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Abstract In order to understand the relationship between earthquake occurrence and crustal heterogeneities,

we used 107401 P- and 19624 S-wave high-quality arrival times from the 1992 Landers aftershocks and other

local earthquakes which were recorded by both permanent and temporary stations in Southern California to

determine detailed three-dimensional P- and S-wave velocity and Poisson’s ratio structures beneath the Landers

earthquake area. Our results show a correlation between the seismic rupture zones and crustal heterogeneities.

The distribution of the Landers aftershocks is cluster-like and separated or terminated in the area where low-

velocity anomalies exist. Most of the large earthquakes with magnitudes bigger than 4 occur in or around areas

with high P-wave velocity. The possibility is that high-velocity areas are probably brittle and strong parts which

can sustain seismogenic stress, and so can generate earthquakes. In contrast, low-velocity areas may have either

higher degree of fracture, high fluid pressure, or higher temperatures where deformation is more likely to be

aseismic. In addition, we infer that fluids exist in the Landers earthquake area from the distribution of P- and

S-wave velocity and Poisson’s ratio. The existence of fluids may weaken the surrounding crustal rocks, then

trigger strong earthquakes.
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1 INTRODUCTION

Southern California is seismically one of the most active areas in the world and has been paid much
attention to by many seismologists. This region has a very complex geological structure and active seismicity.

The primary active fault, San Andreas Fault, stretches
over 1200 km and runs through the entire California,
which has become a boundary to separate the Pacific
and the American plates[1] (Fig. 1).

It is well known that earthquake disaster is one
of the largest natural disasters, and it could bring
enormous harm to mankind and the development of
society[2]. On June 28, 1992, a magnitude (Mw) 7.3
earthquake occurred in Landers, South California in
USA. The epicenter is located at southeastern Mo-
jave Desert, approximately 180 km east of Los Angeles
(Fig. 1). The damage of the earthquake was very large.
It caused a surface rupture extending over a distance
of more than 70 km. Near the epicenter, the surface
displacement of the fault trace was approximately 3
meters; near the northern end of the fault, the dis-
placement reached 6.7 meters[3]. After the Landers

Fig. 1 Tectonic background of Southern California

The box shows the present study area, the star symbol

represents the epicenter of the Landers mainshock.

Major faults are shown by solid lines.
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mainshock, over 10000 aftershocks were recorded in the following several months.
The present study area, which is shown by a rectangle in Fig. 1, is located in the west and middle Southern

California. The San Andreas Fault and San Jacinto Fault run through this region. The area contains several
geological domains, such as eastern part of Transverse Ranges, Eastern California Shear zone, Salton Trough
and so on. Zhao and Kanamori[4] used seismic tomography to study the crustal structure and seismicity of this
region, but because of limited data set available then, they only used P-wave arrival times which were only
recorded by permanent stations. Although the present study area is the same as that of Zhao and Kanamori
(1993), we collected many P-wave arrival times recorded by temporary stations so that seismic rays crisscross
well in the study area. In addition, we inverted for S-wave velocity and Poisson’s ratio (σ) structure. We discuss
the deep structure and tectonic environment for the preparation and occurrence of local earthquakes in Landers,
then try to clarify the relationship between earthquake occurrence and crustal heterogeneities. Investigation of
the detailed crustal structure in and around the source area may provide crucial information for understanding
the earthquake physics.

2 DATA

P- and S-wave arrival times used in the present study were recorded by Southern California Seismic
Network of the US. We selected 1445 events from aftershocks which were recorded by both permanent and
temporary stations (Fig. 2b). In order to obtain better inversion results, we also collected 1418 local events
occurred during the period from 1981 to 1994 to improve the event distributtion. Most of the events have more
than 20 P arrivals. Fig. 3 shows the epicenter distribution of 2863 local events, which are well distributed in the
entire study area.

