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Goal I - Understanding what happens at the earthquake source

Why and how does a segment of a geoclogic fault suddenly slip and
produce an earthquake? What physical conditions within the Earth
control where and when an earthquake occurs?
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Goal II - Evaluating the potential of future earthquakes

Where are future earthquakes likely? How large will they be?
How often will they occur? When will they occur? Where are
future earthquakes unlikely?
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Goal II - Evaluating the potential of future earthquakes

Where are future earthquakes likely? How large will they be?
How often will they occur? When will they occur? Where are
future earthquakes unlikely?
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Goal III - Predicting the effects of earthquakes

During an earthquake of a certain magnitude, how severely and for
how long will the ground shake? Where will hillsides slide, and
flatlands fissure and crack? On what types of ground will
earthquake damage be concentrated? Which faults will offset the
Earth's surface? By how much? Which coastlines will be elevated
or submerged? Where will destructive sea waves be generated?
What losses to structures are expected?
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Goal IV - Using research results

What new hazard reduction strategies become possible as under-
standing of earthquake phenomena advances? What scientific
information is needed and can be furnished to practitioners in
the engineering, land-use planning and emergency managements
communities? How can such information be most effectively
communicated to these practitioners?
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Analysis of Seismic Data from the Shumagin Seismic Gap, Alaska
# 14-08-0001-G1981

Geoffrey A. Abers, Klaus H. Jacob
Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964
(914) 359-2900

Investigations

The mechanics of rupture on plate boundary faults remain poorly understood, but play a critical
role in the nucleation and extent of major earthquakes. This is particularly true of subduction
zones, where little local seismic data exist. The Shumagin network has recorded 10 years of digital
seismic data within 0-100 km of the main Aleutian interplate thrust, with a variety of types of
instruments. We analyze here the spatial distribution, mechanisms, and rupture processes of
small-to-moderate (M<5) earthquakes, by using the local network seismic data. A primary task is
to use empirical Green's function techniques to remove path effects in waveforms of moderate-
sized earthquakes, by deconvolving from these seismograms the waveforms of small earthquakes
from the same location and with the same mechanism. The resulting wavelets reflect the source
behavior of the larger earthquakes, and can be quantified using a variety of standard measures
(e.g., seismic moment, radiated seismic energy, duration, directivity, stress drop). We explore
these measures and their variation between different parts of the main thrust zone, in order to
document variations in the mechanical behavior of the interplate thrust. We are testing the
possibility that variations exist between shallow and deep parts of the thrust zone, following the
suggestion from teleseismic analyses that deeper earthquakes (40-50 km depth) have much higher
stress drops than shallower events (25-35 km) closer to the trench. As a parallel part of this study,
we analyze the spatial variability of seismicity and earthquake properties in regions near the main
interplate thrust zone, in order to gain insight into the stress field at a subduction zone and of
mechanical differences between the interplate thrust and the surrounding region.

Results

1. A compilation of instrument response characteristics and polarities over time has been
completed. This information is a necessary first step to quantitative analysis of earthquake size and
signal frequency content. Previously unknown instrument characteristics were measured during the
1991 Shumagin field season, estimated from particle-motion studies, or determined from
laboratory calibrations following the network removal (see report in this volume for cooperative
agreement #14-08-0001-A0616, Seismic Monitoring of the Shumagin Seismic Gap, Alaska).
Some strong differences existed from previously-used, nominal values. Several discrepancies were
documented in horizontal-component orientation (checked with particle motion analysis), non-
standard telemetry component gains (checked in laboratory tests, only a problem for two stations),
and seismometer free periods (nominal 1 Hz instruments exhibited free periods varying from 0.9
Hz to 1.6Hz). A data-base is nearly completed for the period of digital recording, 1982-1991.

2. Redetermined ray parameters, together with new picks, have been used to determine single-
event fault plane solutions from Shumagin data. Ray parameters have been redetermined for the
larger earthquakes using rays traced through a recently-determined laterally-varying velocity
model, using the exact ray-tracing scheme used in the velocity inversion. Preliminary work has
been done on shallow upper plate events, which provide evidence on the state of stress in the
subduction zone and its mode of deformation. Results for upper-plate events (Figure 1) show both
strike-slip and thrust mechanisms, in all cases with P-axes roughly perpendicular to the direction of
plate convergence (one M=1.5 normal-faulting event occurred as an aftershock 33 minutes after a
M=4.6 mainshock, and is not thought to represent long-term tectonic deformation). These
earthquakes are all less than 20 km deep, and overlie both the interplate thrust zone and the deeper
part of the descending seismic zone (Figure 1C). These mechanisms suggest that the maximum
horizontal stress is perpendicular, rather than parallel to the arc in the forearc.



3. Two new methods have been developed for determining source pulses and rupture
durations from empirical Green's function (EGF) data. The first method is direct inversion of the
seismogram pairs for source duration. We assume a simple source model, such as a boxcar, ramp,
or a "Brune" (kte-tP) source pulse parameterization (Figure 2A), and directly invert seismograms
for the duration and amplitude of the pulse. Although the inversion is nonlinear the number of
parameters being sought is small (one, usually), so fully nonlinear inversions are feasable. These
inversions directly incorporate estimates of the uncertainties due to the model and due to the
simplified parameterization, and calculate a posteriori probabilities for all values of source duration.
The result is a complete nonlinear probability density function for source duration, which is used to
investigate confidence limits (e.g., Figure 2B,C). Because the number of parameters are very small
the method is usually robust, and provides a direct estimate of desired measures of the earthquake
source. The method is being extended to incorporate multiple stations for the same event pair, and
to determine rupture directivity as well average duration (a three parameter problem). The example
shown in Figure 2 shows ~50% variations in duration between stations for a given rupture model],
although the variation does not depend on a simple way with either distance or azimuth.

The second method is a time-domain deconvolution of EGF events from seismograms for
larger earthquakes (Figures 3,4). In this approach the convolution of an EGF with a source pulse
is directly inverted for the source pulse time series, similar tg least-squares deconvolution methods
used in seismic reflection processing. An inverse operator is constructed from the EGF
seismogram, incorporating a priori estimates of uncertainties in the large event seismogram, the
Green's function, and in the source pulse. The time-domain formalism allows a priori uncertainty
estimates to be introduced in a natural way, and the strictly linear nature of the problem allows
reasonable uncertainties and resolution estimates to be made. We find that small amounts of
stabilization are considerably more effective using this procedure than using frequency-domain
methods, allowing us to determine source pulses more reliably and for more events.

This approach has been found to be considerably more robust with respect to nonstationary
errors in the Green's function (i.e., decreasing reliability of the Green's function with time into the
record. In the synthetic-seismogram example shown on Figure 3, the phase of late arrivals
seismograms is changed by increasing the depth 0.2 km. Increasing phase incoherence with time
in the seismogram is often observed, and usually dealt with by careful windowing or selection of
seismogram pairs by ad hoc visual comparisons of coherence. The time-domain inversions are
able to correctly reproduce the early part of the seismogram that are not affected by EGF phase
errors, because inversion for the early part of the seismogram is to first order independent of the
later, incoherent part. By contrast, the frequency-domain inversion result is contaminated at all
times. Similarly, deconvolution "errors" due to seismogram truncation produce relatively larger
errors in the source pulse for frequency-domain deconvolutions than time-domain deconvolutions,
even when the otherwise correct Green's function is used.

An example using Shumagin network data is shown in Figure 4. This data is recorded digitally
at 100 samples per second with 12-bit samples, the sensors have a flat velocity response between
~1 Hz and 30 Hz. The same pair of events is used as in Figure 2, both aftershocks of a M=4.6
upper-plate event in May, 1988. Resolution effects are shown by plotting rows of the resolution
matrix corresponding to three representative times in the source pulse (Figure 4C, E). For the
single-seismogram inversion the width of the resolution peak is 0.04-0.05 s and the peak becomes
broader with increasing lag. These peak-widths are a significant fraction of the 0.15 s observed
pulse duration, and suggest that finite resolution width may provide a minimum bound on
observable source durations. A frequency-domain approach would not improve matters, as low-
pass filtering and other stabilizers will also limit resolution of the source duration. One way
around this problem is to invert several seismograms simultaneously for the same event-EGF pair
(Figures 4D,E); the redundancy introduced here makes the resolution rows much more peak-like,
at least for small lags. The primary difficulty with this approach is that duration is assumed
constant at all stations, and directivity effects are ignored. For metrics such as stress drop that
require a single source duration, the joint inversion probably provides a reasonable estimate.



Figure 1. Fault-plane solutions for shallow, upper-plate earthquakes in the Shumagin Islands region determined from first
motions. Fault plane solutions are determined for individual events, using ray parameters determined from exact ray-tracing
through 3D velocity model. A. Map showing mechanisms and station locations. Fault-plane solutions are plotted as lower-
hemisphere projections, and radii are scaled to magnitude (magnitudes range from 1.5 to 4.7). B. Location map, Y-X is
cross-section location. C. Cross-section of seismicity. Depths in km at right. Earthquakes are relocated in 3D model; only
stable locations are plotted. Fault-plane solutions are plotted in a back-hemisphere projection. Triangles show station loca-
tions, projected onto section.
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Figure 2. Single-parameter inversions for source duration. A. Shape of characteristic pulses used; all have 0.25s duration or
0.125s rise-time. B. Results for deconvolution of EGF for event in 1988 Cluster (Fig. 1A, Fig. 4) vs. distance of station;
same stations as Fig. 4. Symbols are for different source models: triangle, ramp; square, box; none, "Brune”. C. Same as
B, plotted vs. azimuth to station. Calculation described in text. Errors are one-sigma, calculated from second moment of a
posteriori probability density functions for pulse duration.
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Figure Z. Tests of empirical Green’s function (EGF) deconvolution using synthetic seismograms. The true Green's function
TGF (second record) was calculated as a teleseismic event recorded by Shumagin network short-period sensors (flat response to
velocity, 1-30 Hz). The receiver-structure was half-space, assumed source-region structure was 0.5 km thick water-layer over
half space. Other parameters for TGF: source depth 2.5 km, ray parameter 0.08 s/km (for 30° distance), attenuation parameter
t*=0.6 s; source duration of 0.01 s; thrust mechanism with 45°-dipping planes striking parallel to ray azimuth. The top seismo-
gram was generated by convolving the TGF with the source pulse shown third from top. Fourth record is result of time-
domain deconvolution of the top record from TGF, assuming a priori uncertainties typical of real data. The fifth record is the
result of doing the same deconvolution by taking the ratio of complex spectra, low-pass filtering the result at 6.25 Hz, 1/4 the
Nyquist frequency, with a 6-pole Butterworth filter. The bottom two source pulse estimates were made in the same way as the
fourth and fifth records, except that a perturbed EGF was used. The perturbed EGF was calculated identically to the TGF, ex-
cept the source depth was increased by 200 meters, resulting in phase errors at lag times greater than 2.0 s.
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Figure “f A. Example of a pair of seismograms from a colocated small (top) and large (bottom) event, recorded at station
SAS (Sand Point) 34 km from the epicenter. Shumagin magnitudes are 1.9 and 2.7 for the top and bottom event. B. Result-
ing source pulse derived by time-domain deconvolution of the seismograms in A; only first second of P is used and signal-
generated noise is assumed to be 10% of power in signal. C. Three selected rows in the resolution matrix for the inversion
in B, corresponding to lags of 0.2, 0.5, and 0.8 s. A delta-function row with unit amplitude indicates that source pulse points
are perfectly resolved; the width of the resolution rows indicate length of time over which true source pulse is being averaged
to generate estimate in B. D. Same as B, except that 7 seismogram pairs are jointly inverted for a single source pulse
(DLG, IVF, NGI, SASZ, and 3 components at SGB). The joint inversion averages over directivity effects; results of
parameterized inversions show no systematic variation in rupture duration with azimuth or with distance. E. Same as C, for

combined inversion.
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The progression of slip and the associated stress field from one fault segment to the
adjacent segment poses an interesting problem, with wide-ranging implications ranging from
earthquake prediction to the nature of loading system in the upper crust. Three sequential moderate
earthquakes, the 1979 Coyote Lake, the 1984 Morgan Hill and the 1988 Alum Rock, along the
central Calaveras fault in the eastern San Francisco Bay Area (Figure 1) provide a unique
opportunity to decipher the coseismic evolution of slip distribution and the perturbed stress field
from one earthquake to the other.

NwW S
M5.1 M6.2 M5.9
1988 1984 1979
—_._—_-.\ .
Alum Rock Morgan Hill  Coyote Lake

Figure 1. Three sequential earthquakes on the central Calaveras fault

We inverted coseismic geodetic data, recorded by the U.S. Geological Survey Network,
for slip at depth for the Coyote Lake and Morgan Hill earthquakes using a 3-D elastic dislocation
model in half space. We calculated the stress field corresponding to each displacement field, thus
describing quantitatively the mechanical process of slip and stress transfer from one segment to the
next during a given earthquake. The results, summarized in Table 1, are: (1) The average stress
drops for the Coyote Lake, Morgan Hill and Alum Rock earthquakes are estimated to be 30, 25
and 15 bars, respectively. (2) The coseismic stresses at the hypocenters of the sequential main
shocks are 0.1 bar for the Morgan Hill, and 0.5 bar for the Alum Rock induced by the Coyote
Lake and the Morgan Hill earthquakes, respectively. These coseismic stress contributions from
preceding earthquakes on the adjacent segments only account for a few percent of the whole stress
drops, and are equivalent to the stress accumulation due to the remote tectonic loading (0.1 bar/yr
based on previous investigations [Li and Rice, 1983; Ts¢ et al., 1985]) in 1 to 5 years. Therefore,
coseismic stress transfer does not contribute significantly to the whole stress accumulation. It,
however, can trigger the adjacent earthquakes, in the sense that adjacent earthquakes would have
occurred at a later time if there was no coseismic stress transfer. (3) The reported recurrence
intervals for moderate earthquakes along the Coyote Lake, the Morgan Hill and the Alum Rock
segments are 82, 73 and 45 years, respectively [Oppenheimer et al., 1990]. The corresponding
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remote tectonic loading contributions, which are simply the product of the recurrence interval and
the remote tectonic loading rate, are 8.2, 7.3 and 4.5 bars, and account for 27, 29 and 30% of the
total stress drops, respectively. (4) These results imply that the most significant process of the
stressing is due to the viscoelastic relaxation of the lithosphere and asthenosphere. Relaxation
takes place vertically and laterally in such a way that earthquake-generated stress is transferred
downward and upward as lower lithosphere and asthenosphere relax, and laterally to the adjacent
segments. A large amount of stress accumulation due to relaxation also implies that the low
viscosity layer or aseismic slip zone may extend up into shallow levels of the crust. (5) The
average stressing rate, given by the average stress drop over the recurrence interval, is nearly
constant (0.37 bar/yr for Coyote Lake, 0.34 bar/yr for Morgan Hill, and 0.33 bar/yr for Alum
Rock). This suggests that the recurrence interval is determined by the stress drop, which is the
characteristics of the so-called "time predictable model" of Shimazaki and Nakata [1980].
Interestingly enough, similar behavior was found for the small earthquakes with magnitudes
ranging 3 to 4 along a 9-km-long segment of the central Calaveras fault zone [Bufe et al., 1977].
A manuscript including these results has been recently submitted to the Journal of Geophysical
Research.
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Table 1. Stress Decomposition for the 1979 Coyote Lake, 1984 Morgan
Hill and 1988 Alum Rock Earthquakes

Covyote Lake Morgan Hill lum Rock
(1979) (1984) (1988)

recurrence
interval (T-yr) 82 73 45
remote tectonic
loading rate (bar/yr) 0.1 0.1 0.1
average stress
drop (Ao, bar) 30 25 15
remote stress
contribution (bar) 8.2 7.3 4.5
coseismic stress
transfer (bar) B 0.1 0.5
average stressing 0.37 0.34 0.33

rate (Ao/T, bar/yr)
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A set of thin sections have been made from samples of fault rock collected across
the width of the San Andreas and San Gabriel faults. Results show that the fault zone is
internally zoned. Fault cores consist of an ultracataclasite layer bounded by zones of
damaged and brecciated rock. The grain size distribution away from the center of the fault
is fractal suggesting gouge deformation at that distance is described by a constrained
comminution model (Sammis et al., 1987). Closer to the core the fractal distribution
breaks down due to the action of other mechanisms. In the cores, cataclastic and fluid
assisted processes were significant as shown by pervasive syntectonic alteration of the host
rock minerals zeolites and clays, and by folded and sheared cross-cutting veins. Total
volume of veins and neocrystallized material reaches 50% in the fault core, implying
episodic fracture and healing with time.

