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Abstract

The M 7.4 Landers earthquake triggered widespread seismicity in the Western U.S. Because the transient dy-
namic stresses induced at regional distances by the Landers surface waves are much larger than the expected
static stresses, the magnitude and the characteristics of the dynamic stresses may bear upon the earthquake
triggering mechanism. The Landers earthquake was recorded on the UPSAR array, a group of 14 triaxial
accelerometers located within a 1-square-km region 10 km southwest of the town of Parkfield, California,
412 km northwest of the Landers epicenter. We used a standard geodetic inversion procedure to determine the

surface strain and stress tensors as functions of time fro

strains and stresses at the Earth’s surface are about 7

flat amplitude spectrum between 2 s and 15 s period

m the observed dynamic displacements. Peak dynamic
microstrain and 0.035 MPa, respectively, and they have a
. These stresses agree well with stresses predicted from a

simple rule of thumb based upon the ground velocity spectrum observed at a single station. Peak stresses
ranged from about 0.035 MPa at the surface to about 0.12 MPa between 2 and 14 km depth, with the sharp in-
crease of stress away from the surface resulting from the rapid increase of rigidity with depth and from the in-
fluence of surface wave mode shapes. Comparison of Landers-induced static and dynamic stresses at the
hypocenter of the Big Bear aftershock provides a clear example that faults are stronger on time scales of tens

of seconds than on time scales of hours or longer.
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1. Introduction

The M 7.4 Landers earthquake triggered
widespread seismicity in the western U.S. (Hill
et al., 1993; Anderson et al., 1994) that per-
sisted for at least a month after the Landers
event. In some regions the first triggered seis-
mic event occurred more than 12 hours after

the Landers earthquake, but the first triggered
earthquakes in Long Valley, California, and in
The Geysers occurred during the passage of
the large-amplitude Love (Lg) and Rayleigh
(Rg) surface wave trains. There is considerable
disagreement on the causes, characteristics,
and tectonic setting of the triggered events.
Hill et al. (1993) report that the triggered
earthquakes tended to occur in volcanic or
geothermal regions typically having strike-slip
and normal faulting. They further used a sim-
ple relationship to estimate the dynamic
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stresses associated with the Landers surface
waves, and they showed that the surface waves
caused transient stresses much larger than the
static stresses predicted by the linear elastic re-
sponse of a half space model of the Earth to
the permanent slip of the fault. Hill et al
(1993) speculate that some unknown nonlinear
interaction between crustal fluids and the tran-
sient seismic stresses was a cause of the trig-
gered seismicity. Anderson et al. (1994)
showed that numerous triggered earthquakes in
Eastern California and Western Nevada did not
occur in geothermal or volcanic areas. They
hypothesized that the cause of triggering was
long period dynamic strains that exceeded
some regional threshold value.

Curiously, no triggered seismicity was ob-
served at Parkfield or anywhere else on the
San Andreas fault system (Hill et al., 1993), al-
though portions of this system were undoubt-
edly subjected to large dynamic and static
stresses induced by Landers. In this paper we
seek to compare the dynamic stresses at a San
Andreas site where we have good data, Park-
field, with those stresses experienced at the site

of the Big Bear earthquake, in order to deter-
mine what characteristics of the dynamic
stresses, if any, are responsible for triggering
earthquakes. We observed the Landers earth-
quake using the UPSAR array (Fletcher et al.,
1992), a group of 14 triaxial accelerometers lo-
cated within a I1-square-km region 10 km
southwest of the town of Parkfield, California,
412 km northwest of the Landers epicenter
(fig. 1). Because of the density of seismic sta-
tions in the array, we are able to invert the ob-
served ground motions to determine the inter-
station strains (and hence stresses) caused by
the passage of the Landers surface waves, as
will be described in more detail below.

The main goals of this paper are: 1) to in-
vert observed motions to determine surface
strain and stress tensors as functions of time
and frequency; 2) to develop an improved rule-
of-thumb that can be used to estimate dynamic
stresses from ground velocity records; 3) to de-
termine the depth-dependence of the observed
dynamic stresses; 4) to relate relative sizes of
the various stress tensor elements to the ob-
served strike-slip and normal mechanisms of
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Fig. 1. Study area. Diamond shows epicenter of Landers main shock. Star shows location of UPSAR seismo-
graph array. FDD and RDD are dilatometers. Inset: map of layout of UPSAR array.
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the triggered seismicity; 5) to use our under-
standing of dynamic stresses to examine the
time dependence of fault friction on faults near
the Landers epicenter.

