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ABSTRACT

Tomographic inversion of P-wave arrival
times from aftershocks of 1992 southern Cal-
ifornia earthquakes is used to produce three-
dimensional images of subsurface velocity.
The preliminary 1992 data set, augmented by
the 1986 M 5.9 North Palm Springs sequence,
consists of 6458 high-quality events recorded
by the permanent regional network—provid-
ing 76 306 raypaths for inversion. The target
area consisted ofa 104 x 104 x 32 km® volume
divided into 52 x 52 x 10 rectilinear blocks.
Significant velocity perturbations appear to
correlate with rupture properties of recent
major earthquakes. Preliminary results indi-
cate that a low-velocity anomaly separates the
dynamic rupture of the M 6.5 Big Bear event
from the M 7.4 Landers main shock; a similar
low-velocity region separates the M 6.1 Joshua
Tree sequence from the Landers rupture.
High-velocity anomalies occur at or near nu-
cleation sites of all four recent main shocks
iNorth Palm Springs—Joshua Tree—Landers—
Big Bear). A high-velocity anomaly is present
along the San Andreas fault between 5 and 12
km depth through San Gorgonio Pass; this
high-velocity area may define an asperity
where stress is concentrated and where future

large earthquakes may begin.

INTRODUCTION

The 1992 southern California earthquake
sequence began in April with the M 6.1
Joshua Tree earthquake and culminated with
the aftershocks of the June 28 M 7.4 Lan-
dersand M 6.5 Big Bear events. These carth-
quakes represent the most extensive and
well-recorded sequence of seismicity in the
history of southern California (Hauksson et
al., 1992). The Joshua Tree event produced
right slip along 10-15 km of the north-trend-
ing West Deception Canyon fault (Nicholson
and Hauksson, 1992; Rymer, 1992) in the
Little San Bernardino Mountains east of the
San Andreas fault (Fig. 1); it was followed by
more than 6000 (M = 1) aftershocks. The
Landers main shock ruptured unilaterally to
the north and then northwest along the John-
son Valley, Homestead Valley, Emerson,
and Camp Rock faults (Fig. 1); an average of
3-5 m of right slip was produced over nearly
70 km. The Big Bear event occurred in the
San Bernardino Mountains (Fig. 1) and in-
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volbved left slip along 40 km of a northeast-
trending fault (Hauksson et al., 1992). The
Landers-Big Bear sequence included more
than 15000 (M = 1) aftershocks within the
first three months. The extensive arrival-
time data from these earthquakes provide a
unique opportunity to analyze the subsur-
face velocity structure and to resolve the
relations among structure, tectonics, and
major earthquakes in an area adjacent to a
critical section of the southern San Andreas
fault.

DATA SELECTION AND ANALYSIS
The data selected for this preliminary
study include aftershocks from the 1986
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Morth Palm Springs earthquake and from the
recent major events of April and June 1992
in southern California. The North Palm
Springs sequence was used previously in a
tomographic inversion for three-dimensional
{3D) welocity structure in the northemn
Coachella Valley (Nicholson and Lees,
1992). The only events used had ten or more
Peowave arrivals at 56 stations locared within
the target area (Fig. 1). The data consisted
mostly of recordings at permanent network
stations operated by Caltech and the TU.S.
Geological Survey, but data from the 1986
North Palm Springs portable deplovment
were also included. Events for which loca-
tions were not well determined were ex-
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Figure 1. Map of target area for velocity inversion, 1992 southern California earthquake sequence,
showing major faults and epicenters used in inversion. Dashed-line box is target area of previous
inversion (Nicholson and Lees, 1982). Triangles represent permanent stations of regional network
(plus stations deployed in 1986); squares are portable stations deployed in 1992 and not used in
this analysis. Stars mark four main-shock epicenters. Cross-section orientations for Figure 4 are

shown for reference.
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TAEBLE |, LANDERS REFERENCE MODEL

Layer Depth  Rel Slowness Velozity
wwp vl (%) (kmys)
(emy  (emfe) min. _max. min, max,
1 000 340 682 T84 315 365
2 160 430 203 341 464 400
3 200 550 503 1531 407 AW
4 310 580 7.5 R18 536 62E
5 550 620 291 443 594 639
] EOD 630 314 438 64 63D
7 1200 645 368 567 610 6469
] 1600 670 379 0B 650 656
4 2300 720 036 149 T4 723

cluded from the data set, as well as any un-
usually large traveltime residuals (i.e., =0.3
s), deemed outliers. Altogether, this left 6438
earthquakes with 76 306 raypaths for the in-
VErsion.

