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Physics of Earthquakes

Collective Behavior

Individual Events
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Earthquake phenomenology is abundant with
power law distributions. Examples include:

* Frequency-size statistics of earthquakes

density: (Mop) =< Mg~1-B; cumulative: N(Mp) MoB: g-2/3
Log(Mop) =< 3/2M
Gutenberg-Richter relation: N(M) =a - bM with b~ 1

* Frequency-size statistics of faults
cumulative: N(L) o< L-M; n~1-3

*  Aftershock decay rates
Modified Omori's law: AN/At =k (t + ¢)-1

* High frequency radiation (e.g., Aki, 1967)
Q(W) =< wY; y~1-2

*  Fault Roughness (e.g., Brown, 1995)
G(k) = k-%; o~ 1-2

*  Slip vs. fault length for single events and

cumulative offset (e.g., Scholz, 1990)
ue<ld: 5-1-2

* Slip-rate (tectonic) vs. fault length
(Wesnousky, 1999)
Aw/At o< LE; g~ 1-2

* Spatial patterns of fractures & hypocenters,

and rotations of focal mechanisms (e.g.,
Kagan, Physica D, '94).



Possible General mechanisms:

1. The equation of motion for a
continuum solid

Tijj+ti=p i

is scale-independent

This suggests naively that deformation
processes in solids should produce self-
similar (fractal) patterns manifested in
power law statistics.

But length scales associated with
rheology, existing structures, and
interaction of dynamic processes with
these can produce deviations from self-
similarity.



An example at small spatial scale 1s a
transition from stable creep to dynamic
instability, at a nucleation size whose
dimensions depend on frictional and

elastic parameters [e.g., Dieterich,
Tectonophysics, 92; Rice, JGR, 93].

This transition defines a minimum
earthquake size, and it fueled hopes to
observe the precursory deformation
associated with the nucleation process.

But high resolution geodetic
measurements [Johnston et al.,
Tectonophysics, 87] and the existence of
very small earthquakes (e.g., M = -1 on
the SAF) indicate that, even on major
faults, the nucleation zone is too small to
produce detectable surface signals.
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AN sugpested by eq. 29, the numerical results cver, if the fault is ratc-strengthening, and if the
demonstrate that instabilities can aucicate when inttizl stress is not sufficiently high relative to the
A— B> (velocity strengthening). given suffi- steady-state friction. then accelerating slip termi-
cicnt perturbation of stress abave the stcady-state nates and the condition for instability is not
friction. Qualitatively, the simulations with 4 — 8 reached.
> ) arc similar 10 those with 4 - 8 < 0. includ- Figure 4 illustrates results of models with uni-
ing the development of a sub-patch with dimen- form initial 8, uniform normal stress and random
sions that scale by eq. 15 using £ =048, How- tnitial shear stress, distributed uniformly between
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A large size example of a transition
breaking self-similarity is produced by
the scaling of stress concentration in
elastic solids with rupture dimension.

When the rupture reaches a critical size,
generating stress transfer to the edge that
18 comparable to the average stress drop,
it may become a "runaway" event
terminating the power law regime of

earthquake statistics [Ben-Zion and Rice,
JGR, 93].



A third example, related to existing structures,
is transition from a smooth crack-like rupture
mode in homogeneous media to a narrow
wrinkle-like mode on a fault separating

different elastic solids (e.g., Andrews and Ben-
Zion, JGR, 97).
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On a planar fault in homogeneous solid, there is no coupling between slip and
normal traction. On the other hand, if there is a material contrast across the fault,
slip can change the normal traction. Thus, fault zone material interfaces provide a
natural setting for dynamic interaction between slip and normal stress variations.
The existence of a material contrast may be viewed as a critical boundary
between different dynamic regimes, since a host of dynamic rupture phenomena
emerge, or deteriorate, as model parameters cross this phase-space boundary.,



IL. proximity to critical points of phase
transition.

At critical points, associated with special
value(s) of tuning parameter(s), phase transition
is second order and several phases can co-exist.
Statistics near critical points follow power law
relations.