2. Observations

The Landers earthquake was recorded by all
UPSAR stations except P03, P04, P05, and
P12, generating a peak acceleration of about
0.01 g on the acceleration channels and clip-
ping the velocity channels. The accelerometers
were Kinemetrics FBA-13 force-balance ac-
celerometers, and their outputs were digitized
at 200 samples/s per channel using a 16-bit
a/d converter having full scale set to 2 g. All
array stations are sampled simultaneously
(£ 0.0001 s). Further details of the instrumenta-
tion are given in Fletcher et al. (1992). The
digitized accelerations were double-integrated
to obtain displacement, and they were high-
pass filtered at 20 s with an eighth-order zero-
phase Butterworth filter to suppress long-pe-
riod integration noise. They were decimated to
10 samples/s after applying an anti-alias filter
having a cosine taper from 1 to 2 Hz.

The displacements at Parkfield are domi-
nated by surface waves in the 10-15 s period
band (fig. 2), and peak transverse displace-
ments are = 2 cm. The wave forms are very
similar on similarly oriented transducers at all
stations, with the largest source of random
noise resulting from the amplification of long
period noise by the double integration, as can
be seen in the difference traces in fig. 2.

Before we can invert the observed displace-
ments to obtain strains and stresses at depth, it
is necessary to ensure that the horizontal seis-
mic wavelengths are long enough so that the
array spans only a small fraction of a wave-
length in the period range of interest, and it is
also necessary to determine what mixture of
fundamental and higher mode surface waves is
present in the data, since the modes’ depth de-
pendences differ and affect the inferred
stresses at depth. We have applied a moving-

window frequency-wavenumber analysis for .

the slowness determination, and a multiple-fil-

ter analysis to identify the predominant modes
in the data.

2.1. Moving window frequency-wavenumber
analysis

We applied the Broad-Band Frequency-
Wavenumber method (BBFK) of Nawab ez al.
(1985) to UPSAR seismograms from the Lan-
ders earthquake by moving a time window
having 20 s duration along the records in steps
of 2 s (fig. 3). Azimuthal accuracy of the
BBFK method is about = 10°. The back az-
imuth of arrivals at UPSAR shows some evi-
dence of scattering from the Sierra Nevada.
The expected azimuth of all Landers phases is
115°. Analyzing displacement records we find
that for the first 100 s, Rayleigh and Love
waves are arriving from an azimuth of about
120°, consistent with the expected azimuth.
However, about 205-225 s after the initiation
of the record, waves from a more northerly az-
imuth are observed. These arrivals have a sta-
ble back azimuth of about 70° on the north
component. We believe these waves are sur-
face waves scattered or refracted from the
Sierra Nevada, a phenomenon which has been
observed in other regions of California by Bolt
et al. (1989) and has been modeled by Tani-
moto (1990).

By considering the phase velocities of the
Landers surface waves, we can show that for
periods of 2 s or greater the array spans a small
fraction of a seismic wavelength, justifying the
assumption of uniform strain across the array.
Phase velocity is poorly resolved by the
UPSAR array for the Landers earthquake ow-
ing to the small aperture of the array. How-
ever, during the largest motions on the north
component (90-160 s) phase velocity appears
to drop from about 5 km/s to about 3 km/s.
Phase velocity behavior is not so simple on the
vertical component during the large ground
displacements, but it is in the 2-5 km/s range.
Similar phase velocities characterize the higher
frequency (velocity, acceleration) large mo-
tions. Consequently, the horizontal wavelength
of a 2 s period wave would be at least 4 km,
which is 8 times the extent of the UPSAR ar-
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LANDERS DISPLACEMENTS AT UPSAR STATIONS PO1 AND PO2
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Fig. 2. Upper three traces are transverse, radial, and vertical components of displacement observed at station
PO1. Lower three traces are differences of displacements between stations PO1 and P02, which are separated
by 119 m. This difference is an estimate of the noise level.

ray parallel to the phase propagation direction.
The observed phase velocities may be biased
slightly high, perhaps owing to the averaging
properties of the BBFK method. If we choose
1.5 km/s as a reasonable lower limit to phase
velocity, then a 2 s period wave has a horizon-
tal wavelength of 3 km, which is 6 times the
extent of the UPSAR array parallel to the
phase propagation direction.