In order to avoid the influence of heterogeneities out of the study area, we only used the arrival times with
epicentral distance less than 190 km. Finally, the total number of first P- and S-wave arrival times is 107401
and 19624, respectively. The picking accuracy of P-wave arrival times is less than 0.1 s, and the accuracy of
S-wave arrival times is about 0.15 s.

Fig. 2 Distribution of the seismic stations (a) and epicentral distribution of the Landers aftershocks

which occurred from June 28 to August 31, 1992 and locations of the three vertical cross sections (b)

The solid triangles denote the volcanoes. The star symbols denote mainshock epicenters of the

Landers (a) and Landers, Big Bear and Joshua Tree earthquakes (b), respectively.
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Fig. 3 Epicentral distribution of the earthquakes

used in this study

Cross symbols denote the earthquakes which occurred

in the period from 1981 to 1992, circles represent

the earthquakes occurred from 1993 to 1994, and

the star symbols denote the aftershocks of the

1992 Landers earthquake.

3 METHOD

3.1 Seismic Tomography

In recent years, seismic tomography has become
one of the most important methods for studying the
structure of the earth’s interior. Many researchers have
obtained significant results by using different tomo-
graphic methods[5∼9]. In this study, we used the to-
mographic method of Zhao et al.[10,11]. This method
is adaptable to a velocity structure which includes sev-
eral complex-shaped velocity discontinuities and allows
three-dimensional (3-D) velocity variations everywhere
in the model. To calculate travel times and ray paths
accurately and rapidly, an efficient 3-D ray-tracing
technique[10,12] is employed. In order to improve the
image solution, arrival times of reflected and converted
waves at the discontinuities in the model can be used
in the inversion in addition to first P- and S-wave ar-
rival times. The LSQR algorithm[13] with damping and
smoothing regularization is used to solve the large and
sparse system of observation equations.

3.2 Poisson’s Ratio

Poisson’s ratio is a key parameter in studying
petrologic properties of crustal rocks[14]. From the for-
mula of Poisson’s ratio, we can see that it can be de-
termined from P- and S-wave velocities.

σ =
1
2

(
1− 1

(VP/VS)2 − 1

)
,

where VP, VS and σ denote P-wave velocity, S-wave velocity and Poisson’s ratio, respectively. Following this
formula, we use the P- and S-wave velocities which are obtained by tomographic inversion to calculate Poisson’s
ratio. Reliability of Poisson’s ratio can be analyzed by P- and S-wave inversion resolution. Using of the
information of Poisson’s ratio is better than using P- and S-wave velocities alone in identifying the composition
of the earth materials. The studies so far showed that the information of Poisson’s ratio is very effective in
studying the seismicity, especially in finding whether fluids exist in the crustal tectonic environment on the
preparation and occurrence of earthquakes[15∼17].

4 INVERSION AND RESOLUTION

Whereas the inversion result is not unique, the resolution analysis is very important in seismic tomography.
Because the LSQR algorithm can not obtain the resolution matrix directly, researchers often use some methods
to estimate resolution. Conducting synthetic tests is an effective method for testing the reliability of tomographic
image and its resolution[11,18]. The aim of this method is to estimate that with the data set and grid setting
how large velocity anomalies can be revealed, this is decided by the crisscross condition of the rays in the study
area. To confirm the main features of the tomographic result, we conducted a synthetic test in the Landers
earthquake region. In the area of Landers earthquake epicenter, we put a high-velocity anomaly up to 3% in
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the synthetic model (Fig. 4a), then with this initial model, we calculated arrival time residuals using the same
stations, events and ray paths as those in the real data set, and usied these data to conduct the inversion.
Fig. 4b and Fig. 4c show the final results of this synthetic test. We can see that the high-velocity anomalies
are well recovered with little smearing. From the synthetic test, we can see that the tomographic resolution is
about 5∼10 km in epicenter area. Because most of the earthquakes occurred in the upper crust, the resolution
of the lower crust is much lower, so we primarily discuss the upper crust velocity structure in the present study.