These results were presented to the Spring '91 AGU conference in Baltimore
(Biegel et al, 1991). A fault model incorporating these features was presented at the Fall
'91, GSA conference in San Diego (Chester et al., 1991) and a manuscript is now in
preparation.
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Investigations

Our research has focused on extending the Green's function technique to separate source
and site spectral characteristics from multiple recordings of moderate-sized earthquakes.
We have devised and applied a series of inversions to recordings of the aftershocks of the
1989 Loma Prieta earthquake.

Results

1)

2)

The relative site response has been determined as a function of frequency for a set of
eleven stations in and around the Marina District in San Francisco. The seismic ampli-
fication of six stations within the Marina District appears remarkably consistent relative
to a nearby station at Fort Mason, sited on Franciscan Sandstone. The Marina stations
exhibit a peak at 1 Hz amplified by a factor of 6-10 and a broad sidelobe at 2-3 Hz
amplified by a factor of 3-4. two stations sited just outside the Marina on dune sands
do not exhibit the strong low-frequency peak in amplification.

We have devised a new method of empirically determining site response and source
spectra by fitting Brune models conditioned by a frequency independent Q to the
recordings, and projecting the residuals on the sites. This analysis has been applied to
four San Francisco stations using epicentral distances of about 100 km, and four
accelerograph sites which recorded the Loma Prieta main shock at epicentral distances
from 2-25 km, by Boatwright, ef al. (1991). The absolute site amplifications are fixed
through frequency-specific geotechnical constraints. The epicentral studies determined
Q = 380 and 414 for S and P waves, respectively. The stress drops of the 28 after-
shocks did not vary as a function of seismic moment for earthquakes with M, < 10
dyne-cm.



3) We have extended this spectral inversion techniquctt to analyze the geometrical and an-
elastic attenuation using a line of stations sited along the axis of the San Francisco
Peninsula from the Santa Cruz Mountains up to San Francisco. After fitting the
sources and attenuation, the residuals are projected onto the set of stations and to a
set of distances, resulting in a map of residual attexiuation as a function of distance and
frequency. The residual attenuation for the P and S waves is surprisingly similar.
There are a series of troughs and peaks which are reasonably constant over frequencies
> 5 HZ in the distance range from 30 to 60 km, which are assumed to represent arri-
vals which have been critically refracted from a series of velocity discontinuities from
10 to 20 km in depth. Then a broad region of relatively little variation extends from
60 to 90 km at high frequencies; there are some weak peaks and holes for frequencies
< 3 Hz. Finally, there is a strong peak at low frequency (* 1 Hz) at 100 km which is
at a slightly further distance than a broad ampliﬁition at frequencies > 15 Hz, but it
is unclear whether this high-frequency amplification corresponds to a critically refracted
arrival or to a frequency dependence of the attenuation.

Reports

Boatwright, J., Seekins, L.C., and Mueller, C.S., Seismic amplification in the Marina
District: Bulletin of the Seismological Society of America, in press.

Boatwright, J., Fletcher, J.B., and Fumal, T.E., A general inversion scheme for source,
site, and propagation characteristics using multiply recorded sets of moderate-
sized earthquakes: Bulletin of the Seismological Society of America, in press.

Fletcher, J.B., and Boatwright, J., Geometric and janelastic attenuation along the San

Francisco Peninsula inferred from a joint| inversion of digital seismograms:
submitted to Bulletin of the Seismological Society of America.
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Project Summary and Goals

Recent studies have indicated that the spatial distribution of moment release can be
quite heterogeneous along any particular rupture zone. The most common explanation
for this heterogeneity has been the rupture of strong patches, or asperities, along the fault
plane [e.g., Ruff and Kanamori, 1983]. These strong patches could arise from spatial
variations of the frictional characteristics along the fault or from geometrical barriers
inherent to the fault’s shape. Alternatively, the spatial distribution of moment release
could have little to do with the physical characteristics of the fault’s surface and may be
related to the dynamics of slip and how regions of the fault interact with neighboring
regions [e.g., Rundle and Kanamori, 1987; Horowitz and Ruina, 1989].

Distinctions between these two models can not be made from the analysis of single
events [e.g., Thatcher, 1990]. Conclusive observations can only be drawn from a study of
the moment-release distribution generated by several great earthquakes, all of which
rupture the same fault segment. In this context, an excellent region of study is the central
Aleutian Arc. In 1986, a magnitude 8.0 (My) earthquake occurred near the Andreanof

Islands. Its slip distribution, aftershock, and preshock sequence have been described in
detail in a number of recent studies. Prior to 1986, the central Aleutian Arc was ruptured
by another great earthquake in 1957 (M,y > 8.5). The 1957 Andreanof Islands

earthquake, however, remains poorly understood. Its seismic moment, slip distribution,
and rupture area have not been well constrained.

The short time span between the 1957 and 1986 earthquakes provides us with a unique
opportunity to study a complete seismic cycle bounded by two instrumentally recorded
great earthquakes. In fact, it represents the only complete seismic cycle instrumentally
observed along the Aleutian Arc. As briefly described in this annual report, we have
assembled and begun interpreting observations pertinent to the 1957 earthquake and the
interseismic period between the 1957 and 1986 events. During the current reporting
period, we have scanned and relocated all of the seismicity listed in the BCIS and ISS for
the years 1957 thru 1963, and listed in the ISC for the years 1964 through 1989.

Seismicity Relocations and Magnitudes
Using the slab geometry described by Boyd and Creager [1991] and Creager and Boyd

[1991] we have calculated P-wave travel-time perturbations to 686 stations as a function
of epicentral position. The calculated residuals are used directly as epicentrally varying
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station corrections to generate relocated epicenters without additional ray tracing. We
use this procedure to relocate all of the shallow seismicity, listed in the BCIS, ISS, and
ISC bulletins that occurred between 160°W and 175°E longitude between the years 1957
and 1989.

Travel-time observations for the period between 1957 and 1963 do not exist in
computer readable format. These observations have been optically scanned and
reformatted for our analysis. Also magnitudes for many of the events listed in the ISS
and BCIS bulletins are not known. In order to determine the distribution of earthquake
sizes, we have determined magnitudes for as many of these events as possible using
microfilms of the Pasadena seismograms stored at the USGS microfilm archives in
Denver. Using the standard relationships for magnitude determination, we determined
Mg using the maximum amplitude on the vertical component of the long-period Benioff

instrument, for the period range 18 - 22 seconds, and my, using the maximum amplitude

of the P-wave train (usually within the initial 20 secohds) on the vertical component of
the short-period Benioff instrument. Discussions on the appropriateness of this
approached are given by Abe [1981] and Geller [1976].

Our relocated earthquakes form a catalog of 7359 events. Of these 7359 events, 4845
are well located (i.e., their locational standard errors are less than 25 km). Of the 4845
well located earthquakes, 4471 have magnitudes. Figure 1 shows a cumulative
magnitude plot for the entire data set.
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Figure 1: Cumulative number of events for the
entire catalog. All, well located, gvents occurring
from 1957 through 1989 have beeliincluded. Any
reported magnitude is used. Preference is given
first, however, to reported Mg. If Mg is not
reported, my, is used.

Based on this figure, it appears as though our catalog is homogeneous down to
magnitude 4.5. As shown in Figure 2, however, before the advent of the WWSSN, a

12



higher level of homogeneity is apparent in the data.

Cumulative Events (Any Magnitude; 1957-1962)

103

Cumulative Number of Events

4 5 6 7 8
Magnitude

Figure 2: Cumulative number of events for all,
well located, events occurring from 1957 through
1962. Any reported magnitude is used. Preference
is given first, however, to reported Mg. If Mg is not
reported, my is used. Most magnitudes have been
determined in this study using records from
Pasadena.

For this earlier time period, the level of homogeneity appears to be about 5.5.

Figure 3 shows our relocations of the earthquake activity recorded between the 1957
and 1986 events. All events whose magnitudes are greater than 5.4 and whose depths are
less than 70 km are plotted. Figure 4 shows our relocations of the seismic activity
immediately proceeding the 1986 event.

Note that there is an apparent gap in seismicity between the 1957 and 1986 events just
south of Amilia Island (174.5°W). After the 1986 event this gap is filled with seismicity
and activity commences north of Amilia Island. We tentatively interpret these
observations as indicating the region south of Amilia Island, which ruptured during the
1986 event, did not have a significant amount of slip during the 1957 event. This
speculation may be confirmed from the anaylis of tsunami observations being undertaken
by Johnson and Satake [1991].

A preliminary description of the earthquake catalog we have created will be presented
at the Fall, 1991 AGU meeting in San Francisco [Boyd et al., 1991].
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1957 Event through 1986 Event: M > 5.4 7z < 70 km 1

Figure 2: Seismicity occurring between the 1957

and 1986 events. |

Figure 3: Seismicity occurring after the 1986 event.
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Investigations

This research focuses on earthquake hazards in the Pacific Northwest, including large
scale plate interactions, through the study of regional structure and tectonics. Current
investigations by our research group include determining the configuration of the subduct-
ing Juan de Fuca plate, kinematic modeling of the minimum strain-rate configuration of
the plate, and determining source moments of local earthquakes.

Deep three-dimensional velocity structure of the Cascadia Subduction zone:

A recently completed doctoral dissertation investigated the large scale velocity struc-
ture of the upper mantle (VanDecar, 1991). The findings of this study include the
identification of a seismically "fast" (3-4% velocity perturbation) planar feature that dips
steeply to the east (at approximately 60°) with a thickness of 100 km or less. This is
inferred to be the seismic manifestation of the thermal and com positional anomaly associ-
ated with the subducting Juan de Fuca oceanic plate. At shallow depths (less than about
80 km) this feature is consistent with the projections' of models of shallow slab structure.
The high velocity zone is located at a depth of 100-120 km beneath the Cascade volcanos,
consistent with other subduction zones. Under central and northern Washington the high
velocity feature extends to depths of 400 km or more, while beneath southern Washington
and Oregon, it dies out at much shallower depths. This apparent lack of deep slab material
in Oregon and southern Washington, when considered with the tectonic history of the
region and other geophysical observations, is consistent with a deep slab that has torn away
from the shallow portion of the slab.

Kinematic M odeling:

A recently completed doctoral dissertation on the geometrical configuration of the
subducting slab flow-field that produces the minimum total strain-rate (Chaio, 1991),
found that for Cascadia, the proposed arch structure revealed by seismic observations is a
natural consequence of the subducted slab responding to the concave-oceanward bend of
the trench. The arch also provides a plausible explanation for the origin of the Olympic
Mountains accretionary prism in the context of the "critical taper" theory. The concentra-
tion of seismicity beneath the Puget Sound area may be the result of bending the already
arched slab. The computed deformation rate is dominated by N-S compression in the
Puget Sound area and the peak compressional strain-rate is around 2x 107!¢ sec™!, which is
comparable to the value estimated from the seismic moment release rate of the last cen-
tury. In both the Alaska-Aleutian and NW-Pacific subduction zones, preliminary experi-
ments performed also indicate that the predicted arch structures are the natural results of
slabs subducting in a concave-oceanward trench geometry.

Source moment estimation and magnitude determination through use of S-coda amplitude:

Magnitude determinations using regional and local (mainly vertical component)
short-period data remain problematical. The most common approach, using S-wave coda
duration, is subject to noise level variations that compound the inherent difficulty of
assigning duration times. Signal frequency variations also add considerable problems. We
have found the machine algorithms to automatically assign coda durations are far from
satisfactory.
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To alleviate the limitations of the coda duration magnitude, we are developing a
method to base magnitudes on coda amplitude rather than duration. Using standard coda
amplitude models based on scattering theory (e.g. Aki and Chouet, 1975), we can relate
the amplitudes back to the source spectrum and hence directly to moment. Magnitudes
can then be derived directly from the moment estimates.

We are currently using a single scattering model to source-equalize the coda am pli-
tude measurements from a number of stations for each event. We have found that using
a large number of stations in a least squares estimation results in stable estimates of rela-
tive station gains and relative source factors. Source factors estimated in this way are
linearly related to magnitudes estimated from coda durations. While we could empirically
estimate magnitudes at this point, we are seeking an improved understanding of the source
scaling that will allow us to make valid moment measurements using coda am plitudes.

Articles

Lees, JM. and R.S. Crosson, (in press), Bayesian ART versus conjugate gradient
methods in tomographic seismic imaging: An application at Mount St. Helens,
Washington, AMS-SIAM: Conference on spatial statistics and imaging - June,
1988.

Ma, Li, R.S. Crosson, and R.S. Ludwin, (submitted), Preliminary Report on Focal
Mechanisms and stress in western Washington, in: USGS Professional Paper
"Assessing and Reducing Earthquake Hazards in the Pacific Northwest")

Mundal, I, M. Ukawa, and R.S. Crosson, 1991 (in press), Normal and anomalous P
phases from local earthquakes, and slab structure of the Cascadia Subduction
zone, BSSA
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Chaio, L.Y., and K.C. Creager, 1991, Geometry and membrane deformation rate of
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Investigations:

1.1 Influence of asperities along subduction interfaces on the stressing and seismicity of
adjacent areas.

1.2 The effective viscosity of the San Andreas fault beneath the seismogenic zone: Constraints
from the response to the 1989 Loma Prieta earthquake

1.3 Configurational stability of the uniform upward growth of a shear crack along a strike-slip
fault zone, and sources of spatio-temporally complex slip

1.4 First order perturbation solution for a dynamic planar crack with a non-uniformly moving
front

Results:

2.1 We have investigated the influence of large-scale fault inhomogeneities, in large
subduction earthquakes, on the style of deformation and seismic behaviour of the incoming oceanic
plate and of the slab at intermediate depths during the earthquake cycle (Dmowska and Lovison,

1991).
, The zones of the large subduction events of Rat Islands 1965, Alaska 1964 and Valparaiso
1985 were searched for earthquakes with my, > 5.0, if available, and for as long time periods as

possible. It was found that in general the seismicity in the incoming oceanic plate clusters in front
of asperities (=areas of highest seismic moment release and strongest locking) and is positioned
relative to them in the direction of plate motion. Our studies had previously shown that the outer-
rise areas where seismicity clustered, while located near to the asperities, often had small trench-
parallel offsets from them. However, by considering the direction of plate convergence, we found
in all cases studied that the trench-parallel offsets were in the same sense as the angle between a
line perpendicular to the trench and the direction of ocean floor convergence. That is, the active
areas were located by proceeding oceanward from the asperities approximately along a line aligned
with the direction of convergence.

Seismicity is usually lacking in areas adjacent to non-asperities, that is to zones that slip during
the main event but with appreciably smaller seismic moment release , and possibly slip
seismically/aseismically during the whole cycle. Similar behaviour occurs in the downgoing slab at
intermediate depths, where seismicity during the cycle clusters (but less strongly than in the
oceanic crust) next to asperities and downdip from them, at locations oriented approximately along
the convergence direction. We infer that the locking of asperities causes higher stresses associated
with the earthquake cycle itself to occur in areas adjacent to asperities, both updip and downdip
from them along the direction of plate motion, and that such stressing is much less pronounced in
the areas adjacent to non-asperities; this is to be a subject of future numerical modeling. The work
opens the possibility of identifying the areas of highest seismic moment release in future
subduction earthquakes, and carries implications for where the highest deformation and, possibly,
precursory phenomena and/or nucleation of a future event might occur.

2.2 Recent geodetic observations (Lisowski et al. abstract, AGU Fall Meeting, 1991)
indicate that the velocity field at the earth's surface has been perturbed by the Loma Prieta
earthquake. We (Linker and Rice, 1991) interpret this change in terms of a model in which
transient postseismic slip occurs deep in the crust along the San Andreas fault beneath the locked,
or slipped and re-locked, seismogenic portion of the fault zone. In the first 1.3 years since the
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earthquake, as much as 30 mm of fault-trace-parallel postseismic displacement had been observed
beyond that expected by extrapolation of the previously established secular rate. The majority has
occurred to the SW of the surface trace of the San Andreas fault, consistent with our model of
buried postseismic slip on a SW dipping fault.

