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Abstract

We examine the initial subevent (ISE) of thk, 6.7, 1994 Northridge, California, earthquake in order to discrim-

inate between two end-member rupture initiation models: the ‘preslip’ and ‘cascade’ models. Final earthquake size
may be predictable from an ISE’s seismic signature in the preslip model but not in the cascade model. In the cascade
model ISEs are simply small earthquakes that can be described as purely dynamic ruptures. In this model a large
earthquake is triggered by smaller earthquakes; there is no size scaling between triggering and triggered events
and a variety of stress transfer mechanisms are possible. Alternatively, in the preslip model, a large earthquake
nucleates as an aseismically slipping patch in which the patch dimension grows and scales with the earthquake’s
ultimate size; the byproduct of this loading process is the ISE. In this model, the duration of the ISE signal scales
with the ultimate size of the earthquake, suggesting that nucleation and earthquake size are determined by a more
predictable, measurable, and organized process. To distinguish between these two end-member models we use
short period seismograms recorded by the Southern California Seismic Network. We address questions regarding
the similarity in hypocenter locations and focal mechanisms of the ISE and the mainshock. We also compare the
ISE’s waveform characteristics to those of small earthquakes and to the beginnings of earthquakes with a range of
magnitudes. We find that the focal mechanisms of the ISE and mainshock are indistinguishable, and both events
may have nucleated on and ruptured the same fault plane. These results satisfy the requirements for both models
and thus do not discriminate between them. However, further tests show the ISE’s waveform characteristics are
similar to those of typical small earthquakes in the vicinity and more importantly, do not scale with the mainshock
magnitude. These results are more consistent with the cascade model.