Fig. 4 Results of synthetic test

The left figure shows the input model. The right two figures show the

P- and S-wave inversion results of synthetic tests in the Landers source area.

Model parameterization and grid spacing control the tomographic results obtained by inversion, and then
influence the discussion on the structure of the earth interior and petrologic properties. Model parameterization
is also one of the primary differences among the tomographic methods[19]. In our study, we set up a series
of grids, and the velocity perturbation on the grid nodes is taken as the unknown parameters. We conducted
many inversions by using different grid spacings, and we found that there is high resolution in the aftershock
region. In order to study the fine 3-D velocity structure in the epicenter area, we set up the grid spacing of 5
km in horizontal direction in the final inversion. In the vertical direction (0∼30 km), we set up 10 layers, and
the grid spacing is 3 to 5 km.

In inversion, the velocity images are determined at the grids with hit counts (number of rays passing
through each grid node) greater than 15. In the present study, over 95% of nodes have more than 15 hit
counts for P wave, and at most nodes, the hit counts are more than 100. Because the number of S-wave arrival
times is less, we inverted for the velocity perturbation at the nodes with hit counts greater than 10. We have
conducted many inversions using different values of damping parameter. We found that the best values of
damping parameter for both P and S inversions are 5.0 considering the balance between the reduction of travel
time residuals and the smoothness of the 3-D velocity model obtained[20] (Fig. 5).

The starting one-dimensional (1-D) velocity model and Poisson’s ratio model for present study area are
derived from the crustal model of Kanamori and Hadley[21] in 1975 (Fig. 6). This velocity model is also used to
relocate the earthquakes in Southern California Seismic Network.

5 RESULTS AND DISCUSSION

From the synthetic test, the grid spacing of the present study can resolve the velocity anomalies well in
the aftershock area. We made three cross sections of velocity (VP and VS) and Poisson’s ratio (σ) perturbations
along the profile shown in Fig. 2b (Figs. 7∼9). Next, we discuss the main features of velocity anomalies in detail.
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Fig. 5 Trade-off curve for the norm of velocity perturbations in % (horizontal axis) and root-mean-square

travel time residuals in second (vertical axis) for P (solid line) and S wave (dash line), respectively

Fig. 6 The initial 1-D P- and S-wave velocity models (a) and Poisson’s ratio model (b) in the present study area

The result along the northern segment of the fault zone of the Landers earthquake is shown in Fig. 7.
From the P- and S-wave velocity anomaly images, we can see that a prominent low-velocity anomaly exists
under the Black Mountain volcano, and it extends to about 10 km depth. From the Poisson’s ratio image (σ), a
low Poisson’s ratio anomaly exists there. In the P-wave velocity image (VP), the two groups of aftershocks are
separated by a prominent low-velocity zone which extends to about 10 km depth. The similar result is shown
in the S-wave velocity anomaly image (VS) but less visible than P-wave image.

Figure 8 shows the depth distribution of the aftershocks which occurred in the southern segment of the
Landers earthquake fault zone and the velocity distribution. The seismicity is terminated near the San Andreas
Fault where a low-velocity anomaly exists. In and around the aftershocks, the P- and S-wave velocity structures
are more complex. The focal depth of Landers earthquake (Mw 7.3) mainshock hypocenter and Joshua Tree
earthquake (Mw 6.2) which occurred on April 23, 1992 are 7.0 km and 15.2 km depths[4], respectively, a
little deeper than the depths of 1 km and 14.2 km determined by SCSN with a 1-D velocity model. The
hypocenter of the Landers earthquake is located in a boundary zone where both velocity and Poisson’s ratio
change drastically and leans to high Poisson’s ratio, and a large low P-wave velocity anomaly is visible under
the source zone (Fig. 8). The hypocenter of Joshua Tree earthquake which can be considered as a foreshock
of the Landers earthquake[3] is located in a large high-velocity and high Poisson’s ratio area. The San Andrea
fault is just located at the south boundary of the aftershock zone. The distribution characters of aftershocks
may indicate that the rupture plane of the fault dips to northeast.