Critical Stochastic Branching (e.g.,
Vere-Jones, 1977). /
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Self Organized Criticality: Stationary critical
behavior without tuning parameter, i.c., in all
or most relevant parameter space (Bak et al.,
1988; Sornette & Sornette, 1989).
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Dynamic slip complexity on a homogeneous
fault with many degrees of freedom (Carlson
and Langer, 1989; Horowitz and Ruina, 1989).
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~ Chaos: dynamic complexity in a low
dimensional system. (applications to E/Qs:
Huang and Turcotte, 1990; McCloskgy,,«1993).
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A large size example of a transition
breaking self-similarity is produced by
the scaling of stress concentration in
elastic solids with rupture dimension.

When the rupture reaches a critical size,
generating stress transfer to the edge that
1s comparable to the average stress drop,
it may become a "runaway" event
terminating the power law regime of

earthquake statistics [Ben-Zion and Rice,
JGR, 93].
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Narrow Range of Size Scales

(geometrical regularity)
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Self Organized Criticality: Stationary critical -
behavior without tuning parameter, L.€., in all

or most relevant parameter space (Bak et al.,
1988; Sornette & Sornette, 1989).
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Dynamic slip complexity on a homogeneous
fault with many degrees of freedom (Carlson
and Langer, 1989; Horowitz and Ruina, 1989).

= Delegminide
i~ Chaos: dynamic complexity in a low
dimensional system. (applications to E/Qs:

Huang and Turcotte, 1990; McCloskey, 1993).
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Time evolution in models with tuning
parameters not at critical values:

* Cyclical (non-repeating) establishment
and destruction of long range correlations
of stress

* Approach to and retreat from
criticality

* Definition of an earthquake cycle on
spatially extended heterogeneous fault
system

*  Application to hazard assessment and
prediction
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Analysis Steps(fr ek 3-madhy divr vl ):

1) Transform the stress data to spectral-
space domains using the Empirical Mode

Decomposition method (Huang et al.,
Proc. R. Soc. Lond. A, 1998)

2) Compute the auto-correlation
coefficients of stress at different
wavenumber intervals as a function of
space offset.

3) Calculate the standard deviations of
the auto-correlation functions, and use
these as estimates for the width of the
stress correlations.
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Figure 2. (continued)

kept as low as practically possible, with the range -1 <A <2
marking the largest dcviations occasionally allowed in this
study. As an example, = 30 in mode! A, but ™ = 28
for the parameter SR and n~ = 31 for the parameter 4Z.

min

5.2. Reliability of the Threshold Levels, 5

Applications 10 real catalogs will have to include practical
adjustments of J.e empirical threshold levels s. This subject is
not studied ex -~sively here, but it is possible to check how
realistic the tt hold levels used above are. For the sake of

clarity, subsecripts of £ will be used in this section to mark the
thresholds for different parameters, such as sy, Sy €1c.

As an example, the group CD values define range widths,
which increase from 0.67 for mode! M, to 0.70 in models U
and A, and to 0.87 in model F (see Figure 2). In contrast, the
width of the range from 100 randomly simulated sets, with
100 points per set {to be comp:-able with the groups here),
using techniques described by iZreva [1996], is 0.30 to 0.37
in the various models. Thus in tiiis case the width of the range
covered by the group values is more than twice larger than the



24,520 ENEVA AND BEN-ZION: PRECURSORY EARTHQUAKE PATTERNS IN FAULT MODELS
a
NS NL CD AZ SR T MR
08 r— rr— r——— . v —— :
>‘ T + <
S 06t + -
[
g
& 04 4
g 0.2 t ' J
< |
-303-303-303-303-303-303-303
Time Lag (yr)
b
NS NL CcD AZ SR Ti MR
0.8 ~— — — T e

o
o

o
)

Assoc. Frequency
(=]
F-N

o
(=]

303 30 3

30 3

ot " ,o.. H ! '_. A
303 303

30 3
Time Lag {(yr)
c
NS NL CD AZ SR TI MR
0.8 e G — . e S —— —
S .
2 06t + 1 + { - : ]
k4]
=)
&
o 04
o
Q
9 0.2
<
0.0 :
303 303 303 303 30 3
Time Lag (yr)

