scatterer.  From these approximate force and moment time seres, equation 17 of Spudich and Miller (1990) can
then be used to calculate predicted dara for each earthquake. This predicted data is subtracted trom the observed
dara to form an unpredicted residual. The next iterauon consists of repeating the above process with the unpredicted
residual seismogram to generate an update to the force and moment time series for each scatterer. It 15 tmportant
to note that by using Olson’s procedure, we obtain the same solution that would be obtawned from a sigular-value
decomposition, namely the minimum-norm least-squares solution to the [inear forward problem, retaining a
prescribed range of eigenvalues. Of course, the real earthquake sources have radiation patterns that cause polarity
changes; we have obtained mechanisms for all our events and the {2, term (Spudich and Miller, 1990, equation 16)
ttips the data polarity when needed. We have compensated for the differing magnitudes of the earthquakes by
normalizing all seismograms recorded at a particular station o a unit r.m.s. value.

Our paper ditfers from Spudich and Miller (1990} in several ways. most importantly in the number of
scatterers used, the wave typed used, the conditions controlling the 1nitiatton and cessation of each scatterer, and
the use of ray spreading. Spudich and Muller used only one trial scatterer, local at the seismic station. The force
and moment time senes derrved for this scatterer were used to model the site effect at the station. In this paper we
use a grid of scatterers (among which is one near the station, still used to model the site-effect). Spudich and Muller
used both P and § body waves between the earthquake and the scatterer, while in this work we concentrate on the
horizontal motions and allow only § body waves between the earthquakes and scatterers. (We have done several
tests allowing both P and S body waves, and we have found that the P contribution to scattering was negligible.)
We use causality to set the initiation and cessation times of each scatterer’s time series; a scatterer cannot act so
early that its scattered waves arrive at the station before the data initiate, and a scatterer does not act so late that
1ts scartered waves arrive at the station after the data seismograms end. The use of causality also defines the
relevant crustal volume to fill with trial scatterers. We have ignored ray spreading 1n calculating the ray amplitudes
t1 e, we have set 5 and §° equal to unity in Spuchch and Muller equarions 7 and 8), We did this because these
rerms become very large for buried scatterers located very near the earthquakes. This approximation does not affect
any of the man results of this paper. In this paper we have also modified the elements of the A matrix in equation
25 of Spudich and Miller (1990). If g, is the ij-th element of A, then n this work we set a, = sign{a,) = £1.
This was done because tco many seismograms from our already rather sparse data set were being downweighted
by radiation pattern nodes. In addition, our suppression of radiation patterns compensaies for the undesirable
tendency of the minimum-norm solution to have power peaks at the loci of radiation pattern maxima. Various tests
not shown; show that this modification improves the reliability of the results when there are only a few tens of
sersmograms n the data set.

31 Comparison with other methods

The method used (n this paper can be related to the theory of linearized scattering  In a very useful paper Tarantola
: 1984) related heterngeneities in material properties to perturbations in seismograms. Considering only the density
term, for simplicity, his equation 4.7 shows how a localized perturbation in density ée at point X in a volume V
caused perturbarions Auix, 2) tn the j-component of displacement « at recetver location X, and time ¢,

Auxp,t)=— /‘; dV(x)G.J(x.t; xg,0) *u,(x t)dp(x)

where Gi,(X,t;%pg,0) is the time derivative of the t-component of displacement at x and ¢ caused by a point
impulse m the 7 direction ar point x, and time 0. u;(X,t) s the ; component of velocity at x and ¢ in the
reference earth model, the asterisk denotes temporal convolution. and sums are taken over repeated mndices  Again,
for simplicity, assunung that the source is an instantaneous force at Xy given by

f(x',t) = F,8(x" — x5)8(¢t)

we may combine this expression with Tarantola’s equauon 3.12 to obtain
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Auy(xp,t) = — / AV(X)6p(X)Gi, (%, 15 X, 0) * Cie(x,1; Xs,0)Fi
Vv

The scattered wave field 1s related to a product of a Green’s function describing propagation from the source Lo the
scatiering point X, a term cxpressing the strength of the scatterer, and another Green's function expressing
propagation from the scatterer to the recerver.