The profile CC′ passes through the Big Bear earthquake and its aftershock area (Fig. 9). The fault rupture
of Big Bear earthquake is terminated near the western part of San Andreas Fault, and both San Jacinto fault
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Fig. 7 Tomographic images of P- and S-wave velocity and

Poisson’s ratio along the profile AA′ which is shown in

Fig. 2b
The solid triangle denotes the Black Mountain volcanic cen-

ter. The circles denote the Landers aftershocks within 5 km

along the profile. The velocity perturbation and Poisson’s ra-

tio scales (in %) are shown at the bottom.

Fig. 9 The same as Fig. 7 but along profile CC′

The solid triangle denotes the Pisgah volcanic center.

The star symbol denotes the mainshock hypocenter

of the Big Bear earthquake.

Fig. 8 The same as Fig. 7 but along profile BB′

The star symbols denote the mainshock hypocenters

of the Landers earthquake and the Joshua Tree earthquake.

Fig. 10 P-wave velocity images along the profiles of AA′,

BB′ and CC′, and distribution of the hypocenters of

earthquakes with magnitudes larger than 4.0

The locations of three profiles are shown in Fig. 2b. The velocity

perturbation and magnitude scales are shown at the bottom.

and San Andreas Fault are located at the boundary of low-velocity and high-velocity zone. There is a small
gap existing in the middle of aftershock region, and in this region, the P- and S-wave velocity are high from 0
to 4 km depth and become low in the deeper area. The Big Bear earthquake is located at 14.4 km depth with
a 3-D velocity model[4], slightly deeper than the depth with 1-D velocity model. The hypocenter of Big Bear
earthquake is located at the boundary between high-velocity and low-velocity area and in the low Poisson’s
ratio area. A low P-wave velocity, low S-wave velocity and low Poisson’s ratio anomaly is visible below the
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Pisgah volcano.
P-wave velocity changes are visible across San Andreas Fault and San Jacinto Fault (Fig. 9).
Both low P-wave and low S-wave velocity exist in the termination region of aftershocks, and previous

studies have obtained similar results[22,23]. From the profiles of AA′ and CC′, we can see that the aftershocks
are divided into two groups. In order to further study the relationship between earthquake occurrence and
velocity structure, we show the P-wave images together with earthquakes within 5 km from the profiles and
with magnitudes larger than 4.0 (Fig. 10). We can see clearly that most of these earthquakes are located at
the boundary between the low-velocity and high-velocity anomalies or close to the high-velocity zones, and the
similar results are obtained by previous studies[24∼28]. The possibility is that high-velocity areas are probably
brittle and strong parts which can sustain seismogenic stress, and so can generate earthquakes. In contrast,
low-velocity areas may have either higher degree of fracture, high fluid pressure, or higher temperatures where
deformation is more likely to be aseismic[4,22].

In recent years, more and more seismologists have paid attention to the effect of crustal fluids[16,17,29∼31].
These studies proved that fluids exist in the crust and upper mantle widely[32]. The hypocenter of the Kobe
earthquake occurred in 1995 is located in low P-wave, low S-wave velocity and high Poisson’s ratio zone[15], and
they explained that the occurrence of this earthquake is effected by crust fluids. The fluids are thought to result
from the dehydration reaction of the subducting slab or the long-term infiltration of the surface water, and
the existence of fluids may have enhanced stress concentration in the seismogenic layer leading to mechanical
failure, and so can trigger the Kobe earthquake.