AbbreviationsiSE — Initial sub-event; SCSN — Southern California Seismic Network

Introduction the mainshock. ISEs form a small subset of foreshocks
that encompass longer time intervals (days or weeks).
Can the size of any earthquake be determined from ISEs have been observed in many studies, in record-
only the beginnings of its seismograms? The answer ings of micro-earthquakes (e.g., lio, 1992 and 1995)
to this controversial question, first posed by Brune in and of small to large earthquakes in California and
1979, has significant implications for earthquake pre- around the world (e.g., 1981 Gulf of Corinth, Greece
diction and hazard mitigation. Herein we define an (Abercrombie et al., 1995a), 1984 Western Nagano,
initial subevent (ISE) as a rupture that is: (1) seis- Japan (Umeda, 1992); 1985 Michoacan, Mexico (An-
mically observable; (2) occurs within the initial16 derson and Chen, 1995); 1992 Landers, California
percent of the total duration of the mainshock (Beroza (Abercrombie and Mori, 1994), 1994 Northridge,
and Ellsworth, 1996); and (3) the subevent with the California (Beroza and Ellsworth, 1996); 1994 Ro-
greatest energy release yet has smaller magnitude tharmanche (McGuire et al., 1996); 1995 Ridgecrest,
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California (Mori and Kanamori, 1996; Ellsworth and with the same mechanism as their mainshock. In this
Beroza, 1998)). Hypotheses relevant to ISEs and study we use a less restrictive definition. As we define
the predictability of earthquake size have also been it, in the general cascade model there are no location
tested using theoretical models (e.g., Shibazaki and requirements or intrinsic scaling between the trigger-
Matsu'ura, 1995; Singh et al.,, 1998; Steacy and ing (ISE) and triggered (mainshock) earthquakes. The
McCloskey, 1998) and laboratory experiments (e.g., triggering event acts only to initiate failure, and the
Ohnaka and Kuwahara, 1990). However, no consensussize of the ‘mainshock’ event is ultimately determ-
has been reached as to whether earthquake nucleationed by the distribution of heterogeneities that stop
begins with an aseismic preparatory process in a re-the rupture (Mori and Kanamori, 1996). There is also
gion that scales with the earthquake’s ultimate size, or a specialized version of the cascade model, the hier-
as immediate dynamic rupture that simply continues archical cascade model, in which the progression of
until it is stopped by asperities and/or barriers. The triggering events grow in size as might occur if rupture
details of these end-member processes, and whethepropagation is controlled by a hierarchical distribution
they can be discriminated using observational data, of faults.
also remain uncertain. In the preslip model earthquakes begin with slow
Recent work has attempted to distinguish between precursory slip which is evident in ISE characteristics
two end-member models that describe the relationship that scale with the mainshocks’ size. The ISEs rep-
between an ISE and its mainshock: the cascade andresent instabilities within a nucleation zone loaded by
preslip models. As in the studies listed above, we hy- the surrounding aseismic slip. This creep occurs on an
pothesize that the ISE’s waveform characteristics and expanding fault patch, and the aseismically slipping
parameters derived from them, can be used to dis- area grows until the patch reaches a critical size when
criminate between these end-member models. In theinstability begins and rupture propagates or ‘breaks
cascade model earthquake size is inherently unpredict-away’ (see Ellsworth and Beroza, 1995; Beroza and
able from the ISE’s seismic waveform characteristics, Ellsworth, 1996). This last stage of the rupture ini-
whereas in the preslip model earthquake size may tiation process just prior to breakaway is termed the
be predictable. The two models differ in the loading ‘seismic nucleation phase’. In some of the observa-
processes that give rise to the ISE. These processegions described in Beroza and Ellsworth (1996) and
manifest in different predictions of the ISE’s seismic others in Ellsworth and Beroza (1998), energy in this
signatures. phase is released episodically and may be indistin-
In the cascade model earthquakes begin as dy-guishable from that associated with a small earth-
namic failures without slow precursory slip. One quake, but then the release hesitates or slows down. If
earthquake provides the loading, or trigger, to initiate this is the case, ISE seismograms need not differ from
failure of another. The possible mechanisms respons-seismograms of ordinary small earthquakes (modeled
ible for the stress transfer are numerous; it may be via as simple immediate dynamic failure), except that
loading by coseismic static stress changes that concenthey would exhibit a systematic scaling with main-
trate at heterogeneities or crack-tips, dynamic stressesshock moment. Ellsworth and Beroza (1998) suggest
or through changes in pore fluid pressures. In the that the precursory events result as the aseismic slip
immediate vicinity of the triggering earthquake the as- creates localized stress concentrations that become un-
sociated stress changes are most probably largest. Yestable. Dodge et al. (1996) presents a similar model
stress transfer mechanisms, such as dynamic stressef foreshocks, stating that they are simply byproducts
may act over a greater distancesl2 fault lengths), of this aseismic mainshock nucleation process. All
and may be more effective at triggering nucleation these studies show a scaling between the nucleation
(Abercrombie and Mori, 1994; Abercrombie et al., phase or foreshock sequence duration and mainshock
1995b). Thus, in the cascade model ISEs may occur moment. The duration is presumed to represent the
on different fault planes and have different mechan- time required for the nucleation patch to grow to a
isms than their mainshocks and, although perhaps notcritical size allowing breakaway. The longer the dura-
the most likely scenario, they need not occur close to tion, the greater the accumulated slip in the nucleation
their mainshock. This is contrary to the assumptions zone, and the greater the ‘push’ available for the earth-
of Dodge et al. (1996) which considers triggering only quake. lio (1995) also measures a similar scaling,
via static stress transfer. Thus, the cascading earth-but his precursory observations have emergent begin-
guakes must occur close to, on the same plane, andnings that cannot be explained as simple dynamic
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Figure 1. Locations of the mainshock hypocenter (star) and Southern California Seismic Network (operated by Caltech and USGS) seismic
stations (circles and square) used in this study. Shading shows stations at which ISE and mainshock first motions are both up (black circles),
both down (gray circles) and disagree (square). Stations providing additional data for time difference measurements (open circles) are also
shown. Station names referred to in the text or other figures are labeled.