‘The many attempts to map scaiterers based on observed seismograms differ in the approximations they use
for the Green’s functions and the integral relations We use rav theory for propagation between the earthquake
sources and the scattering points, and we treat the 5p(x)G(x, t) as an unknown secondary source lerms that
we iry to determine. We assumme that the unknown Green's function 1s causal, and we assume that the inner product
between the two Green’s functions has only a few low angular-order terms. We note parenthetically that our
treatment of scatterers as secondary sources causes our method to be formally nearly identical to the technique that
Frankel and Wennerberg (1989) used in an inversion of strong motion data for earthquake source dynamics. We
also note that our treatment maintamns the possibility of polarized, anisotropic scatiering.

4. APPLICATION TO NORTH PALM SPRINGS AFTERSHOCKS

We have primarily analyzed a 2-dimensional grid of trial scatterers at the earth’s surface. We used a grid of 16
x 16 wial scatterers having a 2 km separation in each dimension This grid exactly covers the study region shown
i Figure 1. Various grid spacings were tried, and the 2 km spacing was the largest spacing that did nat
undersample the underlying solution. The seismic data used are shown in Spudich and Miller (1590). The
approximate bandwidth of the data used 1s 2-4 Hz. The lower frequency is controlled by the natural period of the
L-22 sensor. The upper frequency is the corner of a zero-phase Butterworth low-pass filter applied to the data.
Because the stacking procedure requires phase coherence, the upper frequency limit of the analysis is controlled by
the accuracy of the predicted travel ume curves. A 4-Hz upper frequency means that we expect our predicted travel
umes are accurate to about 0.06 s. The filtered data were decimated to a 0.06 s sample interval. Because waves
of a particular wavelength are most strongly scattered by heterogeneities having a comparable dimension, we expect
our 3 Hz waves to be most strongly scattered by L-km heterogeneities in the basement and ~0.3 km heterogeneities
in the sediments. As in Spudich and Miller (1990) , it was necessary to apply origin time corrections to the data
to ensure phase coherence, and we used those derermined in the previous work

Our first goal 15 to determuine which scatrers were strong (and presumably real). Consequently, for disptay
purposes we reduced all the time series for a trial scatterer down to a single scalar proportional to the intensity of
the scatterer. That scalar is the average power radiated by the scatterer, defined as follows. At each trial scatterer
§ we determined ume series of durauon T for each of the three components of the body force vector, F3(£, 1), i
=1, 2. and 3, and we determuned 6 moment tensor time series, M:J({, t). If we define the power in the [,
term to be

T

Prie) =7 [ de[Fien)

with a similar definicion for power in the moment tensor terms, then we define the average power P{£) to be

P&)=Pp (&) + Pr,(6) + ... + Pas,, (£)

Powers in the force and moment terms may be directly added because Spudich and Miller (1990) mntroduced a
weighing in thewr definitions so that they have the same units. We have found the average power to be more stable
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and more reliably wrerpreted than the individual force and moment and moment powers.

In Figure 4 we show the average power on the surface grid of scatterers and we show the effect of iterating
the solution to improve data fir and decrease the solution norm. The data for each case are 1dentical, 13.0 s of the
north-south component of velocity recorded at SMP, with the data window containing early coda only, starting just
after the § wave on the 23 recorded aftershocks. The power distribution for 1 tteration is the result obtained by
simply stacking seismograms along the travel-time curves, as shown in Figure 3. The power distribution has a peak
at the scatterer closest to station SMP. We expect a peak at the station because any near-station reverberations
should stack coherently at the station, as shown in Figure 3. Consequently, the solution time series of the scatterer
at (or nearest) the station models the direct S wave and the site reverberations. As we use progressively higher
iterations, the peak at the station and a small secondary peak about 8 km west of the station become progressively
sharper. Except where noted. for all subsequent results shown in this paper, 16 iterations are used. the ratio of
largest to smallest eigenvalues retained in the solution 1s 50, and the power distributions are for a 13.0 s coda
window following the direct § wave.