2.2. Multiple filter analysis

To determine group velocity and mode
composition of the observed surface waves, we
apply the Multiple Filter Analysis technique of
Dziewonski ez al. (1969) (fig. 4). We examined
theoretical dispersion curves for several Cali-
fornia crustal models in order to fit our group
velocity dispersion data and to help identify
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the various modes present. A reasonable fit
was obtained with an eastern San Andreas
model in the vicinity of Parkfield, based on the
travel-time inversion results of Michael and
Eberhart-Phillips (1991). Dispersion curves for
this model overlay the observed curves in fig. 4.
It should be noted that since surface waves
from Landers propagate through several dis-
tinct tectonic provinces, the observed group ve-
locities will be a weighted average of veloci-
ties from each province, so the theoretical dis-
persion curves provide only a rough guide for
identifying modes. For both Rayleigh and Love
waves we find that the fundamental mode is

the dominant signal for periods greater than
about 8 s. Below 8 s, the fundamental and first
harmonic have similar amplitudes. Scattered
energy is also present below 8 s.

3. Determination of surface strains,
rotations, and stresses

Given the observed displacements of each
seismic station as a function of time, for every
time step we perform a fairly standard geodetic
inversion to determine the best-fitting uniform
surface strain, rotation, and stress tensors.

MOVING WINDOW F-K ANALYSIS, LANDERS EARTHQUAKE
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Fig. 3. Moving window frequency-wavenumber analysis of vertical and north components of displacement at
UPSAR. A 20 s duration window was moved in increments of 2 s. Back azimuth is the angle clockwise from
north toward the apparent source of the waves. Solid lines are results for the north component; dashed lines
are for the vertical component. The north component is roughly tangential to the Landers earthquake epicen-

ter.
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Fig. 4. Multiple filter analysis of transverse and vertical displacements at UPSAR station P10. Contours show
amplitude of filter outputs. Dashed lines indicate the predicted group velocity dispersion curves of the funda-
mental and first three higher modes in the Parkfield east structure. Squares, circles, triangles, and crosses indi-
cate respectively the first, second, third, and fourth highest peaks at each period analyzed. To the right of each
contour plot is the observed displacement seismogram, shown as a function of group velocity.

Finding a uniform rotation tensor is equivalent
to finding the best-fitting rigid body rotation of
the entire array about station PO1. The method
is summarized in appendix A of Spudich et al.
(1995). The crucial assumption of the inversion
is that the strain tensor is spatially uniform in
the material under the array. This assumption
is probably good for periods greater than 2 or
3 s, because for those periods the associated

wavelengths are considerably larger than the
array dimension.

Peak strains at the array are in the range
5-10 microstrain, and peak rotations are about
6 microradians (fig. 5). Both time series are
large when the displacements are large, indi-
cating that there are observable strains and ro-
tations associated with the surface wave train.
In order to quantify the fraction of the data that
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Fig. 5. Results of inversion of observed displacements of the array stations. Upper left: PO1 vertical displace-
ments. Upper right: maximum absolute value of any element of the inferred uniform strain tensor. Lower left:
absolute value of best fitting rigid body rotation of array about PO1. Lower right: misfit ratio M, showing pro-
portion of total array station displacements not explained by a uniform rotation and strain (see appendix A of

Spudich et al., 1995).

is not satisfied by our assumption of uniform
strain and rotation, we have concocted a mea-
sure M that we call the «misfit ratio». To cal-
culate M we first calculate the misfit vectors,
which are the difference vectors between ob-
served and predicted station displacement vec-
tors. M is the ratio of the summed lengths of
the misfit vectors over the summed lengths of
the data vectors. See Spudich ez al. (1995) for

details. The misfit ratio drops to about 0.5 dur-
ing the strong shaking, and is close to 1 during
the coda from 500 s to 900 s. A misfit ratio of
0.5 means that about half of the total displace-
ment differences between stations is being ex-
plained by a uniform strain and a rigid body
rotation about station PO1.

