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critical for the development of the region especially in
the ongoing and planned major engineering structures
such as large dams and oil and gas pipelines.
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We use observations of surface faulting, well-
constrained earthquake focal mechanisms and cen-
troid depths, and velocity structure to investigate the
present-day deformation and kinematics of the region.
Current deformation is primarily concentrated in three
seismically active belts: the Zagros Mountains of south-
west Iran,the Talesh-Alborz-Kopeh Dag Mountains of
northern Iran, and the Apsheron-Balkhan Sill in the
central Caspian Sea. These belts are separated by seis-
mically inactive regions that act as semi-rigid blocks.
The extent to which the active shortening is divided
between the three belts is still uncertain. Earthquake
locations in the region, particularly their focal depths
which are determined from teleseismic arrival times, are
poor, and reported subcrustal earthquakes have been
cited as evidence for present-day subduction beneath
the Zagros. A detailed analysis of earthquake focal
depths in the Zagros and elsewhere in the region con-
firms that no substantial subcrustal earthquakes oc-
cur in this part of the Middle East except beneath
the Makran subduction zone in the south and the
Apsheron-Balkhan Sill in the north. The present-day
N-S deformation across the Zagros is partitioned with
right-lateral, strike-slip motion on the NW-SE strik-
ing Main Recent Fault, and NE-SW shortening across
the Zagros. Shortening in the Zagros is accommodated
by folding in the sediments (0-10 km depth), moderate
earthquakes on high-angle reverse faults striking paral-
lel to the surface folds (~10-20 km depth), and aseis-
mic thickening of the lower crust (~20-45 km depth).
The south Caspian basin is essentially free of earth-
quakes and acts as a rigid block which strongly influ-
ences the nature of the deformation in the surrounding
active belts. No significant subcrustal earthquakes oc-
cur in the Talesh, Alborz, or Kopeh Dag Mountains
which bound the northeast, south and west sides of the
south Caspian basin, but substantial subcrustal seis-
micity occurs beneath the Apsheron-Balkhan Sill on the
north side of the basin. Earthquakes in the Kopeh Dag
occur primarily on reverse or right-lateral strike-slip,
NW trending faults. The Kopeh Dag structures con-
tinue to the NW towards the Apsheron-Balkhan Sill but
become increasingly buried by sediment. Focal mecha-
nisms of earthquakes in the Alborz show either reverse
motion or left-lateral strike-slip motion on faults par-
allel to the regional strike of the belt. Earthquakes
in the Talesh indicate thrusting on almost flat faults
at depths of 15-26 km with slip vectors directed to-
wards the Caspian. We believe that the subcrustal
earthquakes occurring beneath the Apsheron-Balkhan
Sill indicate the onset of subduction of the high ve-
locity (high density) south Caspian crust beneath the
continental crust of the central Caspian. The conjugate
right-lateral and left-lateral components in the Kopeh
Dag and eastern Alborz suggest that the South Caspian
Basin has a westward component of motion relative to
both Eurasia and Iran. This motion enhances westward
underthrusting of the basin beneath the Talesh Moun-
tains of Iran and Azerbaijan.
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Tomographic maps of Lg coda Q that pertain to
the crust, Rayleigh-wave phase velocites, and inferred
shear-wave velocities in the upper mantle, are now
available for nearly the entire Eurasian continent. In

addition, models of the depth distribution of shear-
wave Q, obtained from the inversion of fundamental-
mode Rayleigh-wave attenuation are available for the
Middle East and for China and peripheral regions. The
most striking feature of Q maps for Eurasia is the
broad band of low values that stretches through the
Tethysides belt, a young collision zone in southern
Europe, the Middle East and most of southern Asia.
The mapped band of low Q values correlates strongly
with maps of low values for shear velocity in the up-
per mantle. Measured values of Lg coda Q, shear-wave
Q, and shear velocities also vary laterally along that
band. Lowest values for Lg coda Q (about 200) occur
in Turkey and southern Tibet.