Because we always expect the direct S wave to produce a peak at the station, its peak is rather uninteresting
and we have used a strple windowing scheme to remove the peak so as to make subsidiary peaks more promuinent.
Figure 3 shows the 1terative inversion applied to the north-south component of ground velocity at SMP  The power
distribution for a 14.0 s duration window starting just before S shows a conspicuous peak at the station and a small
subsidiary peak about 8 km west. A 1.0 s data window around the direct S pulse produces a sharp peak at the
station, as expected. To examine the early coda, we analyzed the 13 s of data following the 1.0 s § window. The
coda power distribution enhances the strong scatierer west of the station. A weak power peal remains at SMP.
This probably represents the persistence of the site reverberations 1mto the coda window. Except where noted in
all of the following results we show power distributions in a 13.0 s window following the direct § wave

4.1 Correlation with geology

We interpret the coda power distributions for SMP EW and NS by superimposing them on the geologic map (Figure
6). Both power distributions consist of a broad region of elevated power about 15 km in diameter. This broad peak
is seen in all our tmversions, and shows that most of the energy In the early seismic coda comes from a region about
15 km in diameter (assuming surface scatterers). The cause of this peak can be understood simply from causality
using Figure 3. Tmagine that we are performing an inversion using only scatterers £, at the station, and £,.
Because of causality, waves scattered from &, caunot contribute to the data for times earlier than the dashed curve
for £, and ;,. Consequenily. all energy appearing in the seismograms earlier than that dashed curve can be radiated
only from &, (or, in the case of many scatterers, from scatterers close to £,).

The power distributions for both components of motion (Figure 6) show a peak at station SMP. This power
peal represents energy that has reverberated unresolvably near the station. As shown in Figure 3. any near-station
reverberation will add a coda to the direct S wave that will stack coherently over all earthquake seismograms

The interesting surprise, however, is the power peak 8 km WNW of SMP that falls at the contact of the
alluvium with the older Pleistocene sedimentary deposits, which wn this location are identified by Allen (1957) and
Proctor (1968) as the Cabezon Fanglomerate. For brevity we will call this particular point on the edge of the
fanglomerate point F, indicated on Figure 1. It should be noted that these fanglomerates are low-lying; the
topographic edge of the valley lies 3 km further west at the contact with the upper Miocene unit. The power peak
at F represents waves that travel as S waves from the aftershock hypocenters to the vicmity of point F and then
travel by some unknown path to SMP. Apparently some scattering phenomenon associated with the edge of the
alluvium and shape of the basement, rather than the topographic discontinuity at the edge of the valley, generates
this scattered energy.

Like those for SMP, the coda power distributions for both components of SMC (Figure 7) show a broad
mound about 15 km 1n diameter, mndicating that the early coda energy is predominantly scattered from this 15 km
wide region. In addition, the SMC distributions both show power peaks at the station, resulting from reverberations
of energy very near the stauon. Unlike the SMP distributions, however. the SMC power distributions show no
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conspicuous auxthary power peak well separated from SMC. For both components of motion the main power peak
15 clongated along the strike of the Morongo Valley fault, and there 15 a power peak about 4 km southwest of SMC
near the junction of the Morongo Valley fault and the Mission Creek fault. This secondary peak may correspond
to etther scattering from the southwest end of Morongo Valley or from scartering from the fault zone intersection,
but we are not sure that the power peak is significant The main power peak at SMC 1s also elongated slightly
northward. which may indicate scattered energy from the peninsula of Precambrian material jutting wnto the
Morongo Valley, but this mterpretation is extremely speculative.

4.2 The nature of the scattered waves

Because we have made no assumption about the mechamsm of wave propagation between the scatterers and the
station, our analysis procedure does not identify the type of waves propagating from F to SMP. While we might
expect them to be scattered surface waves, based on previous studies in basins, we have done the following tests
which show that laterally scattered S body waves are an important component. Although we could show the force
and momenrt time series corresponding to the scatterer at F, they are uninformative. It is more informative to ask
what motions the waves scattered from F generate at SMP. By answering this question, we will see what features
in the data are modeled by waves scatiered from F. This test ts easy to perform since prediction of the expected
motions is part of the iterative inversion procedure To do this we have run the inversion of the SMP-NS data
again. but now we nvert both the § wave and coda, and 1nstead of using a 16 x 16 scatterer grid we use only two
scatterers, one ai the station and ome at £. We have truncated the grid to two points because we believe that only
the power peaks at the stations and at F are reliable. We have chosen to display observed and predicted
seismograms for sets of 6 representative aftershocks distributed fairly uniformly over the aftershock volume (Figure
8).