It is especially interesting to examine the in-
ferred dilatational strain because two indepen-
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dent records of dilatational strain during the
Landers event are available from the Parkfield
region (M.J.S. Johnston, unpublished data,
1992). Comparison of these records with the
UPSAR inferred dilatation confirms that the
inversion method is producing reasonable re-
sults, at least in the 18-5 s period range. Figure

6 shows dilatometer records from RDD and
FDD, approximately 31 km southeast and 11
km north of UPSAR, respectively (fig. 1). The
unfiltered dilatometer records look rather dif-
ferent from the UPSAR dilatational strain, but
when both sets of records are band-pass fil-
tered in the 18-5 s band, there is obvious wave

COMPARISON OF UPSAR DILATATIONS WITH LOCAL DILATOMETERS
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Fig. 6. Dilatational component of strain tensor inferred from UPSAR displacements compared with locally
observed dilatations recorded at RDD and FDD (fig. 1). Upper three records: dilatations low pass filtered at
1 Hz. Lower three traces: dilatations band-pass filtered from 18 s to 5 s period. The UPSAR band passed di-
latation agrees reasonably well with the other records, although the UPSAR record has more noise at late

times.
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SURFACE STRESSES AT UPSAR FROM LANDERS
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Fig. 7. The 3 nonzero components of stress at the Earth’s surface, as inferred from UPSAR displacement
recordings of the Landers earthquake. Time series after 600 s are dominated by integration noise.

form coherence during the strong part of the
shaking. Because the UPSAR displacements
were high-pass filtered at 20 s, they lack the
long periods in the dilatometer records. We do
not understand why the inferred UPSAR di-
latations contain more high frequency energy
(periods less than 5 s) than the dilatometer
records. The discrepancy might be related to
free-surface effects and surface reflections; the
UPSAR array sits on the surface of a rather
soft deposit, while the dilatometers are em-
placed at 200 m depth in a harder material.
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3.1. Surface stresses derived from strain
tensor and ground velocity

Surface stresses are easily derived from the
inferred strain tensor, and they have peak val-
ues at the surface of 0.015-0.03 MPa for 1,,, 7.,
and 7,, with all other stress components being
zero owing to the free-surface boundary condi-
tion (fig. 7). We derived these stresses from
the strain tensor using material properties de-
termined by Gibbs and Roth (1989) for the
Paso Robles formation, upon which UPSAR
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sits. From their work we estimated P and S ve-
locities of 1.45 km/s and 0.72 km/s, respec-
tively, and a density of 2.3 Mg/m® for a depth
of 100 m. Note that our surface stresses are an
underestimate of the stresses at depth, owing to
a factor of 20 rise in rigidity going from the
surface to the midcrust. We will estimate
stresses at depth later in this paper.

Although the ground displacements are
dominated by surface waves having 10 s to 15 s
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Fig. 8a-c. Comparison of nominal signal and noise
spectra for the three surface stress components. The
first 300 s of the stress time series are taken to be
the signal (actually, signal + noise), and the sections
of the stress time series from 600-900 s after the ini-
tiation of the record are assumed to be the noise.
The true noise level is less than this, but probably
not much less. All time series had the beginning and
ending 10% cosine tapered. a) 7,. S/N ratio is
greater than 2 throughout the entire period band of
interest. b) 7,,. There is essentially no signal for pe-
riods longer than 12 s. ¢) 7,. There is essentially no
signal for periods longer than 13 s.

period, the spectra of the stresses are fairly
flat from 2 s to 15 s (fig. 8a-c). As an estimate
of the noise level, we used the coda portions of
the stress time series from 600 s to 900 s after
the trigger, which are certainly an upper bound
on the noise. Figure 8a-c shows that the 7,
component has the largest signal-to-noise ratio
of the three stress components at periods from
10 s to 15 s, which will be important when we
discuss rules-of-thumb. We believe that the
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600 s to 900 s portion of the coda is a good
representative of the noise in the inferred
stresses because the misfit ratio in fig. 5 is al-
most unity in the coda, which is the value that
would be expected for uncorrelated noise used
as data (see appendix A of Spudich er al,
1995). In addition, we verified by numerical
experiments that the spectrum of the coda is
consistent with the spectrum of the stresses
that would be inferred from data seismograms
having errors consistent with the displacement
differences of stations very close to each other,
such as those shown in fig. 2. Consequently,
our array determination of long period stresses
is corrupted by the high long-period noise lev-
els introduced by double integration of the
rather small accelerograms to displacement.

