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main shock fault trace (5). The array at site
3 consisted of six instruments spread across
2 km. During 5 days in October 1992, 250
aftershocks were recorded at the site 8
array; in July 1992, 100 were recorded at
site 3 (Fig. 1).

As has been described previously (2, 6),
the low-velocity fault zone traps and focuses
seismic energy. In the Landers fault zone,
the seismic energy in the frequency range 3
to 6 Hz, most of it trapped in the fault zone,
traveled slowly. The seismic energy at a
frequency lower than 3 Hz, which penetrat-
ed a few tens to hundreds of meters into the
surrounding rock, traveled more rapidly.
Because of this dispersion and concentra-
tion of wave-guided energy in and near the
fault zone, these waves can be used as a
probe of the state of the fault zone (Fig. 2).
We compared synthetic fault zone-guid-

ed waves with observed seismograms for two
earthquakes: one occurring in the fault zone
and one occurring outside it (Fig. 3). The
comparison showed that, to generate signif-
icant guided waves, earthquakes must be in
or near (a few hundred meters offset from)
the low-velocity zone, the low-velocity
zone must be continuous, and the thickness
of basin sediments above the fault zone and
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Table 1. Locations of events used in Figs. 3, 4, and 5.

Event (Oc2)te Time Latitude Longitude M DepthEvent 1992)e (GMT) (ON) ("WN) m(kin)
A 16 12:06 34017.33 116026.72 0.5 6.7
B 14 01:31 34017.74 116021.26 0.9 4.0
C 16 07:17 34019.34 116026.72 0.7 10.7
D 15 11:05 34024.93 116029.67 1.9 3.7
1 12 09:56 34016.64 116026.80 2.2 2.8
2 12 00:42 34015.50 116026.41 2.1 3.2
3 13 07:22 34013.11 116025.77 1.8 4.3
4 16 06:24 34012.34 116025.91 2.0 4.1
5 13 04:02 34009.19 116025.14 2.5 3.8
6 16 07:50 34009.05 116025.55 2.5 9.7

Fig. 2. Cross section of the
Landers fault zone and finite-dif-
ference simulation of fault-guid-
ed waves of an earthquake (red
star) at a depth of 9.75 km. Blue
and red indicate the opposite
polarities of displacement, and
white indicates no displacement.
The fault-parallel ground dis-
placement 1.75 s after the earth-
quake is shown at the left, and
the displacement 3.5 s after the
earthquake is shown at the right.
The shear velocity is assumed to
be 2.1 km/s in the fault zone and
3.1 km/s outside the zone. The
fault zone is 180 m wide at the
surface and tapers to 120 m at a
depth of 10 km. The simulation is After
two-dimensional and models the 1.75 s
fault-parallel horizontal compo-
nent of displacement, with a
fourth-order in space and second-order in time finite-difference method (21).
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Fig. 1. Map of the study region showing the
locations of two recording sites (site 3 and site
8, denoted by solid lines) and aftershocks that
were used in this study. All events are relocated
(20). HVF, Homestead Valley fault; JVF,
Johnson Valley fault. Events that showed fault
zone-guided waves at site 8 are shown by solid
triangles, events that showed guided waves at
site 3 are shown by solid circles, and events
that did not show guided waves at sites 3 and 8
are shown by open triangles. Events used in
Figs. 3 and 5 (Table 1) are labeled by A
through D.
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Fig. 3. Fault zone-parallel component seismograms. (Left) Synthetic seismograms com-

puted with the model shown in Fig. 2. (Middle) Observations from the array at site 8 for after-

shock A (Table 1), which occurred on the fault. (Right) Seismograms recorded for after-

shock B (Table 1), which did not occur on the fault. The aftershocks are located in Fig. 1.

The fault zone-guided waves are visible at the stations located near the surface fault trace in

the simulations and for the event within the fault zone but not for the event outside the fault

zone.
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country rock must be less than several times
the fault zone thickness.