In our 3D finite element calculations, using ABAQUS, the crust and upper mantle are
represented by an elastic region. The San Andreas fault is represented by a thin layer in which the
shallow region is either locked or is slipped coseismically and then re-locked, and the deep
aseismic region is treated as linear Maxwell viscoelastic. Coseismic slip produces stress
throughout the body. Given time, the viscoelastic lower portion of the fault shears in response to
those stresses, producing displacements at the free surface that can be compared to the geodetic
observations. Comparison of our model prediction to the observed postseismic displacements
provides a constraint on the ratio of Maxwell relaxation time for material in the deep aseismic
region of the fault zone and the fault-normal thickness, t,./h, but neither quantity can be

constrained independently.
We obtain 0.07 <t /h < 0.26 yrs/km, which is consistent with the value determined by Fares

and Rice (abstract T32B-07, AGU Fall Meeting, 1988) for their asymmetric model of postseismic
deformation in Northern California in response to the 1906 earthquake. In their model, h was
taken to be the vertical thickness of a lower crustal asthenosphere, but our estimate here indicates
that their crustal asthenosphere might equally well be represented by a horizontal detachment fault.

If we assume that postseismic slip has occurred in a 1 km thick fault zone, then using G =3 x 1010
Pa and our estimate for t/h, we obtain 6 x 1016 < MegrS3 X 1017 Pa-sec for the effective viscosity

of material in the deep aseismic region of the fault zone. Previous estimates made for the material
of the lower crust exceed this range by at least a factor of ten. However, if we accept levels of
elevated pore pressure compatible with the Lachenbruch and Sass heat flow constraint, then our
estimate of t/h is in the range that could plausibly be met by Stesky's (Ph.D., MIT, 1975) and

Blanpied et al.'s (GRL, 1991) lab derived parameters for frictional sliding at elevated temperature.

2.3(a) Plate boundaries and major intraplate fault zones usually do not rupture along their
entire length in a single great earthquake, but rather fail as quasi-independent fault segments. A
fundamental question which we are trying to address here, and also in a different way in the study
described in (b) below, is whether this segmentation is due entirely to nonuniformities along strike
in fault zone geometry (jogs, offsets), lithology or loading, or whether such tendency for
segmentation is inherent to the earthquake process and would result even if geometry, material
properties and loading were uniform along strike. This issue can be addressed for a given class of
fault models by assuming that there is uniformity in the along-strike direction, devising the solution
in which the stress and slip distributions along the fault zone vary with depth but not along strike,
and then examining the configurational stability of that solution. The stability analysis is
necessarily 3D in character.

Gao, Rice and Lee (1991a,b) have carried it out as summarized here for a highly simplified
fault model, consisting of an upwardly growing mode III shear crack along a strike-slip fault zone.
That is, we modeled the deeper, more stably sliding, portions of the fault zone as a slipping shear
crack which penetrates upward from depth and is blocked in the lower portions of the seismogenic
layer. Using a first order perturbation scheme aided by 3D finite element calculations, we analyzed
whether a perfectly straight crack front, parallel to the Earth's surface, is configurationally stable
against small perturbations from uniformity in the along-strike direction, i.e., if the crack front will
tend to remain straight as the crack penetrates upward from depth. It was found that for
infinitesimal periodic crack-front perturbations with wavelength beyond a critical value, on the
order of the elastic lithospheric thickness, the stress intensity factor is higher at the most advanced
portions of the crack front than at the least advanced. The opposite is true at shorter wavelengths.
This means that the straight crack front is configurationally unstable at long wavelengths when
resistance to crack growth (fracture toughness) is essentially uniform over the fault plane, i. e.,
uniform with respect to depth as well as along strike. The analysis also shows, however, that an
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upward gradient in fracture toughness will stabilize the straight crack front configuration to longer
wavelengths, and that a sufficiently strong gradient may completely stabilize it. Such an upward
gradient might be reasonably assumed within the model for a crack that is penetrating under
increasing load into the base of the seismogenic zone.

2.3(b) The goal in this phase of the work is also to understand what kinds of fault models do
or do not allow the development of spatio-temporally complex slip histories. Work accomplished
so far (Rice, 1991 a,b) has been on computational analysis of slip on a long vertical strike-slip fault
between elastically deformable crustal blocks. These are driven such that each point on the fault
moves, in long-term average, at an imposed "plate" velocity. The analysis is done by rigorously
incorporating 3D elastic interactions between the slip and stress distributions, through boundary
integral equation methods based on the Chinnery solution. Rate- and state-dependent friction

applies on the fault surface, and A-B [= Vdtss(V)/dV] varies with depth, in a way specifically
constrained by data on granite under hydrothermal conditions (Blanpied et al., GRL, 1991), being
negative in the cool/shallow crust and positive in hot/deeper regions (V = slip speed; Tss = steady
state frictional strength). At each depth, constitutive properties in the models are either uniform in
the along-strike direction or are perturbed, sometimes only slightly, from uniformity. Results thus
far, from simulations with sufficiently refined grids to approach the continuum limit (which,
unfortunately, means large and rather slow computations, and which constrains the range of
characteristic slip distances L for state transitions which can be studied; L = 40 mm was used in the
studies discussed here), suggest that uniform fault models are remarkably resistant to breakup into
spatially complex slip patterns along strike.

This is in interesting contrast to the conclusions which other investigators have drawn based on
inherently discrete models such as cellular automata models, or spring-block arrays with simplified
classical friction laws. Those inherently discrete models do not realistically incorporate continuum
elastic interactions of slip and stress distributions and neglect key constitutive features such as slip-
dependent strength transitions. They have no well defined continuum limit upon reduction of cell
or grid size, in the sense that the stress or other measure of state in adjacent cells can remain finitely
different as cell size is reduced arbitrarily. Indeed, our 3D simulations, for runs with
computational cell sizes that are too large to meet limits for acceptable simulation of a continuum,
do show complex slip histories suggestive of a self organized critical state, with a spectrum of
earthquake sizes, aperiodic recurrence, variable rupture area, and with highly variable moment
release along strike in some large events. For these unacceptably large cell sizes, one cell can slip
independently of its neighbors, thus mimicking the properties of the inherently discrete models.

However, in all cases studied, the spatial complexity in slip history diminishes with cell
refinement. It disappears entirely, in the sense that the same slip variation with depth and time
occurs at all locations along strike, for cases in which it is feasible to do calculations with cell sizes
that meet criteria for achieving something close to the continuum limit (i. e., with cell dimension
small enough that the spring stiffness associated with slip of a single cell in the grid is, say, two or
more times larger than the critical stiffness (B—A)/L from the rate and state dependent friction law).
Thus, in these studies, the self organized criticality appears to be a simple numerical artifact of
strongly oversized cells in the computational model. Some simplified model involving quasi-
independent fault segments may ultimately emerge as a physically justified response to the
geometric irregularity of fault zones, but the physics of justifying any such simplification seems
not yet to have been addressed.

2.4 Studies here represent a first attempt (Rice, Ben-Zién and Kim, 1991) to extend to
elastodynamics some of the static elastic crack front perturbation techniques discussed in item
2.3(a) above. A half-plane crack propagates nominally in the x direction along the plane y =0 in
an unbounded solid. The crack front at time t lies along the arc x = a(z,t) where a(z,t) differs only

slightly from being independent of z and where v(z,t) = da/dt differs only slightly from being

constant in time, allowing analysis in the framework of a first order perturbation. We have
successfully addressed the problem so far only within a mod}l 3D elastodynamic theory involving
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a single displacement variable u, representing tensile opening or shear slippage, and associated
tensile or shear stress 6 = M du/dy across planes parallel to the crack (M = elastic modulus). The
problem is then one of finding a solution to the scalar wave equation c2V2u = 92u/dt2 , satisfying
the boundary conditions u = 0 on y = 0 ahead of the growing rupture and ¢ = 0 on y = 0 within the
rupture. When a(z,t) = a(t), independent of z, the solutions for u, ¢ and K (stress intensity factor)
are familiar 2D results. )

We have developed the 3D solution only within the small perturbation theory, but we write the

result in a way which precisely duplicates the exact 2D result even for large perturbations. The
result thereby obtained for the stress intensity factor K(z,t) at position z along the moving crack

front is

K(zt) = 41-v(zt))c K*¥ [1+]I(zt)], where

+o0 t—lzl—Zl/(XC _y vany '
It = - PV f f ctt) VEOVEIN gy
2n e I (z-2)? V o2c2t1)2—(z-2)?
where a2 = 1-v2(z,t)/c2 and K* is the K attained when the velocity of a strictly 2D crack is

suddenly reduced to zero. This solution is being used in continuing studies to address how a crack
front moves unsteadily through regions of locally variable fracture resistance.
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Investigations Undertaken

Seismograms have been collected for the 1918 San Jacinto and 1923 San
Bernardino earthquakes along the northern San Jacinto fault zone and for large (M>6.0)
earthquakes occurring within northern Baja California between 1915 and 1956. Body
waveforms obtained from the seismograms are modeled to determine the source parameters
(focal mechanism, focal depth, seismic moment) of the earthquakes. The earthquakes and
associated foreshocks and aftershocks are also relocated to better determine the rupture
history of the earthquake sequences. The source parameter information is used to
determine fault slip rates and the portions of the faults that have been active in historic time.
The slip rate information will be used to estimate how plate motion is being transferred
across Baja California to the San Andreas, Imperial, and $an Jacinto fault systems and how
it may affect the recurrence rates of earthquakes within southern California.

Results Obtained

Research has been completed on two phases of the project. The sources processes
of three large earthquakes (magnitude 6.8, 6.4, and 6.3) occurring between February 9 and
15, 1956 along the San Miguel fault in northern Baja California have been determined
through body waveform inversions (Table 1). Results of the study suggest that the
mainshock on February 9 was responsible for the 20 km of surface faulting observed
during the sequence. Although previous researchers had suggested a complex rupture
history for the mainshock, uncertainty estimates of source-time function shape indicate a
single or double source model fit the observed waveforms equally well. The February 15
aftershock, however, appears to have consisted of two events. Locations and focal
mechanisms obtained for the three events suggest that the rupture process may have been
controlled by cross faults to the main trace of the San Miguel fault.

Determination of the source parameters for the 1918 and 1923 earthquakes along
the northern San Jacinto fault has also been completed (Table 1). The 1918 earthquake
source parameters are consistent with a > 22 km rupture along the Claremont fault at a
depth of 7£5 km. Limited data for the 1923 earthquake are more consistent with rupture
along the San Jacinto fault then rupture along the San Andreas fault or a buried cross fault.
An analysis of the he results of this study and previous studies of historic earthquakes
along the southern San Jacinto fault shows that rupture lengths along the San Jacinto fault
system are shorter for an equivalent moment-magnitude than those along the Imperial
Valley-Mexicali system. The higher heat flow of the the Imperial Valley may be
responsible for this observed difference. Correspondence between event rupture length
and the length of fault segments seen at the surface along the San Jacinto fault suggests that
the rupture length, and hence the magnitude-frequency distribution for larger earthquakes
of the San Jacinto system is controlled by fault geometry.

Seismograms of the 1954 El Alamo, Baja California sequence have been digitized
and are currently being analyzed. The collecting of seismograms for the 1915 Cerro Prieto
and 1934 Calexico sequences is also complete and the seismograms are currently being
digitized.
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Reports Published

Results of studies of the 1956 San Miguel sequence were presented at a special
session on historic earthquakes at the spring meeting of the American Geophysical Union.
A manuscript summarizing the results was also submitted to Pure and Applied Geophysics
in September, 1991 for a special volume on historic earthquake studies. A manuscript on
the results of the study of the northern San Jacinto earthquakes and a comparative study of
source processes along the entire San Jacinto fault zone was submitted to the Bulletin of the
Seismological Society of America on November 4, 1991.

We are planning to submit an abstract on the preliminary studies of the El Alamo
and Calexico earthquakes for the spring meeting of the Seismological Society of America.
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Table 1

Source Parameters From Waveform Inversions or Waveform Modeling

Event Mechanism
(str, dip,rake)

San Jacinto 4/21/18

apriori 14040 85130 -170+40

final 15015 876 -17619
San Bernardino 7/23/23

final 320£10 8510 180+£10
San Miguel 2/9/56

apriori  110£30 85£30 -177+40

final 108+8 88+3 -176%3
San Miguel 2/14/56

apriori  110+30 85130 -177+40

final 115£19 86+10 -178+11
San Miguel 2/15/56

a priori 130+30 85+15 -170+30

final 129422 84413 -170£16

* .
moment-magnitude

Focal
Depth
(km)

8+10

715

715

12+5
12+2

12+5
1245

10£5
94

#average rupture length for each subevent

24

Moment
(x1025
dyne-cm)

915
14£5

2.620.5

1216
10£2

212
2.910.9

242
1.8+1.6

M*

6.8

6.3

6.7

6.3

6.2

Rupture
Length
(km)

1414

20-25

15-20

3.5%



Strength Recovery in Rocks and Minerals:
Collaborative Research

Brian Evans and Teng-fong Wong, Co-Principal Investigators
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Objectives:

Along geologic faults, repeated earthquake instabilities generate wear materials, which result
in a thickening gouge zone as seismic slip accumulates. Seismologic observations suggest that
faults may recover in strength during the aseismic period of the earthquake cycle. Field
observations of fault zones indicate that minerals in the gouge, breccia, and wall rocks can
participate in complex petrologic reactions which probably affect the mechanical properties of
the fault as well. The coupled effect of wear processes which occur during slip, and healing
processes which operate in the interseismic period, may result in variation of seismic stress
drop and productivity with recurrence time, tectonic environment, and cumulative slip. It is
important to have a fundamental understanding of the wear and healing mechanisms and their
relation to fault instability.

Long Term Evolutionary Effects

Evans and Fredrich at M.L.T. have investigated the effect of solution transfer processes on
strength recovery of granular aggregates. In these tests, a 0.6 mm thick layer of simulated
quartz gouge with a mean grain size of 3 um was sheared between forcing blocks of Sioux
Quartzite in an internally-heated, gas-medium, servo-controlled ‘eformation apparatus. The
sample assembly was saturated with water and sheared at temperatures, T,=230+5°C,
confining pressures, P.=250 MPa, and pore pressures P,,=75 MPa. In some runs,
temperature was elevated to a new value, for varying periods of time prior to loading at a
reduced temperature T,. Thus, the experiments are equivalent to slip-hold-slip experiments,

except that the hold period occurs at a higher temperature than the slip portion.

The diameter and length of the forcing blocks were 15.9 mm. Pore fluids had access to the
sample through a hole drilled in the upper forcing block to within 2 mm of the sawcut. Load
and displacement were measured externally. The axial displacement rate was 28x10* mm per
second.
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Samples loaded at confining pressures of 250 MPa and pore pressures of 75 MPa at 235°
without prior healing, slide stably with a shear strength of roughly 180 MPa. Samples slid at
indentical conditions after being held at an elevated temperature are stronger (i.e. higher initial
coefficient of friction). These samples exhibit instability with stress drops of 35-100 MPa. The
peak frictional strength of three samples held for 60 minutes at 636° prior to loading is about
50MPa greater than that of the unhealed samples. Two samples healed for 60 minutes at
8174-8°C prior to loading were strengthened by 50 and 130 MPa. Whereas a steady-state
frictional strength is eventually established after the initial stick-slip event in samples healed at
636°C, samples healed at 817°C stick-slip repeatedly. Experiments in which the time of
loading is held constant for healed and unhealed samples indicate that the strength recovery is
not due to increases in the time of stationary contact alone, but that the time of healing is
important. Experiments in which the healing time is varied lindicate that much of the strength
recovery occurs during the first 60 minutes of healing, as might be predicted on the basis of
hot isostatic pressing results (e.g., Brantley, PhD. dissertation, Princeton University, 1987,
Evans and Lockner, 1989).