Rayleigh-wave path coverage in southeastern Asia
is sufficiently dense to allow the development of tomo-
graphic maps of shear-wave Q structure in three depth
intervals, 0 10 km, 10 30 km, and 30 60 km. For
the shallowest layer shear-wave Q attains lowest values
(about 40) in the southern part of the Tibetan Plateau
and the Tarim Basin and is highest in southeastern
China. Shear-wave Q in the 10 30 km deep layer is
lowest (about 50) in Tibet and the Pamir thrust sys-
tem and highest in central China and parts of the Sino-
Korean platform. Resolution of crustal variations is
significantly poorer for the deepest layer than for the
others, but results indicate that shear-wave Q is highest
(about 180) beneath southern Mongolia and the Tarim
Basin and lowest under the Pamir thrust system.

Lateral variations in Q at crustal depths can be in-
terpreted in terms of variable densities of fluid-filled
cracks and permeable material in the crust. Such fluids
might originate from hydrothermal reactions in regions
of high temperature in the upper mantle that might
also cause reduced upper mantle velocities.
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Uncertainties in current models of the upper-mantle
beneath Tibet prohibit choosing among the variety of
competing hypotheses that have been proposed to ex-
plain its genesis. These hypotheses include large-scale
convective downwelling; the northward subduction of
Indian lithosphere beneath Tibet; the southward sub-
duction of the Tarim (or other Eurasian) lithosphere
beneath Tibet; and small scale convective instabilities,
or “deblobbing”, of thickened mantle lithosphere be-
neath Tibet. To discriminate among these competitors,
therefore, requires focusing current models of the Ti-
betan mantle and reducing uncertainties. We discuss
our attempts to improve upon our earlier tomographic
models of the Tibetan crust and upper mantle that
have been derived exclusively from surface wave data.
Monte-Carlo error analysis indicates that a large share
of the uncertainty in the mantle derives from trade-offs
between crustal and mantle structures. To reduce man-
tle uncertainties requires tighter constraints on crustal
structures, which we apply based on receiver function
analyses of broad-band data at both permanent and
portable seismic observatories in the region. Models
resulting from the joint inversion of surface wave dis-
persion and body-wave reverberations are considerably
more reliable than from either alone. We discuss how
the improved model compares with our earlier models,
which display low wave speed anomalies immediately
beneath the crust in northern and central Tibet which,
in turn, are underlain by high speed mantle material to
depths exceeding 200 km. Finally, we consider how the
resulting model may be used to discriminate between
mantle structures that are consistent with each of the
dynamical hipotheses.
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Our project aims at the understanding of the moun-
tain building processes through earthquake source and
crust and mantle structure imaging. It involves the
deployment of 28 broadband seismometers throughout
Eastern Nepal and Southern Tibet, using broadband
instrumentation from the TRIS PASSCAL facility. The
stations were in place for one year from Fall 2001 to
Fall 2002. The current studies with this data and their
purposes are: (1) P to S converted waves (receiver func-
tions) and teleseismic P and S arrival times will be
used to decipher the general crustal and upper man-
tle structures under the Himalaya: to determine the
presence of subduction zone and other structures un-
der the Himalaya, (2) the arrival times and waveforms
of hundreds of earthquakes under the orogen will be
used to image the 3-D crustal structures underneath
the Himalaya and relocate earthquakes using double
difference and 3-D tomographic techniques: to deter-
mine possible major dislocation surfaces and the inter-
nal structure and rheology of the orogen, (3) seismic
anisotropy under the Himalaya will be measured using
shear wave splitting and P wave polarization analysis:
to map upper mantle flow and lithospheric deforma-
tion, (4) focal mechanisms from regional moment ten-
sor inversion: to determine kinematics of orogenic de-
formation. We seek to determine the geometry of fault
ramps, where seismic events with characteristic focal
mechanism concentrate, and whether the decollement
can be detected through seismicity or material differ-
ences. Using teleseismic data we expect also to map
features in the upper mantle underneath the orogen,
such as the subducted Indian lithosphere and products
of delamination. We will report on the results to date
on these projects. The geometry of the source zones,
the nature of the seismic slip and kinematics derived
from this experiment will also help constrain the inter-
pretation of ongoing geodetic surveying in the area.