failures. Rather, they imply slow slip and/or rupture triggering events so that the duration of the entire se-
as in, for example, a slip-weakening crack model quence scales systematically with the moment of the
with longer ISE durations indicative of the longer time last and largest sub-event (the mainshock).
required to reach a slip-weakening distance. In the  The location and rupture geometry of the ISE or
preslip model, whether an aseismically slipping patch foreshock may distinguish between the cascade and
or slip-weakening crack model is assumed, there is preslip models. The seismic nucleation phases stud-
a nucleation phase with a duration that scales with ied by Ellsworth and Beroza (1995) are assumed to
mainshock moment. originate from the same fault as the corresponding
The hierarchical cascade model, which satisfies the mainshock, and the foreshocks studied in Dodge et
cascade model requirements, may also be consistental. (1996) most probably did also. The immediate
with observations indistinguishable from those pre- proximity of the ISE to the mainshock location and
dicted by the preslip model (Singh et al., 1998). How- the similar focal mechanisms seems consistent with
ever, the preslip model requires an additional mech- the underlying loading process implicit in the preslip
anism for generating the appropriate delays between model. If the loading mechanism is stress localization
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generated by the aseismic slip (or by slip-weakening Mori and Kanamori (1996) also used clipped data,
crack-growth), then failure is most probably in the noting that these data are still useful for identifying
immediate vicinity of the slipping surface. These mod- characteristics of small precursory motions. We also
els do not consider stress transfer mechanisms, suchuse additional seismograms from other earthquakes
as dynamic stresses, that act over any significant dis- (3.3<M <5.2) that occurred in the same region as the
tance. ISEs that locate off the mainshock fault plane Northridge mainshock. These permit us to examine
or have different mechanisms seem improbable if the ISEs of earthquakes of various sizes to determine if
preslip model is operative. the scaling implicit in the preslip model exists.
We attempt to discriminate between two end-
member models (cascade and preslip) by addressing
four questions using data from the 1994, Northridge, ISE and mainshock relative source locations
California, M,, 6.7 mainshock and its associated ISE,
as well as data from other smaller earthquakes in the Our first objective is to determine if the Northridge
vicinity. (1) Did the ISE occur on the mainshock rup-  |SE occurred on the mainshock rupture plane. We be-
ture plane? A negative answer favors the general cas-gin by determining bounds on the separation between
cade model. (2) How similar are the focal mechanisms the hypocenters of the ISE and mainshock sources
of the ISE and mainshock sources? Different mech- py measuring the time difference\s, between their
anisms are more consistent with the general cascaderespectiveP-wave arrival onsets. The ISEB-wave
model. (3) Does the Northridge ISE seismic signal dif- arrival is easily identified, and we assume the main-
fer from the beginnings o#/ 6.7 earthquakes (i.e., do  shockP-wave arrives when the seismogram first goes
ISEs scale with mainshock size)? A negative answer off scale. This only approximates the true mainshock
indicates the cascade model is more plausible and anarrival time, which probably occurs somewhere before
affirmative answer favors either the preslip or hierarch- the signal clips in the vicinity of the prior zero cross-
ical cascade models. (4) Are the seismic waveform |ng This introduces an average uncertainty\(ﬁ_OS
characteristics of the ISE similar to those of typ- seconds in ouns estimates. To further check our as-
ical small earthquakes in the viCinity? An affirmative sumed mainshock arrival times we compare, where
answer favors the cascade model, and a negativeavailable, low- and high-gain records recorded at the
answer favors the preslip model. same stations (Figure 3). Crude conservative bounds
on the relative locations of the ISE and mainshock hy-
pocenters are obtained from the distribution/ofs.
Data The meanAr of 0.5 seconds constrains the difference
in ISE and mainshock origin times and the maximum
We use seismograms of the Northridge earthquake re- Ar of 1 second provides a conservative upper bound
corded by the Southern California Seismic Network of ~6 km on their separation (assumingavave ve-
(SCSN). The SCSN stations are azimuthally and spa- locity at the source from the rock model of Wald et al.
tially well distributed (Figure 1), providing data well  (1996)). The azimuthal variation int indicates that
suited to test for differing ISE and mainshock loca- the ISE initiated up-dip of the mainshock hypocenter
tions and focal mechanisms. We use data from mostly (Figure 4).
high-gain stations (78) and where possible low-gain Similar to the work of Abercrombie and Mori
stations (11). These data are short-period seismogramg1994) we employ a grid-search fitting procedure to
recorded with a bandwidth of about 1-20 Hz, a dy- obtain a more precise estimate of the relative ISE
namic range of~40db, and sample rate of 100 Hz. source location. We compute relative travel-times by
Our analyses do not require any filtering, thereby tracing rays through a plane-layered velocity model of
eliminating the potential for filtering related artifacts. the region (rock model; Wald et al., 1996). We determ-
Without any processing these short period records ine location confidence regions based on a chi-squared
show a clearly identifiable ISE signal that is distinct statistic and anf-test distribution (Abramowitz and
from the noise (Figure 2; Ellsworth and Beroza, 1995; Stegun, 1972). Results for a plane coincident with
Beroza and Ellsworth, 1996; Wald et al., 1996). The the mainshock rupture surface and also a volume
mainshock waveforms clip but this is of little concern surrounding it show that the ISE source may have oc-
because it is the fidelity of the ISE that is import- curred on the mainshock rupture plane, up-dip and
ant in our study. Ellsworth and Beroza (1998) and within 4 km of the mainshock hypocenter, with 0.5
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Figure 3. The time difference Ar, between the ISE arrival (left vertical line) and the mainshock arrival (right vertical line). We assume that