Figure 4. Association plots for (a) model U, (b) mode| A, (c) model F, and (d) model M. Frames from feft 1o
right of each plot show association frequencies between M > 6 events and local extrema in the seven parame-

ter times series as marked; heavily and lightly shaded
respectively. Average association distributions and 1

bars denote association with local maxima and minima,
hose values +2 standard deviations from 1600 simula-

tions of corresponding random time series are shown with solid and dashed lines, respectively,

frames) and “first” aftereffects at positive time lags (right
halves of thc frames). For any parameter, the designations
“last" and *..rst" are used to choose from several precursory
or aftereffec: oxtrema associated with a given large event only

the ones that are the close:t in time to its occurrence.
Although significant afterefl! s are observed for all models
and most parameters, the : zaitienal analysis done below
focuses only on precursors. r
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Figure 4, (continued)

in view of the high negative correlation (r, = ~0.94) estab-
lished for the NS and CD time series in model F, onc may ex-
pect the respective association plots in Figure 4¢ to be similar.
However, the association plots are based on comparison be-
tween the time series of large events and the time series of lo-
cal extrema (as opposed to the entire time series used in the
evaiuation of the interparameter correlations). This difference
is apparently sufficient to cause the observed differences in
the details of the NS and CD association plots, although the
overali predictability of the large events would be aimost the

e DB I atilenn af thana fivm marammatare ic 11ced

24,52

100

precursors are observed. The significance in this case is such
that the probability of the simulated random association fre-
quencies being larger than the observed frequencies for the
same time lags is smaller than $%. This test identifies precur-
sors with the required confidence for ali parameters and mod-
els, with the exception of three parameters (NS, NL, and MR)
in mode! M. However, the results from this test, too, should
not be taken in isolation, as in some cases "sharp" precursory
anomalies (significant associations for distinct time Jags) may
be absent, but a cluster of association frequencies at several
adiacent time intervals mav be ol interest (e.e.. NS in Fieure
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Prediciablility {%)

NS NL cb

A sy ey ey bk

AZ SR

Figure 5. Predictability and trends in the four models. Results for the different models are shown with differ-
ent shadings as in legend. Predictability is given as percentage of M > 6 events preceded by a local extremum
in any of the seven parameters indicated along the horizontal axis. The : pes of local extrema depicted are as
follows: NS maxima for model A and minima for all other models; NL, Z, SR, and T/ minima for all models;
CD and MR maxima for all models. The portion of large events below *'.c square in each bar is preceded by
decreasing trends, and sbove the square by increasing trends (squares : © solid or open only for contrast with
the background shading). Stars mark redundant parameters with high ir..crparameter correlation (see text).

o far. Most significant are the predictabilities that are larger  models represc. . cases of mature, relatively regular, fault
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Prediction

Current understanding of éarthquake complexity
and nucleation process indicate that prediction
of individual events is very unlikely.

But 1t 1s still possible that the self-organization
of stress and seismicity generate informative
statistical measures for intermediate-term
prediction of large events.

This 1s supported by, e.g.,

patterns recognition analysis of observed
(e.g., Keilis-Borok & Kossobokov, 90) and
synthetic (e.g., Pepke et al., 94: Eneva and Ben-
Zion, 97) catalogs

time-to-failure analysis of Benioff strain
(e.g., Bufe & Varnes, 93: Sornette & Sammis:
Bowman et al., 98)

cyclical (non-repeating) establishment and
destruction of long range correlation of stress
(e.g., Ben-Zion & Li, 98: Sammis & Smith,
98).

Caution: Must improve the rigor of hypothesis
testing and data analysis (e.g., Kagan, Geller,
Mulargia, Jackson, Eneva, Michael)
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Perspectives on the Field of Physics of

