of the study region showing locations of
seismic arrays at Lines 1 and 3 across the rupture zone of
the 1992 M7.5 Landers, California, earthquake. Shots
SP3, SP4, and SP5 were detonated within the rupture zone.
Only the southern half of the Landers rupture lies in the
map, and the dextral surface-fault slip profile (Sieh et al.,
1993) is shown in the inset. JVF, Johnson Valley fault;
KF, Kickapoo fault; HVF, Homestead Valley fault; and
PMF, Pinto Mountain fault.
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Figure 2. Vertical-component seismograms in the cross-fault profile at Line 1 for shot SP4 detonated in the Landers
fault zone in 1994, 1996, and 1998. We recorded similar waveforms for P (arriving at ~1.7 s), S (at ~3.3 s), and fault-
zone trapped waves following S waves in repeated experiments. Trapped waves were prominent at stations located within
the low-velocity rupture zone (~250 m wide). Station spacings are uneven. Seismograms are low-pass filtered at 8 Hz

and plotted with a fixed-amplitude scale for all traces.

Figure 2 shows seismograms in cross-fault profiles on
Line 1 for shot SP4 detonated in 1994, 1996, and 1998.
We recorded the similar wave forms of P, §, and trapped
waves in repeated experiments, but with a time advance of
tens of milliseconds for the 1996 recordings and further
time advance in the 1998 recordings. In order to measure
the advances in arrival time of these waves accurately, we
extracted P, S and trapped waves from 3 time windows and
cross-correlated each pair of recordings for the same shot
and same seismometer to obtain time differences between
the 1994 and 1996 recordings, and between the 1996 and
1998 recordings. Windows 1 and 2 have P and S waves,
respectively. Window 3 has the first fault-zone trapped
waves. All phases of the seismic waves traveled fastest in
1998 and faster in 1996 than in 1994.

One example is shown in Figure 3. The peaks of the
cross-correlation are almost one, indicating waveform
similarity between repeated experiments. The travel times
of these waves decreased several tens of milliseconds from
1994 to 1998. These changes are an order of magnitude
larger than the uncertainty in the origin time of the
explosion, which is less than a few milliseconds. The
advances in arrival time increased progressively with longer
travel times for P, S, and trapped waves.

If the changes in velocity were uniform through the
crust that was sampled by these waves, the decrease in
travel times would be straightforward to interpret. For
example, in Fig. 3a, the P wave arrived 26 ms earlier in
window 1, with a travel time of 1.7 s, so the P wave
velocity increased by ~1.5% between 1994 and 1996.
Similarly, the S wave arrived 35 ms earlier, with a travel
time of 3.3 s, so the § wave velocity increased by ~1.1%.
The trapped waves in window 3 with longer travel times of
4.5 s had a larger time advance than P and S waves of 50
ms, again showing ~1.1% increase in velocity. Comparing
the 1996 and 1998 records, the P wave arrived 15 ms earlier
in window 1, the S wave arrived 22 ms earlier in window
2, and trapped waves arrived 32 ms earlier in window 3, so
the velocity of the P wave further increased by ~0.9% and
the velocity of S and trapped waves increased further by
~0.66%.

Figure 4 shows the decrease in travel time of P, §
waves and trapped waves at all stations on Line 1 and Line

3 for SP4 and SP5 between 1994 and 1996, and between
1996 and 1998. The data for SP3 were not used because
SP3 was a dead shot in the 1996 experiment. Larger
changes in arrival times were observed at stations located
close to the fault trace, with a travel time decrease of
~1.6% for P waves and ~1.2% for S and trapped waves
between 1994 and 1996, which was further reduced by
~0.9% for P waves and ~0.7% for S and trapped waves
between 1996 and 1998. In contrast, the travel times of §
waves to stations in surrounding rock sides decreased by
0.4% between 1994 and 1996, and by <0.2% more between
1996 and 1998. These observations indicate that the
Landers rupture zone has been healing by strengthening
with time since the 1992 earthquake, and that the healing
rate is decreasing with time. Based on the width of the zone
exhibiting larger arrival time decreases, we estimate that
the Landers rupture zone in the top a few kilometers is
~300 m in agreement with our guided wave studies [Li et
al., 1999]. The ratio of decrease in travel time for P to S
waves (Atp/Ats) for all repeated shot-receiver pairs are also
shown in Figure 4. The mean Atp/Ats was 0.75 between
1994 and 1996, but decreased to 0.65 between 1996 and
1998.