Scanning electron microscopy (SEM) indicates that sliding in the unhealed samples is
accompanied by the development of shear zones within the gouge layer. Abundant evidence
for the activity of solution-transfer processes is observed in the healed samples. Current
efforts are focused on the quantitative characterization of neck growth and contiguity in the
healed samples. Additional experiments to determine the effect of fluid pressure, temperature,
and particle size on the healing behavior are also underway.

In a previous semi-annual report, we discussed strength recovery in a series of triaxial
mechanical tests at temperatures ranging between 700-950°C in faulted samples of Maryland
diabase. Generation of the melt apparently causes large variations in the effective pressure
which promote fracturing and rapid migration of the melt [Fredrich and Evans, 1990]. During
the remainder of the grant period, we plan to prepare two papers discussing both the quartz
experiments and the diabase results.

Wear Processes and Short Term Evolutionary Effects

Using the conventional triaxial configuration, Wong and coworkers at SUNY, Stony Brook
are investigating the stabilization of slip by wear processes. In these experiments the
frictional sliding behavior was monitored as a function of cumuiative slip when a simulated
gouge layer of ultrafine quartz was sheared. In a typical experiment, the sliding behavior
evolved from dynamic instability to stable sliding through several sequential stages.
Supercritical oscillations marked the onset of dynamic instability. Tens and sometimes
hundreds of stick-slip events occurred, while the stress drop amplitude decreased
monotonically with accumulated slip. The results could be interpreted with a simple wear
model and allow the estimation of the friction constitutive parameters through the observation
of the oscillation period as a function of load point velocity. Preliminary results have been
written and will appear in Wong et al. [1991]. Similar results have also been observed in
Tennessee sandstone with or without halite gauge . The nonlinear dynamical behavior in the
transition from stable sliding to cyclic stick-slip in response to load point velocity perturbation
was also systematically observed. These new results will be presented at the fall AGU meeting
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[Gu and Wong, 1991]. In parallel with the experimental work, we have conducted numerical
simulation on the dynamics of a single degree of freedom spring-slider system. The effects of
loading velocity, frictional parameters and inertia on the dynamics and recurrence time of
cyclic stick-slip were investigated. The result were summarized by Gu and Wong [1992].
New simulations on the effects of frictional behavior complexity (specifically additional state
variables and velocity cutoff were also performed. The simulation show good agreement with
our experimental data on two country rocks (Westerly granite and Tennessee sandstone) and
two simulated gauges (ultrafine quartz and halite) These results will also be presented in the
upcoming AGU meeting.
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Investigations

1.)Operate the 14-station array at Work Ranch near Parkfield, CA.

2.) Organize and maintain data base of waveforms.

3.) Investigate shear wave polarizations.

4.) Array calibration for beamed coda

Results

1.) UPSAR is a short-baseline array (maximum aperture of ~1 km) operating on the
Work Ranch nearly due West of Gold Hill. Each station has a three-component
accelerometer and velocity transducer to insure that ground motion from
microearthquakes as well as damaging temblors can be recorded on scale. New
software was installed in the data acquisition s‘ystems to transmit differences
between the internal and external clocks from field stations each second to the
central computer. This improvement provides a means of monitoring the phase-lock
system that synchronizes the internal clocks to time from the GOES satellite.

2.) Parameters describing each waveform file and i;s associated event are stored in a
new database organized in 21 tables using the SyBase relational database. As of
Nov. 1991 the data base contained information on more than 3000 events, more than
893 of which could be correlated with events recorded by one of the microearthquake
networks in California. The magnitudes range from 0.8 to 7.1 (Loma Prieta) over a
distance range of 8 km to 100°. Teleseismic body waves,such as a Peruvian deep
earthquake (Nov., 1990), have also been recorded .

3.) Shear-wave splitting is being investigated with the UPSAR data. Waveform data
is analyzed using the method of Bowman and Ando (1987) which rotates the
seismogram along the fast and slow polarization directions, and cross correlates the
fast shear wave against the slow to compute the del%: of the slow shear wave. The

effectiveness of the procedure is judged by the linearity of the resulting shear pulse
after removing the delay and rotating back to the original component directions.
Figure 1 shows a magnitude 2.3 event from Middle Mtn. which is nearly due north of
UPSAR. Itis apparent that the polarization of the synthetic (calculated from the
focal mechanism) is close to the polarization of the initial S-wave from this event.
Consequently, either the anisotropy along this path is weak or the fast or slow
direction coincides with the polarization of the initial shear wave arrival. Events of
magnitude around 2.0 from different azimuths will be investigated, although
attenuation appears to be so severe that only events within about 20km of the array
have impulsive S-waves at the array. §

4.) To use UPSAR array data for beamed coda measurements, it is necessary to
calibrate the array by measuring station delays. In the ideal case, the earth is
homogeneous and isotropic and seismic waves cross the array as a plane. The set of
arrival delays measured at all stations can be used to precisely determine the
azimuth and slowness of the wave. Realistically, the arrival delays can only be used
to approximate a plane wave, which may have an azimuth and slowness different
from those given by the local velocity model. In Figure 2, events with various
azimuths, depths and distances from the array are pﬁotted. The vectors show
systematic differences between theoretical and measured wave propagation
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directions. The small tangential vectors indicate that there is little lateral
refraction. For the beamed coda measurements, this information can be used to
correlate the coda sources with a location.
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Figure 1. Displacement traces for a magnitude 2.3 at a distance of 12.9 km.
Seismograms are plotted to the same scale. Time is noted in seconds. Component
orientations are given on the right with the degrees from upward vertical first and
the compass orientation second. The horizontal projection of the ground
displacement at each time step (decimated by three) is given in the middle plot with
its envelope. A slightly expanded segment, which surrounds the S-wave is in the
bottom plot to the right and a synthetic computed using the isochron technique
(Spudich and Frazer, 1984) is on the left. The focal mechanism determined from
CALNET data was specifed for the synthetic. Note the similarity in polarization
directions between the synthetic and the initial polarization of the real data.

30



Events for Calibration
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Figure 2. Locations of events with various azimuths, depths and dist-
ances from the array. The radial vectors are proportional to the diffe-
rence between the theoretical horizontal slowness and the horizontal
slowness calculated from a least-squares best-fit plane wave fit to the
wave front. The tangential vectors denote the misfit between the cal-
culated azimuth and the azimuth measured from the plane wave.
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Central California Network Operations
9930-01891
Wes Hall
Branch of Seismology
U.S Geological Survey
275 Middlefield Road-Mail Stop 977
Menlo Park, California 94025
(415)329-4730

Investigations
Maintenance and recording of 397 seismograph stations (512 comf)onems) located in Northern Califomnia,
Central California and Yellowstone National Park. Also recording 68 components from other agencies.
The area covered is from the Oregon border south to Santa Maria and Yellowstone National Park.
Results

1. Site maintenance visits 639

2. Bench Maintenance Repair

A. seismic VCO units 232
B. summing amplifiers 36
C. seismic test units 04
D. VO2H/VO2L VCO units 59
E. dc-dc converters 09
3. Production/Fabrication
A. J512A VCO units 120
B. J512B VCO units 10
C. summing amplifier units 28
D. dc converter/regulators (J601) 36
E. lithium battery packs 117
F. seismometer housing/cable 72
4. Rehabilitation:
VCO enclosures 52
5. Discriminator repair and tuning (J120) 64
6. Equipment Shipped:
A. J512A VCQO's for Cal Tech 50
B. J512A VCO's for HVO 10
B. J601 DC-DC converters for Cal Tech 75
C. Iceland project (B. Julian)
a. dc-dc converters 14
b. solar panels | 17
D. J110 discriminators to Mount St. Helens Vistor Center " 8
E. J110 discriminators for College of Siskiyou's 2
D. Seismometer enclosures for (D. Harlow) 6
E. J512A VCO's for University of Idaho 15
F. Mt. Pinatobo
a. J5S12A VCO's 10
b. J110 discriminators 4
c. radio cables 18
d. miscellaneous supplies to install 8 station network. |
G. J512A VCO'S for U.S. Bureau of Mines, Spokane, WA ‘ 5
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10.

11.

12.

13.

14.

Completed RFP for "Repair, Modify, Calibrate, and Peform Quality Control Checks on Seismic
Instruments.” Contract was awarded to Don Ritchey & Company.

Completed RFP for "Seismic Instrumentation Maintenance” (maintenance of field sites). Contract was
awarded to Bendix Field Engineering Corporation. A 30 day training period was completed by the
two seismic field technicians from Bendix.

Completed draft on "Tuning Procedures for J120 Discriminators”.

Ordered and load components for 100 additional J512 VCO's

New seismic stations:

JIR (Joaquin Road); LPK (Park); LRB (Red Bank); GRO (Round Mountain); LPG (Panther Gulch);

LVR (Valentine Ridge); CVPE, CVPN, CVPV (Vollmer Peak); KMHE, KHMN, KHMV (Horse

Mountain); CSLE, CSLN, CSLV (San Leandro): JCHE, JCHN, JCHV (Cahill Ridge); NHFE,

NHEFN, NHFV (Hamilton Field); KJJ (Johnny Jack Ridge); CPM (Point Molate); NMI (Mare Island)

Stations Deleted:

HPR (Peckam Road); HFH (Flint Hills); HKR (Kinkaid Ranch); BSCE, BSCN, BSCV, BSCZ (Stone

Canyon).

Fabricate 256 channel interface for Tustin Digitizer to Cusp.

Fabricate 256 channel interface for PC computer system.
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Seismicity and Crustal Structure in an Active Collisional Orogen,
Soviet Central Asia

14-08-0001-G1802

Michael W. Hamburger, Gary L. Pavlis,

Haydar J. Al-Shukri, Bingjun Zheng, John M. Holbrook
Department of Geological Sciences, Indiana University
Bloomington, Indiana 47405
(812) 855-2934

Terry L. Pavlis, Rodrick D. Myers
Department of Geology and Geophysics
University of New Orleans
New Orleans, Louisiana 70148
(504) 286-6797

Investigations

This program focuses on the highly active seismic zone between the Pamir and Tien Shan
mountain belts in Soviet Central Asia. The Garm region is located directly atop the collisional
boundary between the Indian and Eurasian plates, and is associated with a dense concentration of
both shallow and intermediate-depth earthquakes. The fundamental aims of this collaborative
research project with the USSR Academy of Sciences are: (1) to elucidate the structures and pro-
cesses involved in active deformation of a complex collisional plate boundary, and (2) to examine
the temporal variations in seismicity near Garm, in the form of changing spatial, depth, and stress
distribution of microearthquakes that precede larger events. The seismological data base for this
study includes the combined resources of the global, regional, and local seismic networks. Geo-
logical structures in the Garm region have been studied using compilation of published geological
information, analysis of satellite imagery, and geological field work in the Peter the First, Gissar,
and Darvaz mountain ranges near Garm.

Results

Velocity Structure. We have expanded our previous work on crustal velocity structure of the
Garm region [Hamburger et al.,1991a], with a study of three-dimensional velocity variations in the
region [Hamburger et al.,1991b]. This expanded study makes use of data from the Soviet Com-
plex Seismological Expedition (CSE) network, as well as the USGS/CSE telemetered network
nested within the CSE network. Our analysis of seismic velocities was limited to a rectangular
area, 100 km by 80 km, which includes the most active zones of earthquake activity. The ray path
coverage of the study area limited our analysis to a depth of about 30 km. One- and three-dimen-
sional velocity models have been derived for the upper crust of the region using 22,972 P-wave
arrival times from 2242 local earthquakes recorded at 58 sites. These observations represent less
than 5% of the earthquake data base and are judged to be the highest quality data available for the
region. A stochastic (damped) least squares inversion procedure was used to derive the velocity
models. A large number of initial one-dimensional velocity models with different starting veloci-
ties, number of layers, and depth of interfaces were examined. Results for the 1-D inversion
indicate that the upper crust is best modeled by a four-layer velocity structure. This model features
a near-surface layer whose thickness ranges from 0-3 km with a velocity of 5.2 km/sec, underlain
by layers of 5.6 km/sec (1.37 km above S.L. - 4 km depth), 5.87 km/sec (4-20 km depth), and a
mid-crustal layer having velocity of 6.1 km/sec (20-32 km depth).
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The 1-D model was used as the starting point for the three-dimensional inversion, where each
layer was divided into 10 by 8 blocks, each with 10 km by 10 km dimensions. The results of this
inversion, an example of which is shown in Figure 1, indicate a very good correlation between
velocity variation and the geology and tectonic setting of the region. The general features of the
model include a zone of high velocity extending in an ENE-WSW direction in the northern part of
the study area and associated with the crystalline basement rocks of the Tien Shan range, moderate
velocities associated with the deformed sediments of the Peter the First Range, and a zone of low
velocities associated with the thickest sediments at the southern edge of the range.

Satellite Imagery Interpretation. We have acquired three scenes of SPOT satellite imagery
covering the entire region monitored by the Garm network. These data were analyzed using image
processing equipment at the Lamont-Doherty Geological Observatory of Columbia University.
This imagery was processed using (1) standard contrast and edge enhancement techniques, and (2)
rotation and distortion of the imagery to allow it to be superimposed on digital topography. In this
way, we were able to produce false-color stereo pairs of the processed images that display the full
3-D relationship of the images to the topography. The processed satellite imagery provided a
critical data base for completion of a preliminary reconnaissance geologic map of the Peter the First
Range and adjacent areas. This was particularly useful because of the combination of higher
resolution of these data (compared to Landsat data used previously), the arid climate of the study
area, time of year (late fall, when snow and vegetation cover is at a minimum), and the strong
signature of resistant marker beds that show up in the enhanced images. The processed imagery
was used to provide base maps for the six-week reconnaissance field work in the Peter the First
Range (described in the following section).

Geological Structure. Reconnaissance mapping in the Peter the First Range revealed a system
of previously unrecognized out-of-sequence thrusts that strike at an oblique angle to the mountain
front (Figure 2). These thrusts are considered "out-of-sequence" because they cut across existing
fold structures and locally place younger rocks on older rocks. When viewed on the scale of the
entire Peter the First Range, this thrust system forms an en echelon array that we interpret as a
consequence of dextral transpression [Pavlis et al., 1991]. This interpretation--of a late-stage
deformation within the interior of the fold-thrust belt--may provide a new explanation of (1) the
complexity of the structures observed along the axis of the range, (2) the tendency of earthquake
focal mechanisms to show compression axes at an oblique angle to the fold axes, and (3) the con-
centration of seismicity within the axis of the range rather than an the leading edge of the thrust
system.

Interpretation of imagery in the eastern portion of the Garm region suggests that additional
complexities may be occurring in that area in response to extreme shortening in the central Peter the
First Range. Near the site of the area's largest historical earthquake (the 1949 Khait earthquake,
M=7.5), geomorphic evidence suggests that a major south-vergent backthrust has developed in this
area. This inferred backthrust may represent an imbricate along a north-dipping thrust that forms
the southern edge of the Tien Shan system, and may represent a major transfer structure between
the north-directed thrusts of the Peter the First Range to south-directed thrusts of the Tien Shan
system.