Figure 9 shows that part of the energy scattered from F to SMP 15 a direct § body wave. The diamonds
mark a conspicuous pulse that follows S at SMP, shown 1n a representative subset of the data Note that this puise
follows § by a vaniable amount, ranging from about 1 s for event 1941346 to about 2 s for event 1942351, The
squares mark the initiation of the ground motions caused by scattering from F at the basin edge. Point F contributes
a burst of energy that agrees quite well 1n arrival time with the observed later phase (diamond). It 1s important to
note that the observed pulse (diamond) comcides with the beginning of the basin-edge time series because that
enables us to identify its propagation mechanism; the initiation of the basin-edge time series travels via the minimum
ume path from the earthquake to the basin edge and then to the station, and thus the initial energy in the F time
series must be an S body wave that travels directly from F to SMP by the fastest possible path, through the
basement beneath the valley. The general time-coincidence of this phase and the observed pulses (diamonds)
suggests that the observed pulses are scattered S waves.

Although the basin-edge contribution initiates with an S wave from F o SMP, we can demonstrate that the
lower amphitude reverberative motions that follow the scattered § for several seconds in the F time series are real,
although of unkmown propagation mechanism. We divided the early coda at SMP into two non-overlapping
windows, Cl and C2, shown 1n Figure 9 C1 is a 3-s-long window following the direct § window, and C2 is a 4-s-
long window starting immedtately after C1. Scattered energy from point F can be seen in the power distributions
calculated form both of these coda windows (Figure 10), showing that the late, low ampitude reverberations in the
basin-edge contribution are real. These waves traveled from the aftershocks to F as direct S body waves, and they
traveled from F to SMP in some siower manner, possibly as surface waves or multiple-scattered body waves.
Although we do not know their propagation mechanism, our procedure can use them to image the scatterer at F.

We cannot 1dentify any obvious scattered waves in the SMC early coda other than waves scattered very
near SMC and modeled by the scatterer at SMC. Figure 11 shows a two-scatterer decomposition of the observed
SMC motions stmilar to that of Figure 9. In this case, one scatterer is located at SMC and the other is located at
point M, at the southwest end of the Morongo Valley (Figure 1, 7), which is the location of the other major power
peak. The sohd circles in Figure 11 indicate a conspicuous phase following S m the data by about 1 s. Unlike the
tater phase at SMP, this later phase follows § by the same time interval in aimost all seismograms. In the majority
of observed seismograms this phase is modeled primarily by the scatterer at SMC, meaning that it is probably some
sort of site reverberation. Squares mark the inthiation of the contribution from M. Comparing 1960420, 1941815,
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and 1940845, it is clear that the contributions from point M ammive at different umes than the site reverberations
(circles). There 1s no clear phase in the data that is being modeled by the scattered energy.from M. Consequently,
we do not know if the power peak at M represents any real scattered energy.

4.3 The vertical distribution of scatterers

We have performed preliminary investigations (not shown here) of the vertical distribution of scatterer power and
we have found no evidence contradicting the hypothesis that the power peaks at SMC. SMP and F are confined to
the top 3-4 km of the crust. If they extended to greater depth, we would probably observe this extension We
investigated the depth distribution of scatterers by running the inversion using single vertically dipping planes of
scatterers striking either north-south or east-west and intersecting the Earth’s surtface wither at SMC, SMP and/or
F. In these inversions, power peaks were found at the surface locations of SMC, SMP and F. These power peaks
did not extend to depths greater than 4 km While other power peaks were sometimes found at about 10 km depth,
these deeper peals 1n general were smaller than those at the surface. While 1t 1s possible for us to run an mversion
using a fully 3-dimensional grid of scatterers, we must do so cautiously because a 3-D inversion wiil make an
already underdetermined problem even more underdetermuned, and it will be more difficult to determine the
significance of deeper power peaks.

5. DISCUSSION

F

The most impartant observations we have made are 1) assumung surface scattering, most of the energy in the early
coda 1s scattered from a region within about 8 km of the seismic stations, 2) at both stations a substantial fraction
of the energy in the early coda comes from scattering very near (within 2 km of) the station, 3) at SMP inside the
Coachella Valley we have observed energy scattered from a particular place (pount F) at the edge of the valley
alluvium. 4) at SMP, the imuial part of the scattered energy from F is an § body wave probably traveling through
the basement beneath the valley, 5) the scartered energy from F continues for several seconds, indicating that
multiple scattering and/or surface waves may be involved in 1ts propagation, and 6) scattering at the basin edge F
and at the stations appears to occur no deeper than 4 km.