URL: http://cires.colorado.edu/people/shechan.anne/
nepal_project.html
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Numerous physical models explaining the temporal
response of seismicity to changes in loading, particu-
larly the decay rate of aftershocks, have been proposed
over the years. Among the most recent is that pro-
posed by Dieterich (1994) in which earthquake failure
is modeled as a frictional process obeying a particu-
lar set of empirical rate-state frictional relations. The
Dieterich model predicts a simple analytic description
of the change in seismicity rate due to a static stress
step and/or change in loading rate, such as might re-
sult from a large earthquake affecting a population of
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faults in the surrounding volume. The model continues
to grow in popularity and is being applied by some to
make time-dependent earthquake forecasts, which may
be used to make decisions affecting public safety. For
these reasons, the framework, assumptions and limita-
tions of the model must be thoroughly understood by
both those who apply it and those interested in their
results. We have attempted to examine all these as-
pects of the model in detail, and to illustrate them in
an easily understood manner. We would like to un-
derstand and explain how the rate of earthquake pro-
duction is affected by variations in the initial mechani-
cal conditions of the faults as well as the variability of
frictional constitutive parameters. We do so using syn-
thetic earthquake catalogs that are analogous to the
real ones that the Dieterich model might be invoked to
explain, and offer a general simple theoretical frame-
work in which the Dieterich model fits as a special
case. One example of a key assumption of the Dieterich
model we test is that a steady-state background seis-
micity rate exists due to failure of different faults in
an essentially infinite population of faults affected by
tectonic (constant-rate) loading. Another is that seis-
micity rate increases occur because loading perturba-
tions advance the failure times of faults that would have
eventually failed anyways as part of the background
seismicity, rather than resulting from new failures on
faults not part of the background population. We show
that the Dieterich model derivation and simplicity re-
lies on specific frictional behavior, as embodied in the
choice of rate-state frictional laws, which in turn has
implications for the range of variability in properties
of the faults comprising the affected population. Our
hope is that this primer provides simple guidelines for
use of the Dieterich and other similar models when in-
terpreting observations of seismicity rate change and in
predictive analyses.
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Two large earthquakes struck 48 days apart within 4
km of each other, permitting us to study how seismicity
responds to sudden changes in the sign of the applied
stress. The stresses in some off-fault areas are calcu-
lated to have increased in the first shock and decreased
in the second; elsewhere the opposite occurred. Using
well-recorded data provided by Kagoshima University
network, we find that rate/state friction of Dieterich
(1994) can explain such seismic time series caused by
such toggling between sudden stress increases and de-
creases. The first M=6.5 mainshock was produced by
left-lateral slip on a 15-km-long striking fault. The suc-
ceeding M=6.3 shock involved near-simultaneous rup-
ture of two conjugate strike-slip faults, forming an
O‘L.OL Because the epicenter of the May event was
located at the junction of two fault planes, it is un-
clear which part of the O‘LOL ruptured first, and
thus whether the May event was triggered by the
March event. Instead, using the variable slip models
of Horikawa (2001), we calculate the Coulomb stress
changes for each rupture. Rather than add the stress
changes caused by both events, we consider the evolu-
tion of the state variable in rate/state friction in each
stress perturbation. For example, the lobe of stress in-
crease off one end of the March event, a site of numer-
ous aftershocks, was suddenly subjected to a smaller
stress decrease by the May event. Although for the
two earthquakes there was thus a net stress increase,
seismicity all but ceases after the second event. It is
clear that seismicity is not proportional to the stress
change but to the state, which depends strongly on
the stressing and seismicity rate before each perturba-
tion. We thus argue that in order to forecast seismicity
from stress perturbations, the time-dependent behav-
ior of seismicity described by rate/state friction leads
to more accurate estimates.
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We study rupture propagation in realistic earth-
quake models under rate and state dependent friction
and we apply it to the modeling of the 28 June 1992,
Landers earthquake. In our simulations we use a mod-
ified version of rate and state proposed by Perrin, Rice
and Zheng, the so called PRZ law. Full inversion with
PRZ is not yet possible because of the much higher nu-
merical cost of modeling a fault under rate and state
than with slip weakening friction laws (SW). Also PRZ
has a larger number of independent parameters than
slip weakening. We obtain reasonable initial models
through the use of the ratio x between available strain
energy and energy relase rate. Because in PRZ friction
there are more parameters than in SW we have not yet
been able to identify all relevant non-dimensional num-
bers that control rupture in this model, but a very im-
portant one is a logarithmic map that controls whether
instable slip may occur or not. This map has the form
log D/vg = AD/vg, where X is a nondimensional num-
ber akin to x. It includes the parameters of the friction
law and the characteristic length of the initial stress,
velocity or state fields. D is slip velocity and vg a
reference speed that defines the initial stress field. Us-
ing the results of dynamic inversion from Peyrat et al,
we find reasonable rupture models for the initiation of
the Landers earthquake. The slip weakening distance
in rate and state D¢, as defined by Bizarri and Cocco,
is of the order of a few tens of cm. D, is determined
from L, the relaxation length in rate and state, as a
subproduct of the logarithmic map cited above.
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To examine the effect of nonuniform distribution of
friction parameters, I perform a numerical simulation of
seismic cycles on a two-dimensional fault in an infinite
uniform elastic medium. The fault is driven by steady
plate motion and the frictional stress obeys a rate- and
state-dependent friction law. I solve quasi-dynamic
fault motion adopting radiation damping approxima-
tion, using 2D FFT technique in calculating quasi-
static shear stress due to fault slip. Spatial nonunifor-
mity in constitutive parameters a, b, and L or effective