We use equations for the elastic moduli of a medium
with isotropically-oriented penny-shaped cracks [Garbin and
Knopoff, 1975] to model the observed healing of the fault
zone. In reality, cracks may mnot be isotropically oriented
because there may be some alignment according to the
stress regime. However, the coherence is not simple to
predict and may change with time as has been claimed at
the Nojima fault in Japan [Tadokoro et al., 1999]. We have
considered the possibility of aligned cracks, but closure of
isotropically oriented cracks is more consistent with the
observed Atp/Ats. For either wet or dry aligned cracks, Atp
is much smaller than Ats, so closure of aligned cracks
doesn't affect P waves nearly as much as it affects S waves.
In our model of isotropically-oriented cracks, a change in
the density of dry cracks in a Poisson solid is predicted to
cause Atp/Ats ~1.22. Water-saturated cracks, on the other
hand, cause Atp/Ats only of ~0.27. However, in our study
area, the rock has an anomalous Poisson’s ratio such that
the P wave velocity is about twice the S wave velocity. In
this case, Atp/Ats is predicted to be 1.64 for dry cracks and



LI AND VIDALE: HEALING OF THE SHALLOW FAULT ZONE FROM 1994-1998

3001

LA} I 1 L | i Bl 13
510 { | o a { 1 f |1 "' H - ..HH: i 1w
—= | Vi EUTYAYAY, W J e T N T
| '\- .
H_ e e e . . ¥ —
T ()
. 3 2
i A
" B - R L "W R F A,
it e L s ;e s L e D, ST
Thme sl {s)
(R C i ¥ ; | " ] Bl 195%
50 A A Y i A " f Fad 1558
e AN FA P Ponn | a\ 2 " ;
. \ | b A ATAYAWA - Illr’ [ VAT S,
_Ih_i = = .1___-||'_ = i
_.'.'_l: &}
g = o,
- ki : AN L )
B T AT A iy R Sk
Sgrtriwrrt—rl et e

T ghil® (fea)

Figure 3. (A) top: Vertical-component seismograms recorded at station STO of Line 1 for shot SP4 in 1994 and in
1996. Station STO was located within the Landers rupture zone. Bottom: Auto-correlations (blue lines) of seismograms
recorded in 1994 and cross-correlations (red lines) of recordings in 1994 and 1996 at the same station for 3 time windows
(1] to [3] including P, S, and trapped waves, respectively. The peak of the autocorrelation curve is at zero lag time in
each window. The negative time shift indicates time advance. The cross-correlations in windows 1 to 3 reveal time
advances of 26, 35, and 50 ms for P, S, and trapped waves. (B) Same as (A) for 1996 and 1998. Time advances of 15, 22,
and 32 ms for P, S, and trapped waves are measured. Traveltime advances between 1996 and 1998 recordings were smaller

than those between 1994 and 1996 recordings.

0.17 for wet cracks. So the Atp/Ats ratios observed
between 1994 and 1998 indicate that cracks within and near
the rupture zone were partially water filled and became
more wet with time after the Landers earthquake.

The increase in P and § wave velocities with time is
most likely due to the closure of cracks as the crust heals
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Figure 4. (A) Travel time decreases in percent for P , §
and fault-zone trapped waves determined from cross-
correlations of seismograms recorded at Lines 1 and 3 for
shots SP4 and SP5 in repeated experiments. The greater
changes in travel time appeared at stations within the
Landers rupture zone. Travel times decreased more between
1994 and 1996 than between 1996 and 1998. (B) Ratio of
travel time decrease for P to S waves. The mean ratio (solid
line) was 0.75 with a standard deviation (dashed lines) of
0.06 between 1994 and 1996, but decreased to 0.65 with a
standard deviation of 0.05 between 1996 and 1998.

after the earthquake. This process may be thought of as
reductive dilatancy. Estimates of the change in velocity due
to the change in crack density may be calculated with
equations in which the elastic constants of fractured rock
are functions of the crack density [O'Connell and
Budiansky, 1974]. We assumed randomly-oriented cracks.
We computed the change in apparent crack density from
measured change in seismic velocity. The apparent crack
density is defined by e = N<a*>/V, where a is the radius of
the penny-shaped crack and N is the number of cracks in a
volume V. We assumed cracks to be partially-water filled,
and estimated that Poisson's ratio is 0.34. In our
calculation, average Vp = 3.0 km/s and Vs = 1.5 km/s for
the fault-zone rock at the shallow depth. These values are
consistent with our velocity model for the shallow Landers
rupture zone [Li et al., 1999]. Our calculations indicate that
the apparent crack density within the rupture zone decreased
by 1.8% between 1994 and 1996, and decreased by an
additional 1.1% between 1996 and 1998.