the first motion on the high-gain trace (solid line) is the arrival of the ISE, and that the mainshock energy arrives when the signal first clips.
Low-gain traces where available (dashed line), validates this latter assumption. Also shown are examples where the ISE and mainshock first
motions are both up (station RAY, left), both down (station FTC, center), and opposite (only at station FLS, right). The distances to stations
RAY, FTC and FLS are 161, 80 and 162 km, respectively.

seconds between origin times. The distance between
ISE and mainshock hypocenters is probably less than
4 km. This reasonably assumes a rupture velocity of
X Data <3.6 km/sec (shear velocity at the source (Wald et al.,
+ Theory 1996)) which implies a separation ef1.8 km given
the estimated origin time difference. The close prox-
imity of the ISE and mainshock do not allow us to rule
Ir X 1 out the possibility that they might both have occurred
X # on the same fault plane. Consequently, this test fails
X

discriminate between the cascade and preslip models.

x ISE/mainshock focal mechanisms

+ x We initially evaluate the similarity of the ISE and
X ] mainshock focal mechanisms by comparing first mo-
tions of the ISE and mainshock signals. Of the 58
stations where first motions of both were identified,
they differ at one station only (Figures 2 and 3). Al-
though this suggests similar focal mechanisms, we test
how different they might be by estimating the range of
possible mechanisms consistent with the observations
using the program FPFIT (Reasenberg and Oppen-
. heimer, 1985). Using first motions alone, without
180 relative amplitude information, we find the fault plane
Azimuth (deg) parameters of the ISE (strike = 13%ip = 35 and
. . . _ slip = 130°) and mainshock (strike = 145dip = 35
Figure 4. Time differences,Ar, between the ISE arrival and the . L .
mainshock arrival as a function of azimuth. Also shown are the- and S|Ip—140) agree to+10°, which is within the
oretically computed time lags from a ray tracing algorithm using ~Calculated errors. These values differ somewhat from
an appropriate velocity model (Wald et. al., 1996, rock model) in  various published fault plane parameters of the North-
which the ISE source location is located updip of the mainshock ridge mainshock, which use more data and/or more
hypocenter. resilient methods that incorporate full waveform in-
formation (e.g. strike = 122 dip = 40 and slip =
10T° (Wald et al., 1996)). Although our observations