When Zhao et al.[29] studied the generating mechanism of western Tottori earthquake occurred in western
Japan, they found that the western Tottori mainshock hypocenter is located in a boundary zone where both
velocity and Poisson’s ratio change drastically. Both P- and S-wave velocities are low in the lower crust under
the mainshock hypocenter. They explained that the strong crustal heterogeneities in the western Tottori source
area are associated with fluids and arc magma under a nearby volcano. We have obtained similar results in the
Landers mainshock hypocenter area. The hypocenter of the Landers earthquake is located in a boundary zone
where both velocity and Poisson’s ratio change drastically and leans to high Poisson’s ratio, and a large low
P-wave velocity anomaly is visible under the source zone (Fig. 8). Based on these similar characters, we infer
that fluids may also exist in the Landers earthquake area. But a recent study[33] found that there is no slab
existing beneath the Southern California, so we infer that the fluids may result from long-term infiltration of
surface water, or the surface water infiltrated along the fault zone which was ruptured during the occurrence of
last earthquake.

The hypocenter of the Joshua Tree earthquake is located in high P-wave, low S-wave velocity and high
Poisson’s ratio zone, which is similar to the Bhuj earthquake (Mw 7.6) which occurred on January 26, 2001[34].
The mainshock is located in a distinctive zone characterized by high P-wave, low S-wave velocity and high
Poisson’s ratio. S-wave velocity is more sensitive than P-wave to the fluids, so the S-wave velocity decreases
more rapidly. So they inferred that the occurrence of Bhuj earthquake was associated with the influence of
fluids. From these results, we can conclude that fluids in the Landers earthquake area play an important role
in the occurrence of these large earthquakes.

The hypocenter of Big Bear earthquake (Mw 6.5) is located at a distinct zone characterized by high S-wave
velocity, low P-wave velocity and low Poisson’s ratio. When Nakajima et al.[35] studied the crustal magma and
fluids under the volcano area in northeast Japan, they found that the low seismic velocity and low Poisson’s
ratio anomalies may be caused by fluids (H2O). We also obtain the similar characters. But we can see that most
of the earthquakes occurred above 15 km depth, so the tomographic result is less reliable in the lower crust.
More detailed studies are needed to clarify the occurrence mechanism of Big Bear and Joshua Tree earthquakes,
such as adding more later phases (e.g. PmP, SmS, sPmP) to the first arrival times to improve tomographic
images[36].

Our results indicate that the generation and distribution of earthquakes are different in different regions,
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but generation of a large earthquake is closely related to the tectonic environment (such as subduction, active
faults, etc.) and physical and chemical properties of materials in the crust and upper mantle (such as magma,
fluids, etc.)[29]. The velocity heterogeneities in the middle and lower crust and crustal fluids are important
factors for the generation of earthquakes.

6 CONCLUSION

Three-dimensional P- and S-wave velocity and Poisson’s ratio structures in Landers epicentral area are de-
termined by using a large number of high-quality arrival times. Main findings about generation and distribution
of earthquakes in the Landers earthquake region are summarized as follows.

(1) From the distribution of aftershocks and earthquakes with magnitude larger than 4.0, we can see that
velocity heterogeneities are closely related to the distribution of earthquakes. The distribution of the Landers
aftershocks is cluster-like and separated or terminated in the area where low-V anomalies exist. Most of the large
earthquakes with magnitudes bigger than 4 occur in or around areas with high P-wave velocity. These results
possibly indicate that high-velocity areas are probably brittle and strong parts which can sustain seismogenic
stress, and so can generate earthquakes. In contrast, low-V areas may have either higher degree of fracture,
high fluid pressure, or higher temperatures where deformation is more likely to be aseismic.

(2) Our results show that large earthquakes do not strike anywhere, but are closely related to the tectonic
environment. The hypocenter of the Landers earthquake is located in a boundary zone where both velocity
and Poisson’s ratio change drastically and a large low P-wave velocity anomaly is visible under the source zone
which is considered to be associated with fluids. The existence of fluids may weaken the surrounding crustal
rocks, which may trigger strong earthquakes.
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