Earthquakes

Yehuda Ben-Zion, Charles Sammis, and Tom Henyey

University of Southern California

This article reports on the state of physics governing the
behavior of carthquakes and faults, based on discussions held
during a workshop of the Southern California Earthquake
Center (SCEC) suggested by Tom Henyey and convened by
Yehuda Ben-Zion and Charles Sammis at Snowbird, Utah,
June 21-23, 1998. The objective of the workshop was to
assess the current state of understanding of earthquake pro-
cesses including event nucleation, propagation and arrest of
tuptures, spatiotemporal seismicity patterns, interactions
berween faults, and evolution of fault systems. A beceer
understanding of the earthquake process should enable sci-
entists to develop seismic hazard assessment tools based
upon improved estimates of the locations and sizes of future
carthquakes and the time-dependent probabilities of their
occurrence. It will allow incorporation of realistic simula-
tions of dynamic rupture and wave propagation inito hazard
models so that time histories of strong ground-shaking from
scenario earthquakes needed in performance-based seismic
design of structures can be synthesized. There are many
approaches to such problems, including continuum
mechanics, statistical physics, laboratory experiments, and
field observations. By bringing together experts in the vari-
ous disciplines, we hoped to compare results and identify key
problems for future research. A rotal of fifry-chree scientists
representing universities, the USGS, national laboratories,
and government agencies participated in the workshop.

In a series of long review ralks, Yehuda Ben-Zion began
with brief outlines of laborarory studies, fracture mechanics,
damage rheology, granular mechanics, and staristical physics
approaches. He commented that while a unified framework
for earthquake physics does not exist, a good common refer-
ence may be the equations of motion for a continuum solid.
These equations are scale-independent, suggesting that
deformation processes should produce self-similar patterns
manifested in power law sratistics. Such patterns are abun-
dant in earthquake phenomenology. However, length scales
associated with rheology, existing structures, etc. can pro-
duce important deviations from self-similarity. Ben-Zion
gave two examples. The first is a transition from stable creep
to dynamic instability at a nucleation size whose dimensions
depend on frictional and elastic parameters. This cransition,
defining a minimum carthquake size, fueled hopes to
observe the precursory deformation associated with the
nucleation process. However, high tesolution geodetic mea-

suremencs and the existence of M = =1 events on the San
Andreas Fault (SAF) indicate that, even on major faults, the
nucleation zone is too small to produce detectable surface
signals. The second, a larger example of a transition-breaking
self-similarity, stems from the scaling of stress concentration
in continuum solids with rupture dimension, which can pro-
duce a cricical event size terminating the power law regime of
frequency-size earthquake statistics. Returning to power
laws, Ben-Zion reviewed the suggestion that these may result
from proximity of dynamic variables to critical points of
phase transitions. He recalled that while classical critical
points are associated with specific values of “tuning parame-
ters”, self-organized criticality (SOC) involves a stationary
critical behavior for a wide range of parameters. He noted
that detailed experimental and theoretical works do not sup-
port the assertion that SOC describes earthquake dynamics.
He also pointed ouc that early claims for generic inerrial-
dynamic complexity on a smooth homogeneous fault have
not been supported by later studies and thar recent results
indicate that inertial-dynamic complexicy, like criticaliry,
occurs only for narrow ranges of tuning parameters. The
idencification of the effective tuning parameters {e.g., geo-
metric disorder and dynamic weakening} and associated cric-
ical values are important subjects of continuing theorerical
and observarional research.

Moving to derails of individual ruptures, Ben-Zion
commented that challenging problems in this area are proper
understanding of the energy partition at a ruprure front and
che trajectory {including branching) of dynamic ruptures.
Classical theory for a homogeneous solid and recent lab
experiments indicate a transition from smooth rupture to
rough crack surfaces and branching at rupture speeds lower
than those commonly inferred for earthquakes. This is com-
patible with strongly disordered structures of immature fault
systems but not with long straight faulr rraces characterizing
mature fault zones and long straight ruptures in such sys-
tems. A possible explanation for the latter may stem from
dynamic reduction of normal stress chat accompanies slip on
A material interface. This provides a dynamic mechanism for
trapping ruptures in fault zones with well developed inter-
faces and also for producing a self-healing slip pulse associ-
ated with short rise times and small amounts of frictional
heat. Ben-Zion noted that progress in understanding realis-
tic dynamic phenomena will require lab measurements of
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branching processes and friction at high slip velocity for var-
ious rupture conditions, and rupture and friction experi-
ments with dissimilar materials. Direct seismological
observations will provide importanc input by improving esti-
mates of static and dynamic stress drops and of rupture
velocity and dimensions. This in turn involves obtaining
high-resolution velocity models, especially for fault zone
structures,