At (sec)
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Figure 5. Comparison of short period seismograms for the Northridge ISE (solid) &h8 8 earthquake (dashed). Focal mechanisms are also
shown. Name, number and ¥ indicate station code, distance from mainshock and polarity reversal (consistent with focal mechanism differences)
respectively.

do not adequately constrain the absolute focal mech-focal mechanisms, travel path, instrument response,
anism parameters, they are sufficient to demonstrateand local site effects (Mori and Kanamori, 1996). The
that there is minimal difference between the ISE and ISE’s waveform characteristics (duration and amp-
mainshock mechanisms. We conclude that ISE and litude) are consistent with dynamic rupture; i.e., they
mainshock focal mechanisms are similar and possibly are very similar to those of a nearldy 3.3 earth-
identical, which again fails to distinguish between the quake in the region (Figure 5). (Abercrombie and Mori
cascade and preslip models. (1994) make a similar comparison in their study of

the Landers ISE earthquake.) This similarity suggests

that a slip-weakening crack growth model as proposed
ISE waveform characteristics and scaling by lio (1995) is not appropriate unless the seismic en-

ergy it produces is in a frequency passband outside of
Guided by previous studies, we compare the North- the SCSN bandwidth. The similarity alone does not
ridge ISE’s waveform with waveforms from other distinguish between the preslip and cascade model,
earthquakes in the same area recorded at the same staalthough the later is perhaps more consistent with Oc-
tion (e.g., see Abercrombie and Mori, 1994; Anderson cam's razor (i.e., does not require additional processes
and Chen, 1995). We assume, as others have, that anghat cannot be observed). As discussed below, the
variations between the waveforms reflect differences Waveform similarity combined with a lack of apparent
in source characteristics because of the similarity in Scaling favors the cascade model.
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Most importantly, the Northridge ISE’s waveform
FIC PLE characteristics (duration and amplitude) do not scale

5 with mainshock moment and cannot be distinguished
- from those of other earthquakes in the area. If scaling
exists, the Northridge ISE waveform characteristics
would only be similar to the beginnings of other
M,, 6.7 earthquakes and not to those of smaller or
larger magnitude earthquakes. Such scaling should be
apparent in unprocessed seismograms if it exists in
this passband (Ellsworth and Beroza, 1995; Beroza
and Ellsworth, 1996). We examine seismograms in
which the first arrival is the direcP-wave (Vetter
and Minster, 1981; Hearn, 1984; Hearn and Clayton,
1986; Hearn, 1996). The beginnings of the North-
ridge ISE seismograms are nearly identical to those
of seismograms of five other earthquakes spanning a
magnitude range of 3.3-5.2 (Figure 6). This indic-
ates that the ISEs’ waveform characteristics do not
scale with mainshock moment. We cannot rule out the
possibility that these waveforms would become more
dissimilar at lower frequencies and scaling become ap-
parent outside the instrumental bandwidth. However,
in their studies of ISEs, Mori and Kanamori (1996)
and Ellsworth and Beroza (1998) used data with com-
parable magnitude range and bandwidth to ours. The
latter study finds evidence for scaling, suggesting it
should be observable if it exists, even given this nar-
row bandwidth. Thus, the evidence we present favors
the cascade model.

Possible sources of ‘apparent’ scaling

Our results are consistent with a number of recent
studies which favor the cascade model (Bak and
Tang, 1989; Umeda, 1992; Abercrombie and Mori,
1994; Abercrombie et al. 1995a, b; Anderson and
Chen, 1995; Abercrombie and Mori, 1996; Mori and
Kanamori, 1996; Steacy and McCloskey, 1998). These
conclusions are based on various types of studies: cel-
lular automata modeling, observations of unprocessed
seismogram data, and Greens function deconvolution
analyses. Other studies that favor the preslip model
(lio, 1992; Ellsworth and Beroza, 1995; lio, 1995;
Figure 6. Waveform comparisons at stations FTC (left) and PLE Shibazaki and Matsu'ura, 1995; Beroza and Ells-
(right) of theMw 6.7 Northridge ISE (solid) and those_of _smaller worth, 1996) are also based on a number of different
earthquakes in the same region (dashed). Numbers indicate mag-types of analyses: theoretical modeling, analysis of

