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Abstract. Tomographic inversion is applied to delay times
from aftershocks of the 1986 My 5.9 North Palm Springs
(NPS) earthquake to image 3-D velocity variations within the
northern Coachella Valley, P-wave arrival times from 1074
earthquakes, with depths ranging from 3 to 20 km, were used
as sources recorded by 12 portable and 4 permanent stations.
Preliminary results show well-defined high- and low-velocity
anomalies (2—7%) that correlate with the rupture distribution of
the 1936 mainshock. At depths less than & km, a low-velocity
anomaly predominates between the two NE-dipping Banning
and Mission Creek faults. From 8 to 12 km in depth, where
the NP5 mainshock and most of the aftershocks occur, a high-
velocity anomaly is observed. This high-velocity feature is
interpreted as imaging the asperity responsible for the 1986
rupture; and suggests that velocity information may help to
define important elements, such as asperities, that control fault
rupture, and thus, may help to predict the location and size of
future events.

INTRODUCTION

The My, 5.9 North Palm Springs earthquake occurred on 8
Tuly 1986; its epicenter (34°00.3'N, 116°36.3'W) was located
between the Banning and Mission Creek strands of the south-
ern San Andreas fanlt (SAF) (Figure 1). The focal depth of the
earthquake was between 10 to 11 km. Although the initial
rupture was pure strike-slip [Jones et al., 1986], analysis of
regional and teleseismic body-waves indicate that the main-
shock accommodated vp to 0.8 m of right-oblique reverse-slip
on the Banning fault with an average dip to the NE of 40°-50°
and an average strike between NGO°-T7°W [e.g., Harezell,
1989]. Seismic moment estimates range from 0.9 to 1.7x1018
N-m, with the area of rupture extending roughly 15-22 km
along strike and 11-15 km down-dip. Based on the distribu-
tion of afiershocks and modelling the slip history of the main-
shock, the earthquake is believed to have propagated bilater-
ally, as well as up- and down-dip, with dynamic slip largely
confined between depths of 5 and 13 km (Figure 1).

Following the mainshock, four digital and 8 analog portable
seismographs were deployed o record aftershock activity.
These instruments supplemented a regional network of perma-
nent stations operated by Caltech and the USGS. The portable
stations occupied 17 sites during the period July 9 to July 22
(Figure 2a) and recorded well over 2,000 aftershocks. In this
preliminary study of the local 3-D velocity structure in the
northern Coachella Valley, we have applied linear tomographic
inversion to a subset of 1,074 of these events.

DATA AND DATA ANALYSIS

The data used were selected NP5 aftershocks recorded
between 8 and 12 July 1986. Hypocenters were first located
relative to a 1-D velocity model (Table 1) derived from local
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seismic refraction work [Green, 1983] and analysis of regional
earthquake arrival times [Jones er al., 1986]; and then relo-
cated using a set of average station corrections derived from
travel-time residuals produced by the previous locations. The
earthquakes were located using the computer program HYPO-
ELLISPE [Lahr, 1989]. To insure that events with poor loca-
tions did not adversely affect the tomographic results, events
with fewer than & station readings, BMS residuals >0.30 s,
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Fig. 1. Map and vertical cross section (A-A") of aftershocks
associated with the 1986 NPS earthquake (star); Quaternary
faults (solid lines, dashed where buried) are mapped by Marri
er al. [1985]. Aftershocks define a nearly planar zone dipping
about 50°NE. Additional aftershocks occur at shallow depths
(< 7 km) to the NE along the Morongo Valley fault (MVF) and
at depths =10 km to the SW of the mainshock rupture. Lower-
hemisphere and front-projection focal mechanisms of selected
deep earthquakes (solid symbols in cross section) exhibit a
low-angle nodal plane and suggest seismic slip on a possible
NE-dipping detzchment. Triangles are stations.
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Fig. 2. Grayshade plots of velocity perturbations (in % slowness) relative to homogeneous layer velocities specified in the 1-D
maodel for layers 1 through 6 (Table 1), as derived from the 3-D tomographic inversion. Triangles are portable and permanent
stations used to monitor the seismicity, (a) Line profiles (A, B, and C) reflect cross section orientations shown in Figure 4.

and either standard horizontal or vertical errors »2.7 km were
excluded, leaving 1,074 sufficiently well-located earthquakes
to use as sources for the inversion. The inversion procedure
solved for velocity perturbations in a 3-D structure based on
initial calculated travel-time residuals determined from the 1-D
model. Travel-time residuals were determined by taking the
difference between observed travel-times and predicted travel-
times through the 1-D model, less the station correction to
remove the effect of near receiver structure.