Seismograms of six events occurring in
the fault zone south of the fault bend (Fig.
1 and Table 1) recorded at the seismic array
at site 8 on the Johnson Valley fault show
that the separation between the S-wave
arrival and the arrival of a fault zone-guided
wave in the frequency range from 2 to 3 Hz
increased as the hypocentral distance in-
creased (Fig. 4). The delay of more than 1
s is a result of the wave velocity of the shear
energy propagating along the fault zone
being slower than in the surrounding coun-
try rock (3, 4). The data from these events
support a continuous fault plane waveguide
along the southern Landers rupture plane.
A discontinuity of the fault plane

waveguide at the fault bend is illustrated in
the data shown in Fig. 5 for two earth-
quakes occurring south and north of the
fault bend, respectively. The seismic array
at site 8 south of the bend did not register
guided waves from the event north of the
bend, whereas it registered clear longer
period guided waves arriving after the
S-waves at the central stations located near-
est the fault trace for the event south of the
bend. On the other hand, we observed
guided waves at site 3, located north of the
fault bend, only when events occurred
within the fault zone north of the bend
[figures 18 and 20 of (3)1. These observa-
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tions imply that there is a break in the fault
zone waveguide at the fault bend.

There is a region around the fault bend
from which aftershocks did not produce
guided waves (Fig. 1). The pattern of the
aftershocks that excited fault zone-guided
waves was more linear than the overall
aftershock pattern. But events occurring at
the fault bend did not excite guided waves.
This result suggests that the fault zone
waveguide is discontinuous at the fault bend.

The lack of a continuous waveguide at
the fault bend requires that either the rup-
ture plane is discontinuous or the low-
velocity structure thins or thickens dramat-
ically. Simulations show that a 200 kink in
a thin low-velocity layer does not affect the
propagation of guided waves. This evidence
also suggests that the waveguide is discon-
tinuous at the fault bend.

The fault bend coincided with a slow-
down in the propagation of the rupture (7,
8) and a minimum in surface slip (9, 10).
The pattern ofmoment release, on the other
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hand, is more complicated (7, 8). There are
two or three patches of high moment re-
lease, but their relation to fault plane geom-
etry is not clear. The rupture velocity from
the hypocenter to the fault bend was 3 to 4
km/s (7, 8). The rupture then either hesitat-
ed for 5 to 10 s or slowed to 2 km/s (7, 8).
The overall velocity was about 2.5 to 2.7
km/s along the entire rupture trace. The
minimum in surface slip near the bend prob-
ably results from more complicated deforma-
tion near the surface than at depth, because
there is no clear minimum in moment re-
lease at the fault bend. This interpretation of
surface slip is supported by data showing that
the waveguide is discontinuous at the bend
from the surface to a depth of at least 5 to 6
km (Fig. 6).

Other earthquakes have shown a similar
hesitation in their rupture (11). The 1984
Morgan Hill earthquake (12) hesitated 0.5
to 1.0 s before rupturing an asperity (12).
There is evidence from aftershocks for fault
plane complexity where the rupture hesitat-
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Fig. 5. (Left) Fault
zone-parallel horizon-
tal component seismo-
grams recorded across
the seismic array at site
8 for aftershock C (Ta-
ble 1), which occurred
on the fault south of
the fault bend. (Right)
Fault zone-parallel
horizontal component
seismograms recorded
for aftershock D (Ta-
ble 1), which occurred
on the fault north of
the bend. These after-
shocks are located in
Fig. 1.
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Fig. 4. (Left) Fault zone-parallel horizontal
component seismograms recorded at a station
located near the fault trace at site 8 for six
aftershocks (labeled by 1 through 6 in Table 1)
that occurred on the fault at various hypocentral
distances from the seismic array. Seismograms
are plotted with the S-wave onset aligned by a

vertical line (marked by A). (Right) Plot of 2- to
3-Hz bandpass-filtered seismograms shown
with an expanded time scale between 3 and 6
S.
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Fig. 6. (Top) Cross section of the
fault showing the events that
showed fault zone-guided waves
at site 8 (solid triangles), events
that showed guided waves at site
3 (solid circles), and events that
did not excite guided waves
(open triangles). (Middle) Profile
of measured surface displace-
ment (10). (Bottom) Estimate of
spatial variation of rupture veloci-
ty (7).
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