nitude of the small earthquake and % indicates polarity reversal /T .
(consistent with focal mechanism differences). Waveforms in the Micro-earthquake data, and Greens function deconvo-

last row come from earthquakes that were also used in other ISE |utions.
studies (Ellsworth and Beroza, 1995; Beroza and Ellsworth, 1996). The set of earthquakes in our study overlaps with

Stations FTC and PLE are a distance of 80.1 km and 96.8 km from
the mainshock, respectively. that analyzed by Ellsworth and Beroza (1995) and

1 second



417

Beroza and Ellsworth (1996) yet their conclusion dif- volution trade-offs and checking the final fit to the
fers from ours. Previously proposed explanations that data they may not preclude the possibility of sys-
may account for this difference are the bandwidth vari- tematic bias in the moment-rate function estimates
ations in which the studies were done (Abercrombie (Sipkin and Lerner-Lam, 1992; Gurrola et al., 1995;
and Mori, 1994), or a consequence of attenuation Mori, 1996). Often solutions to deconvolutions are
(Singh et al., 1998). Additionally, we hypothesize that non-unique, varying significantly in the presence of
this difference may be a result of an apparent scal- small errors in the data or Green'’s functions (Press et
ing that exists because the ISE, by definition, must al., 1986; Dreger, 1994; Beroza and Ellsworth, 1996).
be smaller than the mainshock and because largerUltimately the solution depends on the implemented
earthquakes have longer source time functions. For ex-regularization method and, consequently, a number of
ample, the set of ‘possible’ ISE’s ford 6 earthquake =~ moment-rate functions may produce equally good fits
includes allM < 6 events, whereas only a subset of to the data with no guarantee that the one determined is
these are contained in the set of ‘possible’ ISEs for a not a biased representation of the true function. We do
M 4 mainshock (i.eM < 4 events). Thus, the most not imply that all observed scaling is a result of such
probable ISE duration (source time function) will be bias, but merely point out the possibility is difficult to
longer for larger magnitude mainshocks. rule out.

Use of on-scale data may also lead to an apparent  We perform simple tests using synthetic data to
scaling because recording systems have limited dy- determine if moment rate functions may be system-
namic and linearity ranges. (Linearity is the difference atically biased. We generate synthetic data using a re-
between the largest and smallest signals that can beflectivity method (Kennett, 1983; Randall and Taylor,
identified in a single signal; it is usually smaller than 1993) with a one-layer earth model appropriate for our
the dynamic range.) For example, a system with 76 dataset (Wald et al., 1996). We first show that decon-
db linearity (equal to the dynamic range of a 16 bit volutions with Green'’s functions that do not accurately
system with 10 counts of noise) would be able to re- model the true Earth structure may produce spurious
solve on-scale signals from two nearly simultaneous ISE-like waveforms that scale with earthquake mag-
events (ISE and mainshock) differing in magnitude nitude. The waveforms in our example have no noise
by no more than 3.8 units. Thus, the observable ISE or filtering, enabling us to produce accurate results
source size is bounded both above (it must be smal- using a simple frequency-domain spectral division de-
ler than the mainshock) and below (by the recording convolution (i.e., no smoothing, tapering, filtering,
system) which may contribute to an apparent scaling or water-level cut-offs are used). We use triangular
relationship. We do not suggest these affects com- source functions to simulate moment-rate functions.
pletely explain ISE scaling but that they should be Triangles with durations from 0.2 to 2.0 seconds,
considered in interpretations. corresponding to earthquakes of 4.0 to M 7.0,