Stratigraphy. Our geologic work in the Garm region during the summer field season also
included description and interpretation of lithofacies for Mesozoic and Tertiary strata in the Tien
Shan, Darvaz, and Peter the First ranges. This work is an important complement to our structural
work, as a constraint both on the tectonic reconstructions of the area and on the subsurface struc-
tural geometries in the region. We were able to collect an extensive sample set of Cretaceous sedi-
mentary rocks, in anticipation of a possible provenance study of sandstone and conglomerate beds
in this interval. The stratigraphic study also included detailed mapping in the Mesozoic volcanic/
sedimentary sequence exposed in the Darvaz Range (northern Pamir), the first Western analysis of
this tectonically important area. Extensive structural work in this area supports our earlier conclu-

35



sion [Pavlis and Hamburger, 1990; Hamburger et al., 1991c] that the contact between Cretaceous
rocks of the Tadjik Depression and older rocks in the northern Pamir must be a stratigraphic, rather
than a structural, contact. Any suture between the two blocks must be situated further to the south,
within the Pamir uplift itself. 1

Earthquake Prediction Studies. Two main approaches were used to evaluate variations in seis-
mic activity of the Garm region: (1) a qualitative approach, involving examination of maps, cross
sections, space-time plots, and earthquake histograms for the area identified as the rupture area of
the mainshock; (2) a quantitative approach using counts of ¢vents per unit area and time within the
seismic network. In the quantitative analysis, the level of seismic activity in small sub-areas is
measured by a parameter A, defined as the A value at magpitude 2 in Gutenberg-Richter's magni-
tude-frequency relation log N = A - bM. The parameter is calculated by a least-square fit to the
counts of earthquakes with M > 1.5, judged to be complete throughout the network. The area is
divided into thirty 12' x 12' cells to provide sufficient numbers of earthquakes per unit time. A3 is
then calculated for every space-time cell with a time window of 5 years sliding 1 year. We examin-
ed 12 mainshocks of M > 5.0. Of these 12, only one event, the M = 6.3 Dzhirgital earthquake of
26 October 1984, shows clearly defined quiescence prior to the mainshock. Evidence for this
includes: (1) a well defined change in slope of the cumulative number of earthquakes (Figure 1a);
(2) a well defined gap in space-time and magnitude-time |plots; (3) a significant decrease (by a
factor of 45%) in activity level (Figure 1b). Three additional events, the earthquakes of 17 January
1980 (M =5.2), 6 April 1983 (M = 5.5), and 9 January 1988 (M = 5.3), showed qualitative evi-
dence of quiescence. However, none of these mainshocks showed significant changes in A3. One
possible explanation for this discrepancy is that the area used in calculating A3 is more than an
order larger than the rupture area of those earthquakes. The results of the quantitative analysis also
show strong spatial variations: the central portion of the study area, which includes the Peter the
First Range fold-trust belt, shows little long-term variation in seismic activity, the Tien Shan base-
ment uplift in the north has a tendency of decreasing activity; and the northeastern part of the study
area shows increasing activity. The October 1984 earthquake is located near the transition between
the two tendencies.
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could be obtained.
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Analysis of Earthquake Data from the Greater Los Angeles Basin and
Adjacent Offshore Area, Southern California

#14-08-0001-G1761
Egill Hauksson

Seismological Laboratory,
California Institute of Technology,
Pasadena, CA 91125
818-356 6954

INVESTIGATIONS

Seismotectonic analysis of earthquake data recorded by the CIT/USGS and USC
networks during the last 15 years in the greater Los Angeles basin. Improve models of the
velocity structure to obtain more accurate earthquake locations including depth and to
determine focal mechanisms. Studies of the earthquake potential and the detailed patterns
of faulting along major faults in the metropolitan area and adjacent regions.

A comprehensive study entitled: The 1988 and 1990 Upland Earthquakes: Left-Lateral
Faulting Adjacent to the Central Transverse Ranges. was reported on in USGS Open-File
Report 91-352 and by Hauksson and Jones (1991).

A comprehensive study of the the 1991 (M[=5.8) Sierra Madre earthquake in southern
California is in progress. Below we report some of the preliminary results.

RESULTS

The (M]_=5.8) Sierra Madre earthquake of 28 June 1991, occurred 18 km northeast of
Pasadena at a depth of 12.5 km under the San Gabriel Mountains of the central Transverse
Ranges (Figure 1). The mainshock focal mechanism, derived from first motion polarities,
exhibited pure thrust faulting on a plane striking east-northeast and dipping 50° to the north.
The event appears to have occurred on the Clamshell-Sawpit Canyon fault, an offshoot of
the Sierra Madre fault system, although because all of the aftershocks are in the depth range
of 9-14 km, the relation to surface faults can only be hypothesized. The Sierra Madre
earthquake occurred close to where the east-northeast-striking Clamshell-Sawpit and
Raymond faults join the Sierra Madre fault from the northeast and southwest, respectively.
The Clamshell-Sawpit fault has sometimes been interpreted as an extension of the
Raymond fault.

At least since the 1930’s, prior to the occurrence of the mainshock, this region had
remained quiescent at magnitude 3.0 and greater. The mainshock was followed by an
aftershock sequence deficient in small earthquakes with 105 recorded aftershocks and a b-
value of 0.6. Arrival time data from the mainshock, aftershocks, and two calibration
blasts, recorded by the Southern California Seismographic Network, were inverted to
obtain two refined crustal velocity models and station delays. Thirty single-event focal
mechanisms were determined for aftershocks of M>1.8 (Figure 2). These focal
mechanisms and the hypocenters of all of the aftershocks outline a complex set of faults.
The 4 km long fault that caused the mainshock is outlined by several thrust focal
mechanisms with an east-north-east striking fault plane dipping to the north. To the west,
another 3 km long fault is outlined by numerous thrust faulting aftershocks with east
striking nodal planes. These events may be associated with the Sierra Madre fault itself. In
addition, several strike-slip and normal faulting events occurred between and along the
edges of these two thrust planes, indicating secondary tear faulting. None of these tear
faults can be associated with mapped surficial faults. Stress inversion of the focal
mechanisms shows that the maximum principal stress is horizontal and is rotated 4-8° to the
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west from the ambient stress, which trends north-south. Similar change in stress state was
also observed following the Whittier Narrows earthquake, suggesting that dynamic loading
of these faults occurs over a fairly short time scale.
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Sierra Madre 28 June - 15 August 1991
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Figure. 1. The 1991 Sierra Madre mainshock-aftershock sequence. (A) map view of
the sequence showing also nearby faults. The lower hemisphere focal mechanism of the
mainshock is plotted. (B) north-northwest trending cross section taken normal to the
preferred nodal plane of the mainshock showing the depth distribution of the activity.

(C) a northeast trending cross section taken parallel to the fault.
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Sierra Madre Sequence Focal Mechanisms 1991
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Figure. 2. Lower hemisphere focal mechanisms of the mainshock and 30 aftershocks.
Two groups of thrust focal mechanisms can be identified, first has a nodal plane striking
east-northeast, second has a nodal plane striking east. This suggest that the rupture
surface follows the curvature of the Clamshell-Sawpit and Sierra Madre faults. (A) map
view of the activity; (B) a north-northwest trending cross section taken normal to the
preferred nodal plane of the mainshock; (C) cross north striking section showing depth
distribution of some of the aftershocks.
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Investigations

A number of recent and historic earthquakes have occurred along the Transverse Ranges,
causing significant damage to the greater Los Angeles region. Many of the historic events
occurring in this region have been recorded (locally) by relatively low gain long period and short
period torsion instruments operated by Caltech (1930 to 1960). Some of the larger events M>5
can be seen on the (Berkeley Galitzins) regionally while still larger events M>6 can be observed
teleseismically, (De Bilt ,etc.).

To understand these seismograms or separate propagational distortions from source properties
is relatively easy at teleseismic distances, but becomes more difficult at regional and local
distances. Fortunately, the digital systems used in the TERRAscope array provides observations
that greatly aid in establishing the nature of regional propagation. For example, the wide dynamic
range allows motions from small events (aftershocks) to be compared with large events at the same
site even though the motions can be different by several orders of magnitude. Signals at these
distances have not suffered mantle attenuation and thus the broadband features of this system allow
us to see obvious propagational effects (headwaves and critical reflections) and detailed source
characteristics (near-field and source complexity).

The clearest lesson to date from our studies is that events viewed through a short-period Wood-
Anderson instrument (wa-sp) for similar paths are generally similar over several magnitude units.
Apparently, the largest asperity dominates the wa.sp response for the larger events. This suggests

that normal scaling laws such as @2, @3, etc. are not very dependable in characterizing
earthquakes. Secondly, the propagational path is mostly responsible for the seismic signature at
local and regional distances. Thus, knowledge of local seismicity and an extensive catalog of
waveform data from known events for comparative analysis becomes essential.

Modeling attempts to date indicate that whole seismograms can be understood at ranges less
than a few degrees with simple models. At larger ranges, the energy carried by direct S generally
becomes scattered and difficult to model, presumably caused by shallow earth structure.
Fortunately, at these larger ranges the mantle headwaves, Pn and Sn, become visible and we
believe this beginning portion of records (excluding the surface waves) can be used in source
estimation as demonstrated by our waveform inversion results.

Results

In this summary period three studies will be emphasized; (a) on the complex faulting
deduced from the broadband modeling of the 28 February 1990 Upland Earthquake (My, = 5.2),
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(b) strong motion and broadband teleseismic analysis of the 1991 Sierra Madre Earthquake, and
(c) source parameters of the Sierra Madre earthquake from regional and local body waves.

The 1990 Upland earthquake was one of the first sizable local events to be recorded
broadband at Pasadena, where the Green's functions appropriate for the path are known from a
previous study. The synthetics developed in modeling the 1988 Upland sequence were available
for use in rapid assessment of the activity. First-motion studies from the Caltech-USGS array data
gave two solutions for the 1990 main shock based on the choice of regional velocity models.

Although these focal mechanisms differ by less than 59 in strike and 200 rake, it proved possible to
further constraint the solution using these derived Green's functions and a three-component

waveform inversion scheme. We obtain from long-period waves a fault-plane solution of 6 =

2169, § =779, A = 5.0, My, = 2.5 x 1024 dyne-cm, depth = 6 km, and a source duration 1.2 sec,
for which the orientation and source depth are in good agreement with the first-motion results of
Hauksson and Jones (1991). Comparisons of the broadband displacement records with the high-
pass Wood-Anderson simulations suggests the 1990 earthquake was a complicated event with a
strong asperity at depth. Double point-source models indicate that about 30 per cent of the moment
was released from a 9-km deep asperity following the initial source by 0.0 to 0.5 sec. Our best-
fitting distributed fault model indicates that the timing of our point-source results is feasible
assuming a reasonable rupture velocity. The rupture initiated at a depth of about 6 km and
propagated downward on a 3.5 by 3.5 km (length by width) fault. Both the inversion of long-
period waves and the distributed fault modeling indicate that the main shock did not rupture the
entire depth extent of the fault defined by the aftershock zone. A relatively small asperity (about
1.0 km 2)with a greater than 1 kbar stress drop controls the short- -period Wood-Anderson
waveforms. This asperity appears to be located in a region where seismicity shows a bend in the
fault plane.

Short period and broadband teleseismic waveform data and three-component strong motion
records were analyzed to obtain the source parameters of the 1991 Sierra Madre earthquake.
Close-in strong motion velocity records (analyzed from S sec to 5 Hz) show two distinct pulses
about (.35 sec apart, requiring some rupture complexity. The near-field shear wave displacement
pulse from this event has a relatively short duration (about 1 sec) for the magnitude of the event,
requiring a particularly high average stress drop. To further constrain the rupture process, the data
were used in a finite fault source inversion to determine the temporal and spatial distribution of
slip. Depth constraints are provided by teleseismic short period and broadband recordings which
require a centroid depth of 10-11 km. Our inverse modeling results indicate that both data sets can

be fit with a compact rupture area, about 12km?2, southwest and up-dip from the hypocenter. The
average slip is approximately 50 cm, and the maximum slip is 120 cm. The seismic moment

obtained from either of the separate data sets or both sets c mbmed is about 2.8 +0.3x1024 dyne-
cm and the potency is 0.01 km 3. |

We inverted the three-component, long-period data recorded by the TERR Ascope array for
the June 28, 1991 Sierra Madre, California event to determine the seismic moment and source
orientation of the mainshock (ML = 5.8). Remarkably four of the six stations were located
159.240.7 km from the epicenter. Variations in absolute traveltime were smaller than 2% and 3%
for P, and S;, whereas the surface waves displayed greater variation. Similarities in the
waveforms and the small variance in traveltime suggest that a common Green's function can be
used to invert the data. We used the whole waveforms excluding the fundamental surface waves at
the more distant stations to invert for source parameters. The results of the inversion indicated that
this event is predominantly a thrust type earthquake, where the strike, rake and dip were

determined to be 235°, 740 and 509, respectively. The seismic moment was determined to be

2.5X1024 dyne-cm. The source duration was found to be about 1.0 seconds by direct
measurement of the direct S-wave recorded at the Pasadena station (located 20 km from the
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epicenter). Considering circular rupture and a source time duration of 1 second we obtain a stress
drop of 460 bars.
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Investigations

1. As part of a cooperative program between the U.S. Geological Survey and the Soviet
Ministry of Geology, we are conducting a study of stress-induced borehole breakouts in a 4-km-
deep well at Tyrnauz, USSR, in the Greater Caucasus Mountains. The Tyrnauz well is located
within a granitic pluton in a region of active north-south crustal shortening associated with the
collision of the Arabian and Eurasian plates. The goal of this study is to improve our
understanding of the mechanics of breakout formation and the state of stress in seismically active
areas.

2. We are initiating (together with Colin Williams of the USGS, Menlo Park) a program to make
measurements of stress orientations and magnitudes, natural fracture and fault orientations,
permeability, pore pressure and heat flow within and adjacent to the New Madrid Seismic Zone
(NMSZ). These measurements will be used to evaluate competing theories for the localization of
seismicity within the NMSZ and provide constraints on the mechanics of intraplate earthquakes.
We hope to begin this program with a series of stress and heat-flow measurements in up to eight
1.5- to 2.0-km-deep exploratory oil wells that will be drilled along the southern portion of the
NMSZ in the next two years. As part of this program, we are currently developing a wireline
packer system for making in-situ stress measurements using the hydraulic fracturing technique.
Because this wireline system can be used without a drill rig, the cost of making in-situ stress
measurements will be substantially reduced from what would be the case if standard drill-pipe-
deployed packers were used. Depending upon the success of this "holes-of-opportunity”
measurement program, in fiscal year (FY) 1993 we propose to drill a dedicated scientific drillhole
directly within the central segment of the NMSZ .

3. We are conducting an experimental study of pressure solution and crack healing under load in
simple quartz/water systems. These experiments will employ single crystals in well-controlled
model geometries inside a hydrothermal vessel equipped with an optical observation port. The
goal of these experiments is to constrain the mechanisms and kinetics of solution-transport creep
and fault strengthening and to provide fundamental constraints on processes controlling the
spatial and temporal evolution of physical properties in the earth (e.g. permeability, seismic
velocities, and density).

Results

1. In July of this year we conducted a borehole televiewer log in the Tyrnauz well, USSR,
between the depths of 290 m and 3100 m. This televiewer log, which is being digitally
processed to create oriented three-dimensional images of the borehole, reveals extensive borehole
elongation throughout the well in addition to a large number of natural fractures, fault zones and
dikes. Although the interaction between breakouts and| drill-pipe wear in this well is quite
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complex, we are able to unambiguously identify breakouts at a number of depths based upon
their irregular cross-sectional geometry, bilateral symmetry and discontinuous distribution with
depth. Unusually high horizontal stresses are indicated in the Tymauz well by the development
of borehole breakouts at depths as shallow as 390 m. Breakouts were observed to terminate at
natural fractures and dike contacts at some depths, suggesting either localized reductions in stress
magnitudes and/or increases in rock streagth. The direction of the maximum horizontal
compressive stress, SH, at Tyrnauz is approximately north-south, based upon preliminary
determinations of breakout azimuths. Most of the natural fractures observed in the televiewer log
strike sub-parallel to this inferred SH direction and dip steeply to the west. The inferred SH
azimuth from the Tyrnauz well is parallel to the direction of relative motion between the Arabian
and Eurasian plates and compares favorably with the NNW-NNE range of P axes from larger
earthquakes in this region. Analysis and interpretation of these data will continue into FY 1992,
including an exchange visit by two Soviet scientists to the USGS in Menlo Park early in 1992.

2. During the past six months, we devoted our effort on the New Madrid stress and heat flow
project to three distinct objectives. First, we followed through with a proposal for hydraulic
fracturing stress measurements in an approximately 2.7-km-deep hole of opportunity being
drilled by the Dupont Chemical Company in western Tennessee, on the edge of the Mississippi
Embayment. Unfortunately, Dupont corporate politics eventually countermanded the initially
favorable response and our proposal was rejected. Second, we continued our search for holes of
opportunity within the New Madrid region by contracting with a consulting geologist (Jim Howe
of Boulder, Colorado) to look for planned or existing drillholes that might serve as platforms for
stress and heat flow measurements. His efforts led to the successful contact with the oil
exploration company that will be drilling the array of 1.5- to 2.0-km-deep exploratory oil wells
referred to above. Mr. Howe was also asked to locate any existing information on stress
orientations and fluid pressures from wells already drilled in the northern Mississippi
Embayment. As a result, we now have in hand, or are in the process of obtaining, several
oriented 4-arm caliper logs and drill stem tests from wells within or close to the NMSZ which
have been heretofore unavailable. Third, approximately one fourth of the componeats for the
wireline packer system have already been designed and purchased using FY 1991 New Madrid
funds. If funding for the development of this system is continued, we will complete the design,
construction, and testing of this packer system in FY 1992.