Observation 3 suggests that three may be particular places at the edges of basins that are especially strong
scatterers of incident seismic waves. We will call these places 'bright spots,” borrowing the term used 1n the
exploration industry to describe highly reflective zones. We do not know the factors that cause strong scattering
at a bright spot. Perhaps it 15 some combination of shape of the boundary, impedance contrast between the alluvium
and basement, slope of the contact, frequency band, and scattering angle We do not know which of these factors
operates in our case

There is ample theoretical evidence for nonuniform scattering from basin edges In theoretical studies of
SH waves vertically incident upon 2-dimensional basins, both Hill ef al. (1990) and Papageorgiou and Kim (1991)
have shown that the steeper edge of the basin is the stronger scatterer of surface waves into the basin. Horike ez
al. (1990), studying § vertically incident on three-dimensional basins, noted that the sides and commers of the basing
preferentially generared scattered surface waves Bard and Bouchon (1980a) noted preferential scattering of surface
waves from basin edges nearer to the source, as did Frankel and Vidale (1992) in their three-dimensional simulations
of waves in a realistic basin geometry. They noted several causes of surface waves propagating out of the direct
source-recetver aztmuth. In their simulations, basement outcrops and irregularities in the edge of the valley acted
like point diffractors of surface waves. S waves incident non-normaily on a edge (seen in map view) caused
‘refraction’ of the converted surface waves.

Several obscrvational studies of nonumiform scattering from basin edges warranl special attention.
Observing wave propagation directions at a seismograph array in the Santa Clara Valley of California, Frankel et
al. (1991) noted substantial surface waves propagated in a westerly direction, different from the backazimuth to the
microearthquake sources. They speculated that these surface waves may have scattered off the Santa Teresa Hills,
a penmsula of basement protruding into the alluvium of the Santa Clara Valley, and off Oak Hill, a basement
outcrop in the valley. They also noted some waves scatiered from the west side of the valley, also at a backazimuth
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different from the source. Some of these observed waves were simulated by Frankel and Vidale (1992), who
speculated that the unimodeled waves mught have been caused by scattering from a shallow basement horst. Phillips
er al. (1993) found that Love waves observed on an array in the Kanto plain all appeared to come from a particular
spot at the edge of the basin west of the array, regardless of the location of the earthquake source. This spot at the
basin boundary was almost the closest boundary point to the array, and Phillips and his colleagues hypothestzed
that it was the spot’s proximity to the array that made it the apparent location of scattering. Horike (1988) attributed
scattered surface waves observed at array OGR in the Kyoto basin to conversion at the edge of the basin closest to
the source, but his observations could also be interpreted as indicating waves scattering from a location on the basm
edge about 2 km south of station OBK, which 1s almost the point on the basin edge closest to OGR. Gupra er al.
(1990} noted scattering of teleseismic P to R, at a steep topographic slope near the NORESS array, and noted that
the scattering did not depend strongly on the incidence azimuth.

Taking all these observations together, we conclude that several processes are at work. First, our
observations and Frankel’s clearly support the “bright spot® hypothesis, that there are scatrering loci that are neither
the closest basin edge to the source or to the observer. Horike’s and Phillips’ observations might also indicate the
existence of a bright spot, but these bright spots are suspiciously close to the nearest basin edge. Second, as surface
waves will no doubt be affected by the high attenuation in the shallow alluvium, it is likely thar scattering from the
closest edge to the receiver will be preferentially observed at any basin site. Third, scattering from the basin edge
closest to the source 1s supported theoretically and also by Frankel ef al. (1991)’s observation on their event 1 that
Love waves having 5 s period appear to come from the basin edge toward the source. This is not surprising because
the amplitude of the wave incidenz upon the basin will be highest near the source, and a basement contact dipping
in the direction of S-wave propagation 1s especially effective 1n converting body waves to surface waves. A fourth
factor may explain Frankel ef al.’s observation of waves scattered from the west side of the valley If surface waves
are generated uniformly at all points on a smuous valley edge when illuminated by a propagating incident wave,
then there will be points of stationary phase (as in Kirchhoff diffraction) that will appear to generate pulses at an
observer Finally, the earthquake source mechanisms will cause some potential scattering loci to be illuminated
more strongly than others. Some combination (determined by the amplitude of the illurmnating energy) of these
four factors will control the observed motions in particular situations.