The tomographic inversion determines 3D
velocity perturbations relative to an initial
one-dimensional (1D model {Lees and Cros-
son., 1989). For this inversion, the 1D refer-
ence model was taken from our earlier study
{Nicholson and Lees, 1992) with only slight
maodifications (Table 1). This 1D model was
checked against results from a joint hypo-
center-velocity inversion. Because the 1D
velocity perturbations were found to be
small, the original model was assumed to be
adequate. Station corrections were itera-
tively determined such that mean residuals
at well-sampled sites were approximately
zero. Individual station corrections thus re-
flect additional near-surface structure (that
does not vary with azimuth) and were re-
moved from consideration prior to 3D inver-
sion. All earthquakes were relocated relative
to this revised 1D model with revised station
corrections.

The target volume was divided into a 52 =
52 grid region by using 2 km® blocks of
varying thickness, following the 1D refer-
ence velocity model (Table 1). This proce-
dure resulted in a maximum of 24 000 model
parameters. Rays were traced through the

Figure 2. Resolution and
errar analysis. A: Horlzon-
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1D model, and perturbations of slowness
were calculated within each block of the 3D
maodel such that the sum of the squared trav-
eltime residuals (observed minus predicted)
is minimized in a single-step, first-order lin-
ear adjustment (Lees and Crosson, 1989).
The data were weighted according to esti-
mates of the original quality factors (0-3)
provided with each phase reading. Effects of
noisy data were reduced by constraining the
Laplacian (second spatial derivative) of the
slowness field to be small within horizontal
layers, effectively smoothing the model lat-
erally. The resulting system of simultaneous
equations was solved by an iterative conju-
gate gradient technique (Lees and Crosson,
1989), and the sum of squared traveltime re-
siduals was reduced by ~40% of its initial
value.

Resolution was estimated by calculating
impulse responses for different parts of the
model {Lees and Crosson, 1989). MNear the
center of the model, where the ray coverage
was most dense, the lateral and vertical res-
olution length was found to be slightly better
than 4 km (2-4 blocks) (Fig. 2A), in contrast
to farther north where smearing occurred
in a northeast-southwest direction (Fig. 2B).
Estimates of model variance were also
calculated by using the Jackknife tech-
nigue {Efron, 1982; Lees and Crosson, 1989)
ie.g., Fig. 2C). These errors estimate model
variability from the variability of the data.
Because model error estimates are small,
slowness perturbations are apparently con-
sistent with the data and not biased by data
variability.

RESULTS

Tomographic inversions for 3D velocity
structure are presented in Figure 3. The color
scales are graded to gray (poor resolution) to
reflect resolution estimates based on hit
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counts for each block. Lateral variations in
lavers 1 and 2 of the model are not well re-
solved, owing to the near-vertical incidence
of the emerging rays, and are not presented.

The 3D tomographic results (Figs. 3 and 4)
exhibit significant velocity perturbations that
appear to correlate with various rupturs
properties of the four major recent earth-
quakes. Along the San Andreas fault in the
North Palm Springs area, a high-velocity
anomaly occurs between 5 and 12 km depth
that corresponds to the region of maximum
dynamic slip during the North Palm Springs
main shock (Hartzell, 198%), as noted previ-
ously by Nicholson and Lees (1992). Be-
tween 5 and 12 km depth (layers 5 and 6,
Fig. 3) are two high-velocity regions along
the Landers main-shock rupture: one just
north of the Landers hypocenter and an-
other along the Camp Rock-Emerson fault
farther north (Fig. 4C). These correspond to
the locations of the two major Landers main-
shock subevents, on the basis of long-period
regional records (Campillo and Archuleta,
1992), and regions of high dynamic slip, as
calculated from strong-motion  records
(Wald et al., 1992). In the Joshua Tree area,
maximum dynamic slip appears to be local-
ized along a velocity discontinuity separating
a high-velocity region to the west from a
low-velocity region to the east (layer 6,
Fig. 3). Similarly, much of the Big Bear rup-
ture appears to have been concentrated in an
area of northeast-trending high-velocity
anomalies (laver 5, Fig. 3; Fig. 4D). Thus, all
four major earthquakes occurred in close
proximity to high-velocity regions. A large,
long, high-velocity anomaly is present along
the San Andreas fault between 5 and 12 km
depth through San Gorgonio Pass (layers 3
and 6, Fig. 3).