Jim Rice reviewed the status of continuum mechanics
modeling of the earthquake process. He noted that rigorous
models for which a continuum limit exists are limited by the
size of the earthquake nucleation zone that scales with the
characteristic slip distance associated wich frictional weaken-
ing and by the required small time steps associated with
rapid weakening of evolving fields. Models that incorporate
nucleation zones based on the submillimeter slip weakening
distances found in the lab are not yet practical. Rice pointed
out that the broad distribution of event sizes observed in
nature is not a generic outcome in continuum fault models.
Such a behavior sometimes occurs for cerrain ranges of
model parameters and can be enhanced by tuning the veloc-
ity-weakening friction laws. However, we still lack a system-
atic understanding of these conditions. Event populations
with power law staristics are never seen in a continuum
model with a single weakening mechanism but appear to be
generic in inherently discrere models in which a continuum
limit does not exist or was not obtained due to oversized
cells. On the other hand, broad event statistics can be pro-
duced using a continuum model which incorporates a pair of
weakening mechanisms, one of which nucleates at small
scales and produces a very small stress drop and one which
nucleates at scales on the order of the crustal seismogenic
depth and involves a nearly full stress drop. The reasons for
this are not fully understood, but it is very unlikely that such
parameter choices are realistic. As noted by Ben-Zion, the
existence of small events (observed down to M = —1 on the
SAF) require nucleation zones with dimensions far smaller
than the seismogenic depth.

Other issues in continuum earthquake models raised by
Rice involve (a) the extension of rate and state-dependent
(RSD) friction to high slip velocities which operate during
an earthquake, (b} the ruprure of strongly heterogeneous
faults which break through geometric complexities and fault
networks, (¢) the role of strong heterogeneity and/or dissim-
ilarities of fault properties across a fault plane in producing a
short-duration slip pulse and associated phenomena, (d)
how one earthquake contributes to another through stress
transfer and how this differs between mature highly slipped
faults and immature faults with lictle toral slip, and {e} stud-
ies of branching of dynamic rupture. Finally, Rice raised
three general questions: (1) Why is the stress level low (<200
bars) along high-slip plate-bounding faults where che large
earchquakes occur but high (consistent with lab fricrion} in
the more stable crust where large earthquakes rarely occur?
(2) Is the rheology ar the base of the seismogenic zone con-
trolled by hot frictional sliding on the fault plane, which sat-

Seismological Research Letiers

isfies RSD friction and exhibits velocity strengthening, or by
a high-temperature creep mechanism? (3) Does dilatancy or
strong velocity strengthening stabilize shallow faule rupture?

Daniel Fisher discussed the earthquake source from the
perspective of statistical physics. He began by raising che
question of whether the Gutenberg-Richter power law fre-
quency-size relation is due to the distribution and geometry
of faults, and therefore reflects some aspect of the long-time
geological history, or whether it arises from the dynamics of
failure on individual fault systems. He proposed to focus on
individual fault systems because they are simpler and more
easily modeled and to explore the roles of (a) long'rangf: elas-
ticity, {b) dimension of the system, (c) heterogeneities, (d)
stress waves, (¢) friction laws, and (f) history. The goal of a
statistical physics approach is 1o understand the ypes of pos-
sible earthquake statistics, and “shapes” and dynamics of
ruptures. Shapes of earthquakes, Fisher explained, deal with
the question of whether the rupture is cracklike or pulselike,
whether it is connected or islandlike, icregular, compact, or
fractal. The shape of an earthquake determines how ir
scales—that is, how the slip, area, moment, and duration
scale with effective diameter. If a wide range of power law
scaling exists, then “universal” explanations may exist. The
hope is that these explanations are robust in the sense that
they depend on only a few features such as dimension or
range of forces and are independent of most detail. Equilib-
rium systems that involve seable phases and critical points are
fairly well understood analytically, while nonequilibrium Sys-
tems, to which earthquakes belong, are not. Although there
have been many compurter simulations for nenequilibriym
systems, they do not provide at present an adequare cheoret-
ical understanding.