Theoretical studies hint at the nature of the 2-4 Hz waves have observed to be scattered from F to SMP
within the valley. We have already noted that the scattered waves initiate with a conspicuous S pulse, but continue
for several seconds. This wave strongly resembles the phases D1 and El in the 3-D simulation of Horke et al.
(1990), which they identify as upgoing body waves and surface waves. However, it 1s possible that both our §
phase and their phase D1 may be § waves diffracted from the basin edge and refracted along the top of the
basement. The latter energy we observed at SMP may also be lgher mode surface waves, as observed in
theoretical calculations by Bard and Bouchon (1980b), Horike ef al. (1990) and by Frankel and Vidale (1992).

It 1s particularly puzzling that we observe scattering from point F, located at the contact between Cabezon
Fanglomerate and alluvium, where the impedance contrast is probably small, and we can only speculate about the
cause of this scattering. Probably the observed waves are not scattered from this impedance contrast, but are instead
scattered from the alluvium-basement contact, which probably has a much greater impedance contrast. Matti er al.
(1985) have mapped a normal fault about 3 km west of F, but the impedance contrast across this fault is probably
smaller than the alluvium-basement contrast. Scattering mechanisms may exist, particularly for scattering from
extended interfaces, so that the scattered waves appear to come from a different place than the geologic structure
causing the scattering For example, Frankel and Vidale (1992) observed that a dipping alluvium-basement contact
can convert incident S waves into trapped surface waves very efficiently. Because this conversion process does not
happen exactly at the basement-alluvium contact but instead occurs as a tmultiple reflection phenomenon 1nside the
bastn, such converted waves may appear to originate within the basin. This explanation mught explain why the
delayed waves seen in time window C2 of Figure 9 appear to come from F, but it would not explain why the
earliest arrrving energy in window C1 appears to come from F. This energy must propagate almost entirely as a
S wave in the basement to arrive at the time observed.

We hope that our work will improve seismologists’ ability to predict ground motions at specific sites using
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empirical Green’s function (EGF) summations. Spatial interpolation of EGFs is almost always necessary for such
summations, and accurate mterpolation requires a knowledge of the types, time functions, and propagation directions
in the source volume of the waves that constitute the EGFs. In fact, Figures 9 and 11 are examples of such an EGF
interpolation; for each starion we identified two strong sources of scattered energy and we estimated EGFEs (the
'sum’ traces) based on the presumed existence of these scatterers. In this paper we have not tried to optimize the
accuracy of the interpolation, which is complicated by the underdetermined nature of the inversion (see Spudich and
Miller, 1990, for derails), but that is a future goal.

QOur method wiil be most useful for EGF interpolation and simulation when the EGF sources are located
in the source volume of the anticipated large event. The identification of bright spots may be affected by the set
of earthquakes used (owing to their locations and radiation patterns), so if the EGFs and the anticipated large event
share the same source volume and dominant mechanism. it 1s likely that a bright spot :dentified using the EGFs wall
probably also be bright in the main shock.
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Fig. 1 Simplified geologic map of the North Palm Springs, California, study region, showing the seismic stations
SMC and SMP used in this study. X’s and squares show the aftershock epicenters recorded by SMC and SMP
respectively. F, southeast of the main shock epicenter (star), is a locus of strong scattering, M, near SMC, may