Another possible contribution to apparent scal- are convolved with noise-free point-source synthetic
ing may be the way data are processed. In our Green’s functions. A synthetic Green’s function com-
study, as in others, we assume that differences in puted with a source depth that is 2.5 km too shallow
source characteristics are evident in direct compar- is deconvolved from the simulated larger earthquake
isons of waveforms with similar focal mechanisms, seismograms. Recovered triangles have ISE-like arti-
travel paths, instrument response, and local site effectsfacts with durations that increase with triangle width
(Mori and Kanamori, 1996). Other researchers that (Figure 7(a) and (b)), or equivalently mainshock mag-
use data without these commonalties have attemptednitude. A comparable systematic bias also results for
to remove the nonsource affects to obtain estimatesa source that is 2.5 km too deep. As shown in Fig-
of the source characteristics from individual seismo- ure 7(b), the apparent scaling relationship is similar
grams. For example, support for scaling in most stud- to that found in other studies (Ellsworth and Beroza,
ies comes from moment-rate functions obtained by 1995; Singh et al., 1998). Similar artifacts are pro-
deconvolving small earthquake instrument-corrected duced when theP-wave velocity of the medium is
seismograms or theoretical Green’s functions from either 2% too fast or too slow (Figure 7(b)). Although
instrument-corrected seismograms (eMg.>> 4 earth- it is known that deconvolution stabilized using ‘water-
guakes in Ellsworth and Beroza, 1995; Beroza and lines’ causes artifacts, for completeness we verified
Ellsworth, 1996). Although these studies appropri- this using exact deconvolved Green’s functions and
ately deal with random error by optimizing decon- found that indeed precursors that scaled with main-
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Figure 7. (a) Triangular source-time functions (left) with varying durations representing moment-rate functions of earthquakes with magnitudes
ranging fromM 4 to M 7. Each of these triangles are convolved with the same synthetic Greens function. Recovered source-time functions
(right) are obtained by deconvolving a synthetic Greens function computed identically as that used to generate the input except that the source
depth is 2.5 km shallower. Note the recovered triangles now have erroneous precursory signals that have durations that scale with the width of
the input triangle. (b) Scaling relationship between mainshock seismic moment and the duration of the ISE signal. Results are shown from the
deconvolution experiment described in (a) as well as other similar ones in which the deconvolved Greens function differed slightly from that
used in the input; deconvolved Greens functions were calculated Bswaye velocity structure that was 2% too fast (diamonds), 2% too slow
(circles), and for a source depth 2.5 km too deep (inverted triangles). The scaling relationships inferred in Ellsworth and Beroza, 1995 (dashed
line) and Singh et al. 1998 (solid line) are also shown, and the shaded region roughly outlines the scatter in the data (Ellsworth and Beroza,
1995; Singh et al., 1998).

shock moment (triangle duration) resulted. In all these that data recording, selection, and processing all may
tests the residual between the input and predicted datacontribute, to some degree, to apparent scaling.
is negligible.
In summary, these examples do not demonstrate
that the ISE waveform scaling with mainshock mo- Conclusions
ment inferred in other studies is necessarily a pro-
cessing artifact; this was not our purpose andis beyond gyr goal was to distinguish between the cascade
the scope of our study. Instead, we simply suggest anq preslip models by comparing mainshock and ISE
locations, focal mechanisms and waveforms. The



1994, Northridge, California, ISE and mainshock fo-

cal mechanisms are indistinguishable and both events
could have nucleated on and ruptured the same fault

plane. These results fail to discriminate between the
cascade and preslip models. However, the North-
ridge ISE’s waveform characteristics do not appear
to scale with the mainshock size as the Northridge
ISE waveforms are nearly identical to the beginnings
of other earthquakes with magnitudes ranging from
M 3.3 to M 5.2. The Northridge ISE’s waveforms

also are indistinguishable from those of typical small
earthquakes in the vicinity. The combination of these
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