3. We are currently assembling and testing the pressure vessel, furnace, and optical equipment
to be used in the single-crystal pressure solution and crack-healing experiments. We have just
hired a full-time research technician to assist with this study and anticipate the initiation of
experiments during the first half of FY 1992.
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Investigations

1.

Late Quaternary movement along the Hat Creek Fault, northeastern
California.

The Hat Creek fault, located about 30 km north of Lassen Peak, is com-
posed of prominent NNW-trending escarpments that offset Quaternary and
Pliocene volcanic rocks by more than 300 m. This fault, and the nearby
McArthur, Pittville, and Mayfield faults (Wills, 1991) form an active
system of normal faults, down-dropped to the west, that is the western-
most, and perhaps youngest, expression of Basin and Range normal faulting
in northeastern California (Fig. 1). The Hat Creek escarpments, or rims,
which are modified by erosion to a repose angle of about 35° form the
eastern side of an asymetric graben, along which the Hat Creek Basalt
flowed during the Late Pleistocene or Early Holocene (Fig. 1) (Muffler et

al., in review). The most recent slip aﬂong the fault forms a 20-km-
long, left-stepping scarp as much as 30 d high cutting the Hat Creek
Basalt (Fig. 2). Stream gravels, estimated to be no more than 15,000

years old (Muffler et al., in review), overlie the Hat Creek Basalt and
were offset as much as 20 m by this youngest faulting. Monoclinal flex-
ures with S-shaped axial planes link some of the left-stepping fault
segments. The average Holocene vertical displacement along the fault has
been about 2 mm per year, and the existence of this prominent young scarp
in an area of low modern seismicity suggests that movement has been
episodic with a periodicity of hundreds, or perhaps thousands of years
(Muffler et al., 1989).

This study uses field data and mechanical analysis to examine the struc-
ture of the Hat Creek fault and to evalugte its earthquake potential. I
am investigating how a normal fault propdgates and develops a surface
rupture, and how its en echelon segments |1ink to transfer predominantly
dip-slip displacements. Field work undertaken includes 1:5000 mapping of
the entire young Hat Creek scarp and detailed 1:1000 scale mapping of
critical kilometer-long exposures along the scarp, and of the S-shaped
monoclines at three large left-steps. Analytical work undertaken will
include 1) mechanical analysis of the surface deformation over a growing
normal fault and 2) analysis of interactions at left-steps using methods
of elasticity and fracture mechanics.

Field and mechanical study of ground cra‘ks associated with the 1974
M;=5.5 and 1983 M;=6.6 Kaoiki, Hawaii, earthquakes.

The Kaoiki seismic zone, a young tectonic feature of Mauna Loa vol-
cano, Hawaii, is the site of recurrent moderate-magnitude earthquakes
that cause serious damage. Ground ruptuﬂe zones from the 1983 My =6.6
earthquake, the 1974 M;=5.5 earthquake, and an older, undated earth-
quake, all trend N48°-N55°E, a direction that is nearly parallel to
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nodal planes of the 1983 and 1974 main shocks' focal mechanisms.
Individual ruptures consist of arrays of left-stepping, en echelon
cracks with predominantly opening displacements, which strike roughly
EW, about 30°-50° clockwise from the overall trend of the zones.

Geologic mapping, field interpretations, and mechanical analysis of
rock fracture (Jackson et al., 1988) suggest that the 1983 mainshock
created a new fracture, at least near the earth's surface, rather
than following the trace of an older fault. The ground cracks are
part of a large zone of secondary cracking located ahead of the
parent strike-slip fault, in which stresseés generated during
propagation of the rupture were large relative to the rock strength.
First motion seismic data, estimation of the seismic moment release,
and results from the analysis of geodetic data spanning the 1983
rupture substantiate our field observations that right-lateral
strike-slip faulting dominated the 1983 mainshock and confirm the
importance of strike-slip faulting on the SE flank of Mauna Loa.

Results

1. Hat Creek Fault

This project essentially started in September 1991 because I took several
months maternity leave. Prior to the leave, however, I designed and
contracted for an aerial photo survey of the young scarp that was
completed in July 1991. The Photogrammetry group in Flagstaff prepared
two 1:1000 digital topographic base maps of two of the S-shaped
monoclines from these photographs in August.

I spent nearly 3 weeks in the field, in September 1991. During this
time, I mapped two-thirds of the young scarp using 1:5000 aerial photog-
raphy. The most important results of this mapping are summarized below.

1) The young fault is composed of six several-km-long, left-stepping
segments (Fig. 2) which offset the Hat Creek basalt. Some of these fol-
low the older rim and others extend past the older escarpments into the
valley floor. Each of these long segments is composed of two or more
0.5- to 1 km-long, left-stepping segments, as shown in Figure 3. These
segments are made up of shorter, left-stepping segments, usually less
than 100m in length. In this respect, the young scarp shows great simil-
iarity to the recent Kaoiki ground ruptureds (Jackson et al., in review).
There, a large region of secondary cracking forms a fracture-process zone
ahead of the tip of the parent fault, through which displacements are
transmitted from the parent fault to the earth's surface.

2) Along the left-stepping segments, the young fault is expressed as
variations of three different structures: near vertical cliffs or scarps,
scarp monoclines of variable amplitude and wavelength, and zones of
basaltic rubble.

These structures record processes active in the development of the
fault. The cliff-like scarps appear to d?velop from vertical extension
cracks that strike parallel to the young flault. Opening displacements
dominated the formation of the cracks, and subsequent west-side-down,
dip-slip displacements created a steep scarp along the crack walls.

The scarp monoclines appear to develop frqm predominantly dip-slip
displacements in more-or-less intact basalt; flexure of the basalt was
accomodated in part by slip along columnar joints. More detailed mapping
is required to determine whether the monoclines grow in height and width

50



with repeated episodes of slip or if their shape is determined by the
length of a particular rupture event. Zones of rubble formed as the host
basalt was shaken, broken, and oversteepened within the strike
monoclines. In many localities, all three structures -- cliffs,
monoclines and rubble -- coexist together.

3) S-shaped monoclines link all scales of the left-stepping segments.
The most prominent of these -- for example, the monoclines at Murken
Bench and Bidwell Ranch (Figure 3) -- and their smaller equivalents
record how dip-slip displacements were transferred along segments at all
scales. I began 1:1000 scale mapping of these monoclines, this field
season, but further work is needed to understand the complexity of these
structures.

This Fall, I began compiling a map of the young scarp at 1:15,000 scale,
using the new aerial photography with a PG-2 stereoplotter. This map
shows many detailed structures within the several-km-long segments and is
permitting me to accurately measure displacements along the young fault.

2. Kaoiki Seismic Zone

I have nearly completed work on a manuscript returned from review by
Journal of Geophysical Research for minor final revisions. This paper
describes the structure and propagation paths of the 1974 and 1983 Kaoiki
ground ruptures, and their relation to the long-term geologic history and
recent seismicity of Mauna Loa's SE flank. Summaries of the data presented
in this paper have appeared in previous EQHRP reports. The paper will be
ready for publication next month when Paul Delaney (U.S.G.S.) and Thora
Arnadottir (Stanford) complete their analysis of trialteration data spanning
the 1983 rupture. 20 baselines have deformations that are well-explained by
a right-lateral strike-slip fault in the vicinity of the mapped rupture.
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Investigation
The 1990 Rudbar-Manjil earthquake, Iran.
Results

The June 1990 Rudbar earthquake is remarkable in that it was a major strike-slip
event in a region which is dominated by thrust faults and in which thrusting has been found
to be the predominant mode of seismicity. The surface fault has been mapped by Berberian
et al. (1991), and consists of three very steeply dipping en-echelon fault strands with ESE
strike. The total length of the surface fault amounts to 80 kilometers. The length of the
individual segments and the amount of displacement increase from the WNW to the ESE.
Remarkably, there was a vertical displacement of up to a meter with the southside uplifted
as opposed to a left-lateral displacement of only 60 centimeters. This is at odds with the
seismic observations which indicate pure left-lateral strike-slip. Also, the fault that
ruptured did not have any evidence for previous activity contrary to nearby faults.

1. Body-wave analysis

The waveforms at teleseismic distances look quite complex indicating that the
rupture consisted of several subevents. The records from various stations for this
earthquakes show that the rupture started off with a small subevent and that the energy
release increases towards the end of the rupture. The initial NEIC location for this event
was off by about 100 kilometers which may be due to misidentification of first arrivals
because of the very emergent onset of the records.

The body-wave inversion method used here has bL&cn described in detail in Kikuchi
and Kanamori (1991). It solves for the spatial and temporal distribution of subevents as
well as for their mechanism by iteration. In this particular inversion the subevents were
constrained along a fault segment with a strike of 110 degrees and a vertical fault plane.
We used eight nodes along the fault with a separation of 15 kilometers. The depth of the
subevents were constrained initially between 5 and 25 kilometers with a separation of 5
kilometers but on the basis of these earlier inversion runs we constrained the depths
between 7.5 and 17.5 kilometers. The only constraint on the mechanism of the subevents
was a double co uple constraint. Because of the gradual build-up of energy release we had
to impose a time window for the first subevent to occur, but even then, the very first
beginning of the rupture remains unsolved. The subevent distribution is given in Figure 1
with the corresponding subevents given in Table 1, and it is clear that the largest energy
release occurred in the SE part of the fault zone. In order to explain the data we need at
least four subevents which are all strike-slip but with sliglht variations in strike. Because of
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the strike-slip mechanism we have several stations which are close to a nodal plane and
therefore their waveforms are very sensitive to small changes in focal plane parameters.
We therefore think that these variations in strike are significant. The locations of the
subevents and their sizes agree well with the surface observations (Berberian et al., 1991).
There is however no evidence for any significant vertical movement.

The results from our CMT inversion using long-period surface waves agree quite
well with the body-wave results apart from the dipping secondary fault plane.

2. Discussion

When we compare the results from our body-wave inversion and the observations
on the surface rupture we can see that there is generally good agreement between the two.
The increase in moment release towards the east matches the increased fault length and
offset. This and the variation in strike between the different subevents suggest that the
observed segmentation of the fault extends to the depth at which most of the seismic energy
was released. The segmentation on the surface, called Riedel faulting, has been studied
extensively in sand-box (Naylor et al. 1986) and in the field (e.g. Harding, 1973). Riedel
faulting is generally associated with a buried wrench fault which imposes movement on the
overburden. This particular Riedel pattern, generally designated 'R’ or synthetic Riedel, is
characteristic for faults with a very low strain rate or faults in their early stages of
development. We may therefore expect this kind of source complexity for faults in their
early stages.
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Table 1
sub-event time after depth Moment, strike dip slip
JB 1025 dyne-
cm

1 4.0 12.5 8.73 281.5 73.7 1.8
2 7.0 15.0 10.40 297.1 70.8 7.1
3 17.5 10.0 46.53 295.5 81.2 1.5
4 25.0 7.5 24.78 130.7 80.6 -3.8
Total 84.89 298.5 84.1 1.3
CMT 120. 117.4 89.5 -26.5
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Investigation

Mechanism Determination of Local Earthquakes Using Waveform and First-Motion
Data.

Results

The Pasadena TERRAscope station recorded many small earthquakes around
Pasadena. The records can be deconvolved into displacement records. We have developed
a method to use these waveform data to determine the mechanism of small events for which
first-motion data are incomplete. First-motion data are often incomplete, but they are good
enough to constrain the range of allowable solutions. In contrast, the waveform data are of
high-quality, but are not enough to determine the mechanisms uniquely. We can combine
these two sets of data to determine the mechanisms.

Figure 1 shows the results for the aftershocks of the 1988 Pasadena earthquake.

The P, SV, and SH far field displacements, Ur, U 6 and Ug, from a
double-couple point source are given by

Ur RP
ue |= 4—Mﬂ)— (/B RSV (1)

where s(f) and Mg are the unit moment rate function and the seismic moment, respectively.
Here, p, a,and f3 are density, P velocity, and S velocity, and RP RSV and RSH are P-
wave, SV-wave and SH-wave radiation patterns, respectively. The radiation patterns are
functions of the fault parameters: dip J, rake A, and strike ¢.

Let Up, Usyz, USVR ,and Usy be the displacements of the P wave on the

vertical component, the SV wave on the vertical component, the SV wave on the radial
component, and the SH wave on the tangential component, respectively, observed at the
free surface. If we ignore the P-SV conversion at the free surface, then

U,=UpI/(2 cosiy)
qu Ugyz/(-2sini,)=USVR/(2cosi,)
U=UgH!2,

55



where i, is the incidence angle.

Although the solution of equation (1) is nonunique, we can determine the range of
allowable solutions that explain the observed amplitudes and polarities of P, SV, and SH
waves. Figure 1 shows the loci of the P and T axes (hergafter called the inversion P-T loci)
of the allowable solutions determined by inverting equation (1). Any solution with a pair
of P and T axes on the loci yields the correct amplitudes and polarities of P, SV and SH
waves.

The first-motion data were analyzed with the pro FPFIT (Reasenberg and
Oppenheimer, 1985). The program FPFIT uses a grid-search procedure to find a
mechanism by minimizing the normalized, weighted sum of the discrepancies between the
observed and theoretical polarity at each station. The program also determines the ranges
of P and T axes of mechanisms that fit the first-motion data equally well. These ranges,
here called the first-motion P-T ranges, are shown in Figure 1. Since the quality of the
first-motion data is limited, the allowable P-T ranges are generally large. Any solution in
these ranges are considered acceptable. If the inversion P-T loci pass through the first-
motion P-T ranges, any solution for which the P and T axes lie in the overlapping region
can satisfy both the first-motion and waveform data. If the inversion P-T loci do not pass
through the first-motion P-T ranges, we choose a point on the inversion P-T loci that is
closest to the first-motion P-T ranges. Figure 1 shows the points chosen this way, and the
resulting solutions (dashed curve); these solutions are compared with those (solid curve)
picked by FPFIT using the first motion data alone.

These results will be published in a paper by Ma and Kanamori (1991).
Reference

Ma, K.-F. and H. Kanamori, Aftershock Sequence of the December 3, 1988 Pasadena
Earthquake, Bull. Seismol. Soc. of Amer., in press, 1991.
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Grant Number 14-08-0001-G1810

Carl Kisslinger and Susanna Gross
Cooperative Institute for Research in Environmental Sciences
Campus Box 216, University of Colorado
Boulder, Colorado 80309-0216

(303)492-6089

Research during the current grant year was directed to following problems: (1) the ef-
fects of stress redistribution by moderate earthquakes on the spatial distribution of smaller
earthquakes in the neighborhood, with possible applications to prediction; and (2) modelling
aftershock decay as a relaxation process, with a comparison of the modified Omori relation
and the Williams-Watts relaxation function.

Influence of Earthquake-produced Stresses on Seismicity Distribution

The hypothesis tested in this research is that the influence of an earthquake on sub-
sequent nearby activity can be quantitatively assessed by examining the modifications of
the stress field caused by the slip. Specifically, we test whether the seismicity (mostly mi-
croearthquakes) increases where the earthquake-related stress acts to increase the greatest
principal stress. We assume that any effect will be independent of the orientation of the
faults being influenced as long as the contribution to the stress field due to the moderate
earthquake is not large enough to change the orientation of the faults most likely to slip.

Seventy-six earthquakes with teleseismic body wave magnitudes from 3.9 to 5.7 that
had been located by the Central Aleutians Seismic Network were selected as the "target
events”. Events with fairly well-determined focal mechanisms were chosen. This is a non-
trivial criterion for events in the Central Aleutian Islands, for which the distribution of
seismic stations makes the determination of reliable focal mechanisms of moderate events a
challenge. A combination of teleseismic and local network first motion polarities was used.
After an initial determination of best-fitting focal mechanisms, those teleseismic stations for
which the polarity picks fit fewer than one-half of these mechanisms were eliminated, and the
mechanisms redetermined. This left an average of 37 first motions per event. A systematic
search through all strikes, dips and rakes was executed to find the best-fitting mechanism.
A map of the epicenters and best focal mechanism for a sample of the target events is shown
in Figure 1.
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With the focal mechanism determined, the standard equations for the stress components
due to a double-couple in an infinite elastic medium were used to calculate the static stress
field associated with each target event.