also be a locus of scattering.
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Fig. 2 A schematic seismic experiment in the reciprocal geometry. The cross-section shows an alluvial layer (gray)
overlying a harder, uniform unit. An instantaneous point force is applied at the surface (triangle} and the motions
are recorded at depth (asterisk). The solid lines show the ray paths of the direct S wave and one of the many rays
reverherated beneath the force application site. The dashed line shows (schematically) a wave which propagates
in some complicated fashion through the alluvium and converts into a downgoing S wave at the basin edge.
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Fig. 3 Geometry and data from a schematic experiment. The geology is identical to that in Figure 2. Asterisks
represent a horizontal line of microearthquake sources and the triangle is a seismograph. Beneath each earthquake
is its associated seismogram. Dashed circles are trial scatterers, and solid circles are scatterers at the station and
ar the basin edge. The upper hyperbolic dashed lines are travel time curves for propagation between the scatterer
at the station and the earthquakes (in a smooth reference medium), and the lower dashed lines are for propagation
between the basin edge scatterer and the earthquakes. For scatterers 1 and 2, the dashed curves for ¢, are meant
to indicate the earliest possible causal arrival times, corresponding to S wave propagation between station, scatterer
and earthquake. Force and moment time series for each scatterer are assembled by stacking the seismograms along
the appropriate set of curves.
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Fig. 4 Average power distributions for SMP north-south ground velocities, using a 13.0 s data window starting
just after the direct S arrivals. The ’l-iteration’ panel shows the result of simple stacking of the seismograms with
corrections for radiation patterns. Main and subsidiary peaks become sharper with more iterations. The triangle
shows the location of SMP. Power units are arbitrary
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Fig. 5 Windowing of time series to accentuate scatterers comiributing to the early coda. Each panel shows the
average power distribution for the north-south component of ground velocity at SMP. The upper left panel is for
a 14.0 s segment of data starting just before the direct S wave on each aftershock. The upper right window is for
a 1.0 s window of data containing the direct S wave. The lower left window is for the 13 s of data following the
direct S window. The power peak at the station (triangle) is caused primarily by the direct S wave., Analysis of
the data window excluding the direct § wave accentuates scatterers away from the station. Power units are
arbitrary. Contour interval is 0.05 of the maximum power in the upper panels and is 0.1 of the maximum power
in the lower panel.
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Fig. 6 SMP power distribution (contours) superimposed on the geology of the study area. Seismic data are 13 s
of early coda beginning just after the direct S pulse, for the east-west (left) and north-south (right) velocity at SMP
(triangle). Scatterer power in both components is peaked at point F (Figure 1), which is at the contact between
alluvium and the Cabezon Fanglomerate. See Figure 1 for explanation of geologic units. Power units are arbitrary.
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Fig. 7 SMC power distribution {contours) superimposed on the geology of the study area (from Figure 1). Seismic
data are 13 s of early coda beginning just after the direct § pulse, for the east-west (left) and north-south (right)
velocity at SMC (triangle). The power peak about 4 km southwest of SMC is denoted point M (see Figure 1).
Power units are arbitrary.
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Fig. 8 Enlarged map of afiershock epicenters (X’s and squares) cbserved at SMC and SMP, respectively. Heavy
X’s and squares correspond to data shown in Figures 9 and 11. Seven-digit codes near the heavy symbols are the
day number (1-366) and time (UTC) used to identify the events. F shows the location of the strong scatterer
observed in Figure 6. Aftershock zone dips northeast.
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Fig. 9 Observed and predicted north-south ground motions at SMP based on a two-scatterer model of the region,
for 6 aftershocks located as in Figure 9. Traces labeled "F’ are the ground motions caused by scattering from point
F at the basin edge, "SMP’ indicates motions consisting of direct S and site reverberations modeled by the scatterer
at SMP, 'SUM’ is the sum of the SMP and F contributions, and 'OBS’ is the observed motion. Diamonds indicate
the onset of a conspicuous phase following § in the data, and squares indicate the arrival time of an § body wave
scattered from F in the synthetic motions. S, Cl and C2 are three data time windows analyzed (see Figure 10).
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seen in both windows, indicating that waves scattered from F to SMP persist for several seconds. Power units are
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Fig. 11 Observed and predicted north-south ground motions at SMC based on a two-scatterer model of the region,
for 5 aftershocks in Figure 8. Traces labeled "M’ are the ground motions caused by scattering from point M at the
basin edge (see Figure 1), 'SMC’ indicates motions consisting of direct S and site reverberations modeled by the
scarterer at SMC, "SUM" is the sum of the SMC and M contributions, and *OBS’ is the observed motion. Solid
circles indicate the onset of a site reverberation following S, and squares indicate the arrival ume of an S body wave
scattered from M (such a wave is not seen in the data).
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