Correlations are also found between rup-
ture termination points and regions of low
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Figure 3. Tomographic velocity-inversion results displayed as percent perturbations from reference
1D velocity model of Table 1. Plots vary from —4% (blue, high velocity) to +4% (red, low velocity)
slowness perturbation; corresponding velocities are marked on each scale. Color scales shade to
gray (less intensity) according to hit count of each black to convey where model is poorly resalved.
Yellow circles are hypocenters of earthquakes within each layer; magenta stars represent main
shocks in 1986 and 1982, White lines are mapped faults.

velocity. A low-velocity anomaly parallels
much of the Landers rupture to the west and
dips to the west to 12 km depth (layvers 5 and
6, Fig. 3). This low-velocity zone separates
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the dynamic rupture of the northeast-prop-
agating M 6.5 Big Bear earthquake from that
of the M 7.4 Landers sequence (Fig. 4D). A
similar low-velocity zone is identified along

the Pinto Mountain fault and separates the
April M 6.1 Joshua Tree main shock from the
June M 7.4 Landers event. Another low-ve-
locity zone crosses the Landers rupture near
the Homestead Valley fault segment, where
dynamic slip during the main shock reached
a minimum (Campillo and Archuleta, 1992;
Wald et al., 1992). A low-velocity zone
crosses the southern San Andreas fault at the
point where the 1986 North Palm Springs
rupture terminated to the south (lavers 5 and
6, Fig. 3). Thus, locations of both high- and
low-velocity anomalies appear to have af-
fected the distribution of dynamic slip during
recent major earthquakes.

DISCUSSION

These observed correlations between ve-
locity structure and earthquake behavior are
not unigue. Previous inversion studies hawve
revealed similar correlations in other areas,
particularly along other segments of the San
Andreas fault (Lees and Malin, 1990;
Michael and Eberhart-Phillips, 1991; Nichol-
son and Lees, 1992). At Parkfield, a corre-
lation between high velocity and high back-
ground seismicity was observed, and the
main-shock and foreshock region of the 1966
M 5.5 event was noted to have high velocity
(Lees and Malin, 1990). At Loma Prieta,
high-velocity anomalies along the San An-
dreas fault correlated with maximum dy-
namic slip during the 1989 M 7.1 earthquake
i Eberhart-Phillips et al., 1990; Lees, 1990).
These high-velocity areas were interpreted
as representing stronger, more competent
material, defining major asperities where
stress is concentrated and large earthquakes
tend to nucleate (Lees, 1990). The tomo-
graphic results presented here appear to
agree with trends observed elsewhere along
the San Andreas fault. Tomographic studies
in the Anza region along the San Jacinto
fault, by contrast, show no apparent corre-
lation between areas of high seismicity and
high velocity (Scott, 1992}, We have no cur-
rent explanation for this discrepancy. Per-
haps apparent correlations between earth-
quakes and velocity anomalies observed at
some locations along the San Andreas fault
system are lithologic in origin,

One of the more intriguing observations,
however, is the correlation between dy-
namic rupture termination points (or areas
of minimum slip) and low-velocity areas
along active faults. The low-velocity fea-
turcs appear to define weaker regions that
cannot sustain high levels of stress or accu-
mulated strain energy. These regions may be
weaker because of material properties or
variations in fracture density or possibly be-
cause of reduced local effective stress levels.
In a detailed 3D seismic tomography exper-
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iment across the pillar of a deep, active gold
mine, high velocities correlated with rock
bursts, microseismicity, and areas of high
stresses measured in situ, whereas low ve-
locities were found in an area of low stress
and little or no microearthquake activity
{Young and Maxwell, 1992). The technique
of tomographic velocity imaging may thus
offer an effective means of segmenting active
faults at depths, particularly in arcas where
previous attempts to segment faults based
on surface geologic features have proved
unreliable.

We view the results of our study as pre-
liminary, although the gross features are
maost likely stable (Lees and Shalewv, 1992). A
more detailed analysis will include the ex-
tensive near-field data recorded by portable
instruments deployed immediately following
the 1992 main shocks (Fig. 1), and a full non-
linear, joint hypocenter-velocity inversion
will be performed. Gravity constraints on the
tomographic velocity inversion (Lees and
Vandecar, 1991) will be included.

SUMMARY AND CONCLUSIONS
Tomographic traveltime inversion for
P-wave velocity structure in southern Cali-
fornia, using aftershock sequences from
1986 and 1992, has revealed significant cor-
relations between seismic activity and the
behavior of major earthquake ruptures with
variations in 3D velocity. We observed that
regions of apparent high velocity along ac-
tive faults typically exhibit the largest dy-
namic rupture. Dynamic ruptures also ap-
pear to terminate in areas of relatively lower
velocity. This finding suggesis that regions of
low apparent seismic velocity are perhaps
weaker and cannot sustain high levels of
stress where large amounts of strain energy
are concentrated, as compared with regions
of high velocity, where maximum dynamic
slip ocours and large ruptures tend to nucle-
ate. Along the San Andreas fault, in the San
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Gorgonio Pass region, relatively high veloc-
ities at seismogenic depths suggest that this
region is an area of high stress and high
strength, where a future large earthquake
rupture may nucleate.
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