Time windows defined by 1000 events before and after each target event (about 16 months
in the CASN catalog) were selected as including a sufficient number to define a spatial
distribution of seismicity. The spatial ranges were concentric shells 10 km thick, centered
on the target event. The smallest shell extended from 5 to 15 km; the largest from 75 to
85 km. The components of the earthquake-generated stress tensor were calculated at each
hypocenter in the designated distance ranges, and the traction in the direction of the greatest
principal stress of the ambient regional stress field calculated. In this way, the stress tensor
was replaced by a single scalar value, the magnitude of this traction.

Figure 2 shows a horizontal slice through the calculated increment to the greatest prin-
cipal stress for a typical target event, with some of the surrounding pre- and post-event
seismicity. The azimuth of the greatest principal stress is taken as the direction of the veloc-
ity of the Pacific plate relative to the mantle, 30° E, from Minster and Jordan. The plunge
is assumed to be the orientation of the Wa,dati—Beniilf’f zone defined by the hypocenters in
the CASN catalog.

Results of the Investigation to Date. The calculated stresses at hypocenters of the
surrounding activity before and after each target earthquake were compared by computing
a t-statistic for each distance range. The t-statistic used in this work is defined by:

T — T
o2 | 62

(& + %)
where 7; and 7, are the mean values of the calculated stress changes defined above, evaluated
at the hypocenters of the events in each shell, before, 1, and after, 2, the target event. N

and o are the number of events and the standard deviation of the stress change in each of
these data sets.

it =

The t-statistics were then compared with synthetic data to evaluate their significance.
With 76 target events, it was simplest to compare the distribution of observed t-statistics with
a distribution expected for the null hypothesis, that the earthquake-related stress changes
have no effect on the subsequent seismicity. Since negative t-statistics would be observed
if increases in the greatest principal stress caused increases in seismicity, the measure of
significance chosen for this work was the number of t-statistics more than one standard
deviation below zero.

If the t-statistics fit the t-distribution, each one has roughly a 15% chance of being more
than one o less than zero. Are the t-statistics distributed this way? Since we wish to use
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Figure 2: Contribution to the greatest principal stress made by a particular targel event,
a magnitude 4.8 which occurred on August 2nd, 1978. It has a strike slip mechanism. A
horizontal slice through the stress field has been plotted with seismicity having depths within
5 km of the target event. Pre-event seismicity is plotted with circles and post event seismicity
with squares.
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them to test the hypothesis that the target events are influencing the nearby seismicity, it
is important to find out what the distributions of t-statistics would be if there was no such
influence. We generated a synthetic data set that is as realistic as possible, but in which
there is no influence of the occurrence of target events. In this way, the statistical test can
be made sensitive to the quantity we most wish to measure.

The times of the target events in the catalog were scrambled, so that each target event
was given a random time, but kept its the hypocenter location and focal mechanism. In the
numerical experiment, the seismicity surrounding the synthesized sequence of target events
was real seismicity in all respects, except there could be no influence of the target upon
its surrounding seismicity. One hundred sets of synthetic seismicity were generated and
t-statistics computed assuming the theoretical greatest principal stress direction mentioned
above, in order to find the probability of a t-statistic being less than -1 0. The average result
of these computations showed that the the probability of having a t-statistic significantly
negative by this measure ranged from 15% to 21% as the distance went from 5km to 55km.
These probabilities become distinctly greater than the 15% estimate from theory as the
distance increased.

Using the binomial theorem and the probability of a single t-statistic being less than -o
as derived from the computations with synthetic data, it is easy to find the likelihood of a
given number of these t-statistics arising by chance. The numbers of t-statistics more than
one standard deviation negative and their associated probabilities of arising by chance are

listed in Table 1.

The result for the distance slice from 15 to 25 km away from the hypocenter is significant
at the 0.8% level. The t-statistics resulting from changes in spatial distribution of seismicity
in various distance ranges are expected to show the strongest effects near the target events,
since the stress pulse is largest there. However, the result for the distance range from 5 to
15 km, closest to the target event is not at all significant. Several factors may be causing
this. The source model is not accurate at distances comparable to the source dimension.
Earthquake location error would blur out any changes in spatial distribution smaller than
the event-to-event relative location error. If the size of the stress pulse is great enough,
assumptions made about the principal stress direction being unchanged may be incorrect.
Several of these factors may be operating here.

All of the above calculations have been repeated for assumed ambient principal stress
directions at 5° intervals of azimuth and plunge, in order to evaluate the sensitivity of the
conclusions to this fundamental parameter in the problem. A wide range of principal stress
directions give essentially the same result.
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T Statistics Found with the Theoretical Principal Stress Direction
Distance Range 5-15km | 15-25km | 25-35km | 35-45km
Number of t’s < —o 9 21 15 11
Random t’s < —¢ 11.6 13.1 14.7 14.7
Probability of Randomness 4% 0.8% 40% 82%
Distance Range 45-55km | 55-65km | 65-75km | 75-85km
Number of t’s < —¢o 14 13 17 18
Random t’s < —¢ 16.2 16.2 13.9 14.9
Probability of Randomness 67% 7% 14% 15%

Table 1: Information about the distributions of t-statistics computed to compare modeled
stresses at the hypocenters of seismicity surrounding 76 moderate earthquakes in the Central
Aleutians. If increases in stress cause increases in seismicity, than the t-statistics should be

negative. The largest number of strongly negative t-statistics is found for the distance range
15 to 25 km.

Conclusions. Stress pulses from moderate earthquakes appear to significantly change
the spatial distribution of nearby seismicity. The effect is most noticeable in the 15-25 km
range. The ambient maximum principal stress must be fairly uniform, consistant with a
simple subduction model and the Minster and Jordan velocity. This technique provides
opportunities to investigate stresses in seismically active areas that are not accessible to in-
situ stress measurements. Since this technique focuses on the spatial and temporal variability
of the stress field, it compliments the analysis of Gephardt and Forsyth, which determines
the directions and relative magnitudes of the principal stresses.

Modelling Aftershocks as a Relaxation Process

The spatial and temporal distributions of aftershocks contain information about the
physical properties of the fault zone, ambient physical conditions, and the nature of the
earthquake nucleation process. In this study, supportive of our work on seismogenesis in
subduction zones, the decay of aftershock activity with time after a mainshock is considered
as a relaxation process. This type of model postulates that the slip during the mainshock
applies a stress step to unbroken sites on the mainshock rupture surface or in its immediate
vicinity and that rupture eventually occurs at these sites to produce the aftershocks. The
sequence may progress because stress is transferred to the remaining ”strong points”, or
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asperities, or these points may lose strength in a time-dependent manner. The sequence is
usually considered to have ended when the rate of activity has returned to the long-term
background rate in the seismic zone, a time that is difficult to fix with confidence for real
data. The creation of new aftershock sites due, for example, to the action of ambient tectonic
processes is assumed to be negligible over the duration of the sequence, though the regional
stresses continue to act.

The physical mechanism by which sequential aftershocks are triggered is not known, but
seems to involve a combination of the action of the initial stress step on sites with time-
dependent strength, re-distribution of stress by creep in the weakened portions of the fault,
and the recovery of strength on the fault surface. The diffusion of pore fluids may play an
essential role in the process. Whether the aftershocks occur on the same fault surface that
broke in the mainshock or in newly strained material in a narrow zone on either side of and
around this surface is not easily resolvable with present seismic data and is not important
for this discussion.

Because relaxation processes occur in a wide variety of physical systems, a large literature
exists in which mechanisms by which relaxation occurs and alternate forms of the relaxation
time function are discussed. Little of this work has been examined for applicability to the
aftershock problem. In this paper, an alternative to the conventional modified Omori relation
is examined. The model investigated is the stretched exponential function, also called the
Williams-Watts relaxation function. The theoretical basis is from work by others using
continuous-time random walks.

The Stretched Exponential Relaxation Function. The conventional way of mod-
eling aftershock decay is by the the modified Omori relation (MOM),

K

n(t) = (t+c)?’ (1)
where n(t) is the rate of occurrence of aftershocks at time, ¢. This is an empirical extension
by Utsu of Omori’s original form, n(t) = K/t. Ogata developed the widely used algorithm
for calculating the maximum likelihood estimates of K, p, and c for a given data set. The
modified Omori relation has been used by many authors to model aftershock sequences,
and many sequences are described well by it, with a value of p near 1. In recent work, the
differences in p-values among sequences have been examined in an attempt to relate the rate
of decay of aftershocks to ambient physical or geological conditions.

Of the forms investigated as alternatives to power law or exponential relaxation, the
stretched exponential function,

N*(t) = N(0)eapl(~t/t0),0 < g < 1 (2)
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emerges as ”...a universal function that slow relaxations obey. If the system is driven ... out
of equilibrium, it returns according to the formula” given in eqn (2) (quoted in Scher, et
al., Physics Today, January, 1991). N*(t) is the number of "survivors” at time ¢ (unrelaxed
polarized molecules in a dielectric, oriented magnetic domains, unbroken stressed asperities
that will produce aftershocks in this study, etc.), starting with N(0) initially. Because this
form has been found to describe relaxation in a wide variety of physical systems, it seems
worthwhile to test it for applicability to aftershocks.

We first recast the modified Omori relation slightly to facilitate the comparison with the
usual formulation of the stretched exponential function. Again, we assume a finite number
of potential aftershock sites, N(0), are present when the process begins. Write the number
of aftershock sites that have not yet failed at ¢ (the survivors) in the conventional form for
a relaxation functon,

N*(t) = (1—11%%, (3)

where ¢ and s are parameters that depend on the physical conditions in the fault zone. Then,
the cumulative number of events that have occurred up to time ¢, starting from time 75, is

N(UT) = [N(0)— N*()] - [N(0) - N*(T:] (4)
= NO(T 40~ = (t+)7]

T, can, of course, be chosen as 0.

The rate of occurrence is
n(t) = dN/dt = N(0)sc*(t + ¢)~C+Y,

This is the modified Omori relation, (1), with p = s+ 1, and K = N(0)sc°’. A relation useful
for generating synthetic sequences is the time to a given cumulative number, with T's = 0:

t=[K'1—p)N+c??—¢ (5)
For the special case, p = 1, the original Omori relation,
N(t|T,) = K{in(t + ¢) — In(Ts + ¢)).

This case was not considered further.

A problem with the MOM relation that apparently was recognized implicitly by Utsu,
but which appears to have been ignored in applications, is that if p < 1 (s < 0), the
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cumulative number of aftershocks diverges, so that the total number of aftershocks does not
approach asymptotically a limiting value at very long times after the mainshock. Values
of p < 1 (slowly decaying sequences) are found when the MOM relation is fit to real data,
though values greater than 1 may be more common. An unbounded cumulative number of
aftershocks contradicts the postulate that a finite number of sites are loaded at the instant
of the mainshock and that these fail at a decreasing rate to produce a sequence with a finite
number of aftershocks, toward which the sequence converges more or less slowly. There is
no problem for p > 1, as N converges to N(0) at very long times.

For the stretched exponential, N*(t) is given by equation (2). Then,

N@#|T,) = N(0)exp[-T,/to)"] = exp[—(t/t0)’] (6)
n(t) = gN(0)t* 5 exp[—(/t0)7]. (7)

This may be put in a form similar to the MOM relation by letting K’ = ¢N(0)ty? and
p' =1—g, so that
n(t) = K't " exp[—(t/to)! '] (8)

For ¢ = 1, p’ = 0, this becomes ordinary exponential decay (Debye relaxation), which has
also been used to describe aftershock decay (Mogi, 1962). For ¢ close to 0 (p’ close to
1), this becomes the Omori relation with a large N (0) Large values of ¢y correspond to
slowly decaying sequences, for which the MOM p-values are less than 1, but here there is
no problem with the convergence of the cumulative sequence. The time to occurrence of a
given cumulative number of aftershocks, comparable to equation (5) is .

t = to[~In(1 — N/N(0))] 2 (9)

C. H. Scholz found for sequences of aftershocks in some laboratory experiments that, when
he allowed the machine to continue to load the sample after rupture, after a short interval
of time the cumulative number of events fits equation (6), with ¢ = 0.5 and to = 8.2 and 25
for the two examples he showed. Values of ¢ near 0.5 appear frequently in the sequences of
natural aftershocks examined in this study.

The time, o, is the relaxation time for the overall process and has not yet been related
to a specific physical mechanism. It is expected that it represents the combined effects
of the factors mentioned above, stress relaxation, time-dependent shear strength, and fluid
diffusion, as well as the heterogeneity of the strength distribution. Ambient temperature
should be an important factor governing this parameter.

Comparative Behavior of the Two Functions. The behavior of the two relaxation
functions, Equations (2) and (3), is compared in Figure 3, for typical values of the parameters
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Time Dependence of Two Relaxation Functions
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Figure 3: Comparison of the modified Omori function (MOM) and the stretched exponential
function (STREXP) for a normally decaying sequence (p=1.1, t, = 20) and a rapidly de-
caying sequence (p=1.3, o = 2) The fraction of events that have not yet occurred is plotted
against time from the mainshock. The differences are not great until times greater than
about 20 days are exceeded, for these examples.
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derived from the analysis of real "normally” and rapidly decaying sequences. The MOM p-
value 1.1 is the mean value for many sequences in southern California and is contrasted
with a stretched exponential with a relaxation time of 20 days. A rapidly decaying sequence
is illustrated by p = 1.3, ¢, = 2 days. No example of| a slowly decaying sequence is shown
because the total number of possible atershocks, N(0), is not defined. The differences during
the first 10 days are not great; it is the long-time behavior that is most easily distinguishable,
with the stretched exponential falling off more rapidly for similar early behavior. For the
rapidly decaying sequences, 92% of the aftershocks have occurred at 100 days by the MOM
relation, 99.2% by the stretched exponential. For the moderately decaying sequences, 57%
of the aftershocks have occurred at 100 days by MOM, 85% by the stretched exponential.
For a slowly decaying sequence, to = 10,000 days, only 15% of the events have occurred at
100 days. As pointed out above, for p < 1, the MOM relation is not appropriate in principle,
even though a good fit to a catalog of finite duration can be achieved.

Further comparisons of the two models were carried out by generating time sequences for
a specified number of events using Equations (5) (Omori) and (9) (stretched exponential).
Sequences were generated with parameters corresponding to "normal”, fast and slow decay
rates. In each a case, as sequence was first generated based on Equation (5) and then
modelled by both the modified Omori relation and the stretched exponential. Then values
of the stretched exponential parameters close to those from the fit to the Omori-generated
sequence were used to generate a new sequence by Equation (9) and this was modelled by
the two functions. The total number of events chosen for each sequence was controlled by
the requirements that the number be big enough that the numerical fits were sufficiently
constrained, and that the time to reach the number had to be finite (controlled by MOM
for fast decay (large p) and STREXP for slow decay (large t5)), but not be too short. From
equation (4) the maximum number of events allowed by the MOM relation, with p > 1, is
Npaz = ¢ 7PK/(p — 1), for which the time to occurrence is infinite. There is no maximum
number for p < 1. From equation (9), the time to reach 63.2% of a given N(0) is equal to
to, and increases rapidly for larger fractions of N(0).

The value of the Akaike Information Criterion, AIC, (Akaike, 1974) is given for each
model fit. This measure, which is based on the maximum likelihood value of the fit, is used
to judge which of two models fits a given data better. The algebraically smaller value is the
better score. The values used and results of the modelling are given in Table 2.