We can alternately estimate the three com-
ponents of the surface stress tensor spectrum
by using a simple, approximate relationship in
which the ground strain is obtained from
ground velocity by dividing ground velocity by
the surface wave phase velocity (see appendix
B of Spudich et al., 1995). We have integrated
the observed accelerations to obtain ground ve-
locity. Surprisingly, surface stresses estimated
from ground velocities are as good, if not bet-
ter, than stresses estimated from our array mea-
surements of displacements. The stresses are
estimated from spatial differences of doubly
integrated accelerograms, and presumably
these stresses have greater error at long periods
than do the velocities, which are singly inte-
grated accelerograms. Figure 9 shows a com-
parison of the stress spectra from array mea-
surements (from fig. 8a-c) and spectra deter-
mined using velocity records (using eq. B3 and
B6 from appendix B of Spudich et al. (1995)
and assuming that the observed ground veloci-
ties consist of only fundamental modes).
Rayleigh wave stresses 7,, and 7, were esti-
mated using the radial component of ground
velocity, because the radial component was
larger than the vertical component, and also
because the inference of surface stress from ra-
dial velocity is slightly simpler than from verti-
cal velocity (appendix B of Spudich et al,
1995).

The agreement in fig. 9 of the two methods
for Love wave stress T, is astonishingly good

1817

over the entire spectral band from 20 s to 1 s
period. At periods longer than 10 s, the array
method yields estimates of 7, that are about
50% higher than those obtained from velocity
records. However, fig. 8a-c shows that the ar-
ray measurement of 7,, may be biased high be-
cause of a significant noise contribution. We
note that the agreement of the spectral levels
for periods shorter than 10 s depends upon us-
ing the fundamental Love wave phase velocity
curve. Between 20 s and 1 s period the Love
wave phase velocity drops from about 4.5 km/s
to about 1.5 km/s. If we chose to use an aver-
age phase velocity of 2.5 km/s over the entire
period range, we would introduce an error less
than a factor of 2, which might still be ade-
quately accurate for some uses.

The two methods agree reasonably well for
Rayleigh wave stresses 7,, and 7,, and again
the stresses determined from ground velocities
are probably more accurate. For 7,, in the pe-
riod range shorter than 12 s, both methods
agree well, but for longer periods, the array
measurements of stress substantially exceed
those inferred from radial ground velocities.
However, fig. 8a-c shows that the array mea-
surement of 7, is corrupted by noise for peri-
ods longer than 12 s, once again suggesting
that the stress spectral levels determined by ar-
ray measurement are overestimates of the true
spectral level. For 1, the situation is not so
clear. While in fig. 8a-c for 7, the signal far
exceeds the noise in the 9-13 s band, the array
measurement of 7, exceeds that derived from
the radial ground velocity in the same band.
Perhaps the particular noise sample used in fig.
8a-c happened to be deficient in the 9-13 s
band.

3.2. Inference of stresses at depth

We estimated stresses at depth by multiply-
ing surface stress spectra by theoretical ratios
derived from the Parkfield velocity structure
relating surface and deep stresses. Specifically,
we used (B9) of Spudich et al. (1995) and
analogous relations for other stress tensor ele-
ments, with the simplifying approximation that
the first higher mode phase velocity equaled
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Fig. 9. Comparison of stresses determined from inversion of UPSAR surface displacements (observed) with
stresses inferred from the ground velocity records scaled by the phase velocity. The rr and # components of
stress have been shifted vertically by the indicated factors for clarity. Note that for all components of the stress
tensor, the observed value is larger than the inferred value for periods longer than 10 s, although the spectra

agree extremely well for shorter periods.

that of the fundamental mode. This approxima-
tion causes an error less than a factor of 2 at
worst.

Three main observations can be drawn from
the stresses at depth. First, owing to the rapid
increase of rigidity with depth at Parkfield,
stresses increase very rapidly with depth in the
top few km of the crust, rising to values about a

factor of 5 greater than at the surface (fig. 10).
These peak stress values were obtained by
inverse Fourier transforming the inferred stress
spectra and by taking the maximum absolute
values of the resulting oscillatory time series.
In other regions lacking Parkfield’s low sur-
face rigidities, deep stresses will not be so
much larger than shallow stresses.
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Second, the depth dependences of various
stress tensor elements differ considerably from
each other, primarily due to the influence of
the free-surface boundary condition, which dic-
tates that the rz, 7z, and zz components of stress
must be zero at the surface. Figure 10 shows
that the zz and rz components of stress grow
very slowly with depth, reaching maxima at 10
km depth or greater. In the top 5 km of the
crust at Parkfield, the rr, #, rt, and #7 compo-
nents of stress dominate. Note that the first
three of these involve horizontal tractions
across vertically oriented planes.