¢ff on the fault is introduced in the
simulation. When a patch with velocity-weakening fric-
tion (a — b < 0) is embedded in velocity-strengthening
friction (a — b > 0) region, episodic slip events repeat-
edly occur in the patch. The critical patch radius r¢
can be defined by (77/24)[GL/(b — a)o&lf], where G
is rigidity. If the patch radius is much larger than r¢,
the events become normal earthquakes, and if the patch
radius is comparable with r., the events become silent
earthquakes. This indicates that the constitutive pa-
rameters may be estimated from the observations of
silent earthquakes. Similar results are also obtained
for nonuniformity in the characteristic slip distance L

normal stress o

or the effective normal stress o5/ /. Introducing two
or more patches in this model I can simulate more real-
istic unsteady slip behavior including postseismic slip,
multiple events, and delayed multiple events. Stress-
ing by propagation of aseismic sliding tends to trig-
ger seismic rupture. The present simulation study is
useful for understanding interaction between asperities
and mechanism of complicated unsteady slip behavior
on plate boundaries. Nonuniform distribution of con-
stitutive parameters or effective normal stress may be
estimated from the comparison of the simulation with
the observed slip histories estimated from seismic and
geodetic data.
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‘We consider the nucleation of frictional instability
on a 2-D fault governed by rate and state friction un-
der locally peaked stress. The stress increases linearly
in time to mimic tectonic loading. It is important to
study the nucleation process under such conditions be-
cause common sense as well as simulations of earth-
quake sequences suggest that earthquakes might nucle-
ate in the areas of elevated stress produced by ends of
creeping regions or by previously arrested earthquakes.
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The rate and state frictional stress 7 for the case of con-
stant in time normal stress o is usually written as 7 =
ol[fo+alnV/Vy, +blnVe0/L], 86/0t = 1 — VO/L,
where V is slip velocity, 6 is a state variable, and L
is the characteristic slip distance. Two existing sim-
ple estimates for the size of the nucleation zone are
CpL/(Fo), where C is a geometric parameter of or-
der 1, p is the shear modulus, and F is b in Dieterich,
Tectonophysics, 1992 and (b — a) in Rice, JGR, 1993. Our
study was motivated by the fact that these estimates
do not match the sizes of nucleation zones observed in
our simulations of earthquake sequences when the pa-
rameters of the friction law are varied.

The case a = 0 (no direct effect) of the rate and
state friction is closely related to linear slip-weakening
law and reduces to it in the limit VO/L > 1. In the
case of linear slip weakening and quasi-static formula-
tion, Uenishi and Rice (submitted to JGR, 2001) proved
that the nucleation size h™ depends on the rate of weak-
ening W and an elastic parameter p* (= p for anti-
plane elasticity) only, i.e. h* = 1.158u* /W. If the
limit VO/L > 1 is valid at least at the latest stages of
the nucleation process (which is plausible due to rapid
increase in slip velocity and is supported by our simu-
lations), then we can show that the nucleation size for
the case a = 0 and quasi-static slip is the same as for
the linear slip-weakening formulation with W = bo /L,
that is, h _q = 1.158u™ L /(bo), regardless of the ini-
tial conditions or shape of the peaked loading on the
fault. Some other aspects of the nucleation, such as
time to instability, do depend on initial conditions and
shape of the loading stress. Note that if the fault is
locked before the nucleation, then V6/L < 1 would
apply initially.