Discussion

We have observed an ~1.9% increase in shear velocity
within the shallow Landers rupture zone to a depth of ~
2km from 2 to 6 years after the Landers earthquake of
1992. This temporal change in seismic velocity resulted
from an ~3% decrease in the apparent crack density, which
caused ~4% increase in shear rigidity of the fault-zone rock,
indicating that the Landers rupture zone has been healing
since the 1992 earthquake. However, the healing rate is not
constant but diminishes with time. It means that a fault
may regain strength rapidly in the early stage of the
interseismic period, but may take a long time to fully
recover the strength for the next earthquake on it.

Faults in the eastern Mojave shear zone are characterized
by long earthquake cycle on them [Sauber et al., 1994].
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The recurrence of faulting on the Johnson Valley fault is
estimated to exceed 1000 years [Sieh et al., 1993].
Experimental studies [Kanamori and Allen, 1986; Houston,
1990] indicate that a longer interval since the previous
episode of faulting correlates with higher stress drop in the
subsequent rupture. The Landers fault zone in 1992
earthquake showed a high stress drop of ~200 bars,
consistent with long interval of healing.

Although we focus on time-dependent healing of the
Landers rupture zone in terms of the crack density change
to explain the observed seismic velocity, it may be
combined with other effects such as the time-dependent
frictional strengthening [Marone, 1998], fluid variations or
changes in the state of stress [Sleep and Blanpied, 1994;
Palmer et al., 1995; Dodge and Beroza, 1997] as well as
the normal compaction of the rupture zone [Massonnet et
al., 1996]. However, the 'crack dilatancy’ mechanisms
associated with the earthquake we discussed above are likely
to operate for fault healing with time even if other
processes are active too. Because our observed ratio of P to
S traveltime reduction is lower than the predicted ratio for
dry cracks, some fluid is likely to be present in cracks after
an earthquake. We also found that the cracks became more
wet with the time. This may be due to the feedback of
fluids into the fault zone in the interseismic period or due
to the closure of cracks.

The reduction in apparent crack density might be
detectable in geodetic measurements. As rocks heal, there
can be either more of the right-lateral shear deformation
from the regional stress field that dominates the coseismic
displacements, or fault-normal compression from the
reduction in volume. For the 1989 Loma Prieta,
California, earthquake, there is evidence of several cm/yr of
fault-normal contraction in the years following the event
[Savage et al., 1994]. Fault-normal contraction for Landers
rupture zone with a time scale of several years has also
been reported [Massonnet et al., 1996]. At Landers,
synthetic aperture radar images revealed uplift and
depression with a one year time scale that is consistent
with re-equilibration of pore fluids due to mainshock-
induced stresses [Peltzer et al., 1998].

In our study, we conclude that some cracks which had
opened during the mainshock closed soon thereafter.
Closure of cracks increase the frictional strength of the
fault zone, as well as its stiffness. This is consistent with
our tentative interpretation of the strong low-velocity
Landers fault-zone waveguide as being at least partially
created during the mainshock and also helps explain
observations of increasing stress drop with increasing
recurrence intervals.

Acknowledgments. This project was supported by the National Science
Foundation under grants EAR-9404762 and EAR-9804811, and
additional support from the Southern California Earthquake Center. We
appreciate K. Aki for his co-P.1. of this project. We thank the PASSCAL
Instrument Center for the use of their instruments. Thomas Burdette of
the USGS detonated the explosions in the experiments. We thank D.
Adams, D. Bowman, Z. Liu, L. Ma, A. Martin, J. Wedberg, Fei Xu and
others for their work in the field. We acknowledge the Bureau of Land
Management at Barstow, the City of Yucca Valley, and land property
owners at Landers for their permission to carry out the experiment on
their lands. This paper is SCEC contribution number 552.

LI AND VIDALE: HEALING OF THE SHALLOW FAULT ZONE FROM 1994-1998

References

Blanpied, M. L., D. A. Lockner, and J. D. Byerlee, An earthquake
mechanism based on rapid sealing of faults, Nature, 359, 574-576,
1992.