Third, at depths greater than 1-2 km the
stress spectra are richer in long periods than in
short periods (fig. 11). The dominance of
longer period stresses at depth, despite the

PEAK STRESS TENSOR ELEMENTS VS DEPTH
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Fig. 10. Peak values of each stress tensor time se-
ries as a function of depth in the crust at Parkfield.
The rz, 1z, and zz components are zero at the surface
owing to the free-surface boundary condition. The
rapid rise of the stresses with depth in the top 2 km
is due to the rapid increase of rigidity with depth.
Stresses associated with horizontally oriented trac-
tions on vertical planes predominate in the top 5-6
km, perhaps accounting for the triggered strike-slip
activity.

relatively flat stress spectrum at the surface
(fig. 8a-c), results from the deeper penetration
of the longer period modes.

4. Discussion

The fact that the Landers earthquake prefer-
entially triggered seismicity in regions previ-
ously having strike-slip and normal faulting
events (Hill et al., 1993) may be related to the
depth dependence of the dynamic stress tensor
elements (fig. 10). We observe that for depths
shallower than about 5 or 6 km, the rr, #, rt,
and 7z components of stress predominate, and
at greater depths the terms involving z deriva-
tives become larger. As the rr, #, rt, and 1z
components mostly involve tractions acting
across vertical planes, this stress system would
tend to favor faulting across vertical or near-
vertical planes in the top 5 or 6 km at Park-
field. Other mechanisms would be expected at
greater depths.

If the triggered seismicity changes mecha-
nism with depth, having more horizontally ori-
ented fault planes at greater depths, then this
would tend to indicate that the dynamic
stresses trigger seismicity by direct working
and weakening of materials in suitably oriented
pre-existing fault structures. If there is no
change of mechanism with depth, then the dy-
namic stresses may be acting by some indirect
method, such as by affecting fluid flow in the
crust. Alternately, a lack of mechanism change
might indicate that the focal mechanisms of the
triggered seismicity are dominated by the pre-
existing tectonic stress. Although at Parkfield
we postulate that the orientation of dynamic
stresses changes at about 5-6 km depth, this
transition might occur at a different depth, per-
haps even beneath the seismogenic zone, in
some other crustal structure.

In order to compare our dynamic stress
changes with the static stress changes observed
by others, we estimate the dynamic change in
stress for Coulomb failure at Parkfield. Using
the definition of Stein et al. (1992) we estimate
peak values of the dynamic changes in stress
for Coulomb failure to be about 0.08-0.14
MPa, resulting from simultaneous shear

1819



Paul Spudich, Lee K. Steck, Margaret Hellweg, Jon B. Fletcher and Lawrence M. Baker

101 T T T T T

T TTTTTT

by

100

T T T TTTTT

T

10-1

T T T TTT1IT

T

10-2

SPECTRAL AMPLITUDE, MPA S

T T TTTT0T

10-3

T T TTTITTT

T

10-4 1 1 1 L

1 11 1111t

L1 11t

DEPTH, KM

11 Ll 1

1

L1t

RN

102

10~

FREQUENCY, HZ

Fig. 11. Spectra of the ## component of stress at 0.5, 4.5, 9.5, and 14.5 km depth. The stress spectrum is fairly
flat at the surface, but long period motions dominate the stresses at greater depths.

stresses and normal dilatational stresses of
about 0.08 MPa (fig. 10) and allowing the fric-
tional coefficient f” of Stein et al. (1992) to
range between 0.0 and 0.75. In this estimate
we assume that the maximum shear stress and
dilatation are simultaneous for the following
reason. The rr and # components of stress are
in phase with each other and are associated
with Rayleigh waves (appendix B of Spudich
et al., 1995); these components would exert
compression or dilation, rather than shearing,
on any vertical fault plane. The rt and #z com-

ponents are associated with Love waves and
probably would have no fixed phase relation-
ship with the compressions and rarefactions
caused by the Rayleigh waves, owing to the
differing dispersion curves of the two wave
types. Consequently, the r¢ and 7z shears might
sometimes coincide with rarefactions caused
by the rr and #t stresses, which is what we as-
sume in the above estimate.