Fisher outlined a strategy to understand the origins and
robustness of scaling relations in seismicity. This begins by
writing the effective equations of motion, which may be sta-
tistical but which depend on length scale. Then the renor-
malization group technique is used to study che system scale
by scale to see how large-scale fearures are affected by small-
scale ones. The strategy is to start with simplistic models or
“caricarures” of the real system and then add features of the
physics one at a time to see if a given feature is irrelevant and
doesn't affect the scaling laws or is relevant and changes the
scaling laws (and the universality class), or even destroys
scaling altogether. The goal is to discover what is imporrant
and what is not in understanding the observed scaling rela-
tions. Fisher then gave severai examples of this procedure
based on a model of a single fault system with heterogeneous
properties.

Tom Rockwell reviewed contributions from paleoseis-
micity. He focused on the extensive trenching of active faults
in southern California to date prehiscoric events. An exciting
result is the tendency for large events in a given region ro
cluster in time. In the eastern Mojave, all the trenched faults
show a major event in the past 2,000 years, with another
peak of activity berween 4,500 and 6,500 years ago, another
berween 8,000 and 10,000 years ago, and a weak peak
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between 14,000 and 16,000 years ago. Similarly, the faults in
the Salton trough show clustering of large events at approxi-
marely 1,200, 1,350, 1,500, 1,675, and 1,925 years before
present.

Greg Beroza presented seismic observations of the
source process, including the imaging of heterogeneous slip
and the Coulomb stress changes which foreshocks produce
at the hypocenters of large events. He discussed the rather
surprising result that many foreshocks, which occur immedi-
ately before the mainshock, actually reduce the Coulomb
stress at the hypocenter, moving it further from failure.
Beroza showed observations of repeating microearthquakes
and discussed their use for inferring time-dependent proper-
ties of faults. He also discussed the possibility that observed
seismograms contain signatures of dynamic breakours from
earthquake nucleation zones thar scale with the final event
size.

Jim Dieterich discussed the laboratory contribution to
our understanding of source physics. He reviewed basic rate-
and state-dependent friction theory and recent direct experi-
mental observation of asperities on transparent sliding sur-
faces which support the physical interpretation of rate and
state paramerers in terms of the density, size, and lifetime of
surface asperities. He then showed how RSD friction theory
can be used to calculate changes in the rate of regional seis-
micity following a stress change. In particular, he showed
that RSD friction can lead to Omori’s observational law, in
which the rate of aftershocks decreases as the inverse of time
since the mainshock.

Charlie Sammis discussed prospects for earthquake pre-
diction. He pointed out that although prediction was nota
reputable pursuic in the early 1960', the subsequent discov-
eries of plate tectonics and laboratory precursors have pro-
vided a physical basis which legitimize prediction research.
Plate tectonics telis where earthqualkes are likely to occur and
why, and thus offers a “prediction” of location which is better
than the base level null hypothesis of a random distribution
in space. Recent calculations of the change in Coulomb
scress associated wich large events offer che promise of even
better spatial predictions.

Temporal prediction has been more of a problem. Phys-
ical precursors observed in the laboratory before failure of a
rock specimen have not been observed consistently in the
field. Temporal predictions based on “recurrence intervals”
seem ill-conceived based on careful paleoseismic studies at
Paller Creek on the SAE. Although the average recurrence
interval is 134 years, as expected from plate tectonic strain
rates, individual intervals scatter widely about this average,
ranging from 44 to 332 years. Like the seismic patterns dis-
cussed by Rockwell in an earlier talk, large events on the
Mojave section of the SAF seem to come in clusters of two or
three events, separated by less than 100 years, with longer
cluster intervals on the order of 200 to 300 years. The notion
of a regular “recurrence interval” has also been rebuffed by
the notable absence of the cyclic Parkfield earthquake which
is now more than ten years overdue.