METHODOLOGY

The target volume was divided into a 42x42 grid region
using 1.0-km square blocks of varying thickness following the
1-D reference velocity model, yielding a maximum of 14,000

Table 1. Reference 1-D velocity model used to locate earth-
guakes and resolved range of 3-D slowness () and velocity
perturbations from tomographic inversion.

Layer Depth  Ref. Min. Max. Min. Max.
wop  vel % 5 %5 vel, vel,

(km)  (km/s) (km/s) (kmys)

1 0.0 34 0.0  +#21 335 340
2 1.6 4.8 0.4 +#30 465  4.80
3 1 5.8 -3.3 +4.7 5.55 6.00
4 5.0 6.2 -1.6 +6.7 5.80 6.30
5 8.0 6.3 23 #20 615 643
[+ 12.0 6.7 -1.2 +0.6 6.65 6.80
T 24.0 6.8 -(1.6 +0.2 6.80 6.85
8 32.0 7.8 04 +#0.1 780 7.85

model parameters. Rays were traced through the 1-D model
and perturbations of slowness along each ray path were calcu-
lated within each block such that the sum of the squared travel-
time residuals (observed minus predicted) is minimized. The
data were weighted according to estimates of the original qual-
ity factors (0~3) provided with each phase reading. Effects of
noisy data were reduced by constraining the Laplacian (second
spatial derivatve) of the slowness field to be zero within hori-
zontal layers, effectively smoothing the model laterally. The
resulting system of simultaneous equations was solved by an
iterative conjugate gradient technique (LSQR) [Lees and
Crosson, 1989]. After 30 iterations, the data variance was
reduced by 24%. The reduction in data variance was relatively
small largely because the observed travel-times were well
modeled by the initial 1-D velocity model of homogeneous
layers and the applied station corrections,

The influence of data variability on the model was estimated
by Jackknife error analysis [Lees and Crosson, 1989]. The
standard errors (1 @) calculated in this manner were found to
be typically 1% or less (slowness perturbation) over most of
the model (Figure 3), suggesting that slowness variations
greater than a few percent are significant. Spatial resolution
was estimated by calculating impulse responses for different
parts of the model [Lees and Crosson, 1989], Near the center
of the model, where the ray coverage is most dense, the lateral
resolution length was found w be slightly better than 4 km (3—
4 blocks) (Figure 3c¢). The resolution kernels, however, are
typically not symmetric due to heterogeneity of ray coverage,
and tend to be elongate in a direction perpendicular o the local
strike of the SAF. In the vertical direction, smearing due 1o ray
distribution produces point spread functions that are down by
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Fig. 3. (2 and b) Jackknife error estimates in % slowness perturbation calculated for layers 4 and 5. Minimum error resolution is
greatest perpendicolar to the major faults and is typically about 1%. (c) Impulse response for a unit velocity perturbation located at
the hypocenter of the 1986 mainshock as resolved in layer 5, indicating a lateral resolution near the mainshock of about 34 km.

only a third or less of the central point of the resolution kernal.
This indicates that the vertical resolution near the NPS main-
shock s less than one layer,

RESULTS

The inversion results are displayed as fixed grayshade plots
for layers 1-6 (Figure 2) and for several cross sections (Figure
4). The true limits of the slowness perterbation, however,
vary from layer to layer (Table 1). By displaying the results as
slowness perturbations from the reference 1-D model, the
average regional velocity structure, which would otherwise
dominate the image, is removed. The top two layers of the 3-D
perturbation model have poor lateral resolution because the
emerging near-vertical rays are concentrated near the receiving
stations. The perturbations observed in these layers range from
-1 to +1% and can be simply viewed as minor additions 1o the
station corrections removed prior to the inversion.

Berween 3.2-8.0 km depth (Figure 2}, there is a prominent
low-velocity anomaly (high slowness) located between the
Banning and Mission Creek faults directly above the rupture
zone of the 1986 NPS earthquake. In 3-D, this low-velocity
anomaly is clearly bounded on the SW by the NE-dipping
Banning fault (Figure 4). By layer 5 (8.0~12.0 km depth), the
large low-velocity anomaly berween the Banning and Mission
Creek faults seen in layers 3 and 4 has changed into a high-
velocity anomaly. Nearly all the aftershocks and nearly all the
dynamic slip observed during the 1986 mainshock (C-C',
Figure 4) occurred within layer 5 and within the area defined
by the high-velocity perturbation. Below 12.0 km depth (layer
&), the pattern seen in layer 5 has changed and no longer paral-
lels the subsurface strike of the SAF.