As seen in Figure 3 and expected from the Shlesinger-Montroll (1984) theory, the biggest
differences in the two models should be seen at long times after the onset of the sequence.
The long-time behavior of the interevent times for the synthetic sequences was examined.
On the basis of this test, it appears practically impossible to distinguish the two models
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Table 2

(1) "normal” decay: total number of events = 100.
MOM input: p=1.05, c=0.03, K=10.1.
Results of fitting:
MOM: p=1.049, c=0.032, K=10.196, AIC=45.406
STREXP: q=0.307, tp=25.35, N(0)=103.46, AIC=65.497
STREXP input: q=0.3, t,=28, N(0)=103
Results of fitting:
STREXP: q=0.303, t,=30.65, N(0)=103.21, AIC=88.280
MOM: p=0.917, ¢=0.00036, K=6.136, AIC=102.318
(2) fast decay: total number of events = 90.
MOM input: p=1.3, c=0.03, K=10.1.
Results of fitting:
MOM: p=1.292, c=0.030, K=10.11, AIC=-391.619
STREXP: q=0.338, tp=1.421, N(0)=90.13, AIC=-360.076
STREXP input: q=0.34, to=1.42, N(0)=90.1
Results of fitting:
STREXP: q=0.334, to=1.591, N(0)=90.20, AIC=-367.039
MOM: p=1.060, c=0.00176, K+7.056, AIC=-343.832
(3) slow decay: total number of events = 210.
MOM input: p=0.75, c=0.03, K=10.
Results of fitting:
MOM: p=0.752, ¢=0.040, K=10.13, AIC=652.917
STREXP: q=0.388, t,=1280.6, N(0)=349.32, AIC=659.977
STREXP input: q=0.39, t,=1280.6, N(0)=349.
Results of fitting:
STREXP: q=0.399, to=1150.0, N(0)=340.48, AIC=675.999
MOM: p=0.0703, c=0.0014, K=8.080, AIC=677.665.

Table 2: This test shows that the AIC is effective in selecting the model. In every case, the
better AIC score is for the model by which the time sequence was originally generated. The
difference is not very large for the slowly decaying case, but is still definite. The first values
under each result show how well the programs return the known input values, in the absence
of noise (other than roundoff) in the input time sequence. This comparison shows that the
Omori p-value and the relaxation time ¢y value for a given sequence are inversely related, as

expected.
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for the case of slow decay out to 210 events (about 1000 days), as already suggested by
the similar AIC values in Table 2. There are large differences only in the times to the first
few events, to about 0.3 days, with the stretched exponential earlier, and also for numbers
greater than about 300, not shown here, for which the times exceed 3000 days, with the
stretched exponential later. The first few hours of many aftershock lists are not reliable
(discussed below) and after eight or nine years, we can expect the seismicity rate to be close
to that of background, independent of the aftershocks., The interevent times are essentially
indistinguishable.

The two models are more easily distinguished for the moderate and fast decay cases, as
expected from the AIC values in Table 2. The good separation at the beginning is not very
useful because it extends only to the first 15-20 events, less than 0.1 days. The times and
interevent times are separated by a factor of about 3 in the mid-range of these sequences.

Applications to Some Sequences. The principal objective of this study was to inves-
tigate which of the two models fits real data better. One problem in carrying out such tests
is the inherent constraint imposed by the quality of earthquake catalogs. A large fraction
of the total number of aftershocks in a sequence occurs in a relatively short time after the
mainshock. This is the part of the list of aftershocks that is most likely to be incomplete,
because of the difficulty of identifying small events in the coda of the mainshock and possible
limitations on the resources available to the analysts to locate all of the many events.

In many cases, the cumulative number of events starts rather slowly and builds rapidly
to a level from which it follows a more-or-less smooth curve. A question as yet unresolved is
whether this behavior is due to missed events in the earliest times, or is a real phenomenon,
such that aftershocks do start out rather slowly and build up to the rate modelled by relations
such as those examined here. All that can be said now is that the beginnings of sequences
often do not fit either of the relations tested here very well.

The maximum likelihood estimates of p', to, and K’, eqn.(7), from which N(0) may be
calculated, are found for a given sequence by applying Ogata’s algorithm, but with the mod-
ified Omori rate function, eqn (1), replaced by n(t) for the stretched exponential function.
The fit by the stretched exponential function was tested on a number of crustal sequences
for which the modified Omori parameters had previously been computed. Most of these
were in southern California. The unpublished data for one Japanese intraplate earthquake
(Narugo Town, March, 1985) were also used. Sequences were selected for which the catalog
was considered reliable and for which the modified Omori p-values covered a wide range,
from 0.71 to 1.8. A variety of tests were performed on these data, the results of which are
summarized.

The sequences for which results are presented are listed in Table 3. The parameters

|
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The Sequences Tested

TABLE 3

Sequence Date and location MAG MMIN Nmin tend
1 05/18/40 34.08N 116.30W 54 3.5 42 110.2
2 07/13/86 32.98N 117.86W 54 2.2 1248 5013
3 02/21/73 34.10N 119.00W 5.5 2.8 16 234
4 06/28/66 35.92N 120.53W 5.6 3.6 12 4.3
5 11/04/49 32.20N 116.55W 5.7 31 29 10.3
6 12/04/48 33.93N 116.50W 6.0 2.8 94 663.9
7 09/04/81 33.67TN 119.11W 5.3 1.9 157 182.3
8 05/19/40 32.73N 115.50W 6.9 3.5 34 19
9 05/02/83 36.22N 120.32W 6.5 31 269 773.5
10 08/04/85 36.15N  120.056W 5.8 2.2 193 24.7
11 05/02/83 36.22N 120.32W 6.5 3.1 184 76.8
12 10/15/79 32.63N 115.33W 6.6 29 23 25
13 03/15/79 34.32N 116.45W 5.2 2.2 323 509
14 08/13/78 34.35N  119.70W 5.1 2 229 149.7
15 04/10/47 3498N 116.55W 6.2 3 124 4431
16 10/01/87 34.06N 118.08W 6.0 1.8 197 35.8
17 07/21/52 35.00N 119.02W 7.7 4 224 3329.2
18 03/19/54 33.28N 116.18W 6.2 3.3 80 72
19 02/25/80 33.53N 116.55W 5.5 2.1 58 157.9
20 05/02/49 34.02N 115.68W 59 3 107 183
21 07/24/47 34.02N 1165W 55 2.7 79 125.4
22 03/11/33 33.62N 117.97W 6.3 4 132 2525.6
23 03/28/85 38.89N 140.71E 4.7 2 68 93
24 04/26/81 33.10N 115.63W 5.7 2.6 62 7.1
25 06/09/80 32.22N 114.98W 6.1 3 32 14.9
26 02/07/87 32.39N 115.31W 54 24 65 54.9
27 10/15/79 32.63N 115.33W 6.6 2.9 393 466.
28 10/15/79 3263N 115.33W 6.6 2.9 360 466.
29 03/15/46 35.73N 118.06W 6.3 35 95 418.

Table 3: Date, epicentral coordinates, and magnitude are for the mainshock. Mmin is the
minimum magnitude chosen for completeness of the catalog; Nmin, the number of aftershocks
retained at this minimum magnitude. tend is the time, in days, from the mainshock to the
end of the data set, at the minimum magnitude. The sequences are arranged in order of
increasing Omori p-value (see Table 2). All sequences except No. 23 (Narugo Town, Japan)
occurred in southern California. No. 9 and No. 11 are the Coalinga sequence, with No.
11 truncated at an earlier end-time. No. 27 is the Imperial Valley sequence of 1979; No.
12 and No. 28 are geographical subsets, as explained in Kisslinger and Jones (1991), where

additional details on all of these sequences (except No. 23) are given.
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TABLE 4
Modified Omori p-values and Stretched Exponential Parameters for Ts = 0

Sequence PMOM ¢ to N(0) AICMOM AICSTR N(0)/N tend/to
1 0.71 0.712 23.19 44.13 117.27 111.68 1.05 4.75
2 0.737 0.486 248 1652.39 -1781.89 -1774.04 1.32 2.02
3 0.772 0395 32.1 27.29 18.09 19.2 1.71 0.73
4 0.826 0.32 303 53 -23 -21.32 4.42 0.01
5 0.884 0419 3.94 37.4 -64.79 -61.2 1.29 2.61
6 0.93 0.333 61.18 105.55 137.7 147.41 1.12 10.86
7 0937 0418 20 170.71 -156.29 -148.3 1.09 9.11
8 0.94 0.404 8.5 45.35 -49.(D5 -42.72 1.33 2.24
9 0.953 0327 68 302 -149.1 -109.68 1.12 11.37
10 0.984 0.507 4.01 209.93 -859.3 -840.16 1.09 6.17
11 1.039 0.41 6.8 197.26 -625.!87 -596.77 1.07 11.30
12 1.019 0.395 2.69 25.26 -27.¢8 -23.39 1.10 9.29
13 1.024 0.398 25.67 335.57 -494/57 -463.66 1.04 19.83
14 1.041 0378 6.61 238.21 -841.02 -802.46 1.04 22.65
15 1.05 0.32 15.78 131.15 -149.75 -120.99 1.06 28.08
16 1.099 0.428 1.69 202 -1137.8 -1107.81 1.03 21.17
17 1.107 0339 27.12 225.37 -62.24 -56.66 1.01 122.76
18 1.119 0357 1.21 81.15 -370.46 -352.99 1.01 59.50
19 1121 0336 4.9 60.43 -102478 -81.54 1.04 32.22
20 1.174  0.603 15.67 108.2 27.83 26.01 1.01 11.68
21 1.208 0.465 5.91 80.28 -93.68 -81.68 1.02 21.22
22 1.282 029 6.62 132.58 -317.03 -245.43 1.00 381.52
23 1.27 0403 14 68.3 -252.58 -234.36 1.00 66.43
24 1.45 0.588 0.61 62.9 -320.99 -310.54 1.01 11.69
25 1.495 0.56 1.39 32.25 -62.61 -60.11 1.01 10.76
26 1.518 0.502 1.62 65.19 -207.8 -192.17 1.00 33.86
27 1.686 0.403 1.06 393 -3064 -2879 1.00 439.58
28 1.74 0.398 0.997 360 -2806 -2610 1.00 467.36
29 1.812 0.552 11.52  95.07 -4.05 21.2 1.00 36.28

Table 4: Sequence numbers are from Table 3, PMOM are Omori p-values, g, to, N(0) are
the parameters in the stretched exponential function, (2), AICMOM and AICSTR are the
Akaike Information Criterion values for the two fits to the data set, Nmin and tend are from
Table 3.
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TABLE 5
Modified Omori p-values and Stretched Exponential Parameters for Ts > 0

Seq Ts PMOM q to N(0) AICMOM AICSTR Comments

3 0.0561 090 (0.77) 0453 44.0 26.94 35.3 36.1

4 0006 0.65 (0.83) 0.384 10E07 2736. 4.04 4.02 two models almost identical
5 0019 088 (0.88) 0274 100.0 74.25 -21.3 -20.9 to not well-determined

6 0044 093 (0.93) 0.211 220.0 150.5 213.5 213.3 STR fit good, back to t=0.
16 0.090 1.09 (1.10) 0.384 257 1855 -375.2 -378.3

17 0326 127 (1.17) 0229 7.88 3023 280.3 290.4  no improvement over Ts=0
18 0.088 1.20 (1.12) 0.179 020 1346 -40.2 -40.5

20 0.322 153 (1.17) 0610 16.46 103.3 98.2 93.0 neither model is a good fit
21 0.037 124 (1.21) 0342 397 95.0 -56.0 -53.6

23 0.026 1.30 (1.27) 0221 021 109.6 -132.7 -130.8

for the two models are listed in Table 4 for Ts = 0. The sequences are listed in the order
of increasing Omori p-value. In all but two of the cases, the MOM fit scores better than
the stretched exponential, implying a better overall fit to the data. Further investigation
revealed some factors that contribute to this result. Visual examination of plots of the data
and the two fits shows that the stretched exponential often fits the beginning of a sequence
poorly. Although the time duration of the misfitted segments is short, a relatively large
fraction of the events occur during this interval, so the effect on the AIC value is large. The
modified Omori relation can adjust for unreliable data at the earliest times by the parameter
c; the stretched exponential has no corresponding parameter. It was deemed undesirable to
introduce an artificial fourth parameter into the stretched exponential, thereby destroying
the clear physical interpretation of the parameters, so an alternative way of compensating
for missing events during the initial, very active interval was tested.

A start time, Ts, was picked subjectively from a plot of cumulative number of events vs.
time on which the MOM and stretched exponential fits for Ts = 0 were superimposed. In
general, the time was picked for which the trend of the data changed from a steeply rising,
often concave upward growth curve to a more smoothly decaying rate of occurrence. In all
cases, the times picked were short relative to the total duraton of the sequence, from about
15 minutes to 2.5 hours. As shown in Table 5, the stretched exponential fit improved much
more than to MOM with these later start times, and was superior in half of the ten cases.

For some slowly decaying sequences the best stretched exponential fit was for to tending
to infinity (the calculation was stopped at t, = 107). N(0) became correspondingly large,
and the resulting fit was indistinguishable from the MOM fit (eqn (7)). The explanation
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of this class of sequences was found in the long-time behavior of the mean interevent time.
For those sequences with a finite ¢p, the mean interevent time is seen to grow without limit
up to the end of the data set. For those sequences for which ¢y tends to infinity, the mean
interevent time levels off, or increases at a decreasing rate, before the end of the catalog.
The observation that a bounded mean interevent time corresponds to a power-law relaxation
function, while mean interevent times that are unbounded at long times lead to a stretched
exponential function with a finite ¢, is in accord with the theoretical results of Shlesinger
and Montroll.

The question remains in each case whether the trend of the long-time mean interevent
time is a true property of the sequence or an effect of the catalog of events. The examination
of more well-documented sequences should lead to a resolution of this question. A possible
explanation is that by the end of the data set, the rate of aftershock activity has decayed to,
or is approaching, the normal rate of background seismicity in the particular seismic zone.
If so, the levelling off to a finite mean interevent time is what would be expected.

Conclusions. From tests on a small number of sequences, some preliminary conclusions
are: ‘

1) The exponent ¢ in the stretched exponential form is close to 0.4 for many of the
cases. This value should be directly related to the long-time behavior of the pausing time
distribution of aftershocks.

2) The process relaxation time, ty, tends to be inversely related to the Omori p-value for
a given sequence. Because the relaxation time has a definite physical meaning, even though
the governing physics of the aftershock process is not yet well understood, the determination
of this parameter as a descriptor of sequence decay should be useful in relating the temporal
behavior of the process to fault zone properties and ambient conditions in the neighborhood
of the hypocenters.

3) The apparent preference of many of the sequences tested for the power law decay may
be the result of inadequacy of the list of events in the early part of the sequences. The choice
of a starting time for the sequence is important, because there is no adjustable parameter
in the stretched exponential form that can compensate for events missing fromthe catalog
during the earliest times, 15 minutes to 2 hours for the cases analyzed.

4) The difference between the two models becomes important only at long times. Robust
tests of the superiority of one or the other can only be made on long sequences with reliable
listing of late aftershocks. The absolute time to make a sequence long depends on whether
the decay is fast or slow. One measure is whether time length of the catalog is long compared
to to in the stretched exponential model. The preference for an Omori relation fit or the
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stretched exponential appears to be determined by the long-time behavior of the mean
interevent time, and for the few examples is in accord with the Shlesinger-Montroll theory.

5) The stretched exponential has one obvious advantage: it eliminates the divergence of
the aftershock series for slowly decaying sequences.

6) The ratio of N(0) to the observed total number of aftershocks approaches 1 for times
long compared to to. This property may be useful for predicting or detecting the end of a
sequence.

7) The stretched exponential function merits further testing as a model for aftershock
decay because of its demonstrated utility in describing relaxation in other, unrelated, physical
systems. If more work shows that it is a satisfactory model, aftershock occurrence would be
more clearly associated with a broad class of thoroughly studied physical phenomena.
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Project Description

This project involved the analysis of the Loma Prieta aftershock sequence as
recorded by CALNET and portable local stations in the two months following the 18 Oct
(UTC) mainshock. The approach to be used was an application of the joint
hypocenter/velocity structure estimation method as implemented in 3-D by Michelini
and McEvilly (1991) for studies at Parkfield. The goal was the estimation of the three-
dimensional P- and S-wave velocity structure in the aftershock zone of the Loma Prieta
earthquake sequence.

The LP earthquake occurred at the end of the southeastern rupture segment of the
great 1906 earthquake, and at the final transition northwestward from the central
creeping section of the San Andreas fault (SAF) to the loc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>