However, ample experimental evidence suggests
that the direct effect is present (a > 0) for the range
of velocities relevant to nucleation. Owur simulations
show that while a = 107 ° to 10~ ° result in the nu-
cleation sizes h™* very close to that of a = 0, the value
as small as a = 10— 4 already increases h™ more than
twice in a particular problem studied. Clearly, this can-
not be captured by either the Dieterich, 1992 or Rice,
1993 estimates. With the experimentally derived value
a = 0.01, h* becomes about 4.5h} _,. Equally impor-
tantly, the whole nucleation process is altered. While
in the linear slip-weakening case the nucleation zone ex-
pends until the dynamic event starts, the case a = 0.01
results in a larger slowly slipping region which shrinks
to a zone about 3h)_ and then expands to about
4.5h} _ before breaking out in an instability. We will
also report on the results of nondimensional analysis
and our current studies to elucidate the dependence of
the nucleation process on initial conditions and rate
and shape of the loading.
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‘We consider slip initiation and rupture instabil-
ity on planar faults that follow a non-linear slip-
weakening relation and are subjected to a locally
peaked loading stress, the level of which changes quasi-
statically in time. For the case in which strength
weakens linearly with slip, Uenishi and Rice [2002]
(http://esag.harvard.edu/uenishi/research/nl/nl.html)
have shown there exists a universal length of the
slipping region at instability, independent of any
length scales entering into the description of the shape
of the loading stress distribution. Here we study
slip development and its (in)stability for a power-
law slip-weakening relation, giving fault strength as
— AS™ where Ty is the peak strength at which
slip initiates, & is the slip, and A is a constant. Such
a form with n &~ 0.2-0.4 has been inferred, for slips
from 1 to 500 mm, as an interpretation of seismological
observations on the scaling of radiated energy with slip
[Abercrombie and Rice, EOS, 2001; SCEC, 2002]. It is
also consistent with laboratory experiments involving
large rotary shear [Chambon et al., GRL, 2002]. We
first employed an energy approach to give a Rayleigh-
Ritz approximation for the dependence of slipping
length and maximum slip on the level and shape of
the loading stress distribution. That was done for a
loading stress distribution 7p + Rt — ka2/2 where
« is distance along the fault, ~ is a constant, and
Rt is the stress change from that for which the peak
in the loading stress distribution equals the strength
7p. Results show there is no longer a universal nu-
cleation length, independent of x, when n # 1, and
that qualitative features of the slip development are
significantly controlled by n. We also obtained full

T =T
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numerical solutions for the slip development. Remark-
ably, predictions of the simple energy approach are in
reasonable quantitative agreement with them and give
all qualitative features correctly. Principal results are
as follows: If n > 2/3, the behavior is qualitatively
similar to that for n = 1 (linear case). A slipping
region develops gradually with increasing loading until
it reaches the critical length above which the system
becomes unstable. Beyond that critical length, an
unstable equilibrium branch commences for which the
load must decrease to continue to grow the slip and
size of the slipping region. If n > 1, there exists
a maximum allowable length of the slipping region,
terminating the branch of unstable equilibrium states
beginning at the critical length. If n < 2/3, like sug-
gested by the observations, the analysis indicates that
upon initiation of slip the loading must be decreased
in order to expand the slipping region. That is, an un-
stable equilibrium branch initiates at slip & = 01, and
hence the results suggest that instability will occur as
soon as the peaked value of the loading stress reaches
the strength 7p. This, however, is a prediction based
on using the power law starting at § = O+, whereas the
observational results underlying it correspond to an
amount of slip that is already greater than the sub-mm
range of slip at instability inferred in laboratory stud-
ies. In this n < 2/3 range, the unstable equilibrium
branch ultimately stabilizes with increasing length of
the slipping zone, in that the loading must start to
increase again to grow the slipping region further.
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Heat generated in a slip zone during an earthquake
can raise fluid pressure and thereby reduce frictional
resistance to slip. The amount of fluid pressure rise
depends on the associated fluid flow. Heat generated
at a given time produces fluid pressure which decreases
inversely with the square root of hydraulic diffusiv-
ity times elapsed time. If the slip velocity function is
crack-like, there is a prompt fluid pressure rise at the
onset of slip, followed by a slower increase. The stress
drop associated with the prompt fluid pressure rise in-
creases with rupture propagation distance. The thresh-
old propagation distance at which thermally-induced
stress drop starts to dominate over frictionally-induced
stress drop is proportional to hydraulic diffusivity. If
hydraulic diffusivity is 0.02 m2/s, estimated from bore-
hole samples of fault-zone material, the threshold prop-
agation distance is 300 m. The stress wave in an earth-
quake will induce an unknown amount of dilatancy and
will increase hydraulic diffusivity, both of which will
lessen the fluid pressure effect. Nevertheless, if hy-
draulic diffusivity is no more than two orders of magni-
tude larger than the laboratory value, then stress drop
is complete in large earthquakes.
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Recent attempts have been done to retrieve such
constitutive properties as slip weakening critical slip
D, from seismological data. In the framework of a
model first proposed by Ionescu and Campillo (1997),
we analyze seismograms featuring a nucleation phase
and we show how these observations can help to con-
strain the constitutive parameters of the fault.