DISCUSSION

From the tomographic inversion, a low-velocity anomaly is
clearly observed berween the sub-parallel NE-dipping strands
of the Banning and Mission Creek faults (B—B', Figure 4) and
at relatively shallow mid-crustal depths (3.2-8 km). Indepen-
dent evidence that both the Banning and Mission Creek faults
dip NE at moderate angles (30° to 60°) is based on seismicity
(Figure 1), earthquake focal mechanisms, geologic surface
mapping [Allen, 1957, and gravity data. If the prominent
low-velocity anomaly seen in Figures 2 and 4 is indeed
bounded to the SW and NE by the Banning and Mission Creek
faults, then the tomographic results confirm that the currently
aseismic Mission Creek fault dips ar moderate angles to the
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Fig. 4. Grayshade cross sections of velocity perturbations (in
% slowness) relative to individuzl layer velocities specified in
the 1-D model. Cross section orientations are shown in Figure
2a. Hypocenters projected from within 5 km to either side are
shown as small open circles. In C-C', superimposed contour
lines are from the projected dynamic slip distribution of the
MNPS mainshock [after Harrzell, 1989].
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NE, and thus, does not merge with the Banning fault to form a
single fault race at depth.

Drill holes, gravity and seismic refraction studies indicate
that basin sediments are only about 2-3 km deep in northern
Coachella Valley [e.g., Procior, 1968]. Thus, the low-velocity
anomaly seen in layers 3 and 4 is located well into the granitic
basement, and is possibly related to increased fracture density
from secondary fault splays between the Banning and Mission
Creek faults. Indirect evidence for such fault splays, at least in
the hanging wall of the Banning fault, is provided by abundant
aftershock hypocenters at depths of about 5 km, and located
above the active Banning fault at depth (Figure 1). It is also
interesting that both the low-velocity anomaly in layers 3 and
4, and the high-velocity anomaly in layer 5 tend to follow the
strike of the deep aftershocks, rather than curve to match the
observed surface fault traces. In layer 6, however, this is no
longer true, suggesting that velocity perturbations below about
12 km no longer correlate with the position of the active faults
at depth. One possibility is that both the Banning and Mission
Creek faults are terminated by a low-angle detachment surface.
Independent evidence for such a detachment (at a depth of
about 10-12 km) that dips slightly north and east can be
inferred from analysis of regional microearthquake activity
[Nicholson et al., 1986], and analysis of aftershocks from the
1086 NPS earthquake (Figure 1),

The most important observation, however, is that there is a
strong correlation between high-velocity anomalies and the
location of seismic strain energy release. The hypocenter of the
1986 NPS carthquake occurred between 10 and 11 km depth,
nearly in the middle of the high-velocity anomaly of layer 5.
The zone of maximum velocity perturbation correlates with the
area of maximum dynamic slip observed during the mainshock
rupture [Harrzell, 1989] and is surrounded by most of the
aftershocks (C-C', Figure 4). This suggests that major earth-
quakes in strike-slip regimes occur in zones of high-velocity
material that are presumably more competent, and thus more
likely to sustain high stresses required to drive dynamic slip,
At Parkfield and at Loma Prieta, the hypocenters of the 1966
and 1989 mainshocks similarly occurred in patches of high-
velocity material [Lees and Malin, 1990; Lees, 1990]. The
implication is that the tomographic inversions are imaging
asperitics at depth along the San Andreas fault which are
responsible for producing large earthquake ruptures.

CONCLUSIONS

Tomographic images in the northern Coachella Valley near
the 1986 NPS earthquake exhibit a prominent low-velocity
anomaly localized between the Banning and Mission Creek
faults. This low-velocity anomaly occurs well into the granitic
basement, and above the primary rupture area of the 1986
mainshock. In 3-D, the outline of this low-velocity zone sug-
gests that both the Banning and Mission Creek faults dip mod-
erately to the NE, consistent with independent evidence from
seismicity, geology and gravity studies; and implies that, at
least in this area, the two major strands of the southern San
Andreas fault do not merge at depth to form a single fault
trace. Seismic slip during the 1986 mainshock, as well as
aftershocks triggered on and off the mainshock fault plane
largely occur in areas the exhibit high-velocity perturbations.
The high-velocity anomalies are thus interpreted as reflecting

regions of stronger, more competent material associated with
asperities along the fault zone, where large earthquakes tend to
initiate and areas of maximum seismic slip during dynamic
ruptures tend to occur. Travel-time tomography may thus offer
a means of identifying future rupture zones of earthquakes
along major strike-slip faults in California.
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