If the Coulomb failure criterion actually
governs the triggering of earthquakes, then our
work, when combined with that of others,
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strongly implies that the strength of faults must
be time dependent, in that small changes in
stress acting over a period of hours to weeks
seem to be more correlated with the occurrence
of tectonic earthquakes than are large stress
changes acting on periods of seconds. Specifi-
cally, Stein er al. (1992) have correlated the
triggering of the Big Bear aftershock of the
Landers earthquake with a 0.3 MPa change in
Coulomb failure stress caused by Landers at
the Big Bear hypocenter, about 40 km distant.
The dynamic Coulomb failure stresses caused
by the Landers earthquake at the Big Bear
hypocenter must have far exceeded the 0.3
MPa static stress change, because we have ob-
served a 0.1 MPa dynamic stress change at
Parkfield, 400 km from Landers. We can esti-
mate that dynamic stresses at the Big Bear
hypocenter may have been 1-2 MPa, using the
simple relationship of Hill e al. (1993) and the
peak ground velocities estimated by Wald and
Heaton (1994) (fig. 12). This raises the ques-
tion of why the dynamic stresses from Landers
failed to trigger the Big Bear earthquake im-
mediately as those waves passed through the
hypocentral region, although the static stresses
(apparently) succeeded after a 3.5 h delay.
The Big Bear fault, striking northeast, was fa-
vorably oriented for the stresses induced by SH
waves propagating southwestward from Lan-
ders. In addition, numerous favorably oriented
northwestward striking faults are mapped be-
tween the Big Bear region and the Landers
source zone, and it is still mysterious that 1-2
MPa of stress on these faults failed to trigger
them when 0.3 MPa triggered Big Bear. The
simplest interpretation is that faults are much
stronger on short time scales (tens of seconds)
than on longer time scales (hours or more). We
cannot say whether this time dependence is an
intrinsic property of rock friction or whether it
results from weakening of a fault caused by
damage to the fault zone materials. Such weak-
ening might occur if dynamic stresses caused
microcracking in the fault zone materials, al-
lowing pore fluids to penetrate the fault zone
and raise pore pressure. If we hypothesize that
during the 3.5 h between the Landers and
Big Bear events, the pore fluid pressure at the
Big Bear hypocenter gradually rose until the
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Coulomb failure function exceeded its peak
value during the dynamic shaking from Lan-
ders, then the pore fluid pressure would have
to have risen by at least 0.7 MPa during that
3.5 h period. This pressure rise is equivalent to
a 70 m rise in the water table.

Note that the loss of frictional strength on
the Big Bear fault may be occurring by a pro-
cess different than that causing aftershocks on
the primary rupture surface. Fluid pressure on
the primary rupture surface must change sub-
stantially due to the slip on the fault and the
consequent breaking of fluid seals during the
main shock. Such a process may not be occur-
ring on other regional faults that do not slip
during the main shock.
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Fig. 12. Predicted peak dynamic shear stresses in
the Landers region, derived from the peak velocity
map of Wald and Heaton (1994) and the approxi-
mate relation 1 cm/s = 0.1 MPa. Star shows Landers
earthquake epicenter, gray line shows surface fault
rupture.
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Unfortunately, we cannot determine wheth-
er the dynamic stresses experienced in the
Parkfield region will have any effect on the
time of occurrence of the next Parkfield earth-
quake. The dynamic stresses from Landers are
comparable in magnitude to the static stress
changes caused on the San Andreas fault by the
1983 Coalinga earthquake (Mavko et al., 1985;
Simpson et al., 1988). Those static changes were
accompanied by coseismic creep events of about
5 mm amplitude on a few Parkfield area creep
meters, and left-lateral creep on creep meter
XMML1 for about a year. The Landers event has
had no such obvious effects on Parkfield area
creep (K. Breckenridge, USGS, unpublished
data, 1993), so the Landers earthquake will prob-
ably have less of an effect than Coalinga on the
timing of the next Parkfield earthquake.
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