Brantley, S., B. Evans, S. Hickman, and D. Crerar, Healing of
microcracks in quartz: Implications for fluid flow, Geology, 18, 136-
139, 1990.

Dieterich, J. H., Time-dependent friction and the mechanics of strike-
slip. Pure Appl. Geophys. 116, 790-806, 1978.

Dodge, D., and G. C. Beroza, Source array analysis of coda waves near
the 1989 Loma Prieta, California mainshock: Implications for the
mechanism of coseismic velocity changes, J. Geophys. Res., 102,
24,437-24,458, 1997.

Garbin, H. D., and L. Knopoff, Elastic moduli of a medium with liquid-
filled cracks, Quart. Appl. Math. October, 32, 301-303, 1975.

Houston, H. B., Broadband source spectrum, seismic energy, and stress
drop of the 1989 Macquarie Ridge earthquake, Geophys. Res. Lett.,
17, 1021-1024, 1990.

Kanamori, H. and C. R. Allen, Earthquake repeat time and average
stress drop, in Earthquake Source Mechanics, AGU Geophys. mono.
37, eds. S. Das et al., pp 227-236, 1986.

Li, Y. G, J. E. Vidale, K. Aki, F. Xu, and T. Burdette, Evidence of
shallow fault zone strengthening after the 1992 M7.5 Landers,
California, earthquake, Science, 279, 217-219, 1998.

Li, Y. G, K. Aki, J. E. Vidale, and F. Xu, Shallow structure of the
Landers fault zone from explosion-generated trapped waves, J.
Geophys. Res., 104, 20,257-20,275, 1999.

Li, Y. G., J. E. Vidale, K. Aki, and F. Xu. Depth-dependent structure of
the Landers fault zone from trapped waves generated by aftershocks,
J. Geophys. Res., 105, 6237-6254, 2000.

Marone, C., J. E. Vidale, and W. L. Ellsworth, Fault healing inferred
from time dependent variations in source properties of repeating
earthquakes, Geophys. Res. Lett., 22, 3095-3098, 1995.

Marone, C., The effect of loading rate on static friction and the rate of
fault healing during the earthquake cycle, Nature, 391, 69-72, 1998.
Massonnet, D, W. Thatcher, and H. Vadon, Detection of postseismic
fault-zone collapse following the Landers earthquake, Nature, 382,

612-616, 1990.

O'Connell, R. J., and B. Budiansky, Seismic velocities in dry and
saturated cracked solids, J. Geophys. Res., 79, 5412-5426, 1974.

Palmer, R., R. Weldon, E. Humphreys, F. Saucier, Earthquake
recurrence on the southern San Andreas modulated by fault-normal
stress, Geophys. Res. Lett., 22, 535-538, 1995.

Peltzer, G., P. Rosen, F. Rogez, and K. Hudnut, Poroelastic rebound
along the Landers 1992 earthquake surface rupture, J. Geophys. Res.
103, 30131-30145, 1998.

Sauber, J., W. Thatcher, S. C. Solomon, and M. Lisowski, Geodetic slip
rate for the eastern California shear zone and the recurrence time of
Mojave Desert earthquakes, Nature, 367, 264-266, 1994.

Savage. J. C., M. Lisowski, and J. L. Svarc, Postseismic deformation
following the 1989 (M=7.1) Loma Prieta, California, earthquake, J.
Geophys. Res. 99, 13757-13765, 1994.

Sibson, R. H., Fault rocks and fault mechanisms, J. Geol. Soc. London,
133, 191-213, 1977.

Sieh, K., et al., Near-field investigations of the Landers earthquake
sequence, April to July 1992, Science, 260, 171-176, 1993.

Sleep, N. H,, and M. L. Blanpied, Ductile creep and compaction: A
mechanism for transiently increasing fluid pressure in mostly sealed
fault zones, Pure Appl. Geophys., 143, 1-40, 1994.

Tadokoro, K, M. Ando and Y. Umeda, S wave splitting in the aftershock
region of the 1995 Hyogo-ken Nanbu earthquake, J. Geophys. Res.,
104, 981-991, 1999.

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

Y.-G. Li, Department of Earth Sciences, University of
Southern California, Los Angeles, CA 90089.

J. E. Vidale, ESS Department and IGPP, University of
California at Los Angeles, Los Angeles, CA 90095.

(Received January 29, 2001; revised April 27, 2001; accepted
May 18, 2001)



	21: 
	22: 