The observed lack of periodicity has led many to con-
clude that regional seismicity, like weather, is chaoric and
inherently unpredictable, Some have argued that the crust is
in a continuous state of SOC, which implies that a small
earthquake at any time can potentially cascade into a major
event. Sammis argued, like Ben-Zion, that the crustis not in
a state of continuous SQC. Evidence includes recent docu-
mentation of regional “stress shadows” following large events
and observations of clustering of intermediate events before
large earthquakes. He proposed thar the largest earthquakes
in a region perturb it away from the critical state and that
methods of startistical physics can be used to monitor the
return of the region toward criticality and the next large
evenr. He presented examples of the approach and recreac
from the critical state in simple cellular automatons wich loss
and/or structural complexity, and he showed examples of the
power law increase in seismic energy release preceding large
events. He concluded that statistical physics suggests new
precursors to look for in the quest for temporal prediction.

In a series of short presentations, Steve Wesnousky
began by discussing evidence that fault distributions in Cal-
ifornia, New Zealand, and Japan evalve in a manner where
smaller faults coalesce into longer faults, which, in turn,
accommodate a greater portion of the slip budget. Jim Brune
summarized results of analog modeling of rupture dynamics
using foam rubber blocks, which include dynamic fault sep-
aration and strong asymmetry of shaking for dipping faults.
In a second talk, Brune reported on results from the distribu-
tion of precarious rocks at a distance of 15 km from the San
Andreas Fault, placing constraints on ground motion ar
these locations from greac San Andreas earthquakes for the
last several thousand years.

Andrea Donnellan discussed GPS observations from the
Los Angeles basin indicating significant aseismic deforma-
tion, compatible with RSD friction on faults, in the year fol-
lowing the Northridge earthquake. Yehuda Bock presented
dara from a few continuous GPS stations and a long baseline
strainmeter in the southern California region showing signif-
icant aseismic deformation, again compatible with RSD fric-
tion, for more than 0.5 years after the 1992 Landers
earthquake.

Andy Michael pointed out that independent inversions
of seismic data for faul: zone velocity structures generally
agree among themselves and correlate with initiation and
arrest locations of mainshock ruptures. Ruth Harris dis-
cussed calculations of dynamic rupture in 3D models that
quantify the ability of earthquakes to propagate across faule
stepovers and produce multisegment events. Bili Ellsworth
discussed seismological efforts to constrain friction on a fault
during an earthquake rupture. He noted that alchough sev-
eral recent studies gave estimates of slip weakening distances
in situ, these should be regarded only as rough upper bounds.

Jean Carison compared theoretical studies based on sin-
gle slider block, Burridge-Knopoff array, and 3D continuum
elastic model, concluding that, in some cases, the lack of spa-
tiotemporal complexity in the continuum model may be
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attributed to compurational limitarions. Raul Madariaga dis-
cussed calculations of dynamic rupture on a planar faule
based on a 3D finite-difference model, which show that rup-
ture propagation under heterogeneous stress conditions is far
less efficient than in the homogeneous case, raising the inter-
esting possibility thac the stress field on natural faules is
maintained close to a critical level of heterogeneity, generat-
ing slip complexities.

Bill Klein summarized results from 2 cellular automaton
model that included long-range interactions. Simulation and
theory show that this system is in metastable equilibrium
and that the model has a spinodal critical point. Didier Sor-
nette presented experimental, numerical, and theoretical
results suggesting that rupture in heterogeneous media with
long-range elasticicy may be a genuine critical phenomenon.
Don Turcotte presented a simple mechanism for SOC based
on collision probabilities between clusters in a forest-fire
model. John Rundle proposed a “partern
approach” for finding space-time patterns in earthquake
populations similar to methods now used in the forecasting
of El Nifio climate events. He demonstrated these ideas
using a simulated earthquake catalog that yielded approxi-
mately 70% accuracy six months in advance.

In summary, earthquake physics is an active and fertile
field thac applies cutting-edge research in continuum

dynamics

seismological Research Letters

mechanics, materials science, and staristical physics to inter-
pret an increasingly rich collection of setsmological and field
observations. Because of the strong spatial heterogeneity and
variety of remporal processes, both of which exist over an
extraordinarily wide range of scales, earthquakes have
become the premter natural resting ground for modern mod-
els of nonequilibrium, spatially extended dissipative systems.
The intellectual goal is a deeper understanding of the com-
plexity of individual earthquakes and the spatiotemporal dis-
tribution of regional seismicity. The practical goal is a more
accurare assessment of earthquake hazard and the possible
development of a forecasting strategy. B3
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