The model predicts an exponential growth of the
seismic moment during the unstable dynamic nucle-
ation phase: Mg (t) o exp(smt). The growth rate sm
is related to the weakening rate of an assumed linear
slip weakening friction law or, in a more general con-
text, to the effective weakening rate of the fault and
also the effective properties of the surrounding fault
zone. This exponential behaviour implies an exponen-
tial rise of seismograms allowing to a direct measure
of sy by seismological, remote, means. We first illus-
trate the measure of sy, from recordings of the Kobe
earthquake, finding s, ~ 1/150 Hz. Consistency is
checked by using stations at different epicentral dis-
tances. Combining this measure with independent es-
timates of fracture energy and borehole observations
of the structure of the Nojima fault zone, we estimate
Dc = 11 cm for the nucleation of this earthquake and
we assess the role of the structure of the fault zone dur-
ing nucleation.
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It is well known that many earthquakes trigger
aftershocks, subsequent (and traditionally smaller)
earthquakes which are nearby in time and space. It has
been debated whether other phenomena that involve
earthquake clustering, such as foreshock-mainshock
pairs and earthquake doublets and multiplets simply
result from the same process that causes aftershocks,
or are a separate type of special phenomena. Using the
CNSS, CMT, and MLI catalogs we demonstrate that for
earthquakes in California and the Solomon Islands, the
rate at which foreshocks trigger mainshocks, and the
rate at which multiplets occur, are in agreement with
the rate at which mainshocks trigger aftershocks. We
also find that this agreement in rate is highly unlikely
to result from random chance, and is similarly unlikely
to result from any triggering of incidental seismicity
by the growing nucleation zone of a large earthquake.
Thus our statistical analysis indicates that only a single
model of earthquake triggering is required to explain
aftershocks, foreshocks, and multiplets.

URL: http://www.seismology.harvard.edu/ " felzer

S61E-10 1105h

Influence of Fault Bends on the Growth
of Dynamic Shear Ruptures

Carl-Brnst Rousseaul (401-874-2542;
roussea@egr.uri.edu)

Ares J. Rosakis? (626-395-4523;
rosakis@atlantis.caltech.edu)

1 University of Rhode Island, 222B
Kingston, RI 02881, United States

Wales Hall,

2 California Institute of Technology, Mail Code 105-50,
Pasadena, CA 91125, United States

Earthquake ruptures are modeled as dynamically
propagating shear cracks with the aim of gaining in-
sight into the physical mechanisms governing their ar-
rest or, otherwise, the often observed variations in rup-
ture speeds. Fault bends have been proposed as be-
ing a major cause for these variations. Following this
line of reasoning, the existence of deviations from fault
planarity is embraced as the main focus of this study.
Asymmetric impact is used to generate shear loading
and to propagate dynamic mode-II cracks along the
bonded interfaces of two otherwise identical homoge-
neous constituents. Secondary planes inclined at vari-
ous angles are also introduced to represent fault bends
or kinks. The experiments show that certain fault bend
inclinations are favored as alternate paths for rupture
continuation, whereas others suppress further motion of
the incoming rupture. The asymptotic elastodynamic
stress fields at the tip of the growing rupture are used
to develop two criteria for rupture propagation or arrest
at the kinked interfaces. These criteria correlate very
well with the experimental results. Since most field ev-
idence suggests that the average rupture speeds during
crustal earthquakes are sub-Rayleigh, this work first fo-
cuses on incoming rupture speeds that are just below
the Rayleigh wave speed. Reports of intersonic rup-
ture speeds having surfaced recently, experiments and
analyses are also performed within that speed regime.
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A catalog of M4+ earthquakes in northern Califor-
nia and northwestern Nevada was declustered of af-
tershocks, foreshocks and triggered events and then
searched for non-Poissonian elements. This catalog
covers the region from 37.0 deg N to 44.5 deg N and
the years 1910 to 2001. For this time period the Pois-
son probability of one or more M4+ events in any 10-
day period in this region is 35%. A similar pattern is

seen in the seismicity before 1967. Since 1968, 40.3% of
the M4+ events in northeastern California and north-
western Nevada were followed by another M4+ event
within 10 days somewhere in the study region. Sim-
ilarly, since 1968, 39.3% of the M4+4 events in the
San Andreas region of northwestern California were fol-
lowed by another M4+ event within 10 days somewhere
in the study region. Thus, for these areas M4+ earth-
quakes occur more frequently within short time peri-
ods than would be expected from temporally random
seismicity. A second catalog of M4+ earthquakes in
central California was also declustered of aftershocks,
foreshocks and triggered events and then analyzed for
unusual spatio-temporal patterns. This catalog covers
the region from 34.0 deg N to 40.0 deg N and the years
1932 to 2000. Of 39 M4+ independent mainshocks at
Long Valley, California since 1932, 23 occurred within
10 days of an M4+ somewhere in the region of the cen-
tral San Andreas Fault. This suggests that there is a
link between the seismicity of the central San Andreas
and Long Valley. Curiously, only five M4+ events at
Long Valley since 1932 occurred within 10 days of an
M4+ event at or near the Coso geothermermal area..
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On a single fault segment, geologic and paleoseismic

evidence from locations such as the Basin and Range
[Friedrich et al. JGR, in review] and Dead Sea Trans-
form [Marco et al., JGR, 1996] indicate that occurrence
of major earthquakes in time is often extremely hetero-
geneous and may exhibit temporal clustering. We con-
sider major earthquake clustering as the occurrence of
multiple event sequences with intra-cluster inter-event
times much shorter than the average time between clus-
ters. Here we investigate the role of time-dependent
postseismic stress transfer, in combination with envi-
ronmental noise in the parameters that govern fault
behavior, in controlling major earthquake clustering.

The role of long-term postseismic transients can be
investigated using a pseudo-1D spring-dashpot-slider
model of time-dependent stress transfer in a 3-layer
lithosphere. To simulate a 2D lithosphere, stress is con-
served coseismically and is transferred from the elastic
crust to underlying Maxwell viscoelastic elements rep-
resenting the lower crust/upper mantle. Interseismi-
cally, lithospheric layers are coupled so that postseis-
mic stress concentrations in the lower crust/upper man-
tle may be dissipated via stress transfer between layers.
Normally distributed random noise is added to the fault
failure criteria to simulate environmental noise.

The equations that govern the system behavior can
be non-dimensionalized in terms of various rheologi-
cal parameters, average earthquake stress drop, ATeq,
effective viscosity, Neff and the characteristic long-
term strain rate across the fault, e'f“A This non-
dimensionalization results in a single controlling pa-
rameter W, where W is defined as ATeq /Tleff € free As
W increases, earthquake clustering increases. For a rea-
sonable choice of rheologies and input noise with a coef-
ficient of variation (C, = standard deviation/mean) of
0.20, W = 1, 10, and 100 yields earthquake recurrence
intervals with C, = 0.217, 0.31, and 1.29, respectively.
Qualitatively, clustering phenomena dominates the sys-
tem behavior when recurrence intervals are distributed
with Cy > ~0.5.
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